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Abstract 

Standard floor diaphragm design relies on compression struts and tension ties within the floor to transfer 

large forces between lateral load resisting structural elements and stiffen the building during 

earthquakes. Floors in reinforced concrete frame buildings have been observed with wide cracks around 

the floor perimeter following earthquakes, raising questions about how compression struts can form 

between the floor and frame elements. An experimental investigation into reliable floor diaphragm force 

transfer mechanisms, and by extension load-paths, was undertaken using a full-scale two-way super-

assembly frame specimen. Two tests were conducted where the specimen was subjected to simultaneous 

bi-directional inter-storey drift demands to induce realistic earthquake cracking damage between the 

floor and the frame. At different floor damage states, in-plane shear deformations were applied to the 

frame specimen to capture the deterioration of diaphragm transfer load-paths. Wide perimeter cracking 

was anticipated to eliminate diaphragm compression strut load-paths until shear deformation of the 

support frame-initiated binding with the floor, as it changed to a rhomboidal shape. This behaviour was 

not observed due to two observed phenomena across the two tests. In the first test, loss of beam torsional 

stiffness governed as the diaphragm load-path failure mechanism. Beam-to-floor continuity 

reinforcement acting in tension exceeded the weak-axis shear and torsion capacity of the perimeter 

frame beam plastic hinges. Beam elongation deformation incompatibility demands were relieved by the 

tops of the beams rotating into the floor. Deformation concentrated in the beam plastic hinges rather 

than forming cracks at the beam-to-floor interface. In the second test, wide cracks developed at the 

support-beam-to-floor interfaces. However, despite this, the diaphragm in-plane shear stiffness 

deteriorated less than what was observed during the first test. It was found that diaphragm struts could 

form across wide beam-to-floor cracks due to aggregate rubble falling into the cracks and providing a 

residual contact stress load-path. Evidence of compression strut formation was recorded up to crack 

widths of 5.5 mm. An initial suggestion is that compression struts can cross wide cracks that are smaller 

than ¼ of the aggregate size used in the floor topping concrete mixture. This only applies where there 

is ductile continuity reinforcement crossing the critical crack interface. 

The rate of diaphragm shear stiffness degradation with increasing inter-storey drift demands was highly 

dependent on the ratio of simultaneous bi-directionality, due to the impact simultaneous bending actions 

had on beam torsional capacity. For low ratios of inter-storey drift simultaneous bi-directionality, beam 

torsional stiffness was maintained to a greater degree, providing higher diaphragm in-plane shear 

stiffness. 

An adjacent research stream was conducted related to hollow-core flooring systems. Hollow-core floors 

were widely installed in multi-storey buildings throughout New Zealand in the 1980s and 1990s. 

Hollow-core units were designed to act as simply supported members. Unfortunately, continuity 

reinforcement used to sustain floor diaphragm load-paths enforces deformation incompatibility 

demands on the floor during earthquakes, subjecting hollow-core units to substantial positive and 

negative bending moment demands they were not designed for. These demands can initiate a range of 

brittle failure mechanisms in the units. Concerns regarding the potential for commonly installed 

retrofits, used to increase seating widths for hollow-core units, to promote brittle failure of hollow-core 

units under negative moment demands prompted an experimental investigation. 

Six hollow-core unit sub-assembly experiments were used to identify unfavourable seating details 

which could cause negative moment failure of the floor during an earthquake and verify retrofit 

solutions to prevent this from occurring. Successful retrofits were installed in a full-scale two-way 

super-assembly frame specimen subjected to simultaneous bi-directional earthquake demands with full 

three-dimensional effects for further rigorous verification. Four viable retrofit strategies were identified 
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and verified to prevent negative moment failure from occurring while providing adequate seating for 

the hollow-core units. Hollow-core units seated on beam plastic hinges extending out of interior frame 

columns, named beta units, were experimentally tested with seismic demands for the first time in the 

super-assembly experiment. Following inter-storey drift demands of 3%, the residual gravity carrying 

capacity of a beta unit with substantial web-splitting was tested. Shear failure of the unit near the support 

occurred at gravity load demands aligning to 91% of the NZS1170.5 (Standards New Zealand, 2016) 

design live load combination (1.2G + 1.5Q), demonstrating the vulnerability of beta units. Retrofit 

strategies to prevent brittle failure and collapse of vulnerable hollow-core units seated at the ends of 

support beams were also tested in the super-assembly specimen, providing verification and design 

improvements for catch-frame and hanger retrofits. 
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Glossary 

Throughout this thesis a set of earthquake structural engineering jargon terms and terms coined within 

the text will be frequently used. The following alphabetized glossary is provided as an easy to find 

resource if a term appears that the reader is unfamiliar with or has forgotten from a previous section. 

Alpha unit – Hollow-core unit positioned at the ends of a floorplate (next to columns at the exterior of 

the building). They are seated on beam plastic hinges and attached to longitudinal beams along their 

length by starter bars in the topping. These factors mean alpha units are subjected to significant 

deformation incompatibility demands as the beams they are supported by and connected directly to 

deform in a ductile manner during an earthquake. Hollow-core units are mostly unreinforced, making 

them brittle and incapable of deforming the same way the beams do. This has made these units the 

primary concern in previous earthquake testing of hollow-core units, hence the name alpha unit. 

Beam elongation – Beam elongation occurs within the plastic hinge zones of beams after multiple 

cycles where the beam has been bent beyond its plastic limit (a typical example illustrating a plastic 

limit is bending a paperclip back and forth. When the paperclip is released, it will return partially to its 

starting shape but remain deformed. The recovery to the original shape is recovery of elastic 

deformation and the permanent deformation is plastic deformation. Once the paperclip is deformed past 

the point where it fully recovers the deformation elastically, it has passed its plastic limit. The same 

process holds for all ductile materials including steel reinforcement in beams). When the beam is 

returned to horizontal, the stress and elongation in the longitudinal bars is relieved. However, the bars 

subjected to tensile demands only recover their elastic deformation (elongation) and some permanent 

plastic elongation remains. Each time the beam bends back and forth beyond its plastic limit, this 

permanent elongation in the tension steel of the plastic hinges accumulates leading to stretching of the 

beam. This is referred to as beam elongation. 

Beta unit – Hollow-core unit supported on a beam plastic hinge in the interior of a floorplate (next to 

interior columns). These units are not connected along their length to longitudinal beams but still have 

significant deformation incompatibility demands under earthquake loading. They have therefore been 

named beta units (for units of secondary concern behind alpha units).  

Bind/binding – Used to describe two sides of a crack between the support frame and floor elements of 

a structure coming into contact, leading to the support frame exerting a restraining effect on the floor. 

This means the concrete elements on either side of the crack temporarily form a cohesive mass which 

compression force can transfer across. 

Capacity design – Design process of protecting critical structural elements from significant damage in 

an earthquake by making less critical elements ductile and weaker to act as deformation fuses. The 

typical example is weak-beam-strong-column design used to distribute earthquake drift demands 

through storeys and avoid a soft storey collapse mechanism. 

Clevis – Forked pinned connection that allows the connected elements to rotate around a pin in a wide 

range (> ±90 degrees) in the designed axis. 

Clevis out of plane demands – Clevis connection rotation about the orthogonal axis of the pinned 

connection. Typically has a much smaller range of allowable rotation of approximately ±5 degrees. 

Deformation (in)compatibility demands – Stress that develops within individual elements of a 

structure due to adjacent elements deforming. This creates a series of run-on effects from displacement 
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demands during an earthquake, as each structural element deforming affects the others. The relative 

strength of adjacent elements determines where damage will concentrate. 

Delamination – Separation of the cast in-situ topping from the hollow-core unit leading to two reduced 

sections similar to web-splitting. Delamination occurs near the ends of units, particularly near beam 

plastic hinges as the topping deforms with the starter bars linked to beams in these regions during 

earthquakes. 

Ductility and brittleness – Ductile elements (such as structural steel) bend, stretch and deform greatly 

before they snap or collapse. This is ideal behaviour for structures (or elements of structures) subjected 

to earthquake loading demands because it increases the probability the structure will remain standing 

after earthquake shaking and give warning to building occupants that they should evacuate the building 

due to it appearing warped and broken long before it is near collapse. Brittle elements (such as 

unreinforced concrete) resist load demands until a crack occurs. At this point the element fails and 

collapses suddenly. This is not ideal behaviour for structures (or structural elements) subjected to 

earthquake demands because it greatly increases the probability of a full structural collapse that will 

occur suddenly without any warning, potentially leading to injury or death of building occupants. 

End of starter bars – the termination of the starter bars within the floor span (not the end that is 

anchored into the beam longitudinal steel reinforcement with hooks). 

Floor diaphragm – A floor acting to convey inertia demands and transfer forces between and to frame 

elements when a building is subjected to lateral loading. Used to stiffen the building and link the frame 

elements under lateral loading demands. 

Floor topping – A cast in-situ concrete surface poured on top of precast flooring units. Mesh and starter 

bars are cast within the topping, making it the primary component of the floor that acts as a diaphragm 

in earthquake loading. 

Force transfer mechanism – A mechanism describing the flow of forces within and across structural 

elements. It is somewhat analogous to a load-path, but a more generalized term without the requirement 

of satisfying static equilibrium or being shown within a free body diagram. It is a term used extensively 

within this thesis when displaying concepts related to degradation of typical designed strut-and-tie load-

paths. While many of the force transfer mechanisms shown within this thesis are not load-paths, they 

are used to display concepts that can inform load-path design. 

Free body diagram – A design tool used by engineers to understand the internal forces within a 

structural system. For static structures, static equilibrium must be satisfied for all forces acting on the 

system for the free body diagram to be an admissible design solution. 

Hollow-core – A type of precast concrete floor unit previously created in New Zealand by extruding 

concrete along a mould with holes in the centre (vertically). The holes make the section relatively light 

while maintaining a deep section to maximize moment capacity. Prestressed strands are installed in the 

bottom flange to counteract gravity demands on the unit and provide tensile capacity under positive 

bending demands (where tension acts on the bottom of the unit). In New Zealand, hollow-core units did 

not include any additional steel reinforcement in the top flange or webs. This makes them effectively 

unreinforced under negative moment (where tension acts on the top of the unit) and shear demands. 

Intra-span Unit – Hollow-core units positioned within the span of the support beam away from beam-

column joints (not seated within the plastic hinge zone of the support beam). 
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Lateral loading (and drift) – During an earthquake, a building accelerates horizontally. Lateral loading 

demands are created as acceleration of the building changes directions and inertia of the building must 

be overcome to stop it moving and return to an upright position (or the top of the building will continue 

moving in the initial direction and collapse as the base moves away underneath it if it is not stiff and 

strong enough to overcome the lateral inertial demands). Drift is a useful ratio given in percentage used 

to measure how far a building has rotated from vertical due to these lateral loading demands. In pseudo-

static earthquake structural testing, displacement (drift) demands are applied to a structure to enforce 

lateral loading demands, deformation, and internal stresses into a structural specimen. 

Load-path – The path that load demands (compression and tension stresses) can take through structural 

elements to reach the base reaction at the bottom of a structure. For the purposes of this thesis a load-

path only covers the path required to transfer load demands to columns. It is implied that these load 

demands could then transfer to the ground via the columns. A load-path is a flexible conceptual design 

tool that has the specific requirement of satisfying static equilibrium (effectively a load-path should be 

shown in a free body diagram). Within this thesis, there are many cases where a general behaviour of 

the internal flow of forces is depicted based on experimental observations and data but does not satisfy 

the requirements of a free body diagram. In these cases, the conceptual structural behaviour shown is 

referred to with the more generalized term “force transfer mechanism”. The force transfer mechanisms 

shown can then be used to inform load-path design by engineering practitioners. 

Longitudinal beam – A beam without a ledge that runs parallel to hollow-core unit spans. 

Longitudinal cracking – Cracking through the top and bottom flanges of a hollow-core unit leading to 

splitting of the unit into two side-by-side parts. This type of cracking is not a threat to the gravity 

carrying capacity of the hollow-core flooring system by itself. However, longitudinal cracking can act 

as an initiator to other forms of cracking such as positive and negative moment cracking or web-splitting 

if the crack angles to the side within the unit webs. Additionally, this type of cracking can lead to 

breakdown of diaphragm load-paths if the topping also splits. 

Loss of seating (LoS) – An undesirable hollow-core failure mechanism where the unit slips off the 

edge of the support beam seating ledge and drops out of the building. This is particularly critical in 

reinforced concrete frame buildings where beam elongation pushes the support ledges apart during an 

earthquake. 

Mesh – Steel reinforcement mesh cast into the topping of precast flooring systems. Mesh is a square 

lattice of small diameter steel bars used to provide ductile tension load-path elements in orthogonal 

directions in the topping within a floor span. The typically used sizing of mesh in New Zealand is 665. 

This is a square lattice of bars spaced at 6 inches x 6 inches (150 mm x 150 mm) with a bar diameter of 

approximately 5 mm. 

Negative Moment Failure (NMF) – An undesirable hollow-core failure mechanism where a tensile 

crack develops in the topping due to negative moment demands (tension at the top of the unit). If the 

crack propagates down through the topping and the full depth of the unit, gravity support can be lost on 

the side of the crack within the span, leading to most of the unit dropping out of the building. This type 

of cracking typically develops directly beyond the end of the starter bars, as this is where there is a 

sudden drop in tensile capacity in the topping of the hollow-core flooring system. 

Non simultaneous bi-directional loading – Lateral loading of a structural specimen in orthogonal 

directions. However, loading in different directions is not done concurrently meaning that the shape of 

the loading protocol is limited to cross or rectangular shapes. 
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Picture-frame effect – A proposed residual diaphragm transfer force load-path that occurs after 

cracking develops around the floor perimeter (which is driven by beam elongation of the supporting 

frame). It is proposed the diaphragm intermittently binds between frames, forming large compression 

struts, when the frame deforms into a rhomboidal shape in plan.  

Plastic hinge (reversing) – Under reverse cyclic lateral loading, plastic deformation (e.g., concrete 

cracking, stretching of longitudinal steel reinforcement bars, and curvature) in beams is typically 

localized at ends of the beam. As the demands switch direction, this area of plastic deformation bends 

back and forth like a hinge leading to the name plastic hinge zone. 

Positive Moment Failure (PMF) – An undesirable hollow-core failure mechanism where a tensile 

crack develops at the soffit of the unit due to positive moment demands (tension on the bottom of the 

unit). If the crack propagates up through the full depth of the unit, gravity support can be lost on the 

side of the crack within the span, leading to most of the unit dropping out of the building. A large 

challenge with positive moment failure is uncertainty about how far into the span the critical crack 

might occur, as this can be impacted by poor bond of the bottom flange prestressed strands with the 

hollow-core unit concrete. 

Precast concrete floors – Concrete floor elements cast off the building site on a precast yard casting 

bed. The finished elements are lifted in place within a building and then an in-situ concrete topping is 

poured on top to provide a flat finished surface and a continuous diaphragm, connecting frame elements. 

Prestressed strands – Steel wire strands that are stretched (causing tensile stress) while concrete is cast 

around it. The steel wire is released at the ends by cutting it once the concrete is set. Due to bond with 

the set concrete, tensile stress in the strands is maintained which can be used to improve the strength 

and stiffness of the concrete cast element. 

Pseudo-static testing – Loading a specimen very slowly in increments, meaning load is applied 

effectively statically. This means inertia of the specimen is not replicated in testing as it would be in 

shake table testing, but deformations are representative of a real earthquake and loading can be paused 

at any time to observe damage while still actively loading and stressing the specimen. 

Ratio of simultaneous bi-directional loading – How circular the loading protocol is. E.g., a ratio of 

1:1 is a circle, 1:2 is an oval with a length that is twice its width, and 1:0 is a uni-directional line. 

Relative drift demand – Difference in rotation observed when comparing two local elements of a 

structure. The local relative drift between elements may be smaller or larger than the global drift demand 

applied to the structure depending on deformation of the individual elements. 

Residual load-path – The load-path that remains after the designed load-path has degraded and been 

damaged due to earthquake demands.  

Rhomboid loading – A loading protocol where one frame of a structural frame specimen is 

translationally moved independently from another frame. This creates transfer forces within the floor 

diaphragm as it links and resists deformation incompatibility between the frames. Drift demands are 

not applied during this type of loading protocol. 

SEL – Structural Engineering Laboratory. 

Simultaneous bi-directional loading – Lateral loading of a structural specimen in orthogonal 

directions carried out concurrently. This allows for a wide range of loading protocol shapes in oval and 

circular shapes more representative of a real earthquake. 
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Soffit – The bottom surface of a precast flooring unit. 

Standard Loading Protocol (SLP) – A typical earthquake loading protocol where increasing drift 

demands are applied to the specimen in increments. 

Starter bars (continuity reinforcement) – Deformed bars that connect beams to the floor topping (cast 

into the top of the beams and floor topping). They are critical for tying the structure together and provide 

continuity of tension tie elements in strut-and-tie load-paths between the floor and structural frame. 

This allows the floor to act as a diaphragm. 

Starter bar length – the distance starter bars extend into the floor-span with reference to the back-face 

of the hollow-core unit (the beam-to-hollow-core-unit interface). 

Static Equilibrium – The design requirement that the sum of all forces and moments about any axis or 

reference point must equal zero for a system to remain static. It is a requirement for any admissible free 

body diagram design solution for static structures. 

Strut-and-tie – A type of load-path design typically used for concrete design that assumes that 

reinforced concrete acts like a truss system. Concrete is assumed to transfer all compression demands 

through compression struts (and transfer no tensile demands) and steel reinforcement is assumed to 

transfer all tensile demands acting as tension ties (and transfer no compression demands). 

Support beam – A beam with a ledge that supports the ends of a hollow-core unit (or any precast 

flooring unit). Runs perpendicular to the hollow-core unit spans. 

UC – University of Canterbury. 

UA – University of Auckland. 

Web-splitting – Cracking that occurs through the mid-height of a hollow-core unit where the section 

is thinnest at the unit webs. This type of cracking typically initiates at the ends of the unit and propagates 

inward, splitting the top and bottom flange of the hollow-core unit from each other. This greatly reduces 

the section properties and strength of the split flanges of the hollow-core section. If the web-splitting 

progresses far enough or joins with a positive or negative moment crack, it can lead to the bottom flange 

of the hollow-core unit dropping from the building. 
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1. Introduction and Literature Review 

1.1 Overview 

There are two main avenues of focus for this research, both relating to the performance of floors during 

and after earthquakes. 

The first research avenue is related to investigating possible deficiencies in the diaphragm function of 

floor systems during earthquakes in reinforced concrete buildings. The purpose of a floor diaphragm is 

to link frame and lateral load resisting elements to stiffen a structure subjected to lateral loading, such 

as earthquake demands. In design, a rigid diaphragm assumption is typically used, meaning it is 

assumed the frames are very stiff compared to the vertical frames such that the diaphragm acts like a 

rigid body compared to the larger deformations of the frames, for the entirety of lateral loading. The 

strut-and-tie method is generally used to identify and design load-paths for floor diaphragms (Standards 

New Zealand 2017). Strut-and-tie solutions are used to understand the flow of internal forces for many 

aspects of reinforced concrete design and assumes that all compression forces are borne through the 

concrete in compression “struts” and all tension forces are transferred through steel reinforcement 

acting as tension “ties”. Concrete is assumed to carry no tension and reinforcing steel is assumed to 

carry no compression. Examples of typical strut-and-tie solutions are displayed in Figure 1-1. In part 

(a) of Figure 1-1, a solution develops that is reminiscent of a bow, with a compression arch forming the 

bow through the floor concrete and a tension tie forming the bowstring through the beams. In part (b), 

a truss-like solution develops to allow for flow of forces around openings in the diaphragm. Both forms 

are admissible load-path solutions and variations of these will be used and discussed throughout the 

thesis. 

 

Figure 1-1: Strut-and-Tie Load-Paths, Using Diagonal Compression Fields, for Different 

Directions of Seismic Forces (Paulay 1996) 

Evidence of possible deficiencies with current diaphragm design assumptions for buildings with 

reinforced concrete frame structures with precast concrete floors was observed in the aftermath of the 

2011 Christchurch earthquake. Floors were commonly found with large cracks and openings around 

their perimeter where they connect to supporting beam and column elements as shown in Figure 1-2 (a). 

This finding confirmed previous concerns, for example as shown in Figure 1-2 (b). 
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(a) Significant Floor Perimeter Cracking Following the 2011 Christchurch Earthquakes        

(Henry and Ingham 2012) 

 

 
(b) Loss of Strut Landing Points Due to Significant Perimeter Cracking                                 

(Fenwick et al. 2010) 

Figure 1-2: Examples of Significant Floor Perimeter Cracking and Loss of Compression Strut 

Load-Paths 

The extensive perimeter floor cracking seen in concrete frame buildings is primarily due to beam 

elongation in the frame. Beam elongation creates deformation incompatibility between the frame and 

floor, leading to cracking at weak sections, which tend to be at the interface between the beam and floor. 

Additionally, cracks were observed between individual precast flooring units, providing evidence of 

diaphragm degradation out in the floor span. Across these cracks, it was commonly observed that the 

floor reinforcing mesh had ruptured, leading to the loss of the tension tie component of the diaphragm 

load-path. Examples of this form of diaphragm damage are displayed in Figure 1-3. 

 

Figure 1-3: Cracking Between Individual Precast Concrete Flooring Units and Mesh Rupture 

Observed Following the 2011 Christchurch Earthquakes (Henry and Ingham 2012) 
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These post-earthquake cracking observations are some of the most recent findings that support concerns 

that the assumptions justifying the use of the strut-and-tie method could be at least partially invalid. The 

potential invalidity of strut-and-tie solutions is because the compression strut portion of the load-path 

cannot cross an air gap (in other words, it is impossible to push on air) and loss of tension ties through 

mesh rupture also eliminates the viability of the designed load-path.  

Based on these potential issues with designed strut-and-tie load-paths, the New Zealand structural 

engineering community has requested guidance on what are reliable load-paths and force transfer 

mechanisms for damaged floor diaphragms subjected to lateral loading. This research seeks to 

experimentally investigate what the reliable diaphragm transfer force mechanisms are throughout 

different stages of earthquake induced damage to inform acceptable load-path solutions. Further 

explanation is provided in Section 1.2. 

The second avenue of research is related to the gravity carrying capacity of existing precast concrete 

hollow-core flooring units. Specifically, the focus is on experimental testing of component level 

performance of flooring elements already in use in existing buildings with the goal of ensuring these 

elements do not pose a threat to the life safety of building occupants. This goal is achieved by retrofitting 

the precast floor units to ensure there is a viable load-path to provide gravity carrying capacity for them 

under all possible damage conditions caused by earthquakes. Note that the focus of this research stream 

is on New Zealand hollow-core flooring systems, which have unique floor detailing and implementation 

in high occupancy high-rise structures compared to the rest of the world, as discussed further in Section 

1.3.1. The research methodology and outcomes are specialized to this unique New Zealand built 

environment and therefore may be of limited use in international contexts. Further explanation of this 

research stream is provided in Section 1.3. 

An interesting consideration that will be discussed through the course of the thesis is how the two 

avenues of research are in direct conflict with each other. This conflict is because a stiffer and better 

performing diaphragm will attract greater loads to the floors as they link the frames. These greater loads 

can cause more damage to individual flooring units, therefore negatively impacting the gravity carrying 

capabilities of the floor. Inversely, protecting the gravity load-paths of floors by isolating them or 

reducing deformation incompatibility demands weakens the diaphragm load sharing capabilities. 

Therefore, there is a balancing act when prioritising between the gravity carrying and diaphragm 

functions of the floor.   

1.2 Degradation of Designed Floor Diaphragm Load-Paths in Earthquakes 

This research seeks to experimentally investigate diaphragm force transfer mechanisms and, by 

extension, load-paths throughout different stages of earthquake-induced damage. Based on previous 

research and post-earthquake observations it is assumed that the designed strut-and-tie load-path for 

floor diaphragms degrades and (at least partially) fails under sufficient earthquake loading. Leading 

from this initial assumption, the following questions arise: 

• How does the designed load-path degrade with respect to drift demand? 

• What are the alternative diaphragm force transfer mechanisms (and load-paths) that develop as 

the designed load-path degrades? 

• What is the residual load sharing capacity of the degraded diaphragm force transfer mechanisms 

relative to the stiff idealised load-path? 
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These three questions essentially reduce to: what actually happens to floor diaphragms in earthquakes 

and what load transferring capabilities can we rely on from them?  

These three unknowns have been highly concerning to the engineering industry because of the lack of 

existing literature from which to draw dependable guidance. Lack of existing literature necessitated a 

focus on experimental research, as it would be impossible to predict and model unknown complex 

three-dimensional behaviours without any data to verify against. 

The main useful outcome made clear from previous literature was the necessity of creating a full-scale 

experimental rig for the floor that included the structural frame of a reinforced concrete building. This 

outcome was due to multiple observations that the main driver for the development of perimeter 

cracking is beam elongation in the frame. It would not be possible to create a representative model of 

diaphragm degradation without realistic frame inelastic response driving the floor damage. Explanation 

of why scaling of the structure was not viable is provided in Section 3.3. 

The challenge encountered after these starting decisions was finding how to load a diaphragm frame 

specimen in a way that could form a residual diaphragm load-path while being representative of a real 

structure. Previous experimental studies related to earthquake performance of precast flooring units in 

frame specimens have captured degradation of the floor but did not capture the development of a 

residual load-path or residual frame-to-floor compression force transfer mechanism as discussed in 

Section 1.7.1.  

The reason degradation and development of residual floor load-paths has not been captured in previous 

literature is simple – it was not the purpose of previous testing to try and capture these effects. Design 

of a test that could capture these degradation effects required two core assumptions to be made at the 

planning phase. 

The first of these assumptions is that realistic diaphragm degradation and formation of a residual load-

path can only develop under simultaneous bi-directional loading conditions with the associated 

three-dimensional effects. Simple geometry can show that a unidirectional push in either of a frame’s 

primary axes would not lead to suitable binding for load transfer in a floor with wide cracks around the 

entire perimeter, as shown by the red hatched areas in Figure 1-4. Additionally, the damage state of the 

corner of a floorplate would not be realistic under unidirectional loading, and this is the most likely 

zone for a residual load-path to form. 

 

Figure 1-4: Loss of Diaphragm-to-Frame Compression Force Load-Path Under Uni-Directional 

Loading 
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As a simple example, for a 275 mm total floor depth it would require a crack width of approximately 

8.25 mm at the beam-to-floor interface to prevent the possibility of any binding between the floor and 

frame at 3% drift. Beam elongation for a single plastic hinge can reach to approximately 30 mm, 

therefore forcing a crack width well above what is required to remove the load-path even under extreme 

drift demands. 

This example illuminates the need for simultaneous bi-directional loading to engage a residual 

diaphragm load-path (or at least “set the stage” for one to develop through the imposed damage state). 

The requirement for simultaneous bi-directionality is likely a major cause for the lack of available 

literature on this topic, because most pseudo-static earthquake structural experimental studies focus on 

unidirectional pushes to simplify the results. However, real earthquakes do not take into consideration 

the cardinal directions, so simultaneous bi-directional loading is highly appropriate for capturing true 

diaphragm behaviour. 

The second assumption is that the frame does not maintain its shape as the diaphragm degrades, but 

instead distorts into a rhomboidal shape in plan. As perimeter cracks become very wide it is likely that 

simultaneous bi-directional loading would not cause binding of the diaphragm and load transfer 

between frame elements. However, at this stage of damage the frames would not be linked and therefore 

be deforming independently of one another. This independent deformation would create torsional 

deformation of the entire structure in plan. Evidence of this kind of structural behaviour was provided 

in recent shake table testing in Taiwan (Suzuki et al. 2020), as covered in Section 1.8.4. If the 

surrounding frame elements of the floor were to distort into a rhomboidal shape in plan, this could create 

an intermittent strut from the floor wedging across the diagonals between columns of the distorted frame 

as displayed in Figure 1-5. 

 

(a)  Damaged Diaphragm with no Viable                                       (b) Shear Deformation In-Plane                                

Strut-and-Tie Load-Path at Perimeter                                 Creating the Proposed Residual Load-Path 

Figure 1-5: Proposed Residual Diaphragm Load-Path: Shear Deformation In-Plane Creating 

the “Picture Frame Effect” 

In other words, if the frame undergoes shear deformation in-plane, this could wedge the floor and instate 

a residual force transfer mechanism to link the frames. For pseudo-static testing, observing this residual 

force transfer mechanism would require manually enforcing the shear deformation in-plane by moving 

one frame with hydraulic actuators while keeping the other fixed in the manner shown in Figure 1-5. 

Shear deformation testing has not been attempted in previous experimental studies on realistically 

damaged floor specimens, which means it presents a research gap that will be covered by this report. 

The proposed diaphragm shear distortion residual load-path has been compared to a picture sitting 

within a rectangular frame that is too large for it, meaning it is free to jostle within the frame until it 
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either twists diagonally, or the frame distorts diagonally into a rhomboid. For simplicity, the effect will 

commonly be referred to as the “picture-frame effect”. 

1.3 Hollow-Core and Floor Retrofits in New Zealand 

1.3.1 Background to Hollow-Core Flooring 

Since the 1980s, floors of commercial buildings in New Zealand have primarily been constructed using 

precast flooring units with lightly reinforced in-situ concrete toppings to create composite floor systems 

that also function as diaphragms. The two precast unit types used in New Zealand are hollow-core and 

double-tee units. Though modern buildings are more commonly being constructed with double-tee 

units, the prevalence of hollow-core units in past decades has left a large percentage of commercial 

building stock with hollow-core floor systems in all New Zealand cities. 

Unfortunately, hollow-core units have typically been constructed in ways that leave the floors prone to 

poor performance with loss of support being an issue in earthquakes (Fenwick et al. 2010). Though 

support connection details have improved in recent years, this historic construction practice still leaves 

many poorly detailed connections from the 1980s and 1990s when the floor system was more popular. 

This means buildings using hollow-core floors constructed before the mid-2000s are likely to undergo 

severe damage and possibly collapse in design level earthquakes. 

The widespread damage to precast floors in Wellington during the 2016 Kaikōura Earthquake 

accentuated the risk to building occupants due to precast floor failure. The collapse of double-tee units 

in Statistics House (Ministry of Business, Innovation and Employment (MBIE) 2017) displayed this 

risk most dramatically, because multiple casualties were only avoided through the good fortune of the 

earthquake occurring near midnight. This event focussed attention on assessment and retrofit, as there 

are now concerns that many precast floors in Wellington high rise structures are already damaged and 

vulnerable following the Kaikōura earthquake. 

Despite previous research into the seismic performance of hollow-core, there is a shortage of answers 

for practitioners on what acceptable retrofits are after a hollow-core floor unit has been found deficient. 

This lack of answers is because New Zealand is unique in using precast flooring systems in an area of 

high seismicity, so there is no incentive for international researchers to devote time to this area of 

research, making it “our problem”. Also, previous research has mainly been devoted to identifying cases 

where hollow-core is deficient and how to assess this deficiency in real buildings. As Dr Rick Henry of 

the University of Auckland has said, “The fact that no retrofit solutions for deficient precast concrete 

floors have been fully validated experimentally is a particular concern and casts the structural 

engineering profession in a poor light with other stakeholders in New Zealand’s built environment” 

(Henry et al. 2018). 

The most popular current retrofit for existing hollow-core floors is the attachment of a steel angle under 

the soffit of the hollow-core unit at the support connection. This retrofit provides additional seating 

length to address one of the main concerns with precast floors in general, which is beam elongation 

leading to insufficient floor seating. Many of these retrofits were installed with the angle in direct 

contact with the hollow-core soffit. This detailing has the unintended consequence of potentially 

triggering another high-risk failure mode known as negative moment failure (NMF) which is displayed 

in Figure 1-6. 
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   (a) Cracking of Beam-Unit Interface Without          (b) Negative Moment Cracking Initiated             

An Angle Retrofit                                                       by Installation of Angle Retrofit 

Figure 1-6: Movement of Support Reaction Contributing to Negative Moment Failure 

By moving the support reaction further out into the unit, this is effectively the same as shortening the 

starter bars in the top of the floor while also increasing the lever arm for a negative moment peak at the 

support. These two effects lead to a much higher negative moment demand at the end of the starter bars 

and can initiate failure away from the support as shown in Figure 1-7. 

 

 (a) Example of Angle Retrofit Impact on                  (b) Real NMF Initiated During Testing           

Negative Moment Demand                                       (Corney et al. 2014) 

Figure 1-7: Promotion of Negative Moment Failure by an Angle Retrofit 

The issue with NMF of hollow-core floors is essentially a capacity design problem (a design process of 

protecting critical structural elements from significant damage in an earthquake by making less critical 

elements ductile and weaker to act as deformation fuses). Instead of the typical weak-beam-strong-

column philosophy structural engineers are familiar with from frame design, the sections where plastic 

behaviour is expected for hollow-core systems are the back-face of the hollow-core unit and the unit 

section at the end of the starter bars. 

Site investigations and previous research has found that in a design level earthquake, hollow-core floor 

layouts will always have cracks formed, as this occurs as early as 0.25%-0.5% inter-storey drift with 

Location of 

NMF Initiation 

Lever arm with 

support of unit moved 

to tip of steel angle 

Lstarter,eff
 

Lstarter,eff
 

Negative moment 

cracking initiated at 

end of starter bars 

Support beam rotation due to drift 
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significant damage appearing within 1.0% drift (Matthews 2004). Based on these findings, the focus 

for this research is not on low damage design or preventing damage, as that would be cost prohibitive 

and likely physically impractical while maintaining an effective diaphragm. Instead, the research focus 

is on ensuring that damage concentrates at the back-face of the unit where there is support of the floor 

systems by the ledge of the beams. Further explanation of hollow-core failure modes is provided in 

Section 1.4. 

1.3.2 Technical Aspects of Precast Prestressed Hollow-Core Flooring Units 

Precast concrete is popular for commercial and multi-storey construction in New Zealand, as it provides 

fast and cost-effective construction solutions by outsourcing labour from building sites, increasing 

quality control, and reducing the amount of custom work. Through the 1980s to 2000s, precast concrete 

systems were ubiquitous for flooring, with two systems dominating the market: double-tee and hollow-

core. Examples of individual unit cross-sections for these systems are displayed in Figure 1-8. 

 

 

(a) 200 Series Hollow-Core Cross-Section 

                   (Stahlton 2012) 

       

(b) 200 Series Double-Tee Cross-Section                    

          (Stahlton 2016)                                

Figure 1-8: Examples of Precast Concrete Flooring Units 

Precast flooring systems are comprised of multiple units running parallel to each other, supported on 

beam ledges. An in-situ topping with steel reinforcement is then cast on top of the units to provide a 

clean, flat topping and diaphragm continuity across the floorplate as shown in Figure 1-9. 

(c)     Hollow-Core Before Installation 
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(a)  Hollow-Core Sitting on a Beam                 (b)    Topping Being Cast Over a Typical Layout  

Ledge Before In-Situ Casting                                 of Precast Concrete Flooring Panels 

 

            (c) Typical Hollow-Core Seating Detail (Woods 2008) 

Figure 1-9: Precast Flooring Layouts 

The behaviour of each floor system overall is similar, but there are some critical differences between 

the failure mechanisms of individual units under strong lateral loading, such as earthquake demands. 

Hollow-core systems are the focus of this research, as they have historically displayed a range of 

undesirable failure mechanisms as discussed further in Section 1.4.  

The cores cast into hollow-core units that give them their name are used to create a lighter and more 

structurally efficient section reminiscent of a set of steel I-beams acting together. The only reinforcing 

in units historically employed in New Zealand buildings were the prestressed strands running through 

the bottom flange. These strands provide a constant negative moment along the span to cancel out 

positive moments imposed by gravity demands, similar to systems commonly used in bridge decks. In 

other countries, stirrups are placed in the webs to provide shear reinforcement and longitudinal 

reinforcing is also installed in the top flange. However, shear reinforcement was not implemented in 

New Zealand hollow-core as none of the New Zealand hollow-core manufacturers used casting beds 

capable of including shear stirrups. The lack of shear reinforcement means the shear capacity of in-

service New Zealand hollow-core units is provided entirely by unreinforced concrete (Fenwick et al. 

2010). Additionally, generally no top prestressed strands were used in New Zealand hollow-core units. 

The lack of shear reinforcement and top prestressed strands means New Zealand hollow-core only has 

a suitable load-path for gravity demands assuming a simply supported floor system (without added 

contribution from steel reinforcement in a cast in-situ topping slab). 

In New Zealand, hollow-core floor slabs were created using a dry cast system, where low slump 

concrete on casting beds is extruded and compacted through a mould with tubes to create the cores. The 

concrete mix design was very dense and not typical of standard concrete pours. This created a very 
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strong concrete that holds its shape well during casting. This unique mix design and the proprietary 

nature of the product creates restrictions for testing, such as the inability to scale the units. During 

casting, the prestressed strands were tensioned at each end while the concrete set around them. Once 

the concrete gained adequate strength and bonded to the strands, the units were saw-cut to their desired 

length. Examples of the casting process are displayed in Figure 1-10.  

 

(a) Hollow-Core Extruder with Prestressed                 (b)    Unit Being Cut to Length After  

        Strands in Place for Casting                                               Concrete Sets 

Figure 1-10: Hollow-core Casting Process (Photo Credit Frank Büker) 

 

1.3.3 Hollow-Core Product Depths Previously Available in New Zealand 

A range of hollow-core unit depths have previously been available for construction in New Zealand, 

with larger unit depths being suited to larger clear-spans and gravity loading demands. The most 

commonly available section depths were 200 mm, 300 mm and 400 mm deep units, though 150 mm 

and 250 mm deep units were also available and used in some cases (Fenwick et al. 2010). Examples of 

different section depths and load span tables provided for designers are displayed in Figure 1-11. Note 

that as discussed in Section 1.3.2, no shear reinforcement was provided for any of the section sizes, and 

top prestressed strands were generally not used. 

200 mm deep hollow-core was the focus of this research for two main reasons. Firstly, it is the most 

commonly used precast flooring system and depth in New Zealand, as discussed later in Section 1.3.4. 

Secondly, there is a lack of previous research on the performance of 200 mm deep hollow-core as 

previous research has focussed primarily on 300 mm and 400 mm, as discussed later in Section 1.6. 

Effects of hollow-core section sizes on the outcomes of this research are discussed in Section 2.8. 
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(a) Examples of Different Hollow-Core Section Sizes 

 

(b) Example of a Hollow-Core Load Span Table Provided for Designers 

Figure 1-11: Examples of Typical Hollow-Core Section Sizes Previously Available in New 

Zealand, Stahlton Corslab Products Shown as Available in 2009 (Fenwick et al. 2010) 

 

1.3.4 Alpha and Beta Units 

Two terminologies that will be regularly used in this thesis are “alpha” and “beta” units, which are 

designations for individual hollow-core units based on their position in a frame. 

The term alpha (or first) unit has been in use since the early 2000s to describe units of primary concern 

(Matthews 2004). These alpha units are the units at the end of the frames as shown in Figure 1-12. 
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 Figure 1-12: Positions of Alpha and Beta Units in a Frame 

Observations in earthquakes and previous experimental testing have shown that alpha units experience 

high levels of damage due to deformation incompatibility with the support frame during lateral loading. 

The high amount of damage to hollow-core is due to it being a brittle element with minimal steel 

reinforcement housed inside a ductile frame system. Deformation incompatibility contributing to alpha 

unit damage can be split into three components: 

• Incompatibility with the adjacent longitudinal beam as the beam undergoes plastic deformation, 

particularly in the plastic hinge zone. An example of this incompatibility is displayed in Figure 

1-13. This tends to lead to a longitudinal split down the alpha unit in the first core out from the 

beam. 

 

 
Figure 1-13: Hollow-Core Displacement Incompatibility with Adjacent Longitudinal Beams   

(Matthews 2004) 

• Incompatibility with the beam they are supported on, as they sit on its plastic hinge zone. This 

can lead to shear and torsional demands in the unit at the back-face as shown in Figure 1-14, 

contributing to longitudinal splitting, web-splitting and delamination mechanisms, which are 

described in Section 1.4. 

 

= Alpha Unit 

= Beta Unit 

= Intra-Span Unit 
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Figure 1-14: Torsional Demands Enforced on Hollow-Core from Displacement Incompatibility 

with Support Beams (Department of Business and Housing (DBH) 2009) 

• Incompatibility with columns. This is especially an issue in cases where cut-outs are installed 

in the units to accommodate the columns such as in layouts like the one depicted in Figure 1-12. 

Examples of units with cut-outs before and after installation are displayed in Figure 1-15.  

 

(a) Hollow-Core Units with Column Cut-Outs Before Installation in a Building Frame 

 

(b) Hollow-Core Units with Column Cut-Outs After Installation but Before Topping Pour 

 Figure 1-15: Hollow-Core Units with Column Cut-Outs 

At low drift levels before beam elongation has pushed the hollow-core away from the column-faces, 

cracking can initiate from the birds-mouth (the tip of the opening in the hollow-core “chomping” on the 

Possible Crack Initiated 

Over-cuts 

Birds-mouth 

Possible Crack Initiated 

Birds-mouth 
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column as shown in Figure 1-15 (b)). This can lead to longitudinal cracking or a form of positive or 

negative moment cracking (as described in Section 1.4) out from the back-face of the unit as shown in 

red in Figure 1-15. Note also that cut-outs are made with a circular concrete saw like the one displayed 

in Figure 1-10. This creates over-cuts like the ones visible in Figure 1-15 in at least one of the flanges 

which encourage crack initiation in the orthogonal directions even further. 

 

Previous large-scale experimental hollow-core research focussed on alpha units because they have the 

most identifiable sources of damage-inducing deformation incompatibility. There were also concerns 

about long floor-spans that had alpha units running past an intermediate column. These concerns were 

proven to be valid after the bottom flange of a 300 series alpha hollow-core unit dropped out of a 

specimen at 2.5% drift (Matthews 2004). The top flange remaining in the specimen following this brittle 

failure is displayed in Figure 1-16. 

 

Figure 1-16: Top Flange of an Alpha Unit Remaining After the Bottom Flange Dropped at 2.5% 

Drift (Matthews 2004) 

However, most hollow-core units installed in New Zealand buildings are the smaller 200 series units 

with smaller spans in a layout like the one displayed in Figure 1-12. A survey conducted by Clendon, 

Burns and Park in 2018 of 22 Wellington buildings with precast floors clearly displays the prevalence 

of 200 series hollow-core as shown in Figure 1-17 (Clendon, Burns & Park 2018). Where smaller floor 

spans are used, there is higher number of units seated on the plastic hinges of beams extending from 

intermediate columns. 
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Figure 1-17: Survey Results of 22 Wellington Buildings with Precast Flooring Systems            

(Clendon, Burns & Park 2018) 

This means a large research gap exists related to the yellow units displayed in Figure 1-12. As these 

units are of secondary concern behind alpha units they will referred to in this report as beta units. Beta 

units can be defined as hollow-core units seated on the plastic hinges of beams extending from interior 

columns in the frame. Their position means that they experience two of the three main sources of 

deformation incompatibility that alpha units do, namely incompatibility with the support beam and 

incompatibility with the column, as shown in Figure 1-14 and Figure 1-15. Examples of real beta units 

and the deformation incompatibility they experience with columns under lateral loading are displayed 

in Figure 1-18. 
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(a) Beta Unit Deformation Incompatibility with Support Beams and Columns 

 

 

(b) Beta Units Installed in a Frame                    (c)   Beta Units Bowing in from Torsional 

   Before the Topping is Cast                                 Demands Following Mesh Rupture 

 

Figure 1-18: Beta Unit Incompatibility with Columns and Support Beams 

Note that a weak point exists between the two beta units where only the topping connects the floor 

system. Under repeated cyclic loading in the direction orthogonal to the floor unit span, this could lead 

to cracking and rupturing of the reinforcing mesh in the topping between the two units. Mesh rupture 

between the units could lead to an issue for beta units that does not exist in alpha units; a lack of support 

on one side of the unit over the width of the cutaway. This would introduce rotational and torsional 

demands over the length of the unit leading to the beta units bowing in along the split line as displayed 

in Figure 1-18 (c). Experimentation is required to determine whether this is a significant or minor effect 

for the gravity and diaphragm functions of the floor.  

1.4  Hollow-Core Failure Mechanisms 

1.4.1 Loss of Seating (LoS) 

Hollow-core units are supported at each end on beam ledges. Under gravity loading conditions, only 

small ledges needed to provide the required seating width and bearing capacity. Using this as the basis 

for design, ledge widths were commonly designed with a nominal width in the range of 30-50 mm in 

the 1980s and 1990s. In some cases, the effective seating width is even smaller due to construction 

tolerances. Examples of this are the units being cut at a slightly smaller length than specified due to the 

relative inaccuracy of concrete cutters, or the unit being pushed further to one end during installation, 

so there is extra seating at one end, but less at the other.  

This common small ledge width becomes an issue when buildings are subjected to significant lateral 

loading, such as during an earthquake. There are multiple contributing factors leading to Loss of Seating 

Crack and mesh 

rupture 

Supported Supported 

Unsupported 
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(LoS) under these loading conditions. The first contributing factor is geometric displacement of the 

supporting ledge. When the support beams rotate in line with the building frame as drift increases, the 

angling away of the support ledge reduces seating length as shown in Figure 1-19. This effect becomes 

more pronounced with greater distance between the geometric centre of the beam and the ledge, denoted 

as hs
 in Figure 1-15. 

 
Figure 1-19: Geometric Displacement and Beam Elongation Contributions to the Loss of 

Seating Failure Mode (Fenwick et al. 2010) 

The second contributing factor is the most pressing and is only applicable to reinforced concrete frame 

structures (however, these concrete structures comprise most New Zealand buildings with hollow-core 

floors installed). Under reverse cyclic loading, reinforced concrete beams undergo a process called 

beam elongation after the longitudinal reinforcing has passed its yield point. The longitudinal steel 

reinforcement on the tension side of the beam only recovers the elastic portion of elongation as the 

structure returns to and passes through zero drift. This leaves a permanent plastic elongation for the 

reinforcement bars previously in tension. Through multiple cycles, permanent plastic elongations 

accumulate at both the top and bottom of the beam leading to an overall elongation of the beam at each 

plastic hinge. The effect of this process is shown in Figure 1-19. 

The issue with beam elongation for the hollow-core flooring units is that this pushes the ledge supports 

further apart as the beams longitudinal to the floor units extend. Beam elongation for typical reinforced 

concrete beams can reach up to a value in the range of 30 mm per plastic hinge. In cases where a 30 

mm effective seating width has been installed, this alone would remove all seating and lead to hollow-

core units dropping from their supports. 

The third contributing factor is spalling at the back-face of hollow-core units and the edge of ledges. 

This further reduces effective seating width as shown in Figure 1-20. Spalling of ledges is of particular 

concern in buildings from the ‘80s and ‘90s because it was common not to include ledge reinforcing. 

This can lead to larger wedges of concrete being shaved off the edge of the ledge compared to modern 

reinforced ledge details. 
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Figure 1-20: Spalling of the Ledge and Back-Face of Hollow-Core Contributing to Loss of 

Seating (Fenwick et al. 2010) 

Even with larger seating widths, these three contributions could cumulatively lead to loss of support for 

hollow-core floors supported on seating details designed in the ‘80s and ‘90s.  

A simple solution employed through the 2000s and 2010s to remedy the LoS issue was the 

implementation of steel seating angles to greatly increase the effective seating width. Examples of this 

retrofit currently implemented in New Zealand buildings are displayed in Figure 1-21. 

 

Figure 1-21: Steel Angle Retrofits to Remedy Loss of Seating Employed in New Zealand 

Buildings (Büker et al. 2021) 

Seating angle retrofits are cost effective and highly effective for their designed purpose of increasing 

seating width. However, there are a wide range of angle design variations that have been implemented, 

with varying quality in design and installation. Concerns have persisted in the engineering industry 

regarding angle retrofits related to NMF as discussed in Section 1.4.2. 

1.4.2 Negative Moment Failure (NMF) 

The primary concern regarding hollow-core floors for practising engineers when this research 

commenced was the potential for NMF to be triggered. This high level of concern was due to the 

consequences of this failure mechanism initiating and the lack of understanding around the interaction 

between seating angle retrofits and hollow-core floors and the degree to which seating angles could 

promote the initiation of NMF. 

As mentioned in Section 1.3, the issue of NMF is at its core a capacity design problem. When 

deformation incompatibility occurs due to relative rotation between the floor and its supporting beam, 

tension develops in the starter bars as shown in the free body diagram in Figure 1-22. 
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Figure 1-22: Negative Moment Failure Diagrams (Fenwick et al. 2010) 

Note that in all moment coverage diagrams such as Figure 1-7 and Figure 1-22, the capacity and demand 

are the same at the back-face of the hollow-core unit. This is because negative moment demands are 

enforced on the back-face of a hollow-core unit by the starter bar tension as it is applied to the floor 

with eccentricity. The floor attempts to rotate relative to the beam with the starter bars as the focal point. 

This leads to a force couple developing as the bottom of the hollow-core floor unit goes in to in 

compression against the beam and ledge interfaces. This force couple can be interpreted as a negative 

moment demand applied near the back-face of the hollow-core unit.  

 

Another feature visible in all moment coverage diagrams is a moment demand peak near the back-face 

of the unit. This is caused by reverse shear over the length of the ledge as the unit binds against it under 

negative rotation. The zone of reverse shear over the ledge becomes apparent if the free body diagram 

from Figure 1-22 is extended into a strut-and-tie diagram as shown in Figure 1-23. 

       
(a) Beam and Hollow-Core Unit Seating Strut-and-Tie Diagrams Under Negative 

Moment Demands with No Retrofit Angle Installed (Zone of Reverse Shear Small) 

                 
(b) Beam and Hollow-Core Unit Seating Strut-and-Tie Diagrams Under Negative 

Moment Demands with Retrofit Angle Installed (Zone of Reverse Shear Large) 

= Zone of reverse shear 

= Zone of reverse shear 



   

 

1-20 

 

 

                            

(c) High Shear Transfer Across Small                 (d) Low Shear Transfer Across Wide 

Back-Face Crack (Following Low                       Back-Face Crack (Following High 

     Negative Drift Demands)                                      Negative Drift Demands) 

 
Figure 1-23: Strut-and-Tie Model of Hollow-Core Subjected to Negative Moment Demands 

Showing the Zone of Reverse Shear (Compression Shown with Blue and Tension with Red) and 

Conditions Leading to Loss of Shear Transfer Across the Beam-to-Floor Interface 

Note that if a wide enough crack initiates at the back-face of the unit, shear resistance between the 

hollow-core unit back-face and the beam interface breaks down as depicted in Figure 1-23 (c) and (d). 

This means the load-paths shown in Figure 1-23 (a) and (b) become inadmissible and the moment 

demand peak created by the zone of reverse shear is eliminated as the unit back-face slides up the beam 

interface. This is the ideal outcome, as the loss of fixity then precludes development of NMF.  

 

Original ‘80s and ‘90s detailing for hollow-core floors made assumptions that it was nominally a simply 

supported system. Allowances for earthquake negative moment demands in the topping were limited to 

continuity reinforcement between the beams and floor in the form of starter bars and non-ductile 665 

mesh (5.9 mm diameter cold-drawn wire) for reinforcement within the span. Compared to the 12.9 mm 

diameter prestressed strands providing tension reinforcement for positive moment demands at the soffit, 

this provides minimal tension reinforcement against negative moment demands. 

 

The major location of concern for negative moment demand in hollow-core systems is the sudden drop 

in negative moment capacity at the end of the starter bars. If they are too short, the moment capacity 

can drop below the moment demand at the end of the starter bars, initiating cracking. This leaves only 

the non-ductile mesh to act as tension reinforcement in the topping. The high demand and weak zones 

in non-ductile mesh where the wire has been welded together shown in Figure 1-24 leads to brittle 

fracture mechanisms at relatively low crack widths (Fenwick et al. 2010). 

 
Figure 1-24: Non-ductile Mesh Localized Demands Near Welds Leading to Brittle Fracture 

(Fenwick et al. 2010) 
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Once the mesh has snapped the floor system becomes an unreinforced concrete system and damage 

concentrates at a single crack in a brittle failure mechanism. Due to the non-ductile nature of the mesh 

commonly used in the ‘80s and ‘90s and the early failure observed from it during testing, it has 

effectively been banned from new construction by clause 5.3.2.6 of NZS3101:2006 (Standards New 

Zealand 2017). Despite this, many existing buildings still only have non-ductile mesh for topping 

reinforcement in the floor span. 

 

Previous experimental studies have found that negative moment cracks run from the end of the starter 

bars in the topping down to the prestressed strand depth near the ledge support, with potential for a 

secondary crack running into the span at the strand depth forming an “upside-down palm tree” shape 

(Woods 2008) as shown in Figure 1-25. 

 

 

Figure 1-25: Negative Moment Failure and “Upside-Down Palm Tree” Cracking Observed in 

Woods’ Tests (Woods 2008) 

At this stage the units are only suspended through dowel action of the strands on the ledge. This is an 

unreliable gravity load-path and will lead to collapse or a state of imminent collapse. This collapse 

mechanism is particularly concerning for three reasons. Firstly, due to how sudden it can develop, as it 

gives no warning before developing an instantaneous brittle crack and dropping the floor. Secondly, 

because the angle of the crack provides no residual support gained by wedging that may occur in other 

failure mechanisms such as a classical positive moment failure. And thirdly, because it initiates at low 

drift levels and typically below the yield limit of the starter bars. For example, Woods observed negative 

moment cracking at 0.42% drift and with stress in the starter bars near their predicted yield stress 

(Woods 2008). 

The critical parameters determining if NMF will initiate are: 

• Strength of the starter bars. The stronger the starter bars are, the stronger the negative moment 

demands they can impart into the floor. 

• Length of the starter bars. The shorter the starter bars are, the earlier the negative moment 

capacity of the unit drops off into the span, increasing the potential for the demands to exceed 

capacity. 
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• Vertical distance between the geometric centre of the support beam and the starter bars. A 

longer lever arm to the starter bar connection increases the deformation incompatibility 

demands enforced on the unit per increment of rotation. 

• Fixity and bonding between the support beam and hollow-core unit. Deformation 

incompatibility demands can only develop if there is fixity and jamming between the bottom 

of the unit and the beam interface and ledge. 

These four parameters can be considered when determining if retrofit is required to improve the negative 

moment capacity of the floor. 

A major concern for the engineering industry is the potential for the commonly implemented seating 

angle retrofit for Loss of Seating (LoS) to adversely impact the floors with respect to NMF. 

Instinctively, it can be perceived that a seating angle would punch up into the soffit of a unit, increasing 

negative moment demands under relative negative rotation between the beam and unit. However, it is 

difficult to model and quantify this effect. 

When considering the detrimental impacts that a seating angle retrofit may have on a hollow-core unit 

with respect to NMF initiation, it is useful to consider the critical parameters that it may affect.  

The first and most obvious affected parameter is the length of the starter bars. The increased width of 

the support moves part of the compression reaction further out into the unit’s span as shown in Figure 

1-23. This effectively shortens the length of the starter bars up to the width of the installed seating angle 

as displayed in Figure 1-6.  

The second parameter is the effective strength of the starter bars. The negative moment demand 

increases along the length of the seating angle as the reaction from the angle puts more of the unit length 

from the back-face into reverse shear as shown in Figure 1-7 and Figure 1-23. This effectively increases 

the applied moment demand from the starter bars out into the span. 

The third parameter affected is the fixity and bonding between the support beam and hollow-core unit. 

Adding more surface for the soffit to compress against at a greater lever arm from the vertical centre 

line of the beam provides greater potential for jamming between the hollow-core unit and support under 

low negative rotation demands. 

Therefore, three of the four critical parameters indicating potential for NMF are adversely affected by 

the installation of steel retrofit angles. 

An additional concern related to angle retrofits under negative moment demands is ensuring that the 

anchor bolts do not fail in tension or shear. Determining the required bolt capacity is challenging, as 

there are many difficult to quantify parameters that induce the demand applied to the bolts. This is 

because it is an indeterminate system with multiple friction and contact stress components as shown in 

Figure 1-26. 
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Figure 1-26: Relevant Forces and Dimensions to Consider for Angle Retrofits (Büker et al. 

2021) 

Further complicating the system is the variability in flatness for concrete surfaces and the tendency for 

hollow-core units to have a slightly concave soffit surface. This means the exact location of contact 

stresses is even harder to identify. 

Overall, there are many aspects of NMF and hollow-core interaction with steel seating angles that 

cannot be quantified without experimental testing. The urgency for guidance required for these design 

matters made this a natural starting point for experimental investigation. 

 

1.4.3 Positive Moment Failure (PMF) 

Similar to NMF, Positive Moment Failure (PMF) is highly driven by fixity between the support beam 

and hollow-core unit. In this case though, it is under positive relative rotation between the support beam 

and hollow-core unit. As the beam rotates it is possible for the soffit to become jammed against the lip 

of the ledge and crack where there is no support as shown in Figure 1-27. 

 

 
Figure 1-27: Positive Moment Failure (Concrete NZ Learned Society 2020) 

Wider ledges far from the beam’s centre lines are the critical case for PMF initiation as these conditions 

increase the likelihood of jamming between the unit and support. 

 

The jamming between unit and support greatly increases the positive moment demand along the soffit 

of the unit near the ledge support and acts cumulatively with gravity demands. The cumulative nature 

with gravity demands is a major concern for PMF as it makes it difficult to determine the exact location 

of crack initiation. It is possible for a critical crack to form further out into the floor span, meaning the 

common retrofit angle would provide no useful additional load-path for this failure mechanism. 
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Another difficult problem to consider with PMF is the impact of poor bond with prestressing strands. 

Poorly bonded prestressing strands mean the transfer length can be greatly increased before positive 

moment capacity develops, leading to high vulnerability to PMF. It is very difficult to identify poorly 

bonded strands through non-destructive testing (NDT), and this is an active area of research.   

 

PMF is outside the scope of this research, but it is important to consider the impacts that any potential 

retrofit would have on positive moment load-paths to avoid creating new issues while fixing current 

ones. 

 

1.4.4 Web-Splitting 

Web-splitting describes the separation of the top and bottom flanges through cracking of the webs. The 

webs are a weak point of hollow-core units as they have low cross-sectional area relative to the flanges 

and are unreinforced. Web-splitting tends to initiate near the supports, often in conjunction with another 

type of cracking mechanism such as NMF or PMF. From there it propagates along the span in an 

unzipping-like manner. An example of web-splitting is depicted in Figure 1-28.  

                                  

Figure 1-28: Web-Splitting Overview and Viewed from Inside a Core (Matthews 2004) 

Web-splitting has been observed to be a particular issue for alpha units. The most easily observable 

example of this was in the Matthews’ super-assembly experiment, where the entire soffit of an alpha 

unit dropped out of the specimen while the topping remained in place as shown in Figure 1-29 

(Matthews 2004). Deformation incompatibility with longitudinal beams has the potential to accelerate 

splitting of the webs. 

 

Figure 1-29: Web-Splitting Leading to Loss of the Unit Soffit (Fenwick et al. 2010) 

Web-splitting is an important damage state to inspect for. It can be a very good indicator of further 

damage, as even a small amount can be an indication of severe damage states like PMF or NMF, 

especially in cases where it is difficult to observe the unit near the supports. Additionally, when 

web-splitting occurs in conjunction with another failure mechanism, it provides a combined failure 
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mechanism that completely ignores the topping and it’s reinforcing as shown in Figure 1-29, greatly 

weakening the system. 

1.4.5 Longitudinal Splitting 

Longitudinal splitting describes cracking in the top and bottom flange, splitting the unit as shown in 

Figure 1-30. 

 
Figure 1-30: Longitudinal Split Cracking 

This type of cracking is not immediately threatening to the gravity carrying function of the floor but is 

still concerning. Splits in the floor weaken the diaphragm and remove diaphragm load-paths. 

Additionally, longitudinal splits can be good indicators of other forms of damage that are more directly 

threatening to the gravity carrying function of the floor. In some cases, especially near the supports, 

longitudinal splits can run down the webs at an angle and form hybrid failure mechanisms resembling 

NMF, PMF, and web-splitting. Longitudinal splitting can therefore act as a crack initiator for more 

directly threatening damage states. It has been commonly observed in the first cell next to longitudinal 

beams of alpha units, as this is the weakest section near the displacement incompatibility between the 

beam and hollow-core unit. 

1.4.6 Delamination 

Delamination describes the process of the topping peeling away from the hollow-core units as shown 

in Figure 1-31. The interface between the hollow-core unit and topping is a weak point due to the casting 

cold joint. This is concerning because it removes the composite action which provides greater capacity 

to the floor system.  

                        

   (a)  Delaminated Topping Remaining            (b) Locations of Delamination in Matthews’ Test 

   after Hollow-Core has Fallen Following                                   (Bull 2004)  

   Positive Shear Failure (Matthews 2004) 

Figure 1-31: Delamination Observed in Previous Hollow-Core Earthquake Experimental 

Investigations 
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Delamination commonly initiates near beam plastic hinges, for example, at alpha unit supports. This is 

closely related to web-splitting, as it is a mechanism that can allow a weakened portion of the floor 

system to drop. In this case it could be that the hollow-core unit drops from the floor system while 

leaving a portion of the topping in place, as was seen in Matthews’ experiment following high gravity 

load testing post-earthquake, as shown in Figure 1-31 (a) (Matthews 2004). 

1.5 Earthquake Observations 

1.5.1 Northridge 1994 

After the 17 January 1994 Northridge earthquake, a reconnaissance team of engineers were sent by the 

New Zealand Earthquake Society to observe and report on building failures (Norton et al. 1994). This 

was the first major earthquake to provide a gauge of true building earthquake responses following 

implementation of earthquake design regulations and the inclusion of new technologies such as precast 

concrete elements. The findings from this reconnaissance survey led to the first concerns regarding 

hollow-core floors, which were used exclusively for parking buildings in the US but had been used for 

a wide range of commercial and multi-storey building applications in New Zealand.  

One case study that was heavily focussed on by New Zealand engineers and researchers was the poor 

performance of a group of structures called Meadows Apartments. Of particular concern was the partial 

collapse of a car-parking building driven primarily by failure of the hollow-core flooring. Loss of 

seating, web-splitting and delamination failure modes were observed for the first time as shown in 

Figure 1-32.  

      

(a) Complete Collapse of a Floor Section          (b)   Web-Splitting that Led to the Collapse of the 

    Caused by Loss of Seating                             Bottom Flange of a Set of Hollow-Core Units 

 

(c)   Topping Remaining in Place After Delamination with Hollow-Core that Collapsed 

Figure 1-32: Hollow-core Failure Mechanisms Observed at Meadows Apartments Car-Parking 

Building, Northridge 1994 (Norton et al. 1994), (Matthews 2004) 

Based on these observations, early research conducted on hollow-core seismic performance in the ‘90s 

primarily focussed on these three failure mechanisms as discussed in Section 1.6.  
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Meadows Apartments was one of many buildings that displayed poor performance during the 

Northridge earthquake. Another case study that displayed the impact of poor performance of one-way 

slabs on the whole structural system was the CSU-Northridge parking building, where failure of the 

floor led to loss of diaphragm action and frame failure as shown in Figure 1-33. 

 

(a)  Aerial View of Partial Collapse            (b)   Columns Deforming Independently Following   

                                                                 Loss of Diaphragm Action from Flooring Failure                

Figure 1-33: Partial Collapse of CSU-Northridge Parking Building (Iverson and Hawkins 1994) 

The 1994 Northridge earthquake was therefore the initial event driving both the gravity and diaphragm 

streams of research in this report. 

1.5.2 Christchurch 2010-2011 

The 4 September 2021 (Darfield) and 22 February 2011 (Lyttleton) Christchurch earthquakes provided 

insight into precast floor seismic performance in a New Zealand context.  

Few instances of severe damage to hollow-core units were reported. However, this was attributed 

primarily to the short duration of both earthquakes, as observations from Northridge and research 

conducted at the University of Canterbury through the early ‘00s found that beam elongation was one 

of the most significant drivers of severe damage in precast floors (Henry and Ingham 2012). Longer 

duration shaking would have enforced more cycles of plastic deformation on concrete beam plastic 

hinges, leading to a larger accumulation of beam elongation and greater damage inducing deformation 

incompatibility with hollow-core units. 

Damage modes that were commonly observed for hollow-core floors following the Lyttleton earthquake 

were: 

• Cracking of the topping between precast units. In cases where 665 non-ductile mesh was used 

for topping reinforcement, this was commonly ruptured across these cracks as shown in Figure 

1-3. 

• Longitudinal cracking near the supports and along the entire unit as displayed in Figure 1-34. 

These longitudinal cracks tended to occur near beam-column joints, lining up with flexural 

cracks in the beams. By definition, this means longitudinal cracking was commonly associated 

with alpha and beta units. 

• Corner cracks at the supports of individual units as displayed in Figure 1-35. These corner 

cracks typically only occurred in hollow-core that was spaced-out, and they were tentatively 

attributed to torsional rotation of the hollow-core unit. 
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Figure 1-34: Longitudinal Splitting Observed in Hollow-Core Units Following the 2010-2011 

Christchurch Earthquakes (Henry and Ingham 2012) 

          

Figure 1-35: Corner Cracking Observed in Individual Hollow-Core Units Following the 2010-

2011 Christchurch Earthquakes (Henry and Ingham 2012) 

Following the Christchurch earthquakes, the vast majority of buildings with hollow-core flooring units 

were demolished. Hollow-core has not commonly been specified during the rebuild of Christchurch. 

The Christchurch earthquakes also brought current design methodologies for diaphragms into question 

as discussed in Section 1.1 and shown in Figure 1-2. The extension of significant perimeter cracks into 

the interior spans of many structures’ seismic frames led to concerns that the designed strut-and-tie 

load-paths had been invalidated. Most strut-and-tie solutions assume it is possible to land compression 

struts diagonally onto interior columns of the seismic frame. An example of the extent of perimeter 

floor cracking following the Christchurch earthquakes and how it may invalidate strut-and-tie design 

assumptions is displayed in Figure 1-36. 
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(a) Extension of Floor Perimeter Cracking into Interior Spans Observed Following the 2011 

Christchurch Earthquake (Kam et al. 2011) 

 

 

             

(b)  Beam Elongation Leading to Loss of             (c)   Beam Elongation Leading to Loss of 

          Load-Path in Corners                                     Load-Path for Interior Plastic Hinges 

- Expected and Accounted For                                        - Not Accounted For 

              (Bull 2004)                                                       (Fenwick et al. 2010) 

Figure 1-36: Extensive Perimeter Cracking Following the 2011 Christchurch Earthquake 

Providing Doubt About Existing Designed Load-Paths 

These earthquake-induced floor cracking findings are the primary driver for the research stream related 

to reliable diaphragm load-paths for damaged structures in this thesis. 

1.5.3 Kaikōura 2016 

The 14 December 2016 Kaikōura earthquake resulted in a concerning level of damage for many 

Wellington buildings using precast flooring systems and brought hollow-core in particular into the 

public consciousness. This was primarily due to high profile buildings such as BNZ on the quay, 

Wellington Library, and Statistics House, that were deemed unsafe to occupy and/or demolished as an 

economic loss due to poor performance of the precast floors, while other elements of the structures 

performed adequately.  

One of the most concerning aspects of some case studies, such as BNZ on the quay, was that they 

included improved hollow-core support detailing developed from previous hollow-core seismic 

research (as described in Section 1.6) and still displayed poor performance that required either a full 

refit of the floors or building demolition. These concerns prompted the Wellington City Council to 

request the implementation of a wide-scale engineering investigation of Wellington buildings dubbed 

the Targeted Assessment Program in an attempt to capture the full extent of damage to precast floors 

and the risks they posed to public safety (Brunsdon et al. 2017). Common damage types observed 

throughout the investigation are displayed in Figure 1-37. 

✓  Adequately accounted for 

in diaphragm design 

Not adequately 

accounted for in 

diaphragm design 
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(a) Plan Views from Below or Above (Left) and Elevations (Right) of Typical Crack Patterns 

Observed in Hollow-Core Floor Units 

 

(b) Damage in Corners of Floor Diaphragms: Single Cracks 

 

(c) Damage in Corners of Floor Diaphragms: Significant Cracking 

Figure 1-37: Typical Crack Patterns and Corner Damage Observed in Wellington Building 

Hollow-Core Floor Units Following the 2016 Kaikōura Earthquake                                         

(Henry et al. 2017)   

The observed damage and degradation of the diaphragm and individual hollow-core units displayed 

many similarities to the Northridge and Canterbury earthquake observations. This included high levels 

of damage in alpha units, transverse cracking that could be the initiation of PMF or NMF, as well as 

corner cracking and longitudinal cracking in units similar to those displayed in Figure 1-34 and Figure 

1-35. Damage observed in the Kaikōura earthquake that was less documented in previous earthquakes 

was diagonal cracking in the span of hollow-core units as shown in Figure 1-38 and damage at beta unit 

supports as shown in Figure 1-39. It is unclear whether these damage modes occurred less in previous 

earthquakes, or if the targeted assessment program was simply more rigorous in capturing them. 
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Figure 1-38: Diagonal Cracking Observed in Hollow-Core Units (Henry et al. 2017) 

     

Figure 1-39: Longitudinal and Distributed Crack Patterns Observed in Beta Units (Mostafa et 

al. 2022) 

Analysis of the ground motion and site effects found that shaking demands exceeded the design level 

demands for some Wellington buildings. The critically affected buildings were those with 1-2 s periods, 

which correlated to 5-15 storey concrete moment frame buildings (Bradley et al. 2017). Most buildings 

fitting this description in Wellington have precast concrete floors installed, with most of those being 

hollow-core flooring as shown in Figure 1-17. A fortunate aspect of the Kaikōura earthquake was the 

relatively short duration, which limited the amount of beam elongation that could develop in reinforced 

concrete structures, therefore limiting the deformation incompatibility and LoS experienced by the 

precast floor units. Despite this limited beam elongation, LoS still occurred for two double-tee units in 

Statistics House. This was caused by beam elongation across multiple beam plastic hinges accumulating 

at one support as shown in Figure 1-40. 
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Figure 1-40: Collapse of a Double-Tee Unit in Statistics House During the 2016 Kaikōura 

Earthquake (Ministry of Business, Innovation and Employment, 2004) 

The occurrence of LoS for a unit in a relatively new building with low beam elongation demands led to 

the desire by engineering practitioners to retrofit precast units with steel seating angles to increase 

effective seating length. For hollow-core, doubts regarding the promotion of NMF by steel angle 

retrofits as discussed in Section 1.3 and 1.4 led to hesitance by building owners to implement them until 

it was verified that they were effective and would be a worthwhile investment to achieve building 

compliance. This was the primary driving factor for the research stream dedicated to gravity 

performance of hollow-core floors and retrofit verification. 

1.6 Background of Single Hollow-Core Unit Sub-Assembly Testing 

The most common form of experimental testing conducted on hollow-core floor units over the past 

three decades has been single unit testing. The first single unit experiments were created by researchers 

attempting to replicate the LoS failure conditions commonly observed following the Northridge 

earthquake. An example of this form of test rig is displayed in Figure 1-41. 

 

Figure 1-41: Early LoS Pull-Off Test Configuration (Herlihy 2000) 

Early test rigs only sought to replicate beam elongation effects. It was found that this did not provide 

failure mechanisms representative of those seen in Northridge, as no web-splitting or delamination was 

observed. 

The failure of initial single unit experiments to provide representative damage modes prompted the 

creation of a super-assembly experiment in the early 2000s in an attempt to capture the missing 

deformation effects as discussed in Section 1.7 (Matthews 2004). This testing found that the primary 
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driver of the damage patterns observed in the Northridge earthquake was displacement incompatibility 

between the units and support beams as the beams rotated due to building drift. The damage observed 

in the super-assembly test was much closer to the damage seen in real buildings. Matthews conducted 

further single unit experiments focussing on rotation of the unit to enforce displacement incompatibility 

in a testing rig similar to the one shown in Figure 1-42, which provided much closer results to real 

building cases and the super-assembly experiment. This validated rotational single unit testing as an 

appropriate testing method for some forms of damage modes. Through these control tests, Matthews 

also observed sharp losses in capacity after units “broke their back” under applied negative moment 

demands. Cracking was also observed from the soffit of the unit extending upwards. These were the 

first observations of the negative and positive moment failure modes described in Sections 1.4.2 and 

1.4.3 respectively.  

 

(a) Rationalization of Modern Single Unit Experiments – Extraction from Matthews’ 

Super-Assembly Experiment  

 

(b) Combined Rotation-Elongation Single-Unit Test Rig Developed to Replicate Super-Assembly 

Behaviour  

Figure 1-42: Single Unit Experiment Testing Rig (Jensen 2006) 

After the validation by Matthews, multiple researchers investigated 300 series and 400 series 

hollow-core performance using single unit tests (Liew 2004), (MacPherson 2005), (Jensen 2006), 

(Woods 2008) and (Corney et al. 2014). 

Liew proposed and experimentally verified the steel seating angle retrofit detail. Liew specified that the 

retrofit should be used as a catch mechanism to stop hollow-core units from dropping out of the frame 

after LoS occurrence or significant transverse cracking led to loss of gravity support. The detail he 
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employed displayed the angle in contact with the soffit of the unit via a bearing strip as shown in Figure 

1-43. 

 

Figure 1-43: Retrofit Seating Angle Detail (Liew 2004) 

Liew noted that this retrofit provided useful support for LoS and for cases where positive shear-moment 

cracks developed near the ledge support. However, a NMF developed during the seating angle test as 

shown in Figure 1-44. Liew advised the angle retrofit was not useful in cases where negative moment 

cracking could develop and recommended further research into strengthening methods for this failure 

mode.  

 

Figure 1-44: Negative Flexure-Shear Failure Observed in Liew’s Angle Retrofit Test (Liew 

2004) 

MacPherson extended development of the single unit experiment to include both rotational and 

elongation demands simultaneously by adding the horizontal actuator displayed in Figure 1-42 and 

using data from Matthews’ super-assembly experiment to calibrate the elongation demands applied 

through the rotation/drift cycles. 

Jensen tested a set of control specimens of 300 series hollow-core followed by an alternative retrofit to 

Liew’s angle retrofit. Jensen used a steel rectangular hollow section in place of the 90-degree angle as 

shown in Figure 1-45. He also attempted to reduce the negative moment demands at the end of the 

starter bars through selective weakening in the form of holes drilled along the back-face of the unit. 

Jensen’s retrofit appeared to be successful based on the one trial conducted, with an elongation 

allowance of 92 mm before LoS and no triggering of NMF. 
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Figure 1-45: Jensen’s Retrofit Configuration (Left) and Observed Damage Mechanism (Right) 

(Jensen 2006) 

Woods conducted a set of experiments investigating negative moment flexural failure and negative 

moment shear-flexure failure. These single unit tests used crack initiators in the topping to provide 

predictability for where damage would occur, making the critical damage indicators easier to measure 

as shown in Figure 1-46. 

 

(a) Woods’ Expected Failure Mechanisms Based on Liew’s Experiment 

 

(b) Woods’ Seating Layout Including Crack Initiator for NMF 

Figure 1-46: Woods’ Expected Failure Mechanisms and Specimen Seating Layout (Woods 2008) 

Woods found that flexural negative moment cracks run from the end of the starter bars down to the 

level of the prestressing strands and follow them to the unit support while also extending into the unit 

in an “upside-down palm tree” shape as shown in Figure 1-47. 
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Figure 1-47: Flexural Negative Moment Failure Observed in Wood’s Tests (Woods 2008) 

Woods suggested two retrofit methods to prevent NMF. These retrofits were decreasing the negative 

moment demands in the span (using selective weakening techniques at the back-face of the unit as 

Jensen attempted) or increasing the negative moment capacity of the unit at the end of the starter bars. 

Woods suggested the use of fibre reinforced polymer sheets as a strengthening material applied to the 

topping of a hollow-core system. 

Corney conducted a set of single unit tests on 400 series and 300 series hollow-core aimed at finding 

the residual capacity of hollow-core units after they had undergone earthquake demands. This led to 

two phases of testing. The first phase was application of rotation and elongation demands to the unit 

similar to previous single unit tests to induce crack patterns seen in real buildings following the 

Christchurch and Kaikōura earthquakes. The second phase was the gradual increasing of gravity loads 

to determine the residual capacity of the unit following earthquake damage. 

Corney experienced difficulty in replicating some of the crack patterns observed from the Kaikōura 

earthquake. These crack patterns tended to be types of transverse cracking visible from below as shown 

in Figure 1-37 (a), meaning they were positive moment induced cracks. It was postulated that these 

difficult to reproduce modes of cracking could be caused by poor strand bond in the units, weakening 

the positive moment capacity of the units near the support.  

Based on the foundation of this range of previous research, it was decided that an initial testing program 

of single unit tests was appropriate for investigating NMF and NMF retrofits in this research stream. 

While there have been difficulties in capturing realistic damage states for LoS and PMF, there has been 

previous success in replicating realistic NMF conditions with single unit tests. The advantages of 

relatively quick and inexpensive testing meant it would be possible to home in on seating details of 

interest. 

However, previous researchers have all acknowledged the limitations of single unit tests. These 

limitations include: 

• Two-dimensionality. This means that torsional and elongation effects of the support beam are 

neglected, particularly those that occur within the plastic hinge zone. Single unit experiments 

are therefore inappropriate for testing of alpha or beta unit behaviour. 

• Lack of continuity with adjacent floor units and longitudinal beams. This means diaphragm 

demands and load sharing effects across units are neglected. Torsional jamming of units against 

each other can also not occur. 

• Pseudo-static loading. Lack of dynamic effects, particularly vertical accelerations, can have a 

large effect on representation of gravity loads and how they change during an earthquake. This 
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is specifically relevant for negative moment demands, as lower gravity loads create a more 

critical loading condition. 

These limitations of single unit tests meant they were not appropriate for testing of diaphragms, beta 

units or final verification of new retrofits, meaning that a super-assembly test was also required. 

1.7 Background of the Frame Super-Assemblage 

1.7.1 Previous Super-Assembly Experiments 

To progress from the single unit experiments and create realistic load and deformation incompatibility 

demands on hollow-core units and floor diaphragms, it was critical to enforce support frame 

deformations representative of a real structure. Without representative frame deformations, complex 

damage states in the floor and alterations in damaged gravity and diaphragm load-paths would be 

impossible to recreate. This would severely limit the usefulness of any data collected. The requirement 

for realistic support frame deformations necessitated the construction of a full-scale frame super-

assembly with the ability to be loaded bi-directionally.  

There have been multiple breakthroughs in pseudo-static testing of reinforced concrete 

super-assemblies in previous decades. The 2020 UC frame super-assembly experiment incorporated 

key findings from past experiments to optimise realism of the frame deformations. The critical 

requirement for reinforced concrete structures is to avoid restraint or promotion of beam elongation. A 

novel approach for achieving this was developed at the University of Canterbury in the early 2000s in 

the form of a self-equilibrating loading system using a primary loading system called “scissor jacks”, a 

secondary loading frame called “arrow frames”, and bi-directional base sliders as shown in Figure 1-48 

(Matthews 2004).  

 

Figure 1-48: Matthews’ Super-Assembly Experiment (Matthews 2004) 

Matthews’ super-assembly experiment was based on a 2nd floor corner extraction of a typical Wellington 

multi-storey reinforced concrete building prototype as shown in Figure 1-49. The location of extraction 

from the building was selected because this is where the highest inter-storey drift demands were 

expected. 
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Figure 1-49: Prototype Building for Matthews’ Super-Assembly Experiment (Matthews 2004) 

Matthews trialled 3, 6, 9 and 12 storey building heights with 20 different earthquake records when 

modelling demands to inform the loading protocol. The normalised results from these trials provided 

the conclusion that 2.0% and 3.5% drift were the appropriate targets for design level and maximum 

credible event demands respectively. Based on this analysis, Matthews proposed the following loading 

protocol, shown in Figure 1-50. 

 

Figure 1-50: Loading Protocol for Matthews’ Super-Assembly Experiment (Matthews 2004) 

Note that the loading in each orthogonal direction was not applied simultaneously. This will be 

discussed further in this section and Section 1.8.1.  

The layout of Matthews’ specimen is displayed in Figure 1-51. Matthews tested 300 series hollow-core 

units spanning across two frame bays. One of the primary objectives of the experiment was to observe 

the behaviour of hollow-core spanning past an intermediate column. The north side of the specimen had 

a tie beam installed instead of a full-size beam to make the behaviour of that edge more representative 

of the interior of the prototype building. The beams were aligned with the centrelines of the columns 

with 5.35 m spans in both directions and were designed to be representative of a typical Wellington 

building, with a ratio of approximately 0.01 steel reinforcement. 750x750 mm cross-sections were used 

for the columns, which was representative of the lower levels of a typical 1980s Wellington building. 

The 3.6 m height of the columns was critical, as their height determined the lever arms for loading.  
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Figure 1-51: Matthews’ Super-Assembly Experiment Layout (Matthews 2004) 

The primary loading frame for Matthews’ experiment was the self-equilibrating scissor frame layout 

shown in Figure 1-52. This loading system pushed and pulled the columns against each other to enforce 

building drift, removing the requirement for a strong wall or external loading frame. A limitation of this 

loading system was that it had to be disassembled and reassembled in the orthogonal north-south and 

east-west configurations to change the loading direction. This meant that it could not apply 

simultaneous bi-directional loading but was instead limited to a cross loading protocol as shown in 

Section 1.8.1. The two variations of the loading frame layout are displayed in Figure 1-52.  

 

Figure 1-52: Matthews’ Primary Load Frames, i.e. Scissor Frames in East-West X-Direction 

(Left) and North-South Y-Direction (Right) Configurations (Matthews 2004) 
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Matthews’ primary loading frame elements applied load at the top and bottom of each column element. 

The principle of this loading method was to apply load approximately where the bending moment 

inflection point would be in the columns of a real structure. This was the location where the point loads 

applied by the actuators would most closely represent the internal shear forces of a real building 

undergoing lateral loading demands. This concept is displayed in Figure 1-53. 

 

Figure 1-53: Frame Specimen Concept for Applying Realistic Loads (Matthews 2004) 

An issue with the primary loading frame was that it would not ensure the columns remained parallel, as 

they would in a real building applying distributed inertial forces into the columns via the diaphragm. 

This could lead to behaviour like that shown in Figure 1-56, which is undesirable. To remedy this, 

Matthews used a secondary loading frame called arrow frames to restrain the columns parallel with 

each other. The arrow frame layout is displayed in Figure 1-54. 

 

Figure 1-54: Matthews’ Secondary Loading Frame, i.e. Arrow Frames (Matthews 2004) 
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The difficulty with restraining columns parallel to each other is that most systems would also restrain 

beam elongation. The benefit of arrow frames is that the pentagram truss layout restricts rotational 

movement, so it remains symmetrical, but does not restrict translational movement. Instead, the angle 

of the arrows reduces as their connections move further apart. This means the beams are free to elongate 

without interaction with the arrow frames as shown in Figure 1-54. The arrow frames were installed 

through the centre of the beams because the loading must be applied through the centre of stiffness of 

the beam-column assembly to avoid introduction of unwanted torsional demands into the columns. 

Careful consideration must therefore be applied to the design of arrow frame vertical members and the 

beam cut-outs they run through to avoid binding of arrow frames with the beams. 

Another critical design element of Matthews’ experiment to ensure the column elements remained 

parallel was the implementation of bi-directional sliders with universal joints at the base of the columns. 

A pinned connection was implemented at the base of one column to prevent the assembly from rolling 

off the sliders. 

 

Figure 1-55: Matthews’ Column Base Bi-Directional Slider and Universal Joint Assembly   

(Matthews 2004) 

Previous experiments on reinforced concrete frames had encountered issues with columns pushed to 

different angles from beam elongation when the bases were pinned as shown in Figure 1-56. This 

behaviour restricts beam elongation and applies unrepresentative demands into the floor diaphragm. 

The bi-directional sliders removed this restriction and allowed the specimen to grow freely as the beams 

elongated. 

 
Figure 1-56: Beam Elongation in a Specimen Without Base Sliders (Matthews 2004) 

Matthews found that the performance of the 300 series hollow-core was poor; particularly for alpha 

units, where it was observed that the soffit dropped out of the frame at 2.5% drift as shown in Figure 

1-16 and Figure 1-29. One of the drivers of this failure mode was the concentration of damage at the 

first unit after a split and mesh fracture occurred between the alpha unit and the 2nd unit at 1.93% drift 

in the north-south direction. This split allowed the interior column to translate outward from the 

building, leading to further deformation incompatibility between the alpha unit and the longitudinal 
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beams connecting to the interior column. The split between units and transverse growth of the 

diaphragm associated with the column translating outward are displayed in Figure 1-57. 

 
Figure 1-57: Tear between the Alpha and Second Unit and Transverse Diaphragm Growth 

Observed in Matthews’ Experiment (Matthews 2004) 

As shown in Figure 1-57 (c), the column translational movement and associated diaphragm transverse 

growth greatly increased at 2.0% drift, directly after the diaphragm tear formed. The reason for this is 

the loss of a phenomenon known as the bowstring effect once the split formed. The bowstring effect 

describes the two-dimensional interaction of the diaphragm restraining beam elongation as shown in 

Figure 1-58. The diaphragm reinforcement acts in tension, pulling against the beams orthogonal to the 

elongating beams. The centroid of this tensile action can be considered the bowstring. The elongating 

beams and the adjacent section of diaphragm form a compression arch reminiscent of a bow. While the 

bow and the bowstring load-paths are intact and balanced, the diaphragm has a much greater capacity, 

and the elongation and deterioration of the frame is highly restrained. A split in the diaphragm that 

destroys either the bow arch or the bowstring removes the restraint of beam elongation. In the case of 

Matthews’ super-assembly experiment, the restraint tying the intermediate column into the floor was 

also removed. This leads to rapid deterioration of the diaphragm as well as concentrating load at one or 

two hollow-core units, making the bowstring effect critical for both streams of research in the 2020 UC 

super-assembly experiment. As the bowstring effect requires interaction of the diaphragms and beams 
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in orthogonal directions, it is another driving requirement for super-assembly testing as opposed to 

smaller sub-assembly testing. 

 
(a) Schematic of the Bowstring Effect (MacPherson 2005) 

 
(b) Bowstring Effect Observed in Lindsay’s Super-Assembly Experiment (Lindsay 2004) 

Figure 1-58: The Bowstring Effect 

While the loss of the bowstring effect and the associated deterioration of the frame capacity was 

observed, recording of residual diaphragm force transfer mechanisms or load-paths was not provided 

by this testing. This was partially due to the early failure of the hollow-core not allowing for this 

observation, and partially because the load protocol and instrumentation set-up were not designed to 

capture diaphragm degradation effects. 

Lindsay refurbished and re-used Matthews’ super-assembly experiment with the same loading protocol 

to test new frame and hollow-core seating details following the poor performance Matthews observed. 

Based on recommendations developed from Matthews’ experiment, Lindsay implemented tie-bars 

between the intermediate columns to restrain translational movement out of the frame. The tie-bar 

layout implemented in Lindsay’s experiment is displayed in Figure 1-59. This alternative detail for the 

diaphragm performed well and prevented the column translational movement. Tie bars should be 

considered a requirement for all floor diaphragms and were therefore implemented in the 2020 UC 

super-assembly experiment. This was based on the rationale that any buildings with hollow-core floors 
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that do not have them installed should be retrofitted with them while any hollow-core retrofits are 

installed. 

 
Figure 1-59: Tie Bars Installed in Lindsay’s Experiment to Prevent Outward Translation of 

Columns (Lindsay 2004) 

Lindsay’s experiment used improved detailing for the hollow-core seating based on recommendation 

from Matthews, including implementation of link slabs, wider 75 mm seating ledges and low friction 

bearing strips between the ledge and hollow-core soffit. These alterations provided better performance 

for the hollow-core floor system. However, while these findings could be applied to new builds going 

forward from 2004, hundreds of New Zealand buildings that were constructed prior remained. 

1.7.2 UC 2020 Super-Assembly Experiment Differences 

The 2020 UC frame experiment had different objectives to previous tests, and the modern equipment 

and Structural Engineering Laboratory (SEL) at the University of Canterbury also provided greater 

capabilities than previously available. These two factors drove the design decisions for the specimen 

and loading system. An overview of differences is detailed here. Further explanation and figures relating 

to the design of the specimen and loading system can be found in Chapter 3.  

Differences Driven by Different Objectives 

The main change in objective from previous super-assembly experiments was the increased focus on 

diaphragm load-paths and degraded diaphragm force transfer mechanisms. This required simultaneous 

bi-directional and shear deformation loading as discussed in Section 1.8 and differences in data 

collection methods as discussed in Section 3.8. Simultaneous bi-directional loading required actuators 

to be installed against an external load frame in both orthogonal directions rather than changing the 

configuration at different test stages like Matthews’. Data collection changes required an increased 

number of potentiometers at beam-unit interfaces and between units. Draw-wires measuring the shear 

deformation of the floorplate were also installed and inclinometers were used to measure beam torsional 

warping of both support and longitudinal beams. A relatively new method of data collection that uses 

cameras to track particles and provide a high resolution 2-dimensional model of the floorplate 

deformation was also implemented. 

The different objectives related to hollow-core were: 

• Investigation of previously untested 200 series hollow-core units, which are the most common 

type of unit installed in Wellington. 

• Investigation of previously untested beta units. 

• Investigation of retrofits for existing Wellington hollow-core seating connections. 
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These different objectives led to the decision to install 200 series hollow-core in the shorter span 

direction which provided two beta units for testing as shown in Figure 1-12. Improved detailing tested 

by Lindsay was not installed other than the inclusion of tie-bars, as the focus was on retrofitting existing 

poor hollow-core seating detailing. Beam alignment was moved from the centrelines of the columns to 

the exterior of the columns. This is a commonly used layout that creates a flush surface for attaching 

cladding to the exterior of the frame, but also creates the need for larger cut-outs in alpha and beta units 

which provides a more critical load case. 

Differences Driven by Different Laboratory Capabilities 

The modern UC SEL has a 14.6 x 14.6 m long L-shaped strong wall as shown in Figure 1-60. This 

provided a stiff external loading point to push the specimen from in both directions, allowing for 

simultaneous bi-directional loading. 

 
Figure 1-60: UC SEL Strong Wall and Gantry Crane (Dominion Constructors 2018) 

A limitation that the strong wall enforced was a maximum allowable length of the double-bay direction 

of the specimen. This limitation led to shorter beam spans for the support beams and one less hollow-

core unit per bay than would have otherwise been implemented. The 2020 UC super-assembly specimen 

is therefore more rectangular in plan compared to the squarer shaped previous super-assembly 

experiments that used self-equilibrating loading systems. 

Due to practical constraints, Matthews’ experiment used relatively small precast elements for the frame 

members, which were connected on site. The top, bottom and beam-column joint of each column was 

a separate precast element. Each precast element had ducts installed instead of longitudinal steel. This 

meant they could be aligned on site and longitudinal steel reinforcement could be dropped down through 

the aligned ducts. Grout was then pumped into the ducts to cast the three elements together. Formwork 

was used to support the hollow-core floor units during construction and the beams were all cast on site 

at the same time as the topping slab (Matthews 2004). 

The modern SEL has much greater crane capacity and larger door openings than the old civil wing 

laboratory at the University of Canterbury. This allowed for much greater precast element sizes for the 

2020 UC super-assembly experiment to decrease cost, construction time and on-site work.  
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1.8 Background of Super-Assemblage Loading Protocols 

1.8.1 Determination of Standard Loading Protocol Shape 

Many bi-directional loading protocol shapes have been theorized and trialled in previous structural tests. 

Examples of common loading protocols are displayed in Figure 1-61. Due to practical constraints, the 

vast majority of bi-directional experiments have been conducted on smaller sub-assemblies, such as 

columns.  

 

(a) Typical Bi-Directional Loading Protocols (Rodrigues et al. 2013) 

 

(b) Standard Clover Leaf Loading Protocol (Gultom and Ma 2015) 

Figure 1-61: Bi-Directional Loading Protocols 

Unless a real earthquake record is used as the displacement history, any loading protocol is inherently 

arbitrary. However, real earthquake records are only representative of one single previous earthquake 

and will not capture the full range of possible damage states. For the purposes of hollow-core and retrofit 

performance verification, full coverage of possible damage states was a higher priority for the 2020 UC 

super-assembly experiment. The objective, then, was to find a protocol that could enforce useful 

damage states representative of a real earthquake on the specimen, where the deformation sources of 

individual damage states could be identified and abstracted. 

The most comparable previous super-assembly experiments are Matthews’ and Lindsay’s experiments 

from the early 2000s. As mentioned in Section 1.7.1, the loading frame used for these experiments 

limited the loading protocol to a cross protocol as seen in Figure 1-61 (a) L2. A consequence of this 

limitation can be observed when comparing diaphragm crack patterns from the end of Matthews’ 
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experiment against commonly observed crack patterns in real Wellington buildings following the 2016 

Kaikōura earthquake as shown in Figure 1-62. 

 
(a) Crack Patterns Visible on the Topping at the end of Matthews’ Super-Assembly Test 

(Matthews 2004) 

 
(b) Common Crack Patterns Observed Following the Kaikōura 2016 Earthquake (Henry et al. 

2017)                     

Figure 1-62: Comparison of Crack Patterns Observed After Matthews’ Super-Assembly 

Experiment and After the 2016 Kaikōura Earthquake 

When comparing the two crack patterns, Matthews’ experiment performed well at replicating transverse 

cracking near the hollow-core seating. However, the corner cracking observed in Wellington following 

the 2016 Kaikōura earthquake was not replicated well in Matthews’ experiment, with most diagonal 

cracking appearing in the beams but not extending into the flooring units. The orthogonal nature of the 

crack patterns in Matthews’ experiment was likely due to the lack of simultaneous bi-directional loading 

due to the use of the cross loading protocol.  

An additional effect observed in Matthews’ and Lindsay’s experiments was a loss of beam torsional 

stiffness at later stages in the tests as displayed in Figure 1-63. Lindsay used inclinometers on a support 

beam to capture this effect as shown in Figure 1-64. 
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Figure 1-63: Beam Torsion Observed in Matthews’ and Lindsay’s Super-Assembly Experiments 

(MacPherson 2005) 

 
Figure 1-64: Beam Torsional Response of a Support Beam Observed in Lindsay’s Super-

Assembly Experiment (MacPherson 2005) 

Lindsay and Macpherson posited that this effect was related to beam elongation reducing the section 

torsional stiffness in the beam plastic hinge, combined with loading applied in the transverse direction 

to the beam. Transverse loading would lead to starter bars applying a tensile pull to the top of the beam, 

twisting it into the structure; particularly after elongation had occurred in the transverse beams. The 

observations of this effect were limited by the lack of inclusion of inclinometers on the transverse beams 

and the cross loading protocol. Phase 2 of the experiment was transverse loading up to 3.5% drift. As 

can be seen in Figure 1-64, the torsional stiffness of the beam was slightly reduced but mostly intact at 

the end of Phase 1 loading. At the start of Phase 3 loading, the beam torsional stiffness was negligible. 

This means the loss of torsional stiffness appeared between 0 to 3.5% drift in the Phase 2 transverse 

loading, which provides a very poor resolution for determining what magnitude of transverse actions 

led to the loss of torsional stiffness. Lindsay and Macpherson recommended a more in-depth study of 

this phenomenon, due to its potential to impact diaphragm behaviour.  

These results from previous tests elucidated the need for a loading protocol that included arcs such as 

those shown in Figure 1-61 (a) L7 and L8 or the standard clover leaf shown in Figure 1-61 (b). These 

types of loading would provide more representative earthquake actions to replicate corner cracking 

damage, which is likely critical for capturing the deterioration of the designed strut-and-tie load-path 

compression struts and formation of secondary load-paths. They would also provide better resolution 

of the development of beam torsional loss of stiffness and its effects on diaphragm and frame stiffness. 

A beneficial element of Matthews’ cross loading protocol was the ability to separate the damage effects 

on the hollow-core and diaphragm from loading in each orthogonal direction. This would be difficult 

to achieve with a circular or clover-leaf loading protocol. A compromise to achieve both simultaneous 

bi-directional arc loading with simplified uni-directional elements was found in the form of the 
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linearized-circular loading protocol developed at Swinburne University of Technology, Melbourne, 

Australia as displayed in Figure 1-65. 

 
Figure 1-65: Linearized Circular Loading Protocol (Raza et al. 2019) 

This loading protocol has uni-directional loading and unloading phases with arcs connecting them, 

providing the benefits of cross loading and simultaneous bi-directional arc loading.  

A common criticism of the clover-leaf loading protocol that could also be applied to the linearized 

circular protocol is over-cycling. This is due to a single full set of loading pushing the structure to the 

maximum cycle drift twice in each direction. This can accumulate plastic damage and lead to 

exaggerated damage states and unrepresentative behaviour at later drift cycles. To mitigate the 

over-cycling problem, a decision was made to treat each full circuit of the linearized circular loading 

protocol as two hour-glass shaped cycles for the 2020 UC super-assembly experiment, as discussed in 

Chapter 3. This reduced the occurrence of maximum drift in each direction to once per cycle. 

Previous structural tests experienced difficulty with actuators in orthogonal directions fighting each 

other, as they attempted to reach their displacement targets when each direction was being run 

simultaneously. This was particularly an issue when loading in an arc. This accidentally enforced large 

loads across the diaphragms, which is highly undesirable (Muir 2014). Based on these findings, the 

actuator controls for the 2020 UC super-assembly experiment were applied piecewise in small uni-

directional pushes in the orthogonal directions as discussed in Chapter 3. 

1.8.2 Directionality of Loading 

Additional to the loading shape, directionality of loading is an important consideration when attempting 

to load a structure representative of a real earthquake. 

Nievas collated multiple earthquake records and compared the demands in the full range of angles 

relative to the maximum response direction as shown in Figure 1-66. Results from this study provided 

verification of the goggle effect shown in Figure 1-67.  
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Figure 1-66: Examples of Demands at Different Orientations (Nievas and Sullivan 2017) 

 
Figure 1-67: Goggle Effect (Nievas and Sullivan 2017) 

A simplification of Nievas’ results and the goggle effect is that the typical range of directionality for 

earthquakes is between a 1:1 ratio in orthogonal directions as an upper bound, with a 1:2 ratio as a lower 

bound. The average directionality appears to be a ratio of approximately 3:2. This simplification can be 

used to inform the directionality applied to structural experiments. 

As the purposes of the 2020 UC super-assembly experiment included verification of hollow-core 

retrofits and observation of diaphragm degradation under simultaneous bi-directional loading, the 

worst-case upper-bound scenario of a 1:1 directionality ratio was selected for the first experiment. 

Following results from the first experiment detailed in Chapter 5, the directionality ratio chosen for the 

second super-assembly experiment was 1:2 to provide a lower-bound directionality response. 
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1.8.3 Magnitude of Applied Loading 

As the 2020 UC super-assembly experiment was created with a focus on Wellington buildings, it was 

decided that the first portion of the loading protocol should be based on the Kaikōura 2016 earthquake. 

This would provide hollow-core and diaphragm damage that could reasonably be assumed to be 

indicative of the existing state of Wellington reinforced concrete frame multi-storey structures with 

hollow-core flooring installed. 

De Francesco created a prototype 12-storey building model shown in Figure 1-68, with a floor plan 

based on the 2020 UC super-assembly experiment layout outlined in Chapter 3. This building layout 

and height was created to be representative of a typical ‘80s or ‘90s Wellington building. The objective 

of the model was to determine the drift demand imposed by the 2016 Kaikōura earthquake at the critical 

3rd floor level using Non-Linear Time History Analysis (NLTHA). 

 
Figure 1-68: Prototype Wellington Building for the 2020 Super-Assembly Experiment                      

(De Francesco and Sullivan 2021) 

The earthquake record used as an input for the prototype building model was the 2016 Kaikōura 

earthquake as recorded at the base of the Wellington BNZ building on the quay. The north-south and 

east-west components of this earthquake record are displayed in Figure 1-69. 

 
Figure 1-69: Kaikōura 2016 Earthquake Recorded at the Base of the BNZ Building (De 

Francesco and Sullivan 2021) 
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After De Francesco’s model was run through a NLTHA, the inter-storey drift demands of the 3rd floor 

were obtained. The demands for the orthogonal directions of the frame are displayed in Figure 1-70 and 

the bi-directional demand is displayed in Figure 1-71. 

 

 
Figure 1-70: 3rd Floor Inter-Storey Orthogonal Drift Components of the Prototype Building 

Obtained from Non-Linear Time History Analysis (De Francesco and Sullivan 2021) 

 
Figure 1-71: Combined Bi-Directional 3rd Floor Inter-Storey Drift of the Prototype Building (De 

Francesco and Sullivan 2021) 

The bi-directional drift shown in Figure 1-71 displays that the directionality from the earthquake record 

was approximately 2:3. As discussed in Section 1.8.2 though, the upper-bound of directionality was 

desired for the 2020 UC super-assembly experiment. Therefore, the primary direction of the model 

output demands at the 3rd floor, denoted as the X-direction in Figure 1-70, was used to inform the 

magnitude of loading for both orthogonal directions of the first super-assembly experiment. A 

simplified version of this drift demand history was developed as displayed in Figure 1-72. 
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Figure 1-72: Non-Linear Time History Analysis Results Converted into a Simplified Linearized 

Circular Loading Protocol (De Francesco and Sullivan 2021)   

The final simplified Kaikōura earthquake drift demands based on De Francesco’s NLTHA were: 

• 2 cycles at 0.25% drift. 

• 3 cycles at 0.5% drift. 

• 5 cycles at 0.75% drift. 

• 1 cycle at 1.5% drift. 

• 2 cycles at 0.75% drift. 

These cycles were applied in the linearized circular loading shape with a 1:1 directionality as described 

in Section 1.8.1 and 1.8.2. Note that a full run-through of a linearized circle was counted as 2 cycles to 

mitigate over-cycling. 

For the second super-assembly experiment, results from the first test informed the loading magnitude 

as discussed in Chapter 5. The initial loading was a uni-directional push to 2.0% drift in the direction 

of the hollow-core span to impart the critical loading condition for hollow-core in positive and NMF 

modes. A cross loading protocol to 1.0% in each other orthogonal loading direction was then applied 

before applying a standard increasing loading protocol of 2 cycles of the linearized circular protocol at 

1:2 directionality. The justification for this loading protocol was that it was representative of a near-

fault response demand like what was observed in Northridge 1994. This near-fault style loading would 

also be representative of earthquake demands near the Wellington fault line when it ruptures. 

1.8.4 Justification of Plan Shear Deformation Loading 

As discussed in Section 1.2, one of the primary objectives of this research was to capture the degradation 

of designed load-paths and trial a proposed plan shear deformation force transfer mechanism dubbed 

the picture-frame effect as a residual diaphragm load-path.  

Justification must be provided for investigating a new mechanism. There are two main points providing 

justification for investigating the picture-frame effect. The first point is that there is no other theoretical 

reliable mechanism or load-path that has been identified. By that logic, if all other options have been 

exhausted, what remains must be the most likely solution (or force transfer mechanism). 

A second more rigorous justification is the experimental shake-table work of Suzuki (Suzuki et al. 2020) 

that investigated the torsional response of multi-storey buildings with both stiffness irregularity and 

damage irregularity. The specimen for this experimental work is displayed in Figure 1-73 and the 

layouts used to introduce stiffness and damage irregularity are displayed in Figure 1-74. 
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Figure 1-73: Specimen Used for Shake-Table Testing of Building Torsional Response        

(Suzuki et al. 2020)                      

 
Figure 1-74: Structural Elements Used to Introduce Stiffness and Damage Irregularity to the 

Torsional Response Specimen (Suzuki et al. 2020) 

An interesting element of this research is that it investigated development of torsional demands in 

structures that were originally regular but had stiffness irregularity introduced from applied damage to 

lateral load resisting elements. This shows that in-plane torsional distortion demands can initiate based 

on irregularity of damage development even in structures that are initially torsionally stable. This 

provides a valid justification for investigation of residual force transfer mechanisms and load-paths 

based on shear deformation of the frame and diaphragm in-plane. 

Obvious torsional response of the structure was only observed in the loading sequence where collapse 

initiated. This provides evidence that the effect of torsion on building elements and the diaphragm in 

particular becomes more pronounced at high damage levels. What is unclear from this testing is what 

the diaphragm load-path and contribution to the structure’s performance was at damage levels where it 

was less obvious the building was undergoing torsional demands in-plane. It is the goal of this research 

to address these unknowns. 
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1.8.5 Previous Research on Plan Shear Deformation Loading 

Previous research has recently been conducted on the response of hollow-core floors undergoing plan 

shear deformation. Angel conducted sub-assembly testing of floor unit sections in the experimental rig 

displayed in Figure 1-75 (Angel et al. 2019). 

 
Figure 1-75: Test Set-Up for Plan Shear Deformation of Hollow-Core Floors Sub-Assembly 

Testing (Angel et al. 2019) 

Based on the observed results, Angel proposed the load sharing mechanism displayed in Figure 1-76. 

This is similar to the proposed picture frame effect. 

 
Figure 1-76: Idealized Struts Proposed from Sub-Assembly Testing (Angel et al. 2019) 

This experimental investigation used a very different approach for the problem of capturing the 

behaviour of a hollow-core floorplate subjected to shear deformation compared to the 2020 UC super-

assembly experiment. The major difference was that the shear demands were applied to a fresh 

specimen. One of the base assumptions of the UC experiment was that the designed strut-and-tie load-

path should perform adequately at low drift levels but deteriorate once beam elongation occurred in 

both orthogonal directions. This would open gaps around the perimeter of the floor and drop the 

structural stiffness to the point where shear deformation and the picture frame effect could occur, but 

only as a residual force transfer mechanism. Based on this assumption, application of shear deformation 

to an undamaged floorplate would provide results of a much higher stiffness than could occur in real 

buildings subjected to earthquakes, limiting the utility of the results. Additionally, one of the core design 

elements of the UC experiment was to allow frame deformations to occur without promotion or 
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restraint, as these deformations have significant effects on the boundary conditions of the floorplate. As 

discussed in Section 1.7, there are secondary effects that cannot be replicated in sub-assembly testing, 

such as local torsional effects of hollow-core units, alpha/beta unit specific damage states as well as 

beam stiffness and profile alterations causing boundary condition changes to the floorplate. The 

boundary conditions of the Angel experiment were highly restrained. The behaviour of the floorplate 

corners in particular would not have been representative of a real structure, as this is where plastic 

hinging and beam torsional effects are most pronounced. The restriction of the moveable end beam to 

one degree of freedom and the fixed end beam to have no movement at all would have forced large 

struts to form in the corners; more than they would tend to in real buildings, likely increasing the 

observed stiffness further. In the UC super-assembly experiment, the columns were restrained at the 

moment inflection points. However, this would still allow some beam flexibility and warping even at 

the fixed end of the specimen. 

One benefit that the Angel experiment had over the methods used in the UC super-assembly experiment 

was the ability to create full shear distortion-load plots as shown in Figure 1-77. This was because each 

specimen was allowed to be pushed to the limit of its plan shear capacity from the start. 

 
Figure 1-77: Load-Displacement Plots Obtained from Hollow-Core Shear Deformation Sub-

Assembly Testing (Angel et al. 2019) 

The 2020 UC super-assembly experiment did not provide as full of a picture of the load-distortion 

behaviour compared to the work of Angel. This was because it was important not to damage the 

specimen to the point where it would adversely affect the performance of the frame for the standard 

loading protocol portion of the test or the performance of future shear deformation loading protocols. 

One specimen had to be used at multiple different damage states to allow observation of changes in 

behaviour as the designed strut-and-tie load-paths deteriorated. The benefit of achieving better 

agreement with real building behaviour was viewed as far more important than gaining a more complete 

but unrepresentative dataset. 
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1.9 International Literature on Hollow-Core and Diaphragm Performance 

Most of the literature discussed so far in this chapter has been sourced from domestic New Zealand 

research. In this section, the two main reasons for this primarily localized literature review will be 

discussed, as well as some additional international literature partially relevant to the research presented 

in this thesis.  

1.9.1 Hollow-Core Seismic Performance 

The first reason for the primarily domestic New Zealand literature review is applicable only to the 

hollow-core stream of research, and this reason is that New Zealand faces unique challenges related to 

hollow-core flooring systems compared to the rest of the world, as discussed in Section 1.3.1. Other 

countries have approached use of hollow-core flooring systems differently. Examples of these 

differences include: 

• Installation of hollow-core flooring systems in buildings in areas of low seismicity. 

• Usage of hollow-core flooring systems in low-risk structures (compared to high-rise office and 

residential apartment buildings), such as parking buildings, which have relatively low 

probability of high occupancy at any given time. An example of this usage of hollow-core 

internationally is provided in Section 1.5.1, where hollow-core was used in a parking building 

in Northridge, USA, and performed poorly during the Northridge 1994 earthquake (Norton et 

al. 1994). 

• Improved hollow-core section steel reinforcement and seating connection detailing compared 

to New Zealand buildings, such as implementation of top prestressed strands in hollow-core 

units, which is typical in European countries. For example, Spanish researchers provided 

guidance on optimal hollow-core section detailing in 2018 (Albero et al. 2018). One of the 

optimized hollow-core sections is displayed in Figure 1-78 and features top-of-section 

prestressed strands. 

 
Figure 1-78: Optimized Hollow-Core Unit Section (Albero et al. 2018) 

Additional improved detailing typically used internationally is the use of high ductility topping 

steel reinforcement over the entire floor-plate rather than non-ductile steel wire mesh 

reinforcement, which was historically used in New Zealand reinforced concrete frame buildings 

with hollow-core flooring systems (Fenwick et al. 2010). Non-ductile mesh is effectively 

prohibited in modern New Zealand building by clause 5.3.2.6 of NZS3101:2006 (Standards 

New Zealand 2017), but is prevalent in buildings with pre-cast concrete floors constructed 

before the early 2000s. Top hollow-core section prestressed steel reinforcement and ductile 

topping steel reinforcement greatly reduces (or eliminates) the possibility of NMF initiation in 

hollow-core units, which is the core focus of the hollow-core research stream in this thesis.  

The outcome of the unique usage of hollow-core flooring in New Zealand (installed in high occupancy 

high-rise structures in areas of high seismicity with poor detailing of steel reinforcement), is that other 

countries have not had incentive to research and develop solutions to the problems faced in New 

Zealand, because the problems are not present elsewhere. Therefore, the most relevant literature to 

critical brittle failure mechanisms in hollow-core flooring systems (such as NMF and PMF) has been 

developed in New Zealand, as discussed in Section 1.6 and 1.7.  
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While the critical failure mechanisms of focus in this thesis do not have international literature to draw 

on, international researchers have investigated the shear and torsional behaviour of hollow-core units 

under seismic loading conditions.  

Belgian researchers investigated the failure mechanisms of hollow-core slabs accounting for 

compressive membrane action, and found that axial and rotational restraint of hollow-core members 

changed the cracking mechanism and ultimate capacity of the hollow-core system (Thienpont et al. 

2022). Both axial restraint and rotational restraint at the ends of a unit were found to increase the 

ultimate load-bearing capacity of the unit, but also the variability of the ultimate load-bearing capacity.  

High stiffness of rotational restraint at the ends of a unit was found to drive shear tension failure in the 

webs of the unit as shown in Figure 1-79 (d), which is consistent with New Zealand literature where 

PMF or NMF cracking driven by end-of-unit rotational fixity typically extends to the webs and then 

propagates as web-splitting. However, the hollow-core sections used for this investigation also featured 

top prestressed strands. As expected, the failure mechanisms observed by these researchers did not 

include NMF, as it was precluded by the improved top-of-section steel reinforcement detailing 

compared to New Zealand hollow-core. An overview of the compressive membrane action investigation 

is displayed in Figure 1-79. 

 
(a) Schematic of Compressive Membrane Action in Precast Flooring Units Created by Axial 

Restraint Enforced by the Supporting Frame 

 
(b) Hollow-Core Section Used in Compressive Membrane Action Investigation (Featuring 

Top-of-Section Prestressed Strands) 

 
(c) Experimentally Observed Cracking Pattern (Top) and Finite Element Model of Cracking 

Pattern (Bottom) for a Hollow-Core Unit Subjected to Four-Point Loading Without Axial 

and Rotational End Restraint 

 
(d) Experimentally Observed Cracking Pattern (Top) and Finite Element Model of Cracking 

Pattern (Bottom) for a Hollow-Core Unit Subjected to Four-Point Loading with Axial and 

Rotational End Restraint 

Figure 1-79: Overview of Hollow-Core Failure Modes Taking into Account Compressive 

Membrane Action (Thienpont et al. 2022) 
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Swedish researchers investigated the interaction of shear and torsion within hollow-core units using 

finite element analysis with experimental validation (Broo et al. 2005). The shear and torsion interaction 

diagram produced by this research for 200HC with associated hollow-core cracking patterns for 

different loading combinations is shown in Figure 1-80. 

 

Figure 1-80: 200 mm Deep Hollow-Core Shear and Torsion Interaction Diagram from Finite 

Element Analyses Showing Cracking Patterns Caused by Different Combinations of Demands 

(Broo et al. 2005) 

This shear-torsion interaction research is mainly applicable to alpha and beta units, which have 

boundary conditions leading to torsional actions when the supporting structure is subjected to 

simultaneous bi-directional drift demands (these boundary conditions being deformation 

incompatibility demands from longitudinal beam-to-floor starter bars and eccentricity of seating 

supports due to column cut-outs). The concentration of web cracking at the leftmost webs in Figure 

1-80 (c)-to-(h) is consistent with the experimentally observed damage of alpha units on the side adjacent 

to columns and longitudinal beams discussed later in this thesis in Chapter 5 (though with some 

differences in local cracking near column cut-outs in units which were not present in the Swedish 

research). 

1.9.2 Floor Diaphragm Load-Paths and Seismic Performance 

The second reason the literature review in this thesis has been primarily based on New Zealand domestic 

research is that researchers in other countries have typically taken a different approach to understanding 

the capacity, demands, and flow of internal forces within diaphragms. A large amount of research 

assumes a force-based approach (with the aim of gaining an improved understanding of overall seismic 

induced horizontal floor acceleration and force at each level of a building), rather than the displacement-

based approach used in this research (with a focus on deformation incompatibility and development of 

residual load-paths as the primary load-paths are damaged and degrade).  

The main example of this different approach is a multi-university research program conducted in the 

United States (US) in the 2000s and 2010s to develop a new design methodology for precast concrete 

diaphragms. The US researchers used a combination of experimental and analytical methods to better 

understand diaphragm force demands and performance of shear and tensile connectors between 

individual precast units. 
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The performance of local precast concrete diaphragm connectors is summarized in a 2013 ASCE journal 

paper (Ren and Naito 2013). A typical layout of diaphragm connectors is displayed in Figure 1-81. 

 

Figure 1-81: Typical Diaphragm Plan Layout and Discrete Precast Connectors (Ren and Naito 

2013)  

The data from over 200 experiments was compiled to provide stiffness, strength, and deformation 

properties of a wide range of panel-to-panel connectors. These properties were presented as force-

deformation backbone curves for shear deformation and diaphragm flexural deformation (placing the 

chord connectors in tension) across the panel-to-panel interface, as shown in Figure 1-82.  

 

Figure 1-82: Panel-to-Panel Joint Moment-Rotation (a) and Shear-Sliding (b) Responses (Ren 

and Naito 2013) 

The researchers noted that the majority of panel connectors had low deformation capacity and 

recommended the development of more connector options with high ductility for use in high seismic 

zones. 

In New Zealand, splitting between precast flooring panels has been commonly observed following 

earthquakes as shown in Figure 1-3. The nature of the panel-to-panel splitting has primarily been tensile 

opening of cracks (related to the bowstring effect) with rupture of non-ductile topping mesh 

reinforcement rather than shear sliding, suggesting that chord connector type reinforcement is 

appropriate for critical interfaces. While splitting between precast panels has been a concern in New 

Zealand, the larger concern has been wide cracking damage at the floor perimeter following earthquake 

damage as shown in Figure 1-2. The reason perimeter floor cracking has been a higher priority in New 
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Zealand is the perception that the internal strength and stiffness of the diaphragm across precast 

elements (which was the focus of the 2013 ASCE journal paper (Ren and Naito 2013)) becomes 

inconsequential if there is no viable load-path to link the diaphragm to the support frame.   

Multiple research streams were conducted in the US to better understand diaphragm force demands and 

were summarized in a 2013 ASCE journal paper (Fleischman et al. 2013). Analytical models and shake 

table experiments were used to develop and verify an alternative diaphragm design methodology 

accounting for ductility of diaphragms. The research comprised of multiple steps, including diaphragm 

panel-to-panel connector testing as shown in Figure 1-81 and Figure 1-83 (a), storey level in-plane 

diaphragm analytical modelling as shown in Figure 1-83 (b), whole of structure dynamic analysis 

modelling, hybrid simulation/physical testing, and finally shake table experimental testing as shown in 

Figure 1-83 (c). 

 

(a) Precast Diaphragm Plan (Left) and Typical Details (Right) 

 

(b) Diaphragm Analysis: 2D Finite Element Model (Top), Pushover Curve (Bottom Left) and 

Deformation Profile (Bottom Right) 
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(c) Shake Table Specimen Photo (Left) and Third Floor Plan (Right) 

 

(d) Diaphragm Pushover Schematic Displaying Precast Diaphragm Design Approach 

Figure 1-83: US Development of a New Design Methodology for Precast Concrete Diaphragms 

(Fleischman et al. 2013) 

During the shake table testing of diaphragm performance within the US body of work, local failure of 

diaphragm elements was observed, such as fracture failure of steel tension chord elements between 

individual precast elements and failure of diaphragm-to-wall anchorages. However, at each failure of a 

local element the testing was stopped, the local failure repaired, and then the testing was resumed. This 

process meant that deterioration of the designed diaphragm load-path and formation of residual load-

paths was not allowed to progress. Researchers noted that failure of individual diaphragm elements 

would likely have led to a cascade effect and different damage modes at later stages of testing without 

the applied interventions.  

An outcome of this US body of work was three options for the diaphragm design force depending on 

the allowable diaphragm deformation and ductility. The three design options, shown in Figure 1-83 (d), 

were a high force demand elastic design option, medium force demand basic design option allowing for 

limited ductility and low force demand reduced design option allowing for greater (though still 

relatively limited) levels of ductility.  

Based on this work, the ASCE Design Standard 7-22 included provisions to account for reduction or 

amplification of diaphragm force demands based on the ductility response of the diaphragm through 

the use of a force reduction factor, RS. The force reduction factor provides three options for precast 
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flooring systems as shown in Table 1-1, corresponding to the design options displayed in Figure 1-83 

(d). 

Table 1-1: Diaphragm Design Force Reduction Factors, RS (ASCE 2022) 

 

ASCE Standard 7-22 (ASCE 2022) and guidance on its use (Cobeen 2022) specify that the alternative 

design method using the force reduction factor, RS, is appropriate for modifying force demands to 

account for diaphragm ductility for diaphragms which exhibit elastic or near elastic behaviour.  

An overarching limitation of the approach used in this US based body of work is that while the methods 

employed can be useful for understanding the internal flow of diaphragm forces at low levels of damage, 

once a fracture or brittle failure occurs in any diaphragm structural element, the models used are no 

longer representative of the real system. The approaches are valid only until the capacity of any 

diaphragm structural element has been exceeded. The force-based/limited ductility approaches also 

assume the boundary conditions of structural systems do not change.  

In New Zealand cities, reinforced concrete moment frame high-rise structures have typically been 

designed assuming there will be flexible, plastic response of the structure during a design level 

earthquake. This design methodology is codified with the ductility factors provided in 

NZS1170.5:2004, Structural Design Actions (Standards New Zealand 2004). Ductile structures are 

specified as having a ductility factor between 1.25-to-6.0 (a ductility factor is the ratio of the maximum 

design deformation of a structural element divided by the corresponding deformation when yielding of 

the structural element occurs). If the structural frame begins to deform plastically, the boundary 

conditions of a floor diaphragm will change. The body of work conducted by US researchers in the 

2000s and 2010s as well as the US based research on plan diaphragm shear response discussed in 

Section 1.8.5 did not allow for representative changes to diaphragm boundary conditions following high 

levels of seismically induced damage. 

As discussed in Section 1.1 and 1.2, the primary driver for the research related to diaphragms presented 

in this thesis was concern from New Zealand engineers related to loss of load-path between floor 

diaphragms and structural frames in reinforced concrete high-rise buildings. Specifically, concerns were 

related to the ability to transfer diaphragm compressive struts from the floor into the structural frame 

across wide floor perimeter cracks. The US body of work did not account for this type of high cracking 

damage seismic response in floors or the associated changes to diaphragm boundary conditions as 

damage progressed, meaning it did not provide relevant guidance on this degraded diaphragm load-path 

issue. It also had a higher focus on aspects of new design with precast panel-to-panel joint shear 

connectors and tensile chord connectors which would not be economical to install as a retrofit strategy 

for existing structures with precast concrete floor diaphragm systems. 
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1.10 Scope of Work 

1.10.1 Investigation of Diaphragm Load-Paths for Damaged Structures 

The work devoted to the diaphragm degradation aspect of research was focussed on achieving the 

following objectives: 

• Gaining experimental observations and data capturing the degradation of strut-and-tie load-

paths. 

• Gaining experimental evidence of a residual shear distortion wedging mechanism across the 

diagonals of a damaged floorplate (i.e., evidence of the picture-frame effect). 

• Developing guidance for designers and structural modellers on realistic floor performance 

during earthquakes based on experimental data as an alternative to the basic rigid diaphragm 

assumption. 

1.10.2 Investigation of Hollow-Core Seating Detail Performance with Single Unit Specimens 

The initial experimental investigation into hollow-core seating detail performance was focussed on 

achieving the following objectives using single unit specimens as described in Chapter 2: 

• Determining through experimental testing if the common angle retrofit to avoid LoS promotes 

the initiation of NMF.  

• Determining the bounds for the critical parameters outlined in Chapter 2 that predict whether 

NMF will be triggered. 

• Verifying the performance of alternative retrofit solutions that can simultaneously avoid LoS 

and NMF and can be installed over existing retrofits. 

1.10.3 Verification of Hollow-Core Retrofit Performance with a Frame Specimen 

The subsequent experimental investigation into hollow-core performance was focussed on achieving 

the following objectives using a full-scale frame specimen: 

• Providing additional more rigorous verification of the alternative retrofit solutions tested in the 

single unit experiments. In particular, it was desired to capture the effects of deformation 

incompatibility with the frame and between units under realistic complex three-dimensional 

demands. 

• Investigating the performance of previously untested beta units as described in Section 1.3.4. 

• Verifying the performance of retrofits developed specifically for alpha and beta units. 
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2. Single Unit Sub-Assembly Testing of Hollow-core Seating Details 

Note: Elements of the material presented in this chapter related to hollow-core performance 

observations were drafted in a report for a private concern in 2019. This was an intermediary client 

report and additional findings are presented in this section. 

2.1 Summary  

The collapse of precast concrete flooring components in Statistics House and varying levels of damage 

to precast floor units in many other buildings during the 2016 Kaikōura earthquake has increased 

concerns about the performance of these elements in earthquakes (Brunsdon et al. 2017). While the 

details for these floor systems have been improved in new buildings, support conditions for units in 

existing buildings designed before 2006 are likely to lead to significant damage and potentially collapse 

in design level ground motions.      

Buildings with precast floors comprise a large portion of the commercial building stock in all New 

Zealand cities, particularly in Wellington where use of hollow-core flooring systems are prevalent, as 

discussed in Section 1.3.1 (Clendon Burns & Park 2018). There are increasingly more residential 

buildings with older precast floor details as more buildings are being converted from commercial to 

residential in Wellington CBD. A Wellington Fault event will undoubtedly lead to multiple floor 

collapses in numerous buildings throughout Wellington. 

Assessing the likely performance of these floors in an earthquake is a challenge for engineers. While 

guidance has recently been developed for the seismic assessment of buildings with precast floors (so-

called Yellow Chapter (Ministry of Business, Innovation and Employment 2018)), engineers will 

urgently need direction on retrofit approaches to address vulnerable buildings. In particular, concern 

has been raised that seating angles, already provided as a retrofit for several buildings, could potentially 

lead to unintended negative moment failures and collapse of hollow-core floors. This research identifies 

under what conditions such unintended failure modes may be triggered and provides a retrofit solution 

where vulnerability to negative moment failure is identified. 

An experimental investigation was directed at issues related to 200 mm deep hollow-core units (known 

as Loss of Seating (LoS) and Negative Moment Failure (NMF)) that could lead to casualties in 

earthquakes. A focus was on identifying seating connection details that would lead to the unfavourable 

failure mechanisms and validating retrofit options to remediate existing floors at risk. A previously used 

retrofit known as the “seating angle retrofit” to avoid LoS was also examined to determine if it would 

promote NMF in cases where it was installed in direct contact with the hollow-core unit soffit. It was 

found that the relative flexibility of the most commonly used seating angles reduced the severity of 

NMF promotion. This was a good outcome, as it meant that many existing cases of the retrofit in New 

Zealand buildings will not require further remediation. However, it was found that seating connection 

details with stiffer seating angle retrofits or strong or short starter bar configurations are prone to NMF. 

These cases represent a smaller subset of floors in New Zealand but will require additional retrofit. 

Three retrofit strategies were tested to fix NMF prone cases. These were: 

• Cutting starter bars at the interface between the hollow-core unit and support beam to release 

restraint and demand on the unit at the end of the starter bars, where negative moment cracking 

initiates. 

• Post-installing bars into the unit topping to increase the flexural strength of the unit at the 

critical section for crack initiation for NMF. 

• Lowering the seating angle retrofit by 10 mm to remove the additional restraint it imposed on 

the unit. 
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All three retrofits proved successful for preventing NMF. The diaphragm weakening side effects of 

cutting starter bars means that this retrofit is only appropriate for some areas of a floor though. 

Additionally, it was identified that flexibility of seating angle retrofits could relieve fixity, reducing the 

anticipated stress raising effect. A capacity design approach was investigated to account for this in 

design, providing a fourth retrofit option. 

2.2 Introduction 

Two types of precast flooring unit have been widely used in New Zealand construction of multi-storey 

buildings since the early 1980’s. These precast units are called hollow-core and double-tee units and 

they are seated on beam ledges with an in-situ concrete topping cast on top (Fenwick et al. 2010). 

Precast floor units are connected to the beams of the structure using continuity reinforcement or “starter 

bars”, which are cast into the beams and floor topping. Typical cross-sections for these precast units 

and a typical schematic of a ledge support connection are displayed in Figure 1-8 and Figure 1-9. The 

poor performance of some precast flooring units in Wellington multi-storey buildings during and 

following the 2016 Kaikōura Earthquake (Brunsdon et al. 2017) has confirmed concerns throughout the 

engineering industry about the safety of these flooring systems for building occupants.  

An experimental investigation was directed at issues related to hollow-core units, as they were identified 

as the precast flooring system with the most pressing concerns. 200 mm deep hollow-core (200HC) 

units were selected for testing because they are the most commonly used size in New Zealand multi-

storey buildings (Clendon, Burns & Park 2018). Also, previous investigations have mainly focussed on 

300 mm deep hollow-core units (Matthews 2004), (Liew 2004), (Lindsay 2004), (Jensen 2006), (Woods 

2008), leaving a gap in the body of knowledge and lack of data regarding 200HC. 

Two of the critical failure mechanisms that engineering practitioners aim to avoid with hollow-core 

units under earthquake loading are LoS and NMF. LoS is undesirable because it describes a unit falling 

off insufficient ledge seating during an earthquake, which compromises the life safety of building 

occupants on and below the affected floor. NMF is undesirable because it describes cracking and 

eventual collapse of the unit away from the ledge support, meaning it will also drop onto the floor 

below, compromising the life safety of building occupants. Hollow-core is known to perform poorly 

when subjected to negative moment demands (which imposes tension on the top of the unit), because it 

only has reinforcing steel near the bottom in the form of pre-tensioned strands, as shown in Figure 1-8. 

This means the unit itself must withstand tension demand at the top of the unit by the tensile capacity 

of concrete alone, which is relatively small and unreliable. The only steel reinforcement at the top of a 

hollow-core floor system (beyond the end of the starter bars) is mesh in the topping. In New Zealand, 

non-ductile mesh has historically been installed, which is insufficient for large earthquake demands. 

Depictions of LoS and NMF are displayed in Figure 2-1. 
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(a)  

 

 
(b) 

Figure 2-1: Loss of Seating (LoS) (a) and Negative Moment Failure (NMF) (b) Mechanisms 

(Woods 2008) 

The critical parameter determining if LoS will occur is the available seating length. The critical 

parameters determining if NMF will occur are the seating length, the length of the starter bars and the 

strength of the starter bars across the back-face of the hollow-core unit (where the unit ends against the 

support beam). A longer seating length is beneficial to prevent LoS but provides a more critical case 

for NMF. The interaction of the strength vs length of the starter bars is particularly important for NMF, 

because it is a scenario where the strength of one member in the structure needs to be weaker than the 

rest, thereby acting as a “fuse”; allowing the structure to deform safely in an earthquake. In this case, it 

is favourable for the “fuse” and damage concentration to occur at the back-face of the unit (a crack 

forming at the interface of the back of the unit and face of the supporting beam; plastically deforming 

the continuity bars). With the crack forming at this interface, the unit remains supported by the seating 

ledge. However, if the starter bars are too strong across the back-face of the unit or too short, the damage 

will instead be pushed out to the section at the end of the starter bars where there is a sudden drop in 

floor strength. Capacity-demand curves depicting the strength drop-off at the end of the starter bars are 

displayed in Figure 2-45. 

 

Unfortunately, a retrofit detail commonly used in the early 2000s to address LoS has also had the 

unintended consequence of promoting NMF. This retrofit called the “seating angle retrofit” is a steel 

angle bolted to the support beam underneath the unit, providing additional seating for the hollow-core 

unit. This retrofit is shown in Figure 2-2.  
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Figure 2-2: Promotion of Negative Moment Failure (NMF) by a Seating Angle Retrofit (Jensen 

2006) 

The issue with the seating angle retrofit is that it can hasten the onset of NMF when the angle is installed 

in direct contact against the hollow-core unit soffit (bottom of the unit). In this case, the unit becomes 

restrained by the angle when it is rotated (as it would be in an earthquake), changing the support reaction 

(or pivot point) under negative rotation from the end of the ledge further out towards the end of the 

angle, as shown in Figure 2-2. This has two undesirable consequences: 

• It is effectively a shortening of the starter bars, which as previously mentioned, results in 

promotion of NMF.  

• It creates a negative moment peak demand over the end of the angle, which is essentially to say 

the angle works to “break the back” of the unit. This extends the length over which the unit is 

subjected to negative moment demand (meaning tension at the top of the floor over a longer 

length away from the support). This is critical, because if the unit is still being subjected to a 

large negative moment demand at the end of the starter bars, the tension capacity of the topping 

mesh may be insufficient to prevent crack initiation and propagation through most of the depth 

of the unit. A comparison of the negative moment demands with and without an angle are 

displayed in Figure 2-45. 

Once negative moment cracking occurs and the mesh is snapped, the effective section available to carry 

load becomes very small and the stiffness of the hollow-core unit decreases greatly. The negative 

moment crack propagates from the top of the floor at the end of the starter bars down to the depth of 

the prestressed strands as shown in Figure 2-1 (b). From there, the crack continues horizontally along 

the web, at the height of the prestressed strands, until it reaches near the edge of the ledge or angle 

support. Under repeated cyclic earthquake loading or even gravity loading, sudden collapse of the unit 

is a high likelihood at this stage, because the entire floor is primarily being held up only by dowel action 

of the prestressing strands that cross the main crack in the bottom of the unit, at the support. 

Multiple tests were required to determine how each of the two mechanisms of interest form: the NMF 

and the more favourable mechanism of cracking at the back-face of the unit over the support ledge. As 

part of this testing programme, testing of retrofits to remedy the NMF cases was also undertaken. To 

accomplish this, the single unit testing method used previously by University of Canterbury and 

University of Auckland researchers was employed. This method used a hollow-core unit supported on 

one end by a beam segment with the desired ledge seating connection for testing and supported on the 

other end by a vertically oriented actuator. An additional horizontal actuator attached to the end of the 

hollow-core unit was also used to impose axial tension on the unit for one test case. This applied 

axial/longitudinal tension was used where it was appropriate to account for beam elongation (a process 

through which concrete beams stretch during earthquakes, pushing the hollow-core ledge supports 

apart). This setup is displayed in Figure 2-3. 
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Figure 2-3: Single Unit Test Layout 

The vertical actuator was used to impose rotational demands on the beam-hollow-core seating 

connection by rotating the hollow-core unit. In a real earthquake, the support beam would be the 

component rotating (by moving with the columns as the building deforms laterally). As the demands in 

the seating connection are only caused by the differential movement between the support beam and 

hollow-core unit though, it is inconsequential which component is rotated. A comparison of a building 

rotating in an earthquake to the test method of applying rotation is shown in Figure 2-4.  

 

    
Figure 2-4: Comparison of Rotation/Drift in a Building and Single Unit Test 

A common engineering method of reporting the amount of building rotation during an earthquake is to 

provide a percentage ratio of how far the building has deformed laterally compared to the storey height. 

This is called “drift”. For example, for a storey height (H) of 4 m, a 1% drift would correspond to the 

building deforming sideways (∆) by 40 mm over that height. This is the format the results from the 

single unit tests will be reported in. Downward rotation of the unit (causing negative moment in the 

unit) as shown in Figure 2-4 is recorded as negative drift and upward rotation is recorded as positive 

drift. 

2.3 Objectives  

There are two key objectives to this research. These are: 

 

• Identify the seating connection details which lead to NMF under earthquake loading. Ideally, 

determine the conditions that cause the preferred cracking at the interface between the back-

face of the unit and front face of the supporting beam, over that of NMF. 

• Provide initial verification for retrofit strategies to fix seating details identified as being prone 

to NMF. 

Unit 

Drift/ 

Rotation 

Equivalent 

Effect 

H 

∆ 
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2.4 Specimen Layouts and Results  

Six specimens were tested. Four specimens were used to model existing cases in buildings, to find the 

conditions that promoted an acceptable seating connection detail that concentrates damage at the back-

face of the unit, over that of an unacceptable detail that causes NMF. The remaining two specimens 

used the same layout as the critical NMF case (or used a worse case for triggering NMF) but with the 

addition of retrofits designed to prevent NMF. 

Unless otherwise stated, the specimens had the following layout: 

• 200HC unit supported on a 50 mm ledge. 

• 75 mm topping concrete. 

• 665L cold-drawn wire mesh in the topping (8 longitudinal 5.6 mm round wires running down 

the unit length). 

• 600 mm long (note that when starter bar length is discussed, it is always with reference to the 

distance the starter bars extend into the floor from the unit back-face), Grade 500 HD12 starter 

bars at 400 mm centre-to-centre spacing (3 starter bars per unit). This bar strength and layout 

was chosen because 600 mm long bars were commonly used in real buildings and Grade 300 

bars had been found through previous research (Corney et al. 2018) to have insufficient strength 

to trigger NMF. Any greater reinforcement ratio (by having closer spaced bars) was expected 

from analysis to trigger NMF even without an angle retrofit. The aim was to show a continuity 

reinforcement detail that would only have cracking at the back-face without a seating angle 

retrofit but display NMF once an angle was added under the unit soffit. This was because one 

of the objectives was determining what the issues may be with the seating angle retrofit. When 

reference is made to the end of the starter bars, it is always with reference to the end that 

terminates within the floor-span, rather than the end anchored with hooks into the beam 

longitudinal steel reinforcement. 

• Where an angle was used, it was a Grade 300 steel 150x150x12 mm equal angle installed in 

direct contact with the hollow-core unit soffit under the full width of the unit. Stiffened angles 

had five regularly spaced triangular 16 mm thick stiffener plates welded on the inside of the 

angle. All angles were 1.18 m wide to provide bearing to all webs of the unit. 

• Where a cracked section was required, a 30 mm deep saw-cut was made along the full width of 

the topping 50 mm beyond the end of the starter bars (no topping mesh was cut). 

• A 5 kN (500 kg) billet frame was strapped to the top of the unit, centred at 1.45 m away from 

the back-face of the hollow-core unit. This load was used to model the gravity load demands 

for a typical office floor using the New Zealand Standard probabilistic load combination for 

earthquake loading of G + 0.3Q (where G is self-weight of the floor and Q is a standard live 

load of 3 kPa imposed by occupants and furniture). This relatively low imposed load was 

appropriate while testing for NMF because a low gravity load is the critical case for this failure 

mechanism. 

Apart from the final test, all specimens were loaded only with the vertical actuator in the setup displayed 

in Figure 2-3. This was because for NMF, only having rotational load applied is the critical case. The 

typical loading protocol for the tests was as follows: 
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• A large initial monotonic push in negative drift to determine if NMF was going to initiate (this 

provided a critical loading case for NMF similar to a large singular earthquake pulse). 

• If it would provide useful results (judged based on the condition of the unit after the monotonic 

push), a cyclic protocol of two cycles at ±1% drift, two cycles at ±2% drift, two cycles at ±3% 

drift and one cycle at ±4.5% drift (note that as the length between the back-face of the hollow-

core unit and the vertical actuator connection was 3.6 m, a drift of 1% corresponded to a vertical 

actuator displacement of 36 mm). 

The experimental setup for test cases with only rotational demands applied as well as rotational and 

pull-off demands (simulating beam elongation effects) is displayed in Figure 2-5. The general layout of 

the seating connection details is displayed in Figure 2-6 and Figure 2-7. Note that dental plaster was 

applied between the seating angle and the unit soffit where retrofit angles were installed to ensure there 

was bearing between the two elements. The layout of the post-installed bar retrofit is shown in Figure 

2-6 including a depiction of the designed strut-and-tie solution. The retrofit angle dimensions including 

anchor hole locations and stiffened angle stiffener layout is shown in Figure 2-8.  

As discussed later in Section 2.5.2, the reaction on hollow-core unit specimen soffits from angle retrofits 

without stiffeners was found to be reduced by flexibility (i.e., relatively low stiffness) of the steel angle 

section flange. When reporting results and referring to angle retrofits without stiffeners, they will be 

referred to as flexible angle retrofits for contrast with cases where an angle retrofit with stiffeners was 

installed. Further discussion of angle retrofit flexibility is provided in Section 2.7.1. The section used 

for all seating angle retrofits was a Grade 300, 12 mm thick 150x150 mm equal angle (with a 90-degree 

bend). Note that where a specimen number is discussed, it corresponds to the same test case number. 

For example, Specimen 4 refers to the single unit connection specimen used in Test Case 4. 

        

(a) Experimental Setup for Test 1-to-5                           (b)  Experimental Setup for Test 6 

(Only Rotational Demands Applied)                      (Rotational and Pull-off Demands Applied) 

Figure 2-5: Experimental Setup with Only Rotational Demands Applied as well as with 

Rotational and Pull-Off Demands Applied 
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(a) Seating Detailing Used for Specimen             (b) Post-Installed Retrofit Bar Seating Detailing  

1, 2, 3, 4 and 6 (Saw Cuts Not Used for                 Used for Specimen 5 (Showing Strut-and-Tie 

               Specimen 1 or 2)                                                                Solution) 

Figure 2-6: Plan Views of Specimen Seating Connection Layouts 

 

 

(a) Specimen 1 Hollow-Core Seating Detailing Elevation 

 

(b) Specimen 2 Hollow-Core Seating Detailing Elevation 
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(c) Specimen 3 Hollow-Core Seating Detailing Elevation 

 

(d) Specimen 4 Hollow-Core Seating Detailing Elevation 

 

(e) Specimen 5 Hollow-Core Seating Detailing Elevation 

 

(f) Specimen 6 Hollow-Core Seating Detailing Elevation 

Figure 2-7: Single Unit Specimen Seating Detailing Elevations 
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(a) Retrofit Angle Anchor Hole Locations and General Dimensions 

 

(b) Locations of Stiffeners Welded to Create Stiffened Angle Retrofits 

Figure 2-8: Retrofit Angle Anchor Hole Locations and Stiffener Locations for Stiffened Angles 
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An overview of the specific seating detailing used for each specimen is provided in Table 2-1. 

Table 2-1: Specimen Seating Connection Configurations 

All Specimens: 600 mm long HD12 starter bars 

Test Set One: Existing Cases 

Test Case 
Starter Bar 

Configuration 
Angle 

Ledge 

Seating 

30 mm Deep Saw-

Cut at End of 

Starter Bars 

(Crack Initiator)? 

1: Unretrofitted, 

uncracked section 

400 mm c/c spacing 

(3 bars) 
None 50 mm No 

2: 150 mm angle 

(flexible), uncracked 

section 

400 mm c/c spacing 

(3 bars) 

Flexible, direct 

unit soffit 

contact 

50 mm No 

3: 150 mm angle 

(flexible), cracked section 

at the end of the starter 

bars 

300 mm c/c spacing 

(4 bars), one bar cut 

at unit back-face (3 

bars effectively) 

Flexible, direct 

unit soffit 

contact 

50 mm Yes 

4: 150 mm angle 

(stiffened), cracked 

section at the end of the 

starter bars 

400 mm c/c spacing 

(3 bars) 

Stiff, direct unit 

soffit contact 
50 mm Yes 

Test Set Two: Retrofit Cases 

Test Case 
Starter Bar 

Configuration 
Angle 

Ledge 

Seating 

30 mm Deep Saw-

cut at End of 

Starter Bars 

(Crack Initiator)? 

5: 150 mm angle 

(stiffened), 2 x 1.4 m long 

post-installed bar retrofit, 

4 starter bars, cracked 

section at the end of the 

starter bars 

300 mm c/c spacing 

(4 bars)  

Stiff, direct unit 

soffit contact 
50 mm Yes 

6: 150 mm angle 

(stiffened) placed with a 

10 mm gap below the unit 

soffit, cracked section at 

the end of the starter bars, 

elongation tension applied, 

30 mm ledge seating 

300 mm c/c spacing 

(4 bars), one bar cut 

at unit back-face (3 

bars effectively) 

Stiff, lowered 

by 10 mm from 

the unit soffit 

30 mm Yes 
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An overview of the individual test layouts, objectives and results is displayed in Table 2-2. Note that 

the lack of a critical NMF in Test Case 1 (control case) is not indicative of positive behaviour, as the 

seating connection detailing used for the first specimen would be highly susceptible to the LoS failure 

mode if realistic beam elongation pull-off demands were applied.  

Table 2-2: Testing Matrix for Auckland Single Unit Hollow-Core Experiments 

Test Set One – Existing Cases 

Test Case 
Expected 

Failure 
Objectives Results 

1: Unretrofitted, 

uncracked section 

LoS or cracking 

at the unit back-

face 

Control case to 

display either no 

critical failure or 

LoS issue. 

No Critical Failure – Crack opened at 

the back-face of the unit. Large 

amount of remaining seating after 

cycling. 

2: 150 mm angle 

(flexible), uncracked 

section 

NMF 
Display NMF caused 

by an angle. 

No Critical Failure - Crack opened at 

the back-face of the unit. No negative 

moment cracks progressed into the 

unit. 

3: 150 mm angle 

(flexible), cracked 

section at the end of the 

starter bars 

NMF 

Display NMF caused 

by an angle for a 

cracked section. 

No Critical Failure – Crack opened at 

back-face of the unit. Negative 

moment cracking progressed a short 

way into the unit. 

4: 150 mm angle 

(stiffened), cracked 

section at the end of the 

starter bars 

NMF  

Display NMF caused 

by a stiff angle for a 

cracked section. 

Critical NMF – negative moment 

cracking appeared at -1.0% drift, 

large loss of stiffness and 3 mm 

vertical crack offset at -1.8% drift and 

complete loss of stiffness at -2.25% 

drift. 

Test Set Two – Retrofit Cases 

Test Case 
Desired 

Mechanism 
Objectives Results 

5: 150 mm angle 

(stiffened), 2 x 1.4 m 

long post-installed bar 

retrofit, 4 starter bars, 

cracked section at the 

end of the starter bars 

Cracking at the 

unit back-face 

Display how 

reducing the strength 

drop-off at the end of 

starters prevents 

NMF. 

Cracking at the unit back-face, no 

critical failure – negative moment 

cracking was held closed by the 

retrofit bars. Secondary cracking 

developed in the top of the unit 

similar to a beam plastic hinge. 

Success. 

6: 150 mm angle 

(stiffened) placed with 

a 10 mm gap below the 

unit soffit, cracked 

section at the end of the 

starter bars, elongation 

tension applied, 30 mm 

ledge seating 

LoS and unit 

caught by the 

angle 

Display how 

removing angle 

restraint avoids NMF 

and tests if there are 

issues with the unit 

landing on the angle. 

LoS and unit caught by the angle, no 

critical failure – no issues with the 

unit landing on the angle or any 

damage causing the unit to crack and 

drop beyond the end of the angle. 

Success. 
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An overview of the loading conditions applied to each test case is provided in Table 2-3. The loading 

protocol for each test case is provided in Figure 2-9. 

Table 2-3: Loading Conditions Applied to Each Test Case 

Test Set One: Existing Cases 

Test Case 

Initial Vertical Actuator 

Monotonic Loading  

(Drift %) 

Vertical Actuator Cyclic 

Loading                      

(Drift %) 

Horizontal 

Actuator Pull-

Off Loading 

1: Unretrofitted, 

uncracked section 
-2.75% 

2 x ±1% 

2 x ±2% 

2 x ±3% 

1 x ±4.5% 

Not Applied 

2: 150 mm angle 

(flexible), uncracked 

section 

-2.75% Not Applied Not Applied 

3: 150 mm angle 

(flexible), cracked 

section at the end of the 

starter bars 

-3.5% Not Applied Not Applied 

4: 150 mm angle 

(stiffened), cracked 

section at the end of the 

starter bars 

-1.75% 

2 x ±1% 

2 x ±2% 

1 x ±3% (NMF @ -2.25%) 

1 x ±5% (Post NMF) 

Not Applied 

Test Set Two: Retrofit Cases 

Test Case 

Initial Vertical Actuator 

Monotonic Loading, Drift 

(%) 

Vertical Actuator Cyclic 

Loading, Drift Cycles (%) 

Horizontal 

Actuator Pull-

Off Loading 

5: 150 mm angle 

(stiffened), 2 x 1.4 m 

long post-installed bar 

retrofit, 4 starter bars, 

cracked section at the 

end of the starter bars 

-3.5% 

2 x ±2% 

2 x ±3% 

1 x ±4.5% 

1 x -6% 

Not Applied 

6: 150 mm angle 

(stiffened) placed with a 

10 mm gap below the 

unit soffit, cracked 

section at the end of the 

starter bars, elongation 

tension applied, 30 mm 

ledge seating 

Not Applied 

1 x ±0.5% 

2 x ±1% 

2 x ±2% 

2 x ±3% 

1 x ±4.5% 

Applied 

Simultaneously 

with Vertical 

Loading (See 

Figure 2-9 (g)) 
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(a) Test Case 1                                    (b)   Test Case 2                  (c)   Test Case 3 

 

 

             

                              (d)   Test Case 4                                                           (e)   Test Case 5 

                   

               (f)   Test Case 6 (Vertical Actuator)                    (g)   Test Case 6 (Horizontal Actuator Pull) 

Figure 2-9: Single Unit Experiment Loading Protocols 
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2.5 Test Observations 

2.5.1 Test Case 1: Unretrofitted, Uncracked Section 

The first test was set-up as a control case to display the performance of the hollow-core seating 

connection layout without the addition of any angle or other alterations. The seating connection 

configuration for this test is outlined in Table 2-1. The expected failure mechanism was cracking at the 

back-face of the unit with some spalling of the ledge and back-face of the hollow-core unit. Due to 

shrinkage and some small load applied during transportation of the unit, there was a hairline crack at 

the back-face of the unit before testing began. This did not have any effect on the observed failure 

mechanism, as explained in the Test Case 4 section. 

Monotonic Loading 

For the first component of the test, the unit was displaced with negative rotation until it reached a drift 

of -2.75%. The seating connection displayed the expected mechanism of a crack opening at the back-

face of the unit throughout the rotation. This crack started as an existing hairline crack and widened as 

the drift increased. The top of the crack reached a width of 6 mm at -2.75% drift and the bottom of the 

crack remained hairline in width, because the unit was pushed against the beam front face at the bottom 

during the rotation. An approximately 45-degree triangular wedge of spalling occurred at the back-face 

of the unit over the full width of the ledge (50 mm). The starter bars had clearly yielded at this 

displacement demand. A comparison of the seating connection before testing and at -2.75% drift is 

displayed in Figure 2-10. 

 
 (a) (b) 

Figure 2-10: Specimen 1 Before Test (Left) and at -2.75% Drift (Right) 

Cyclic Loading 

The cyclic displacement portion of the test followed the standard protocol previously described. No 

additional cracks were observed through this portion of the test. The only notable development was the 

widening of the residual crack as the level of applied displacement was increased through the drift 

cycles. At the end of the cyclic protocol, the crack at the back-face of the unit had a residual width of 

6.5 mm for the full depth. The unit was still well seated and displayed no indication of an unfavourable 

mechanism such as NMF, as shown in Figure 2-11. From the start of the cyclic loading protocol to the 

end, the residual crack width at the back-face of the unit ranged between 5.5 mm to 6.5 mm. 
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Figure 2-11: Specimen 1 Residual Crack after Full Cyclic Protocol Up to ±4.5% Drift 

2.5.2 Test Case 2: 150 mm Flexible Angle, Uncracked Section 

The second test was the first attempt at identifying a lower-bound seating connection detail which would 

trigger NMF due to the undesirable side-effects of using a seating angle retrofit. The seating connection 

was identical to Test Case 1 except for the addition of a Grade 300 150x150x12 mm steel angle bolted 

hard against the soffit of the unit. The connection configuration for this test is outlined in Table 2-1. 

The topping of the unit had some minor distributed shrinkage cracking prior to the start of the test. 

Monotonic Loading 

The unit was displaced to -2.75% drift for the monotonic push down component of this test. Like 

Test Case 1, a crack formed at the back-face of the hollow-core unit and progressively widened at the 

top as the displacement demand was increased. None of the distributed shrinkage cracks propagated out 

of the topping concrete and into the unit due to the imposed loads. An unexpected result from this test 

was that the angle displayed more flexibility than accounted for. This meant that instead of the assumed 

rigid connection providing full restraint to the hollow-core unit, the angle only provided partial restraint, 

and a lower-than-expected reaction at the end of the angle. This reduced reaction proved insufficient to 

trigger NMF. The bending of the angle under load imposed by negative rotation of the hollow-core unit 

can be seen in Figure 2-12. 

 
Figure 2-12: Specimen 2 Before Testing (Left) and at -2.75% Drift (Right) 

The test was concluded without the addition of a cyclic loading protocol once the unit was returned to 

0% drift. This was because it was judged that NMF would not occur for this seating connection detail, 

so no new information on NMF would be provided from a cyclic protocol. The residual crack width at 

the back-face of the unit ranged between 5.5 mm to 8.5 mm. 

2.5.3 Test Case 3: 150 mm Flexible Angle, Cracked Section 

The same connection detail was used as Test Case 2, except for the addition of a 30 mm deep saw-cut 

located at 50 mm beyond the end of the starter bars used to model a cracked section. This cut was added 
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because it was decided that relying on the floor topping to be uncracked was unreliable due to the 

possibility of shrinkage cracking or existing cracks from previous earthquakes in the topping. The 

specimen was also cast with four starter bars, so one bar was cut at the back-face of the unit before 

testing to reduce the number to three like the previous tests. The cuts in the top of the specimen are 

displayed in Figure 2-13 and the connection configuration for this test is outlined in Table 2-1. 

 

Figure 2-13: Specimen 3, Saw-Cut at the End of the Starter Bars 

Monotonic Loading 

The unit was displaced to -3.5% drift for the monotonic push down component of this test.  

Until -0.5% drift, cracking was only observed at the back-face of the unit, similar to the previous tests. 

Directly beyond -0.5% drift, the initiated crack at the end of the starter bars propagated down to the 

interface between the topping and unit on the west side. On the east side, the initiated crack propagated 

only part way into the topping. A second crack also appeared on the east side at 140 mm from the back-

face that extended almost half-way into the unit as shown in Figure 2-14. 

 
Figure 2-14: Specimen 3 at -0.53% Drift – Initial Crack Propagation (West – Left, East – Right) 

At -0.75% drift, a crack at 230 mm from the back-face of the unit propagated into the unit approximately 

25 mm on the west side. The low stiffness of the connection because of the angle flexibility appeared 

to cause more concentration of damage closer to the back-face of the unit. The crack at the saw-cut 

section split into two cracks on the west side but neither continued into the unit. On the east side, the 

crack at the saw-cut section propagated down 5-10 mm into the unit. The progression of cracking at -

0.75% drift is displayed in Figure 2-15. 
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Figure 2-15: Specimen 3 at -0.75% Drift (West – Left, East – Right) 

At -1.25% drift, the crack at the saw-cut section on the east side propagated further to approximately 

30 mm into the unit as shown in Figure 2-16. 

 
Figure 2-16: Specimen 3 at -1.25% Drift, Critical Crack Propagation (East Side) 

No additional unit cracking was observed until at -1.75% drift, when another negative moment crack 

began developing between the previous two cracks on the west side. It stopped developing 

beyond -2.0% drift and did not leave the topping. This crack can be seen in Figure 2-17. 

 
Figure 2-17: Specimen 3 at -1.75% Drift (Left) and -2.0% Drift (Right) (West Side) 

Beyond -2.0% drift, no additional damage was observed in the unit. All damage had concentrated at the 

back-face of the unit. The test was therefore concluded after reaching -3.5% drift and then returning to 

0% drift, as NMF had been avoided with this connection detail. The specimen at -3.5% drift is displayed 

in Figure 2-18. The residual crack width at the back-face of the unit ranged between 5.5 mm to 6.5 mm 

after returning to 0% drift. 
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Figure 2-18: Specimen 3 at -3.5% Drift, All Damage Concentrated at Back-Face (West – Left, 

East – Right) 

None of the cracking observed away from the back-face of the unit developed across the full width of 

the topping as can be seen in Figure 2-19. 

 
Figure 2-19: Top of the Specimen 3 at -3.5% Drift 

2.5.4 Test Case 4: 150 mm Stiffened Angle, Cracked Section 

Test Case 4 was used to determine if a stiffer connection would trigger NMF. The same seating 

connection configuration as Test Case 3 was used except the angle was stiffened by welding five 

stiffener plates to the inside to increase restraint on the unit. This configuration is outlined in Table 2-1. 

Monotonic Loading 

Initial cracking occurred at the back-face of the unit at approximately -0.45% drift displacement. This 

caused an instant loss of stiffness and the unit dropped to -0.6% drift before picking up load again. 

Negative moment cracking occurred at -1.0% drift displacement. At this stage, the crack at the back-

face of the unit had opened to approximately 2 mm wide. The negative moment crack did not appear 

during loading, instead forming approximately 30 seconds after loading stopped. A loud cracking was 

heard, and the unit lost stiffness, increasing the drift to -1.6% instantaneously. The unit directly before 

and after the negative moment crack propagated is displayed in Figure 2-20 and Figure 2-21. The crack 

width at the back-face of the hollow-core unit was approximately 1.8 mm across 2/3rds of the back-face 

and down to 1.2 mm on one side when the NMF crack formed. The average crack width was 

approximately 1.6 mm. The crack width at the top of the NMF crack instantly opened to 0.8 mm when 

the crack ran into the hollow-core unit. This result was useful, because it showed that for negative 

moment cracking to occur, the crack at the back-face of the unit needed to open first. The starter bars 

needed to be stressed and stretched across the back-face of the unit to activate most of their strength. 
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This created enough negative moment demand (tension at the top of the unit) at the end of the starter 

bars to crack the unit there. This hierarchy of failure mechanisms displayed that retrofit strategies aimed 

at pre-cracking the back-face of the hollow-core unit would not sufficiently change the structural system 

to prevent NMF. After this point, loading was continued up to -1.75% drift where it was confirmed that 

all additional deformation was now occurring at the negative moment crack instead of the unit back-

face crack.  

 
Figure 2-20: West Side of Specimen 4 Directly Prior (Left, -1.0% Drift) and After (Right, -1.6% 

Drift) Negative Moment Crack Initiation 

 
Figure 2-21: East Side of Specimen 4 Directly Prior (Left, -1.0% Drift) and After (Right, -1.6% 

Drift) NM Crack Initiation 

Cyclic Loading 

The specimen was returned to 0% displacement and a cyclic load protocol was started. This consisted 

of 2 cycles at 1.0%, 2 cycles at 2.0% and a cycle up to 3.0% which the specimen failed at before 

reaching. An additional cycle of 5.0% was added at the end to display how the hollow-core unit was 

effectively a pin-roller connection depending only on the strength of the seven prestressed strands to 

keep it from falling. No significant additional damage was observed in the two 1.0% drift cycles. In the 

first 2.0% drift cycle, the crack had a sudden extension at -1.8% drift causing the unit to drop instantly 

to -2.15% drift which is displayed in Figure 2-22. At this stage the crack reached the depth of the 

prestressed strands and propagated along them halfway to the angle support. A vertical offset of 3 mm 

was observed at the top of the unit across the NMF crack (initiated by the saw-cut). This vertical offset 

can be considered failure of the unit. The crack width at the topping increased to approximately 4.5 

mm. This width reduced down to approximately 0.7 mm at the height of the strands. 
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Figure 2-22: West Side (Left) and East Side of Specimen 4 (Right) at Second -2.0% Drift Peak 

Displacement Cycle 

In the second 2.0% drift cycle, the unit had reduced stiffness in the negative portion of the displacement 

from the first cycle. The stiffness further decreased after a minor additional crack propagation occurred 

at approximately 1.15% drift. In the 3.0% drift cycle, the unit reached -2.25% drift before complete loss 

of stiffness occurred and the actuator supported end dropped. The wires of the mesh were heard 

snapping one after another as this occurred. The unit would have landed on the floor at the actuator end 

but was caught by dunnage placed under the unit near the actuator to avoid this. It was caught at -4.25% 

drift which is shown in Figure 2-23. The residual negative moment crack after returning to 0% drift is 

displayed in Figure 2-24. 

 
Figure 2-23: West (Left) and East Side of Specimen 4 (Right) at -4.25% Drift 

 
Figure 2-24: West Side of Specimen (Left) and East Side of Specimen (Right), the Residual 

Crack at 0% Drift 
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The negative moment crack was observed to have propagated down to the bottom of the unit near the 

end of the angle as shown in Figure 2-25. This meant the unit was mainly being held up by the pre-

stress strands acting in dowel action. 

 
Figure 2-25: Full Depth Crack Propagation at Collapse 

The unit was taken to positive 4.0% drift. Note in Figure 2-26 how the bottom section which contains 

the prestressed strands pried up the top section which contains the starter bars. After the complete loss 

of stiffness in the negative portion of the 3.0% drift cycle, these had become two separate sections. 

 
Figure 2-26: Positive 4.0% drift (Left) and Residual (Right) Showing Prying Effect of Separated 

Sections 

During the positive 4.0% drift cycle it was found that the crack at the soffit widened, and new full depth 

cracks developed in the region of the thin section containing the prestressing strands just beyond the 

ledge as shown in Figure 2-27. The prestressed strands also became fully visible at the top of the reduced 

support section. Note that from previous drift cycles, it was found that no new damage occurred in the 

positive drift cycles. It is expected that other than the new soffit cracks in the reduced support section, 

no significant new damage occurred in this cycle. The prying of the top starter bar section simply made 

the damage from the negative portion of the cycle more visible. 
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Figure 2-27: Extensive Soffit Cracking at +4.0% drift 

The unit was then taken to -6.0% drift where the test was finished. The unit provided no stiffness 

throughout the displacement, instead acting like a pin around the ledge support as shown in Figure 2-28. 

The snapped mesh from the complete loss of stiffness at -2.25% drift was clearly visible as displayed 

in Figure 2-29. 

 
Figure 2-28: Unit Connection at -6.0% drift, End of Test 

 
Figure 2-29: Snapped Mesh visible at Test End 
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2.5.5 Test Case 5: 150 mm Angle (Stiffened), Post-Installed Bar Retrofit, Cracked Section 

Specimen 5 was used to test a potential retrofit strategy to prevent the NMF triggered in Test Case 4. 

This retrofit was the post-installation of two 1.4 m long HD12 bars into the topping, starting from the 

back-face of the unit. Two 30 mm deep and wide channels were cut into the unit topping. The retrofit 

bars were then placed within the channels and cast in using epoxy. Note, it is important for this retrofit 

that the post-installed bars do not cross the interface between the unit back-face and the support beam 

front face. This is because this would increase the demand that the starter bars at the unit back-face 

could impose at the end of the starter bars, negating the positive effects of the retrofit. This configuration 

is outlined in Table 2-1, and the retrofit strut-tie solution is shown in Figure 2-6 (b). The retrofit at 

different stages of installation is displayed in Figure 2-30. 

 
Figure 2-30: Post-Installed Bar Retrofit Before (Left) and After (Right) Filling Channels with 

Epoxy 

Monotonic Loading Overview 

The retrofit performed well and prevented NMF up to the monotonic limit of -3.5% drift. Many cracks 

formed in the topping and progressed into the unit, but none went beyond half the depth of the unit. 

Instead, they propagated a short way for 0.25-0.75% drift then stopped after another section cracked. 

This repeated as the retrofit bars became engaged over more of their length until there were crack lines 

across the full width of the unit at regular intervals of approximately 200-250 mm as shown in Figure 

2-33 and Figure 2-34. On reaching approximately -2.25% drift, most of the damage stopped in the unit 

and concentrated at the back-face instead (noting that this was the same drift that the un-retrofitted case 

had complete loss of stiffness, which may be a coincidence). A difference from previous tests was that 

whenever loading was stopped, the load reading would relax to the same load every time, approximating 

to an equivalent 50 kNm at the end of the starter bars. The unit would spring up slightly, no matter how 

far the starter bars had been pushed past yield and into strain hardening (Test Case 3 had NMF crack 

initiation at the end of the starters at around 54 kNm). Near the end of the monotonic displacement of 

the test, the unit was springing back up by approximately 2.5 mm at the actuator end, within 10 seconds 

of stopping loading. The retrofit bars appeared to be acting like springs attached to the top of the unit, 

and at the end of each push the distributed cracks would close as the retrofit "spring" bars recovered 

some of the tension strain, without increasing tension load being applied. The more cracks that were 

distributed along the unit, the more spring-back was observed. Overall, the top of the unit in the first 1-

1.4 m from the back-face behaved much more similarly to a beam in the plastic hinge zone than 

Specimen 4, which only had mesh reinforcing and had a non-ductile NMF mode. The distributed 

cracking in the topping can be seen in Figure 2-35. 
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Monotonic Loading Progression of Damage 

No damage was visible until -0.25% drift. At this stage the back-face of the unit cracked, and the sudden 

loss of stiffness instantly dropped the unit to -0.4% drift. The back-face crack was only hairline at this 

stage. When load was next applied to move to -0.5% drift, cracking developed in three locations on 

both the east and west sides as shown in Figure 2-31, with a fourth developing at -0.75% drift as shown 

in Figure 2-32 

 
Figure 2-31: Specimen 5 at -0.5% Drift (West – Left, East – Right) 

 
Figure 2-32: Specimen 5 at -0.75% Drift (West – Left, East – Right) 

The quick progression of the cracks away from the back-face of the unit at low drifts displayed the large 

impact of the stiff angle providing greater restraint. It also showed the engagement of the retrofit bars 

as they underwent stress and held together the formed cracks by distributing the strain along their length. 

As the drift increased, more distributed cracks formed, and the existing cracks propagated further into 

the unit. The cracks did not propagate further than halfway through the hollow-core unit depth as shown 

in Figure 2-33 and Figure 2-34. The crack widths did not progress to wider than approximately 0.2-0.3 

mm away from the back-face of the unit. 
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Figure 2-33: Specimen 5 at -2.0% Drift (West – Left, East – Right) 

 
Figure 2-34: Specimen 5 at -3.5% Drift (West – Left, East – Right) 

Cyclic Loading 

The unit was taken through 2 cycles of 2% drift, 2 at 3% drift, 1 at 4.5% drift and then pushed right 

down to 6%. No new significant cracking developed in the 2% or 3% drift cycles. 

At -4.5% drift, some cracks developed in the epoxy over the NMF sawcut crack initiator. This is shown 

in Figure 2-35. 

 
Figure 2-35: Specimen 5 Cracking in Epoxy (Left) and Distributed Topping Cracking (Right) at 

-4.5% Drift 

The NMF saw-cut crack propagated a short way horizontally on both sides, but it was at the mid-height 

of the unit, in contrast to Test Case 4 where it propagated right down to the prestressing strands. The 

critical NMF saw-cut crack was 0.1 mm wide at the top at this stage. Other cracks propagated down a 

short way into the unit as well. Some minute cracks were possibly observed to be running longitudinally 
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along the epoxy but were so faint it was hard to observe or determine if they were cracks. The test ended 

at -6.0% with no additional NMF saw-cut crack propagation. The NMF saw-cut crack opened to 0.3 

mm at the top at this stage. The specimen at -6.0% drift is displayed in Figure 2-36. The residual crack 

width at the back-face of the unit was approximately 7 mm to 9 mm following the cyclic portion of 

testing. 

 
Figure 2-36: Specimen 5 at -6.0% Drift (West – Left, East – Right) 

After testing, a crack identifying kit was used on the epoxy surface. Only the easily visible cracks at the 

critical saw-cut section were outlined by this. There was some fine cracking at the interface of the epoxy 

and concrete, however, the crack identifying kit could not capture these fine cracks as it was designed 

to show cracks in smooth materials such as steel rather than more porous materials like concrete. This 

edge cracking suggests that at drifts beyond -4.5%, the bond between the epoxy and concrete was 

beginning to deteriorate due to the full strength of the bars being activated. This result shows that use 

of HD12 G500E bars should likely be considered the maximum strength allowed per channel for the 

post-installed bar retrofit if a 30 x 30 mm channel is used. A larger channel would provide adequate 

surface area to epoxy bond larger and stronger deformed bars into the floor topping. However, this 

would likely result in mesh being cut along the length of the chase. Additional bars would therefore 

need to be installed orthogonal to the post-installed NMF retrofit bars to reinstate the cut mesh tensile 

load-paths. Even for particularly strong starter bar detailing, D12 or HD12 post installed bars in 30 x 

30 mm chases should provide adequate additional negative moment flexural capacity. It is 

recommended that this detailing is adopted where possible due to the relative ease and quickness of 

installation as well as the successful experimental verification providing confidence in performance. 

2.5.6 Test Case 6: 150 mm Angle (Stiffened) Offset by 10 mm from Unit Soffit, Cracked Section 

The specimen used in Test Case 6 was designed to test a potential retrofit strategy to prevent the NMF 

triggered in Test Case 4. This retrofit was the lowered angle configuration of the seating angle retrofit. 

The aim of this retrofit was to remove the issue of triggering NMF through over-restraint of the unit 

while still providing additional seating in the form of a catch frame to avoid LoS. To test the 

performance of the unit while falling from the ledge onto the seating angle and model the effects of 

beam elongation in a concrete frame building, tensile load was applied to the end of the unit through a 

horizontal actuator as shown in Figure 2-3. A 30 mm ledge was used because a smaller seating width 

is the critical case for LoS. This configuration is outlined in Table 2-1. 

Cyclic Loading 

The critical failure mechanism for this test was LoS. This meant that an initial monotonic push was not 

appropriate, so only a cyclic rotational loading protocol with elongation effects was used. The rotational 
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cycles used were one cycle at ±0.5% drift, two cycles at ±1.0% drift, two cycles at ±2.0% drift, two 

cycles at ±3.0% drift and one cycle at ±4.5% drift. 

Initial cracking of the unit occurred as a full depth hairline crack at the back-face of the unit in the first 

0.5% drift cycle. Damage remained concentrated at this crack for the rest of the test. No further 

interesting damage occurred until the second 2.0% drift cycle. As the unit reached -2.0% drift, the 

middle starter bar ruptured. This is shown in Figure 2-37. 

 
Figure 2-37: Specimen 6 at -2.0% Drift (Left) and Ruptured Middle Starter Bar (Right) 

After the first bar ruptured, restraint of the unit and reaction was greatly reduced. In a real building, this 

would have the effect of reducing the diaphragm effect provided by the floor. In the first 3.0% drift 

cycle, the unit began dropping off the ledge support on the eastern side during the first +3.0% cycle as 

shown in Figure 2-38. The outer starter bar on the eastern side of the specimen also ruptured as the unit 

was approaching -3.0% drift. 

 
Figure 2-38: Specimen 6 at +3.0% Drift (West – Left) and Loss of Seating (LoS) on Eastern Side 

at +3.0% Drift 

The restraint and reaction of the unit was dropping even further after the rupture, suggesting necking 

and imminent rupture of the final (western) starter bar. However, only having one remaining point of 

connection between the hollow-core unit and beam section (that was off-centre in-plane) changed the 

structural system of the experiment. As tensile load was applied the unit began to twist in-plane around 

the last remaining starter bar as shown in Figure 2-39. This could be considered a limitation of a single 

unit test. In a real building the unit would have been restrained from twisting in-plane by adjacent units 

or beams. This would have likely caused the final two starter bars to rupture at similar drifts. 
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Figure 2-39: Specimen 6, Out of Plane Twisting of Unit After Rupture of Two Starter Bars (-

3.0% Drift) 

To allow the completion of the test up to a cycle at 4.5% drift with complete LoS of the unit, the final 

starter bar was manually cut after both 3.0% drift cycles were complete. The 4.5% drift cycle was 

completed with the unit completely supported by the angle. There was no indication of restraint against 

the beam ledge or cracking occurring away from the support as shown in Figure 2-40. 

 
Figure 2-40: Specimen 6, Full Loss of Seating (LoS) at +4.5% Drift (Left) and Residual 

Displacement (Right) 

2.6 Results 

Note: The results and processed data presented in this section was originally presented at the 2019 

Concrete New Zealand Conference in Dunedin (Parr et al. 2019). Further data and analysis are presented 

in this section. 

In the reporting of results, negative (pushing the unit down) and positive drift directions are reversed in 

load-displacement plots. This is done for clarity, as the critical results for these tests are in the negative 

drift ranges and the shapes of the hysteresis curves can be more easily interpreted in this configuration.  

2.6.1 Test Case 1, 2 and 3 

As covered in Section 2.5.1, the first test was set-up as a control case to display the performance of the 

hollow-core seating connection layout without the addition of any angle or other alterations. The 

calculated capacity-demand curve for this case is displayed in Figure 2-41. It can be seen that the 

selected starter bar configuration created a borderline case slightly below that which would trigger NMF 

at the critical section at the end of the starter bars. Note that when the demand line (red) intersects the 

cracked capacity line (blue) at the critical section at the end of the starter bars, this is when NMF 

initiates. 



 

2-30 

 

 
Figure 2-41: Calculated Capacity-Demand Curve for Test Specimen 1 at the Probable Yield 

Strength of the Starter Bars 

The single unit experiment had a span of 3.6 m from the back-face of the unit to the vertical actuator 

support. As shown in Figure 2-41, the demands imposed by the set-up were designed to be 

representative of a typical 8 m span, particularly over the critical first 1.5 m from the back-face. 

Tests 2 and 3 used an unstiffened steel angle seating retrofit to check if the retrofit would push the 

failure mechanism to NMF. The only difference between Test Case 2 and 3 was the addition of a crack 

initiator at the end of the starter bars for specimen 3, as it was considered unreliable to depend on the 

uncracked properties of the topping to prevent NMF. As shown in Figure 2-43 and Figure 2-44, none 

of these specimens displayed NMF. The primary failure mechanism for all three was a crack opening 

at the back-face of the unit. The effect of the angle was found to be less severe than initially anticipated 

due to its relative flexibility. It did still increase restraint on the unit though, as seen in Figure 2-42 (c). 

The stiffness of the system was higher with an angle retrofit up until crack initiation at the back-face of 

the unit occurred, leading to a sudden loss of strength. The stiffness of the connection beyond yield of 

the starter bars in the retrofitted cases was also greater due to the increased restraint. This led to more 

cracking in the topping compared to the unretrofitted case as displayed in Figure 2-44, but it did not 

initiate a critical negative moment crack. Note that the lack of a typical drop in strength followed by 

tension hardening in Test Case 1 was likely due to an experimental error. The actuator supporting the 

unit lost pressure, meaning the loading rate was much higher than intended. This likely did not give the 

steel starter bars time to display typical pseudo-static stress-strain behaviour. Load-drift plots for the 

controlling actuator in Test Cases 1-3 are displayed in Figure 2-42 (a) and (c), and the associated 

moment-demand plots for the NMF critical section at the end of the starter bars for Test Cases 1-3 (as 

indicated by the red dotted lines in Figure 2-41 and Figure 2-45) are displayed in Figure 2-42 (b) and 

(d). The yield point indicated in Figure 2-42 (d) corresponds to the loading case used for the hollow-

core unit moment capacity-demand curves displayed in Figure 2-41 and Figure 2-45. 
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(a)                                                                                (b) 

        
                                         (c)                                                                                (d) 

Figure 2-42: Test Case 1 Cyclic Load-Drift Plot (a) and Moment-Drift Plot (at the Critical 

Section for Negative Moment) (b), Test Case 1-3 Monotonic Load-Drift Plot Comparisons (c) 

and Moment-Drift Plot Comparisons (at the Critical Section for Negative Moment) (d) 

 

 
                                    (a)                                                                               (b) 

Figure 2-43: Specimen 1 Residual Crack After ±4.5% Drift (a), Specimen 2 at -2.75% Drift (b) 

NM Critical 

Section 

Yield 

point 
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                                    (a)                                                                               (b) 

Figure 2-44: Specimen 3 at -3.5% Drift (a) and Specimen 3 Topping with Saw-Cut (b)  

Investigation was undertaken into why the angle did not initiate NMF. Calculations found that the 

maximum reaction that could be applied to the unit soffit from the angle was capped at 66.01 kN if the 

reaction was maintained 5 mm in from the tip of the angle. This reaction was input into a capacity-

demand curve to find the results depicted in Figure 2-45. 

 
Figure 2-45: Comparison of Negative Moment Demands at Probable Starter Bar Yield (540 

MPa) with Different Angle Configurations 

The red line in Figure 2-45 shows the expected behaviour of the system prior to the test. This would 

have caused NMF but required a minimum angle reaction of approximately 95 kN to trigger. The orange 

line shows the observed demand for Test Case 2 and 3 with the more flexible than expected 12x150x150 

equal angle providing an angle reaction of 66.01 kN. If this demand curve is compared against the 

uncracked capacity, NMF is far from occurring, which was observed for Test Case 2. However, if it is 

compared against the cracked capacity, there is a much closer difference between capacity and demand 

of 4.92 kNm (40.67 kNm demand vs 45.59 kNm capacity) at the end of the starter bars. There is some 

uncertainty regarding how far into post-yield behaviour the starter bars can reach before NMF is 

precluded due to loss of stiffness in the seating system. While it appears unlikely the full strain hardened 
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overstrength capacity of approximately 1.17 x the probable yield strength (or 1.25 x the design strength) 

cannot develop, it is possible a smaller value could. It would have required the total starter bar strength 

across the back-face of the hollow-core unit to be 12% greater than the probable starter bar yield strength 

to trigger NMF for Test Case 3, or potentially lower if the steel angle retrofit was providing a greater 

reaction than to the unit soffit than expected due to post-yield overstrength development of the angle 

section or the unit-soffit-to-angle-flange reaction being located away from the tip of the flange. Based 

on the cracking observed near the start of the Test Case 3, where negative moment cracks propagated 

the full depth of the topping but were unable to progress into the hollow-core unit described in Section 

2.5.3, the hollow-core unit was in immediate danger of developing a critical negative moment crack. 

Due to the limitation of data, it will be assumed that Test Case 3 was at the direct limit of triggering 

NMF when carrying out parametric analysis as shown in Section 2.7, requiring a factor of uncertainty 

of 1.12, raising the negative moment demand at the critical section.  

An important consideration to note for Test Case 3 is the dental plaster that was installed between the 

angle and the soffit prior to testing. This was installed to ensure there was bearing between the two 

elements. At the end of the tests, it was found that the dental plaster typically only penetrated between 

20-50 mm in from the angle tip. This meant that the bearing reaction between the angle and unit soffit 

was consistently applied near the angle tip, providing approximately the most flexible angle 

configuration. It is unknown if further penetration of the dental plaster would have created a system 

with a higher effective stiffness, thereby triggering NMF. 

2.6.2 Test Case 4 

Specimen 4 used the same configuration as Specimen 3 except for the addition of five 12 mm thick 

stiffeners for the angle retrofit. This relatively extreme case for angle stiffness was used to further 

investigate the effect of angle retrofit stiffness on the performance of the seating connection by 

providing a case closer to the red line displayed in Figure 2-45. Initial cracking occurred at the back-

face of the unit at approximately -0.45% drift. This caused an instant loss of stiffness and the unit 

dropped to -0.6% drift before picking up load again. This can be seen in Figure 2-46 at the red section 

where the initial stiffness of the system dropped greatly. The very stiff angle coupled with an uncracked 

interface between the back-face of the unit and beam created a very stiff initial system when it was 

attached to the actuator. This highly stiff system relied on the tensile and shear strength of the concrete 

across the joint at the back-face of the unit to provide this stiffness.  

Once cracking occurred at the back-face of the unit, the system changed to a more flexible system 

dependant on the starter bars, more typical of tests 1-3. Negative moment cracking occurred at -1.0% 

drift. This required an actuator load of ~ 13 kN to trigger if only the flexible system following cracking 

at the back-face of the unit is considered as shown with the blue range in Figure 2-46 (a). When 

compared to the results of tests 1-3 (where starter bar yield occurred at an actuator load of approximately 

12-to-13 kN and further overstrength developed up to an actuator load of 16 kN), this shows that NMF 

triggered at approximately yield or slightly past yield of the starter bars, prior to development of 

overstrength of the starter bars. This is a critical finding which will be referenced to during the 

parametric studies in Section 2.7.3. At this stage, the crack at the back-face of the unit had opened to 

approximately 2 mm wide. The negative moment crack did not appear during loading, instead forming 

approximately 30 seconds after loading stopped. A loud cracking was heard, and the unit lost stiffness, 

increasing the drift to -1.6% instantaneously. The unit at this stage of loading is displayed in Figure 

2-46 (c).  

This result was useful, because it showed that for negative moment cracking to occur, the crack at the 

back-face of the unit needed to open first to sufficiently stress the starter bars to cause NMF. This means 
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that previously suggested retrofits to reduce negative moment demands such as drilling at the back-face 

of the unit are ineffective. However, in conjunction with tests 1-3, it displayed that NMF is only capable 

of developing near yield of the starter bars. If enough of a gap forms at the back-face of the unit, strain 

hardening of the starter bars will not cause further negative moment demands at the end of the starter 

bars. This is because the bottom of the unit is no longer wedged in compression against the beam, 

meaning the critical fixity is lost. Based on these findings, it is appropriate to use probable yield 

properties of the starter bars rather than the strain hardened overstrength capacity when determining 

risk related to NMF of hollow-core units.  

After NMF triggered, loading was continued up to -1.75% drift where it was confirmed that all 

additional deformation was now occurring at the negative moment crack instead of the unit back-face 

crack. The specimen was then returned to 0% displacement and a cyclic load protocol of was started. 

In the first 2.0% drift cycle, the negative moment crack had a sudden extension at -1.8% drift causing 

the unit to drop instantly to -2.15% drift, which is displayed in Figure 2-46 (a) and (d). At this stage the 

crack reached the depth of the prestressed strands and propagated along them halfway to the angle 

support. A vertical offset of 3 mm was observed at the top of the unit across the NMF crack (initiated 

by the saw-cut). This vertical offset can be considered failure of the unit. In the 3.0% drift cycle, the 

unit reached -2.25% drift before complete loss of stiffness occurred and the actuator supported end 

dropped. The wires of the topping mesh were heard snapping one after another as this occurred. The 

unit would have landed on the floor at the actuator end but was caught by dunnage placed under the 

unit near the actuator to avoid this. It was caught at -4.25% drift which is shown in Figure 2-46 (a) and 

(e). Further cycling displayed that from this point on, the pieces of the unit on each side of the negative 

moment crack were completely separated and the unit was only being supported as a pinned connection 

by dowel action of the tension strands as shown in Figure 2-46 (a) and (f). The load-drift plot for the 

controlling actuator in Test Case 4 is displayed in Figure 2-46 (a), and the associated moment-demand 

plot for the NMF critical section at the end of the starter bars for Test Case 4 (as indicated by the red 

dotted line in Figure 2-45) is displayed in Figure 2-46 (b). 
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 (b) 

               
                                       (c)                                                                           (d) 

               
                                       (e)                                                                           (f) 

Figure 2-46: Test Case 4 Load-Drift Plot (a), Moment-Drift Plot (at the Critical Section for 

Negative Moment) (b), Specimen 4 at -1.6% Drift (Directly After Negative Moment Crack 

Initiation at -1.0% Drift) (c), at -2.0% Drift (Crack Propagation Along Strands) (d), at -4.25% 

Drift (After Complete Loss of Stiffness Upon Reaching -2.25% Drift) (e) and at -6.0% Drift (f) 

2.6.3 Test Case 5 

Specimen 5 was used to test a potential retrofit strategy of installing two 1.4 m long HD12 bars into the 

topping along the critical section for NMF, as shown in Figure 2-6 (b) and Figure 2-47 (c), to prevent 

the NMF observed in Test Case 4. Note, it is important for this retrofit that the post-installed bars do 

not cross the interface between the unit back-face and the support beam front face as this would increase 

the demands imparted into the span, negating the positive effects of the retrofit. The retrofit performed 

well and prevented NMF up to the monotonic limit of -3.5% drift and then through a set of cyclic 

loading up to -6% drift. Many cracks formed in the topping and progressed into the unit, but none went 

beyond half the depth of the unit. Instead, they propagated a short way for 0.25-0.75% drift then stopped 
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(e) (f) 
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after another section cracked. This repeated as the retrofit bars became engaged over more of their 

length until there were cracks across the full width of the unit topping at regular intervals of 

approximately 200-250 mm as shown in Figure 2-47 (c). Overall, the top of the unit in the first 1-1.4 m 

from the back-face behaved much more similarly to a beam in the plastic hinge zone than Specimen 4. 

On reaching approximately -2.25% drift, most of the damage stopped in the unit and concentrated at 

the back-face instead. At -4.5% drift, some cracks developed in the epoxy over the NMF sawcut crack 

initiator. The NMF saw-cut crack propagated a short way horizontally on both sides, but it was at the 

mid-height of the unit, as shown in Figure 2-47 (d), in contrast to Test Case 4 where it propagated right 

down to the prestressing strands. The load-drift plot for the controlling actuator in Test Case 5 is 

displayed in Figure 2-47 (a), and the associated moment-demand plots for the NMF critical section at 

the end of the starter bars for Test Case 5 (as indicated by the red dotted line in Figure 2-48) is displayed 

in Figure 2-47 (b). 

 
(a)                                                                            (b) 

       
                                  (c)                                                                             (d)         

Figure 2-47: Test Case 5 Load-Drift Plot (a), Moment-Drift Plot (at the Critical Section for 

Negative Moment) (b), Topping at -4.5% Drift (c) and Elevation at -6.0% Drift (d) 

As seen in Figure 2-47 (a), beyond yield of the starter bars, there was a large amount of relaxation of 

the reinforcing steel at the end of each loading increment. As the drift and crack propagation increased, 

the amount of relaxation of the steel reinforcement also increased, leading to a relatively constant 

residual load of approximately 13.5 kN. This is different from the behaviour seen in Tests 1-3, where 

reinforcing steel relaxation was relatively constant beyond yield, as shown in Figure 2-42 (b). This 

difference is due to the post-installed bar retrofit. As more cracks formed along the top of the unit, this 

distributed the tensile demands to multiple points along the retrofit bars as they kept the cracks 

controlled. This meant that as more cracks formed, the cumulative relaxation of the bars could be 

observed increasing; similar in principle to having two bungie straps attached to the top of the unit, 

pulling elastically more as the rotations increased. 
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A capacity-demand curve for Test Case 5 at yield of the starter bars is displayed in Figure 2-48. The 

zone of the increased negative moment capacity envelope is visible, and it is clear that the critical 

section at the end of the starter bars is no longer a weak point in the system. 

 
Figure 2-48: Capacity Demand Curve of Test Case 5 at Yield of the Starter Bars 

Based on the findings from the negative moment failure case and the post-installed bar retrofit case, it 

is advised that post-installed retrofit bars aimed at increasing negative moment capacity should have a 

similar stiffness to the starter bars used in the seating connection detail. This is because NMF must 

occur at low levels of drift where the starter bars have developed stresses approximately up to their 

yield strength, rather than developing substantial post-yield overstrength stresses. It is therefore 

important that the retrofit bars engage at a similar rate as the starter bars (with respect to applied drift) 

to avoid a critical negative moment crack initiating before the retrofit bars can adequately engage to 

prevent it. The simplest way for the negative moment failure retrofit bars to achieve a similar stiffness 

to the existing starter bars is to select the same grade and size of steel reinforcement for the retrofit bars 

as the existing starter bars. For example, in Test Case 5, Grade 500 HD12 bars were selected for the 

retrofit bars (the same steel grade and size as the starter bars) instead of another option such as Grade 

300 D12 bars.  

Alternative materials and products could be substituted for deformed steel bars to increase the 

hollow-core unit negative moment capacity near the seating connection. Critical features of the retrofit 

that must be ensured if an alternative product is selected (which are achieved with the standard 

suggested steel bar retrofit) are: 

• Good bond with the floor topping. Bars installed in chases should be deformed and fully 

embedded in a chemical anchoring solution with adequate cured strength to ensure good bond. 

If sheets with tensile capacity are chemically fastened to the topping, the surface must be 

prepared to the manufacturers specifications to ensure good bond. 

• Adequate tensile capacity to prevent opening of a critical negative moment crack. The existing 

negative moment demand at the critical section (at the end of the starter bars) and cracked 

section capacity at the critical section must be calculated. The retrofit can then be designed to 
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remedy any deficiency of the cracked negative moment capacity of the unit at the critical 

section. As with the standard steel bar retrofit, it is important that the retrofit does not cross the 

beam-to-unit interface, otherwise the negative moment demand will also be increased, negating 

any benefit gained by the retrofit. 

• Similar stiffness of the retrofit solution (bars or sheets) to the seating connection starter bars to 

ensure the retrofit engages adequately at low drift demands and prevents critical negative 

moment cracks progressing to an unsatisfactory degree. 

An example of an alternative product is fibre reinforced polymer. As the elastic modulus of fibre 

reinforced polymer is typically approximately 1/3rd that of steel, the cross-sectional area of fibre 

reinforced polymer post-installed retrofit bars (or topping sheets) would need to be larger than the steel 

starter bar cross-sectional area to achieve a similar stiffness to the starter bars. 

2.6.4 Test Case 6 

Specimen 6 was used to test lowering the seating angle away from the unit soffit as a potential retrofit 

strategy to prevent the NMF triggered in Test Case 4. The aim of this retrofit was to remove the over-

restraint of the unit while still providing additional seating in the form of a catch frame to avoid LoS. 

To test the performance of the unit while falling from the ledge onto the seating angle and model the 

effects of beam elongation in a concrete frame building, tensile load was applied to the end of the unit 

through a horizontal actuator as shown in Figure 2-3. A 30 mm ledge was used, because a smaller 

seating width is the critical case for LoS. An initial monotonic push was not appropriate for this test as 

NMF was not the target, so only a cyclic rotational loading protocol with elongation effects was used. 

The loading history and load-displacement plots for the test are displayed in Figure 2-49. Note the 

asymmetric applied elongation between positive and negative drift cycles. This was due to the unit 

being a 200HC unit with a ledge relatively high on the support beam. This meant the rotation component 

to LoS about the centroid of the support beam was more critical for positive drifts than negative. Initial 

cracking of the unit occurred as a full depth hairline crack at the back-face of the unit in the first 0.5% 

drift cycle. Damage remained concentrated at this crack for the rest of the test. No further interesting 

damage occurred until the second 2.0% drift cycle. As the unit reached -2.0% drift, the middle starter 

bar ruptured, and the reaction and restraint of the seating connection greatly reduced as seen in Figure 

2-49 (b). In the first 3.0% drift cycle, the unit began dropping off the ledge support on the eastern side 

during the first +3.0% cycle as shown in Figure 2-50 (a). The outer starter bar on the eastern side of the 

specimen also ruptured as the unit was approaching -3.0% drift. Only having one remaining point of 

connection between the hollow-core unit and beam section (that was off-centre in-plane) changed the 

structural system of the experiment. To allow the completion of the test up to a cycle at 4.5% drift with 

complete LoS of the unit, the final starter bar was manually cut. The 4.5% drift cycle was completed 

with the unit completely supported by the angle. There was no indication of restraint against the beam 

ledge or cracking occurring away from the support as shown in Figure 2-50(b). 
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(a)                                                                             (b)               

Figure 2-49: Test Case 6 Horizontal Loading History (a) and Horizontal Load-Displacement 

Plot (b) 

 
                                     (a)                                                                          (b) 

Figure 2-50: Specimen 6 at +3.0% Drift (25 mm Pull-Off) (a) and at +4.5% Drift (b) 

2.7 Outcomes for Angle Retrofits 

2.7.1 Angle Flexibility 

One of the key findings from the experimental investigation was that angle flexibility can reduce the 

degree to which an angle retrofit installed directly against a hollow-core unit soffit promotes NMF from 

what was initially expected. 

Two questions arise naturally from this result:  

• How can it be determined if an angle is flexible? 

• Are existing flexible angles installed in New Zealand buildings safe?  

To begin answering the first question, angle flexibility must be measured relative to the system the 

angle is a part of. Moment curvature calculations need to be conducted for the hollow-core span to gain 

an understanding of the capacity-demand interaction without an angle, as shown in Figure 2-45 with 

the green (no angle) line. In some cases, such as where there are strong or short starter bars, it may be 

apparent that a retrofit for NMF is required even without an angle retrofit installed in direct contact with 

the hollow-core unit soffit.  
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Assuming this is not the case, capacity design principles can be used to assess whether installing a 

retrofit angle could trigger NMF in the hollow-core unit. 

A collaborative effort was undertaken by the ReCast team members to investigate capacity design of 

flexible angle retrofits and provide guidance to practitioners. Formalized guidance of angle capacity 

design including capacity design for angle retrofit anchor bolts is provided in (Büker et al. 2022). In 

this section, focus will be on using capacity design principles to prevent triggering NMF in a hollow-

core unit at the end of the starter bar connection, followed by parametric analyses to identify NMF 

prone detailing in Section 2.7.3. 

A capacity design solution for a retrofit angle is achieved by finding the maximum reaction the angle 

can apply to the soffit if the reaction occurs near the tip of the angle. This can be used to find the angle 

impacted demand curve (the orange line shown in Figure 2-45). 

Note that probable yield strength should be used rather than the overstrength value for starter bar 

strength when calculating the moment capacity of the angle at the critical section. This is because NMF 

can only trigger at relatively low drifts, before there is an opportunity to develop a significant level of 

post-yield additional strength from strain hardening. Two additional assumptions (which should be 

enforced by design as covered later in this section) must be made when calculating the maximum angle 

reaction. These are: 

• Bearing load is applied uniformly across the full width of the angle, allowing for direct 

calculation of the bending moment capacity of the critical section displayed in Figure 2-52, 

without consideration of the angle warping. As shown in Figure 2-51, this assumption is likely 

incorrect for many hollow-core units as they tend to have a slight convex curve along the soffit 

(likely caused by the tops of hollow-core units curing faster than the bottom while lying on 

casting beds due to exposure to direct sunlight at the top of the unit). Small pieces of concrete 

or aggregate sticking out slightly could also alter the contact area between the unit soffit and 

angle. 

 

Figure 2-51: Localized Bearing Caused by Slight Convex Curve in Hollow-Core Soffit 

• The bearing reaction between the unit soffit and the angle retrofit remains as a point load at 

the tip of the angle through the full applied rotation as displayed in Figure 2-52 (a). In reality, 

it is unclear if the angle may bend along its bearing face as load increases on the tip as shown 

in Figure 2-52 (b). If this system were to develop, it would lead to a distributed load with a 
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smaller lever arm to the anchored side of the angle, giving a higher total reaction applied to the 

unit soffit. This would be a more critical case for NMF and lead to higher shear demands for 

the angle anchor bolts. 

 

 

 

                                      

(a)                                                                           (b) 

Figure 2-52: Bearing Reaction between Unit Soffit and Angle if the Reaction Stays at the Angle 

Flange Tip (a) and if it Distributes Along the Angle Flange (b) 

With this set of assumptions, the maximum angle reaction at the tip of the angle can be calculated. First, 

calculate the 2nd moment of inertia of the angle at the critical web section displayed in Figure 2-52. 

Then use the standard bending moment equation, σ = My/I, substitute M=R*d and rearrange for the 

reaction, R. This gives R = σyI/yd. Note that the probable yield strength should be used for σy rather 

than the manufacturers 5th percentile design characteristic strength value, and d should be taken from 

the tip reaction to the centroid of the angle web. For the 12x150x150 equal angles used in the single 

unit experiments, this provides a value of: 

R = 324000 kN/m2 * 1.6992E-07 m4 / (0.006 m * (0.015 m – 0.006 -0.005 m)) = 66.01 kN 

The 66 kN reaction was applied to the capacity-demand curve calculations used to generate the green 

curve in Figure 2-45 (at the appropriate angle reaction location of the ledge width + angle flange width 

from the unit back-face). This loading case generated the orange demands curve in Figure 2-45 which 

agrees well with observed experimental results. 

If the angle section thickness was reduced to 10 mm, the maximum reaction would reduce to 45.51 kN. 

It is advised that smaller section thicknesses that are still capable of supporting the gravity load 

combinations are implemented for future designs to increase angle flexibility and minimize promotion 

of NMF. 
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The issues with the proposed capacity design maximum reaction calculation are the assumptions related 

to contact area between the angle and unit soffit. In Section 2.6.1, it was discussed how in the 

experimental set-up, dental plaster was used to ensure contact between the angle and unit soffit. After 

testing it was found that the dental plaster had only penetrated between 20-50 mm from the angle tip. 

This meant that the tests had created a system where the assumptions of bearing across the full angle 

width and only bearing near the angle tip were valid. It is advised that the same effect should be created 

in real buildings through the implementation of welded steel strips or low-friction bearing strips 

attached to the angle and unit soffit near the tip of the angle, or flexible infills between the angle and 

unit soffit.  

Based on these findings, there are two recommended details for new and existing angle retrofit details 

(note that for existing angle retrofits that have been installed in direct contact with the hollow-core unit 

soffit, it may be necessary to grind off and remove the existing anchor bolts and install new ones slightly 

lower):  

• A 10x150x150 mm angle retrofit installed in direct contact with the hollow-core unit soffit with 

a low friction bearing strips installed near the end of the angle, one attached to the angle and 

one to the unit soffit. If the strip attached to the soffit of the unit is wider, as shown in Figure 

2-53, then the unit can pull off the ledge with beam elongation and still maintain the reaction 

in the same location. Bearing between the strips near the tip of the angle is important, as they 

ensure the reaction between the angle and the soffit occurs near the tip. This provides the 

maximum lever arm for the angle, ensuring it remains in its most flexible loading condition to 

minimize promotion of NMF. This effect was likely the reason why NMF was not triggered in 

Test Case 3. This also ensures a consistent angle strength when using capacity design to find 

the shear and tension demands for the angle anchor bolt connections as shown in Figure 2-53. 

For further information on capacity design of the angle anchor bolts, refer to (Büker et al. 2021). 

 
Figure 2-53: Advised Retrofit Angle Configuration if Installed in Direct Contact with a Hollow-

Core Unit Soffit (Büker et al. 2021) 

• A 10x150x150 mm angle retrofit installed with at least a 5 mm gap between the angle and the 

soffit with a flexible infill installed in the gap. If the infill is stiff enough, such as high-density 

polystyrene, a larger gap of 20 mm or more could be used. The infill is important because it 
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ensures that if the unit falls off the ledge onto the angle, it does not drop into a position where 

it cannot assist the diaphragm load-path. In the case where a flexible infill is used, it is no longer 

critical that the reaction between the unit soffit and retrofit angle is located at the tip of the 

angle. The flexibility of the infill should greatly decrease the maximum reaction that can form 

between the unit soffit and retrofit angle, providing protection against NMF when negative 

rotation is applied to the system. If fire safety is a concern for polystyrene infills, fire retardant 

foam can be applied around the edge of the gap between the angle and unit soffit after it has 

been installed. This is the preferable angle configuration and will be tested in the super-

assembly experiment. 

 
Figure 2-54: Advised Retrofit Angle Configuration if Set Down from the Unit Soffit, Preferrable 

Option (Dimensions in mm) (Büker et al. 2021) 

For both configurations of seating angle, the angle width should provide bearing support for all webs 

of the hollow-core unit. This should be done to avoid dropping large chunks of concrete from the corners 

of units while under earthquake demands. This is particularly important for five-strand units, where the 

outer webs are unreinforced concrete. Anchor bolts should be installed as close as practicable 

(dependent on the size of the drill used for installation) to the angle flange to minimize anchor bolt 

tensile demands. 

In existing cases where the angle is installed in direct contact with the hollow-core unit soffit and it is 

undesirable to move the angle down to create one of the recommended details due to practical 

constraints, either a post-installed bar retrofit or selective weakening by cutting starter bars at the unit 

to beam interface may be implemented at the topping to provide protection against NMF. 

When analysing a hollow-core seating system to determine if it is susceptible to NMF, the following 

rules should be applied to ensure the correct capacities and demands are provided: 

• The cracked capacity of the hollow-core unit must be used instead of the uncracked capacity. 

Concrete tensile capacity is unreliable. Any shrinkage cracks near the end of the starter bars 

could act as crack initiators similar to those used in the single unit tests. 

• Use a low gravity + live load combination such as G + ψEQ. Low gravity load is the critical 

loading case for NMF. This is appropriate even for building cases with high live loads due to 

the possibility for earthquake vertical accelerations to momentarily reduce gravity actions on 

the floor. 

• Check the number of prestressing strands and assume no tension losses. Higher pre-stress strand 

action near the soffit of the unit is the worst case for NMF. For 200 HC, different span lengths 

and gravity demands may use either seven strands (one in each web) or five strands (no strand 

in the outer two webs). 
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Note that if these rules are followed, it is unclear whether every test case where an angle was installed 

in the single unit tests would have required retrofit for NMF. This is because the orange (flexible angle) 

demand line compared to the cracked capacity line in Figure 2-45 has a Factor of Safety (FoS) at the 

critical section of 1.12 (or 12%). The uncertainty of how much overstrength can develop in the starter 

bars and what FoS should be targeted leaves this case in a grey area of judgement.  

As a final answer to the two questions posed at the beginning of this section: 

Angle flexibility can be determined on a case-by-case basis by analysing the capacity-demand curves 

of a hollow-core seating system and employing capacity design principles when determining the 

maximum reaction an angle could impart on the system, as described in this section. Most New Zealand 

buildings are likely not susceptible to NMF, as the starter bar detailing used in this experimental 

investigation was purposefully selected to be critical, with short and strong starter bars. It is also 

relatively uncommon for angles to be implemented with stiffeners. However, this needs to be assessed 

on a case-by-case basis for every detail used in a building. Some areas in a floor plan may have used 

different detailing or have been retrofitted with different types of angle retrofit within the building’s 

life. In any case where stiffeners have been used, or there is no clear way to calculate the maximum 

reaction applied to the soffit, either the seating retrofit should be replaced or a topping NMF retrofit 

should be installed. 

2.7.2 Negative Moment Failure (NMF) Factor of Safety (FoS) and Capacity Reduction Factors 

An avenue for future research or for practicing engineers to settle on is the appropriate capacity reducing 

Factor of Safety (FoS) when assessing hollow-core units for NMF susceptibility. One could argue that 

if the cracked capacity of the hollow-core concrete is used, then a typical capacity reduction factor for 

the reinforcing steel such as 0.9 would be appropriate. This is because the reinforcing steel in the system 

is the only capacity being relied on under NMF demands. The dire consequences of NMF triggering 

and uncertainty related to the magnitude and location of the reaction applied to the unit soffit from the 

seating angle would provide the main detractors for this and prompt a more conservative capacity 

reduction factor of 0.8 more typical of concrete design. However, if the suggested low-friction bearing 

or flexible infill details are used, this should minimize uncertainty related to the angle reaction. A 

possible solution for selection of an appropriate capacity reduction factor when assessing NMF 

susceptibility is to use 0.9 when one of the suggested details (which minimize uncertainties) has been 

implemented and use 0.8 when assessing an existing angle that does not have a controlled bearing 

location. In any case, if there is any doubt the safest approach is to install a topping post-installed bar 

retrofit to eliminate the risk of NMF. 

2.7.3 Parametric Analysis 

Based on the results from the single unit experiments, a parametric study was conducted to assess the 

full range of starter bar lengths and strengths that are prone to triggering NMF in 200HC units with 

different common angle retrofits installed in direct contact with the hollow-core unit soffit. The results 

of these parametric studies are displayed as a ratio of the negative moment capacity vs demand at the 

end of the starter bars for different seating details (using the cracked section capacity of the hollow-core 

floor). These values were obtained by extracting capacity and demand values at the critical hollow-core 

section at the end of the starter bars for moment curvature analyses like what is displayed in Figure 

2-45, after changing the critical parameters influencing negative moment capacity and demand. A 

capacity-demand ratio greater than 1 corresponds to a seating case where NMF will not trigger (like for 

the green or orange demand curve in Figure 2-45). A capacity-demand ratio at or less than 1 corresponds 

to a seating case where NMF will trigger (like for the red demand curve in Figure 2-45). Further 

stratification of results allows for identification of seating cases that have a 10% FoS (capacity-demand 
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ratio >1.1) and 20% FoS (capacity-demand ratio >1.2). The same 200HC seating configuration was 

used as the single unit tests, with a 50 mm ledge, starter bars as continuity reinforcement across the 

beam-unit interface and 665 mesh as topping reinforcement beyond the starter bars. A factor of 

uncertainty of 1.12 was applied to the probable yield strength of the starter bars (1.12 x 540 MPa = 605 

MPa), to calibrate to the results of the third single unit test where NMF did not occur, and account for 

uncertainty related to partial development of starter bar overstrength and unaccounted fixity provided 

by the angle retrofit (which can be observed as the difference between the orange and red lines at the 

critical section in Figure 2-45). Note that the 1.12 factor is not an overstrength factor (though it 

incorporates the potential for some overstrength to develop), rather it is used to account for uncertainties 

caused by limitations of the single unit experimental program. Test Case 3 provided the closest case to 

NMF failure without the full NMF failure mechanism triggering, meaning it is appropriate to use as the 

prototype case to give degree of uncertainty to the results. Additionally, it is appropriate not to use a 

starter bar strength that accounts for full overstrength development of the bar at high strains (such as an 

overstrength factor of the probable yield strength times 1.17) due to the finding that NMF must trigger 

at a relatively early inter-storey drift (by 1.0-1.5%) while the seating connection is stiff, if it is to occur 

at all, as discussed in Section 2.6.2. All consideration of total starter bar strength in this section is with 

reference to the probable yield strength of the starter bars (540 MPa for Grade 500 starter bars) rather 

than the 5th percentile characteristic design strength, as higher starter bar strengths are critical for NMF, 

meaning it is important to account for the real yield strength rather than an idealized design yield 

strength. 

The first set of results displayed in Figure 2-55 shows an overview of the effect that starter bar length 

and strength have on the NMF capacity-demand ratio of the system when a 12x150x150 mm angle is 

installed in direct contact with the hollow-core unit soffit (providing a 66.01 kN reaction near the tip). 

This assumes a 1.18 m wide angle is installed and the bearing assumptions discussed in 2.7.1 are valid. 

Any configuration that falls within the red zone will lead to NMF under earthquake loading causing 

negative moment demands, and any configuration in the blue or green zone will not.  

 

Figure 2-55: Overview of 200HC Negative Moment Failure (NMF) Capacity-Demand Ratio at 

the End of the Starter Bars Relative to Starter Bar Strength and Length for a System with a 

1180 mm Wide 12x150x150 Equal Angle Installed in Direct Contact with the Hollow-Core Unit  

Soffit 

Single Unit 

Test Case 3 

Capacity-

Demand Ratio 

at the End of 

the Starter Bars 

= 
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Note that the configuration for Test Case 3 sits directly on the line where the FoS = 1, because it was 

used to calibrate the analysis. A focussed look at the critical failure range for this seating set-up is 

displayed in Figure 2-56. This figure can be used to identify starter bar configurations that fulfil a 10% 

or 20% FoS requirement. If a 10% FoS is required, the starter bar configuration must fall below the 

blue zone. If a 20% FoS is required, the starter bar configuration must fall below the green zone.  

 

 

Figure 2-56: Detailed View of 200HC Negative Moment Failure (NMF) Capacity-Demand Ratio 

at the End of the Starter Bars Relative to Starter Bar Strength and Length for a System with a 

1180 mm Wide 12x150x150 Equal Angle Installed in Direct Contact with the Hollow-Core Unit 

Soffit 

The same process was undertaken for an identical system except for replacement of the 12 mm thick 

angle with a 10 mm thick angle. This reduced the bearing reaction near the tip of the angle to 45.51 kN. 

An overview of the starter bar configuration effect on the FoS with respect to NMF for this system is 

displayed in Figure 2-57. A closer higher detail view is displayed in Figure 2-58. Once again, a 10% or 

20% capacity FoS can be obtained in this figure by selecting starter bar configurations that fall below 

the blue and green zones respectively. Note that with a lower angle reaction, stronger and shorter starter 

bar configurations are permitted, as expected. 
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Capacity-
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Figure 2-57: Overview of 200HC Negative Moment Failure (NMF) Capacity-Demand Ratio at 

the End of the Starter Bars Relative to Starter Bar Strength and Length for a System with a 

1180 mm Wide 10x150x150 Equal Angle Installed in Direct Contact with the Hollow-Core Unit 

Soffit 

 

Figure 2-58: Detailed View of 200HC Negative Moment Failure (NMF)  Capacity-Demand 

Ratio at the End of the Starter Bars Relative to Starter Bar Strength and Length for a System 

with a 1180 mm Wide 10x150x150 Equal Angle Installed in Direct Contact with the Hollow-

Core Unit Soffit 

A final system with no retrofit angle installed was investigated. This moved the reaction back to the 

ledge, providing a demand curve similar to the green line displayed in Figure 2-45. An overview of the 

starter bar configuration effect on the FoS with respect to NMF for this system is displayed in Figure 

2-59. A closer higher detail view is displayed in Figure 2-60. Again, a 10% or 20% capacity FoS can 

be obtained in this figure by selecting starter bar configurations that fall below the blue and green zones 

respectively. With only a ledge reaction acting on the soffit, stronger and shorter starter bar 

configurations are permitted, as expected. 
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Figure 2-59: Overview of 200HC Negative Moment Failure (NMF)  Capacity-Demand Ratio at 

the End of the Starter Bars Relative to Starter Bar Strength and Length for a System with no 

Retrofit Angle Installed 

 

Figure 2-60: Detailed View of 200HC Negative Moment Failure (NMF)  Capacity-Demand 

Ratio at the End of the Starter Bars Relative to Starter Bar Strength and Length for a System 

with no Retrofit Angle Installed 

The figures displayed in this section can give an indication of the risk of NMF for a wide range of 

configurations. However, calculations for individual cases should always be carried out, as the contour 

plots provided depend on multiple assumptions. These assumptions are typically conservative though, 

such as using a wide seating angle, or assuming a seven-strand unit was used instead of the less critical 

(for NMF) five-strand units, meaning that any configuration that falls within the orange or red zones 

within the figures should be a priority for further assessment.  
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2.8 Conclusions and Key Findings 

The following points can be considered the key outputs from this set of research: 

• Stiffness of the seating angle retrofit was found to be a major determining factor for whether 

NMF was triggered or not. The commonly used 12x150x150 steel equal angle was found to be 

more flexible than expected, causing a lower amount of restraint to be applied to the unit than 

anticipated. Based on this finding, it is advised that angle sections with even higher flexibility 

(or lower stiffness, i.e., with a smaller section thickness) are used to further reduce NMF 

promotion if they can support the earthquake load combination (G + ψEQ) gravity demands of 

the floor system once the unit is fully supported by the retrofit angle. For all 150 and 200 series 

hollow-core, a Grade 300 10x150x150 mm steel equal angle is a preferable section size 

compared to the commonly used Grade 300 12x150x150 mm steel equal angle. This is because 

a Grade 300 10x150x150 mm steel equal angle has a relatively low flange flexural stiffness, 

limiting deformation incompatibility demands enforced on the unit soffit under negative 

relative rotations caused by earthquake drift demands, while also providing adequate 

shear/flexural strength to support the unit at the tip of the angle flange under gravity load 

demands following loss of seating. For 300 series hollow-core, longer spans will require Grade 

300 12x150x150 mm steel equal angle retrofits to provide adequate shear/flexural strength to 

support the unit under earthquake combination gravity load demands. For 400 series hollow-

core, longer spans will require Grade 300 16x150x150 equal angle retrofits to provide adequate 

shear/flexural strength to support the unit under earthquake combination gravity load demands. 

Note that if a hollow-core unit is located along an evacuation route, it is then appropriate to use 

a live load combination (1.2G + 1.5Q) for the gravity design load of the retrofit angle, which 

may require a thicker angle section than 10 mm, even for 150 and 200 series hollow-core. In 

these cases, and generally where thicker angle retrofits with relatively high stiffness are 

required, it is appropriate to consider additional retrofit to prevent NMF initiation. Note also 

that hollow-core sections with deeper sections than 200HC have greater susceptibility to NMF 

due to longer lever arms between the tension and compression actions within the unit and 

topping under loading conditions that induce negative moment demands, further increasing the 

likelihood that additional retrofit may be required to prevent NMF. The length of angle retrofit 

flanges does not need to be increased beyond 150 mm for the vast majority of hollow-core 

seating cases for all different hollow-core section depths, as the additional seating requirements 

for a retrofit angle are independent from the hollow-core section depth and are instead 

dependent on the cumulative beam elongation of the orthogonal supporting frame. The fringe 

case where additional seating larger than 150 mm may be required is for 400 series hollow-core 

units spanning across two full bays of a structure, as the additional seating requirements if the 

cumulative elongation of four beam plastic hinges concentrates at one end of the unit may then 

approach 150 mm. 

• Most steel angle seating retrofits currently installed in direct contact with hollow-core unit 

soffits in New Zealand buildings would be considered “flexible” to some degree by the findings 

of this investigation. This is a positive outcome, because it means that many existing seating 

angle retrofit cases should not cause undesirable performance (triggering NMF) and become a 

danger to the occupants, and therefore such angles do not require any further remediation. 

However, for cases using Grade 500 starter bar reinforcing layouts this should be assessed 

closely. In these cases, starter bars are 600 mm or shorter and have a unit back-face tensile 

strength equivalent or higher than that of HD12s spaced at 400 mm c/c. The most common 

starter bar layout uses a spacing of 300 mm c/c, which would require some form of additional 
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retrofit (against NMF) even for a flexible angle case. Parametric analysis has yielded the figures 

displayed in Section 2.7.3 to assist in identifying NMF critical cases for different angle 

configurations installed in direct contact with the hollow-core unit soffit. 

• It is difficult to identify the effective stiffness of an angle installed in direct contact with the 

hollow-core unit soffit with no bearing strips because the location where bearing occurs 

between the angle and the unit soffit can be impacted by multiple factors. To combat this, it is 

recommended that all angle retrofits installed in direct contact with a hollow-core unit soffit 

have a steel strip welded or a low friction bearing strip installed near the tip of the angle to 

control the bearing location and therefore the angle effective stiffness. 

• Drilled holes at the back-face of the unit as proposed by (Jensen 2006) is not an advisable 

retrofit strategy for NMF. The natural progression of damage towards NMF requires a crack to 

open at the back-face of the unit anyway, to engage the starter bar strength. Therefore, this 

retrofit option makes no valuable changes to the structural system. 

• Cutting starter bars across the back-face of the hollow-core unit is a valid retrofit strategy for 

NMF as it reduces restraint and therefore negative moment demand at the end of the unit and 

end of the starter bars. However, it also has the side effect of reducing the strength of the floor 

diaphragm. 

• The post-installed epoxied bar retrofit is a valid retrofit strategy for NMF and has the added 

benefit of maintaining the designed diaphragm load-path. This makes the retrofit appropriate 

for areas of the floor seating near intermediate columns on the exterior of the building, or the 

columns within the interior of the floor plan, of which all are likely to be designed as major tie 

anchor points in the floor diaphragm strut-and-tie design. It is suggested that steel deformed 

bars of the same grade and section size as the starter bars are used for this negative moment 

capacity enhancement retrofit. Alternative products and materials (such as fibre reinforced 

polymer) can also be used if they provide the critical features of the design listed in Section 

2.6.3. 

• Lowering the seating angle retrofit 10-20 mm under the unit soffit is a valid retrofit strategy as 

it removes the effect of this retrofit detail promoting NMF and instead acts as a catch frame for 

the falling floor. Under the test conditions, there was no indication of an issue with the unit 

landing on the angle once LoS occurred. However, it is recommended for new angle 

installations that a lowered seating angle with a compressible material infill between the angle 

and unit soffit is used. This would provide minimal restraint to the unit but also ensure that no 

impact loading occurs during an earthquake where vertical accelerations could be substantial. 

This configuration was tested in the UC super-assembly experiment as described in Chapter 3 

and Chapter 5. 

• At residual displacement after high drift demands, crack widths at the back-face of the units 

tended to remain at 5 mm to 7 mm after 2.5% drift without the addition of elongation demands. 

This finding alone appeared to support the claim that for long duration Ultimate Limit State 

(ULS) design level earthquakes, a typical strut-and-tie diaphragm design solution would 

become inadmissible at the floor perimeter for much of the later cycles, as strut formation across 

the critical crack at the back-faces of hollow-core units would be eliminated by the substantial 

crack width developed. The UC super-assembly diaphragm performance research described in 

Chapter 4 investigated how this could impact building performance in earthquakes. 
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• Starter bars are not able to develop full strain hardening overstrength stresses by the stage NMF 

can initiate. Full development of starter bar overstrength demands has been proven to be 

inconsequential due to loosening of the system, precluding NMF by the time strain hardening 

can have effect on the system under negative moment demands. This means probable starter 

bar yield strengths are appropriate to use when analysing hollow-core seating under negative 

moment demands with moment-curvature analysis. 

 

2.9 How this Research Reduces the Impact of Natural Disaster on People and Property 

The ability to identify and retrofit floor units susceptible to NMF greatly reduces the likelihood of 

“pancaking” failure of affected high rise concrete buildings in design level earthquakes. It is expected 

that there may be a significant number of Wellington high-rise structures that will require retrofit. 

Without remediation, affected buildings have high risk of loss of life in design level earthquakes. By 

not using the suggested retrofit strategies for affected buildings, it is anticipated considerably more 

extensive remedies would be required, such as replacement of whole floors or the need to demolish the 

building, at significantly greater cost to building owners. The impact of this research is to minimize loss 

of life and cost to building owners by providing relatively cost-effective retrofit solutions to address the 

problem of NMF. 

 

Unless someone like you 

cares a whole awful lot, 

nothing is going to get better. 

 It’s not. 

(Seuss 1971)  
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3. Design and Construction of a Full-Scale Super-Assembly Specimen and 

Lateral Loading System for Conducting Experiments on Hollow-Core 

Retrofits and Diaphragms  

3.1 Introduction 

The vast majority of structural experiments have typically focussed on sub-assemblies of beams or 

columns subjected to one-dimensional (1D) or two-dimensional (2D) loading. In most cases, these types 

of tests can provide useful results requiring far less time, cost and laboratory space demands compared 

to a full-scale three-dimensional (3D) super-assemblage test. However, while the performance of 

specific behaviours for single hollow-core flooring units can be tested in a similar manner (as shown in 

Chapter 2), this connection component level testing is inadequate for floor diaphragm testing.  

The critical demands imposed on a floor diaphragm in an earthquake are created through deformation 

incompatibility with the support frames. This deformation incompatibility is comprised of multiple 

second order effects due to the 3D warping of the frame elements linked by the diaphragm. These 

second order effects would be impossible to capture in a 1D or 2D sub-assembly test but can be captured 

automatically when loading bi-directionally through a frame super-assembly. However, bi-directional 

loading through a super-structure adds considerable complexity to the system and there must be more 

careful consideration of boundary conditions and loci effects, especially with concurrent bi-

directionality. This chapter details design considerations to create a frame substructure and lateral 

loading system representative of a typical 1980s Wellington reinforced concrete prototype structure 

undergoing earthquake demands. A key design issue that will be covered, which is intrinsic to pseudo-

static testing of reinforced concrete frames, is preventing the restraint or promotion of beam elongation 

in the frame. 

3.2 Objectives 

The purpose of the 2020 UC super-assembly experiments was to allow for a wide range of investigations 

to answer questions posed by the structural engineering industry about floor behaviour under lateral 

loading, from component level up to system level behaviour. The design of the specimen, loading 

system and instrumentation layout all centred around providing detailed data representative of real 

reinforced concrete buildings to provide these answers. 

As discussed in Section 1.2, the first avenue of research was to experimentally investigate diaphragm 

load-paths throughout different stages of earthquake-induced damage. The objective was to answer the 

following questions: 

• How does the designed load-path degrade with respect to drift demand? 

• What are the alternative force transfer mechanisms, and by extension alternative load-paths, 

that develop as the designed load-path degrades? 

• What is the residual load sharing capacity of the degraded diaphragm load-path relative to the 

stiff idealised load-path? 

As discussed in Chapters 1 and 2, a major area of concern for New Zealand engineers has been the 

performance of hollow-core floors. This was the second avenue of research, and a major driver for the 

creation of the super-assembly frame experiment was to provide a more rigorous continuation of the 

work on assessment and retrofit of hollow-core floors described in Chapter 2. The questions related to 

hollow-core flooring that were targeted for investigation with the frame experiment were: 
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• What is the seismic performance of 200 mm deep hollow-core units when tested with realistic 

deformation incompatibility relative to a supporting frame? 

 

• What is the seismic performance of hollow-core beta units (seated on the plastic hinge zones of 

supporting beams coming out of intermediate columns as described in Chapter 1)? Previous 

testing has focussed on alpha units (units seated on plastic hinges of supporting beams coming 

out of corner columns, also adjacent to longitudinal beams as described in Chapter 1). This was 

due to the perception that alpha units were subjected to the worst deformation incompatibility 

demands. Beta units have not been focussed on in previous research and have not had specific 

design provisions despite having similar deformation incompatibility demands imposed. 

 

• Which of the commonly used retrofits for hollow-core unit seating details provide adequate 

performance enhancement for life-safety? The seating angle and post-installed topping bar 

retrofits described and tested in Chapter 2 were prioritized for further verification. Additional 

retrofits for alpha and beta units were also targeted as described in Section 3.9.  

3.3 Super-Assembly Specimen Design 

It was judged necessary to create a full-scale structure due to the use of hollow-core precast floor units, 

which are proprietary products with unique concrete mix design. This meant it was not practical to scale 

them down. Scaling of the frame while using these unscaled floor units would have altered the complex 

floor-to-frame interactions, introducing errors and factors in results that could not be accurately 

accounted for. 

The frame super-assembly was constructed in the strong wall portion of the UC Structural Engineering 

Laboratory (SEL). Anchor points giving the ability to push and pull the structure from stiff reference 

points were provided by the L-shaped strong wall and the strong floor. The capabilities of the strong 

wall and the requirement to create a full-scale specimen set the limits for the frame design. The critical 

strong wall parameters influencing the design were: 

• A length of 14.6 m for both arms of the L-shaped strong wall. 

• Grid spacing of 400 mm for the anchor points in the strong wall and strong floor. 

• A capacity of 1000 kN for a bolt group of four anchor points.  

The 14.6 m length of both arms of the strong wall and the 1000 kN capacity of available for use from 

the strong wall provided the limitations for the super-assembly. Design decisions were focussed on 

keeping within the restrictions set by these parameters while achieving all experimental objectives. The 

most restrictive of the parameters was the strong wall length. Some compromises had to be made with 

the external loading frame to fit within that length as discussed in Section 3.5. 

The specimen super-assembly design was based on a typical 1980s building design. This, along with 

practical limitations for the size of the specimen, led to some core similarities with previous UC tests 

from the early 2000s (Matthews 2004). The most obvious of these similarities were that it was a 1-by-

2 bay reinforced concrete frame with a hollow-core floor system installed. The beam depth and 

longitudinal reinforcing layout shown in Section 3.3.1 and Appendix F was identical, as both the 2020 

and early 2000s tests were based on a prototype typical 1980s building design. Elements of the loading 

system were also similar, though used in a different format. These similarities are useful, as they allow 

some comparison between experiments. However, the similarities end here, as the 2020 UC 

super-assembly experiment was designed for a different set of objectives compared to previous testing. 

An overview of the specimen is provided in Figure 3-1. 
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Figure 3-1: 2020 UC Super-Assembly Specimen Overview (Büker et al. 2022)      

When referencing locations throughout explanation of the design and when reporting results for the 

experiment, the grid system displayed in Figure 3-2 will be used.  

 

Figure 3-2: Plan View Displaying the Grid System Used to Identify Individual Elements of the 

2020 UC Frame Super-Assembly Specimen 

For simplicity, explanation of lateral loading system design will be split into three components:  
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• The specimen super-assembly itself, which shall be broken down into the frame design and 

floor detailing. For the purposes of the 2020 UC frame experiment, the columns of the super-

assembly concrete frame could be considered a component of the loading frame, as the focus 

was on floor behaviour. The concrete frame was created and instrumented only as a means to 

comprehensively enforce and understand realistic precast floor and diaphragm demands. 

• An external loading system composed of actuator configurations in orthogonal directions, 

loading from the UC SEL strong wall as shown in Figure 3-3. This system had the purpose of 

applying displacement (drift) demands on the south and east columns of the specimen with 

concurrent bi-directionality.  

• An internal loading system composed of arrow frames and bi-directional frictionless base 

sliders as shown in Figure 3-3. This system had the purpose of distributing the applied actuator 

load through the specimen to enforce realistic deformations to the specimen frame, 

consequently applying realistic deformations to the specimen diaphragm. The internal loading 

system was also the primary loading system component ensuring beam elongation was neither 

restrained nor promoted.  

 
(a) Plan View 

   
(b) East-West Elevation                                        (c)  North-South Elevation 

Figure 3-3: Distinction between the Internal (Blue) and External (Green) Loading Frame 

Elements for the 2020 UC Super-Assembly Experiment 

Internal 

Internal Internal 

External 

External External 

External External 

Internal 

Internal 
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3.3.1 Frame Design 

The frame was designed in accordance with capacity design principles and the requirements in 

NZS1170.5-2004 (Standards New Zealand 2004) and NZS3101-2006 (Standards New Zealand 2017). 

The exception to this was the beam design, which was informed by typical Wellington 1980s detailing. 

Overview 

The frame was designed to house eight 200HC units running in the north-south direction as shown in 

Figure 3-4. The 10.55 m length of the specimen in the east-west direction was selected to fulfil the 

requirements of fitting eight hollow-core units while aligning with the strong wall anchor points and 

remaining within the strong wall length.  

 

Figure 3-4: Plan View of the UC 2020 Frame Super-Assembly Specimen with Outer Dimensions 

The layout displayed in Figure 3-4 provided two alpha units, two beta units and four standard units for 

testing. The 8.15 m length of the specimen in the north-south direction was selected to provide a realistic 

unit length for 200 series hollow-core, while aligning with the anchor points in the strong wall. 

The hollow-core unit length came to 7.19 m. This length could have been extended to approximately 8 

m while remaining representative of a real structure. However, it was desirable to keep the length 

slightly shorter to keep the floorplate aspect ratio of each bay of the specimen smaller (i.e., keep each 

bay as square in plan as practical). This was to make it easier to identify diagonal struts in the diaphragm 

as the designed load-paths deteriorated. It was also preferrable to keep the lengths of the beams in both 

directions as similar as possible. This kept the ductility of the frame similar in both directions throughout 

the test and minimized formation of different mechanisms in the beams in different directions e.g., shear 

mechanism dominated support beams and flexure mechanism dominated longitudinal beams. 

The beams of the specimen were aligned near the outer edges of the columns instead of along the 

column centrelines as shown in Figure 3-5. This layout is commonly implemented for the external 

frames of real structures to simplify the process of attaching cladding to the exterior of the structure by 
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having a flat surface to attach to along the full side of the structure. A side-effect of this layout is the 

creation of larger cut-outs in the floor as displayed in Figure 3-5. 

 

(a) Matthews’ Layout (Matthews 2004) 

Figure 3-5: Comparison of Beam Alignments 

It was important to include the larger floor cut-outs in the specimen design, as this creates a worse case 

for deformation incompatibility of the floor units against the columns under lateral loading. The opening 

of the “birds-mouth” as discussed in Section 1.3.4 is where cracks are typically initiated from stress 

concentration. This can accelerate the onset of longitudinal cracking between the webs of a hollow-core 

unit, which can in turn weaken the unit to other cracking modes such as web-splitting. It can also 

promote crack initiation across hollow-core units away from the ledge. 

A detrimental effect of larger cut-outs for alpha and beta units is a reduction in seating width. 

Hollow-core units are only seated on the support beam, so any additional cut-out for the column leads 

to an equivalent reduction in seating width, as the unit is pushed up flush with the parallel beam interface 

for alpha units (where link slabs have not been incorporated into the design) or the adjacent beta unit 

for beta units. This leads to higher bearing stresses on the ledge supports that can cause earlier initiation 

of the Loss of Seating (LoS) failure mode outlined in Section 1.4.1, due to earlier spalling at the ledge 

and back-face of the hollow-core unit.  

A detrimental effect of larger cut-outs specifically for beta units is an increase in torsional demands in 

the supports of the unit if cracking occurs between beta units. This is because there is no support under 

one side of the beta unit, and the only element providing fixity for this unsupported side is the adjacent 

beta unit as shown in Figure 3-6.  

 

(a) Unsupported Sections and Inter-Unit Weak Zone           (b)   Beta Units Bowing Inward After 

              Mesh Rupture             

Figure 3-6: Beta Units Twisting Inward After Cracking Between Beta Units 

The interface between beta units is the weak point where cracking occurs, unless specific design 

strategies are employed to avoid this, as discussed in Section 3.3.2 and 4.3. If continuity of 

Smaller cut-out 

(125 x 175 mm) 

Larger cut-out 

(370 x 375 mm) 

(b)  2020 UC Super Assembly Layout  
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reinforcement is lost along this interface, it can lead to beta units twisting and caving in along the crack 

line. Alpha units gain support against this twisting from the starter bars connecting them to adjacent 

beams. However, this continuity reinforcement causes other detrimental effects on the alpha unit during 

lateral loading due to deformation incompatibility with the adjacent beams as discussed in Section 1.3.4. 

The frame alignment with the strong wall was set for the centre of load from each set of actuators to act 

down the beam centrelines rather than the column centrelines as shown in Figure 3-7. This was done to 

avoid introduction of unwanted torsional demands into the columns. 

 

Figure 3-7: Actuator Alignment with Beams for the 2020 UC Super-Assembly Experiment 

Beam Design 

The dimensions of the beams were 750 mm x 430 mm with an additional 30 mm ledge for the support 

beams as displayed in Figure 3-8. The longitudinal reinforcing selected was Grade 300 steel, 25 mm 

diameter deformed bars. New Zealand reinforced concrete structures designed in the 1980s would have 

used 24 mm diameter bars, but this bar size is no longer available. The stirrups were Grade 300 steel, 

12 mm round bars. In the plastic hinge zone, hoops and middle ties were installed at 100 mm centres to 

provide a high level of confinement. This was reduced to only hoops at 175 mm centres outside of the 

plastic hinge zones. 

= Column centre-line alignment 

= Beam and actuator centre-line alignment 
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       (a)  Longitudinal Beams (No Ledge)                          (b)  Support Beams (with Ledge) 

 

Figure 3-8: Beam Cross-Section Examples for the 2020 UC Super-Assembly Experiment (Plastic 

Hinge Zone High Confinement Arrangements) 

The critical detail of the beams for hollow-core unit performance was the ledge detailing in the support 

beams. 50 mm ledges were a recommended and common nominal specified ledge width in 1980s beam 

design for buildings using precast floors. However, in practice many buildings had 30 mm width 

support ledges or smaller installed, either by design or by over-cutting of the units, leading to less 

overlap with the ledge. The smaller the ledge, the greater the risk of the LoS failure mode. Modern 

design requires reinforced ledges of approximately 80 mm width to avoid LoS. The first super-assembly 

test primarily targeted Negative Moment Failure (NMF) for intra-span units, but LoS and web-splitting 

failure modes for alpha and beta units, so a 30 mm ledge was selected to provide a relatively critical 

case for both objectives. The second super-assembly test had more focus on the LoS and Positive 

Moment Failure (PMF) failure modes, and 30 mm ledges were also installed for this test. A detail 

incorporated in this beam design that would be highly unadvisable for modern design was the lack of 

ledge reinforcing in the support beams. Ledge reinforcing was not implemented in the 1980s, and 

greatly increases the potential for ledge spalling, further reducing the effective seating length. 

An aspect of the super-assembly experiment beam design that would not be seen in a typical building 

was the lap-splice design. Members of the internal loading system needed to pass through the centre of 

the beams, as discussed in Section 3.4.1. This required rectangular cut-outs to be installed through the 

centre of the beams at their mid-spans as shown in Figure 3-9. 
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(a)   Plan View 

 
(b)   Elevation 

Figure 3-9: Beam Splice Layout Around Arrow Frame Cut-Out in the UC 2020 Super-Assembly 

Specimen  

The middle column of the longitudinal reinforcing bars was terminated early to leave space for the cut-

out. An additional set of splice bars were placed in the outer columns of longitudinal reinforcing to 

make up for the loss of steel reinforcement cross-sectional area in the lap splice caused by the cut-out. 

The lap bars were kept as far to the sides of the beam as possible to maximize the width available for 

the cut-out. This was done because a larger cut-out provided additional tolerance between the internal 

loading frame member and the beam concrete and allowed for larger internal loading frame member 

sizes. 

Along the length of the cut-out, it was not possible to install stirrup hoops, so these hoops were replaced 

with two sets of tie-bars either side of the cut-out as displayed in Figure 3-9. 

The rectangular cut-outs were finalized with a size of 155 mm x 400 mm as shown in Figure 3-9. 

Column Design 

The columns dimensions were 850 mm x 850 mm as shown in Figure 3-10. The longitudinal reinforcing 

selected was grade 500 steel, 32 mm deformed bars. The stirrups were R12 stirrups at 100 mm centres. 

Each set of stirrups was composed of three hoops as displayed in Figure 3-10. This configuration 

maximised confinement in all directions.  
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Figure 3-10: Standard Column Cross-Section for the 2020 UC Super-Assembly Specimen 

The columns were capacity designed to overcome the demands imposed by the beams in both directions 

simultaneously. This aspect of the design was not typical of standard design, but the columns of the 

specimen functioned primarily as a component of the loading frame, so conservative estimates of the 

demand were used to minimise flexural deformations. This was done to minimise unmeasured 

deformations in the overall system.  

Another consideration pushing for more conservative estimates for column demand was that the frame 

was designed to be reused by replacing damaged beam components. It was desirable for the columns 

and beam column joints to remain relatively undamaged, so they did not need to be reinstated after the 

first test. 

The 100 mm centre-to-centre (c/c) spacing of the stirrups was disrupted at the top and bottom of the 

columns to fit around the ducts for the arrow frame clevis connections as shown in Figure 3-11. 
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(a)    N-S Elevation Cross Section                     (b)    E-W Elevation Cross Section 

             Top of Column                                                   Top of Column 

 

(c)    N-S Elevation Cross Section                      (d)    E-W Elevation Cross Section 

            Bottom of Column                                              Bottom of Column 

Figure 3-11: Corner Column Duct and Stirrup Layout at the Top and Bottom Column 

Connections to the Loading Frame 
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This disruption of the stirrups meant there was less internal confinement for the longitudinal bars at 

these locations. However, once the arrow frame clevis plates were installed and tensioned to the column 

faces, these plates provided external confinement to remedy this issue. 

The layout of the longitudinal bars shown in Figure 3-10 was selected to maximise capacity while 

allowing for the beam bars and column ducts to pass through the column in the optimal positions as 

shown in Figure 3-12. This led to less longitudinal reinforcing in the corners and more along the sides. 

 
(a)  Corner Column Duct Arrangement                (b)   Middle Column Duct Arrangement 

   Through Column Longitudinal Bars                     Through Column Longitudinal Bars 

                                  
(c) Corner Column Beam Bars Passing               (d)   Middle Column Beam Bars Passing 

  Through Column Longitudinal Bars                      Through Column Longitudinal Bars 

Figure 3-12: Duct and Beam Longitudinal Bars Passing Through Columns 

The top and bottom of the longitudinal bars in the columns were anchored into 40 mm thick steel plates. 

This was done to minimise development length of the longitudinal bars in tension at the ends of the 

columns and avoid bar development issues. This provided a continuity of load transfer at the end of the 

columns, creating boundary conditions similar to the cross section at this location in the column of a 

real structure.  

The columns were designed higher/taller than the 3500 mm height used in Jeff Matthews’ experiment 

as detailed in Section 1.7.1. A height of 4540 mm was used instead to provide a larger lever arm of 

4000 mm to reduce the force required through the actuators to overcome the capacity of the specimen. 

This was necessary, particularly in the double bay direction because the actuators needed to overcome 

the capacity of two beams, doubling the demands. 
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Additional design drawings for the columns are displayed in Appendix G drawing set UC 2. 

Beam-Column Joint Design 

More column bars were placed in the middle two rows of longitudinal reinforcing instead of the corners 

to make the beam bars and clevis plate ducts fit through better as shown in Figure 3-12. 

The support beams and longitudinal beams had longitudinal reinforcing at slightly different heights, 

providing differences in capacity. This difference in the longitudinal bar heights between the beam types 

was to allow them to pass through each other in the beam-column joints as shown in Figure 3-13.  

       
(a) Longitudinal Beam Side 

 
(b) Support Beam Side 

Figure 3-13: Corner Column Beam Column Joint Elevations 

Longitudinal bars were anchored in the corner columns with 90-degree hooks as shown in Figure 3-13. 

The longitudinal beam bars were terminated 645 mm and 710 mm into the columns. The support beam 

bars were terminated 637 mm and 767 mm into the columns. This satisfied the anchorage requirements 

in NZS3101:2006 (Standards New Zealand 2017). In the middle columns, the longitudinal bars passed 

directly through the column. Checks were made to ensure the bars would not be pulled through the 

column. 

The stirrup reinforcement in the beam column joints was increased to R16s at 90 mm centres to increase 

confinement at the location of maximum shear and bending moment demands in the columns.  

As shown in Figure 3-5, the beams were oriented to the outer faces of the columns. The column and 

beam faces could have been made flat by adding an additional 50 mm cover concrete to provide a more 

realistic finish to attach cladding to. However, this was not done because it was more important in 

testing to see the behaviour of the beam bars without additional cover concrete obscuring the view. 
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Precast Element Design 

The frame precast elements were designed to minimise the number of elements to connect to simplify 

construction. Consideration was given to the load capacity and capabilities of the transportation 

methods and laboratory cranes. The maximum precast element sizes possible were two H-frame 

assemblies and two T-section assemblies as shown in Figure 3-14 and Figure 3-15.  

 
(a) Precast H-Section Elevation Drawings 

               
(b) Precast H-Section Entering the UC SEL            (c)   Preparing to Crane an H-Section in the SEL 

Figure 3-14: Precast H-Sections (2 Used) 

 
(a) Precast T-Section Elevation Drawings 
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(b) Lifting Precast T-Section Vertical             (c)  Craning Precast T-Section into Frame Position 

Figure 3-15: Precast T-Section (2 Used) 

Lifting hooks were installed on the sides and tops of all columns to allow for the columns to be lifted 

from horizontal to vertical. An example of switching from horizontal to vertical lifting hooks to change 

the precast element orientation is displayed in Figure 3-15 (b). 

As these precast elements were supported on bi-directional frictionless sliders, propping was required 

at the top and bottom of each column during construction to keep the elements correctly positioned as 

displayed in Figure 3-16.  

 
Figure 3-16: Precast Elements Propped in Position Prior to Floor Installation and In-Situ 

Concrete Casting 

Once the elements were in position, boxing was placed around the support beams and the top half of 

the longitudinal beams. The in-situ beams and floor topping were cast at the same time to complete the 

specimen as shown in Figure 3-17. Props were then removed and replaced by actuators one at a time to 

ensure the specimen was restrained against rolling off the bi-directional sliders at all stages of 

construction in the event of an earthquake. 
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(a)   Vibrating In-Situ Concrete in a Beam            (b)  Laying the In-Situ Concrete Floor Topping 

Figure 3-17: Simultaneous Casting of the 2020 UC Super-Assembly Specimen Beam Elements 

and Floor Topping 

3.3.2 Floor Connection Design 

A general outline of the floor connection design decisions and their purposes for both 2020 UC 

super-assembly experiments will be provided in this section. For brevity, these tests will be 

differentiated by referring to them as the “Test 1” and “Test 2”. Note that at the conclusion of Test 1, 

all designs, frame refurbishment and investigations pertaining to Test 2 were designed and overseen by 

Frank Büker of the University of Auckland. The outline of the Test 2 floor design presented in this 

section is only for the purpose of providing context for the diaphragm behaviour observed and analysed 

for Test 2, provided in Chapter 4. This is so comparisons can be drawn against the Test 1 diaphragm 

behaviour. For a full explanation of the Test 2 floor design decisions, hollow-core performance, and 

retrofit investigation, refer to (Büker et al. 2022) and (Büker 2023). 

An overview of the floor connection detailing for Test 1 and Test 2 is displayed in Figure 3-18. Note 

that column ties are deformed steel reinforcement bars cast into the diaphragm topping and anchored 

into the interior faces of the intermediate columns.  
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(a) Test 1 Continuity Reinforcement                    (b)  Test 2 Continuity Reinforcement 

Figure 3-18: Floor Continuity Reinforcement Arrangements for Test 1 and Test 2 (Büker et al. 

2022) 

Test 1 

Test 1 had a focus on testing retrofits that would prevent NMF for the intra-span units. The floor 

connection design differed between the two bays of the frame specimen depending on how critical the 

of a detailing for NMF was desired.  

The beam-unit connection designs used the same configurations as the single unit tests outlined in 

Chapter 2. This consisted of 600 mm long HD12 starter bars at 400 mm spacing as shown in Figure 

3-19. In the first (eastern) bay of the specimen, no mesh crossed the interface to create the same detail 

used in single unit test 1, 2, 3 and 6. In the second (western) bay, mesh crossed the beam-unit interface 

to create an over reinforced NMF critical detail similar to the detailing used in the single unit Test Cases 

4 and 5. The strength of this detailing in conjunction with the use of stiff angle retrofits had already 

been proven to cause a NMF in the single unit Test Case 4. This provided the ability to test the post-

installed bar retrofit used in the single unit Test Case 5 in a full floorplate. All intra-span units had a 30 

mm deep crack initiator saw-cut installed 50 mm beyond the end of the starter bars similar to the single 

unit experiments to ensure that the tensile capacity of concrete was not being relied on to prevent 

initiation of NMF. 

 

 

+ Mesh 

+ Mesh 

= Saw-cut 

HD20 

diap 

HD20 

650 mm 

650 mm 

650 mm 
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(a) Eastern Bay Intra-Span Unit Seating Connection Design Plan (Left) and Elevation (Right) 

 

(b) Western Bay Intra-Span Unit Seating Connection Design Plan (Left) and Elevation (Right) 

Figure 3-19: Test 1 Intra-Span Unit Connection Design 

It was important to ensure the retrofitted configurations would not trigger NMF or other undesirable 

failure mechanisms under the more realistic load and deformation incompatibility demands imposed by 

simultaneous bi-directional loading through the frame specimen.  

The floor connections between the alpha units and longitudinal beams were starter bars at 400 mm 

centres with mesh crossing the beam to unit interface.  

The mesh used in the Test 1 specimen was 665 deformed non-ductile mesh. This was laid across the 

entirety of the specimen topping. Where a lap was required between sheets of mesh, there was at least 

a one grid square overlap, providing a minimum lap length of approximately 150 mm. 

An aspect of floor design required in modern buildings is tie-bars installed within the diaphragm floor 

topping between intermediate columns to adequately link the columns and avoid them bowing out as 

displayed in Figure 3-20. This requirement was proposed in the UC frame experiments conducted in 

the early 2000s outlined in Section 1.7.1 and could be considered a retrofit. However, as all buildings 

including ones built in the 1980s require this retrofit, they were installed into the specimen because that 

is the realistic floor condition for New Zealand buildings moving forward. 

30 
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Figure 3-20: Test 1 Diaphragm Column-to-Column Tie-Bar Configuration 

The tie-bars installed in the Test 1 specimen were two D20 Grade 300 bars connecting column B1 to 

column B2 as shown in Figure 3-20. These bars were cast into the floor with a 25 mm topping cover 

and an anchorage of 550 mm into the columns. The laps in the middle of the floor were 800 mm long. 

Test 2 

Test 2 had a greater focus on LoS and PMF damage modes. This required a wider range of starter bar 

connection configurations. Different starter bar configurations were used at the four support ends of the 

two bays as shown in Figure 3-18 to encourage targeted local hollow-core failure modes to initiate at 

the critical end. In the first (eastern) bay, the northern end of the hollow-core units was designed as 

critical end for failure, targeting loss of seating with a weak mesh only beam-floor interface. In the 

second (western) bay, the southern end of the hollow-core units was designed as the critical end for 

failure, targeting negative and positive moment failures at the end of the starter bars with short high 

strength beam-floor continuity reinforcement (450 mm long HD12s at 300 mm c/c spacing with mesh 

also crossing the beam-unit interface). The targeted critical failure ends of each bay were installed on 

the diagonals opposite each other to minimize interaction of failure modes that could affect results. The 

non-critical ends were identical to the eastern bay beam-unit connection design from Test 1 (600 mm 

long HD12s at 400 mm c/c spacing).  

Two D20 tie-bars were epoxy post-installed into the Test 2 specimen floor topping between column B1 

and B2 to observe if there were any differences in behaviour compared to the cast-in-place tie-bars from 

Test 1. Most tie-bar configurations installed in building using hollow-core flooring would be post-

installed. Installation of the tie-bars required cutting the orthogonal topping mesh. D12 “stitching” bars 

were epoxy post-installed, at right angles to the tie-bars, linking the two beta units (unit 4 and unit 5) to 

repair the cut mesh connections. These stitching bars also provided the benefit of strengthening the 

beta-beta unit connection after results from Test 1 displayed that this was a critical weak point for both 

the gravity carrying and diaphragm functions of the floor. This allowed observation of diaphragm 

degradation without a single weak interface. It was also desirable to investigate the viability of 

retrofitting the floor to maintain the diaphragm load-path across multiple bays without causing 

excessive additional deformation incompatibility driven damage. 
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3.4 Internal Loading System 

One of the core concepts of the loading frame design was to allow the frame to grow outwards from the 

base of the south-west corner (where the bottom actuators were pinned to column A1) as shown in 

Figure 3-21. The beams of the frame elongate during plastic deformation, causing the outward 

movement of the specimen. 

 
Figure 3-21: UC 2020 Super-Assembly Specimen Growing Outward from the Origin at Column 

A1 Due to Beam Elongation 

Constraining the problem of beam elongation to this format meant that the stroke demands for all 

actuators and bearings, as well as off-angle demands for actuator clevises could be readily designed for. 

This datum also provided the benefit of allowing for cleaner and more succinct algorithms for the 

actuator control software compared to other potential options by removing the need to drive the bottom 

actuators with the standard loading protocol as discussed further in 3.7. The two main components of 

the loading frame system were the arrow loading frames and bi-directional sliders. 

3.4.1 Arrow Loading Frames 

Arrow frames were used as the system to distribute load through the concrete frame specimen. The 

actuators pushing and pulling from the strong wall only applied load to the southern and western 

columns. To apply realistic load and deformation demands on the floor diaphragm, it was critical that 

all columns remained parallel in both axes as drift was applied by the actuators. This necessitated a 

loading frame to link the columns being loaded directly via the strong wall to the free-standing columns 

as shown in Figure 3-22.  
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Figure 3-22: Links to the Specimen Provided by the External Loading Frame (Green) and 

Missing Links Requiring an Internal Loading Frame (Red) 

The parallelogram truss pair layout of an arrow frame system has been verified as an effective solution 

at keeping columns parallel while allowing for beam elongation as discussed in Section 1.7. The truss 

system naturally extends while enforcing a parallel column configuration by reducing the angle of the 

“arrows” while the beams elongate as shown in Figure 3-23. 

 
(a) E-W Arrow Frame Layout Prior to Loading 

 
(b) E-W Arrow Frame Layout Under +5% Drift Demand 
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(c) E-W Arrow Frame Layout Under -5% Drift Demand 

 

 

 

(d) E-W Arrow Frame Layout Following 75 mm Beam Elongation Per Plastic Hinge 

Figure 3-23: E-W Arrow Frames and Bi-Directional Sliders Keeping the Specimen Columns 

Parallel While Avoiding Promotion or Restraint of Beam Elongation 

Note that both the internal and external loading frame systems allowed for at least 75 mm of beam 

elongation per plastic hinge (with extra allowance for the origin to be moved if the slider stroke limit 

was exceeded). A real concrete structure plastic hinge of the scale used in the 2020 UC super-assembly 

experiments could be expected to reach a maximum elongation of approximately 30 mm per beam 

plastic hinge. This meant the allowance for elongation for a single experiment had a Factor of Safety 

(FoS) of at least 2.5. However, the 2020 UC super-assembly specimen was not designed to be used only 

once. It was designed to be used at least twice with the possibility of a third experiment. This meant 

that the stroke allowance for beam elongation had a system factor of safety of 1.25 for two experiments 

with two sets of beam elongation, limited by the base slider stroke allowance. In the event of a third 

experiment, the origin would likely have needed to be moved prior to testing to accommodate a third 

full allowance for beam elongation (which was possible due to all specimen horizontal fixity being 

provided by actuators). A depiction of the arrow frame system in the N-S direction is displayed in Figure 

3-24. 

= Original centrelines 

= Extended centrelines 
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(a) N-S Arrow Frame Layout Prior to Loading 

 
(b) N-S Arrow Frame Layout Under -5% Drift Demand 

 
(c) N-S Arrow Frame Layout Under +5% Drift Demand 
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(d) N-S Arrow Frame Layout Following 75 mm Beam Elongation Per Plastic Hinge 

Figure 3-24: N-S Arrow Frames and Bi-Directional Sliders Keeping the Specimen Columns 

Parallel While Avoiding Promotion or Restraint of Beam Elongation 

Previous tests described in Section 1.7 have used arrow frames as a “secondary loading frame”, where 

their only purpose was to keep columns parallel while a primary loading frame applied the majority of 

load to the specimen to enforce drift demand. In the 2020 frame experiments, the arrow frames were 

used as the primary loading frame while also maintaining the purpose of enforcing the parallel column 

layout without affecting beam elongation. 

This difference meant that the arrow frames required greater cross-sectional area than previous uses of 

the system, to minimize elastic deformation in the members, and avoid buckling in the extreme case. 

While unavoidable to some degree, any deformation in the loading system would reduce conformity of 

the applied deformations to that of a real structure undergoing an earthquake, as the columns would 

become less parallel. 

The requirement of greater cross-sectional area was most apparent in the arrow frames of the first bay 

of the specimen in the east-west direction. Because all load was being applied from the strong wall, 

these arrow frames needed to be able to withstand the demand of overcoming the capacity of the 

specimen beam plastic hinges in both bays (plastic hinges 1, 2, 3 and 4 in Figure 3-25 (a)) as well as 

any specimen capacity contribution from diaphragm action as shown in Figure 3-25. 

= Original centrelines 

= Extended centrelines 



 

3-25 

 

 
(a) Design Level Forces for the E-W Arrow Frame Assemblies 

 
(b) Design Level Forces for the N-S Arrow Frame Assemblies 

 
(c) Installed Arrow Frames 

Figure 3-25: Load-Path Example and Design Level Forces for the Arrow Frame Assemblies 

Figure 3-25 only displays the specimen under a push loading condition relative to the strong wall. In a 

pull loading condition, the direction of all forces would be reversed but the maximum magnitude would 

remain the same. This means that buckling needed to be accounted for in all arrow frame members, as 

they would all undergo large compression demands. 
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The arrow frames were aligned with the centrelines of the specimen beams to avoid introducing 

unwanted torsion into the columns. This required that the vertical arrow frame members pass through 

the specimen beams as visible in Figure 3-23 and Figure 3-24. Tolerance was accounted for by 

oversizing the specimen beam cut-outs and providing extra width allowance in the arrow frame clevis 

assemblies to allow for warping of the specimen beams as they became damaged. This was done to 

avoid binding of the arrow frames and specimen beams as the specimen deformed. 

Further drawing details of the arrow frame design is provided in Appendix F. 

3.4.2 Bi-Directional Sliders 

All six columns of the frame specimen were placed on bi-directional frictionless sliders and universal 

clevises as shown in Figure 3-26. 

 
Figure 3-26: Base Slider Configuration with Allowance for Slider Kick-Out to Keep the Origin 

of Loading at the Actuator Height 

This configuration meant that of the three degrees of translational freedom, the columns were 

unrestrained in the X and Y direction and restrained in the Z direction. Of the three rotational degrees 

of freedom, the columns were unrestrained about the X and Y axes, meaning no restraint against applied 

drift, and restrained about the Z axis, so the columns were partially restrained against torsion. This 

configuration of restraint is displayed in Figure 3-27. 

                                                                
(a)   Translational Degrees of Freedom                    (b)   Rotational Degrees of Freedom 

Figure 3-27: Column Base Free Degrees of Freedom (Green) and Restrained Degrees of 

Freedom (Red) 



 

3-27 

 

The frictionless sliders were an important component in creating a system that did not unrealistically 

interfere with beam elongation. By providing no restraint in the X and Y directions at the base, the 

specimen was free to grow as displayed in Figure 3-21, while any unrealistic vertical uplift of the 

columns was eliminated.  

The lack of restraint at the column bases had multiple run-on effects. These effects were:  

• All horizontal restraint was provided through the actuators connecting the specimen to the 

strong wall. While this provided challenges in propping during construction, it also had the 

beneficial effect of allowing the full lateral resistance of the structure to be easily captured 

through the actuator load cells. This additionally made it possible to check for static equilibrium 

during testing to ensure instruments were reading correctly. 

• It allowed for the vertical datum level of the specimen during lateral loading to be at the level 

of the bottom actuators. The base of the column and sliders could be allowed to “kick out” 

below the actuator line as shown in Figure 3-26. This would not have been possible if any base 

connections had been pinned. This was useful as it simplified the loading protocol. It meant the 

bottom level of actuators could remain stationary (other than allowances for beam elongation) 

while the main portion of loading could be completely controlled through the top row of 

actuators. This is further discussed in Section 3.7. 

• It provided the ability to re-position the entire specimen with the actuators in the event that the 

stroke capacity of any sliders was in danger of being exceeded after accumulating additional 

beam elongation from multiple tests. 

Further drawing details of the bi-directional slider design are displayed in Appendix F and a bi-

directional slider and universal joint assembly is displayed in Figure 3-28. 

 
Figure 3-28: Bi-directional Base Slider and Universal Joint Assembly 

3.5 External Loading System 

The external loading system was a set of fourteen actuators attaching specimen columns to the strong 

walls as displayed in Figure 3-3 and Figure 3-7. Each column linked to the strong wall had an actuator 

attached at the top and bottom to create a force couple in the direction of loading (or in the east-west 

direction, two rams at both the top and bottom, as discussed further in the section). The principle behind 

this configuration was to load approximately where the inflection points of moment demand would be 

in the columns of a real structure subjected to lateral loading. This meant that the shear and moment 

profile of the frame specimen would closely match a real structure as discussed in Section 1.7.1 and 

displayed in Figure 1-53.  

More practically, this configuration also meant that as load was applied further from the beam-column 

joint, a smaller force couple could be used to overcome the capacity of the floor and beam assemblies. 

The trade-off with a larger lever arm, however, was a requirement for more column longitudinal 

reinforcing to maintain high elastic stiffness in the columns. 
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Despite the increased height of columns and lever arms for loading relative to previous super-assembly 

experiments, there was still insufficient capacity from a single 1000 kN actuator to overcome the 

specimen capacity in the east-west direction. This necessitated the use of a double actuator configuration 

in this direction as displayed in Figure 3-29. 

 

(a) Plan View of East-West Double Actuator and North-South Single Actuator Alignments and 

Connections  

                                         
(b) East-West Elevation of Double ±800 kN         (c) North-South Elevation of Single ±1000 kN 

Capacity Actuator Configuration                           Capacity Actuator Configuration 

 

                                                     
(d) Installed Double-Actuator             (e)  Installed Single Actuator North-South Configuration 

East-West Configuration 

Figure 3-29: Actuator Configurations in East-West and North-South Directions  

The strong wall anchor points had a requirement of a 1200 mm distance between 1000 kN loads. This 

meant that both actuators could not be aligned directly with the column face. Therefore, a splitter beam 
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was required to apply load into the columns. A compromise needed to be made with the design of the 

splitter beams to fit within the length allowed by the strong wall in the east-west direction. Ideally, the 

splitter beam would be attached to both actuators with clevises on one side and attached to the column 

with another clevis on the other side. This would ensure the loads were balanced between actuators and 

the actuator loads were centred directly on the column-to-splitter-beam clevis line (in line with the beam 

centrelines). Unfortunately, the addition of a clevis connection between the splitter beam and column 

would have caused the total length of the specimen and external loading frame to exceed the length of 

available strong wall anchor holes for the actuator connections at column C1. The specimen was the 

minimum size possible to accommodate eight hollow-core units so could not be altered to provide more 

available length for the external loading frame. To allow for this design limitation, the splitter beams 

were welded to baseplates and bolted directly to the column faces. This caused differential load in the 

actuators due to differences in stiffness at the two actuator clevis locations. However, the actuator 

capacity was great enough in the double actuator configuration to allow for these differential loads and 

no unintended torsional rotations could be introduced due to fixity provided by the actuators, so this 

design compromise was adequate. 

The rams used in the north-south direction had a capacity of ±1000 kN. The rams used in the east-west 

direction had a capacity of ±800 kN, providing a total capacity for each double-actuator couple of ±1600 

kN. 

The off-angle demands for the top actuators were greater than the actuator clevises would allow for in 

a vertical configuration. This was because rotation was applied using the bottom actuators as the 

fulcrum as shown in Figure 3-26. Additionally, growth of the specimen from beam elongation pushed 

the actuators off-centre relative to their starting position in plan even further as shown in Figure 3-21 

The simple solution used to overcome this was to rotate the top actuator clevises by 90 degrees as shown 

in Figure 3-29 (b) and (c), so they had a wide angular range in the horizontal plane. 

3.6 Loading Protocols 

3.6.1 Loading Shapes 

Three main loading shapes were employed throughout Test 1 and Test 2, each focusing on obtaining 

different information for hollow-core and diaphragm performance. 

Once again, the outline of the Test 2 protocols presented in this section is only for the purpose of 

providing context for the diaphragm behaviour observed in Test 2. This is so comparisons can be drawn 

against the Test 1 diaphragm behaviour. For a full explanation of the Test 2 design decisions, hollow-

core performance and retrofit investigation, refer to (Büker 2023). 

Linearized Circular Loading 

The primary loading shape used for both tests was the linearized circular loading protocol. This protocol 

is a variation of the classic clover-leaf protocol as shown in Figure 3-31 and has been used previously 

in sub-assembly testing of columns at Swinburne University (Raza et al. 2019) as discussed in Section 

1.8.1. 
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Figure 3-30: Linearized Circular Loading Protocol Shape (Büker et al. 2022) 

The linearized circular loading protocol has multiple strengths for three-dimensional pseudo-static 

testing. The first and most obvious strength for the objectives of the 2020 UC super-assembly 

experiment was the provision of simultaneous bi-directional loading along the arcs of the circle. 

However, this benefit could have been achieved with a realistic earthquake displacement record or a 

classic clover-leaf displacement record. 

The major benefit that raised the linearized circular displacement protocol above these alternative 

loading protocol shapes was the relative simplicity of the loading path. There was a single cardinal 

direction of increasing displacement demand at all stages in loading. This included along the arcs, where 

one of the orthogonal loading directions was increasing and the other was decreasing. This was useful 

for the hollow-core performance observation aspects of the tests, as it made it possible to differentiate 

and categorize the displacement demands that caused specific damage states. One differentiation that 

was particularly interesting to capture was between unidirectional and arc portions of loading.  

Additionally, the circular outline of the displacement demand envelope made it simple to alter and 

define directionality of loading. This was done by reducing the peak displacement in one direction to 

form an ellipse, or a linearized elliptical loading protocol, instead of a circle as shown in Figure 3-33. 

Alteration into an elliptical shape has not been done with the linearized circular displacement protocol 

in previous experiments. The ability to have a clearly defined displacement envelope and ratio of 

directionality meant that all possible lateral loading demand combinations could easily be captured. 

This rigorousness was valuable for ensuring the hollow-core units maintained their gravity load capacity 

under any possible displacement demands. 

Uni-Directional Pulse Loading 

A uni-directional pulse displacement was used where it was desired to capture the behaviour of the 

floors in a near-fault type earthquake. This was employed at the start of Test 2, using a large 

displacement to trigger desired damage states in the floors before torsional softening of the beams 

occurred.  

Near-fault earthquakes are a likely scenario for Wellington multi-storey buildings due to the short 

distance from the Wellington CBD to the Wellington fault line. Long duration earthquakes tend to have 

a build-up in intensity which is more closely mirrored by the linearized circular loading protocol. A 

side effect of this build-up is the softening of structural elements, particularly beam elements. As floor 

demands are created by deformation incompatibility of the surrounding structural elements, this can 

reduce some types of demand on the floors, therefore a pulse type loading provides a critical load case 

for individual precast units.  

An additional benefit of uni-directional pulse loading is its relative simplicity. The pulse loading was 

employed in the north-south direction in the super-assembly experiment. This applied load in the critical 
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direction for the three main failure modes of individual hollow-core units LoS, NMF and PMF, and 

made the loading similar to the single unit experiments outlined in Chapter 2.  

The additional comparability this provided to the single unit test was useful, particularly as the failure 

modes for hollow-core are predominantly brittle, meaning that the initial loading and location and shape 

of crack initiation is critical. This is because damage concentrates at the weak section so changes in 

later loading protocol will have diminishing effects.      

Rhomboid Loading 

At multiple stages in both super-assembly experiments, the standard loading protocol was suspended at 

a residual displacement and the control software was switched to what was dubbed the “rhomboid 

loading protocol”. The intention of the rhomboid loading was to enforce shear deformation on the frame 

in-plane as shown in Figure 3-31. 

 

                
Figure 3-31: Fixity and Loading of the Specimen During Rhomboid Loading (Positive Shear 

Distortion Shown) 

The method of enforcing shear deformation was by pushing the northern frame in the east and west 

direction while the southern frame was held stationary. Both the top and bottom actuators attached to 

the northern frame at column A2 were driven during this type of loading. No drift demand was enforced 

on the structure as this load protocol was focused on isolating the effects of a structure undergoing 

torsional distortion deformation in-plane during an earthquake as discussed in Chapter 1. 

All actuators attached to the southern frame at columns A1, B1, and C1, were held stationary during 

this portion of the test. This meant that the southern frame columns were held very rigidly in place 

whereas the northern frame had some ability to deform rotationally relative to the southern frame while 

being pushed along its main axis of loading in the east-west direction. This allowance for warping in 

the structure was a major advantage over previous tests related to shear deformation of floors. Previous 

tests have artificially restrained the surrounding support beams of the floors and therefore provided sub-

optimal boundary conditions. The allowance for warping was particularly necessary for this set of tests, 

as the specimen was deforming and changing shape between each use of the rhomboid loading protocol. 

Even for rhomboid loadings completed within the same experiment (Test 1 or Test 2) each rhomboid 

loadings could be considered to have been applied to a unique specimen as the damage state changed. 

The ability to compare the same structure at different damage states was a critical experimental 

objective as discussed in Chapter 1. 

The magnitude of each rhomboid loading push was determined by the specimen’s performance during 

loading. Factors considered for determining the end point of each loading were: 

= Fixed Connection 

= Loading/Moving Connection 
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• The air gap between the floor cut-outs and the columns. An estimate of the range of movement 

prior to loading was obtained by measuring the air gap of columns on diagonals from each other 

as shown in Figure 3-32. Summing the air gaps together provided the amount of movement the 

northern frame would need to be pushed to close the air gap and bind the structure across the 

diaphragm. During loading, the air gap would be measured to check whether the structure had 

bound across the diaphragm yet. 

                           
(a) Gaps Prior to Rhomboid Loading                         (b) Rhomboid Loading Closing Gaps 

Figure 3-32: Closing of Gaps Along Diagonals During Rhomboid Loading 

• Loads were monitored for the actuators pushing on column A2. In particular, any sign of an 

increasing gradient was seen as a possible cause to conclude the loading for the earlier rhomboid 

loadings. An increase in gradient would suggest that the diaphragm was bound between 

columns on the diagonals and was about to be damaged by rapidly increasing transfer loads 

between the frames. It was not desirable to damage the specimen with the rhomboid loadings 

because this could interfere with and invalidate results for other objectives of testing. 

• Loading was intermittently paused to check for visible signs of damage or new cracking, 

particularly in cases where noises were heard from the specimen during loading. Any sign of 

onset of damage was a cause to terminate a rhomboid loading protocol, particularly for the 

earlier rhomboid loadings in a test.  

Results for the rhomboid loadings were reported up to their maximum displacement for comparison 

with other rhomboid loadings. Due to the nature of testing leading to increased displacements at later 

portions in the test, there was less ability to compare high shear deformations. This trade-off in volume 

of data was necessary to acquire high quality representative data following realistic damage states in 

the structure.  

3.6.2 Sequence of Loading Cycles 

Test 1 and Test 2 used different standard loading protocols. Test 1 used a linearized circular loading 

protocol with directionality 1:1 to enforce the widest range of possible deformations on the specimen 

and floor as shown in Figure 3-33 (c). This was considered as the upper bound of directionality expected 

from an earthquake. After the findings detailed in Chapter 4 related to Test 1, it was decided that Test 

2 would have a more targeted directionality typical of a pulse or near-fault earthquake shaking. This led 

to the use of a 2:1 directionality linearized oval protocol as shown in Figure 3-33 (d). This was 

considered as the lower bound of likely realistic earthquake directionalities based on research conducted 

by (Nievas and Sullivan 2017). This meant Test 1 and Test 2 would provide an upper and lower bound 

of simultaneous bi-directional actions imparted into a floor system respectively. 
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Test 1 began with an approximation of the 2016 Kaikōura Earthquake drift cycles for the prototype 

Wellington building the specimen was based on to allow comparisons to damage modes observed in 

real buildings. A standard circular loading protocol of increasing drift demands was then applied as 

shown in Figure 3-33 (a). Test 2 started with an approximation of the 1994 Northridge Earthquake to 

simulate a pulse style loading followed by a standard oval loading protocol of increasing drift demands 

as displayed in Figure 3-33 (d). At selected locations within the Test 1 and Test 2 loading protocols, the 

loading was switched to a rhomboid loading protocol to enforce plan shear distortion into the floor 

diaphragm and assess the diaphragm load-paths. The locations where the standard loading protocols 

(SLP)s were stopped for rhomboid loading in Test 1 and Test 2 are displayed in Figure 3-33 (a) and (b). 

 

 

 

(a) Test 1 Loading Sequences and Locations        (b) Test 2 Loading Sequences and Locations of 

Rhomboid Loading                                               of Rhomboid Loading 

                                   

                  (c)  Test 1 SLP Shape                                              (d) Test 2 SLP Shape 

Figure 3-33: Standard Loading Protocols and Locations of Rhomboid Loading Protocols for the 

Test 1 and Test 2 Experiments (Büker et al. 2022) 

Lists of the loading cycles and location of rhomboid loading protocols are detailed in Table 3-1 for 

Test 1 and Table 3-2 for Test 2. The “∥” symbol is used to denote loading parallel to the direction of 

ROM #1 

ROM #2 

ROM #3 
ROM #3 ROM #4 ROM #2 

ROM #1 

= E-W 

= N-S 

= E-W 

= N-S 
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the hollow-core unit layout, in the north-south direction. The “⊥” symbol is used to denote loading 

perpendicular to the direction of the hollow-core unit layout, in the east-west direction. 

Table 3-1: Numerical loading 

sequence of Test 1 (Büker et al. 2022) 

Loading 

Phase 

No. of 

Cycles 

Inter-storey 

drift 

2016 

Kaikōura 

EQ 

2 0.125% 

2 0.25% 

3 0.5% 

5 0.75% 

- ROM#1 

1 1.0% 

1 1.5% 

- ROM#2 

Standard 

Loading 

Protocol 

1 1.5% 

2 2.0% 

2 2.5% 

- ROM#3 

1 3.0% 
 

Table 3-2: Numerical loading 

sequence of Test 2 (Büker et al. 2022) 

Loading 

Phase 

No. of 

Cycles 

Inter-storey 

drift 

System 

Verification 
2 0.125% 

1994 

Northridge 

EQ 

- 

-2.0% ∥ (N-S), 

+1.0% (∥), 

+1.0% (⊥), 

-1.0% (⊥) 

- ROM#1 

Standard 

Loading 

Protocol 

1 1.5% 

1 2.0% 

- ROM#2 

1 2.5% 

1 3.0% 

- ROM#3 

1 3.5% 

1 4.0% 

- ROM#4 

- 
+4.0% (⊥), 

-4.0% (⊥) 

1 5.0% 
 

 

The locations for stopping the standard loading protocol to perform a rhomboid loading protocol were 

chosen based on the desire to compare the stiffness and load-path changes from a relatively undamaged 

floor diaphragm to the same diaphragm when it was partially damaged and heavily damaged. This 

would allow for observation of the degradation of the designed load-path and formation of true residual 

force transfer mechanisms and load-paths. 

Each rhomboid loading protocol was undertaken once the specimen was brought back to the closest 

approximation of residual drift that could be achieved after the previous standard loading cycle. The 

fixities of the loading system for the rhomboid loading protocol are displayed in Figure 3-31. 

As shown in Figure 3-31, the south frame (frame 1) was held stationary by all actuators attached to 

columns A1, B1 and C1. The north frame (frame 2) was driven with positive and negative displacements 

in the east-west direction via the double actuator configuration attached to column A2 to enforce shear 

distortion on the specimen floorplate in-plane. No drift was applied during the rhomboid loading 

protocols, as it was desired to isolate the effects of shear distortion for determining diaphragm load-

paths. 

The magnitude of each rhomboid loading protocol was different depending on the level of damage the 

specimen had sustained in previous standard linearized circular loading cycles. Early rhomboid loading 

protocols within each test (Test 1 and Test 2) were force controlled and had small maximum 

displacements, with each subsequent rhomboid protocol within a test increasing the displacement 
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demand. This was done to avoid prematurely damaging the specimen before it had softened from the 

standard loading protocol. Higher deformation was imposed for the final Test 2 rhomboid compared to 

Test 1, as it was the specimen end of life with no further refurbishment planned.  

Table 3-3: Test 1 and Test 2 Rhomboid Applied Displacement and Shear Distortion Demands 

Rhomboid # 

+- Plan Shear Distortion, γ (%) 

Targeted State of the 

Diaphragm for Testing 

Test 1 Test 2 

± Shear 

Distortion, γ 

(%) 

± Force 

(kN) 

± Shear 

Distortion, γ 

(%) 

± Force 

(kN) 

1 0.01 250 0.005 250 
No/low damage to 

designed load-paths 

2 0.05 500 0.02 500 
Intermediate damage 

to designed load-paths 

3 0.11 450 0.06 600 
High damage to 

designed load-paths 

4 n/a n/a 0.25 700 
Extreme damage to 

designed load-paths 

 

3.7 Control System 

Enforcing drift displacement demands on a growing specimen from stationary strong wall anchor points 

presented a challenge. As with the internal loading system, it was important to avoid artificially 

restraining or promoting beam elongation through fixity with the actuators. This necessitated a control 

system with a feedback loop from instrumentation monitoring the growth of the specimen. The eleven 

controlled actuators were labelled from A through to K as shown in Figure 3-34 (a) and (b). Note that 

the three bottom actuators attached to column A1 were not controlled, as this was designed as the origin 

from which the specimen grew outward from. Actuators were only installed at the bottom of A1 to 

allow for load and displacement measurement and provide the ability to move the specimen origin in 

the event that any base sliders were near to exceeding their stroke limits due to multiple tests with beam 

elongation growth. Also shown in Figure 3-34 (c) are the locations of draw-wires used to monitor the 

growth of the frame due to beam elongation. The data from these draw-wires was used to correct the 

actuator target displacements to avoid restraining or promoting beam elongation. 
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(a) Top Actuator Configuration Naming                    (b)  Bottom Actuator Configuration Naming 

 
(c)   Frame Elongation Draw-Wire Locations Used for Specimen Control 

Figure 3-34: Actuator Configuration Naming Conventions and Locations of Frame Elongation 

Measurements for Control 

Draw-wire elongation sensors N, O and P were attached to the columns aligned with the control 

centrelines depicted in Figure 3-7 and at the mid-height of the beams. These draw-wires were used to 

provide offset data for the growth of the specimen to each controlled column (by using Pythagoras to 

determine the off-angle extension the elongation should impose on actuators attached to all columns 

except A1). Elongation H and I were also attached to the columns at the control centrelines at column 

A1 and C1 but were connected to the mid-span of beams A1A2 and C1C2 respectively. These draw-

wire measurements were used to provide data on offsets required for the intermediate controlled column 

B1. The distance between column B1 and B2 would not increase as quickly as the distance between 

column A1 and A2 or column C1 and C2 as there was no beam creating an extension through beam 

elongation. This meant that column B1 needed to be pushed further away from the strong wall than 

columns A1 and C1, allowing for a concave curved shape along the south end of the specimen as 

depicted in Figure 3-35. 
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Figure 3-35: Concave Curved Shape of North and South Frames Due to Beam Elongation at 

Corners 

In reality, it was column A1 and C1 that were moving due to beam elongation, but from a control 

perspective it was much simpler and still equivalent to moving column B1 instead. The issue with this 

system was that it assumed there would be no elongation between columns B1 and B2. While it was 

expected there would be less elongation than at the corner columns, some extension was still expected. 

To remedy this, a draw-wire measurement named elongation Z was attached between columns B1 and 

B2 above the floor topping to provide a measure of this elongation and subtract its effect from the 

extension applied to column B1 from data provided from elongation H and I. The location of the 

elongation Z draw-wire made it possible to be knocked by researchers observing the floor topping. For 

this reason, and uncertainty about the growth behaviour between the intermediate columns when the 

specimen was subjected to lateral loading, elongation Z was a manually monitored and controlled input. 

When considering extension adjustments made for the manual elongation Z input, the load in the 

actuators attached to column B1 was also considered. It was important to ensure the actuator couple 

attached to column B1was not put into either significantly higher cumulative tension or compression 

compared to the actuator couples attached to columns A1 and C1. This would be a sign that the actuator 

couple at column B1 was enforcing unrealistic demands on the specimen that would need to be 

transferred through the beams and floor to balance through the A1 and C1 actuator couples. 

The control required for each individual actuator was a superposition of multiple factors. These factors 

were: 

• The standard loading protocol described in Section 3.6. 

• Beam elongation adjustments. 

• Automatic adjustments to column B1 to allow for the concave curved shape effect. 

• Manual control of column B1 to allow for elongation between B1 and B2 (elongation Z). 

All top actuators were run using the standard loading protocol. This was split into two components for 

the N-S and E-W actuators. As discussed in Section 1.8.1, previous researchers encountered issues with 

actuators fighting each other across floor specimen diagonals while finding targets when loading around 

arc portions of a loading protocol, leading to large unplanned increases in loading. To remove this 

possibility, the loading protocol for the top actuators was discretised into piecewise N-S and E-W 

movements. The E-W actuators moved to their targets and the N-S actuators would adjust to account 
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for orthogonal movement. Then the N-S actuators moved to the next target and the E-W actuators 

adjusted to account for orthogonal movement. This process repeated. The maximum loading step size 

was 1.6 mm, which was small enough that incompatibility demands created by this process were 

minimal. The height of the bottom actuators was the same height as the origin at column A1. This meant 

none of the bottom actuators were driven with the standard loading protocol. 

Beam elongation adjustments were made at column A2, B1 and C1 to account for the specimen growing 

outwards from the origin at column A1. This used inputs from the control draw-wires N, O and P to 

offset the actuator targets before each load step. The top and bottom actuators connected to column A2 

used extension readings from draw-wire N. Using Pythagoras, the offset required to account for the 

orthogonal movement of the actuator at the specimen side was calculated and added to the target 

displacement. At column B1, the reading from draw-wire O was used to calculate the top and bottom 

actuator elongation offset relative to column A1. At column C1, the sum of readings from draw-wire O 

and P were used to calculate the top and bottom actuator elongation offset relative to column A1. 

Adjustments to allow for the concave curved shape effect were only used for the actuators connected to 

column B1. As the specimen grew, both the north and south frame beams were expected to form the 

same curved shape. This meant that only elongation from the southern plastic hinges of beams A1A2 

and C1C2 were targeted for the offset at B1, as it was expected the effect from the northern plastic 

hinges would naturally develop into a curved shape at the northern end of the specimen with column 

B2 also curved inwards. Elongation draw-wires H and I were positioned to achieve this. The average 

of the elongation readings from H and I were added to the extension targets for the actuators attached 

to column B1. 

The adjustments provided by the elongation Z manual input were also only applied to the top and bottom 

actuators attached to column B1. The principle of the input was that half of any extension measured 

between column B1 and B2 should be detracted from the extension provided by the H and I draw-wires. 

The draw-wires used to control the actuators had an accuracy of 0.13 mm. This means this was the 

accuracy to which corrections were made to the displacement targets as cumulative errors developed 

due to orthogonal actuator extensions or beam elongation as displayed in Figure 3-36. 

 
Figure 3-36: Accuracy of Control System Target Corrections for Actuators 

To minimize cumulative error throughout the experiment, a Lagrangian coordinate system was adopted. 

This meant the control targets for all loading steps referenced back to the initial actuator length during 

calculation rather than the actuator length from the previous load-step (as would be the case for an 

Eularian coordinate system).  
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An overview of the control sequence and target corrections to the standard loading protocol for each 

actuator at each load step is provided. Note that the targets and adjustments are made relative to the 

starting position of the actuators rather than the previous load step. This was done to avoid accumulation 

of errors over the thousands of load steps in the Standard Loading Protocols (SLPs) of both Test 1 and 

Test 2. 

Order of sequence 

1. Read elongation inputs (H, I, N, O, P) (labelled as such from the instrumentation box channel 

used to obtain the reading). 

2. B1/B2 elongation is manually input (Z). 

3. Read X and Y targets from loading profile. 

4. Correct X and Y targets for elongation and out of plane shift. 

5. Send targets to rams. 

Consideration for corrections to actuators: (All controlled actuator targets had out of plane 

corrections made) 

A/B : Nil elongation 

C/D : Elongation reading N 

E : Nil elongation 

F : Elongation reading O in orthogonal axis and ((H+I)/2)-(half Z elongation)) 

G : Elongation reading O + elongation reading P 

J/K : Elongation reading N, nil SLP targets 

L : Elongation reading O in orthogonal axis and ((H+I)/2)-(half Z elongation)), nil SLP targets 

M : Elongation reading O + elongation reading P, nil SLP targets 

Declarations 

Ram Xinit = Declared length of ram from pin to pin (actuators A, B, C, D, J and K) before testing starts 

Ram Yinit = Declared length of ram from pin to pin (actuators E, F, G, L and M) before testing starts 

XTarget = X axis target read from loading protocol 

YTarget = Y axis target read from loading protocol 

Elongation (H,I,N,O,P) = elongation displacements fed back into control system 

Correction formulas applied to axis targets 

Correction to A/B: 

𝑋𝐴/𝐵 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑋𝑖𝑛𝑖𝑡 + 𝑋𝑇𝑎𝑟𝑔𝑒𝑡)
2

+ (0 + 𝑌𝑇𝑎𝑟𝑔𝑒𝑡)2 − 𝑅𝑎𝑚 𝑋𝑖𝑛𝑖𝑡 

Correction to C/D: 

𝑋𝐶/𝐷 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑋𝑖𝑛𝑖𝑡 + 𝑋𝑇𝑎𝑟𝑔𝑒𝑡)
2

+ (𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 𝑁 + 𝑌𝑇𝑎𝑟𝑔𝑒𝑡)2 − 𝑅𝑎𝑚 𝑋𝑖𝑛𝑖𝑡 

Correction to E: 

𝑌𝐸 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 + 𝑌𝑇𝑎𝑟𝑔𝑒𝑡)
2

+ (0 + 𝑋𝑇𝑎𝑟𝑔𝑒𝑡)2 − 𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 

Correction to F: 

𝑌𝐹 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 + 𝑌𝑇𝑎𝑟𝑔𝑒𝑡 +
(𝐻 + 𝐼)

2
−

𝑍

2
)

2

+ (𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 𝑂 + 𝑋𝑇𝑎𝑟𝑔𝑒𝑡)2 − 𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 
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Correction to G: 

𝑌𝐺 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 + 𝑌𝑇𝑎𝑟𝑔𝑒𝑡)
2

+ (𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 (𝑂 + 𝑃) + 𝑋𝑇𝑎𝑟𝑔𝑒𝑡)2 − 𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 

Correction to J/K: 

𝑋𝐽/𝐾 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑋𝑖𝑛𝑖𝑡 + 0)2 + (𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 𝑁 +  0)2 − 𝑅𝑎𝑚 𝑋𝑖𝑛𝑖𝑡 

Correction to L: 

𝑌𝐿 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 + 0 +
(𝐻 + 𝐼)

2
−

𝑍

2
)

2

+ (𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 𝑂 +  0)2 − 𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 

Correction to M: 

𝑌𝑀 𝑆𝐿𝑃 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = √(𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 + 0)2 + (𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 (𝑂 + 𝑃) +  0)2 − 𝑅𝑎𝑚 𝑌𝑖𝑛𝑖𝑡 

 

3.8 Instrumentation 

3.8.1 Standard Sensor Instrumentation 

An extensive suite of standard sensors was used for controlling the specimen as well as measuring frame 

deformation, floor deformation and retrofit deformation. The number of sensors required exceeded the 

capabilities of the SEL at the University of Canterbury. To provide the required number of sensors and 

data channels, a data acquisition unit (DAQ) was borrowed from the University of Auckland (UoA) 

structural engineering laboratory. This presented a challenge, as the UC data collection system was a 

trigger-based sampling system (where data samples were taken at the conclusion of each load-step), 

and the UoA data collection system was a time-based sampling system. The data therefore needed to 

be filtered and merged during post-processing. This process is displayed in Appendix J. A full list of 

the types of sensors used for the super-assembly tests and their purposes is displayed in Appendix H 

and drawings of the sensor layout are displayed in Appendix F drawing set UC 8. 

3.8.2 Particle Tracking System Design for Capturing a Large Floor Area 

Additional to the standard sensor layout, an ambitious particle tracking system (PTS) was developed to 

provide tens of thousands of individual datapoints to capture diaphragm deformation and degradation 

on the floor topping. Particle tracking is a powerful and relatively new method of collecting data, 

particularly for structural testing applications. In the 2020 UC super-assembly Test 1, the Streams 

software package developed by Professor Roger Nokes at the University of Canterbury was selected to 

carry out particle tracking analysis. For in-depth explanation of the software and its use, refer to (Nokes 

2021). Within this thesis, only the design of the individual physical PTS will be explained rather than 

generalized explanations of particle tracking itself. 

The purpose of the PTS was to capture the specimen north and south beam-floor interfaces (where the 

units were seated, and critical corner floorplate behaviour was expected) and provide full coverage of 

the entire first (eastern) bay while providing adequate resolution to capture strain within the floor as 

lateral demands were applied to it. Fujifilm X-T2 cameras were used, each with a pixel resolution of 24 

megapixels (6000 x 4000 pixels). The cameras needed to be mounted as close to the floor as possible 

to optimize physical resolution of data. This meant multiple cameras with overlapping domains 

(depicted by the shaded areas in Figure 3-38) were required to capture the desired area with adequate 

data accuracy. A set of 18 cameras was mounted above the floor using a self-supporting camera 

mounting frame as shown in Figure 3-37 and Figure 3-38 to accomplish this. 
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(a) PTV Camera Frame North-South Elevation 

             

(b) Camera Frame Towers                           (c)  Mid-Span Camera 13-18 Mounting Elements 

 

(d)  Camera Frame Cross-Brace and Camera 1-12 Mounting Elements 

Figure 3-37: Self-Supporting Camera Mounting Frame 
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(a) Plan View of PTV System Camera Layout 

 

(b) Camera Domain Overlaps Used to Allow Stitching of Images Together 

Figure 3-38: PTV Mounted Camera Layout and Coverage 

Cameras 1-12 were mounted with their lenses 1850 mm above the floor topping, equating to a physical 

pixel size of 0.4 mm. This provided a physical measurement accuracy for these cameras was ±0.1 mm 
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(one quarter of a pixel). Cameras 13-18 needed a larger domain to capture the full span of the specimen 

first bay, so they were mounted with their lenses 2200 mm above the floor topping, equating to a 

physical pixel size of 0.45 mm. This provided a physical measurement accuracy for these cameras of 

±0.1125 mm. 

The camera mounting frame consisted of two sets of wooden beams supported on four towers. The 

camera frame beams passed through the specimen loading frame elements and were positioned so there 

would be no collision throughout the full range of motion and distortion expected from the specimen 

over two tests. The cameras were directly attached to cold formed steel sections with slotted holes along 

their length. For cameras 1-12, this meant the height and north-south direction were fixed, but the east-

west direction could be easily adjusted to provide optimal overlap in the camera images. For cameras 

13-18, the height and east-west direction were fixed, but the north-south direction could be easily 

adjusted to provide optimal overlap in the images. In some cases, the cold formed sections twisted due 

to torsional moment applied by the camera weights over the sections relatively long length, despite 

efforts to stiffen the assembly. In these cases, the alignment of the cameras was corrected by inserting 

washers to act as shims on one side of the bolted connection between the camera and cold-formed 

section. 

It was important that the camera mounting frame was independent to the specimen frame. This was 

because the individual cameras needed to remain in the same position relative to each other to avoid 

creating erroneous strain fields along the lines where the photos from each camera were merged. Any 

movement of the camera frame could create differential relative camera movement, and extremely small 

relative movement of the camera would create large changes in the picture domain. The specimen was 

being moved in two axes at each load-step which would likely cause consistent differential movement 

between cameras if the camera frame was attached to the specimen. Additionally, if the cameras 

remained stationary (in theory) and some cameras were positioned to include the unmoving strong floor 

in the picture domain, this could be used to measure and verify that the cameras were stationary, or 

provide a consistent reference point to offset the images if they were not. As discussed in Appendix K, 

there was still some potential for the camera frame to be knocked by researchers while observing the 

floor topping during testing, causing differential camera movement. However, there were a limited 

number of stops during testing for observation. This meant the images where knocking was likely to 

occur could be identified and more easily offset and cleaned in the analysis software. 

Test 1 was conducted over multiple days. Cameras were therefore plugged in and powered by mains to 

remove the need to touch them while changing batteries and potentially alter their picture domain 

between pictures. Manual camera settings were also used to avoid automatic lighting or colour 

correction adjustments occurring during testing which could add difficulty to the analysis process. All 

cameras were linked to a triggering system that sent a pulse to take an image directly after each load-

step. This meant there was minimal time discrepancy between when cameras took an image sample. 

Each load-step took the actuators approximately six seconds to complete, so any microsecond 

discrepancies between camera shutter times were negligible. As a back-up to ensure the triggering was 

occurring near simultaneously, stop-watches were place in the intersections of camera image domains 

to allow comparison between photos (in addition to the camera time-stamps). 

Due to multiple image domains needing to be stitched together, a global coordinate system was required. 

If there were multiple instances between two cameras of the same point with known x-y coordinates, 

the images could be transposed onto a global coordinate system to create a stitch. Overlapping picture 

domains allowed for verification that the process had worked adequately. Multiple points with a known 

physical location were required particularly near the edge of images because the cameras were 
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positioned relatively close to the floor, which was a flat plane. This meant that further from the image 

centre, the image would become distorted due to being further from the focal point of the camera lens. 

This removed the possibility of scaling the pictures linearly into a physical space and then stitching 

together. Instead, a polynomial scaling factor was required. 

The global coordinate system was created as a 200 x 200 mm gridline layout. The x-y coordinates of 

the gridline intersections were measured using a laser range finder. Numbering of the gridlines was 

drawn on the floor in black marker to be visible within the image domain of each camera. Each adjacent 

camera shared at least one line of gridline intersections in their image domains to assist in global 

coordinate mapping and stitching. This method had an error of up to approximately 3 mm. Error of 

gridlines did not contribute to loss of accuracy in strain data but may have led to a slightly distorted 

global image that was constant across cameras. A method to improve this accuracy would have been 

preferrable and should be investigated in future experiments using particle tracking over large areas. 

Also, if the experiment were to be repeated, a smaller gridline spacing (e.g., 100 x 100 mm) would have 

been used to provide more calibration points for the scaling and stitching process during analysis. 

The dot particles used for tracking were manually applied with red marker using a template to ensure 

the dots were a consistent size and shape to assist in particle identification. Red marker was used as it 

could easily be applied with consistent intensity on the slightly porous concrete. Tens of thousands of 

dots were applied, which was a time intensive process. Particle density was varied depending on how 

critical the area was to the diaphragm performance. At the edges of the floorplate, there was high particle 

density for optimal data resolution as this was where critical damage and high strains were expected. 

The particle density was reduced within the floor span to save on application time and processing power 

required during analysis in less critical areas. 

Standard sensor instrumentation with cabling and crack marking was required for the Test 1 data 

collection. These factors as well as the gridlines presented issues for particle tracking by adding 

contamination to the images. The following decisions were made to minimize the impact of these factors 

and ensure they could be filtered out during analysis: 

• The specimen floor topping was painted white. This is standard procedure for structural testing 

to assist in identifying cracks but had the additional benefit for the PTS of providing a light 

neutral background for high contrast with particles, crack marking and gridlines. 

• Researchers removed their boots when accessing the floor topping. This was done to avoid 

marking the floor with dusty boot-prints that may have obscured particles or darkened the white 

background. 

• Dot particles were marked in red; cracks were marked in blue; gridlines were marked in black. 

It was verified that each of these marking types could be filtered to remove the others in the 

Streams analysis software. 

• Sensor cabling on the topping was black or white and any sensor components with elements 

that had an orange or reddish hue were covered in green tape to prevent spurious particle 

identification. 

An overview of the pre-test experimentation with camera settings, markings, and sensor layouts to 

minimize issues with contamination of the particle tracking analysis is displayed in Appendix K. An 

example of the images created by the PTS with dot layout, gridlines and covered sensors is displayed 

in Figure 3-39. 



 

3-45 

 

 
Figure 3-39: Example of an Unfiltered Image for Particle Tracking Analysis 

There were two issues with the described PTS not resolved prior to Test 1 that could be improved in 

future experiments. The first was the cabling for the standard sensors on the floor topping moving 

throughout the test. The cable movement meant that some particles became partially occluded or more 

visible throughout the photo record which changed particle shapes. The affected particles had to be 

removed from the analysis. In future testing an improved method for keeping cables fixed stationary on 

the floor would be beneficial. The second issue was the shadows cast on the floor caused by the camera 

mounting frame changing the background white intensity. A lighting system mounted directly from the 

camera frame may have improved this issue. However, these two issues were relatively minor and did 

not greatly affect the analysis or remove any significant portion of the dot particles for analysis. 

3.9 Hollow-Core Retrofit Design 

3.9.1 Design Philosophy 

The hollow-core retrofits installed in the Test 1 specimen were not designed to provide a low damage 

seismic solution. Other than removing the ability to form any diaphragm actions across the floor system, 

this would not be economically feasible where hollow-core is used due to the range of brittle failure 

mechanisms that can form under different seismic demands as described in Section 1.4. Instead, the 

purpose of the selected retrofits was to provide easily implemented cost-effective solutions to protect 

life safety of building occupants by ensuring there was a viable gravity load-path for all hollow-core 

units under the full range of possible lateral displacement demands in an earthquake. This effectively 

meant eliminating the potential for brittle hollow-core failure mechanisms or providing catch systems 

to prevent the floor dropping in the event a brittle mechanism did develop. Intra-span units were used 

to provide additional rigorous verification of the performance of retrofits tested with single unit 

experiments as described in Chapter 2. Alpha and beta units were used to test catch frame and hanger 

retrofit layouts. A core feature of these retrofit designs was to avoid altering the standard load-path or 

introducing deformation incompatibility demands into the floor elements before failure of the floors. A 

second feature was that retrofits should require access to only one of the floor topping or the soffit. This 

means that only one floor would need to suspend normal operation for retrofit installation to minimize 

disruption to building occupants. The hollow-core retrofit layout for Test 1 is displayed in Figure 3-40. 
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(a) Plan View of the Hollow-Core Retrofit Layout Used in Test 1 

       

(b) East-West Elevation of the Hollow-core Retrofit Layout Used in Test 1 

Figure 3-40: Test 1 Hollow-Core Retrofit Layout 

3.9.2 Flexible Angle Retrofits 

Design Considerations 

Two flexible angle retrofit designs were implemented on unit 2 and unit 3. These designs were based 

on the results of the single unit tests described in Chapter 2. Unit 2 used a 12 mm thick angle installed 

in direct contact with the hollow-core unit soffit of the unit as displayed in Figure 3-41. 
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(a) Angle Installation Side Elevation                     (b)  Angle Installation Front Elevation 

Figure 3-41: Unit 2, 12 x 150 mm Equal Angle Retrofit Installed in Direct Contact with the 

Hollow-Core Unit Soffit 

In chapter 2 it was recommended that retrofit angles installed in direct contact with a hollow-core unit 

soffit should use a 10 mm thick angle and the contact reaction between the angle and soffit should be 

enforced at the tip of the angle with a raised section or bearing strip to maximize angle flexibility and 

minimize anchor bolt shear. However, 12 mm thick angles without raised sections to force the location 

of the contact reaction have been a commonly used detail for hollow-core angle retrofits. It was also 

the detail used in the single unit tests and found to be a borderline case that did not trigger NMF in the 

hollow-core unit. It was therefore more beneficial for testing to use the 12 mm thick angle detailing for 

unit 2 of the super-assembly specimen as it would provide a direct comparison to the single unit 

experiments as well as informing whether existing retrofits needed to be altered to remove the 

possibility of triggering NMF. Any greater angle flexibility gained by using a smaller angle thickness 

or controlling the reaction could still be used to further improve new designs. The total strength of the 

anchor bolts was overdesigned to ensure the anchorage end of the angle was stiff as a worst case for 

triggering NMF. 

Unit 3 used a 12 mm thick angle with a 20 mm thick sheet of high-density polystyrene installed between 

the angle and the soffit as displayed in Figure 3-42.  

      

(a) Angle Installation Side Elevation                  (b)  Angle Installation Front Elevation 

Figure 3-42: Unit 3, 12 x 150 mm Equal Angle Retrofit Installed with 20 mm High Density 

Polystyrene Buffer 
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This retrofit was designed to minimize additional negative moment demands at the end of the starter 

bars by providing a flexible infill for deformation incompatibility between the retrofit angle and unit 

soffit (similar to the principle of the offset angle retrofit investigated in the single unit tests in 

Chapter 2). The polystyrene was installed to provide the additional benefit of minimizing any vertical 

drop of the floor if loss of seating occurred and the unit became fully seated on the retrofit angle. High 

density polystyrene was selected as it was flexible enough to deform under localized compression from 

incompatibility demands between the angle and soffit but stiff enough under distributed compression 

to hold the weight of the floor with minimal dropping of the unit. The installed flexible angle retrofits 

are displayed in Figure 3-43. 

    
Figure 3-43: Flexible Angle Retrofits Installed Below Unit 2 and Unit 3 

Installation Considerations 

The main difficulty with installation of angle retrofits is avoiding beam stirrups when installing the 

anchor bolts as the stirrup spacing may be known, but the exact location of stirrups is not. Two methods 

are available to minimize this issue. The first is to use horizontal slotted holes with a slot length wider 

than twice the stirrup diameter for the angle anchor holes. This ensures the ability to drill a hole and 

avoid the stirrup for each individual anchor hole. This method was successfully used for the single unit 

retrofits described in Chapter 2. The second method is to provide more anchor holes than necessary at 

a different spacing than the stirrup spacing. This provides alternative locations to drill anchor holes in 

the beam if some are blocked by stirrups. This method was successfully used for the retrofit angles used 

in the super-assembly specimen. 

For the angle retrofit with a polystyrene spacer, the polystyrene sheet was glued to the angle flange. 

This made it simple to raise the angle into position and drill the anchor holes. 

3.9.3 Post-Installed Deformed Bar Retrofit for Prevention of Negative Moment Failure 

Design Considerations 

The same post-installed retrofit bar design as implemented in the single unit Test Case 5 was installed 

at both ends of unit 6 and unit 7 as displayed in Figure 3-44. 

Unit 2: 

Direct contact 

Unit 3: 

Offset + Infill 
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(a) Plan View of Post-Installed Bar Retrofit Layout 

Figure 3-44: Post-Installed Bar Retrofit to Prevent Negative Moment Failure (NMF) Installed in 

Unit 6 and Unit 7 of Test 1 

12 mm thick retrofit angles with stiffeners were installed in direct contact with the hollow-core unit 

soffits to provide high deformation incompatibility demands under negative bending. Additionally, 

mesh was installed crossing the unit 6 and unit 7 beam-floor interfaces in the floor topping. These two 

factors created an extreme case for NMF similar to what was used in the single unit Test Case 4 where 

NMF was observed. The stiffened angle layout is displayed in Figure 3-45. 

 

(a) Side Elevation of Stiffened Angle and                    (b) Front Elevation of Stiffened Angle and 

Post-Installed Bar Retrofit                                             Post-Installed Bar Retrofit 

(b) Elevation of Post Installed Bar 

Retrofit Topping Chases 
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(c) Stiffened Angles Installed Below Unit 6 and Unit 7 

Figure 3-45: Stiffened Angle Retrofit Used to Develop High Negative Moment Demands at the 

Ends of the Starter Bars Due to Deformation Incompatibility with the Unit Soffit 

The HD12 post-installed deformed steel retrofit bars were epoxy installed into 30 mm x 30 mm chases 

cut in the topping and were 1.5 m long. This provided an additional length of 900 mm of significant 

topping reinforcement beyond the end of the 600 mm long starter bars to prevent initiation of NMF at 

the end of the starter bars. For further explanation of the design rationale behind the post-installed bar 

retrofits, refer to Chapter 2. 

Installation Considerations 

The method used to cut each chase into the floor topping was initially saw-cutting two small chases 30 

mm apart along the required 1.5 m length and 30 mm depth. A third small chase was saw-cut down the 

middle of the initial two chases and any remaining concrete between the initial two chases was chiselled 

out to provide the required 30 mm x 30 mm chase. Dust was air blown and wiped out to provide a good 

surface for the epoxy to bond with. Note that topping mesh orthogonal to the chases was not cut. If the 

designed chase depth would cut topping mesh, the chase depth should be reduced to avoid this, so the 

diaphragm load-path is not damaged by the retrofit installation. Slightly less epoxy cover would be 

preferrable to this. 

When installing the bar, an initial layer of epoxy filling approximately half the chase was placed, then 

the bar was placed into this immediately. A final layer of epoxy covering the bar was then laid and the 

top was scraped to provide a flush surface with the topping. This method ensured there was good bond 

around the entirety of the deformed bar. Each chase required approximately two and a half two-part 

epoxy tubes to fill. It is recommended that an electronic applicator is used to speed the process and 

minimize fatigue. Different stages of installing the post-installed bar retrofits are displayed in Figure 

3-46. 
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(a) Saw-Cutting and Chiselling of Chases 

 

(b) Final Smoothed Off Epoxy Surface                          (c)  Bar Installed in Initial Layer of Epoxy 

Figure 3-46: Installation of Post-Installed Topping Bars to Prevent Negative Moment Failure 

(NMF) 

3.9.4 Alpha Unit Catch Frames 

Design Considerations 

Alpha unit catch frames were installed below unit 1. The purpose of the alpha unit catch frame set was 

to catch a failed and falling alpha unit before it could fall to the next floor down. A plan view of the 

alpha unit catch frame layout is displayed in Figure 3-47. 

 
Figure 3-47: Alpha Unit Catch Frame Layout 

The catch frames were offset approximately 100 mm below the alpha unit. This offset was required to 

provide enough distance between the top and bottom anchor bolts to resist the moment component of 
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design demands. Additionally, offset from the soffit was required to ensure the tips of the catch frames 

did not contact the unit soffit and enforce unexpected deformation incompatibility demands on the unit 

when the longitudinal beam rotated due to negative drift demands in the east-west direction. Wooden 

blocks were added to the top of catch frame elements to provide an allowance for approximately 4% 

drift demands without contact occurring (1.2 m x 0.041 = 50 mm). It was important to provide the 

minimum offset between catch frame elements and the soffit without contact occurring to minimize 

impact forces in the event of the unit dropping onto the catch frames. The catch frame set consisted of 

two versions of telescoping corner catch frames and two cantilever catch frames positioned at 

approximately third points of the hollow-core span as shown in Figure 3-47. The catch frame elements 

are displayed in Figure 3-48 and Figure 3-49. 

                
(a) Welded Corner Catch Frame Assembly            (b)  Clevis Corner Catch Frame Assembly 

                      
(c)  Welded Variant Deformation and                    (d)  Clevis Variant Deformation and Binding 

            Binding Under Loading (Exaggerated)                         Under Loading (Exaggerated) 

                   
(e) Installed Welded Corner Catch Assembly             (f)  Installed Clevis Corner Catch Assembly 

Figure 3-48: Telescoping Corner Alpha Unit Catch Frames (Prior to Spacers Being Installed) 
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Figure 3-49: Cantilever Span Third-Point Alpha Unit Catch Frames 

The corner catch frames were anchored into the support and longitudinal beams at the edges of the beam 

plastic hinge zones, as shown in Figure 3-47, to provide adequate anchorage (as opposed to within the 

plastic hinge zones where capacity may degrade due to significant concrete cracking). Three-

dimensional warping and elongation in the plastic hinges of the beams used to anchor the catch frames 

under bi-directional lateral loading demands needed to be accounted for. This meant it was necessary 

for the corner catch frames to be capable of extending and twisting without introducing deformation 

incompatibility demands that could apply significant demands to the anchor bolts (or alternatively, 

capacity design the anchor bolts to withstand those actions). The telescoping design was used to allow 

for extensions and retractions caused by beam elongation and the effect of corner columns pushing out 

from the floor under reverse cyclic loading as shown in Figure 3-50. 

 

(a) Extension from Beam Elongation 

                                            

(b) Extension from Floor Shear Deformation         (c)  Contraction from Floor Shear Deformation 

Figure 3-50: Telescoping Corner Catch Frame Deformations 
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The remaining source of deformation incompatibility was from differential geometric rotation of the 

beams used to anchor the two ends of the catch frame as the support and longitudinal beams twisted 

independently from each other depending on the direction of applied drift. This effect is displayed in 

Figure 3-51. 

        

        

  

(a) Force and Moment Couple Development           (b)   Beam Rotation Creating Deformation 

    From Plastic Deformation of Telescoping                    Incompatibility between Telescoping 

        Elements (Deformation Exaggerated)                                           Elements 

Figure 3-51: Differential Warping of Beams Creating Binding of Telescoping Catch Frame 

Elements 

Two solutions were developed and trialled at each end of the floor. The first simple and more cost-

effective solution was to weld the catch frame extensions to the baseplates, effectively fixing both ends 

of the catch frames directly to the beam faces. The telescoping extensions were therefore allowed to 

develop bending stresses due to deformation incompatibility demands and plastically deform near the 

base-plate connections. This required capacity design considerations for the anchor bolts by ensuring 

the anchor connection was stronger than the telescoping section under combined bending and shear 

demands. Additional allowance for differential movement of the telescoping elements was allowed for 

by providing a large difference in section size between the two telescoping elements. The larger element 

was a 75 x 75 x 4.0 mm square hollow section, and the smaller element was a 50 x 50 x 6.0 mm square 

hollow section. This provided an air gap between the two sections on all sides of 8.5 mm. The 

telescoping elements had an overlap of 130 mm. This overlap length was selected as it was long enough 

to allow a wide area to develop contact stresses between the elements during deformation, creating 

beam bending support conditions under design loads if the unit fell, instead of cantilever support 

conditions. The overlap was also short enough to minimize the deformation incompatibility demands 

between the two telescoping elements due to differential warping of the orthogonal beam elements used 

to anchor the telescoping catch frame elements into. Consideration was required of the reduction in 

overlap as the specimen beams elongated. A slotted hole was installed in the larger telescoping element 

and a bolt placed through both elements at the overlap to provide additional connection in the event the 

overlap reduced significantly from beam elongation. 

The second solution was to use clevis baseplates and spherical bearings at each end of the telescoping 

extensions. This allowed for the full range of possible anchor point rotations without introducing any 

deformation incompatibility demands to the telescoping members. This design required more individual 

parts and fabrication labour but provided more control of the possible demands applied to the catch 

frame assembly and easier installation. The anchor bolts for this version of the corner catch frame did 
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not need design considerations for significant bending moment demands (tension and compression of 

the anchor bolts). Instead, only significant shear demands caused by the alpha unit dropping on the 

catch frame needed to be considered. A tighter fit between the two telescoping elements was allowable 

for this solution due to the lack of deformation incompatibility demands. The larger element was a 65 

x 65 x 4.0 mm square hollow section, and the smaller element was a 50 x 50 x 6.0 mm square hollow 

section. This provided an air gap between the two sections on all sides of 3.5 mm. A longer overlap 

length of 145 mm was used for the clevis telescoping catch frame elements. This longer length was 

selected because deformation incompatibility demands between telescoping elements were not an issue 

for this assembly due to the spherical bearing connections. Additionally, the end connections did not 

provide a stiff moment connection capable of making each element act as a cantilever, meaning it was 

more critical to provide overlap to ensure the telescoping assembly could develop contact stresses to 

act as a simply supported beam. 

Cantilever catch frames were anchored into the longitudinal beams approximately at third points of the 

alpha unit span as a measure to avoid the hollow-core unit failing under simply supported bending 

moment demands after dropping onto the corner catch frames, which would lead to the unit still falling, 

similar to the effect displayed in Figure 3-59. This would be an issue particularly if web-splitting or 

delamination in the alpha unit led to only the soffit dropping from the floor system, as this would have 

a reduced section incapable of supporting its own weight and the impact demands of dropping onto the 

catch frames. By providing the cantilever catch frames at third points, the unsupported span was greatly 

reduced, providing an improved load-path and reduced bending and shear demands for the partial 

section in the event of partial unit collapse. The strands within the soffit were also expected to assist 

with providing an emergency load-path for a partial section collapse, as the strands would drape across 

the catch frame sections and hold the section together due to bond with the concrete in the event the 

partial section failed and cracked when dropping onto the catch frame elements.  

Both the alpha unit corner and cantilever catch frames were designed to hold approximately one third 

of the total floor weight using the G + ψEQ earthquake loading combination. As there were four 

individual components, this was conservative. Note that if the alpha unit being retrofitted typically has 

a large applied static load during normal operation or is part of an emergency exit route, the catch frame 

elements and anchors should be designed to withstand a 1.2G + 1.5Q live load combination. For the 

cantilever catch frames it was assumed the centre of the distributed floor weight was applied two thirds 

of the cantilever span away from the anchorage. For the corner catch frames the centre of the distributed 

floor weight was assumed to be applied at the centre of the telescoping elements span. An additional 

1.5 factor was applied to the demands to allow for impact loading.  

For all catch frame elements, Grade 8.8 seismic rated anchor bolts and chemical anchoring products 

were used. Additional design drawings with dimensions for the catch frame elements are displayed in 

Appendix G drawing set UC 6. 

Installation Considerations 

The cantilever catch frames were relatively simple to install. They were lifted into position and hole 

locations marked. The anchor holes were then drilled with the cantilever catch frame assembly removed, 

as the drill could not be aligned perpendicular to the beam face with the cantilever present. The anchor 

bolts were then installed and epoxied with the cantilever catch frame assembly lifted in place to ensure 

any angling of the anchor bolts would not cause an installation issue. Excess wet epoxy was wiped from 

the bolts to ensure the bolt thread would not be altered. Washers and nuts were then tightened onto the 

bolts. 
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The installation of the welded corner catch frame was identical to the cantilever catch frames except 

both ends needed to be assembled (with the smaller telescoping section within the lager section) when 

placed in position to mark the anchor hole locations as it was critical there was no initial offset between 

the two elements. Installation of the clevis corner catch frame could be done without lifting the 

telescoping elements into place. The required distance between clevises was measured and marked. The 

bolt hole drilling and bolt epoxy anchoring was then completed with the clevises held in position. The 

spherical bearings were attached to the clevises by inserting the pins. The telescoping members were 

then assembled and twisted onto the spherical bearings (note that this requires one end of the threaded 

connection between telescoping member and spherical bearing to be a reverse thread). 

3.9.5 Alpha Unit Hangers 

Design Considerations 

Hangers were installed in alpha unit 8 as an alternative to alpha unit catch frames. The philosophy of 

this retrofit design was to tie the hollow-core soffit to the topping and use the longitudinal beam starter 

bars acting as cantilevers to tie the hollow-core unit, topping and longitudinal beam together to avoid 

any floor elements dropping even in the event of web-splitting or delamination. The hangers were hand 

tightened and were used to prevent web-splitting cracks from widening, allowing compression force 

load-paths to be maintained across web-splitting cracks. As discussed in Section 1.3.4, longitudinal 

beam deformation applies incompatibility demands to hollow-core alpha units through the starter bars, 

increasing damage and potential for web-splitting and delamination. This retrofit aimed to use the same 

load-path for a positive effect. 

The design of each individual hanger was composed of a mechanical screw anchor with a female 

threaded connection at the end installed into the top of a hollow-core unit core. This anchor attached 

into the unit top flange and partially into the topping. A Grade 8.8, 6 mm diameter threaded rod was 

attached to the anchor bolt running through the core and out through a hole in the soffit. A nut with a 

wide washer was tightened on the threaded rod against the unit soffit. This layout is depicted in Figure 

3-52. 

                                                                                        

(a) Front Elevation of Hanger Layout                           (b)  Individual Washer Hanger Assembly                            

 

(c)  Side Elevation of Hanger Layout 

Mechanical 

screw anchor 

50 x 50 x 3.0 mm 

washer 
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(d)  Plan View of Hanger Layout in Alpha Unit Span 

Figure 3-52: Alpha Unit Hanger Retrofit Assembly and Layout 

Based purely on capacity of the hangers, only six would be required to provide capacity to support the 

weight of the entire unit soffit. However, there were two issues that informed the decision to use many 

more hangers. 

The first issue was the potential for a punching shear failure of the unit bottom flange as shown in  

Figure 3-53 due to lack of shear reinforcing in the unit flanges. Wide washers were used to provide a 

large surface area and minimize the potential for punching shear failure, but as the concrete shear 

capacity could not be reliably quantified, conservative estimates of capacity were appropriate.  

 

(a) Designed Load-Path of Alpha Unit Washer Hangers 

 

(b) Unreinforced Concrete Shear Planes of Concern 

 

(c) Punching Failure of Separated Unit Soffit 

Figure 3-53: Hanger Load-Path and Punching Shear Failure of a Hollow-Core Unit Bottom 

Flange 
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The second issue was unpredictability of where a critical web-splitting or delamination failure mode 

might initiate. As discussed for the alpha unit catch frames, any potential location for a long unsupported 

span needed to be accounted for and minimized to avoid a reduced separated bottom flange section 

from failing under its own weight demands following web-splitting as depicted in Figure 3-59. 

Based on these concerns, the hanger layout displayed in Figure 3-52 (d) and Figure 3-54 was used to 

distribute load from the bottom flange self-weight in the event of a web-splitting failure. 

           
Figure 3-54: Installed Hanger Retrofit for Hollow-Core Alpha Unit 8 

The hangers were staggered across cells to avoid creating a concentration of stress within the alpha unit 

that could cause a local failure on one side of the line of hangers.  

Installation Considerations 

The installation of each hanger was a multi-part process. First, a long drill slightly undersized compared 

to the anchor diameter was drilled from below the unit up through the bottom flange and into the top 

flange and topping. This created the pilot hole for the anchor component and ensured the soffit and 

topping holes were aligned. To provide access into the core, the hole in the soffit was then widened to 

a slightly greater diameter than the drill bit that would be used to drive in the anchor. The anchor was 

then installed using a drill bit extension that provided reach to the unit top flange when driving in from 

below the floor. The threaded rod component was threaded into the head of the anchor and the wide 

washer and nut were tightened on the threaded rod against the unit soffit. 

Improvements to the hanger design for ease of installation would require that only one pilot hole needed 

to be drilled and that the anchor bolt be long enough to reach below the soffit with a threaded shank to 

allow a washer and nut to be threaded directly onto it. 

3.9.6 Beta Unit Catch Frames 

Design Considerations 

As discussed in section 1.3.4, beta units have many of the same deformation incompatibility demands 

as alpha units. The challenge for designing a beta unit retrofit is that there is no adjacent longitudinal 

beam to anchor catch frames into or starter bar connections along the length to provide a load-path into 

a beam for a hanger system. Additionally, the unit is seated on a plastic hinge, meaning retrofit angles 

would not be reliably anchored. 

The remaining location to provide a supporting catch frame system is directly on the column face. This 

has its own challenge in the form of differential moment compared to the hollow-core unit, particularly 

under lateral loading orthogonal to the direction of the hollow-core span as shown in Figure 3-55. 
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Figure 3-55: Potential Punching Action Issue for Beta Unit Catch Frames 

A similar design solution to the offset angle retrofit was implemented to minimize these deformation 

incompatibility demands. 200 x 200 x 6.0 mm square hollow sections were anchored to the interior 

column faces of column B1 and B2 with 60 mm thick high-density polystyrene spacers inserted between 

the catch frames and unit soffit as displayed in Figure 3-56.  

                  

(a) Beta Unit Catch Frame Assembly with 60 mm High Density Polystyrene Flexible Infill  

                          

(b) Flexible Infill Deforming to Relieve Incompatibility Demands 

 

(c) Deformed Flexible Infill Following Reverse Cyclic Lateral Loading Orthogonal to the Unit 

Span 

Figure 3-56: Beta Unit Catch Frame Design with Polystyrene Spacers to Minimize Deformation 

Incompatibility Demands 
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The polystyrene allowed for continuous support of both beta units ensuring no dropping of the floor or 

impact loading in the event of LoS while providing enough flexibility to deform under deformation 

incompatibility demands. An additional benefit was a wider area of the beta unit section being supported 

compared to the back-face of the units where there were cut-aways to allow for the column. This 

provided some support against torsional actions within the beta units. Note though that the polystyrene 

spacers were not extended the full lengths of the beta unit catch frames. This was done to minimize 

deformation incompatibility with the unit soffit under lateral loading orthogonal to the unit span at the 

ends of the catch frame elements (where the polystyrene would need to deform greatly). By removing 

contact area at ends of the catch frame elements, the lever arm for deformation incompatibility actions 

was reduced. 

          

Figure 3-57: Installed Beta Unit Catch Frame Retrofits Beneath Unit 4 and Unit 5 

Installation Considerations 

For ease of placement, the polystyrene spacers were glued to the top of the catch frame 200 x 200 x 6.0 

mm square hollow sections. Each beta unit catch frame was then lifted into place with the polystyrene 

spacers installed in direct contact with the beta unit soffits and the anchor holes drilled into the column 

face using a long drill bit through the holes in the square hollow section. Epoxy resin was injected into 

the drilled holes through the square hollow section using a long nozzle and the anchor bolts inserted. It 

could be verified that the hole had filled with epoxy to provide adequate bond by looking through the 

hollow section from the side and observing overflow of epoxy out of the drilled holes. It is advised that 

two lines of holes are drilled into the steel hollow section with a vertical offset of half the column stirrup 

spacing prior to installation. This should ensure that at least one line of bolt holes is not aligned with a 

stirrup. 

When installing the beta unit catch frames, it was found that drilling through the holes in the steel square 

hollow section shaved steel off the tops of the holes. This meant that the final position of the catch 

element left approximately 10 mm of air gap between the polystyrene flexible infill and the beta unit 

soffits. This is considered acceptable (and indeed preferable to being in direct contact with the hollow-

core unit soffit) following the test results, as the flexible infill and unit soffit were in contact for the 

majority of testing, and no impact loading occurred during beta unit failure. The additional offset meant 

that deformation incompatibility demands on the catch frame anchor bolts from compression of the 

polystyrene were further reduced. 

3.9.7 Beta Unit Hangers 

Design Considerations 

A hanger retrofit design was trialled for the beta units. As discussed for the alpha unit hangers in section 

3.9.5, a core concern was the potential for punching shear failure of the unreinforced unit bottom flange. 

This was mitigated for the alpha unit hangers by using wide washers and more hangers than needed 
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from a hanger strength perspective with wide distribution. Again, the hangers were hand tightened and 

were used to prevent web-splitting cracks from widening, allowing compression force load-paths to be 

maintained across web-split cracks. However, the ability to tie bottom flange weight demands into the 

longitudinal beams via the topping starter bars through cantilever action was not available for beta units. 

Therefore, for the beta unit hangers, rather than catching an already detached bottom flange, it was 

desired to actively restrict the inward progression of web-splitting from the unit ends by tightening 

hangers against the unit soffit and applying compression through the webs near the end of the unit 

(slightly within the span from the beta unit catch frames). This required a reliable compression load-

path through the hollow-core section that did not have any susceptibility to a punching shear failure.  

To accomplish this, bars spanning across the hollow-core unit width were used instead of washers. Thin 

squares of plate were spot welded to the bars aligned with the hollow-core webs to force a contact 

compression load-path to develop only directly under the webs as shown in Figure 3-58. The concrete 

anchors, threaded rods and nuts were identical to those use for the alpha unit hanger retrofits. 

                                                    

(a) Single Short Plate Hanger Assembly                      (b)  Side Elevation of Plate Hanger Layout 

 
(c)  Plan Layout of Beta Unit Plate and Washer Hangers Installed in Unit 5 

 

(d) Front Elevation of Long Plate Hangers          (e)  Designed Load-Path of Long Plate Hangers 

 

Contact 

Stress 

Placement 

Pads 

Mechanical 

Screw 

Anchor 
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(f)  Front Elevation of Short Plate Hangers        (g)  Designed Load-Path of Short Plate Hangers 

Figure 3-58: Beta Unit Bar Hanger Retrofit Load-Path 

The selected bar thickness was the minimum thickness to avoid plastic bending deformation across the 

span between the designed contact compression points to minimize weight while ensuring contact 

compression would not develop away from the hollow-core webs. Two variations of the bar hanger 

retrofit were trialled. The first was a set of two full hollow-core width bars that had a small compression 

plate located under all seven webs and an anchor installed in all six cores. The second was a set of six 

staggered one-core bars, each with two compression plates and one anchor. Both variations are 

displayed in Figure 3-58. To prevent failure under bending moment demands and dropping of the 

bottom flange in the middle of the beta unit span depicted in Figure 3-59 (in the event web-splitting still 

managed to progress within the span), washer hanger retrofits identical to the alpha unit hangers were 

installed in a staggered formation as shown in Figure 3-60. 

 

(a) Separated Unit Bottom Flange Unsupported Between Catch Frames 

 

(b) Failure of Unsupported Unit Bottom Flange Under Self-Weight Bending Demands 

Figure 3-59: Failure of a Separated Unit Bottom Flange without Hanger Retrofits Within the 

Span Following Web-Splitting 
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(a) Installed Long Plate Hangers                              (b)  Installed Short Plate Hangers 

Figure 3-60: Installed Beta Unit Plate Hanger Retrofits 

The smaller staggered variation was designed as an option to allow easy installation in areas of a ceiling 

where building services may have interfered with installation of the full width bar variation. 

For the beta catch frame elements, Grade 8.8 threaded rods were used as anchor bolts. Additional design 

drawings with dimensions for the beta catch frame elements are displayed in Appendix G drawing set 

UC 6. 

Installation Considerations 

As discussed with the alpha unit hanger retrofits, the installation of each hanger was a multi-part process 

that could be improved by using long anchor bolts with threaded shanks to reduce the number of parts 

and number of holes that needed to be drilled. 

The main difference between the bar hanger retrofits and the washer hanger retrofits was the need to 

align the holes for the long bar retrofits. This was easily accomplished by lifting the bar into place as a 

stencil to mark the hole locations before drilling anchor pilot holes. The bars were relatively light, so 

this did not require any lifting equipment. 

3.10 Concluding Remarks 

A wide range of design decisions were required to create a super-assembly experiment that could 

enforce representative simultaneous bi-directional demands on a floor system to observe both 

component and global level structural behaviours under lateral loading. The core principle guiding 

design of the frame specimen and loading apparatus was to avoid restraining or promoting beam 

elongation of the specimen. Application of equal but opposite shear demands at the top and bottom of 

each column was an acceptable solution to achieve this, as there were no inertial demands due to the 

pseudo-static nature of testing. However, application of these shear demands came with a suite of design 

challenges related to fixity of specimen. In particular, fixity provided by actuators connected to the 

strong wall required careful consideration to avoid introducing experimental error in applied lateral 

loading demands while loading in orthogonal directions simultaneously. This was managed through the 

control system by feeding data on the specimen growth and distortion back into the control software. 

In complex three-dimensional systems loaded pseudo-statically it is recommended that this is the 

approach that should be taken. 

For hollow-core retrofit design, two approaches were used. The first was to provide external support to 

the hollow-core unit while limiting any potential deformation incompatibility demands that the retrofit 

could enforce on the unit. The second was to use supplementary steel in the form of hangers to provide 

more robust internal load-paths and prevent brittle partial failure of the unit. A third approach outside 
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the scope of this research that could be used is provision of an alternative load-path with steel sections 

that bypasses the need for the hollow-core to support itself under lateral loading demands. Explanation 

of this type of retrofit can be found in (Büker et al. 2022). These are the three approaches that should 

be used for hollow-core retrofit design. 

The retrofits designed for use in Test 1 targeted prevention of LoS, NMF, and soffit drop-out due to 

web-splitting/delamination. The described retrofits should not be used to address PMF, as they were 

not designed for PMF prevention. Prevention of PMF requires provision of an alternative load-path as 

discussed in (Büker et al. 2022). 
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4. Super-Assembly Experiment Diaphragm Degradation Findings 

As discussed in Chapter 3, two full-scale bi-directional pseudo-static frame super-assembly experiments 

were conducted on hollow-core flooring systems to observe the seismic performance and degradation 

of the floors acting as both a gravity carrying system and a diaphragm system. The experiments were 

referred to as Test 1 and Test 2. The floor connection detailing for both tests is displayed in Figure 3-18 

and the standard loading protocols for both tests are displayed in Figure 3-33. Critical observations 

relating to the diaphragm behaviour for both Test 1 and Test 2 are described in this section. Significant 

portions of the observations and analysis provided in this section were originally published in papers as 

part of a Structural Engineering Society New Zealand (SESOC) Journal special issue (Parr et al. 2022) 

and (Parr et al. 2022). Observations and analysis provided for Test 2 only pertain to the diaphragm 

behaviour. For further information on hollow-core seating detailing, hollow-core unit performance and 

retrofit of hollow-core provided by Test 2, refer to the assortment of papers published by Büker in 2022 

(Büker et al. 2022), (Büker et al. 2022), (Büker et al. 2022) and (Büker 2023). 

4.1 Diaphragm Damage Observed from Standard Loading Protocols 

By 0.25% drift, the damage modes and crack patterns observed in the Test 1 and Test 2 diaphragms had 

diverged significantly. This was due to the difference in directionality of the standard loading protocols 

as well as the beta-beta unit stitching retrofit installed in the Test 2 specimen.  

The Test 1 specimen developed a full-length split between the beta-beta unit interface at 0.25% drift. 

Further damage concentrated at this split in later cycles with mesh rupture along the interface occurring 

in the first arc loading at 1.5% drift. From this point on, the two bays of the specimen acted as separate 

floorplates. There were early signs of cracks developing in the floorplate at the ends of starter bars up 

to approximately 1.5% drift, but in future cycles, these cracks were observed closing compared to 

previous cycles. The closing up of inner floor cracks coincided with observations that the beams were 

beginning to rotate torsionally into the structure. Development of additional significant cracking 

relevant to diaphragm performance from this stage was limited to the topping located near plastic hinge 

zones of the beams, particularly in the corners of the overall floorplate where seating of the alpha units 

was located. An example of significant beam torsion observed at the end of Test 1 in a support beam is 

displayed in Figure 4-1. Note that the black lines drawn near the bottom corners of the beam aligned 

with the original location of the beam face. 

       
Figure 4-1: Significant Beam Torsion Visible at the Conclusion of the Test 1 

The Test 2 specimen developed wide cracks at the end of the starter bars on the south end of the floor 

and at the beam-unit interface on the north end of the floor, with mesh rupture occurring at 

approximately 1.5% as discussed in (Büker et al. 2022). Cracking occurred between most units, but 

these cracks were small and distributed compared to the major beta-beta unit crack observed in Test 1. 

Other than the improved performance between the beta-beta unit interface, the visible damage in the 
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floor was significantly more severe in Test 2, with end of starter bar and beam-unit interface cracks 

with widths of approximately 30-40 mm and 30 mm vertical offset by the end of the test. These 

extremely wide cracks were useful to compare against those observed in real buildings, where there 

have been concerns that compression struts could not form across perimeter cracks, destroying the 

diaphragm load-path. 

The crack patterns recorded at the end of Test 1 and Test 2 are displayed in Figure 4-2, depicting the 

different damage modes observed between them. Hairline cracks and cracks that closed following 

primary damage modes forming are removed in Figure 4-3 to allow for easier comparison of the primary 

damage modes. 

Note that the primary floor cracking damage in Test 1 ran in the north-south direction, the primary 

example being the split between the two beta units which caused the two bays to act independently from 

1.5% drift onwards. Other than this major crack, most damage was contained to areas near the beam 

plastic hinge zones. In Test 2, the primary floor cracking damage ran in the east-west direction, at the 

end of the starter bars on the south end, and at the beam-floor interface on the north end. This was due 

to the stitching bar retrofit strengthening the beta-beta unit interface and the directionality of loading 

being more critical in the north-south direction compared to Test 1. 
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(a) Test 1 Topping Crack Map After 3.0% Drift 

   

(b) Test 2 Topping Crack Map After 5.0% Drift 

Figure 4-2: Topping Crack Maps for Test 1 and Test 2 at Conclusion of Experiments 
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(a) Test 1 Topping Crack Map Showing Only Wide/Important Cracks Capable of Impacting the 

Designed Load-Paths 

 

(b) Test 2 Topping Crack Map Showing Only Wide/Important Cracks Capable of Impacting the 

Designed Load-Paths 

Figure 4-3: Topping Crack Maps for Test 1 and Test 2 at Conclusion of Tests with Only Critical 

Wide Cracks Impacting Load-Paths Visible 
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A comparison between Test 1 and Test 2 of the beta-beta unit interfaces near the end of both tests is 

displayed in Figure 4-4. 

        
(a) Test 1 Beta-Beta Unit Interface Crack Following 3.0% Drift Demands 

        
(b) Test 2 Unit-5-to-Unit-6 Crack (Only Developed Under Large Shear Distortion Demands After 

4.0% Drift) 

Figure 4-4: Comparison of Inter-Unit Cracking Near the Beta Units Between the Test 1 and 

Test 2 Experiments 

The stitching bars succeeded in preventing significant cracking developing between the two beta units, 

with a maximum beta-beta unit crack width recorded of approximately 0.2 mm. Instead, multiple 

smaller cracks developed along and between units. As there was no mesh rupture or wide cracks, this 

meant diaphragm actions could develop across both bays. This was the case until the 4th rhomboid when 

significant shear distortion in the positive direction (at a γ value between 0.23% and 0.25%) caused a 

large split to occur between unit 5 and unit 6, near the end of the stitching bar retrofit.  

A comparison between the Test 1 and Test 2 experiments of cracking at the end of the starter bars at 

the south end of the floor near the end of both tests is displayed in Figure 4-5. 
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(a) Test 1 End of Starter Bar Cracks Following 3.0% Drift Demand 

     
(b) Test 2 End of Starter Bar Cracks Following 4.0% Drift Demand 

Figure 4-5: Comparison of Cracking at the End of Starter Bars on the South End of the Floor 

Between the Test 1 and Test 2 Experiments 

The Test 2 specimen sustained much greater damage at the end of the starter bars compared to the Test 

1 specimen. This was primarily due to the change in directionality of loading protocols, with less beam 

torsional softening observed in Test 2 due to the reduction of simultaneous demands. An additional 

factor altering the strength hierarchy of the beam torsional capacity vs floor strength between the two 

tests was the additional roughening of the cold joint between the column concrete element and beam 

concrete elements in Test 2, as described in Chapter 3. These factors meant the beams remained stiff 

enough to impart large deformation incompatibility demands into the floor units, leading to significant 

early cracking. 

By approximately 1%-1.5% drift in both tests, openings were observed around the entire perimeter of 

the floor-to-column interfaces, removing any possibility of diaphragm compression struts landing 

directly into the columns, including into the intermediate columns B1 and B2. These openings grew 

wider with subsequent drift cycles. This means that early in the earthquake record, the only remaining 

diaphragm load-path to link the frame elements was through the beams. The only caveat to this general 

rule was where the tie-bars were anchored into the intermediate columns, though these tie-bars would 

not have provided a significant stiff load-path as they were only two D20s acting in compression and 

dowel action for the purposes of landing compression struts into the columns. 
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(a)  Gaps at Column A1 (Alpha Unit-Column)        (b)  Gaps at Column B1 (Beta Unit-Column) 

Figure 4-6: Gaps Between the Floor and Columns at 1% Drift in Test 1 

In both experiments, significant cracking and spalling of the topping occurred around the tie-bar 

connections into the column interface. This made the tie-bars visible at higher drift levels, which were 

clearly plastically deformed by deformation incompatibility between the beta units and columns. The 

cone shaped spalling failures this caused in the nearby concrete through bond stresses are displayed in 

Figure 4-7. 

      
(a) Test 1 Tie-Bar Anchorage Rubble Formation at 3.0% Drift 

      
(b) Test 2 Tie-Bar Anchorage Rubble Formation at 4.0% Drift 

Figure 4-7: Tie-Bar Anchorage Rubble Formation Observed in the Super-Assembly 

Experiments 

After significant cracking of the topping and hollow-core units in Test 2 (at >2.5% drift), light could 

commonly be observed through the wide cracks at the end of the southern starter bars, indicating small 

gaps where no compression struts could cross. However, these gaps were intermittent, with small pieces 

of rubble falling into the gaps clogging the view through the crack. 
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The dislodgement of rubble was particularly noticeable near starter bars. The ends of the starter bar 

would scrape against the other side of the crack, dislodging pieces of aggregate and dropping them into 

the crack as shown in Figure 4-8. In these areas, it was not possible to see through the crack and it could 

be reasonably assumed that rubble became lodged, forming small pathways for compression to be 

transferred across the crack through contact stresses.  

     
Figure 4-8: Starter Bars and Mesh Initiating Rubble Formation Within Floor Cracks 

While starter bars appeared to be primary initiators of rubble formation, it also was also formed in 

spaces between starter bars, possibly assisted by bond with mesh. Contact stresses under cyclic loading 

between the two sides of cracks (and with previously formed pieces of aggregate rubble) sheared off 

protruding pieces of aggregate from the crack face, generating more rubble. The process appeared to be 

a self-replenishing system creating contact stresses across the crack, provided initial rubble was 

generated to start the process (and a sufficient gravity load-path existed, which was provided in Test 2 

by the cable catch frame system and cantilever seating retrofits described in (Büker et al. 2022)). 

The most obvious case of rubble formation providing a contact stress force transfer mechanism across 

a crack occurred on the east side of column B2. A large wedge of concrete became detached from the 

topping and hollow-core at approximately 2.0% drift as shown in Figure 4-9. 

 
Figure 4-9: Beam-Unit Crack Interface Concrete Wedge on East Side of Column B2 at 4.0% 

Drift 

However, it was not possible to remove the detached wedge at any stage of the load protocol until 

approximately 5.0% drift. Between these drift demands of 2.0%-to-5.0%, the concrete wedge was under 

compression, with the wedge slowly being pushed up by the formation of rubble on either side.  

Concrete 

Wedge 
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4.2 Diaphragm Damage Observed from Rhomboid Loading 

The three rhomboid loading protocols conducted in Test 1 did not display any obvious visual signs of 

damage other than for the third and largest rhomboid loading. This was by design, as it was undesirable 

to push the specimen to damage inducing deformations in the rhomboids, as this could adversely affect 

the reliability of subsequent results for the hollow-core and future rhomboid results. The obvious impact 

of standard testing on the diaphragm load-path was the splitting of the two bays causing them to act as 

individual floorplates. In the third rhomboid, a loud crack was heard at a shear distortion of 

approximately 0.11%. On observation of the topping, it was found that a piece of cover concrete on the 

top of the B2C2 beam western plastic hinge had spalled off the beam and been propelled onto the floor. 

Another loud crack was heard at a shear distortion of approximately -0.11%. A similar observation was 

made of cover concrete being disturbed and left loose on the top of the western end of beam B1C1. 

These observations provided evidence that the diaphragm compression struts were being transferred to 

the C1 and C2 columns via the support beam plastic hinges. They also provided evidence that the beam 

plastic hinges were deforming under the diaphragm loads and were the weak point of the system. The 

plastic hinges following crushing of the cover concrete are displayed in Figure 4-10. 

           
Figure 4-10: Beam Plastic Hinge Spalling about Weak Axis from In-Plane Shear Distortion 

Demands  

The four rhomboid loading protocols conducted in Test 2 displayed interesting behaviour related to 

residual compression load-paths across wide cracks. In the 2nd rhomboid, diagonal cracking was 

observed on the side of a wide crack as shown in Figure 4-11. This diagonal cracking developing under 

positive induced diaphragm shear distortion indicated significant local compression across the crack, 

leading to landing of a compression strut into beam A1B1 towards column B2. 
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Figure 4-11: Diagonal Cracking Indicative of Local Compression Strutting Developing Across a 

Wide Crack at Southern End of Units 1-4 

In the 4th rhomboid of the Test 2, the diaphragm was pushed to a much greater shear distortion compared 

to other rhomboids, allowing for significant damage modes to form for observation. The most notable 

damage that developed from this loading was mesh rupture and splitting between unit-5-to-unit-6 near 

the end of the stitching bar retrofit as shown in Figure 4-12. 

     

     
Figure 4-12: Significant Split Between Unit 5 and Unit 6 that Developed in the Test 2 4th 

Rhomboid 



 

4-11 

 

This rupture occurred at a shear distortion γ in the positive direction between 0.23% and 0.25%. Mesh 

rupture was observed along approximately 2/3rds of the length from the north end. The crack was much 

wider at the north end with a width of approximately 7 mm and 4.5 mm vertical offset (with the beta 

units dropping). At the south end, this reduced to approximately 3 mm with no vertical offset. This 

shows that at the northern end, there were significant tensile forces across the crack due to the 

diaphragm internal strut-and-tie load-path. This is discussed further in Section 4.3.3. 

Additionally in the 4th rhomboid of Test 2, evidence of a residual force transfer mechanism was 

observed landing compression struts directly into the column faces of the intermediate columns (B1 and 

B2). As shown in Figure 4-13, under loading in the positive direction a section of the topping near the 

eastern tie-bar in column B1 spalled from crushing failure. Upon observation of the gap between the 

column and beta unit, it was not possible to see through the gap near the tie-bar. This was due to the 

significant spalling of the topping caused by bond stresses with the deformed tie-bars. The spalled 

concrete rubble had fallen and wedged between the beta units and interior column face of the 

intermediate columns. This appeared to form a residual diagonal contact stress compression strut load-

path directly from the diaphragm into the column face, as indicated by the localized topping spalling 

extending from the floor-column interface shown in Figure 4-13 (b). Under negative loading, similar 

localized spalling damage was observed in the reverse direction, indicating compression struts landing 

into the western tie-bar anchored in column B1 as shown in Figure 4-13 (c). 

 

 

 

 

 

 

 

 

 

 

 

(a) Location on Specimen and Floor-Column Interface Prior to Rhomboid 4 Loading 
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(b) Floor-Column Interface with Topping Spalling at +0.25% Floor In-Plane Shear Distortion 

 
(c) Floor-Column Interface with Topping Spalling at -0.25% Floor In-Plane Shear Distortion 

Figure 4-13: Cracking and Spalling Indicative of Compression Struts Landing Directly into the 

B1 Intermediate Column at a High Damage States Due to Contact Stresses Formed by Tie-Bar 

Anchorage Rubble 

The damage from these apparent compression struts was likely more significant than for struts landing 

in the beams because it was the stiffest available load-path. The compression strut load-path landing 

into beams was softened from needing to be transferred through the damaged beam plastic hinges. 

Topping spalling from compression struts landing directly into column B2 was not observed. This was 

partially due to the split that developed between unit 5 and unit 6 in the positive direction push removing 

and softening the diaphragm load-path directly into column B2. 

In both Test 1 and Test 2, similar behaviour was observed with unit-unit interactions. As seen by the 

crack patterns displayed in Figure 4-2 and Figure 4-3, the intra-span units (units within the span, i.e. 

not alpha or beta units) and beta units acted as a single block rather than in a shear “racking” fashion 

that would have created significant cracking between each individual unit. Significant inter-unit 

cracking triggered in weak points within or adjacent to the alpha units and between or adjacent to the 
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beta units. Once significant cracking was triggered at these weak points, additional damage 

concentrated at them instead of distributing between other unit interfaces. A likely cause for the ability 

of the intra-span units to act as a single element without significant damage was the relative flexibility 

of the beams once they began to twist. Warping and rotation of the beam plastic hinges was where 

deformation incompatibility demands between the intra-span units and support beams concentrated. 

 

4.3 Analysis of Super-Assembly Test Results 

Note: The Bowstring Effect 

Throughout this section, a phenomenon known as the “bowstring effect” will be referenced multiple 

times. The bowstring effect describes the topping steel reinforcement of a diaphragm acting in tension 

to restrict beam elongation of a concrete moment frame. This creates a balance between the beams 

attempting to extend, (acting somewhat like a bow), and the diaphragm topping reinforcement 

restricting this extension by acting in tension (similar to a bowstring) as discussed in (Lindsay 2004) 

and (MacPherson 2005). Perhaps a more accurate comparison to draw for this bowstring effect would 

be to liken it to a tied arch, with the elongating beams acting as the compression arch members and the 

floor tension ties acting as the arch tie. 

If steel reinforcement in the floor topping ruptures, this can reduce or even eliminate the restriction to 

beam elongation provided by the bowstring effect. This is a critical factor in many of the observations 

relating to residual load-paths discussed in this report.  

Throughout the paper, there will also be distinction between the bowstring effect acting in different 

directions across the floor diaphragm. References to a north-south bowstring effect relate to a load-path 

(for the specimen described in Chapter 3) like the one displayed in Figure 4-14 (a) and (c). References 

to an east-west bowstring effect relate to a load-path like the one displayed in Figure 4-14 (b) and (d). 

Figure 4-14 (a) and (b) display only the critical compression strut and tensions tie elements for the 

north-south and east-west bowstring effects respectively, for clarity of the concept. Figure 4-14 (c) and 

(d) display the full load-paths developed by the north-south and east-west bowstring effects 

respectively, for completeness. 
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(a)  North-South Bowstring Effect                                     (b)  East-West Bowstring Effect 

          (Critical Load-Path Elements Only)                                (Critical Load-Path Elements Only)      

                       

                       

           (c)  North-South Bowstring Effect                                     (d)  East-West Bowstring Effect 

                     (Complete Load-Path)                                                         (Complete Load-Path) 

 

 

Figure 4-14: Directionality of the Bowstring Effect in the 2020 UC Super-Assembly Experiment 

4.3.1 Degradation of Frame In-Plane Shear-Mode Stiffness with Increasing Diaphragm Damage 

As covered in Chapter 1, a core objective of the UC 2020 Super-Assembly Experiments was to 

determine how diaphragm force transfer mechanisms and, by extension, load-paths evolve as a 

diaphragm degrades during an earthquake. The observations from Test 1 and Test 2 provided some 

unexpected results.  

When wide cracks form around the perimeter of a floor in a reinforced concrete frame structure, the 

anticipated behaviour was that no compression struts would be able to form across the crack openings 

between both the floor and columns, as well as the floor and beams, until rhomboidal deformation of 

the surrounding frame elements in-plane led to binding with the floor. When considering the 

force-displacement response of a structure with shear deformation applied, this would have led to very 

low stiffness at low shear deformations until binding occurred across the diagonal. This is because the 

only elements contributing resistance to shear deformation before binding would be the beams 

orthogonal to the loading direction acting in shear and bending about their weak axis, as displayed in 

Figure 4-15. 

= Compression 

Strut 

= Tension Tie 
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Figure 4-15: Expected Behaviour of the Diaphragm and Surrounding Beams Prior to Binding 

Across the Diagonal with Stiffness Contribution Only Provided by Longitudinal Beams Acting 

in Shear/Moment About Their Weak Axis 

The force displacement response of this anticipated system would have looked like what is displayed 

in Figure 4-16. Based on this model, higher damage states with wider cracks associated with larger 

shear deformations in the horizontal plane would be required before jamming occurred across the 

diagonals of the floor. Once jamming occurred, the stiffness would increase greatly. 

 
Figure 4-16: Expected In-Plane Shear Stiffness Behaviour with the Proposed “Picture Frame 

Effect” 

 

The actual behaviour observed in the 2020 UC super-assembly experiments deviated significantly from 

the anticipated behaviour. The force-distortion behaviour observed in the rhomboid protocols 

undertaken throughout Test 1 are displayed in Figure 4-17. 
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Figure 4-17: Observed In-Plane Shear Stiffness Behaviour for Rhomboid Loading Protocols 

Undertaken in Test 1 

The force-distortion behaviour observed in the rhomboid protocols undertaken throughout Test 2 are 

displayed in Figure 4-18. 

 

(a) In-Plane Shear Stiffness Behaviour of the First Three Rhomboids of Test 2 (For Comparison 

with the Test 1 Rhomboids) 
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(b) In-Plane Shear Stiffness Behaviour of All Four Rhomboids of Test 2 

Figure 4-18: Observed In-Plane Shear Stiffness Behaviour for the First Three Rhomboid 

Loading Protocols Undertaken in Test 2 

There is a stark difference between the idealised and observed force-displacement results. Under real 

shear distortion loading, there is an immediate resistance to shear deformation in-plane at all damage 

states. The reason for the discrepancy becomes clearer when the crack patterns are considered. When 

considering the perimeter cracks theoretically, it was assumed that once a wide enough crack formed, 

there would be no contact across the crack and it could be idealized as a gap similar to a saw-cut; with 

a clean visible gap between the two sides. The reality of cracking in floors does not result in clean, 

unobstructed cracks. Examples from the 2020 UC super-assembly experiments are displayed in Figure 

4-19. 

        
(a) Highly Curved Crack                    (b)  Slightly Curved Crack Surface Along A2B2 

       Surface Along A1B1             

Figure 4-19: Curved and Rugged Wide Crack Interfaces in Test 2 

Mesh rupture 

between unit 5 

and unit 6 
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It is well known that aggregate interlock can transfer load at small crack widths (<0.3 mm) (Vecchio 

and Collins 1986). The process of aggregate interlock requires pieces of aggregate engaging with the 

other side of a crack. As cracks run through the weak points in the interfacial transition zones of the 

concrete, this creates a rugged, three-dimensional interlocking surface that can transfer compression 

forces. The results from the super-assembly tests showed that compression forces could also transfer 

across crack widths much greater than 0.3 mm once aggregate interlock is lost. However, at this higher 

level of damage, the process was different. For aggregate interlock, the two sides of the crack can remain 

mostly intact and close to contribute compression capacity under loading, as the gap is very small.  

For the observed wide crack compression force transfer mechanism, it was required that rubble from 

grinding of the two crack sides fell into the existing gap, becoming jammed at tighter points in the crack. 

This meant that the compression force transfer mechanism observed at wider crack widths was a rubble 

aggregate contact stress compression mechanism. Reverse cyclic loading of the structure evidently 

provided enough grinding of the crack interfaces to create enough rubble to continually replenish the 

compression force transfer mechanism, up to surprisingly large crack widths. As new contact surfaces 

were created by jammed rubble, these new surfaces could also grind off protruding elements in the 

crack to generate more rubble. Also, cracks near the floor perimeter tend to be angled (such as the 

positive and negative moment-shear cracks that are causes for concern in hollow-core). This provides 

more locations for pieces of rubble to get stuck and jam than assumed clean vertical cracking surfaces 

would. 

Cracks that form a curved surface appeared particularly effective at creating rubble to replenish the 

compression force transfer mechanism. An example of this cracking layout from Test 2 is displayed in 

Figure 4-19 (a). This cracking occurred along the ends of units near the interface with beam A1B1. It 

should be noted also that curved and angled cracking surfaces in the floor (relative to the primary axes 

of the structure) naturally developed near all corners and columns due to the simultaneous 

bi-directionality of loading.  

The most obvious case of compression force transfer mechanism replenishment from rubble was visible 

in Test 2, where a large wedge of concrete at the topping near column B2 became dislodged from both 

sides of the major crack and slotted into the gap, linking both sides of the crack. The concrete wedge is 

displayed in Figure 4-9. This wedge was unmoveable due to the compression it was under until 5% 

drift, which displayed how it was actively providing a compression load-path up to this point. Over 

multiple cycles, the wedge was pushed up by compression acting across inclined faces, so it was higher 

than the concrete on either side of it. Under reverse cyclic loading, it would be expected that the wedge 

would rise and fall depending on the drift direction. Instead, it was continually pushed up. This 

displayed how additional grinding of the contact surfaces had created more rubble, leading to the wedge 

being slowly squeezed out while remaining in compression. 

The key takeaway to be drawn from these results is that diaphragm compression load struts can be 

transferred across wide cracks. If there is a sustained gravity load-path between the floor elements and 

the beam elements, a diaphragm compressive load-path will also be sustained to much higher crack 

widths than previously anticipated. The limitation on crack width to sustain contact stresses across a 

critical wide crack (and thereby maintain compression elements of designed load-paths) is unknown 

and investigated further in Section 4.4.4. A suggested assumption would be that the maximum crack 

width before a reliable contact stress force transfer mechanism is lost is related to the aggregate size 

used in the concrete mix, as individual pieces of aggregate are unlikely to crush. A depiction of 

compression strut formation across wide cracks due to aggregate rubble interlock is displayed in Figure 

4-20. The aggregate size used in the Test 1 and Test 2 floor topping concrete mixes was 19 mm. 
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`              

 

(a) Aggregate Rubble Binding When Crack Width < a Proportion of the Concrete Aggregate Size 

(Investigated Further in Section 4.4.4) 

 

(b) Complete Loss of Compression Force Transfer Across the Crack When the Crack Width is 

Greater than An Unknown Proportion of the Aggregate Size 

Figure 4-20: Residual Contact Compression Force Transfer Mechanism Forming Across Wide 

Cracks Due to Aggregate Rubble Binding 

The finding that residual contact stress compression force transfer mechanisms develop across wide 

cracks does not mean that strut-and-tie load-paths remain unaffected through all damage states. If mesh 

rupture occurs as it did at the end of the starter bars along beam A1B1 and B1C1 (as well as mesh 

rupture at the back-face of B2C2), tension tie elements are eliminated, altering the remaining available 

diaphragm load-paths. Additionally, as discussed in Section 5.1, gaps had opened around all the 

interfaces between columns and floor elements by 1% to 1.5% drift in both tests. As these interfaces 

were vertical and smooth, the rubble compression force transfer mechanism replenishment seen in the 

floors did not apply to these gaps. This meant the assumption that compression struts land directly into 

intermediate columns typical in strut-and-tie analyses would not have been appropriate after a relatively 

small earthquake (the possible exception to this generally observed rule occurred only for the interior 

column to floor interfaces that were connected by tie-bars as discussed in Section 4.3.3). 

Therefore, the only remaining compression load-path for diaphragm struts to land into the rest of the 

structure was through the beams. While this held true for both Test 1 and Test 2, the exact form of the 

load-path degradation and rate of stiffness degradation was different. This was caused by the difference 

in loading shape directionality between experiments and the stitching bar retrofit employed to keep the 

beta units together in Test 2, which was not used in Test 1. Improved roughening of beam-column cold 

joint casting interfaces in Test 2, described in Chapter 3, likely also caused differences in the point 

diaphragm degradation initiated.  
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The secant stiffnesses obtained from both the Test 1 (1:1 standard loading directionality ratio) and Test 

2 (1:2 standard loading directionality ratio) rhomboid loading sequences relative to the previous 

maximum drift the structure had been pushed to are displayed in Figure 4-21. The measured applied 

force divided by the shear strain, Frhom/γ, is displayed in Figure 4-21 instead of the effective shear 

modulus, Geff. This is because the effective shear surface area between the frame and floor elements, 

Aeff, is likely a changing variable as damage increases and requires further research. This means a 

reliable value for Geff cannot currently be obtained to provide a typical shear stress/strain relationship. 

Also note, the effective shear modulus, Geff, is not an elastic shear modulus (G), as elements of the 

system had experienced plastic deformation and cracking for all datapoints. The relationship between 

Geff and Frhom/γ is shown in Equation (5-1): 

 𝑮𝒆𝒇𝒇 =
𝝉

𝑨𝒆𝒇𝒇
=

𝑭𝒓𝒉𝒐𝒎

𝑨𝒆𝒇𝒇𝜸
  (4-1) 

Rearranging provides the relationship in Equation (5-2): 

  
𝑭𝒓𝒉𝒐𝒎

𝜸
= 𝑮𝒆𝒇𝒇𝑨𝒆𝒇𝒇   (4-2) 

 
(a) Absolute Values of In-Plane Shear Stiffness 

 
(b) Relative Values of In-Plane Shear Stiffness (%Ginitial) Compared to the Initial Observed 

Stiffness in Test 2 Rhomboid #1 

Figure 4-21: Stiffness Degradation of the Specimen Under In-Plane Shear Distortion in Test 1 

and Test 2 
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The green dot and line in Figure 4-21 (a) depict the first rhomboid of Test 2. At this stage in testing, 

only uni-directional drift demands of 2% in the -Y drift direction and 1% in the +Y, -X and +X 

directions had been applied to the specimen. As discussed in Section 4.1, cracking had developed in the 

floor at this stage, but there had been no signs of mesh rupture or loss of beam torsional stiffness. This 

is therefore the closest experimental data-point to an idealized design value that may be obtained from 

a strut-and-tie or grillage method. Future research should seek to compare this experimentally obtained 

diaphragm shear stiffness value to these commonly used modelling methods. 

Figure 4-21 displays that the rate of in-plane shear stiffness degradation is heavily dependent on the 

directionality of the earthquake. As discussed in Chapter 3, Test 1 was designed to replicate an upper 

bound for earthquake directionality, while Test 2 was designed as a lower bound for realistic 

directionality of earthquakes. Therefore, by interpolating between the 1:1 directionality and 1:2 

directionality lines in Figure 4-21, a full range of diaphragm stiffness degradation rates relative to the 

earthquake directionality ratio can be obtained. The equations for the 1:1 directionality stiffness 

degradation relationship are provided in Equation (5-3) and (5-4), where %Ginitial is the diaphragm shear 

stiffness percentage relative to the initial stiffness and θ is the maximum drift demand (% drift) 

experienced by the structure.  

 %𝑮𝒊𝒏𝒊𝒕𝒊𝒂𝒍  ≈  𝟏𝟎𝟎 − 𝟖𝟔𝜽,   𝟎 ≤ 𝜽 ≤ 𝟎. 𝟕𝟓  (4-3) 

 %𝑮𝒊𝒏𝒊𝒕𝒊𝒂𝒍  ≈  𝟗𝟎𝒆−𝟏.𝟐𝟓𝜽,   𝟎. 𝟕𝟓 < 𝜽 ≤ 𝟐. 𝟓  (4-4) 

The equations for the 1:2 directionality stiffness degradation relationship are provided in Equation (5-5) 

and (5-6), where θ is the maximum drift demand (% drift) experienced by the structure. 

 %𝑮𝒊𝒏𝒊𝒕𝒊𝒂𝒍  ≈  𝟏𝟎𝟎 − 𝟑𝟑𝜽,    𝟎 ≤ 𝜽 ≤ 𝟐  (4-5) 

 %𝑮𝒊𝒏𝒊𝒕𝒊𝒂𝒍  ≈  𝟒𝟏𝟔𝒆−𝟏.𝟐𝟓𝜽,   𝟐 < 𝜽 ≤ 𝟒  (4-6) 

Based on these equations, a generalized set of equations for earthquake directionality is provided in 

Equation (5-7) and (5-8), where θ is the maximum drift demand (% drift) experienced by the structure 

and α is the ratio of drift demand between the drift in the primary loading direction and drift in the 

minimal loading direction (typically orthogonal to the primary loading direction). 

 %𝑮𝒊𝒏𝒊𝒕𝒊𝒂𝒍 ≈  𝟏𝟎𝟎 −  
𝟔𝟓−𝟑.𝟓(𝜶−𝟏)

𝟎.𝟕𝟓−𝟐.𝟓(𝜶−𝟏)
𝜽,   𝟎 ≤ 𝜽 ≤ 𝟎. 𝟕𝟓 − 𝟐. 𝟓(𝜶 − 𝟏)  (4-7) 

 %𝑮𝒊𝒏𝒊𝒕𝒊𝒂𝒍  ≈  (𝟎. 𝟕𝟔 + 𝟎. 𝟗𝟔|𝜶 − 𝟎. 𝟕𝟓|) ∗ (𝟗𝟎 − 𝟔𝟓𝟎(𝜶 − 𝟏)) ∗ 𝒆𝟏.𝟐𝟓𝜽,          

 𝟎. 𝟕𝟓 − 𝟐. 𝟓(𝜶 − 𝟏) < 𝜽 ≤ 𝟒   (4-8) 

Note that generalized Equation (5-8) is fitted to provide close alignment with Equation (5-7) at 1:2 

(50%), 3:4 (75%) and 1:1 (100%) directionality ratios (α). There is a slight discontinuity between the 

two equations at other directionality ratios. This discontinuity can be removed by altering the 0.76 factor 

at the start of Equation (5-8). 

Also shown in Figure 4-21 is the stiffness of the specimen following uni-directional pushes up to 2% 

in the Y-direction and 1% in the X-direction (following the initial Northridge Earthquake portion of 

Test 2). As seen in Figure 4-21 (a), this is much stiffer than the specimen when it was subjected to lower 

drift levels of simultaneous bi-directional loading. Due to the high stiffness and low damage at this 

stage in Test 2, the value obtained from this rhomboid loading of 9.82 x 106 kN per radian distortion 

was taken as the benchmark 100% in-plane shear stiffness to compare against in other rhomboid loading 

protocols. Due to the nature of the standard loading protocol used in the two tests, there was no further 
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data obtained for the degradation of the diaphragm under uni-directional pushes. However, other 

research has investigated the in-plane shear stiffness of precast floor diaphragms without applying pre-

damaging to the floor (Angel et al. 2019). The stiffness behaviour of diaphragms that are undamaged 

or have been subjected only to uni-directional drift demands would match the data obtained from these 

experiments more closely.  

A limitation of the rhomboid data is the approximately 0.1 mm ±0.05 mm accuracy of the draw-wires 

used in measuring deformations. Particularly for rhomboid #1 of Test 2, which saw maximum 

displacements of 0.4 mm, this translates to a ±12.5% error, which is directly carried into the estimate 

of the diaphragm stiffness at its least damaged state. As the purpose of the experiment was to capture 

the general trends of the stiffness degradation without impacting the reliability of subsequent rhomboid 

loading protocols, this error is viewed as acceptable. 

Additionally, as there is no data from rhomboid loading protocols conducted between 0%-0.75% drift 

for Test 1 and 0%-2% drift for Test 2, a linear interpolation has been used in this range (described in 

Equation 5-3, 5-5 and 5-7). This was from 100% stiffness for the undamaged specimen, directly to the 

first rhomboid stiffness result following simultaneous bi-directional demands. It is likely that this 

interpolated estimate overestimates stiffness degradation at low drifts within the frame elastic response 

range (e.g., 0-0.25%). Future research could attempt to provide more representative results for low drift 

demands using methods to estimate elastic stiffness of the diaphragm. 

Finally, the exponential portion of the obtained equations (Equation 5-4, 5-6 and 5-8) only have backing 

data up to 2.5% drift for 1-to-1 directionality and 4% drift for 1-to-2 directionality. Reliability of results 

is lower beyond these drift levels. However, by these drift levels the remaining diaphragm shear in-plane 

stiffness is less than 5% of the initial stiffness, meaning this is a minor consideration. 

In Test 1 and Test 2, the in-plane shear stiffness was observed rapidly decreasing from the original 

diaphragm stiffness under simultaneous bi-directional loading. As the degree of simultaneous 

bi-directionality was within realistic levels, this means the rigid diaphragm assumption may not be 

appropriate when modelling building response. An interesting aspect to this result is that diaphragm 

shear stiffness degradation was clearly not primarily driven by wide cracks in the floor as initially 

expected, as the largest stiffness losses occurred prior to wide cracks opening. 

4.3.2 Primary Diaphragm Stiffness Softening Mechanism 

The diagrams showing strut landing locations within beams in this section and Section 4.3.3 are 

indicative of the general landing zone (showing features such as struts not landing directly into 

columns). Development of wide cracks along the beam-to-floor interface near columns, (along the beam 

plastic hinge zone) are likely to eliminate the ability to reliably land diaphragm compression struts into 

the beams until further out in the beam span than what is depicted. Investigation of the length where 

diaphragm struts cannot reliably land within beams due to wide beam-to-floor cracks is provided in 

Section 4.4.4. 

 

The reason for stiffness degradation of the diaphragm was not due to the expected loss of load-path 

across wide cracks in the floor, but instead due to degradation of the only remaining portion of the load-

path into the columns; the beam plastic hinges. After a compression strut lands on a beam, the load must 

then be transferred through the plastic hinge in shear about the weak axis of the beam as displayed in 

Figure 4-22. 
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(a)  Into an Intermediate Column                              (b) Into a Corner Column 

Figure 4-22: Transfer of Diaphragm Compressive Struts Through Beam Plastic Hinges 

(Compressive Struts Depicted in Blue and Tension Ties in Red) 

The beam plastic hinge degradation was driven in the form of loss of torsional stiffness. Loss of beam 

torsional stiffness after a frame has been subjected to earthquake loading has been observed in previous 

tests with frame specimens incorporating floor diaphragms, but it has not previously been identified as 

a major contributor to diaphragm in-plane shear stiffness degradation. A depiction of a beam that has 

lost torsional stiffness in the plastic hinge zone is displayed in Figure 4-23. 

 
Figure 4-23: Beam Torsion Observed in Previous UC Super-Assembly Experiments 

(MacPherson, 2005) 

Based on Test 1 and Test 2 observations, the process of a beam losing torsional stiffness appears to 

require the following events to occur: 

Firstly, beam elongation must proceed to a stage where aggregate interlock across the primary crack 

near the beam-column interface is reduced as shown in Figure 4-24. 

               
Figure 4-24: Primary Wide Crack/s Forming Near the Beam-Column Interface Developing Due 

to Beam Elongation 

Primary crack widened 
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Secondly, weak-axis and torsional demands applied from the floor elements connected to the beam must 

reach a level where it overpowers the combined capacity of the beam longitudinal bars acting in dowel 

action across the primary crack and friction between the interfaces of the two sides of the crack acting 

in compression through contact stresses as shown in Figure 4-25. Note that there are four combinations 

of simultaneous bending between the two orthogonal beam directions. Based on the direction of twist 

and location of damage in the beams observed at the end of both tests, the critical load combination was 

identified as negative bending in the beam of interest (tension at the top critical beam longitudinal bars) 

and negative bending in the orthogonal beam (tension in the top orthogonal beam longitudinal bars and 

starter bars). Based on which longitudinal bars were most heavily loaded in tension, the centre of 

torsional stiffness in the beam moved, meaning the Instantaneous Centre of Rotation (ICR) also moved. 

By the end of the test, the buckling of the interior bottom beam bars depicted in yellow in Figure 4-25 

(d) and (e) had permanently moved the ICR to the bottom outer corner of the beam, as evidenced by 

the permanent beam torsional distortion at beam-column interfaces observed at the end of the test as 

shown in Figure 4-1. 

 
(a) Side View of the Critical Beam Under Negative Drift Demands (Top Beam Bars in Tension) 

 
          (i)   Support Beam Variant Demands                 (ii) Longitudinal Beam Variant Demands 

(b) Cross-Section View of the Critical Beam with Demands from Orthogonal Beam in Negative 

Bending (Top Beam Bars and Starter Bars in Tension) 

Top longitudinal 

bars in tension 
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(c) Initial ICR with Critical                             (d) Movement of ICR as Yellow Highlighted Beam 

Load Combination Shown                                Bars Buckle Under Torsional Demands 

 

(e)  Torsional Rotation of Beam Through the Plastic Hinge About the Residual ICR 

Figure 4-25: Process Leading to Loss of Beam Torsional Stiffness 

The proposed reason loss of beam torsional stiffness degrades the diaphragm in-plane shear stiffness, 

is as the beam twists, it buckles the interior bottom bars, cracking the surrounding concrete and reducing 

their confinement and bond with the rest of the beam. This decreases their contribution to dowel action 

with an effective, supported length determined by the stirrup spacing, which is a much weaker and less 

stiff contribution to the beam shear load-path than the originally designed confined shear contribution. 

Additionally, twisting of the beam across the primary crack near the beam-column interface likely 

grinds the two sides of the crack smoother over multiple cycles, reducing aggregate interlock and the 

friction necessary to maintain the compressive portion of the weak axis shear load-path. This damage 

would reduce the minor axis shear capacity of the beam, reducing the strength of the load-paths depicted 

in Figure 4-22. 

While this appears to be a relatively simple process, there are a wide range of factors that can change 

the level of drift required to initiate loss of beam torsional stiffness, as well as changing the level of its 

impact and rate of degradation once initiation occurs. These factors are a set of interconnected 

phenomena that can alter the order of occurrence of damage modes for the overall floor system. The 

most critical interconnected factors are: 

Buckled 

bars 
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• Degree of simultaneous bi-directionality. This is dependent on: 

o The earthquake record: long duration wide ovals/circles vs near-fault pulse style 

loading closer to a uni-directional push. 

 

• Amount of beam elongation. This is dependent on: 

o Previously experienced drift demands (magnitude and number of cycles) in the beam 

direction. 

o Beam height: under bending, larger height difference between the compression toe of 

the beam and the furthest tensile longitudinal bar means earlier bar yield and larger 

amounts of elongation per drift increment. 

o The bowstring effect (as outlined in Chapter 1). 

 

• The ratio of beam plastic hinge cross-section strength to imposed demands from the floor-beam 

connection on half the beam span. This is dependent on: 

o Beam cross-section (and layout of longitudinal bars). 

o Total strength of the beam longitudinal steel. 

o Stirrup spacing near the beam-column interface. 

o Total strength of all starter bars and mesh crossing the floor-beam interface in half the 

beam span. 

o Height of the starter bar connection relative to beam centre of rotation. 

o Whether the beam is an interior or exterior/perimeter beam. Exterior beams have 

demands applied from starter bars and floor weight on one side, creating an unbalanced 

moment. Interior beams have balanced demands on both sides that will cancel out. 

o Whether the beam is supporting precast floor elements with a ledge or is a longitudinal 

beam only connected to the floor through the topping and starter bars. Support beams 

have an additional off-centre demand from half the floor span weight being applied 

onto the ledge. 

o Floor weight. 

o Horizontal distance from the centre of the ledge reaction to the beam centre of rotation. 

Note: the beam centre of rotation changes depending on the strong-axis and weak-axis 

demands that are applied to it. 

The overall inter-relationship between these factors with positive and negative correlations is displayed 

in Figure 4-26. Plus (+) symbols indicate a positive relationship, where an increase in one system 

parameter also increases another. Minus (-) symbols indicate a negative relationship, where an increase 

in one system parameter decreases another. There is no start or end point for Figure 4-26, it is provided 

as a conceptual tool to help understand how increasing or decreasing any single factor related to the 

diaphragm shear stiffness or support beam torsional stiffness would affect correlated factors. 

 

 

 

 

 

 



 

4-27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-26: Correlations of Factors that Affect Diaphragm In-Plane Shear Stiffness 

Degradation Via Loss of Torsional Stiffness in Beam Plastic Hinges 

 

4.3.3 Effects of the Simultaneous Bi-Directionality Ratio and Tension Tie Retrofits on Damage 

Modes and Diaphragm Stiffness Degradation 

Test 1 

As discussed in Section 4.3.1, Test 1 yielded unexpected and interesting results based on the chosen 

directionality of the standard loading protocol. The 1:1 directionality (circular rather than elliptical) was 

selected primarily to provide a worst-case scenario for the individual hollow-core units by enforcing 

maximum realistic simultaneous strong-axis, weak axis, and torsional demands along the lengths of the 

units via deformation incompatibility with the ductile support beams. Instead, it was observed relatively 

early (by approximately 1.5% drift) that the beams became overloaded by the simultaneous actions 

caused by deformation incompatibility with the diaphragm and lost torsional stiffness. The loss of beam 

torsional stiffness meant the support frame for the diaphragm was no longer stiff enough to impart large 

enough forces through the floor starter bars to damage the floor units. In effect, the weak link in the 

capacity hierarchy for the system was the beams rather than the floor itself. Diagrams of the demands 

applied to support and longitudinal beams while experiencing simultaneous bi-directional loading are 

displayed in Figure 4-25. 

Based on the loss of load-path through the beta-beta unit interface and the inability for diaphragm 

compression struts to land directly into columns, the remaining shear deformation strut force transfer 

mechanism in Test 1 from 1.5% drift onward is displayed in Figure 4-27. The resultant forces and beam 

weak-axis moments applied into the columns of the support frame from the diagonal strut mechanism 

under positive shear distortion is displayed in Figure 4-28. 
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(a) Force Transfer Mechanism with Only Compression Struts Displayed 

  

(b) Force Transfer Mechanism with Struts and Critical Tension Ties Displayed 

 

(c) Complete Load-Path 

Figure 4-27: Test 1 Residual Diaphragm Diagonal Compression Strut Force Transfer 

Mechanism and Load-Path Under Positive Shear Distortion Loading 
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Figure 4-28: Resultant Forces and Beam Weak-Axis Moments Applied into Columns of the 

Support Frame Under Positive Shear Distortion Loading Conditions 

The load-path displayed in Figure 4-27 is similar to the “picture frame effect” proposed in Chapter 1, 

except it requires landing of struts in the beams instead of directly between columns. Note that the 

compression struts displayed in Figure 4-27 are a simplification for clarity of the true paths a diagonal 

strut within the floorplate could take. As seen in the crack patterns in Figure 4-2 and Figure 4-3, intra-

span and beta units of each bay acted as a single block. This means tension ties within and across these 

units were viable to allow for a truss-like strut-and tie system within each bay. Struts tend to form at an 

angle of less than approximately 60° (referencing the axis of the support beams), meaning it is probable 

that tie-backs developed in the system to provide a lower energy load-path like the one displayed in 

Figure 4-29. This applies to all subsequent diaphragm load-path and force transfer mechanism figures. 

 

 

 

Figure 4-29: Diaphragm Diagonal Struts with Tie-Backs to Form Low Energy Truss Strut-and-

Tie Load-Paths Within the Floor-Plate (Load-Path into Columns not Depicted) 
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The observation of concrete crushing in the plastic hinge of beam B2C2 near column C2 under positive 

shear distortion demands and in the plastic hinge of beam B1C1 near column C1 under negative shear 

distortion demands provided evidence of significant tension ties forming in the north-south direction 

across the floorplate as shown in Figure 4-27 (b). These tension ties engaged the beam plastic hinges of 

the support beams that were not on the short diagonals of the distorted floorplate. The ties also enforced 

the bowstring effect on each individual bay, with elongation of the longitudinal beams restricted (in 

theory) by the tension ties linking the support beams. 

The initial undamaged stiff diaphragm had tension ties running across the entire floorplate in both the 

north-south direction linking the support beams, and in the east-west direction linking the longitudinal 

beams. This meant that in both directions the bowstring effect was restricting beam elongation (so 

elongation of both the support and longitudinal beams were being restrained by tension across the floor). 

After splitting and mesh rupture occurred between the beta units at the start of the 1.5% drift cycle, the 

bowstring effect in the east-west direction was eliminated. This meant beam elongation of the support 

beams was no longer restrained. As shown in Figure 4-30, beam elongation of beams A1B1 and B1C1 

rapidly increased from this point on. 

          

(a) Elongation of Support Beam A1B1                          (b) Elongation of Support Beam B1C1 

 

(c)   Elongation of Longitudinal Beam A1A2 

Figure 4-30: Test 1 Elongation of Support and Longitudinal Beams Relative to Their Critical 

Loading Direction (Red Dots Indicate Where the Bowstring Effect was Lost for Support Beams) 

An unexpected outcome from this data was the longitudinal beam elongated as much as the support 

beams beyond 1.5% drift. With tension ties linking the support beams and the bowstring effect intact in 

this direction, it could be expected that elongation would be lower in the longitudinal beams from 



 

4-31 

 

restraint through the floor. The reason this was not the case is evident if the torsional response of each 

beam is examined. This is displayed in Figure 4-31. 

Figure 4-31 (a) and (b) show that beyond the loss of the east-west bowstring effect, the support beams 

rotated into the span, meaning the distance between the starter bar connections of the north and south 

support beams was reduced. This meant the bowstring effect restricting longitudinal beam elongation 

was greatly reduced, because the bowstring ties were anchored in weak, flexible beams. The direct 

correlation between the longitudinal beam elongation and support beam rotation is clearer in Figure 

4-32. Once the east-west bowstring effect was lost and the support beams lose torsional stiffness, each 

elongation of the longitudinal beam A1A2 was directly followed by inward rotation of the support 

beams to accommodate the growth in the orthogonal direction. This displays that once the bowstring 

effect is lost in one direction; the run-on effects of beam elongation and torsion of the affected beams 

leads to loss of effective bowstring action effects in the orthogonal direction. It also displays that while 

the bowstring effect restrains and stiffens the diaphragm system at low levels of damage, it is a direct 

driver of diaphragm in-plane shear stiffness degradation at higher damage levels by enforcing large 

torsional demands on the beams, leading to beam loss of torsional stiffness and therefore reduction of 

beam weak-axis shear stiffness in the plastic hinges. 

         

(a) Torsional Rotation of Support Beam                     (b)   Torsional Rotation of Support Beam 

            A1B1 Relative to Columns A1 and B1                         B1C1 Relative to Columns B1 and C1     

 

(c)  Torsional Rotation of Longitudinal Beam A1A2 Relative to Columns A1 and A2              

Figure 4-31: Test 1 Torsional Rotation of Support and Longitudinal Beams Relative to Their 

Supporting Columns (Red Dots Indicate Where the Bowstring Effect was Lost for Support 

Beams) 
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Figure 4-32: Test 1 Inward Rotation of Support Beam A1B1 Driven by Elongation of the 

Orthogonal Longitudinal Beam A1A2 

Inward rotation in Figure 4-32 describes the top of the beams (where they are connected to the floor via 

starter bars) moving inwardly towards the floorplate. A visual representation of this and the starter bar 

demands that cause it is portrayed in Figure 4-25 (e).  

The torsional rotation of beam A1B1 and B1C1 was nearly identical. As discussed in Chapter 3, the 

first (eastern) bay had only starter bars crossing the beam-floor interface whereas the second (western) 

bay had both mesh and starter bars crossing the interface, increasing the interface capacity and therefore 

the total torsional demands that could be imparted into the beam via the bowstring effect. The lack of 

any noticeable difference between the behaviour of the two beams suggests that the starter bar only 

configuration was already overpowering the torsional capacity of the support beam and further 

reinforcement across the beam-floor interface had no effect on the diaphragm capacity. This suggests 

the standard starter bar detailing provided over-reinforcement and the amount of beam-floor continuity 

reinforcement could have been reduced with no negative repercussions for the diaphragm performance. 

Test 2 

Test 1 displayed two critical results informing the design of Test 2.  

The first was that a high ratio of simultaneous bi-directional demands led to beams being the weak 

element of the system due to loss of torsional stiffness. Based on this finding, the loading protocol of 

Test 2 was changed to an initial uni-directional push (based on the Northridge Earthquake of 1994) 

followed by a lower-bound standard loading protocol simultaneous bi-directionality ratio of 1:2. This 

change was selected to in an attempt to observe different damage modes in the hollow-core units and 

diaphragm by enforcing less critical demands for the beam torsional response and therefore more critical 

demands for the floor elements. 

The second was the split between the weak zone between beta units leading to separation of the two 

bays of the floorplate. The removal of any diaphragm load-path linking the two bays and the destruction 

of the bowstring effect in the east-west direction at 1.5% drift was a defining point for the performance 

of the diaphragm from this point on for Test 1. In Test 2, “stitching bars” were post-installed in the 

topping between the beta units to replace the topping mesh reinforcement across the interface that was 

cut due to post-installation of tie-bars between column B1 and B2. This also provided the opportunity 

to compare the performance of the diaphragm if the two bays remained linked and the east-west 

bowstring effect remained intact.   

As discussed in Section 4.1, much greater damage through the development of wide cracks was 

observed in the floor elements in Test 2 compared to Test 1, particularly at the seating ends of the 

hollow-core units. This damage mode initiated within the uni-directional push at the start of the test and 
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further damage concentrated at the critical cracks. Mesh rupture across the north and south critical 

cracks occurred at approximately 1.6% drift (in the y direction). This displayed that the simultaneous 

bi-directionality ratio was critical in determining the damage mode of the floor, particularly at the start 

of loading. In floor systems that only use non-ductile mesh for topping reinforcement within the 

floorplate, damage will concentrate where it first occurs, as the mesh will rupture at relatively low drift 

levels and further damage will concentrate at the weak zone this creates.  

It was also observed that compression struts could form across wide cracks via contact stresses with 

pieces of rubble that fell into the cracks. The residual force transfer mechanism created by the damage 

modes observed in Test 2 are displayed in Figure 4-33. The critical wide cracks near the ends of the 

units are displayed in green. 

In the Test 2 specimen, the ability for compression struts to land across the A2B2 following mesh 

rupture prior to the second rhomboid loading is unknown, as there were no visual indication of struts 

forming across the wide crack and no steel reinforcement crossing the interface to resist deformation in 

dowel action. The ability to for diaphragm compression struts to land in beam A2B2 is investigated 

further in Section 4.4. 

 

(a) Force Transfer Mechanism with Only Compression Struts Displayed 

 

(b) Force Transfer Mechanism with Struts and Tension Ties Displayed 

Figure 4-33: Test 2 Residual Diaphragm Diagonal Compression Strut Force Transfer 

Mechanism Under Positive Shear Distortion Loading 
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Note that while compression struts could cross the wide cracks at the ends of the hollow-core units, the 

cracks eliminated tension ties that crossed them in the north-south direction due to mesh rupture. This 

meant the bow-string effect in the north-south direction was eliminated before the end of the 

uni-directional pushes and before the standard loading protocol with a simultaneous bi-directionality 

ratio of 1:2 had begun. 

The diaphragm force transfer mechanism displayed in Figure 4-33 assumes there is no ability to transfer 

compressive load struts directly into columns from the diaphragm. This is an accurate representation of 

the available load-paths observed at earlier stages of the test after gaps had opened around the columns, 

as there were clear air gaps preventing any load-path or force transfer mechanism from forming for all 

column-to-floor interfaces. This applied to the intermediate columns, as only the tie-bars linked the two 

sides of the gap, which would provide a minimal strength compression/shear load-path when compared 

to the scale of the overall diaphragm forces. However, in the final rhomboid loading of Test 2, there 

was clear evidence of residual contact compression struts forming directly between the floor system 

and the intermediate column B1, as shown in Figure 4-13. It is proposed this strut formation was due to 

aggregate rubble falling into the gap between the floor and columns due to spalling initiated by the tie-

bar anchor points. The Test 2 residual diaphragm force transfer mechanism with the addition of this 

potential tie-bar rubble contact stress compression load-path is displayed in Figure 4-34. 

 
(a) Force Transfer Mechanism with Only Compression Struts Displayed 

 
(b) Force Transfer Mechanism with Struts and Tension Ties Displayed 

Figure 4-34: Test 2 Residual Diaphragm Diagonal Compression Strut Force Transfer 

Mechanism Under Positive Shear Distortion Loading 
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As the specimen was pushed to greater drifts and the diaphragm subjected to greater deformation in 

both tests, chunks of the floor topping slab around each tie-bar connection were popped off in a flat 

cone pull-out style failure mechanism as displayed in Figure 4-7. Pieces of the rubble this formed 

appeared to drop into the gap between the floor units and the column, potentially instating a residual 

contact stress load-path for compression struts (from approximately 2%-3% drift onwards), similar to 

the residual load-paths that formed along the Test 2 support beams. Without the tie-bars and the rubble 

formation they caused, no load-path could form from the floor directly into the interior columns. This 

displays a potential secondary positive effect caused by installation of tie-bars additional to the original 

intended purpose of restraining columns from pushing out of the building. 

Important notes related to the tie-bar rubble residual contact stress compression strut load-path are: 

• It could only form on the column face the tie-bars were anchored into. 

• It required reverse cyclic behaviour to form rubble from deformation incompatibility demands 

between the tie-bars and floor topping. 

• There may be a zone at moderate drift/damage levels where there is no load-path between the 

floor and column interface after the column-to-floor gap has opened but before sufficient rubble 

has been generated to instate the residual load-path. 

• It was a stiffer load-path than struts landing in the beams, meaning higher potential for local 

concrete crushing damage to beta units, which are already vulnerable elements of the floor 

system. 

• It incorporated the tie-bars into the diaphragm system as tension ties. 

• It incorporated the longitudinal beams into the diaphragm as anchor points for tension ties. 

 

The reliability of this direct floor-column load-path is unknown and will be investigated further in 

Section 4.4. 

 

The stitching bars were highly effective at strengthening the weak interface between the two beta units, 

and no significant cracking developed between the units even when drift demands of 4.0% in the N-S 

direction and 2.0% in the E-W direction were applied. This meant the bow-string effect in the east-west 

direction remained intact up to this point as shown with the ties linking the longitudinal beams in Figure 

4-33. Without the strengthening across the weak beta-beta unit interface, this tension tie load-path 

would likely have been eliminated by approximately 1.5% drift in the X-direction, greatly reducing the 

diaphragm in-plane shear strength (and therefore stiffness as a run-on effect), similar to Test 1. 

Additionally, diagonal compression struts could form across both bays of the specimen, with the two 

bays acting as a single diaphragm instead of two individual split diaphragms.  

Following the 4% N-S, 2% E-W drift cycle, the 4th rhomboid of Test 2 was conducted. At this stage in 

testing the cracks at the northern ends of the floor units were extremely wide, with approximately 

30-40 mm crack widths (along the A2B2 and B2C2 beam-to-floor interface). At this crack width, even 

with replenishment of the compressive load-path through rubble formation, the gap was clearly wide 

enough to prevent effective compressive struts from forming. This led to loss of load-path across the 

crack as depicted in Figure 4-20 (b). The crack width at the southern end of the floor units at the end of 

the starter bars was approximately 20 mm wide with approximately 20 mm vertical offset. Note that the 

critical crack along the southern end of the floor units traced a sinusoidal curve as shown in Figure 

4-19 (a) that created clear compressive binding when shear distortion demands were applied.  

The specimen diaphragm diagonal compression strut force transfer mechanism at the initiation of the 

rhomboid #4 loading protocol is displayed in Figure 4-35 (a). At the northern end of the units the 
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compressive struts could not land in the support beam A2B2 due to the very wide crack at the beam-to-

unit interface. The ability for struts to land across the wide B2C2 back-face crack during this rhomboid 

loading protocol is unknown and investigated further in Section 4.4.4. The inability to reliably land 

struts across these interfaces meant the horizontal component of the strut force instead had to be tied 

back into the northern plastic hinge of beam C1C2 as shown in Figure 4-35 (a). The tie force in tie 2 of 

Figure 4-35 (a) was greatly increased compared to the regular force sustained in tie 1, as it collected 

force from the struts that could not land in the support beams moving west. The critical weak unit-to-

unit interface where most forces from the compression struts had accumulated within tie 2 was between 

unit 5 and unit 6, directly on the west side of the beta-beta unit stitching bar retrofit. At approximately 

0.25% positive shear distortion of the floorplate, the tie force in tie 2 exceeded the mesh capacity, 

leading to mesh rupture at the north end of the unit-5-to-unit-6 interface which then unzipped 

approximately 2/3rds of the mesh along the interface running southward. This led to the cracking 

displayed in Figure 4-35 (b) with the width of the north end of the crack being approximately 7 mm and 

the width of the south end of the crack being approximately 3 mm. Therefore, the loss of compression 

strut load-paths from the floor units into the northern beams explains why there was significantly more 

damage at the north end of the unit-5-to-unit-6 split in a system that was otherwise symmetrical. The 

crack caused an instant loss of in-plane shear stiffness and capacity under positive shear distortion as 

displayed in Figure 4-18 (b), with a drop in in-plane shear capacity of 100 kN (down to 580 kN from 

680 kN) and an increase in shear distortion of 0.03% (up to 0.28% from 0.25%).  

Interestingly, the loss of in-plane shear stiffness under positive shear distortion demands (following the 

unit-5-to-unit-6 split occurring) was not observed when the floorplate was subjected to negative shear 

distortion demands. The reason for this becomes apparent when observing the different load-paths 

available between positive and negative in-plane shear distortion as shown in Figure 4-35 (b) and (c). 

Under positive shear distortion, the split mesh between unit 5 and unit 6 meant a strut could not form 

from the floor to the intermediate column B2 near the tie-bar anchor rubble. This meant tie forces 

needed to develop to link the strut-and-tie system back to where there was ability to cross the unit-5-to-

unit-6 split at the south end where the crack was not as wide, and mesh was still intact. The contribution 

to in-plane shear stiffness from the western bay was greatly weakened by this. 

Under negative shear distortion, while the inter-bay strut visible in Figure 4-35 (a) was still destroyed, 

the primary strut of the western bay could still form directly to the intermediate column B1 and the 

support beam B1C1 across the thinner end of the unit-5 to unit 6 split as shown in Figure 4-35 (c). This 

meant the in-plane shear stiffness and capacity was generally unaffected by the split under negative 

shear distortion, as the eastern bay primary strut was also unaffected by the unit-5-to-unit-6 split. 

The unit-5-to-unit-6 split also greatly reduced the east-west bowstring effect following the rhomboid 

#4 loading protocol, as approximately 2/3rds of the tension ties linking the longitudinal beams were 

eliminated. 
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(a) Diagonal Compression Strut Force Transfer Mechanism at Beginning of Rhomboid #4 

 
(b) Residual Force Transfer Mechanism After Unit 5-Unit 6 Split Under Positive Distortion 

Demands 

 
(c) Residual Force Transfer Mechanism After Unit 5-Unit 6 Split Under Negative Distortion 

Demands 

Figure 4-35: Tie Force Build-Up Leading to Split Between Unit 5 and Unit 6 During the Fourth 

Rhomboid Loading Protocol 
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With the destruction of the north-south bowstring effect near the start of Test 2, the longitudinal beams 

A1A2 and C1C2 had no restraint against beam elongation. This led to significant beam elongation 

throughout the test, reaching a maximum of approximately 30 mm elongation per plastic hinge by the 

end of the test following 5% drift demands, as shown in Figure 4-36 (a). A similar effect of weakened 

bowstring effect restraint observed in Test 1 was also observed for the surviving east-west bowstring 

effect in Test 2, with the support beams only displaying slightly less elongation with respect to drift 

compared to the longitudinal beams, as shown in Figure 4-36. Note that the red and orange dots in 

Figure 4-36, Figure 4-37 and Figure 4-38 all relate to the same points where bowstring effect actions 

were eliminated in the north-south direction (red) and severely weakened in the east-west direction 

(orange). 

 

(a) Elongation of Longitudinal Beam A1A2 

                

(b)  Elongation of Support Beam A1B1                           (c)  Elongation of Support Beam B1C1 

Figure 4-36: Test 2 Elongation of Support and Longitudinal Beams Relative to Their Critical 

Loading Direction 

The cause of the reduction in the east-west bowstring effect beam elongation restraint is again evident 

when observing the torsional rotation of the beams that the floor tension ties of the bowstring were 

anchored into. Longitudinal beam A1A2 rotated into the floor-span with permanent deformation as 

displayed in Figure 4-37 (a), relieving tension forces in the east-west bowstring tension ties. The direct 

correlation between total elongation of the support beams A1B1 and B1C1 and plastic inward torsional 

rotation of the longitudinal beam A1A2 from the engaged east-west bowstring effect is displayed in 

Figure 4-38.  
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Note that the torsional rotation of support beams A1B1 and B1C1 was greatly reduced in Test 2 as 

shown in Figure 4-37 (b) and (c) due to the elimination of the north-south bowstring effect at the start 

of the test. This is one of the primary drivers for the improved in-plane shear stiffness observed in Test 

2 at moderate to design level drift demands. Diaphragm compression struts were able to cross the wide 

cracks at the ends of the hollow-core units to link the frames, but tension ties were not. This meant the 

bowstring effect was not able to exceed the torsional capacity of the beams through the starter bars and 

therefore weaken the diaphragm diagonal strut load-path by reducing the capacity of the critical link of 

the beams in shear about their weak axes. Improved roughening of the beam-column casting joint in 

Test 2 also likely had a positive effect on the torsional capacity of the beams compared to Test 1, 

particularly at low drift and damage levels. 

 

(a) Torsional Rotation of Longitudinal Beam A1A2 Relative to Columns A1 and A2              

        

(b)  Torsional Rotation of Support Beam                     (c)  Torsional Rotation of Support Beam 

A1B1 Relative to Columns A1 and B1                     B1C1 Relative to Columns B1 and C1     

Figure 4-37: Test 2 Torsional Rotation of Support and Longitudinal Beams Relative to Their 

Supporting Columns 

The unit-5-to-unit-6 split and the weakening of the east-west bowstring effect it caused had a clear 

impact on the torsional rotation of longitudinal beam A1A2. Following the significant damage to the 

east-west bowstring effect, the rate of torsional rotation in A1A2 significantly decreased. This provides 

further evidence that the bowstring effect is the primary driver of beam plastic hinge torsional damage 

when applied simultaneously with major axis bending demands and therefore it is the primary driver of 

diaphragm shear stiffness degradation at moderate to design level drift demands. 
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Figure 4-38: Test 2 Inward Rotation of Longitudinal Beam A1A2 Driven by Elongation of the 

Orthogonal Support Beams A1B1 and B1C1 

Again, note that inward rotation in Figure 4-38 describes the top of the beams (where they are connected 

to the floor via starter bars) moving inwardly towards the floorplate. A visual representation of this and 

the starter bar demands that cause it is portrayed in Figure 4-25 (e).  

4.4 Refinement of Diaphragm Load-Paths Using Local Displacement Measurements 

Within from the Frame Specimen 

Analysis of the frame specimen during rhomboid loading protocols provided in Section 4.3 used testing 

observations and global frame behaviour to develop understanding of deteriorated diaphragm force 

transfer mechanisms which can be used to inform the remaining available load-paths. However, there 

were unknowns related to these force transfer mechanisms that could not be answered by global system 

behaviour. These unknowns include: 

• The distance away from column-faces that struts can land into perimeter beams. 

• How hollow-core units deformed relative to each other along interfaces between units. 

• The reliability of landing diaphragm compression struts into intermediate columns near tie-bar 

anchor points. 

• The critical parameters determining if a residual contact compression strut can form across 

wide cracks at the floor perimeter. 

In this section, local crack widening and shear slip measurement data of the critical crack interfaces 

along beam-to-floor interfaces and between unit interfaces as well as column-to-floor gap width and 

beam torsional rotation data will be used to investigate these unknowns. Comparisons of findings to 

existing guidance on these matters will then be provided along with suggestions for future guidance. 

4.4.1 Data Presentation Conventions 

The global deformations for the rhomboid loading protocols were applied by extending and retracting 

east-west actuators attached to column A2 to translate the north frame while holding the south frame 

stationary as described in Section 3.6.1. When considering the damage inducing deformations applied 

to the specimen from this loading protocol, it is appropriate to relate to shear strain of the floor rather 

than translational movement of the north frame. Shear strain is a more generalized way of considering 

the applied deformation that is less dependent on the specific dimensions of the frame. Additionally, 

from a practical standpoint, the two bays of the specimen had the potential to deform independently 

during the rhomboid loading protocol as a feature of the specimen and loading frame. This means the 

applied displacement at column A2 was not necessarily indicative of the shear deformation demands 

applied to each bay of the specimen. To measure the global shear strain of each bay individually, draw-
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wires were installed directly to the column concrete faces approximately 100 mm above the floor 

topping, crossing the floorplate diagonally. This removed the potential for any deformation losses 

through the loading frame or columns to be included in the results. The locations of the global draw-

wire measurements and the method of used to calculate shear strain is displayed in Figure 4-39. 

Note that local deformations along beams, between units, and at column-to-floor gaps are plotted 

against the global shear strain recorded for the individual bay they are located in. The individual global 

bay shear strain responses for the rhomboid loading protocols of both tests are displayed in Appendix 

M.2. 

 

(a) Method of Calculating Shear            (b)  Diagonal Measurements Recorded from Column-Faces 

     Strain (Cheung 1991)                         to Calculate Shear Strain for Each Bay of the Specimen 

Figure 4-39: Location of Draw-Wires to Capture Diaphragm Shear Deformation in Each Bay 

Positive shear strain was defined as an anti-clockwise rotation (when the E-W actuators at column A2 

were extended) and negative shear strain as clockwise rotation (when the E-W actuators at column A2 

were retracted) as shown in Figure 4-40. Shear strain is reported in radians in the graphs within this 

section. 

 

Figure 4-40: Diaphragm Shear Strain Sign Convention 

Initial conditions of beam and inter-unit crack widths as well as closing and opening behaviour during 

rhomboid loading protocols is provided. 

Data is displayed in two formats for most rhomboid loading protocol deformations to provide the ability 

to compare deformations easily. Graphs displayed on the left side of pages are unscaled, providing a 
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close-up view of the data to allow for comparisons of local deformations in each individual rhomboid. 

Graphs displayed on the right side of pages are scaled to the final rhomboid of the test (super-assembly 

Test 1 or Test 2). These graphs provide visual context of the difference of magnitude in global and local 

deformation between the rhomboid loading protocols, as floor damage increased, and it was possible to 

apply larger shear deformations to the specimen without causing substantial new damage. They also 

allow comparisons of stiffnesses at critical interfaces between the different rhomboid loading protocols. 

Sensor measurements between and during rhomboid loading protocols are colour coded. In general, red 

hues are used for measurements near the corner columns (or the south end of the specimen for 

longitudinal beam-to-floor measurements and column-to-floor gap measurements) and blue hues are 

used for measurements near intermediate columns (or the north end of the specimen for longitudinal 

beam-to-floor measurements and column-to-floor gap measurements). 

For interpreting rhomboid local deformation measurement data, sensor measurements that remain 

mostly horizontal relate to low opening and closing of cracks or gaps (or low amounts of shear slip), 

indicating stiffer load-paths. If sensor measurements initially have a high slope but the slope flattens 

with displacement, this indicates stiffness increases due to concrete binding across cracks or additional 

continuity steel reinforcement engagement. Sensor measurements with high slopes that do not flatten 

relate to high degrees of crack or gap opening and closing (or high amounts of shear slip), without any 

binding, providing evidence of high local deformation and loss of load-path. Note that closing of cracks 

(negative displacement) from the initial crack width is more critical than opening of cracks (positive 

displacement) when indicating loss of compression strut load-paths. 

In this section, example data displaying general deformation trends are provided for single beams or 

single bays of the specimen for column-to-floor gap width data for brevity. Deformation data for all 

beam and crack and shear slip as well as column-to-floor gaps are displayed in Appendix M. 

Local deformation behaviour during rhomboid loading displayed in this section has been zeroed at the 

start of each rhomboid loading protocol to isolate the behaviour along critical interfaces due to global 

shear strain demands applied to the specimen. However, the initial conditions along the interfaces at the 

start of each rhomboid loading protocol provide important context to the deformations observed during 

rhomboid loading. Many of the graphs in this section are provided to show the initial conditions of the 

floor (regarding local deformation) directly prior to the start of each rhomboid loading protocol for 

context of the current damage state. The maximum inter-storey drift demands applied to the specimen 

directly prior to each rhomboid loading protocol are displayed in Table 3-1 and Table 3-2. 

4.4.2 Investigation of Beam Plastic Hinge Behaviour Using Super-Assembly Experiment Column-

to-Floor Gap and Beam Torsional Rotation Data 

The opening and closing of column-to-floor gaps between and during rhomboid loading protocols is 

displayed in this section. As discussed in Section 4.1, gaps were clearly visible between the floor and 

the columns by approximately 1% to 1.5% standard loading protocol drift demands in both Test 1 and 

Test 2, removing direct compression load-paths between the floor and columns. A closer look at the 

column gaps using spring potentiometer sensor data from the standard loading protocols and rhomboid 

loading protocols can be used to refine when compression load-paths were lost between the floors and 

columns. Additionally, the opening and closing of these gaps during rhomboid loading can provide 

insight into the relative stiffness of beam plastic hinge load-paths following loss of the floor-to-column 

compression strut load-paths. The locations and colour coding for column-to-floor gap measurements 

in Test 1 and Test 2 are displayed in Figure 4-41 and Figure 4-42.  
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(a) Sensor Naming and Colour Coding             (b)  Sensor Location Dimensions from Column 

                                                                                                  Corners (in mm) 

Figure 4-41: N-S Column-to-Floor Gap Measurement Naming Conventions and Locations 

  

 

 

(a) Sensor Naming and Colour Coding             (b)  Sensor Location Dimensions from Column 

                                                                                                  Corners (in mm) 

Figure 4-42: E-W Column-to-Floor Gap Measurement Naming Conventions and Locations 

Column-to-floor gap width data between and during rhomboid loading protocols in conjunction with 

beam torsional rotation data provided the following observations: 

Test 1 

In Test 1, following the beta-beta split formation and splitting of the floorplate into two smaller separate 

floorplates, the weak zone governing the diaphragm stiffness was the beam plastic hinges extending 

from intermediate columns B1 and B2. This was evident from the rhomboid N-S column gap width data 

shown in Figure 4-44. In the 2nd and 3rd rhomboid loading protocols following mesh rupture in the beta-

beta unit split, the N-S gaps at the intermediate columns opened and closed to a much greater degree 

(±3-to-6 mm during rhomboid loading 3) than at the corner columns (which opened and closed ±0.2-

Figure 4-43 (a), Figure 4-44, 

Figure 4-50 (a) 

Figure 4-43 (b), Figure 4-50 (b) 

Figure 4-45 (a), Figure 4-46, 

Figure 4-51 (a), Figure 4-56 

Figure 4-45 (b), Figure 4-51 (b), 

Figure 4-57 
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to-0.3 mm during rhomboid loading 3) as shown in Figure 4-44 (c). In Section 4.4.4, it is displayed that 

the support beam-to-floor crack widths had maximum crack opening and closing values of 

approximately 0.4 mm in the beam plastic hinges. This means the only remaining sources of 90-95% 

of this local deformation were torsional rotation and weak axis shear deformations of the beam plastic 

hinges framing out of column B1 and B2. Due to gaps opening around the column faces and loss of 

load-path continuity between the two bays, transfer diaphragm struts could not land in any other 

location. The substantial opening and closing of the N-S column gaps at column B1 and B2 shown in 

Figure 4-44 is indicative of the beam plastic hinge sliding and rotating due to overloading from the 

diaphragm strut forces (when closing) and tie forces enforced by starter bars (when opening). 

       

(a)  1st Bay N-S Gap Extensions                         (b)  2nd Bay N-S Gap Extensions              

Figure 4-43: Test 1, Initial N-S Column-to-Floor Gap Extensions Caused by Inter-Storey Drift 

Demands Recorded Directly Prior to the Start of Each Rhomboid Loading Protocol 

Additionally, due to permanent rotation at the top of perimeter support beams into the frame (as shown 

in Figure 4-48), the north-south column-to-floor gaps were large enough to remove the potential for 

struts to land directly into the intermediate column faces, despite observed formation of aggregate 

rubble at the tie-bar anchorages. This indicates that substantial loss of beam torsional stiffness and lack 

of diaphragm load-path continuity across beta units prevents the potential for a residual compression 

strut load-path directly into intermediate column faces near tie-bar anchorages observed in Test 2. 

At the corner columns, the opening of column-to-floor gaps from inter-storey drift induced damage was 

equivalent to the intermediate columns in the east-west direction and greater than at the intermediate 

columns in the north-south direction, as shown in Figure 4-43 and Figure 4-45.  
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(a) Rhomboid 1 Data Unscaled                          (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                

           (c)  Rhomboid 2 Data Unscaled                        (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                       (e)   Rhomboid 3 Data 

Figure 4-44: Test 1 Rhomboid 1-3, 1st Bay Column-to-Floor N-S Gap Extensions 

This behaviour was expected, due to the concentration of beam elongation demands at corner columns 

caused by beam plastic hinges framing into the column from both orthogonal directions. However, 

during the rhomboid loading protocols, these column-to-floor gaps displayed unanticipated behaviour. 

There were relatively low opening and closing deformations of the column-to-floor gaps under 

rhomboid loading protocol demands in both the east-west direction (shown in Figure 4-46) and north-

south direction, particularly compared to the intermediate column-to-floor gap deformations in the 

north-south direction which were an order of magnitude larger, as shown in Figure 4-44. This implied 

the beam plastic hinges at corner columns were stiffer elements for transferring diaphragm strut forces 

into the frame columns than plastic hinges framing out of intermediate columns. This observation is 

supported by the torsional rotation data for the support beam A1B1 and B1C1 during the rhomboid 3 

loading protocol displayed in Figure 4-49.  
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(a) 1st Bay E-W Gap Extensions                              (b)  2nd Bay E-W Gap Extensions              

Figure 4-45: Test 1, Initial E-W Column-to-Floor Gap Extensions Caused by Inter-Storey Drift 

Demands Recorded Directly Prior to the Start of Each Rhomboid Loading Protocol 

                

(a)  Rhomboid 1 Data Unscaled                                (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                  

       (c)  Rhomboid 2 Data Unscaled                          (d) Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                           (e) Rhomboid 3 Data 

Figure 4-46: Test 1 Rhomboid 1-3, 1st Bay E-W Column-to-Floor Gap Extensions 



 

4-47 

 

The locations where beam and column torsional rotations were recorded during Test 1 are displayed in 

Figure 4-47. The initial beam torsional rotation induced by inter-storey drift SLP demands at the start 

of each rhomboid loading protocol is displayed in Figure 4-48, providing evidence that beam torsional 

rotation and the associated weak-axis shear load-path deterioration was localized to the beam plastic 

hinges for both the support beams and longitudinal beams in Test 1. Measurements of column rotation 

for corner columns (Rot 1 for support beams and Rot 1 and Rot 6 for the longitudinal beam in Figure 

4-47) were located 370 mm in from the beam-column face to align with the floor cut-outs. 

Measurements of column rotation for intermediate columns (Rot 5 for support beams in Figure 4-47) 

were located at the centre of the column face. 

In Figure 4-48 and Figure 4-49, positive torsional rotation is defined as rotation that twists the top of 

the beam into the frame, as would be expected when tension is applied to the beam through the starter 

bars. 

 

 

 

(a) Beam Torsional Rotation Measurement             (b)  Beam Torsional Rotation Measurement 

       Naming and Colour Coding                           Locations Relative to Corner Column-Faces 

Figure 4-47: Test 1 Beam Torsional Rotation Measurement Naming Conventions and Locations 

 

(a) Beam A1B1 Initial Local Torsional Rotation         (b)  Beam B1C1 Initial Local Torsional Rotation 

Figure 4-48 (c) Figure 4-48 (a), 

Figure 4-49 (a) 

Figure 4-48 (b), 

Figure 4-49 (b) 
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(c)  Beam A1A2 Local Torsional Rotation 

Figure 4-48: Test 1 Beam Torsional Rotation Relative to the Supporting Columns at Residual 

Drift at the Initiation of Each Rhomboid Loading Protocol 

              

(a) Beam A1B1 Local Torsional Rotation               (b)  Beam B1C1 Local Torsional Rotation 

Figure 4-49: Torsional Rotation of Support Beam A1B1 and B1C1 during Test 1 Rhomboid 

Loading Protocol 3 

As shown in Figure 4-49, there was differential torsional rotation along both beam A1B1 and B1C1, 

with larger torsional rotation near the beam plastic hinges framing out of column B1 under both global 

shear loading directions. This demonstrated that despite the corner columns being pushed further out 

from the frame by accumulation of beam elongation in two directions and having longer, wider cracks 

between the floor and frame, the additional load-path support provided by the longitudinal beams acting 

in shear and compression/tension governed in providing a stiffer diaphragm compression strut load-

path compared to the intermediate columns. The load sharing behaviour is depicted in Figure 4-22. This 

was due to beam plastic hinge torsional and weak-axis shear stiffness governing the diaphragm stiffness.  

This observation supports the suggestion of implementing beta-beta unit stitching bars as a method to 

improve the stiffness of diaphragm load-paths at intermediate columns by maintaining inter-bay strut-

and-tie load-paths and allowing the beta units to act as a single monolithic element. It also supports the 

suggestion that selective weakening of a portion of starter bars near beam mid-spans would not 

negatively impact diaphragm performance due to the critical weak element of the diaphragm being the 

beam weak-axis shear load-path rather than the beam-to-floor continuity load-path. 

Test 2 

The column-to-floor gap opening and closing behaviour in Test 2 was significantly different from Test 

1 due to the different floor damage mechanisms that developed from uni-directional pulse loading, 
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different beam-to-floor continuity reinforcing layouts, and the installation of beta-beta unit stitching 

bars. Torsional rotation of support beams was minimal following early rupture of diaphragm tie forces 

in the north-south direction, eliminating the bowstring effect as discussed in Section 4.3.3 and shown 

in Figure 4-37. This changed the primary mechanism driving diaphragm stiffness deterioration from 

loss of beam torsional stiffness to reduction of contact compression and shear force transfer mechanisms 

across wide cracks. The consequence of this was wider floor-to-column gaps at the corner columns and 

smaller gaps at the intermediate columns, as shown in Figure 4-50 and Figure 4-51.  

         

(a) 1st Bay E-W Gap Extensions                                  (b)  2nd Bay E-W Gap Extensions              

Figure 4-50: Test 2, Initial E-W Column-to-Floor Gap Extensions Caused by Inter-Storey Drift 

Demands Recorded Directly Prior to the Start of Each Rhomboid Loading Protocol 

      

(a) 1st Bay N-S Gap Extensions                              (b)  2nd Bay N-S Gap Extensions              

Figure 4-51: Test 2, Initial N-S Column-to-Floor Gap Extensions Caused by Inter-Storey Drift 

Demands Recorded Directly Prior to the Start of Each Rhomboid Loading Protocol 

The smaller intermediate column-to-floor gaps were indicative of the tie-bars successfully acting in 

tension to keep the intermediate columns linked and the top of the support beams not rotating torsionally 

into the frame or exhibiting significant plastic hinge weak-axis shear deformation behaviour as they did 

in Test 1. This observation is supported by the torsional rotation data for the support beam A1B1 and 

B1C1 during the rhomboid 3 loading protocol of Test 2, displayed in Figure 4-55. Positive torsional 

rotation is defined as rotation that twists the top of the beam into the frame as would be expected when 

tension is applied to the beam through the starter bars. The torsional rotation data from the fourth 

rhomboid loading protocol was not used for comparison to the Test 1 support beam torsional behaviour 

for two reasons. Firstly, the third rhomboid loading protocol of Test 2 was undertaken following 

maximum inter-storey drift demands of 3% (║) (and 1.5% (┴)), which was the closest set of Test 2 drift 

demands to compare against the maximum drift demands applied prior to the third rhomboid loading 
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of Test 1 (of 2.5% drift (║ and ┴)). Secondly, the behaviour of the beams in the fourth rhomboid loading 

of Test 4 was not representative of the standard beam structural response during Test 2. This was due 

to the floor elements of the first frame bay being supported by the cable catch retrofit system tested by 

Büker discussed in (Brooke 2022) and shown in Figure 4-52, after losing gravity support at 3.5% drift 

(║). This caused large tensile stresses to develop in the catch frame retrofit wire ropes, applying 

substantial weak axis bending/shear demands to the support beams (pulling them into the frame).  

 

Figure 4-52: Büker’s Cable Catch Frame Retrofit Installed in the First Bay of the Test 2 

Specimen (Brooke 2022) 

The locations where beam and column torsional rotations were recorded during Test 2 (for the same 

beams where torsional rotation was recorded for during Test 1) are displayed in Figure 4-53. The initial 

beam torsional rotation induced by inter-storey drift SLP demands at the start of each rhomboid loading 

protocol is displayed in Figure 4-54. The permanent torsional rotation of the support beams at the start 

of the first three Test 2 rhomboid loading protocols was minor compared to what was recorded for Test 

1, providing evidence that the support beams did not significantly lose torsional stiffness in Test 2. 

Torsional rotation of longitudinal beam A1A2 was larger at the south end of the beam, suggesting 

substantial diaphragm tension ties anchoring into the beam near the south beam plastic hinge. This 

suggests the beam was acting as the anchor point for tension ties developed by the struts observed 

landing into column B1, as portrayed in Figure 4-34. The reduced permanent beam torsional rotation at 

the north end of beam A1A2 suggested that wide cracking and loss of strut load-path along beam A2B2 

had reduced tension tie demands anchored near the north beam A1A2 beam plastic hinge, as struts could 

not develop across the A2B2 interface. In Test 2, a beam torsional rotation measurement was recorded 

85 mm out from the beam-column interface in beam A1B1 and A1A2. This provided an interesting 

observation for beam A1A2, as it displayed approximately 2/3rds of the beam torsional rotation was 

occurring across one or two primary flexural cracks at the beam-column interface, further demonstrating 

the high localization of torsion and weak-axis shear deterioration within the beam plastic hinge zone. 

Note that the beam-column interfaces were intentionally roughened prior to the beam casting pour in 

Test 2 to ensure sufficient aggregate interlock across the interfaces. 

Measurements of column rotation for corner columns (Rot 1 for support beams and Rot 1 and Rot 5 for 

the longitudinal beam in Figure 4-53) were located 370 mm in from the beam-column face to align with 

the floor cut-outs. Measurements of column rotation for intermediate columns (Rot 5 for beam A1B1 

and Rot 4 for beam B1C1 in Figure 4-53) were located at the centre of the column face. 

In Figure 4-54 and Figure 4-55, positive torsional rotation is defined as rotation that twists the top of 

the beam into the frame as would be expected when tension is applied to the beam through the starter 

bars. 
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Figure 4-53: Test 2 Beam Torsional Rotation Measurement Naming Conventions and Locations 

 

(a) Beam A1B1 Initial Local Torsional Rotation         (b)  Beam B1C1 Initial Local Torsional Rotation 

 

(c)  Beam A1A2 Local Torsional Rotation 

Figure 4-54: Test 2 Beam Torsional Rotation Relative to the Supporting Columns at Residual 

Drift at the Initiation of Each Rhomboid Loading Protocol 

Figure 4-54 (c)  Figure 4-54 (a), 

Figure 4-55 (a) 

Figure 4-54 (b), 

Figure 4-55 (b) 
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(a) Beam A1B1 Local Torsional Rotation                  (b)  Beam B1C1 Local Torsional Rotation 

Figure 4-55: Torsional Rotation of Support Beam A1B1 and B1C1 during Test 1 Rhomboid 

Loading Protocol 3 

As shown in Figure 4-55, the beams did not exhibit significant torsional rotation during rhomboid 

loading. The only minor sign of torsional rotation in beam A1B1 was in the direction twisting the top 

of the beam outwards from the frame. This is consistent with the observation of compression struts 

landing into the beams through residual contact compression load-paths across the wide sinusoidal 

crack at the end of the starter bars, but there being no ability to develop tension tie load-paths across 

the crack due to mesh rupture. 

Column-to-floor gap data for intermediate columns B1 and B2 displayed that gap opening between the 

beta units and columns in the north-south direction concentrated at the north end of the frame, as shown 

in Figure 4-51. This was likely driven by the early mesh rupture along beam A2B2 at +1.6% drift (║), 

which led to concentration of beam elongation deformation (caused by longitudinal beam A1A2) at the 

north beam-to-floor interface. This provided explanation for why diagonal topping spalling indicating 

compression struts landing directly into the intermediate column tie-bar anchor points (shown in Figure 

4-13) were only observed at column B1, rather than at both intermediate columns. The outcome of this 

behaviour is that while a direct compression force transfer mechanism was observed between the beta 

unit floor topping and intermediate column B1, it is not a reliable force transfer mechanism that can be 

designed for. This is because it cannot be predicted which end of the floor gap opening deformation 

will concentrate at.  

Wide corner column-to-floor gaps observed in Test 2 were indicative that the columns had been pushed 

further out of the frame from elongation of the support and longitudinal beams. This was because there 

were no remaining tension tie load-paths linking the support beams and floor to hold the columns into 

the frame in the north-south direction. This was particularly evident near column A2, where mesh 

rupture along beam A2B2 from inter-storey drift demands of +1.6% (║) prior to the second rhomboid 

loading protocol eliminated north-south diaphragm tension tie elements (and the north-south direction 

bowstring effect). The A2 column-to-floor gaps were substantially larger than at other columns, 

particularly in the north-south direction due to deformation from elongation of beam A1A2 plastic 

hinges accumulating at the north end of the frame, where there were no tension tie elements to restrain 

the frame growth. This culminated in a large instantaneous shift in the north end of the first bay floor 

relative to the frame during the fourth rhomboid, following mesh rupture along the U5-U6 interface. 

This was shown by the large E-W displacement at column A2 in Figure 4-56. The instantaneous sliding 

of the floor relative to the frame demonstrated that there had been no load-path between the floor and 

beam A2B2, as discussed further in Section 4.4.4. It also demonstrated that the diaphragm strut forces 

had previously been tied back to the second bay across the beta-beta unit stitching bars as portrayed in 

Figure 4-35.  
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(a) Rhomboid 1 Data Unscaled                              (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                 

        (c) Rhomboid 2 Data Unscaled                                 (d) Rhomboid 2 Data Scaled to Rhomboid 4 

                  

         (e) Rhomboid 3 Data Unscaled                                 (f) Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure 4-56: Test 2 Rhomboid 1-4, 1st Bay E-W Column-to-Floor Gap Extensions 
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(a) Rhomboid 1 Data Unscaled                              (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

            

            (c) Rhomboid 2 Data Unscaled                          (d) Rhomboid 2 Data Scaled to Rhomboid 4 

          

             (e) Rhomboid 3 Data Unscaled                          (f) Rhomboid 3 Data Scaled to Rhomboid 4 

            

      (g) Rhomboid 4 Data Scaled to 1st Bay                                       (h) Rhomboid 4 Data 

Figure 4-57: Test 2 Rhomboid 1-4, 2nd Bay E-W Column-to-Floor Gap Extensions 
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The column-to-floor gap deformation at column C2 during the Test 2 rhomboid loading protocols 

provided evidence of significantly stiffer behaviour for 2nd bay diaphragm load-paths compared to the 

first bay, despite wide cracks opening at the back-face of the hollow-core units along beam B2C2. The 

column-to-floor north-south and east-west gap extensions from inter-storey drift demands were large 

and similar to those recorded at column A2, as shown in Figure 4-50 and Figure 4-51. However, the 

relatively small opening and closing of the E-W floor-to-column gap at column C2 throughout the 

rhomboid loading protocols compared to column A2 indicated improved shear transfer along the B2C2 

beam-to-floor interface. This is investigated further in Section 4.4.4. 

4.4.3 Investigation of Hollow-Core Unit Relative Deformation Using Super-Assembly Experiment 

Inter-Unit Crack Widening and Shear Slip Data 

The relative crack widening and shear slip deformation between hollow-core units can be used as an 

indicator for where reliable transfer force diaphragm strut load-paths form across the diaphragm and 

into beams. These deformations between and during the rhomboid loading protocols are investigated in 

this section. 

The naming, colour coding conventions and locations of sensors used to provide crack width data across 

the inter-unit crack interfaces are displayed in Figure 4-58. The same sensor layout was used in both 

Test 1 and Test 2. Spring potentiometers were mounted to the floor topping above one unit with a target 

surface mounted on the adjacent unit. 

 

               

(a) Test 1 Sensor Naming and Colour Coding        (b) Test 2 Sensor Naming and Colour Coding           

 

(c)  Sensor Location Dimensions from South Column Faces (in mm) 

Figure 4-58: Inter-Unit Crack Width Measurement Naming Conventions and Locations 

Figure 4-60, Figure 4-61 Figure 4-64, Figure 4-65 
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The naming, colour coding conventions and locations of sensors used to provide crack shear slip data 

across the inter-unit crack interfaces are displayed in Figure 4-59. The same sensor layout was used in 

both Test 1 and Test 2.  Spring potentiometers were mounted to the floor topping above one unit with 

a target surface mounted on the adjacent unit. 

 

            

(a) Test 1 Sensor Naming and Colour Coding        (b) Test 2 Sensor Naming and Colour Coding           

 
(c)  Sensor Location Dimensions from South Column Faces (in mm) 

Figure 4-59: Inter-Unit Sliding Shear Displacement Measurement Naming Conventions and 

Locations 

Test 1 

Inter-unit topping crack widths at the unit mid-spans measured at the start of each rhomboid loading 

protocol in Test 1 are displayed in Figure 4-60. All inter-unit crack widths are displayed in Figure 4-60 

(a), which were dominated by the split which opened between beta unit 4 and beta unit 5 in the 1.5% 

drift cycle prior to the second rhomboid loading protocol of Test 1. All ability for compressive struts 

and tension ties to cross the interface between beta units was lost prior to the 2nd rhomboid loading 

protocol following 1.5% (┴) inter-storey drift demands. Figure 4-60 (b) displays the same data without 

the beta unit 4 to beta unit 5 split to allow for easier comparison of the remaining inter-unit crack widths. 

The remaining inter-unit crack data was dominated by cracks opening between the alpha units and the 

next unit in (the U1-U2 interface and U7-U8 interface). This displays that U2, U3, and U4 as well as 

U5, U6, and U7 remained as monolithic blocks for transferring strut-and-tie forces. Additionally, it 

displays that while most of the deformation incompatibility demands from support beam elongation 

was concentrated to the beta-beta unit split and longitudinal beam torsional rotation, the alpha-unit to 

second unit interface was another significant weak interface within the diaphragm. 

Figure 4-62, Figure 4-63 Figure 4-66 
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(a) All Inter-Unit Crack Widths 

 

(b) Inter-Unit Crack Widths Omitting the Critical U4-U5 Beta-Beta Split 

Figure 4-60: Test 1 Initial Inter-Unit Topping Crack Widths at Unit Mid-Spans at the Start of 

Each Rhomboid Loading Protocol 

The inter-unit topping crack widths at the unit mid-spans during the rhomboid loading protocols of Test 

1 are displayed in Figure 4-61. Most extension and contraction of crack widths occurred along the beta-

beta unit split, as expected. However, there was also some limited extension and contraction along the 

U1-U2 and U7-U8 interfaces during the second and third rhomboid loading protocols, providing further 

evidence of the alpha-to-2nd-unit interfaces being weaker, with more limited strut transfer capabilities, 

compared to the U2, U3 and U4 and U5, U6 and U7 monolithic blocks.  
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(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure 4-61: Test 1 Rhomboid 1-3, Inter-Unit Topping Crack Width Extensions at Unit Mid-

Spans 

Shear slip observed between units throughout the Test 1 rhomboid loading protocols was consistent 

with these findings and the claim that U2, U3 and U4 and U5, U6 and U7 acted as monolithic blocks. 

Figure 4-62 displays the inter-unit shear slip omitting the beta-beta unit split for clarity of other 

deformations. The U1-U2 and U7-U8 interfaces are the only unit interfaces that display significant shear 

slip behaviour. During the third rhomboid loading, the shear stiffness across the U7-U8 interface clearly 

increases at larger global shear deformations, providing evidence that diaphragm compression struts 

were maintained across the interface, but to a lesser degree than across interior unit interfaces. Based 

on this observation, diaphragm struts can be assumed to reliably cross alpha-unit-to-second-unit 

interfaces and land within longitudinal beams, as the strut can develop over a wide length across the 

unit-to-unit interface. However, it is proposed that diaphragm compression struts are less reliable at 
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alpha unit supports based on this observation. This is because compression load-path across alpha-unit-

to-support-beam interfaces already deteriorate from wide cracks developing outwards from the column 

(as discussed further in Section 4.4.4), meaning the most likely strut landing location along this interface 

is at the edge of the alpha unit near the alpha-unit-to-second-unit interface. Reduction in stiffness along 

the alpha-unit-to-second unit interface as well as a small initial potential strut landing zone at the alpha 

unit back-face suggests the magnitude and stiffness of compression struts that land at the back face 

would be minimal. 

           

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

            

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure 4-62: Test 1 Rhomboid 1-3, Sliding Shear Displacement Along Inter-Unit Topping 

Cracks at Unit Mid-Spans Omitting the Critical Beta-Beta Unit Split 

Figure 4-63 displays the inter-unit shear slip during Test 1 rhomboid loading protocols, including the 

U4-U5 beta-beta unit split. The shear slip along this interface was two orders of magnitude greater than 
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the shear slip between U1-U2 and U7-U8. This was expected for the second and third rhomboid loading 

protocols where the mesh had ruptured along the U4-U5 interface. The substantial shear slip during the 

first rhomboid displays that significant damage concentration had already developed along the beta-

beta unit crack by 0.75% drift prior to the mesh rupture. 

    

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

        

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure 4-63: Test 1 Rhomboid 1-3, Sliding Shear Displacement Along Inter-Unit Topping 

Cracks at Unit Mid-Spans 
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Test 2 

The inter-unit topping crack widths at the unit mid-spans measured at the start of each rhomboid loading 

protocol in Test 2 are displayed in Figure 4-64.  

 

Figure 4-64: Test 2 Initial Inter-Unit Topping Crack Widths at Unit Mid-Spans at the Start of 

Each Rhomboid Loading Protocol 

At the start of the first two rhomboid loading protocols, the primary inter-unit crack was between U3-

U4 (on the east side of the beta-beta unit stitching bars). By the start of the third and fourth rhomboid 

loading protocols, this crack had closed, and inter-unit damage concentrated at the U5-U6 interface (on 

the west side of the beta-beta unit stitching bars). This finding is consistent with the observation that 

the ability for compression struts to cross the A2B2 beam-floor interface had reduced compared to the 

B2C2 beam-floor interface due to wide cracking, and the strut forces were instead being tied back into 

the 2nd bay across the beta-beta unit stitching bars. This demonstrates that the U5-U6 split was already 

the weak zone where additional damage was concentrating by 3% drift (║) (1.5% drift (┴)). The 

substantial shear deformation applied to the specimen during the 4th rhomboid loading caused the final 

destruction of compression strut and tension tie load-paths across this interface when tensile damage 

concentration at the interface led to mesh rupture. The immediate widening of the U5-U6 split this 

brittle failure caused is displayed in Figure 4-65 (g). 

In the first three rhomboid loading protocols, the main concentration of inter-unit crack widening 

damage occurred between U1-U2 and U3-U4, providing evidence that the beta-beta unit stitching bars 

had changed the floor system to effectively act as five monolithic blocks. The interface between alpha 

units and the second unit were still natural weak zones for deformation to concentrate, leading to these 

units being their own separate blocks. Within the floorplate, U2 and U3, U4 and U5 and U6 and U7 

were the remaining three monolithic blocks. This was in contrast with Test 1 where damage 

concentration at the U4-U5 split led to U2, U3, and U4 as well as U5, U6, and U7 acting as two large 

monolithic blocks. Limited crack widening occurred along the U4-U5 interface, but this cracking was 

ultimately held closed by the beta-beta stitching bars. 

Figure 4-66 displays the inter-unit shear slip during Test 2 rhomboid loading protocols. The installation 

of beta-beta unit stitching bars led to a more even distribution of shear slip damage across multiple unit-

unit interfaces compared to Test 1, where damage concentrated at the U4-U5 beta-beta unit interface. 

The only unit interfaces that did not display shear slip behaviour were the U2-U3 and U6-U7 interfaces 

between intra-span units. This behaviour was a large improvement over the Test 1 diaphragm behaviour 

for sustaining diaphragm transfer forces across multiple bays. 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                     

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                       

         (e)  Rhomboid 3 Data Unscaled                              (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure 4-65: Test 2 Rhomboid 1-4, Inter-Unit Topping Crack Width Extensions at Unit 

Mid-Spans 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                   

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                     

                 (e)  Rhomboid 3 Data Unscaled                        (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure 4-66: Test 2 Rhomboid 1-4, Sliding Shear Displacement Along Inter-Unit Topping 

Cracks at Unit Mid-Spans 
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As expected, there was an instantaneous increase in shear slip deformation along the U5-U6 interface 

once the mesh ruptured under positive global shear strain demands as displayed in Figure 4-66. 

However, under negative global diaphragm shear strain demands, the shear slip deformation along the 

interface was not as substantial. This was indicative of residual compression strut and tension tie load-

paths remaining at the south end of the U5-U6 split, allowing compression struts to land in column B1. 

Based on the previous observations, the units that acted as monolithic blocks (and the critical crack 

widening and shear slip failure planes) in both tests are displayed in Figure 4-67. Alpha units are shown 

with red, monolithic blocks of intra-span units are shown with green, and beta-beta unit monolithic 

blocks are shown in blue. 

 

(a) Test 1                                                                   (b)  Test 2 

Figure 4-67: Crack Widening and Shear Slip Failure Planes Between Collections of 

Hollow-Core Units that Acted as Stiff Monolithic Blocks During Test 1 and Test 2 

4.4.4 Investigation of Reliable Locations to Land Diaphragm Compressive Struts into Frame 

Beam Elements Using Super-Assembly Experiment Local Beam-to-Floor Crack Width and Shear 

Slip Data 

Throughout Test 1, crack widening damage at the support and longitudinal beam-to-floor interfaces 

from inter-storey drift induced damage between rhomboid loading protocols was generally localised to 

the beam plastic hinge zones. This also applied to the longitudinal beams of Test 2. As expected, and 

recorded in previous experimental studies, the length extending from the column face over which a 

crack was wide enough to eliminate landing of diaphragm compressive struts into the beam was greater 

at corner columns than at intermediate columns. This was due to corner columns being pushed out from 

the frame by beam elongation of the both the support and longitudinal beams, while intermediate 

columns were restrained and held into the frame with tie-bars.  

In Test 2, uni-directional inter-storey drift demands and testing of sub-optimal continuity reinforcement 

detailing for the support beams led to wide cracking developing along the full width of the floor and at 

the beam-to-floor interface. This was the primary damage mechanism, instead of the beams losing 

torsional stiffness.  

In this section, general trends from sensors measuring local crack widening between rhomboid loadings, 

as well as crack opening and closing and shear slip during rhomboid loading, will be used to identify 

reliable strut landing locations for diaphragm compression loads to land into the beams. 
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Longitudinal Beams with Substantial Loss of Torsional Stiffness: Test 1 and Test 2 Results 

The naming, colour coding conventions and locations of sensors used to provide crack width data across 

the longitudinal-beam-to-alpha-unit interfaces are displayed in Figure 4-58. The same sensor layout 

was used in both Test 1 and Test 2. Linear potentiometers were mounted on threaded rods anchored 

into the topping concrete on either side of the critical crack interfaces. 

 

 

   

(a) Test 1 Sensor Naming and Colour Coding     

 

     

 

(b) Test 2 Sensor Naming and Colour Coding                   (c)  Sensor Location Dimensions      

                                                                                       from North Column Face (in mm) 

Figure 4-68: Longitudinal-Beam-to-Alpha-Unit Crack Width Measurement Naming 

Conventions and Locations 

The naming, colour coding conventions and locations of sensors used to provide shear slip data across 

the longitudinal-beam-to-alpha-unit interfaces are displayed in Figure 4-58. The same sensor layout 

was used in both Test 1 and Test 2. Spring potentiometers were mounted to the floor topping above the 

alpha unit with a target surface mounted on the longitudinal beam. 

 

 

 

Figure 4-70, Figure 4-71 

Substantial cracking in the floor not captured by 

sensors at the end of beam plastic hinge zones in Test 1 
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(a) Test 1 Sensor Naming and Colour Coding         

 

 

 

(b) Test 2 Sensor Naming and Colour Coding                (c)  Sensor Location Dimensions      

                                                                                                from North Column Face (in mm) 

Figure 4-69: Longitudinal-Beam-to-Alpha-Unit Sliding Shear Displacement Measurement 

Naming Conventions and Locations 

In both Test 1 and Test 2, the central two crack width sensor readings for all beams across both tests 

displayed that there was no significant crack widening between rhomboid loadings and no significant 

crack opening or closing during rhomboid loadings at 2400 mm into the beam span from the column 

faces, as shown in Figure 4-70. At these locations, there was a single crack, meaning these were reliable 

measurements of the full longitudinal-beam-to-floor deformation. This provides strong evidence that 

diaphragm compression struts were reliably landing within the central third of the beam span. At the 

beam-column interfaces, the crack widening as well as opening and closing behaviour during rhomboid 

loading was extremely large for all longitudinal beams. This was expected due to localised beam plastic 

hinge damage from following loss of beam torsional stiffness and deterioration of the beam weak-axis 

shear capacity. The substantial crack damage was evident from the data despite the sensors not capturing 

all the major crack deformation, as the deformation was distributed through diagonal cracking within 

the floor at this location in both tests.  

Figure 4-72 
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Figure 4-70: Test 2 Initial Local Beam-to-Floor Crack Widths Along Longitudinal Beam A1A2 

at the Start of Each Rhomboid Loading Protocol 

The intermediary sensors between the two extremes of deformation at ends of the beams and near the 

mid-span of the beams were the sensors mounted at the end of the beam plastic hinge zones. Between 

the two tests, the Test 2 results were more reliable because the cracking pattern from drift demands with 

a lower ratio of simultaneous bi-directionality favoured transverse cracking near the beams rather than 

more widely distributed diagonal cracking within the floor that occurred in Test 1, as shown in Figure 

4-68. This meant it was more reasonable to assume the Test 2 sensors captured most of the critical crack 

behaviour across the longitudinal beam-to-column interface at this location than it was for Test 1. The 

crack widening between rhomboid loading protocols was moderate at these sensors, reaching 

approximately 2 mm wide by the third rhomboid loading protocol. During the rhomboid loading 

protocols, the cracks opened under tensile demands from global shear distortion demands and closed 

when returning to residual shear distortion. However, the cracks closed less from the original crack 

width compared to the crack opening in most cases, suggesting some stiffness under compression 

loading across the beam-to-floor interface (the exception to this was at the south end of C1C2, and south 

end of A1A2 near the end of the Test 2, where negative moment cracking at the end of the south support 

beam starter bars had pushed diaphragm deformation out from the beam-column interface further into 

the span). This behaviour was particularly well defined in Figure 4-71 (c). Based on this data, the 

location where diaphragm compressive struts can reliably land along the longitudinal beams can be 

narrowed down to between the end of the beam plastic hinge and 1/3rd into the beam span. Further 

specification of reliable strut landing locations can only be provided through conjecture with reference 

to the crack patterns, due to the relatively coarse nature of data. Estimation of the wide crack length is 

provided in Section 4.4.5. Data providing further refinement with greater resolution of measurements 

will be provided from future research analysing particle tracking data along the beam-to-floor interface 

during Test 1 drift and rhomboid loading demands. 

Figure 4-72 displays the shear slip behaviour along beam A1A2 during the Test 2 rhomboid loading 

protocols. Overall, the shear slip along this interface was minor near both ends of the beam (1575 mm 

into the beam span from the column faces), though it was approximately double the shear slip recorded 

between the U1-U2 interface. This suggests damage and deformation was concentrating at the beam-

to-floor interface to a greater degree than along the U1-U2 interface, which means the U1-U2 interface 

was not the primary weak zone for strut formation into the longitudinal beam. During the 4th rhomboid 

loading protocol, shear slip at the south end of the beam reduced instantaneously when the U5-U6 split 

occurred as shown in Figure 4-72 (g). This suggests a residual compression strut was forming within 
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the first bay following the significant first bay shear distortion caused by loss of the tension tie load-

path into the second bay. This supports that compression struts were landing within 1575 mm of the 

column face along the longitudinal beam. 

                            

(a)  Rhomboid 1 Data Unscaled                              (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                           

           (c)  Rhomboid 2 Data Unscaled                             (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                                 

           (e)  Rhomboid 3 Data Unscaled                               (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                              (g) Rhomboid 4 Data 

Figure 4-71: Test 2 Rhomboid 1-4, Local Beam-to-Floor Crack Width Extensions Along 

Longitudinal Beam A1A2  

Ext 2 and Ext 5 

Moderate tension 

deformation but 

minimal 

compression 

deformation 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                         

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                        

                 (e)  Rhomboid 3 Data Unscaled                        (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure 4-72: Test 2 Rhomboid 1-4, Local Sliding Shear Displacements Between Alpha Unit 1 

and Longitudinal Beam A1A2 
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Support Beams Overview 

The naming and colour coding conventions and measurement locations of sensors used to provide the 

data for this section are displayed in Figure 4-73. Linear potentiometers were mounted on threaded rods 

anchored into the topping concrete on either side of the critical support-beam-to-floor unit back-face 

crack interfaces. The same sensor layout was used for Test 1 and Test 2. However, the critical crack 

along the south end support beams in Test 2 occurred within the floor span at the end of the starter bars. 

This meant the critical crack behaviour along beams A1B1 and B1C1 was not captured by the sensors 

in Test 2. 

 

 

    

 

 

(a) Test 1 Sensor Naming and Colour Coding            (b) Test 2 Sensor Naming and Colour Coding 

 
 

(c)  Sensor Location Dimensions from Corner Column Faces (in mm) 

Figure 4-73: Support-Beam-to-Unit-Back-Face Crack Width Measurement Naming 

Conventions and Locations 

 

 

Figure 4-75, Figure 4-76,  

Figure 4-80, 

Figure 4-84 

Figure 4-80, 

Figure 4-85 
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The naming, colour coding conventions and locations of sensors used to provide shear slip data across 

the longitudinal-beam-to-alpha-unit interfaces are displayed in Figure 4-74. Spring potentiometers were 

mounted to the floor topping above the alpha unit with a target surface mounted on the longitudinal 

beam. The same sensor layout was used in both Test 1 and Test 2, though again, the critical crack 

behaviour along beams A1B1 and B1C1 was not captured in Test 2. 

 

 

 

 

 

(a) Test 1 Sensor Naming and Colour Coding        (b) Test 2 Sensor Naming and Colour Coding           

 

(c)  Sensor Location Dimensions from Corner Column Faces (in mm) 

Figure 4-74: Support-Beam-to-Unit-Back-Face Sliding Shear Displacement Measurement 

Naming Conventions and Locations 

 

Figure 4-77 

Figure 4-78 Figure 4-81, 

Figure 4-83 

Figure 4-82, 

Figure 4-83 
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Support Beams with Substantial Loss of Torsional Stiffness: Test 1 

In Test 1, the sensors at the support beam mid-spans recorded no significant crack widening between 

rhomboid loadings and no significant crack opening or closing during rhomboid loadings. An example 

of this behaviour for beam A1B1 is shown in Figure 4-75. Additionally, the zone along the beam 

interface with minimal crack opening behaviour typically extended to the sensor measurements either 

side of the beta-unit-to-intra-span-unit interface. This suggests the full length of the back-face of unit 3 

and unit 6, as well as a portion of the back-faces of unit 2, unit 7, and the two beta units, were reliable 

diaphragm strut landing locations. The edge of intra-span 2nd units adjacent to alpha units generally 

exhibited crack widening between rhomboid loading protocols as well as opening and closing behaviour 

that indicated compression struts could not land at this location. It is proposed that this behaviour 

indicates the monolithic blocks of intra-span units acting similar to a wall, with the edge of the 2nd unit 

seating zone behaving as a reversing compression toe and tension chord where deformation 

concentrated for the monolithic block. This is discussed further in Section 4.4.5. The longer extent of 

wide cracking from the column face at unrestrained columns compared to restrained columns was 

consistent with findings from previous similar structural experiments (Fenwick et al. 2010). 

Significant discontinuity of crack widths occurred between the sensor measurements 100 mm into the 

alpha unit and 100 mm into the 2nd unit between rhomboid loadings as shown in Figure 4-75. General 

behaviour across the four beams during rhomboid loading also displayed discontinuity of crack opening 

and closing behaviour between these two sensor readings. An example of this behaviour is shown in 

Figure 4-76 (e). This was consistent with shear slip readings along the U1-U2 and U7-U8 interfaces 

displayed in Section 4.4.3, and suggested that the alpha unit was deforming significantly relative to the 

block of monolithic intra-span units portrayed in Figure 4-67. This behaviour supports the suggestion 

given in Section 4.3.3 that alpha unit seating is not a reliable location to land diaphragm compression 

struts.  

 

 

 

Figure 4-75: Test 1 Initial Local Beam-to-Floor Crack Widths Along Support Beam A1B1 at the 

Start of Each Rhomboid Loading Protocol 
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(a) Rhomboid 1 Data Unscaled                                 (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                 

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                            (e)  Rhomboid 3 Data 

Figure 4-76: Test 1 Rhomboid 1-3, Local Beam-to-Floor Crack Width Extensions Along Beam 

Support Beam A1B1 

The shear slip behaviour recorded across different support beams was relatively inconsistent throughout 

Test 1 regarding which zone along the beam (at the ends or near the centre-span) displayed a greater 

degree of shear slip deformation. This is displayed in Figure 4-77 and Figure 4-78. This was likely due 

to distributed diagonal cracking near beam plastic hinge zones leading to shear deformation occurring 

over multiple cracks in these regions. The outcome of this was under reporting of shear slip 

deformations at the back-faces of alpha and beta units. Despite this issue with the data, a useful trend 

can be identified. For large global diaphragm shear strain values, the gradient of shear slip deformations 

for the sensor readings at the back-faces of the intra-span units generally decreased substantially. This 

suggests binding across the crack interface and strut transfer into the beams occurred at these locations. 

This binding behaviour also occurred at the back-faces of alpha units and beta units, but not consistently, 

providing evidence that strut formation across the crack interface at these locations was less reliable. 
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Based on this behaviour, the stiffest strut landing location was in the intra-span unit next to beta units, 

followed closely by the intra-span units next to alpha units. This is consistent with crack widening 

observations. 

              

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

              

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure 4-77: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between the Floor and 

Support Beam A1B1 
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(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

          

              (c)  Rhomboid 2 Data Unscaled                      (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure 4-78: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between the Floor and 

Support Beam A2B2 
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Support Beams with Maintained Torsional Stiffness and Wide Beam-Floor Cracking: Test 2 

The wide cracking which initiated at the support beams during Test 2 were not what would typically be 

expected for the perimeter frame of a reinforced concrete building unless the interior gravity frames 

had only mesh acting as continuity reinforcement for the internal gravity frames. This is because 

bowstring effects would not generally be lost across the diaphragm at such early levels of drift from 

mesh rupture and Negative Moment Failure (NMF) within the floor (the potential for NMF to occur 

should be assessed and removed using the methods and retrofits provided in Chapter 2). With sustained 

bowstring effect demands acting on the frame perimeter beams, they would lose torsional stiffness at 

relatively low inter-storey drift demands similar to Test 1, regardless of the earthquake directionality 

(as evidenced by Lindsay’s super-assembly experiment beam torsion response with uni-directional 

loading protocols displayed in Figure 1-64 (MacPherson 2005)), though ratios of simultaneous bi-

directional loading would initiate the torsional loss of stiffness earlier). 

This type of wide cracking response would be more typical of beam-to-floor interfaces located in an 

interior frame. This is because interior gravity frame beams typically have shallower beam depths, 

leading to greater flexibility during earthquake response compared to deep perimeter beams. Because 

of this, inelastic response and beam elongation accumulation is lower for interior frames. Where an 

interior frame is flexible enough relative to the perimeter frame, the perimeter frame will accumulate 

beam plastic hinge damage leading to loss of torsional stiffness prior to the interior frame undergoing 

significant inelastic response. The bowstring effect demands applied to interior frame beams through 

continuity reinforcement would then be relieved by torsional rotation of the perimeter beams, 

precluding torsional loss of stiffness in the interior frame. Additionally, bowstring effect demands for 

interior frame beams are balanced due to elongation of the orthogonal frames to either side. This means 

torsional demands are at least partially cancelled out for the interior beams, further reducing the 

potential for beam-to-floor deformation incompatibility to be relieved by beam loss of torsional 

stiffness. The outcome of this is that wide cracks are expected at the beam-to-floor interfaces of interior 

frame beams. The stiff torsional response of the Test 2 support beams and associated wide beam-to-

floor cracking can therefore be used to inform diaphragm strut landing behaviour at interior frame 

beams. This can only be applied for the north frame beams A2B2 and B2C2, as the NMF cracking along 

the south frame would not be typical of interior frame behaviour (and should be avoided through use of 

retrofits as described in Chapter 2, Chapter 3 and Chapter 5). 

The initial A2B2 and B2C2 beam torsional rotations measured at the ends of the beam plastic hinges at 

the start of each Test 2 rhomboid loading protocol are displayed in Figure 4-79. 
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(a) Beam Torsional Rotation Measurement              (b)  Beam Torsional Rotation Measurement 

       Naming and Colour Coding                           Locations Relative to Corner Column-Faces 

 

(c)  Beam A2B2 Initial Local Torsional Rotation       (d)  Beam B2C2 Initial Local Torsional Rotation 

Figure 4-79: Test 2 Beam A2B2 and B2C2 Torsional Rotation Relative to the Supporting 

Columns at Residual Drift at the Initiation of Each Rhomboid Loading Protocol 

The differences in continuity reinforcing between beam A2B2 (with only non-ductile mesh continuity 

reinforcement) and beam B2C2 (with Grade 500 12 mm deformed starter bars spaced at 400 mm c/c) 

provide useful comparisons. 

Prior to the 2nd rhomboid loading protocol of Test 2, the mesh crossing the A2B2 beam-to-floor interface 

ruptured at +1.6% inter-storey drift (║). Following the mesh rupture, the beam-to-floor crack opened to 

approximately 8 mm to 9 mm along the full width of the interface, as shown in Figure 4-80 (a) (note 

that the two sensors nearest to column B2 were lost due to spalling in this zone. Additionally, the next 

measurement at the east side of U3, shown in light blue, captured one of two wide cracks at the interface 

at this location, meaning crack widths from this measurement are under reported). For all subsequent 

rhomboid loading protocols, the shear slip stiffness across the interface was greatly reduced and 

approximately the same gradient, as shown in Figure 4-81 (d), (f) and (g). This indicates that strut load-

paths across the interface were eliminated prior to rhomboid loading protocol 2 by the 8-to-9 mm crack. 

This is consistent with the beam torsional rotation data displayed in Figure 4-79 (a), which suggests that 

beam A2B2 was effectively disconnected from the diaphragm, due to the lack of any torsional 

deformation beyond the first rhomboid loading protocol that would indicate significant diaphragm 

Figure 4-79 (c) Figure 4-79 (d) 
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strutting behaviour. The crack opening and closing behaviour during the 2nd, 3rd and 4th rhomboid 

loading protocols also supports this, as there was no visible binding behaviour until the 4th rhomboid, 

where cracking closed to a consistent value following development of the U5-U6 split and elimination 

of diaphragm tension ties, which were tying strut forces back into the second bay. However, the floor 

in the first bay had dropped onto the cable catch retrofit system shown in Figure 4-52 at this stage in 

testing, and the A2B2 crack was over 25 mm wide, meaning that consistent crack-widths along the 

A2B2 following the U5-U6 split indicate that the floor was moving with the cable catch frame system 

anchored into the beam, rather than indicating compression struts forming across the crack interface. 

In comparison, the maximum crack width along the B2C2 beam-to-floor interface for intra-span units 

was approximately 5.5 mm, as shown in Figure 4-80 (b) and (c). Interesting behaviour related to this 

crack width was the reduction in the rate of crack widening between rhomboid loading 3 (at 

approximately 5 mm) and rhomboid loading 4 (at approximately (5.5 mm), despite substantial increases 

of inter-storey drift demands applied between the two rhomboid loadings (±3% (║) prior to rhomboid 

loading 3, and ±4% (║) prior to rhomboid loading 4). It appears that the crack width was converging to 

a maximum value where struts could form across the crack interface, with further deformation from 

elongation concentrating at the B2C2 beam plastic hinges and the NMF crack at the south end of the 

frame. Differential torsional deformation along the beam shown in Figure 4-79 (b) suggests substantial 

tie forces developing locally through the starter bars near the corner column. This was likely related to 

large diaphragm tie forces being anchored into the north end of beam C1C2 from the first bay due to 

loss of diaphragm load paths into beam A2B2. The behaviour suggests the B2C2 starter bars near 

column C2 were assisting the C1C2 weak-axis shear load-path, acting as an effective flange which 

developed large torsional demands for beam B2C2. 

 
       (a)  A2B2 Beam-to-Floor Crack Width              (b)  B2C2 Beam-to-Floor Crack Width 

 
(c) B2C2 Beam-to-Floor Crack Width Rescaled (for Clarity of Relative Local Deformations) 

Figure 4-80: Test 2 Initial Local Beam-to-Floor Crack Widths Along Support Beam A2B2 and 

B2C2 at the Start of Each Rhomboid Loading Protocol 
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The shear slip deformation behaviour along the B2C2 beam-to-floor interface displayed that there was 

compression strut development across the interface during the 3rd and 4th rhomboid loading protocols at 

all locations where sensors were measuring deformations, as shown in Figure 4-82. This is demonstrated 

by the reduction of shear deformation gradients at high global shear distortions. Interestingly, the shear 

slip stiffness of the beam-to-floor interface was greater during the 4th rhomboid loading compared to 

the 3rd rhomboid loading. This was likely caused by aggregate rubble wedging within the crack 

interface, reducing the shear deformation required to engage shear friction and contact compression 

along the interface. The B2C2 beam-to-floor crack width measurements during the 3rd and 4th rhomboid 

loadings also indicate binding across the crack interface as shown in Figure 4-85. During rhomboid 

loading, the crack closed to varying degrees along its length, but then maintained the closed crack width, 

indicating compression and strut transfer across the interface. This behaviour is visible for measurement 

readings displaying horizontal lines in Figure 4-85 (e) and (g).  

Two proposals are made based on the observed strut forming behaviour. Firstly, residual contact 

compression struts are capable of crossing wide cracks up to crack widths aligning to approximately ¼ 

the aggregate size used in the floor topping concrete mix. The aggregate size used for the Test 2 

specimen floor topping concrete was 19 mm, meaning that this is slightly conservative based on large 

uncertainties around this behaviour (the maximum crack width along the beam-to floor interface with 

strut forming behaviour observed was 5.5 mm/19 mm = 0.29, or 29%, of the aggregate size). Related 

to this finding is that improved binding across wide cracks due to formation of aggregate rubble along 

the grinding crack interfaces, as suggested in Section 4.3.1, is supported by the shear sliding stiffness 

increase along the B2C2 beam-to-floor interface recorded between rhomboid loading 3 and 4. 

Secondly, residual contact stress compression load-paths require ductile steel continuity reinforcement 

(starter bars) across the crack interface. Non-ductile mesh is insufficient due to mesh rupture occurring 

at relatively low drifts. This is because there must be a tension tie element balancing the compression 

portion of the shear friction load-path (or holding the interlocking crack interfaces together as they shear 

past each other). Without this tension tie element, the interlocking interfaces can spread apart as they 

did along the A2B2 beam-to-floor interface, removing the load-path across the crack permanently.  

A2B2 opening and closing of cracks was significant in both directions and did not change stiffness 

while rhomboid loading. In contrast, B2C2 cracks closed to a small extent and then remained relatively 

constant. This implies the starter bars rotated enough for the crack interfaces to bind, and from this stage 

a contact compression grinding load-path was engaged with the starter bars holding the interfaces 

together in tension which increased friction. 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                      

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                        

                 (e)  Rhomboid 3 Data Unscaled                        (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure 4-81: Test 2 Rhomboid 1-4, Local Sliding Shear Displacements Between the Floor and 

Support Beam A2B2 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                    

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                           

         (e)  Rhomboid 3 Data Unscaled                           (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

                  

     (g) Rhomboid 4 Data Scaled to A2B2                                           (h) Rhomboid 4 Data 

Figure 4-82: Test 2 Rhomboid 1-4, Local Sliding Shear Displacements Between the Floor and 

Support Beam B2C2 

Increasing 

Stiffness 
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Another comparison between the shear response across the A2B2 and B2C2 beam-to-floor cracks 

during rhomboid loading 4 is provided in Figure 4-83.  

 

 

     

       (a)  Beam A2B2 Load-Shear-Slip                               (b)  Beam B2C2 Load-Shear-Slip 

 

(c)  Beam B2C2 Load-Shear-Slip Rescaled (for Clarity of Relative Local Deformations) 

Figure 4-83: Load-Shear-Slip Responses of the A2B2 and B2C2 Beam-to-Floor Interfaces 

During the Rhomboid Loading Protocols of Test 2 

The load-to-shear-slip response better displays how the B2C2 beam-to-floor interface engaged a stiff 

compression strut load-path capable of transmitting large transfer forces. In this case, where the 

longitudinal beams had lost torsional stiffness and there was no load-path into beam A2B2 or the 

intermediate column B1, it is reasonable to conclude that the primary load-path engaged to create this 

high shear slip stiffness on the south frame side is the strut formation across the B2C2 beam-to-floor 

interface (rather than it being a secondary effect of an unrelated load-path). The load-to-shear-slip 

response along the A2B2 beam-to-floor interface displays how the tension tie across the U5-U6 

interface was reaching its capacity as the load demand approached 600 kN. When the U5-U6 mesh 

tension tie ruptured, the first bay of the floor was no longer tied to the south frame, causing 

instantaneous shear slip along the A2B2 beam-to-floor interface, and reducing the shear capacity of the 

diaphragm, particularly for the first bay.  

Instantaneous 

shear slip 

U5-U6 interface 

failing 

High stiffness 

across wide crack 
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       (a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                    

           (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                      

           (e)  Rhomboid 3 Data Unscaled                           (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                              (g) Rhomboid 4 Data 

Figure 4-84: Test 2 Rhomboid 1-4, Local Beam-to-Floor Crack Width Extensions Along Beam 

Support Beam A2B2 

No stiffness 

increase indicates 

no strutting along 

the full beam length 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                     

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                      

                 (e)  Rhomboid 3 Data Unscaled                        (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure 4-85: Test 2 Rhomboid 1-4, Local Beam-to-Floor Crack Width Extensions Along Beam 

Support Beam B2C2 

Binding and 

strutting 



 

4-85 

 

The overall outcome from the observations in this section is that for interior frames where wide cracks 

open, shear force can still transmit across the interface, but this requires ductile starter bar tension tie 

elements. No reliable diaphragm struts can be maintained across beam-to-floor interfaces with only 

mesh crossing the interface. Once mesh ruptures, there is no tension tie element to enforce compression 

and friction between the crack interfaces. This provides evidence that starter bars within interior frames 

should not be cut for selective weakening retrofit solutions suggested in Section 5.5.1, and Section 5.6, 

as they are critical to maintaining struts across wide cracks. Additionally, for perimeter frames, at least 

one starter bar should remain per unit to provide ties for a wide crack shear slip force transfer load-path 

in the case the beams do not lose torsional stiffness (which may occur due to uni-directional pulse 

loading or where the adjacent interior frame has only mesh reinforcing at the beam-to-floor interface 

that may lead to early elimination of bowstring effect forces). 

At the south end of the frame, the critical cracks at the end of the starter bars unfortunately formed away 

from the location that sensor were installed. This meant the critical crack widening and shear slip 

behaviour was not directly measured. However, the development of diagonal cracking under positive 

global shear distortion demands near a sinusoidal shaped wide crack at the end of the support beam 

starter bars during rhomboid loading 3 provided useful qualitative evidence of residual contact 

compression struts forming across wide cracks, as shown in Figure 4-11. This provides the 

recommendation that any selective weakening of beam-floor continuity reinforcement should use small, 

localized saw-cuts offset from each other to encourage sinusoidal cracking to develop. Visible binding 

of the end of the starter bars against the opposite crack face also provided further evidence that steel 

reinforcement greatly assists residual contact compression load-paths. 

From a reliable load-path perspective, the only support-beam-to-floor interface that displayed a 

dependable residual load-path was the B2C2 beam-to-floor interface. All other critical cracks developed 

where there was no ductile starter bar reinforcing and mesh rupture eliminated tension tie load-paths. 

The finding that the global specimen shear stiffness for Test 2 was consistently higher than for Test 1 

following similar inter-storey drift demands, despite complete loss of load-path along beam A2B2 and 

into intermediate column B2, as well as early loss of beam torsional stiffness in the longitudinal beams, 

provides further evidence that the residual contact compression load-path along beam B2C2 performed 

adequately at large crack widths of 2.5 mm (during rhomboid loading 2) up to 5.5 mm (during rhomboid 

loading 4). 

4.4.5 Analysis Outcomes and Comparisons to Previous Guidance 

Comparisons to Previous Guidance Related to Reliable Diaphragm Compression Strut Landing 

Locations and Suggestions for Future Guidance 

The length from the column face over which it cannot be relied on for compression struts to land 

outlined in previous guidance appears highly conservative based on the Test 1 results for support and 

longitudinal beam crack widths as well as Test 2 longitudinal beam crack widths.  

Previous work by (Fenwick et al. 2010) differentiated the degree of elongation development at beam 

plastic hinges depending on their position within a frame, differentiating between restrained and 

unrestrained beam plastic hinges as shown in Figure 4-86 (a). This work was adapted to provide 

guidance for where diaphragm compressive struts can land into the seismic frame in Section C5 of the 

Concrete Buildings Technical Proposal to Revise the Engineering Assessment Guidelines (Ministry of 

Business, Innovation and Employment 2018). Lengths extending from column faces of the floor-to-

beam interfaces over which wide cracking eliminates the ability to land diaphragm struts into the beam 

were referred to as elongation lengths (le). In this thesis the terms wide crack length (Lcrack) and 

elongation length (le) will be used interchangeably, as these two terms have been used by the two 
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previously mentioned authors to refer to the same length (though primarily the Lcrack term will be used 

for consistency). Examples of elongation lengths for restrained and unrestrained plastic hinges are 

displayed in Figure 4-86 (b) and wide cracks extending along beam-to-floor interfaces from columns is 

depicted in Figure 4-87 (c). It was proposed that diaphragm struts could not reliably be transferred to 

the ends of beams with an unrestrained beam plastic hinge over a length of Lbeam/2 from the column 

face (half the length of the beam span) and could not reliably be transferred to the ends of beams with 

a restrained beam plastic hinge over a length of Lbeam/4 from the column face (a quarter the length of 

the beam span). Note that using this elongation length estimate would restrict the ability to land struts 

on the entirety of the longitudinal beams and 75% of the support beams in the 2020 UC super-assembly 

experiment as shown in Figure 4-87. This estimate captured the general trend of strut landing behaviour 

for the support beams but was overly conservative for the longitudinal beams.  

 
(a) Examples of Restrained and Unrestrained Beam Plastic Hinges (Fenwick et al. 2010) 

 
(b) Examples of Elongation Lengths Where Diaphragm Compression Struts Cannot Land Within 

Beams Due to Wide Cracking from Section C5 (Ministry of Business, Innovation and 

Employment 2018) 

 

(c) Beam-to-Floor Wide Crack Locations and Lengths Where Shear Transfer Can Develop 

Across the Beam-to-Floor Interface (Fenwick et al. 2010) 

Figure 4-86: Zones Where Diaphragm Compressive Struts Cannot be Transferred to the 

Seismic Frame Advised by Previous Research 
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The most mechanically robust estimate of wide crack lengths extending from perimeter frame column 

faces where compressive struts cannot land beams comes from Fenwick’s estimate (Fenwick et al. 

2010): 

𝐿𝑐𝑟𝑎𝑐𝑘 = √
2.75𝑀𝑛𝑦

𝑓
 

Where Mny is the nominal vertical axis (weak-axis) moment capacity of the perimeter beam (in kNm) 

and f is the lateral force per unit length of continuity reinforcement tying the floor to the perimeter beam 

(in kN/m). Fenwick advised using the lower characteristic design strength of continuity reinforcing and 

overstrength capacity of the beam weak-axis, also accounting for axial compression applied by precast 

units within the effective flange width as specified in NZS3101:2006 clause 9.4.1.6.2 (Standards New 

Zealand 2017), to provide a conservative estimate of the wide crack length. The overstrength 

characteristics advised by Fenwick are effectively applied in the 2.75 factor within the equation, 

increased from an initial factor of 2Mny when considering the nominal weak-axis moment capacity of 

the beam and its ability to resist shear along the length of the wide crack. The beam double hinge 

mechanism informing this formula is displayed in Figure 4-89. 

Using this method provides an estimate of the wide crack length for the beam plastic hinges framing 

out of both corner and intermediate columns of approximately 2.15 m for the support beams and 3.48 m 

for the longitudinal beams This is based on an Mny value of 260.3 kNm for the support beams, an Mny 

value of 624.4 kNm for the longitudinal beams (increased by flange effects from the hollow-core units 

spanning parallel to the beam), and an f value of 141.4 kN/m (based on 1 m/0.4 m*56.55 kN per starter 

bar). Based on the 2020 UC super-assembly experiment observations, this crack width is extremely 

conservative, as it would not allow diaphragm compression struts to land into any of the beams, 

effectively eliminating any diaphragm capability. The wide crack length estimations for the 2020 UC 

super-assembly specimen provided by the Section C5 method and Fenwick method are summarized in 

Table 4-1 and displayed visually in Figure 4-87 (a) and (b) respectively. 

Table 4-1: Comparisons of Beam-to-Floor Wide Crack Length Estimations from Column Faces 

(where Diaphragm Struts Cannot Land into Beams) for the 2020 UC Super-Assembly Specimen 

as Advised by Previous Guidance 

Lcrack 

Estimation 

Method 

U 

(longitudinal 

beam) Lcrack 

estimate (mm) 

U (support 

beam) Lcrack 

estimate 

(mm) 

R (support 

beam) Lcrack 

estimate (mm) 

Section C5 

Estimates 

3125 2000 1000 

Fenwick Lcrack 

Estimates 

3480 2150 2150 

 

The observed beam-to-floor wide crack lengths that developed during Test 1 based on local beam-to-

floor sensor measurements are displayed in Figure 4-87 (c). Comparison of Figure 4-87 (a) and (b) with 

Figure 4-87 (c) demonstrates that both wide crack length estimation methods were highly conservative. 

Fenwick’s formula provided wide crack lengths that were longer than the total beam span, suggesting 

that there was no location where compression struts could dependably land into the beams of the 

specimen. The Section C5 estimation provided dependable strut landing locations that aligned well with 

the experimental observations for the support beams, though the width of these strut landing locations 
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was conservative. For longer beams the degree of conservatism would increase, as the localization of 

damage near beam plastic hinges would remain relatively constant, while the estimated wide-crack 

length would increase linearly with the beam length. The blanket L/2 wide crack length for beams 

framing out of unrestrained columns informing the inability to land compression struts at any location 

along the longitudinal beams was extremely conservative. 

 

(a) Section C5 Wide Crack Length                     (b)  Fenwick’s Formula Wide Crack  

                    Estimation                                                         Length Estimation 

                  

(c)  Test 1 Observed Wide Crack Length and Dependable Beam-to-Floor Interface Strut Landing 

Locations 

Figure 4-87: Comparison of Observed Beam-to-Floor Wide Crack Lengths from Column Faces 

to Estimations Provided by Current Guidance 

Based on the observed strut landing locations, it is suggested that a standard mechanics approach such 

as Fenwick’s formula does not capture critical behaviour between the beam and floor. This is related to 

the ability for struts to cross wide cracks through contact stress of the crack interfaces up to 

approximately ¼ the floor concrete topping aggregate size, as observed along beam B2C2 in Test 2, 

whereas idealized mechanisms assume no force transfer is possible along the Lcrack length until a section 

is reached where the crack is fully closed.  
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Minimum Lcrack length requirements are proposed related to hollow-core seating for support beams, 

based on data and observations at alpha and beta units during Test 1. The proposed minimum Lcrack 

requirement for unrestrained column support beam plastic hinges with a seated alpha unit is: 

𝐿𝑐𝑟𝑎𝑐𝑘𝑚𝑖𝑛−𝑈−𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 𝐿𝑎𝑙𝑝ℎ𝑎 + 𝑥𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑏𝑎𝑟 

Where Lalpha is the length of the alpha unit back-face away from the column face (or the alpha unit width 

subtracting the width of the column cut-out) and xstarterbar is the starter bar spacing. In the super-assembly 

experiments the alpha unit column cut-outs were 370 mm, the alpha unit was a 200 series hollow-core 

with a width of 1200 mm, and the starter bar spacing was 400 mm c/c. The minimum wide crack length 

(Lcrackmin-U-support) was therefore: Lcrackmin-U-support = (1200 mm – 370 mm) + 400 = 1230 mm 

 

The core reasoning behind this minimum Lcrack requirement is that the alpha unit back-face-to-beam 

interface is unreliable as a diaphragm compression strut landing location. Multiple sources of data and 

observations support this, including substantial diagonal and transverse topping cracking localized 

above alpha units as well as consistent wide crack widths and large crack closing and opening values 

during rhomboid loading protocols for the alpha unit back-face cracks recorded in the beams of Test 1. 

Additionally, shear slip along the alpha-unit-to-2nd-unit interface and discontinuity of unit back-face 

crack widths between alpha units and 2nd units displayed that alpha units were deforming independently 

from the rest of the floorplate to some extent.  

The additional xstarterbar portion of the minimum length is added based on the observation that the intra-

span units acted as a monolithic block. The behaviour of this monolithic block under reversing global 

diaphragm shear strain demands can be likened to a wall structure subjected to reverse cyclic inter-

storey drift demands. In this analogy, the beam continuity reinforcement acts similarly to wall vertical 

steel reinforcement connecting the wall structure to a foundation. Under earthquake reverse cyclic drift 

demands, the ends of the wall experience maximum uplift and compression demands, meaning the 

outermost vertical reinforcing is subjected to the maximum tensile demands and the outermost concrete 

acts as a compression toe. Deformation, uplift, and shear cracking concentrates at this reversing tension 

chord/compression toe. Similarly, the ends of the monolithic block of intra-span units were where 

maximum tension and compression demands would concentrate for the block, as well as crack opening 

under tensile demands. Therefore, it is proposed that an appropriate minimum length to not rely on 

diaphragm compression struts landing into the end of the monolithic intra-span unit block is the starter 

bar spacing. This ensures there is at least one starter bar acting within the reversing tension 

chord/compression toe zone of the monolithic intra-span unit block where deformation concentrates.  

The proposed minimum Lcrack requirement for restrained column support beam plastic hinges with a 

seated beta unit is: 

𝐿𝑐𝑟𝑎𝑐𝑘𝑚𝑖𝑛−𝑅−𝑠𝑢𝑝𝑝𝑜𝑟𝑡 = 𝐿𝑏𝑒𝑡𝑎 

Where Lbeta is the length of the beta unit back-face away from the column face (or the beta unit width 

subtracting the width of the column cut-out). In the super-assembly experiments the beta units were 200 

series hollow-core and the column cut-outs were 425 mm. The estimated wide crack length (Lcrackmin-R-

support) was therefore: Lcrackmin-R-support = 1200 mm – 425 mm = 775 mm 

 

The core reasoning behind this minimum Lcrack requirement is that the beta unit back-face-to-beam 

interface is also unreliable as a diaphragm compression strut landing location. Large crack widths 

between rhomboid loading protocols and substantial crack opening and closing during rhomboid 

loading protocols was consistently recorded across beam-to-beta-unit interfaces directly next to 
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intermediate columns. At the other end of beta units, the crack widening behaviour between rhomboid 

loadings was greatly reduced, as well as the crack opening and closing behaviour during rhomboid 

loadings. This indicated that the wide beam-to-floor crack generally did not extend across the full width 

of beta units, demonstrating damage and deformation was highly localised near the column face in the 

intermediate column beam plastic hinges. Based on this finding, the minimum requirement to not land 

diaphragm compression stuts along any length of the beta unit back-face is conservative. However, the 

sensor layout used provided only two data points along the beam-to-beta unit interface. With this coarse 

data, it is not possible to further refine where reliable compression struts formed along the beta unit 

back-face. This means there is currently no reasonable basis for reducing the Lcrack estimate below this 

value. Additionally, the recommendation provided in Chapter 5 that beta-beta unit stitching bars should 

be installed across the full width of beta units would change the locations of significant inter-unit 

splitting and separate the beta units from the monolithic block of intra-span units as shown in Figure 

4-67. While this would improve the overall diaphragm behaviour and stiffness by maintaining strut-

and-tie load-paths across multiple bays, the local diaphragm strut landing capabilities at the beta unit 

supports would likely be diminished. 

The proposed minimum Lcrack support beam requirements are provided to prevent the wide crack length 

estimation values from becoming unrealistically small based purely on relative strength estimations 

between the beam acting in weak-axis bending and the continuity reinforcement acting in tension when 

there are local deformation considerations of hollow-core units to account for. 

The proposed minimum values for beam-to-floor wide crack lengths along support beams are based on 

testing observations (of crack layouts and beam torsional response) as well as crack width and shear 

sliding data that is relatively coarse due to the spacing of traditional sensor used to measure 

deformations. This was a practicality constraint for the experiment. Further refinement of the wide crack 

lengths will be provided from future analyses using particle tracking data. This will be used to gain 

improved resolution of the compression strut landing locations within the beams of the Test 1 specimen. 

Comparisons to Previous Guidance Related to Landing Diaphragm Compression Struts into 

Intermediate Columns 

Based on improved intermediate column behaviour provided by installation of tension ties, (Fenwick 

et al. 2010) proposed that the diaphragm compression struts could land into intermediate columns to 

transfer shear into the diaphragm if a flexible linking slab was installed connecting the intermediate 

column and precast units. This was due to tie-bars restraining the intermediate columns, holding them 

into the frames and maintaining contact between the floor and column as portrayed in Figure 4-88 (c). 

The potential issue Fenwick identified was where there is no link slab, or the link slab is insufficiently 

flexible, differential movement between the precast units and the column can break up concrete close 

to the column and destroy the load-paths of struts.  

Observations and column-to-floor gap data from the 2020 UC super-assembly experiment demonstrated 

destruction of floor-to-column strut from differential movement of precast units and the intermediate 

column. The outcome from this is confirmation that diaphragm compression struts cannot be reliably 

landed into intermediate column faces with tie-bar anchorages without a link slab. The stiff column-to-

floor strut behaviour observed at intermediate column B1 during Test 2 (displayed in Figure 4-13) 

depended on column-to-floor gap widening deformation concentrating at column B2. The end of a floor 

where damage will concentrate cannot be reliably predicted, meaning that while the observed 

compression strut behaviour is still useful for the diaphragm performance and a potential benefit of tie-

bar and beta-beta unit stitching bar reinforcement, it cannot be designed for or depended on to sustain 

a diaphragm load-path. This means that diaphragm compression struts cannot be reliably landed into 
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any column faces and must be transferred through beam plastic hinges acting in weak-axis shear where 

there are no link slabs. 

 

Figure 4-88: Diaphragm Compression Struts Landing Directly into an Intermediate Column 

with a Linking Slab, not a Reliable Load-Path Without a Linking Slab (Fenwick et al. 2010) 

An important factor to note related to development of wide cracks along beam-to-floor interfaces at 

beam plastic hinges is that the cracking does not eliminate the tension ties elements tying back into the 

floor, it only eliminates reliable compression strut load-paths. Yielded starter bars crossing the wide 

cracks can act in tension to tie back diaphragm strut forces that land further out in the beam span. This 

phenomenon is displayed in Figure 4-89, and is part of the rationale behind the starter bar selective 

weakening methods in beam interiors proposed in Section 5.5.1, and Section 5.6. 

 

Figure 4-89: Diaphragm Tie Forces Maintained Across Wide Beam-to-Floor Cracks Along 

Beam Plastic Hinges (Fenwick et al. 2010) 

Outcomes Related to Residual Compression Strut Load-Paths Across Wide Cracks 

Damage concentration and early loss of diaphragm compression load-paths into beam A2B2 displayed 

that non-ductile mesh only beam-to-floor continuity reinforcement is insufficient for providing a 

reliable load-path for diaphragm compression struts entering beams of seismic frames or internal gravity 

frames. Multiple test results have displayed that mesh along a critical deformation interface (at the back-

face of hollow-core units, between beta units and at the end of starter bars for negative moment failure 

critical seating details) will rupture between 1% to 1.6% drift, significantly below the design drift limits 

of most New Zealand buildings. This outcome is best illustrated by the stark contrast in the rate of crack 
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widening and ability to transfer force across wide cracks between beam A2B2 and beam B2C2 in Test 

2 as shown in Figure 4-83. 

Following mesh rupture along the A2B2, diaphragm struts could not be reliably transferred across the 

entire beam-floor interface in the 2nd, 3rd and 4th rhomboid loading protocol as evidenced by significant 

shear-slip deformation across the interface. Diaphragm compressive struts instead needed to be tied 

back into the second bay where they could transfer into the support beam B2C2 or into the north beam 

plastic hinge of beam C1C2. Therefore, it is proposed that in design, diaphragm strut-and-tie solutions 

should not rely on compression struts or tension ties landing in beams with only non-ductile mesh for 

continuity reinforcement across the beam-floor interface. If the diaphragm load-path is insufficient 

based on this requirement, ductile deformed starter bars should be post-installed across the beam-floor 

interface. 

Where there is ductile reinforcement crossing the beam-to-floor interface it is suggested that 

compression strut load-paths are maintained across wide cracks, up to a crack width of approximately 

¼ the topping concrete aggregate size. This is based on substantial shear stiffness observed across the 

B2C2 beam-to-floor interface during Test 2 rhomboid loading protocol 4 despite a minimum initial 

crack width along the interface of 5.5 mm. Contact compression and friction between the crack 

interfaces and aggregate rubble was maintained by tension across the interface provided by the starter 

bars. As wide beam-to-floor cracks are more likely to develop along the full length of interior frame 

beams, this suggests that starter bars within interior frames should not be cut for selective weakening 

retrofit solutions discussed in Section 5.5.1, and Section 5.6, as they are critical to maintaining struts 

across wide cracks. Additionally, for perimeter frames, at least one starter bar should remain un-cut per 

unit to provide tension ties for sustaining a wide crack shear slip force transfer load-path in case the 

connected beams do not lose torsional stiffness (which may occur due to uni-directional pulse loading 

or where the adjacent interior frame has only mesh reinforcing at the beam-to-floor interface that may 

lead to early elimination of bowstring effect forces). 

4.4.6 Revision of Super-Assembly Experiment Load-Paths Incorporating Local Deformation 

Behaviour 

Based on the investigations within this section, the diaphragm primary shear force transfer mechanisms   

provided in Section 4.3.3 have been revised for Test 1, as shown in Figure 4-90, with the full load-path 

into columns displayed in Figure 4-91. The resultant forces and beam weak-axis moments applied to 

columns of the supporting frame are identical to those displayed in Figure 4-28. The Test 2 load-paths 

have not been revised, as the main outcome for the local diaphragm load-paths for Test 2 is that struts 

could cross wide beam-to-floor cracks through contact compression where there was adequate ductile 

continuity reinforcement across the interface. The critical load-paths at the south end of the Test 2 

specimen (contact compression across NMF cracks with no reinforcing crossing the crack and contact 

compression against intermediate column B1) were unreliable and should not be designed for. The 

revised Test 1 load-paths incorporate the following findings from the investigation into local diaphragm 

deformations: 

• Observed wide crack lengths extending from column faces. Zones between sensor readings 

where strut formation is likely to occur to a lesser degree, but there is uncertainty regarding 

their effectiveness, is accounted for in Figure 4-90 (b) and Figure 4-91 (b).  

• Struts landing into intermediate column tie-bar anchors points are unreliable. 

• Diaphragm tension tie forces develop across wide cracks where starter bars have yielded, offset 

from the dependable strut landing location within a beam.  
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(a) Diaphragm Primary Force Transfer Mechanism with Dependable Compression Struts Based 

on Local Sensor Measurements Between and During Rhomboid Loading Protocols 

 
(b) Diaphragm Load Primary Force Transfer Mechanism Including Transitional Strut Landing 

Zones with Uncertain Effectiveness 

Figure 4-90: Revised Test 1 Specimen Diaphragm Primary Force Transfer Mechanisms Under 

Global Shear Distortion Demands Applied by Rhomboid Loading Protocols 

 

 

 

 

 

 

Critical tension ties form across wide 

cracks in the beam plastic hinge zone, 

offset from the dependable strut 

Short wide cracks near restrained 

intermediate columns with beams 

deforming torsionally 

Long wide 

cracks near 

corner columns 

Struts tying back 

within the floor 

Beam transferring 

strut forces via 

weak axis shear 

= Reliable compression struts 

= Transitional/developing 

compression struts 

= Floor concrete not contributing 

to diaphragm transfer force 

mechanism 

= Primary tension ties 



 

4-94 

 

 
(a) Diaphragm Complete Load-Path with Dependable Compression Struts Based on Local Sensor 

Measurements Between and During Rhomboid Loading Protocols 

 
(b) Diaphragm Complete Load-Path Including Transitional Strut Landing Zones with Uncertain 

Effectiveness 

Figure 4-91: Revised Test 1 Specimen Diaphragm Full Load-Paths Under Global Shear 

Distortion Demands Applied by Rhomboid Loading Protocols 

 

4.5 Discussion on Improving Diaphragm In-Plane Shear Stiffness Through Design 

Targeted at Preserving Beam Torsional Stiffness 

4.5.1 Overview 

The strength of the beam cross-section relative to the combined torsional demands imparted through 

the floor starter bars acting in tension and the floor weight is clearly an important factor determining 

whether the beam will lose torsional stiffness, as well as the rate of degradation if it does. However, 

similar previous tests for comparison using concrete moment frame specimens including a floor 

diaphragm have effectively used the same beam and starter bar strength configurations. This is because 

similar testing has been conducted at the University of Canterbury with the purpose of modelling a 

typical Wellington concrete moment frame building with hollow-core flooring installed. This means 

the sample size for the beam capacity to torsional demands is effectively one. Ideally, additional similar 

testing should be conducted to provide a wider set of samples with different beam strengths, floor-beam 

interface strengths and floor weights. However, some useful data and conclusions can still be drawn 

from the beam and floor layouts currently tested.  

Previous tests conducted by Matthews (Matthews 2004), Lindsay (Lindsay 2004) and Macpherson 

(MacPherson 2005), along with the tests described in this thesis have exhibited loss of beam torsional 

stiffness. This provides evidence that a standard New Zealand beam and starter bar detailing will lead 
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to loss of beam torsional stiffness in the external lateral load resisting frame under design level 

earthquake shaking. Based on the finding that beam plastic hinges are the weak link in diaphragm 

in-plane shear stiffness, improvement of in-plane shear stiffness would best be achieved by adopting 

design approaches that target protection of beam plastic hinges from torsional loss of stiffness caused 

by diaphragm actions.  

4.5.2 Case Study 

The beam-floor layout from the 2020 UC super-assembly experiments can be used as a case study to 

determine possible design solutions to improve beam torsional response under demands caused by the 

bowstring effect acting through continuity reinforcement.  

(Priestley et al. 1996) developed a shear friction method for determining the torsional resistance of 

outrigger capping beams in bridges, as displayed in Figure 4-92. This method assumes a constant plastic 

shear friction stress across the full concrete section area. The experimental results this method was 

based on were from large-scale testing of bridge cap beam elements. From this testing it was found that 

degradation of torsional strength along the shear friction failure surface occurred slowly, with 80% of 

the initial torsional capacity maintained for torsional rotations as high as 2%. This finding appears to 

be at odds with observations from the super-assembly experiments, where the beam plastic hinges 

twisted significantly in response to applied drift following development of torsional cracking. The likely 

cause of this discrepancy is the consideration of a clamping force in the outrigger capping beam method, 

P, which is the combined total of prestressed element clamping, column transverse force due to seismic 

actions, and clamping created by beam longitudinal reinforcement elastic recovery. In the case of a 

reinforced concrete building structure like the super-assembly experiment, the main sources of 

clamping forces are caused by the bowstring effect restraining beam elongation and beam longitudinal 

elastic recovery. After destruction of the bowstring effect, this greatly reduces the clamping force. 

(Priestley et al. 1996) also describes 95% reductions in torsional stiffness for reinforced concrete bridge 

deck spine members following development of torsional cracking (Priestley et al. 1996). The observed 

behaviour in the super-assembly experiment likely falls between these two extreme cases. 

 

Figure 4-92: Plastic Shear Friction Design of Short Outrigger Cap Beam (Priestley et al. 1996) 
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An alternative simplified approach to estimating torsional resistance of beams relying only on the beam 

longitudinal bars acting in shear across the primary crack is proposed. There are two reasons for this: 

• The axial clamping force applied to typical beams without prestressed elements in a reinforced 

concrete building is much smaller than for a bridge outrigger capping beam, particularly if the 

bowstring effect within the floor is severed and beam elongation is unrestrained. Longitudinal 

beams gain some additional axial clamping force where prestressed precast flooring systems 

are used due to the flange effect, but this can deteriorate after damage occurs along the beam-

to-floor-unit interface and it does not apply to support beams. 

 

• Longer beam elements develop flexural cracking with a wider crack width at the tension side, 

particularly for primary axis bending. This means that under simultaneous bi-directional 

loading demands, the shear friction surface along a primary crack has better interlock at the 

compression chord of the member and potentially no interlock at the tension chord. 

These factors mean that the core assumption in (Priestley et al. 1996) of constant plastic shear friction 

stress across the full concrete section area is not appropriate for a shear friction mechanism developing 

in a beam located in a reinforced concrete building. As the concrete contribution across the shear friction 

interface is difficult to quantify and is a changing variable, it is more reliable (and slightly conservative) 

to only consider the longitudinal reinforcing contribution acting in shear to estimate the torsional 

resistance across the primary shear friction interface. 

Using this assumption, the individual components contributing to the demands and the capacity of a 

typical support beam are displayed in Figure 4-93. The demands applied to the beam plastic hinge of 

interest are estimated based on a basic tributary area approach with only floor weight and starter bars 

within the red highlighted area contributing as shown in Figure 4-94. 
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(a) Sources of Beam Torsional Demand                   (b)  Sources of Beam Torsional Capacity 

Figure 4-93: Beam Torsional Capacity and Demands Assuming Only Torsional Demands 

 

 

 

Figure 4-94: Tributary Area of Torsional Demands for a Single Beam Plastic Hinge 

The torsional capacity contributed by each longitudinal bar is estimated by:  

 𝝉𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 = 𝑽𝒏𝒅𝑰𝑪𝑹−𝑩𝒂𝒓  (4-9) 

Where dICR-Bar is the distance of the bar from the Instantaneous Centre of Rotation (ICR), and Vn is the 

shear capacity of the bar estimated using the NZS 3101:2006 formula (Standards New Zealand 2017): 

 𝑽𝒏 = (𝑨𝒗𝒇𝒇𝒚 + 𝑵∗)𝝁  (4-10) 
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Where Avf is the area of steel shear reinforcement, fy is the yield strength of the steel shear 

reinforcement, N* is the axial load applied normal to the shear plane (compression is positive) and μ is 

the coefficient of friction of the shear plane.  

For the purpose of this case study, the value of N* will be selected as 0 kN assuming the tension and 

compression of a beam subjected to pure bending cancels out and μ as 1.0 (describing an intentionally 

roughened joint surface to align with the performance of a crack with rough surfaces creating interlock). 

These selected values are approximations, and the reality of a beam undergoing beam elongation is that 

the N* value would begin as a positive value and continually decrease as flexural cracks widened and 

the bowstring effect across the floor was lost. The μ value would also continually decrease as cracks 

became wider and friction surfaces were lost. These two factors mean the torsional capacity of the beam 

will likely eventually be exceeded due to losses from beam elongation no matter how much additional 

capacity is added with standard longitudinal reinforcing. However, it is of interest to investigate 

relatively simple methods to prolong the beam torsional stiffness as long as possible. 

The shear friction capacity arising from each D25 longitudinal bar using these assumptions and a 

probable yield strength of 325 MPa is 159.5 kN. The torsional capacity of the support beams for the 

layout shown in Figure 4-93 is 545.7 kNm.  

The total tension demand applied by the HD12 starter bars across the support beam-floor interface 

within the highlighted area is shown in Figure 4-94, assuming a probable yield stress of 540 MPa, is 

335.9 kN. The weight force of the floor within the highlighted area applied to the ledge is 37.1 kN. The 

torsional moment demand applied about the ICR by the starter bars is 100.1 kNm, with 9.8 kNm applied 

by the floor weight, giving a total torsional moment of 109.9 kNm. This displays that under torsional 

demands without simultaneous actions or wide cracks from beam elongation, there is ample torsional 

capacity in the beam plastic hinges to resist torsional moment demands applied by the starter bars. It 

also displays that the weight of the floor is a minor contributing factor for beam torsional loss of 

stiffness, and it is the tension ties of the bowstring effect primarily driving the loss of torsional stiffness. 

However, as discussed in Section 4.3.2, under simultaneous bi-directional bending actions, beam 

longitudinal reinforcing bars subjected to high axial tension demands have low stiffness to resist 

additional shear demands applied by torsion acting about the ICR. This means the effective section and 

number of longitudinal bars resisting torsional moment is reduced. In the critical load combination 

where both directions of beams are subjected to strong-axis negative bending moment demands (as 

displayed in Figure 4-25), the lever arm to the starter bars is also increased, increasing torsional 

demands. This load-case is displayed in Figure 4-95. Based on the observed rotation at the end of the 

test, the ICR is assumed to be at the outer bottom longitudinal bar. For simplicity, it is also assumed 

that longitudinal bars in the post-yield portion of their stress-strain response from tension demands 

provide no stiffness to resist torsional demands. In reality, they would provide some capacity at the 

greatly reduced stiffness of steel beyond post-yield strain hardening. 
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(a) Sources of Beam                        (b)  Sources of Beam Torsional Capacity with Strong-Axis             

  Torsional Demand                                    Tension and Compression Demands Displayed 

 
(c)  Beam Longitudinal Bar Stiffness Remaining from Strong-Axis Bending Demands 

Figure 4-95: Beam Torsional Capacity and Demands Under Worst Case Simultaneous Bi-

Directional Demand Combination 

The total torsional capacity of the beam under this load combination is 165.6 kNm, with a total torsional 

demand of 213.7 kNm. This shows the beam torsional capacity is heavily influenced by strong axis 

bending and why simultaneous bi-directional demands are a critical driver for diaphragm load-path 

damage. Using capacity design principles, the two options to improve the beam torsional response are 

to either strengthen the beam torsional capacity while subjected to simultaneous bi-directional demands 

or reduce the demands that can be applied through the starter bars. 

4.5.3 Beam Torsion Capacity Strengthening Using Slotted Beams 

A solution for preventing beam elongation in reinforced concrete beams by slotting the beam section, 

as shown in Figure 4-96, has been previously experimentally verified (Muir 2014). By eliminating the 
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moment couple in the beam directly out from the beam-column joint, plastic hinging behaviour at the 

beam ends is eliminated. As the final state of substantial loss of beam torsional stiffness in reinforced 

concrete beams is evidently related to accumulation of damage in the beam plastic hinges, removing 

the potential for this damage accumulation would be highly effective at increasing the torsional stability, 

particularly in perimeter frames. Any standard reinforced concrete beam detailing with top and bottom 

longitudinal reinforcing bars will lead to the beams acting primarily in strong-axis bending under 

reverse-cyclic lateral loading. Unless the frame is limited to elastic response with high structural 

stiffness and damping, this drives beam elongation damage and torsional softening, leading to loss of 

beam torsional stiffness and deterioration of weak-axis shear load-paths and the associated reduction in 

diaphragm strength and stiffness. An additional benefit provided by the slotted beam layout is that the 

eccentricity of starter bar actions to the centre of stiffness at the critical slotted section is greatly reduced 

compared to standard beam detailing. This reduces torsional demands on the beam leading to improved 

beam torsional stability and resilience of weak-axis shear load-paths at the ends of beams.  

Note that while the implementation of slotted beams would reduce bowstring effect actions by removing 

beam elongation effects, it would not remove the effect of elevation discontinuity of the beams 

extending either side of the column under lateral loading demands. This means there would still be 

significant torsional deformation incompatibility demands applied to beta units, particularly along the 

beta-to-beta unit interface. Beta-beta unit stitching bars would therefore still be recommended to ensure 

diaphragm load-paths were maintained across beta-beta unit interfaces. 

               

Figure 4-96: Slotted Beam System Layout (Muir 2014) 

Examples of typical beam elongation and beam torsional response for Muir’s slotted beam solution are 

displayed in Figure 4-97. Beam elongation was measured at the mid-height of the beam, meaning the 

recorded beam elongation was caused by geometric effects that recovered almost completely once the 

frame was returned to zero inter-storey drift. The recorded beam torsional rotation relative to the applied 

drift was an order of magnitude lower than the beam torsional rotations observed in the 2020 and 2021 

UC frame super-assembly experiments, providing evidence that this detailing solution is effective. 
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Figure 4-97: Typical Beam Elongation and Torsional Rotation Response of a Slotted Beam 

Configuration (Muir 2014) 

4.5.4 Changing the Locations of Primary Lateral Load Resisting Moment Frames 

An alternative method to prevent loss of diaphragm in-plane shear stiffness via beam torsional softening 

for new buildings would be to alter the structural layout. The primary seismic frame of concrete moment 

frame buildings is typically on the exterior of the building. This structural layout means that beams of 

the primary frame are subjected to high torsional demands from one side when bowstring effect tension 

ties develop, similar to what was observed in the 2020 UC super-assembly experiments, as shown in 

Figure 4-98 (a). If the primary seismic frames were located one bay in from the building perimeter, this 

would lead to balanced torsional demands for the primary beams, as shown in Figure 4-98 (b). This 

would greatly improve torsional stability of the beams without any further retrofit required, providing 

much stiffer diaphragm actions at moderate to design level drift demands. 

 

 

 

 

 

 

 

 

 



 

4-102 

 

                                                      

(a) Unbalanced Beam Torsional Demands in Concrete Moment Frame Buildings with Primary 

Seismic Frames Located at the Building Perimeter 

 

(b) Balanced Beam Torsional Demands in Concrete Moment Frame Buildings with Primary 

Seismic Frames Located One Bay in from the Building Perimeter 

Figure 4-98: Impact of Seismic Frame Location on Beam Torsional Demands 

The ability to select this layout for the primary structural frame would be dependent on the floor plan 

shape and size. The plan dimensions of the building would need to be large enough that the primary 

seismic frames could be moved in one bay without reducing the torsional stability of the building to 

unacceptable levels. In some cases, it may only be possible to move the primary seismic frames in by 

one bay in one direction. This would still provide benefits to the diaphragm stiffness, but not as 

significantly. This method of improving stiffness would result in wide beam-to-floor cracks developing 

between the primary seismic frames and the floor diaphragm. As discussed in Section 4.4.4, diaphragm 

compression struts would be able to cross these wide cracks if standard ductile starter bar continuity 

reinforcing was cast into the topping across the crack interfaces and crack widths remained below 

approximately ¼ of the topping concrete aggregate size. 

4.5.5 Precast Flooring Unit Considerations 

In Test 1 and Test 2, it was observed that the direction of the floorplate with the bowstring effect intact 

had greater permanent torsional deformations in the anchor beams than the direction where the 

bowstring effect was severed early. This difference in torsional deformation between support and 

longitudinal beams provides additional explanation for the substantial damage typically observed in the 

corners of hollow-core alpha units. This is because the alpha unit is subjected to deformation 
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incompatibility via different elevations of starter bar topping connections from the two beam types 

applied over a relatively small distance. The localized corner cracking in the alpha unit topping and 

soffit, as well as the initiation of delamination and web-splitting from this area, can therefore be at least 

partially attributed to the breakdown of the diaphragm via beam torsional softening. This can lead to 

the “unzipping” of the web causing the soffit of a hollow-core unit to drop out as was seen in Matthews’ 

super-assembly experiment (Matthews 2004). Based on the evidence of the damage being initiated 

locally in the floorplate corners, this provides additional verification that it is appropriate to install 

flexible link slabs instead of alpha units. In conjunction with the finding that the topping of alpha units 

has substantial residual post-earthquake gravity capacity as discussed in Chapter 5, it also provides 

additional verification that a hanger retrofit is appropriate in the case of an existing alpha unit.  

4.6 Diaphragm Analysis Considerations 

The diaphragm performance observations and comparisons from Test 1 and Test 2 can be applied to 

diaphragm modelling methods. It is proposed that at least two strut-and-tie or grillage analyses should 

be undertaken for diaphragms located within reinforced concrete frame structures. 

The first recommended analysis is a standard strut-and-tie or grillage model that relies on landing strut-

and-tie forces into frame elements which are assumed to be stiff. This means that starter bar tension tie 

elements are allowed to engage their full strength. This type of analysis is appropriate for the elastic 

response of the structure.  

The additional recommended second analysis is a deteriorated diaphragm model. The majority of 

elements in this model should be identical to the standard model. The critical differences would be 

changes to the boundary conditions of the floor. There are two critical boundary conditions that should 

be altered.  

The first suggested alteration is that tension and compression elements crossing a beta-beta unit 

interface should be removed where there is non-ductile mesh reinforcing across the interface without 

additional ductile reinforcement. This change to the system splits the diaphragm into smaller individual 

bays and eliminates compression strut and tension tie load-paths across multiple bays. If there is 

sufficient ductile reinforcement across the beta-beta unit interface, such as the recommended beta-beta 

unit stitching bars, this alteration does not need to be made to the deteriorated model. 

The second alteration is that tension elements at the model perimeter should have reduced structural 

properties (effectively reducing the capacity and/or stiffness of tension tie elements relating to the starter 

bars connecting to perimeter frame beams). This is recommended to capture the effect of loss of beam 

torsional stiffness on perimeter frame beam elements which reduced the stresses that could develop 

through starter bar reinforcing during the super-assembly experiments, reducing the diaphragm load-

path strength and stiffness. Depending on the model type, this could be applied by reducing the element 

strength (or maximum allowable load through the element) or stiffness. This would lead to greater 

accumulation of diaphragm forces at interior frames where beam loss of torsional stiffness is less likely 

to occur. The degree to which the strength and stiffness of these tension tie elements should be reduced 

can be based on Figure 4-21 and the associated Equation 4-7 and Equation 4-8, with selection of the 

maximum inter-storey drift demand to be made by the designer. For conservative estimates of the 

reduction of strength and stiffness, a bi-directionality ratio, θ, of 1 should be applied to align with the 

results from Test 1. 
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4.7 Conclusions 

The described observations and analyses have led to the following conclusions and recommendations 

related to precast floor units and floor diaphragms:  

4.7.1 Qualitative Diaphragm Behaviour Conclusions 

• Residual floor diaphragm load-paths will exist even at high damage states with wide cracks if 

there is a viable gravity load-path for the floor and there is adequate continuity reinforcement 

crossing the beam-to-floor interfaces. However, there is high potential for designed strut-and-

tie load-paths to break down across beta-unit-to-beta-unit interfaces where precast flooring 

systems are used. This is due to local vertical dislocation deformation incompatibility between 

the beta units under seismic loading actions orthogonal to the hollow-core unit span and 

orthogonal bowstring effect forces causing mesh rupture along the beta-beta unit interface. This 

is a particular concern where non-ductile mesh has been installed. Further research would be 

beneficial to determine if this issue still exists where ductile mesh has been installed across the 

beta-beta unit interface. However, based on the significant simultaneous tensile demands from 

the bowstring effect and vertical dislocation across the beta-beta unit interface, it is likely that 

the significant strength improvement from the beta-unit-to-beta-unit stitching bars is required 

to prevent concentration of damage across this interface. Additionally, struts and ties can only 

reliably land in beams of the support frame and must be transferred into columns via the beam 

plastic hinge, rather than landing directly into columns. For column faces of intermediate 

columns where tie-bars were anchored, struts were observed landing into the column face under 

specific conditions, but these struts could not be reliably designed for. 

 

• Tie-bars are currently required between intermediate columns (with tie capacity to exceed 5% 

of maximum total axial compression force acting on the linked column or exceed 20% of the 

shear force from seismic actions in the column: Cl. 10.3.6 of NZS 3101:2006) to prevent them 

from bowing out of the structure which can lead to catastrophic floor failure. A secondary 

benefit of tie-bars was observed during testing, that rubble is generated near the tie-bar anchor 

locations under earthquake loading due to bond stresses between the tie-bar and floor topping. 

However, this residual contact stress force transfer mechanism required earthquake induced 

deformation to concentrate at the other end of the floor span. The end of a floor where 

deformation will concentrate cannot be reliably predicted or designed for, meaning that this 

force transfer mechanism does not provide a reliable load-path. This behaviour does at least 

demonstrate improved diaphragm performance provided by intermediate column tie-bars and 

the beta-beta stitching bar retrofit, supporting the suggestion that these tie-bars be installed in 

the topping above beta units. 

 

• Contact stress and shear friction force transfer mechanisms form across wide floor perimeter 

cracks with ductile reinforcement crossing the beam-to-floor interface due to aggregate rubble 

replenishment of the interlocking crack interfaces (a process of aggregate rubble forming and 

falling into the gap as the crack interfaces become more damaged). These contact stresses 

provide a stiff connection resistant to in-plane shear deformation that can allow diaphragm 

compressive struts to land on beams. Load-paths based on this force transfer mechanism require 

ductile continuity reinforcement crossing the crack interface to reliably form, as it is required 

to generate aggregate rubble and resist the crack opening to a degree where binding between 

the crack interfaces and rubble is lost. Contact compression formation across wide cracks 

without ductile reinforcement crossing the interface was unreliable. Where sinusoidal shaped 
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cracks formed, contact compression was observed across wide cracks following mesh rupture. 

At another wide crack interface that was less sinusoidal shaped, contact compression was lost 

immediately following mesh rupture. This displayed that sinusoidal shaped cracking is optimal 

for transferring residual contact compression struts across wide floor cracks, which is a finding 

considered for suggested beam-to-floor selective weakening retrofits outline in Section 5.5.1 

and 5.6. Aggregate rubble formation appears to primarily initiate near steel reinforcement, 

particularly deformed rebar (but also mesh to a degree), as depicted in Figure 4-8 and Figure 

4-20. This is likely due to bond with the bar causing substantial local cone-type cracking in the 

concrete when the more ductile bar deforms. Based on limited test data presented herein, starter 

bar spacing of 400 mm centre-to-centre crossing the crack interface appears to provide adequate 

rubble formation and tie force (balancing components of shear-friction between the crack 

interfaces that would drive the interfaces apart) to transfer load across wide cracks. Smaller 

starter bar spacing should increase rubble formation, further ensuring a residual load-path 

develops. An initial estimate of the maximum reliable crack width a compression strut can form 

across is ¼ of the aggregate size used in the floor topping concrete mix. This is because 

aggregate rubble is what wedges between the crack interfaces, and individual pieces of 

aggregate are unlikely to crush under compressive demands. 

• The limiting factor determining floor diaphragm in-plane shear stiffness is the surrounding 

beam resistance to torsional deformation within their plastic hinges. Once the beams are 

torsionally overloaded due to a combination of elongation, simultaneous strong and weak axis 

bending and torsional moment, the frame beam elements become weaker and more flexible 

than the floor diaphragm elements. The primary driver of this damage mode (when 

simultaneously applied with other demands) is the bowstring effect. As tension ties in the floor 

resist beam elongation of beams in the orthogonal direction, these tie forces are applied to the 

critical beam through the starter bars. This enforces significant torsional demands on the critical 

beam. This diaphragm degradation mechanism leads to a lower diaphragm in-plane shear 

stiffness than the initial stiffness at moderate to design level drifts, as displayed in Figure 4-21. 

This means the rigid diaphragm assumption may not be valid when modelling structural 

response under earthquake loading beyond the plastic drift limit of the frame. Suggestions for 

a deteriorated diaphragm model accounting for this effect and loss of load-path across beta-beta 

unit interfaces are provided in Section 4.6. 

• Beam loss of torsional stiffness impacts the diaphragm stiffness because struts must pass 

through the beam in a weak-axis shear mode through the plastic hinge to reach columns. As the 

beam twists, it may deform the interior bottom bars, cracking the surrounding concrete and 

reducing their confinement and bond with the rest of the beam. This decreases their contribution 

to dowel action with an unsupported length to resist shear determined by the stirrup spacing, 

which is a much weaker and less stiff contribution to the beam shear load-path. Additionally, 

twisting of the beam across the primary crack near the beam-column interface likely grinds the 

two sides of the crack smoother over multiple cycles, reducing aggregate interlock and the 

friction necessary to maintain the compressive portion of the weak axis shear load-path. This is 

in addition to the reduction in aggregate interlock across critical beam cracks caused by 

accumulation of beam elongation damage in the beam plastic hinges. 

• A positive of the beam torsional softening effect for hollow-core floor systems is that it can 

mitigate to some extent undesirable local failure modes such as negative moment and positive 

moment failure of individual floor units. This is because the deformation incompatibility 

demands are limited at this point as the support beam deforms plastically about its torsional 
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twisting axis. The negative result of this effect is the differential twisting of support and 

longitudinal beams, which heavily damages the ends of alpha units (hollow-core end units 

positioned next to longitudinal beam) in the floorplate corners.  

• Test data indicates that the diaphragm can lose as much as 75% of initial stiffness after drift 

demands exceed approximately 1% (in an earthquake with a directionality ratio of 1:1). In an 

earthquake with a directionality ratio of 1:2 (Test 2), stiffness can degrade 50% by 1.5% drift. 

As support frame beam elements lose torsional stiffness, load sharing between columns via 

floor diaphragm in-plane shear (or compression struts) decreases. This leads to a more flexible 

structural response and the rigid diaphragm assumption becomes less accurate as damage 

progresses. The impact of this would differ depending on the structural layout and ground 

motion with respect to whether this amplifies or damps the structural response at moderate 

damage levels. Further experimental research, preferably using shake tables to provide inertial 

and damping response, would be required to quantify this effect. 

• Directionality of earthquake loading plays a large role in determining the rate that in-plane 

stiffness contribution from a floor diaphragm degrades. The closer an earthquake record is to 

exhibiting equal displacement demands in all directions (i.e., circular bi-directional loading 

pattern), the earlier the diaphragm in-plane shear stiffness will degrade. This is because larger 

amounts of simultaneous action overpower the beam plastic hinge capacity earlier, by 

introducing larger weak axis bending and torsional demands while the longitudinal bar capacity 

is being used for strong axis bending. The converse is that the closer an earthquake is to being 

unidirectional (and in the direction of one of the primary frame axes of the building), the higher 

peak demands will be that the supporting beams can withstand before losing torsional stiffness 

and therefore, the longer the floor diaphragm will remain stiff in-plane against shear 

deformation. This type of pulse demand would be expected for near-fault earthquakes. The 

downside of the stiffer diaphragm under these loading conditions is that higher deformation 

incompatibility demands are imparted into the floor units, making for a worse case for 

undesirable failure modes in hollow-core such as positive and negative moment failure modes, 

as described in Chapter 2, Chapter 5 and (Büker et al. 2022). 

• Directionality of earthquake loading can change the primary diaphragm damage mechanism 

between loss of beam torsional stiffness and concentration of wide cracking at the beam-to-

floor interface. If the degree of simultaneous actions applied to beams is reduced, the strength 

hierarchy between the beam acting in torsion and weak axis shear vs the beam-to-floor interface 

acting in tension can change, leading to development of wide cracking at the beam-to-floor 

interface from beam elongation deformation incompatibility demands. Two other conditions 

exist where this is the expected damage mechanism. The first is where the adjacent frame has 

mesh only beam-to-floor continuity reinforcement, due to elimination of bowstring effects. The 

second is for interior frames, that are typically detailed such that they will respond elastically 

up to higher inter-storey drift demands compared to the perimeter seismic frame (due to 

shallower beam depths used in design of interior frames to encourage them to act as gravity 

frames). In all of these cases, diaphragm struts can cross the wide cracks up to a crack width of 

approximately ¼ of the floor topping concrete aggregate size, provided there is ductile 

reinforcement crossing the beam-to-floor interface, based on compression strutting behaviour 

observed across the Test 2 beam B2C2 beam-to-floor interface. 

• The interface between beta units is a critical weak interface in diaphragm load-paths. This is 

because of deformation incompatibility between the units as the plastic hinges they are seated 
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on undergo strong axis bending during earthquake loading, meaning the critical loading 

direction is orthogonal to the hollow-core unit layout. This causes one beta unit’s elevation to 

rise and the other to fall along the beta-beta unit interface which leads to very early cracking 

and early rupture of the mesh along it. Additionally, this is the weak section of the bowstring 

effect action linking longitudinal beams, placing all mesh across the beta-beta unit interface in 

tension and providing further demands on the mesh across the beta-beta unit interface leading 

to early rupture. Being the weak section for the bowstring effect makes the beta-beta unit 

interface critical in determining the diaphragm performance of the floorplate. Noting that once 

this connection between beta units is severed, the rate of beam elongation and degradation of 

beam torsional stiffness greatly accelerates in both primary frame directions. Retrofit of beta-

beta unit interfaces with stitching bars diaphragm load-paths between bays of the frame by 

eliminating this weak interface and allows the beta units to act as a single monolithic element. 

• The interface between alpha-units-to-second units is also a significant weak interface in 

diaphragm load-paths, as evidence by local crack widening and shear-slip behaviour during 

both tests. While there is force transfer across this interface, it is advised that the beam-to-floor 

topping interfaces above alpha unit seating supports are not relied on to transfer diaphragm 

forces into the frame, as the alpha unit was deforming independently from the interior of the 

floor to some extent. Additionally, it is recommended that struts are not relied to land within 

the topping beam-to-floor interface across the full widths of beta units. This recommendation 

is slightly conservative, but accounts for the potential of shear slip interfaces to develop 

between beta units and adjacent intra-span units following installation of beta-beta unit stitching 

bars. 

• Investigation of local relative deformations between hollow-core units and the support frame 

provided observations of where compression struts were reliably landing within beams, as well 

as locations where there was reduced compression strutting across beam-to-floor interfaces. 

These observations were compared with current guidance from Section C5 (Ministry of 

Business, Innovation and Employment 2018) and the Purple Book (Fenwick et al. 2010) 

relating to reliable diaphragm strut landing zones within beams. The current guidance was 

found to be highly conservative. 

• For hollow-core alpha units, diagonal cracking damage caused by the differential torsion of 

support and longitudinal beams is localized at the ends of the unit. This is where delamination 

and web-splitting initiates, leading to an “unzipping” phenomenon along the unit as seen in 

Matthews’ experiment (Matthews 2004). Based on the residual gravity capacity test described 

in Chapter 5, suspending the soffit of an alpha unit to the topping using hanger anchors within 

the span is an appropriate retrofit as an alternative to installation of a link slab. The topping has 

ample residual capacity due to the starter bar connections with the longitudinal beams acting as 

cantilevers. This means the hangers provide a viable load-path through the longitudinal beam 

that does not include the alpha unit ends that have sustain heavy damage from the beam torsion 

displacement incompatibility. 
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4.7.2 Recommendations for Practitioners 

• The findings from two super-assembly experiments provided a quantitative relationship 

between a structure’s previously experienced drift demand (magnitude and directionality) to 

the degradation of diaphragm shear stiffness. In the future, it would be beneficial for more 

experimental testing using rhomboid loading protocols to provide further data; however, as the 

frame and floor section sizes and reinforcing steel detailing used in the two experiments were 

typical of mid-rise reinforced concrete buildings, the generalized Equations (5-7) and (5-8) are 

a useful preliminary tool to estimate diaphragm shear stiffness degradation.  

This relationship displays that diaphragm shear stiffness losses following typical ultimate limit 

state drift demands of 2.5% range from approximately 80% to 95% of the initial stiffness 

depending on earthquake directionality. Further explanation of the development of Equations 

(5-7) and (5-8) are shown in Section 4.3.1. 

• In Test 2, a retrofit referred to as “stitching bars” was used to repair topping reinforcement 

where it was cut during installation of intermediate column tie-bars, with the secondary purpose 

of strengthening the beta-beta unit interface. This retrofit greatly improved both the local 

hollow-core stability as well as maintaining the diaphragm load-path and bowstring effect 

across the two floor bays. It is therefore recommended that beta-unit-to-beta-unit stitching bars 

are added to tie-bar configurations. Even though failure of the units is delayed with the stitching 

bars, the failure is eventually shifted from the unit-to-unit interface to the end of the stitched 

bars.  To avoid failure through the unit as observed in Test 2, it is recommended that the 

stitching bars be extended the full width of each beta unit. These stitching bars should be 

deformed bars to ensure adequate bond with the floor topping. A preliminary suggestion for 

design of beta-beta unit stitching bars is to evenly distribute deformed bars along the beta-beta 

unit interface at the same spacing as continuity reinforcement between the longitudinal beams 

and the floor topping. The total strength of the beta-beta unit stitching bars should match or 

exceed the total strength of continuity reinforcement between longitudinal beams and the floor 

topping. This is required to ensure the beta-beta unit interface is not a weak-zone for crack 

initiation and can maintain any bowstring effect forces applied across the floorplate due to beam 

elongation of the support beams. In cases where continuity reinforcement extending from 

longitudinal beams is limited to mesh without starter bars, a standard suggestion is to install 

D12 deformed bars spaced at 450 mm centres. This configuration performed adequately during 

Test 2 and would provide a strong interface relative to the minimal bowstring effect forces 

applied by mesh only continuity reinforcing. 

 

• The best way to ensure that diaphragm residual compressive strut forces can reach their landing 

points on beams is to provide adequate seating for the floor elements, regardless of the floor 

system typology. In the case of hollow-core systems, seating recommendations are provided in 

(Ministry of Business, Innovation and Employment 2018) and recommendations for seating 

angle retrofits to improve seating lengths are provided in (Büker et al. 2022). If there is a viable 

gravity load-path for the floor elements near the beam-floor interface, cracks that form in the 

floor will allow diaphragm compression load-paths across wide cracks through the rubble 

replenishment phenomenon observed in Test 2 and described in Section 4.1. Reliable residual 

contact compression requires ductile reinforcement across the crack. It is recommended that 

diaphragm compression struts are assumed to not be capable of landing into interior frame 

beams where the is only mesh reinforcing crossing the beam-to-floor interface. This is because 



 

4-109 

 

an instant loss of load-path was observed between the floor and frame beam when mesh 

ruptured at a low inter-storey drift demand of 1.6%. 

 

• It was found that diaphragm compression struts could not reliably land into intermediate 

columns without installation of a link slab, meaning it is not appropriate to use any columns as 

compression nodes for diaphragm compression struts. This was despite the observation that 

compression struts were landing directly into the intermediate column B1 tie-bar anchor points, 

as this load-path required deformation to concentrate at the other end of the floor. The end of a 

floor where earthquake induced damage will concentrate cannot be reliably predicted, meaning 

the ability to form struts into an intermediate column also cannot be reliably predicted. 

However, the observed floor-to-column strut behaviour is a useful side effect caused by 

implementation of tie-bar and beta-beta stitching bars. 

 

• It is proposed that diaphragm strength and stiffness performance could be improved with a 

design approach targeting protection of beams from being overloaded by torsional demands 

applied by diaphragm tension ties instated via starter bars. One way this can be achieved is by 

strengthening the beam under torsional demands. Increasing the standard flexural capacity of 

the beam is not a suitable method to achieve this, as the additional capacity will be used when 

resisting strong-axis bending demands, providing minimal additional torsional capacity to the 

beam. Slotted beam solutions are appropriate to improve torsional capacity in reinforced 

concrete moment frames, as verified by Muir’s super-assembly and subassembly experiments  

(Muir 2014). Another option is to position the primary seismic frames within the interior of the 

building rather than the perimeter, leading to balanced bowstring effect tensile demands on both 

sides of the beam. This would cause beam elongation deformation to instead concentrate at 

beam-to-floor interfaces as wide cracking. Results from Test 2 display that diaphragm 

compression struts can still cross these wide cracks up to widths of approximately ¼ of the 

floor topping concrete aggregate size where ductile starter bar reinforcing is installed across the 

beam-to-floor interface. 
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5. Super-Assembly Experiment Hollow-Core and Retrofit Findings 

The performance of the hollow-core retrofits installed in Test 1 are investigated and discussed in this 

chapter. 

5.1 Qualitative Hollow-Core Damage Observations 

Qualitative damage observations for the hollow-core units in Test 1 are presented briefly in this section, 

as it is important for providing context to the retrofit performance. Many of the following observations 

and figures in this section and Section 5.2 were originally presented in the Structural Engineering 

Society (SESOC) Journal paper (Büker et al. 2022). For qualitative damage observations of hollow-

core performance in Test 2, refer to (Büker et al. 2022).  

A summary of the observed critical qualitative damage mechanisms and the drift cycles they occurred 

in during Test 1 is displayed in Figure 5-1. 

 

Figure 5-1: Summary of Damage Observed in Test 1 (Büker et al. 2022) 

As discussed in Section 3.6.2, the loading protocol for the first test was split into two sections. The first 

section was a simulation of the maximum inter-storey drift demands applied to a typical Wellington 

reinforced concrete moment frame building during the 2016 Kaikōura Earthquake (referred to as KEQ). 

The second section was a Standard Loading Protocol (SLP) of increasing drift demands from 1.5% drift 

to 3% drift in 0.5% drift increments. The orthogonal components of these drift records are displayed in 

Figure 5-2. 
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Figure 5-2: Orthogonal Drift Record Components and Loading Protocol Shape Applied to the 

Specimen for the KEQ and SLP Sections of Test 1 (Büker et al. 2022) 

The loading shape used for both the KEQ and SLP portions of Test 1 was a linearized circular loading 

protocol, as described in Section 3.6. This provided uni-directional loading in both primary axes of the 

frame as well as simultaneous bi-directional loading along the arcs. Earthquake actions that caused 

specific hollow-core damage states are split for reporting into increasing drift parallel to the unit span 

(║) and increasing drift orthogonal to the unit span (┴). Even while loading along arcs of the linearized 

circular loading protocol, only one direction had increasing drift demands. 

                

     Loading parallel to unit                Loading orthogonal to unit         Loading orthogonal to unit span 

                 span (║)                                            span (┴)                                      on an arc (┴) 

Figure 5-3: Differentiation of Drift Demand Directionality in Test 1 

5.1.1 Hollow-Core Damage Observed During the Simulated 2016 Kaikōura Earthquake (KEQ) 

Drift Demands 

The first significant floor damage occurred at +0.25% (┴). A 0.4 mm wide crack developed in the 

topping along the full length of the interface between beta units as shown in Figure 5-5. This split was 

caused by the differential rotation enforced on beta units by the intermediate column beam plastic hinges 

as discussed in Section 1.3.4 and shown in Figure 5-4. 
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Figure 5-4: Beta-Beta Unit Splitting Caused by Differential Rotation Enforced by Beam Plastic 

Hinges Extending from An Intermediate Column 

During the 0.5% cycles, diagonal cracking within the beam plastic hinge zones propagated into the 

hollow-core units near the columns. These crack patterns were similar to the hollow-core floor cracking 

observed during reconnaissance of Wellington reinforced concrete buildings following the 2016 

Kaikōura earthquake, shown in Section 1.5.3. This provided high confidence that the applied 

simultaneous bi-directional drift demands were representative of the 2016 Kaikōura shaking and real 

earthquake shaking in general. This was an improvement over previous super-assembly testing on 

hollow-core flooring systems that used uni-directional loading protocols, as they did not replicate this 

type of cracking, as discussed in Section 1.7. 

Two additional significant damage modes were observed in the 0.5% drift cycles. The first was 

longitudinal splitting in alpha unit 1 and 8 within the first cell in from the longitudinal beams during 

±0.5% (┴) drift demands. The second was transverse cracking at near the seating ledges of alpha and 

beta units during ±0.5% (║) drift demands. These damage modes are displayed in Figure 5-5 (b). 

Following the 0.5% drift cycles, acoustic testing of the hollow-core unit soffits was undertaken by 

tapping a hammer near across the units near the seating supports. A distinct change in pitch was heard 

near the south support of alpha unit 8 (near column C1). Inspection of the webs with a borescope did 

not provide evidence confirming web cracking. It is suspected that a micro web crack had initiated but 

could not be detected with the borescope due to dust within the hollow-core cell and the low resolution 

provided by the borescope camera.  

During the 0.75% drift cycles, diagonal and transverse cracking extended the full width of all alpha 

units near their seating supports. Diagonal and transverse cracking also extended in the beta units. 

Longitudinal cracking in the topping between alpha units and the second unit in from longitudinal beams 

extended significantly. Longitudinal cracking also developed within the topping and soffit of the beta 

units. The beta unit longitudinal cracks were similar to cracking observed in Wellington buildings 

following the 2016 Kaikōura Earthquake as described in Section 1.5.3, providing further verification 

that the loading protocol and frame specimen were applying deformations representative of real 

earthquakes to the specimen hollow-core units. 

Prior to the 1.5% drift cycles, the specimen was loaded in a cross protocol to ±1% drift (║ and ┴). This 

was done to determine if the web-splitting detected via acoustic testing during the 0.5% drift cycles 

would widen enough for visual confirmation at a low drift demand. Web-splitting was visually 

confirmed at the same location in alpha unit 8 at +1% drift (║). This provides evidence that web-splitting 

can initiate in hollow-core units as early as 0.5% drift, meaning it is highly likely that many alpha and 

beta units in Wellington buildings have some degree of web-splitting initiation following the 2016 

Kaikōura Earthquake.  
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In the initial uni-directional loading of the 1.5% drift cycles (+1.5%, ║), significant widening of 

transverse soffit cracks was observed along the south end of the units. The two most critically affected 

units by this crack widening were alpha unit 1 and beta unit 4. In alpha unit 1, the critical 

diagonal/transverse soffit crack width was measured at 3.8 mm with a 2.5 mm vertical offset across the 

crack. In beta unit 4, the critical transverse soffit crack width was measured at 4 mm with a 2.7 mm 

vertical offset across the crack. The vertical offset across these cracks was particularly notable, as 

vertical dislocation across cracks in hollow-core units greater than 2 mm is considered an indicator that 

reliable gravity load-paths have been lost between the unit and its support (Corney et al. 2021). Based 

on this criteria, alpha unit 1 and beta unit 4 would be considered to have failed as gravity systems by 

1.5% drift. 

In the first arc of the 1.5% drift cycles (+1.5%, ┴), concentration of rotational incompatibility demands, 

and tensile demands caused by elongation of the beam plastic hinges extending from columns B1 and 

B2, led to rupture of the non-ductile 665 mesh and instant widening of the crack along the interface 

between beta unit 4 and beta unit 5 as shown in Figure 5-5 (e). This caused full separation of the two 

bays of the floorplate.  

Transverse cracking was observed extending in the topping through the crack initiator saw-cuts at the 

end of starter bars within the second bay during ±1.5% (║) drift demands. This indicated build-up of 

negative moment demands due to deformation incompatibility with the stiffened angle retrofits beneath 

unit 6 and unit 7. Localized cracking also initiated from the post-installed bar retrofits near the crack 

initiator saw-cuts as shown in Figure 5-5 (f). This indicated that the post-installed bars were engaging 

and maintaining the negative moment capacity at the end of the starter bars as desired.  

Through the 1.5% drift cycles, the torsional stiffness of support and longitudinal beams substantially 

reduced. This was caused by a combination of accumulated cracking damage within the beam plastic 

hinges as they elongated and increases in torsional demands applied by eccentrically acting starter bars 

engaging in tension. This caused significant reductions in diaphragm shear strength and stiffness as well 

as reductions in negative relative rotations between the beams and hollow-core units. Further discussion 

of the cause and importance of the beam torsional softening for the diaphragm is provided in Section 

4.3. Further discussion of the importance of the observed beam torsional softening for the hollow-core 

units (particularly intra-span units) is provided in Section 5.5. 

 

(a) Full-length Longitudinal Split Between Beta Unit 4 and Beta Unit 5 After 0.25% Drift cycles 
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(b) Transverse Soffit Cracking in Alpha and Beta Units, Longitudinal Splits through the First 

Cell of Alpha Units U1 and U8, and Increased Cracking Around the Corners During the 0.5% 

Cycles 

 

                                                                       

 

(c) Extension of Diagonal and Transverse Cracking and Development of Longitudinal Cracking 

in Alpha and Beta Units During the 0.75% Drift Cycles 

 

(d) Web Crack in Alpha Unit U8 at +1.0% drift (||) Where at 0.5% Drift a Web Crack was 

Detected Via Acoustic Testing 

 

(e) Widened Longitudinal Split Between Beta Units After Rupture of Mesh Reinforcement 

Shown After 1.5% Drift Cycles 

Topping Soffit 

KEQ +0.75% Residual Drift after Cycle5 
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(f) Evidence of Negative Moment Failure (NMF) Post-Installed Bar Retrofit Engagement After 

+1.5% (║) Drift  

 

(g) Extensive Spalling and Splitting Cracks at 2.5% 

 

(h) Extensive Web Cracking in Multiple Hollow-Core Unit Ends at 2.5% Drift 

 

(i) Legend for photos, loading and crack mapping 

Figure 5-5: Summary of Observed Hollow-Core Damage During Kaikōura Earthquake and 

Standard Loading Protocol Loading Sequences in Test 1 (Büker et al. 2022) 
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5.1.2 Hollow-Core Damage Observed During the Standard Loading Protocol (SLP) Drift 

Demands 

Following the substantial drop in beam torsional stiffness at the end of the 2016 Kaikōura Earthquake 

loading protocol, the majority of further damage during the subsequent SLP loading localized in 

existing cracking from previous drift cycles, particularly near the beam plastic hinges (in alpha and beta 

units). Topping cracks at the back-face of the hollow-core units and at the end of the starter bars closed 

up compared to the maximum crack openings observed during the 1.5% drift cycles during larger drift 

demands. This is shown in Figure 5-6. 

 
(a) Average Transverse Crack Width at the Back-Face of Hollow-core Units Along Each Support 

Beam 

 
(b) Average Longitudinal Crack Width in the First Cell of Alpha Units Next to Longitudinal 

Beams and Between Units, Omitting U4-U5 Crack (Left) and with U4-U5 Crack (Right) 

Figure 5-6: Topping Transverse Crack Widths at the Hollow-Core Unit Back-Face and 

Longitudinal Crack Widths Between Units 

The closing of these cracks at high drifts was caused by relief of deformation incompatibility demands 

under negative rotations from the beams torsionally rotating into the floor (at the starter bar connection). 

Further damage concentrated at the beam plastic hinges. In the hollow-core unit soffits, additional 

damage concentrated at existing transverse and diagonal cracks near the unit supports, with these crack 

widths increasing through the drift cycles as displayed in Figure 5-7. 
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(a) Transverse Soffit Crack Widths Near                    (b)  Transverse Soffit Crack Widths Near 

the South Seating Support of Alpha and                  the North Seating Support of Alpha and 

                      Beta Units                                                                 Beta Units 

Figure 5-7: Soffit Transverse Crack Widths Near the Hollow-Core Unit Supports 

During the 2% and 2.5% drift cycles, topping concrete near the intermediate column tie-bar anchor 

points spalled, exposing the tie-bars, as shown in Figure 5-5 (g). This was caused by substantial 

deformation incompatibility between the floor topping and tie-bar anchorage where the floor dropped 

in elevation relative to the tie-bar column face anchorage under large drift demands. The deformation 

incompatibility was composed of two orthogonal components. The first component was torsional 

rotation under loading orthogonal to the unit span due to seating on the plastic hinges of the support 

beams. The second component was the hollow-core unit elevation dropping relative to the tie-bar 

column-face anchor points under negative rotational demands, particularly as the starter bar connections 

linking to the topping at the back-faces of the beta units had dropped in elevation from beam torsional 

rotation. These two effects are displayed in Figure 3-55 and Figure 3-56, where they were accounted 

for in design of the beta unit catch frames. During the 3% drift cycle, the only new damage observed in 

the floors was additional topping spalling near the column tie-bar anchor points. All other floor damage 

concentrated at existing cracking. 

Borescope surveys during the 2.5% drift cycles provided visual confirmation that web-splitting had 

initiated at all alpha unit seating connections and at the southern seating connection of beta unit 4, as 

indicated in Figure 5-5 (h). Most observed web-splitting cracks were extensions of soffit cracks that 

had propagated into the webs at approximately 45° in the direction of gravity shear (positive shear). 

This was consistent with observations from Matthews’ super-assembly test results shown in Figure 1-31 

(Matthews 2004). When comparing against Matthews’ super-assembly experiment and Test 2 (Büker 

et al. 2022), it was found that there was reduced occurrence and severity of web-splitting of hollow-

core units in Test 1. It is proposed that the high degree of simultaneous bi-directional actions and the 

associated early loss of beam torsional stiffness in Test 1 relieved the critical shear demands that initiate 

positive shear/moment cracks which propagate into web-splitting. This means the lack of full bottom 

flange separation in the alpha units during Test 1 is not an indication that there is not a significant risk 

of this failure mode occurring in earthquakes with lower simultaneous bi-directionality of lateral 

loading actions. Additionally high simultaneous bi-directionality caused large areas of the topping to 

delaminate near the beam plastic hinges, further relieving positive and negative shear/moment demands 

in the alpha and beta units. This is discussed further in Section 5.4. 

Two exceptions to the general observation of damage concentrating near plastic hinges were found 

during the SLP portion of the loading protocol. The first exception was observed during the 2% drift 

cycle, where localized topping cracking near post-installed retrofit bars at the north end of unit 6 and 
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unit 7 extended, providing further evidence of engagement of the post-installed bars under negative 

moment demands.  

The second exception was observed in the 2.5% drift cycles while loading parallel to the unit span 

(±2.5% ║). Diagonal cracking developed in both alpha units at approximately 45° to the unit span. The 

cracking on the topping was orthogonal to the cracking in the soffit and reversed direction when drift 

demands were applied in the reverse direction. The diagonal reversing arrangement of the cracking and 

its development during loading parallel to the hollow-core span displayed that this cracking was induced 

by torsional demands in the alpha units caused by deformation incompatibility with longitudinal beam 

starter bars. The implications of this are discussed further in Section 5.6.  

                              

(a) Soffit Cracking                                                 (b)  Topping Cracking 

Figure 5-8: Torsional Cracking in the Centre ⅗ths of Alpha Unit 1 and 8 During ±2.5% (║) Drift 

Demands 

Test 1 was terminated early at the start of the second 3% drift cycle due to an accidental actuator error 

that translated column B1 out of the frame by 29 mm. The second 3% drift cycle was to be the last drift 

cycle and based on the concentration of floor damage at existing cracks in the first 3% drift cycle, it is 

not anticipated that any significant structural behaviour was lost from this early termination. 

Crack maps showing the progression of new cracking at each increasing level of drift demands is 

displayed in Appendix L. 

 

5.2 Residual Gravity Testing of Hollow-Core Units After Completion of Test 1 Kaikōura 

Earthquake Loading Protocol (KEQ) and Standard Loading Protocol (SLP) 

Following the seismic loading portions of Test 1 (KEQ, SLP and Rhomboids), gravity testing of 

individual hollow-core units was undertaken to determine their residual gravity carrying capacity with 

earthquake induced damage. Saw-cuts were used to separate three units from the rest of the floorplate. 

The selected units were beta unit 4, intra-span unit 6, and alpha unit 8. These units were selected to 

provide a sample of each type of hollow-core unit. The remaining five units were lifted out of the 

specimen, leaving the units of interest supported only through their seating connections (and in the case 

of the alpha unit through longitudinal beam starter bars). This layout provided simplification of the 

boundary conditions for each unit, allowing for observation of the performance of single units without 

multi-unit load-sharing effects through the topping. 

The actuator control error causing early conclusion of the seismic SLP primarily affected the south end 

of beta unit 4, as column B1 was accidentally translated outward from the frame by 29 mm when the 

specimen was at -1.5% drift (║) while loading to -3% drift (║) at the start of the second 3% drift cycle. 

-δ║ 

+δ║ 
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Prior to the residual gravity testing, this translation was partially corrected by moving the column back 

into the frame 8.3 mm and returning the specimen to an upright position (0% drift in both directions). 

The displacements enforced on beta unit 4 by the actuator error concentrated at the unit back-face, with 

no additional noticeable damage occurring within the unit itself. Based on this, it was judged that the 

initial conditions had been reinstated satisfactorily.   

Each residual gravity capacity test consisted of placing empty 1 m3 (1000 litre) water tanks on the 

hollow-core unit and gradually filling them with water. The first water tanks were placed on the centre 

of the unit and additional tanks were added outward as shown in Figure 5-9. 

 

(a) Schematic of the Water Tank Gravity Loading System and Order of Tank Filling 

             

(b) Gravity Loading of Beta Unit 4 

Figure 5-9: Hollow-Core Residual Gravity Capacity Testing Layout 

This loading method provided gradual increases in gravity demands to allow for an accurate 

measurement of the shear and moment demands in the unit in the event of a critical failure. 

The first residual gravity capacity test was conducted with beta unit 4. Web cracking, delamination and 

partial seating loss were observed at unit south support following the earthquake loading (and prior to 

gravity testing) as shown in Figure 5-10. Polystyrene infill between the beta unit catch frame and beta 

unit 4 was removed before testing to allow for the unit to drop further in the event of failure to better 

display the failure mechanism. 
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(a) Existing Web Cracking Before the Gravity                             (b)  Bottom-View 

Test (Note: This Figure Only Shows the Web 

Cracks that Were Detected by Borescope) 

 

(c) Side View from the East (Section A-A in           (d)  Web Cracks in Central Web (Section B-B  

Figure 5-10 (a))                                                         in Figure 5-10 (a)) 

Figure 5-10: Condition of Beta Unit 4 Prior to Residual Gravity Capacity Testing (Büker et al. 

2022) 

Beta unit 4 sustained shear load up to 38.7 kN before initiating a sudden brittle shear failure at the south 

support, as shown in Figure 5-11. The falling unit was caught by the beta unit catch frame square hollow 

section element, preventing the unit from dropping entirely out of the support frame. 

 

(a) Side-View After Failure                                         (b)  Photo of Failed End After Extraction 

Figure 5-11: Beta Unit 4 After Failure During Residual Gravity Capacity Testing (Büker et al. 

2022) 

The shear load of 38.7 kN where brittle shear failure occurred corresponds to 91% of the design gravity 

+ live load combination of 1.2G + 1.5Q (where Q = 3.0 kPa) (Standards New Zealand 2004). Extraction 

of the unit after gravity failure provided a clearer view of the shear failure mechanism. While the outer 

webs failed in a shallow shear crack mechanism, the interior three webs failed in shear at a much steeper 

angle. 
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The gravity shear failure of beta unit 4 displayed the reduction in gravity capacity that web-splitting 

and delamination can cause. This was a critical finding, as web-splitting can occur at drift demands as 

early as 0.5% to 1% and is difficult to detect at residual drifts with borescope surveying. It is therefore 

expected that many reinforced concrete moment frame buildings with hollow-core flooring systems in 

Wellington will have difficult to detect web-splitting (particularly in alpha and beta units) following the 

2016 Kaikōura Earthquake. This means installation of retrofits to improve the gravity carrying capacity 

of these hollow-core units or catch them before they can fall out of the frame is highly recommended. 

Before the residual gravity testing of alpha unit 8, web-splitting that had propagated approximately 1/3rd 

into the span was visible at the north end of the unit, as shown in Figure 5-12 (c) and shear cracking 

was visible at the south end, as shown in Figure 5-12 (a) and (b). The unit was capable of supporting a 

full 1.2G + 1.5Q live load combination before and after the longitudinal beam starter bars were cut. 

However, extension of shear cracking was visible at the south support following residual gravity testing. 

 

(a) Extension of Positive Shear Crack at South End of Alpha Unit 8 During Residual Gravity 

Testing 

       

(b) Positive Shear Cracking in Outer Webs of Alpha Unit 8 Following Residual Gravity Testing 

 

 

Shear crack 

extension 
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(c) Web-Splitting in Outer Webs at the North End of Alpha Unit 8 Following Residual Gravity 

Testing 

Figure 5-12: Web-Splitting Observed from the Side of Alpha Unit 8 (No Failure Observed 

During Residual Gravity Testing) 

While alpha unit 8 provided adequate residual gravity capacity, the degree of web-splitting propagation 

was concerning, particularly as actions that propagate web-splitting were relieved by loss of beam 

torsional stiffness and delamination due to the loading protocol. Increased severity of web-splitting in 

Test 2 (Büker et al. 2022) and Matthews’ super-assembly experiment (Matthews 2004) where lower 

simultaneous bi-directionality was applied through earthquake loading protocols, displays that there is 

still significant risk of bottom flange separation in alpha units.  It is therefore recommended that alpha 

unit hanger or catch frame retrofits are installed in alpha units. This is discussed further in Section 5.4 

and 5.5. 

Intra-span unit 6 was not gravity tested, as the results from alpha unit 8 displayed that there would be 

no gravity capacity failure. This was because unit 6 did not have any sign of web-splitting or significant 

cracking that would compromise the gravity carrying capacity. 

5.3 Hysteretic Response and Beam-Unit Relative Rotation Demands 

The hysteretic response of the frame specimen during Test 1 through the KEQ and SLP loading 

protocols is displayed in Figure 5-13. The approximate yield drift limit for the support and longitudinal 

beams can be calculated using Priestleys’ yield drift formula for reinforced concrete frame structures 

(Priestley 2000): 

𝜟𝒚 = 𝟎. 𝟓𝜺𝒚
𝑳𝒃

𝑯𝒃
     (5-1) 

Where Δy is the frame yield drift, εy is the yield strain of the longitudinal beam bear reinforcing, Lb is 

the length of the frame beams, and Hb is the height of the frame beams. This provides a yield drift of 

0.4% inter-storey drift for the support beams and 0.65% inter-storey drift for the longitudinal beams. 
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(a)  Full Frame Hysteresis Response Up                        (b)  Full Frame Hysteresis Response Up  

 to 3% Drift in the X-Direction (┴)                                   to 3% Drift in the Y-Direction (║) 

 

 

        
(c)  Frame Hysteresis Response During KEQ            (d)  Frame Hysteresis Response During KEQ 

 Loading to 1.5% Drift in the X-Direction (┴)             Loading to 1.5% Drift in the Y-Direction (║) 

Figure 5-13: Test 1 Orthogonal Frame Hysteresis Responses to Applied Drifts in the KEQ and 

SLP Earthquake Load Protocols 

As shown in Figure 5-13, the yield drift of the frame was approximately what was predicted by 

Priestley’s equation in both the east-west direction (support beam, or X-direction) and north-south 

direction (longitudinal beam, or Y-direction).  

As discussed in Section 4.3, the support and longitudinal beams noticeably lost torsional stiffness during 

the 1.5% drift cycles, which weakened diaphragm load-paths and relieved negative moment demands 

on the hollow-core units near their seating connections. Comparisons of the global drift applied to the 

specimen with the relative drift between the beams and floor (due to beam torsional rotation) are 

displayed in Figure 5-14. 

Yield Drift Estimate Yield Drift Estimate 
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(a) Comparison between Global Drift                    (b)  Comparison between Global Drift 

Demands and Local Beam-Unit Relative                 Demands and Local Beam-Unit Relative  

Drift Demands Along Support Beam A1B1             Drift Demands Along Longitudinal Beam A1A2 

              

(c)  Global vs Local Beam-Unit Relative Drift           (d)  Global vs Local Beam-Unit Relative Drift 

Demand Envelopes Along Support Beam A1B1        Demand Envelopes Along Longitudinal Beam 

                                                                                                                 A1A2                                   

Figure 5-14: Comparisons between Global Specimen Inter-Storey Drift Demands and Relative 

Beam-Unit Drift Demands During Test 1 

An interesting finding from Figure 5-14 is that while full loss of beam torsional stiffness occurred during 

the 1.5% drift cycles, there was initial significant torsional twisting of the beam under negative 

rotational demands as early as 0.75% drift. This aligns approximately with the yield drift of the beams 

in both directions.  

It is suggested that beam torsional softening in reinforced concrete frame buildings due to starter bar 

tensile demands from the diaphragm has three general phases.  

The first phase is where the beams remain entirely torsionally stiff. This lasts throughout the elastic 

response of the frame. During this phase, the designed strut-and-tie diaphragm load-path works as 

intended and a rigid diaphragm assumption is valid. Beam-unit relative rotations are equivalent to the 

frame global drift demands in precast flooring systems for both positive and negative rotations.  

The second phase is a transitional phase where loss of beam torsional stiffness initiates under negative 

relative rotations between the beam and floor system due to engagement of the starter bars. During this 

phase, negative beam-floor relative rotations decouple from the global drift demands, with the negative 

beam-floor relative drifts being approximately ½ to ⅔ of the global drift demands, but positive beam-
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floor relative drift demands remain equivalent to the global drift demands. During this phase, the 

diaphragm loses significant shear stiffness, in the range of a 66% reduction in shear stiffness. 

The second transitional phase initiates at the yield drift of the frame beams and lasts until enough beam 

plastic hinge damage accumulates to substantially reduce beam torsional stiffness under both directions 

of loading. In super-assembly Test 1, this phase initiated in the 0.75% drift cycle and lasted until the 

second cycle at 1.5% drift. The observation that it was the second cycle rather than the first at 1.5% 

drift where the beam rotational response fully decoupled from the global frame drift displays that the 

end of this second phase is damage dependent rather than drift dependent. In previous super-assembly 

experiments using uni-directional loading protocols, this phase was pronounced from the 1% drift 

cycles through to 2% drift, as displayed in Figure 1-64 (MacPherson 2005). Following loading in the 

orthogonal direction that caused significant beam plastic hinge damage and elongation, the beam 

torsional rotation became fully decoupled from the global frame drift. In Test 2 of the 2020-2021 UC 

frame super-assembly experiments, two extremes related to this transitional phase were observed due 

to the initial uni-directional pulse loading applied parallel to the hollow-core unit span. For the support 

beams, the starter bar tensile load-path applying torsional demands to the was eliminated in the initial 

pulse, which led to the beam-floor relative drift demands and global drift remaining coupled up to 3% 

drift. For the longitudinal beams, the initial pulse loading generated beam plastic hinge damage that led 

to full decoupling of the beam-floor relative drift demands and global drift as early as 0.75% drift 

(meaning the transitional 2nd phase did not occur due to beam plastic hinge damage and elongation 

accumulating prior to application of torsional demands). 

The third phase is substantial loss of beam torsional stiffness, where the relative beam-floor drift 

demands fully decouple from the global frame drift under both positive and negative rotations. In this 

phase, negative relative beam-floor drift demands are extremely reduced or eliminated (as the beam has 

a permanent positive torsional rotation). This effectively eliminates negative moment demands on the 

floor system. Positive relative beam-floor drift demands are greater than the frame global positive drifts, 

meaning positive moment demands on the floor system and geometric seating losses for precast flooring 

units are increased. 

5.4 Delamination and Web-Splitting 

The development of delamination throughout the Test 1 drift cycles is displayed in Figure 5-15. 

Delamination was measured with the simple acoustic technique of tapping the floor topping with a 

hammer and listening for a change in pitch. While somewhat crude, this method is highly effective, as 

the change in pitch produced by tapping delaminated topping concrete compared to a bonded 

hollow-core-to-topping interface is significant and easily detectable by ear, even for micro-cracking.  
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Figure 5-15: Areas of Delaminated Topping Through the Drift Cycles of Test 1 

Note that the zones where delamination initiated at lower drift demands were where significant 

deformation incompatibility demands were applied to the topping concrete from starter bars, tie-bars, 

and mesh during simultaneous bi-directional actions, as shown in Figure 5-16. 

 

(a) Initial Conditions of Corner Hollow-Core Floor Seating (Mesh not Shown) 
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(b) Deformation Incompatibility of Starter Bars Relative to the Floor Concrete Under 

Simultaneous Bi-Directional Drift (-┴ and -║) If There Was No Resistance from the Floor 

     

(c) Web-Splitting Initiating Cracks Precluded by Delamination (Green Crack Patterns Precluded) 

Figure 5-16: Deformation Incompatibility Demands Applied to the Topping Due to Differential 

Starter Bar Rotation Caused by Simultaneous Bi-Directional Loading 

The same principle displayed in Figure 5-16 causing topping delamination in the floorplate corners 

applies to the end of beta-beta unit interfaces, where differential rotation of tie-bars and mesh during 

simultaneous bi-directional drift demands causes local cracking and splitting between the cold joint of 
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the hollow-core unit and in-situ topping. Note that the major initiation of delamination occurred during 

the 1.5% drift cycles, where differential rotation of support and longitudinal beams peaked prior to loss 

of beam torsional stiffness. The zones of early delamination initiation shown in the elevations in Figure 

5-16 (c) and (d) extend beyond the starter bars because simultaneous tension and shear demands are 

applied to the unit-to-topping cold joint by mesh (which was omitted from Figure 5-16 for clarity). 

The outcome from this is that the lack of bottom flange separation of alpha units in Test 1 is not an 

indication that there is not significant risk of this failure mechanism occurring for different loading 

seismic loading conditions than what was applied during Test 1. This means alpha unit hanger retrofits 

and catch frames are still recommended to avoid catastrophic failure of alpha unit bottom flanges similar 

to what occurred in Matthews’ super-assembly experiment described in Section 1.4.4. 

 

5.5 Retrofit Performance Observations and Recommendations 

5.5.1 Flexible and Offset Angle Retrofits 

The flexible angle and offset angle retrofits installed beneath unit 2 and unit 3 respectively displayed 

similar behaviour to the single unit experiment results.  

The high-density polystyrene installed between the offset retrofit angle flange and unit soffit was 

observed compressing under negative moment demands as expected. No sign of significant topping 

cracking near the end of the starter bars was observed. 

Loss of beam torsional stiffness began for negative rotations in the 0.75% drift cycle and fully initiated 

in the 1.5% drift cycle as discussed in Section 5.3. This reduced the relative rotation between the support 

beams and hollow-core units. The maximum negative beam-unit relative rotation enforced on the units 

was equivalent to -0.5% drift. Negative Moment Failure (NMF) was observed in the fourth single unit 

experiment when a stiffened angle retrofit was installed in direct contact with the hollow-core unit soffit 

at -1.0% drift, as discussed in Section 2.5.4. This meant that in super-assembly Test 1, the hollow-core 

unit supports did not experience a level of negative relative rotation demands required to trigger NMF 

at the end of the starter bars, even for a stiffened angle case. There are two positive outcomes provided 

by these observations. The first is that drift demands applied orthogonal and simultaneously parallel 

and orthogonal to the hollow-core unit spans did not cause any notable damage near the seating 

connections of intra-span units. The second is that uni-directional drift demands applied parallel to the 

hollow-core span without pull-off effects due to elongation is the worst-case scenario for triggering of 

NMF in intra-span units. This is because simultaneous bi-directional actions can lead to loss of beam 

torsional stiffness which relieves deformation incompatibility demands on the unit, and unit pull-off 

effects open wide back-face cracks that preclude the binding necessary to develop high negative 

moment demands. These two outcomes provide verification that the single unit test results can be 

considered as the conservative loading case for intra-span units and the guidance provided in Chapter 2 

for acceptable angle flexibility and starter bar detailing is valid for all possible loading combinations. 

Note that the conservative loading case is still a realistic load case that would occur from an initial pulse 

type loading that could be experienced by a structure near a fault-line, such as in Wellington. 

The finding that loss of beam torsional stiffness is the primary driver of diaphragm load-path 

degradation at perimeter frames provides an opportunity to reduce deformation incompatibility 

demands applied to intra-span hollow-core units without weakening the diaphragm. It is suggested that 

an appropriate retrofit to prevent NMF for intra-span units seated on perimeter beams is selective 

weakening of the starter bars. Based on the refined diaphragm compression strut landing locations and 

minimum wide support-beam-to-floor interface crack length requirements defined in Section 4.4.5 and 
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Section 4.4.6, and with consideration that primary diaphragm tie forces can develop offset to diaphragm 

strut landing locations, the minimum length into a support beam span before starter bars may be cut 

(Lcut-min-U for support beams extending from unrestrained perimeter frame columns and Lcut-min-R for 

support beams extending from restrained perimeter frame columns) is estimated as: 

𝐿𝑐𝑢𝑡−𝑚𝑖𝑛−𝑈 = 𝐿𝑎𝑙𝑝ℎ𝑎 + 𝑥𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑏𝑎𝑟 + 𝑊𝑏 

𝐿𝑐𝑢𝑡−𝑚𝑖𝑛−𝑅 = 𝐿𝑏𝑒𝑡𝑎 + 𝑊𝑏 

Where Lalpha is the length of the alpha unit back-face away from the column face (or the alpha unit width 

subtracting the width of the column cut-out), Lbeta is the length of the beta unit back-face away from the 

column face (or the beta unit width subtracting the width of the column cut-out), xstarterbar is the starter 

bar spacing, and Wb is the beam width (not including the ledge). The rationale behind the Lalpha, Lbeta 

and xstarterbar terms for minimum wide crack length estimations are provided in Section 4.4.5. An 

additional length requirement of the beam width, Wb, is added to the minimum wide crack length when 

considering appropriate starter bar cutting locations to provide an overlap length where compression 

struts and tension ties can develop a node without relying on shear transfer through the support beam. 

For the 2020 UC super-assembly experiment, the minimum lengths required from the unrestrained and 

restrained columns before it would be appropriate to cut starter bars based on these length requirements 

are: 

𝐿𝑐𝑢𝑡−𝑚𝑖𝑛−𝑈 = 830 𝑚𝑚 + 400 𝑚𝑚 + 430 𝑚𝑚 = 1630 𝑚𝑚 

𝐿𝑐𝑢𝑡−𝑚𝑖𝑛−𝑅 = 775 𝑚𝑚 + 430 𝑚𝑚 = 1205 𝑚𝑚 

These length requirements would leave only 1165 mm near the centre of the beam span where it would 

be appropriate to cut starter bars, corresponding to two starter bars near the 2nd-to-3rd-unit interfaces. 

This would not be worth the effort to retrofit. However, for longer support beam spans seating five 

hollow-core units or more, this could provide a viable NMF retrofit for a large proportion of the intra-

span hollow-core units, as shown in Figure 5-17. Note that saw-cuts should be as localized as possible 

to prevent creation of long smooth crack interfaces where residual contact compression and aggregate 

binding will not be able to develop. Additionally, consecutive saw cuts should be offset from each other, 

staggered between the back-face of the hollow-core unit and as far into the beam cover concrete as 

possible without affecting the beam stirrups. This creates crack initiators to generate sinusoidal-shaped 

cracks along the back-face of the hollow-core unit. This was observed as the optimal condition for 

generating contact compression across wide cracks in Test 2, as discussed in Chapter 4. 

There is uncertainty regarding whether the primary damage mechanism of a perimeter frame beam will 

be loss of torsional stiffness or development of wide cracking at the beam-to-floor interface. This is 

because the strength hierarchy of beam acting in weak-axis shear vs the continuity reinforcement across 

the beam-to-floor interface acting in tension is highly dependent on the earthquake shaking, particularly 

the ratio of simultaneous bi-directionality of applied drift demands. This uncertainty means it is not 

appropriate to cut all starter bar reinforcing near the centre of beam-spans, because of the finding that 

ductile starter bar reinforcing is required to reliably maintain contact compression load-paths across 

wide floor cracks. It is therefore suggested that at least one starter bar is left uncut at the back-face of 

each intra-span unit wherever it is appropriate to selectively weaken the starter bars, as shown in Figure 

5-17 (c) and (d). Starter bars should not be selectively weakened for interior frames, as wide crack 

formation at the beam-to-floor interface is expected along the full length of the beams in these frames, 

meaning provision of ductile tension load-paths across the entire beam-to-floor interface should be 

prioritized for maintaining the diaphragm effectiveness. 
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(a) Cross-Section of Starter Bar Selective Weakening Saw-Cut Locations 

 

 

(b) Front Elevation of Starter Bar Selective Weakening Circular Saw-Cuts with Options for 

Cutting Directly Down through Starter Bars (Top) Or Side Cutting While Preserving the 

Localization of Cutting (Bottom) 

 

(c) Plan View Example of Starter Bar Selective Weakening Offset Saw-Cut Layout 
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(d) Plan View of Remaining Effective Starter Bars and Initiated Sinusoidal Cracking 

Figure 5-17: Selective Weakening of Starter Bars Above Intra-Span Units to Relieve Negative 

Moment Demands and Initiate Unit Back-Face Sinusoidal Cracking Allowing for Optimal 

Residual Contact Compression Diaphragm Load-Paths 

5.5.2 Post-Installed Bar Retrofit for Prevention of Negative Moment Failure (NMF) 

The post-installed bar retrofit displayed early signs of the distributed cracking behaviour seen in single 

unit Test Case 5, as discussed in Chapter 2. Small hairline cracks began spreading outward from the 

epoxy anchorage at the negative moment crack initiator saw-cut during the 1.5% drift cycles, as shown 

in Figure 5-5 (f), and continued developing in the 2% drift cycles.  

Beyond this stage, no further topping cracking associated with negative moment demands was 

observed. The reason for this was loss of beam torsional stiffness reducing the differential rotation 

between the hollow-core units and beams. As with the flexible angle retrofits, this is a positive outcome 

as it displays that the results and guidance provided in the single unit tests are valid because those were 

the worst-case loading conditions for intra-span units subjected to negative moment demands. 

5.5.3 Alpha Unit Hanger Retrofits 

As discussed in Section 3.9, the alpha unit catch frame and alpha unit hanger retrofits had slightly 

different design philosophies (beyond the primary objective of providing life safety to building 

occupants). The catch frame retrofit assumed that either the entire unit or part of the unit could fall and 

be caught before it could fully drop to the next floor down. The hanger retrofit assumed that only the 

hollow-core unit bottom flange would fall from the floor following web-splitting similar to what 

occurred in Matthew’s super-assembly experiment (Matthews 2004). The residual gravity capacity 

testing following Test 1 displayed that alpha unit 8 had significant residual gravity capacity capable of 

carrying the design load combination of 1.2G + 1.5Q following 3% drift demands with no signs of 

additional cracking. This was despite visible web cracking at the ends of the unit similar to what was 

observed in the beta unit that failed under the same loading conditions during residual gravity testing.  

Due to the otherwise similar conditions of the gravity tested beta unit and alpha unit, the high observed 

alpha unit residual gravity capacity can be (at least partially) attributed to the starter bar connections 

linking the alpha unit topping to the longitudinal beam. 600 mm long HD12 starter bars reached halfway 

across the unit width, which was sufficient in conjunction with topping mesh reinforcing to provide a 

cantilever action load-path for gravity demands to be transferred into the longitudinal beam. This 

displays that the design principle of tying the bottom flange of an alpha unit to the topping is a valid 

retrofit strategy if there is adequate continuity reinforcing between the unit topping and longitudinal 

beam. However, the required starter bar length and strength to provide an adequate cantilever action 
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load-path is unknown. It is suggested that the starter bars should be 600 mm in length or greater for 

200-series hollow-core systems for the load-path to be considered admissible. This ensures there is a 

cantilever load-path provided directly above the first three cores (and first four webs) of the alpha unit. 

In both Test 1 and Test 2, topping and soffit longitudinal splitting developed in the first core, as it is the 

weak point closest to the beam-unit connection. Therefore, support provided by anchors installed in the 

first core are less reliable for assisting in supporting the entire unit bottom flange weight. This means 

that effective direct support provided by 600 mm long starter bars is provided for three webs and two 

cores, as displayed in Figure 5-18. 

 
(a) Starter Bar Length Too Short,                          (b)  Starter Bar Length Adequate, 

       Catch Frame Recommended                         Plate Hanger Retrofit Recommended 

 
(c)  Plate Hanger Retrofit Installed with Adequate Load-Path 

Figure 5-18: Effective Load-Path Provided by Hangers and Cantilever Action of Starter Bars 

To further illustrate that anchorage in the first core is less reliable, at the end of the 3% drift cycle, 

anchorage was lost in one of the hangers and it was easily removable. This occurred near the end of the 

unit at the hanger installed in the first core out from the longitudinal beam, as displayed in Figure 5-19. 
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(a) Location of Lost and Compromised Anchors Relative to Topping Cracking 

 

 

            

(b) Location Lost and Compromised Anchors Relative to Soffit Cracking 

Figure 5-19: Location of Hanger Anchorage Loss 

Longitudinal splitting of the first core, delamination, and diagonal topping and top flange cracking 

caused by simultaneous bi-directional loading of the beams and alpha unit supports led to the anchorage 

concrete deteriorating. However, all other nearby hangers in other cores remained adequately anchored, 

which provides evidence that longitudinal splitting of the first core was the critical effect that led to loss 

of anchorage. This suggests that strength from hangers in the first core of an alpha unit should not be 

relied on, as longitudinal splitting will always occur at this location under significant lateral loading 

Anchorage lost Anchorage compromised 

Anchorage lost 
Anchorage compromised 

Anchorage compromised Anchorage lost 
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demands orthogonal to the hollow-core span due to it being the nearest weak point to the longitudinal 

beam-unit connection. 

Additionally, the loss of anchorage and uncertainty of where a critical longitudinal or diagonal crack 

can occur demonstrated the need for anchor redundancy in hanger retrofits, particularly near the ends 

of units. It is suggested that long plate hanger retrofits like those installed in beta unit 5 should be 

implemented at the ends of both alpha and beta hollow-core units where hangers are the desired retrofit 

option. Washer hanger retrofits should be reserved for the interior of the hollow-core span in the middle 

four cores (of 200 series hollow-core). It is also suggested that short plate hangers should span across a 

minimum of three hollow-core unit cores and have a minimum of three anchors, as displayed in Figure 

5-20. The single anchor short plate hangers installed in beta unit 5 should not be used near the ends of 

hollow-core unit spans. They are only appropriate near the centre of a unit span in the middle four cores, 

similar to washer hanger retrofits, due to the lack of anchor redundancy. 

    

(a) Plan View of Plate Hangers at the End of               (b)  Front Elevation of 3-Anchor Short 

                 An Alpha Unit                                                            Plate Hanger 

          

(c)  3-Anchor Short Plate Hanger            (d)  3-Anchor Short Plate Hanger Load-Path Maintained 

                   Load-Path                                After Loss of An Anchor through a Moment Couple of 

                                                                                       The Remaining Two Anchors                

Figure 5-20: Suggested Alpha Unit Plate Hanger Retrofit Arrangements at Ends of the Unit to 

Provide Anchor Redundancy 

A minimum of three anchors per hanger retrofit provides the ability for one anchor to fail and still have 

two points of fixity to resist shear and moment demands that a disconnected soffit may impart on the 

hanger plate. Cracking in hollow-core units tends to concentrate at a single crack due to the brittle nature 
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of failure mechanisms, meaning that once a crack initiates and widens eliminating the hanger anchorage 

in one core, the anchorage in remaining cores is protected to some extent. 

The concept of providing anchor redundancy for hangers is also useful for ensuring the outer webs of 

alpha units remain supported. At the ends of the unit, if delamination and longitudinal splitting of the 

first cell occur simultaneously as expected, the outer web of the unit directly next to the longitudinal 

beam becomes entirely separated, with no reliable load-path attaching it to the floor, as shown in Figure 

5-21. If a long plate hanger retrofit is installed across all cores, even if the anchor in the first core fails 

due to longitudinal splitting, gravity support can still be provided to outer web. 

                 

(a) Unsupported Outer Web at Ends of an                 (b)  Supporting Disconnected Outer Webs  

  An Alpha Unit Following Delamination and               with Long Plate Hanger Retrofits 

  Longitudinal Splitting 

Figure 5-21: Providing Support for Alpha Unit Outer Webs Using Long Plate Hangers with 

Anchor Redundancy 

A full alpha unit hanger arrangement with anchor redundancy and viable starter bar cantilever gravity 

carrying load-path is displayed in Figure 5-22. The reasoning behind provision of long plate hangers 

near the centre-span of the alpha unit is provided in Section 5.6. 

 
Figure 5-22: Recommended Alpha Unit Hanger Retrofit Arrangement 

At the conclusion of the residual gravity capacity testing, the hangers were untightened to check if they 

had been engaged to prevent the soffit from dropping due to web-splitting. All hangers could be 

untightened without any effect on the unit soffit, which provided evidence they had not been engaged 
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during lateral loading or the residual gravity capacity testing. This means the topping remained 

adequately attached to the unit and web-splitting did not progress far enough into the unit span to lead 

to partial failure of the alpha unit.  

Based on the premise that alpha unit hangers are a viable retrofit strategy where there are starter bars at 

least 600 mm long, the majority of installed hollow-core alpha units could be successfully retrofitted 

with only hanger systems. In cases where the starter bar configuration is shorter, or there is only mesh 

crossing the longitudinal-beam-to-unit interface, an alpha unit catch frame system would be more 

appropriate. 

5.5.4 Alpha Unit Catch Frame Retrofits 

Alpha unit 1 did not drop or have a partial failure during testing up to 3% drift. This meant the alpha 

unit catch frames were not tested for an impact load. However, multiple outcomes can still be drawn 

from the test. Both versions of the telescoping corner catch frames behaved adequately under 

simultaneous bi-directional loading demands and the associated differential warping of the anchor 

beams. The welded telescoping catch frame displayed minor evidence of plastic deformation due to 

deformation incompatibility demands as expected as shown in Figure 5-23. There was no indication of 

damage in the anchor bolts or weld seam. 

 

Figure 5-23: Plastic Deformation of Welded Telescoping Catch Frames 

The spherical bearing telescoping catch frames did not display any evidence of deformation 

incompatibility demands, as expected.  

Longitudinal beam loss of torsional stiffness provided an unexpected effect on the cantilever catch 

frames in the form of increasing clearance between the catch frames and unit soffit. As the longitudinal 

beam rotated inward to the building, the tip of the cantilever catch frame elements dropped in elevation. 

This means it is possible to place cantilever catch frames closer to the unit soffit while still avoiding 

contact between the elements. This would reduce impact loads by reducing the maximum velocity (and 

therefore momentum) attained by the floor when it drops from the frame. A suggested alteration for the 

catch frame offset is to base it on avoiding contact at 2% drift instead of 5% drift, requiring 

approximately 20 mm clearance instead of 50 mm. To avoid significant punching forces from the tip of 

the cantilever in the event beam torsional loss of stiffness does not occur, high density polystyrene could 

be glued to the top of the catch frame elements to provide a compressible infill. The polystyrene 
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compressible infill would also reduce impact load by increasing the time over which the falling unit 

would experience a momentum change to zero. This configuration is displayed in Figure 5-24. 

            
(a) Cantilever Catch Frame Element with           (b) Welded Corner Catch Frame Element with 

Flexible Spacer and 20 mm Offset                  Flexible Spacer and 20 mm Offset 

 
(c) Spherical Clevis Corner Catch Frame Element        (d)  Circular Flexible Sheathe for Clevis           

         with Flexible Spacer Sheathe and 20 mm Offset         Catch Frames to Account for Free Rotation      

Figure 5-24: Suggested Altered Catch Frame Configuration 

It is proposed that consideration of impact loading is not necessary for alpha unit catch frames when 

the configuration displayed in Figure 5-24 is used. 

5.5.5 Beta Unit Retrofits 

The beta unit hangers were not engaged during Test 1. Web-splitting and delamination did not progress 

far enough into beta unit 5 to require the hangers to initiate. It is probable that initiation of web-splitting 

caused by extensions of positive and negative moment diagonal cracking was reduced due to released 

restraint from loss of beam torsional stiffness. Similar to alpha units, it is recommended that long plate 

hangers are used near the ends of units to provide anchor redundancy. This is due to longitudinal 

splitting that extended 2.5 m into the north end and 1.5 m into the south end of beta unit 4 in the 2nd and 

3rd cells from the adjacent beta unit respectively. The location and progression of these longitudinal 

splits during the 0.75% and 1.5% drift cycles are displayed in Appendix L. Long plate hangers (or short 

plate hangers with at least three anchors) have anchor redundancy, meaning that this type of longitudinal 

cracking would not remove the entire hanger load-path. 

Beta unit catch frames performed well up to 3% drift in both orthogonal directions Test 1 and the 

following residual gravity testing. Due to the 10 mm offset between the polystyrene and beta unit soffits 

caused by installation considerations as described in Section 3.9.6, contact between the polystyrene and 
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unit soffit did not initiate until after mesh rupture occurred along the beta-beta unit interface in the 1.5% 

drift cycles. Initiation of NMF is most likely to occur by 1.0% drift, with loss of fixity and restraint at 

the unit back-face and associated negative moment demands deteriorating beyond this point. This means 

contact compression reactions imparted on the beta unit soffits due to compression of the polystyrene 

infill only occurred when there was minimal risk of promoting NMF. Maximum compression of the 

beta unit catch frame polystyrene infills at different drift demands is displayed in Figure 5-25. 

 
Figure 5-25: Beta Unit Catch Frame Polystyrene Infill Maximum Compression Per Drift Cycle 

The 60 mm thick high-density polystyrene flexible infill deformed adequately up to 3% drift demands 

in both directions. Following mesh rupture between the beta units at 1.5% drift, the beta units began to 

twist into the centre of the catch frame. This led to localized crushing of polystyrene beneath the edges 

of the units after the 3% drift cycles, as shown in Figure 5-26. 

 

Figure 5-26: Localized Crushing of Polystyrene Compressible Infill at the End of the SLP 

Loading Protocol 

This localized crushing displayed that use of polystyrene as an infill successfully limited deformation 

incompatibility demands imposed on the beta unit soffits. A positive effect of the inward torsional 

twisting of the beta units is that the maximum bearing demands applied to the beta unit catch frames 

occurred directly above the catch frame anchor bolt lines, reducing bending and shear demands on the 

anchors. 

As discussed in Section 5.2, the high-density polystyrene infill was removed during residual gravity 

capacity testing to allow the beta unit to visibly fail and drop. Shear failure of the beta unit occurred at 

the south seating when a shear demand of 38.7 kN was applied. This shear demand was equivalent to 
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91% of the gravity + live design load combination (1.2G + 1.5Q). This demonstrated the relative 

fragility of the previously overlooked beta units within a hollow-core floor system. It also demonstrated 

the importance of retrofitting these units to provide a secondary gravity load-path with catch frame 

elements. The beta unit catch frame successfully caught and supported the failed end of the beta unit, 

preventing it from dropping out of the frame. The 38.7 kN demand applied to the catch frame equated 

to 78.5% of the G + ψEQ load combination demands of two beta units that the catch frame was designed 

to support. No plasticity or deformation was observed in the catch frame square hollow section or anchor 

bolts. This was considered a successful verification of the beta unit catch frame performance. 

In Test 2, installation of beta-beta unit stitching bars prevented wide cracking and mesh rupture along 

the interface between the beta units. As discussed in Section 4.3, this improved diaphragm load-paths. 

It also greatly improved the local stability and performance of the beta units. Preservation of the 

connection between beta units prevented torsional twisting in beta units that was observed in Test 1. 

This was a beneficial change to the system, as torsional twisting and cracking contributed to the damage 

leading to eventual failure of beta unit 4 during residual gravity testing. Instead, the beta units provided 

support to each other via the stitching bars. This was a similar mechanism to the cantilever action load-

path between an alpha unit and longitudinal beam via starter bars, relied on for the alpha unit hanger 

retrofits. The beta units acted as a single element with balanced support provided on both sides of the 

intermediate columns. It is therefore advised that beta-beta unit stitching bars are installed as a retrofit 

to improve local performance of beta units as well as maintaining multiple bay diaphragm load-paths. 

During the fourth rhomboid, longitudinal splitting and mesh rupture occurred in the outer cell of beta 

unit 5 when the diaphragm was subjected to significant shear demands. This was directly beyond the 

end of the beta-beta unit stitching bars. It is suggested that beta-beta unit stitching bars are installed 

across the full width of the beta units to encourage longitudinal failure planes within the floor to occur 

between beta units and the adjacent unit, as shown in Figure 5-27 (b), rather than occurring as 

longitudinal splitting within the beta unit.  

The primary demands applied across the beta-beta unit interface are bowstring effect demands caused 

by the floor restricting beam elongation of the support beams across multiple bays. The maximum 

bowstring effect demand that can develop in this direction of the frame is dependent on the total starter 

bar strength connecting the floor to longitudinal beams (as well as the torsional and weak-axis shear 

capacity of the longitudinal beams under simultaneous bi-directional demands). It is therefore 

recommended that the total strength of the beta-beta unit stitching bars should match or exceed the total 

strength of continuity reinforcement between longitudinal beams and the floor topping, as shown in 

Figure 5-27 (a). These beta-beta unit stitching bars should be evenly distributed at the same spacing as 

the longitudinal beam starter bars. In cases where continuity reinforcement extending from longitudinal 

beams is limited to mesh without starter bars, a standard suggestion is to install D12 deformed bars 

spaced at 450 mm centres. This configuration performed adequately during Test 2 and would provide a 

strong interface relative to the minimal bowstring effect forces applied by mesh only continuity 

reinforcing. 

The suggested configuration of beta-beta unit stitching bars should ensure the beta-beta unit interface 

is not a weak-zone for crack initiation and can maintain any bowstring effect forces applied across the 

floorplate due to beam elongation of the support beams.  
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(a) Full Width Beta-Beta Unit Stitching Bars with Comparable Strength to Longitudinal Beam 

Starter Bars 

 

(b) Designed Weak Zones to Initiate Longitudinal Cracking in the Diaphragm 

Figure 5-27: Recommended Beta-Beta Unit Stitching Bar Arrangement 
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5.6 Delamination and Alpha Unit Torsion 

During the 2.5% drift cycles, development of diagonal cracking was observed in the centre 3/5ths of the 

alpha units. These diagonal cracks occurred during uni-directional components of the linearized circular 

loading protocol in the north-south direction (parallel to the hollow-core span). The cracks on the top 

and bottom of the unit were orthogonal to each other. Additionally, the direction of cracks under positive 

and negative drift demands were orthogonal to each other. This demonstrated that torsional demands 

were being applied to 3/5ths of the alpha units under lateral loading in the direction of the span due to 

deformation incompatibility with the longitudinal beam starter bars, as shown in Figure 5-29. The 

reason the alpha unit torsional cracking was restricted to the centre of the unit span becomes evident if 

overlaid with topping delamination, as shown in Figure 5-28. Torsional demands in the alpha units were 

relieved near the ends of their spans from removal of restraint due to topping delamination. The 

remaining centre 3/5ths of the alpha-unit-to-longitudinal-beam starter bar connection where the topping 

and hollow-core unit remained connected was where significant alpha unit torsional demands could 

develop, particularly in the outer zones of the remaining connection, as shown in Figure 5-29. 

 

(a) Alpha Unit Topping Diagonal Cracking Observed After 2.5% and 3% Drift Cycles 

 

(b) Alpha Unit Soffit Diagonal Cracking Observed After 2.5% and 3% Drift Cycles 

Figure 5-28: Alpha Unit Diagonal Cracking Caused by Torsional Demands Applied by 

Deformation Incompatibility with Longitudinal Beam Starter Bars Under Lateral Loading 

Parallel to the Unit Span 

Fig. 5-30 (a) 

Fig. 5-30 (a) 
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(a) Side Elevation of Vertical Deformation Incompatibility Between the Longitudinal Beam and 

Alpha Unit Under Drift Demands Parallel to the Unit Span (║)  

                    

(b) Relief of Shear and Torsion at ends of           (c)  Maximum Shear and Torsion Outside of  

 The Alpha Unit from Topping Delamination               Delaminated Zones in the Alpha Unit  

Figure 5-29: Alpha Unit Torsional Demands Applied by Longitudinal Beam Starter Bars 

It is proposed that alpha unit torsional demands could be minimized while simultaneously improving 

diaphragm strength and stiffness using selective weakening of starter bars along the alpha-unit-to-

longitudinal-beam interface. If the starter bars in the 2nd and 4th of the 5 zones displayed in Figure 5-29 

were saw-cut, as shown in Figure 5-30, this would eliminate the most significant torsional demands in 

alpha units following development of delamination at the ends of the alpha unit span. It could also 

reduce torsional actions on the longitudinal beams, delaying onset of complete loss of beam torsional 

stiffness and the associated losses in diaphragm strength and stiffness. This selective weakening strategy 

must be accompanied by either the recommended alpha unit hanger retrofit or catch frame retrofit, 

described in Section 5.5.3 and Section 5.5.4 respectively, to ensure there is a viable gravity support 

load-path for the alpha unit bottom flange in the event web-splitting propagates far enough through the 

alpha unit to separate it from the topping. Note that the saw-cuts through the starter bars should be 

located above the first cell of the hollow-core unit, as this is the weak-zone where longitudinal splitting 

will naturally form during lateral loading demands orthogonal to the unit span. This allows the ability 

to use the starter bar saw-cuts as strategic crack initiators if they are offset from each other, as shown 

in Figure 5-30. As discussed in Section 4.3.1, sinusoidal-shaped cracks are ideal for providing residual 

aggregate rubble contact compression load-paths following development of wide cracks in flooring 

system. By staggering the starter bar saw-cuts near the zone where longitudinal cracking will develop, 

the saw-cuts act as crack initiators creating the ideal sinusoidal cracking layout. The starter bar cutting 

Fig. 5-30 (b) 

Fig. 5-30 (c) Fig. 5-30 (b) 

Fig. 5-30 (c) 
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locations displayed in Figure 5-30 correspond to zones where there was observed diaphragm strut 

formation with reduced effectiveness during Test 1 and Test 2, as discussed in Section 4.4.4. The most 

dependable strut landing location was the centre of the beam-span, where starter bars are suggested to 

be left uncut. This means that a diaphragm strut-and-tie node can form at the beam centre-span zone 

with this configuration, and the lower reliability strutting behaviour can be transferred to the beam 

plastic hinges through weak-axis shear of the longitudinal beams to be tied back through the starter bars 

at the beam ends. 

 
(a) Zones Where Starter Bars Should be Cut to Relieve Alpha Unit Torsional Demands 

 
(b) Alignment of Saw-Cuts and Remaining Starter Bars with the Recommended Alpha Unit 

Hanger Retrofit 

 
(c) Alignment of Saw-Cuts and Remaining Starter Bars with Expected Delamination and 

Longitudinal Splitting  
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(d) Front Elevation of Alpha Unit to Longitudinal Beam Starter Bar Saw-Cut Locations 

 

(e) Side Elevation of Starter Bar Selective Weakening Circular Saw-Cuts with Options for 

Cutting Directly Down through Starter Bars (Top) Or Side Cutting While Preserving the 

Localization of Cutting (Bottom) 

Figure 5-30: Selective Weakening of the Longitudinal Beam to Alpha Unit Starter Bar 

Connection to Reduce Torsional Demands on Alpha Units and Reduce Bowstring Effect 

Torsional Demands on Longitudinal Beams While Maintaining a Viable Alpha Unit Gravity 

Load-Path 

5.7 Conclusions 

The described observations and suggestions in this section related to hollow-core damage mechanisms 

and retrofit performance during the super-assembly experiment provide the following conclusions: 

• The critical loading case for intra-span hollow-core units is pulse-style loading parallel to the 

unit span. High degrees of simultaneous bi-directional loading and progressively increasing 

drift demands that are more typical of a far-field earthquake can cause loss of torsional stiffness 

in the support beam. This releases critical restraint applied to the hollow-core units through the 

beam-to-floor continuity reinforcement and reduces the associated loading actions, particularly 

for negative moment demands, as evidenced by a reduction of topping crack widths at the back-

faces of hollow-core units following loss of beam torsional stiffness in the 1.5% drift cycles. 

This provides evidence that the results of the single unit tests described in Chapter 2 

corresponded to the worst-case loading condition for NMF, and the recommendations these 

tests provided for design of angle retrofits were appropriate for design. 
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• Significant web-splitting observed in alpha units and beta units provided evidence that alpha 

unit and beta unit hanger and catch frames are appropriate. The closing of web-splits after 

opening at peak drifts and the difficulty identifying them at residual drift demonstrated the 

potential for critical cracking to not be identified during surveys of buildings following 

earthquakes (such as for Wellington buildings following the 2016 Kaikoura Earthquake). 

 

• Brittle shear failure of a beta unit during residual gravity testing (following 3% inter-storey drift 

demands of 3%) at a shear load corresponding to 91% of the NZS1170.5 live load combination 

(1.2G + 1.5Q) demonstrated the vulnerability of beta units and the reduction of gravity carrying 

capacity caused by web-splitting. The beta unit dropped until it was successfully caught by the 

beta unit catch frame retrofit. The shear load maintained by beta unit catch frame equated to 

78.5% of the G + ψEQ load combination demands (for two beta units) that the catch frame was 

designed to support. No plasticity or deformation was observed in the catch frame square 

hollow section or anchor bolts. This was considered a successful verification of the beta unit 

catch frame performance. Additionally, the polystyrene infill installed between the beta unit 

catch frame and beta unit soffits successfully prevented the development of significant 

deformation incompatibility demands under large inter-storey drift demands applied orthogonal 

to the unit span. 

 

• Torsional stability of beta units was greatly improved by the implementation of beta-beta unit 

stitching bars. These stitching bars are recommended as a retrofit to improve local behaviour 

of beta units in addition to improvement to diaphragm load-paths they provide. The stitching 

bars should be extended the full width of both beta units to encourage longitudinal cracking 

interfaces to develop between beta units and adjacent intra-span units rather than developing 

within the beta unit outer cores. The strength and spacing of the stitching bars should be 

equivalent to the longitudinal beam starter bars to ensure the beta-beta unit interface is not a 

weak interface within the diaphragm. In cases where continuity reinforcement extending from 

longitudinal beams is limited to mesh without starter bars, a standard suggestion is to install 

D12 deformed bars spaced at 450 mm centres. 

 

• With reference to the reliable diaphragm compression strut load-paths observed in the super-

assembly experiments detailed in Section 4.4, appropriate locations for selective weakening of 

continuity reinforcement along perimeter frame support and longitudinal beams were 

identified. These selective weakening locations were suggested to reduce negative moment 

demands for intra-span units and torsional demands for alpha units, without negatively 

impacting diaphragm performance.  

 

• Alpha unit catch frame and hanger retrofits performed adequately during testing but were not 

engaged to prevent alpha unit collapse. Inward torsional rotation of the longitudinal beams 

which increased catch-frame-to-unit-soffit clearance informed the recommendation to reduce 

spacing between catch frame elements and the alpha unit soffit, reducing impact loading in the 

event of the alpha unit dropping onto the catch frame elements. Loss of dependable anchorage 

for two hangers located in the first cell of alpha unit 8 provided the recommendation that 

anchorage should not be solely relied on in the first cell. Extending from this recommendation, 

and the substantial distributed diagonal topping cracking above the alpha units that may also 

compromise hanger anchorage, it was recommended that hanger retrofits near the ends of alpha 
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units should be plate hangers with at least three anchors in different cores to provide redundancy 

in the event anchorage is compromised for a single anchor. 

 

• The same recommendations for the alpha unit hanger retrofits are provided for the beta unit 

hanger retrofits. Anchor redundancy is critical near the ends of the units, particularly as 

longitudinal splitting was observed extending up to 2.5 m into a beta unit span, which could 

compromise a hanger with only a single anchor. 
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6. Conclusions, Recommendations and Further Research 

This thesis has provided investigation into the performance of hollow-core flooring systems acting as 

both a gravity system and a diaphragm system. Retrofits and design considerations have been outlined 

and tested to improve both floor functions. The findings related to diaphragm systems are applicable to 

all precast flooring systems installed in reinforced concrete frame structures. 

6.1 Diaphragm Degradation Findings 

Figure 6-1 will be referred to in this section when summarizing the findings related to diaphragm 

degradation and reliable diaphragm load-paths. 

                             

     

(a) Contact Compression Force Transfer                   (b)  Loss of Beam Torsional Stiffness  

Mechanism Across Wide Cracks (Top) and             Under Simultaneous Strong Axis (Top) 

Following Loss of Contact (Bottom)                       and Torsional (Bottom) Demands 

 

             

 (c)  Expected “Picture-Frame Effect”                           (d)  Observed Diagonal Strut Mechanism 

            Diagonal Strut Mechanism                                                   Landing in Beams 
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(e)  Expected vs Observed Rhomboid Loading                (f)  Diaphragm Plane Shear Stiffness   

           Behaviour After Development                                Degradation Observed at Different 

          of Wide Floor Perimeter Cracks                                       States of Floor Damage 

Figure 6-1: Summary of Diaphragm Degradation Mechanism Findings 

A critical finding related to diaphragm behaviour is that the primary mechanism driving degradation of 

diaphragm in-plane shear strength and stiffness is not damage and cracking within the floors as 

expected. Compression load-paths across floor cracks were recorded being maintained up to wide crack 

widths of approximately 5.5 mm, due to formation of aggregate rubble as the interfaces of cracks 

grinded against each other under lateral loading demands. This was verified as a global behaviour due 

to the discrepancy between the expected diaphragm shear stiffness behaviour, where high stiffness 

should only develop after cracks are closed, and the observed behaviour, where stiffness developed 

instantly even at high diaphragm damage states with wide crack widths, as shown in Figure 6-1 (e). 

Aggregate rubble became wedged within rugged crack interfaces, creating contact stress compressive 

load-paths that replenished the designed compression strut load-paths, as depicted in Figure 6-1 (a). 

Steel reinforcement in the topping was observed assisting this process by generating aggregate rubble 

through localized concrete crushing as it enforced deformation incompatibility demands through bond 

on the surrounding topping concrete. It is suggested that compression strut load-paths in floors can be 

assumed to be maintained until crack width exceeds approximately ¼ aggregate size used in the topping 

concrete mix, as individual pieces of aggregate are unlikely to crush under compressive loads while 

wedged between wide cracks. Note that this only applies where there is ductile starter bar continuity 

reinforcing crossing the critical crack interface, as it is required to generate aggregate rubble and resist 

the crack opening to a degree where binding between the crack interfaces and rubble is lost. Contact 

compression formation across wide cracks without ductile reinforcement crossing the interface was 

unreliable. Where sinusoidal shaped cracks formed, contact compression was observed across wide 

cracks following mesh rupture. At another wide crack interface that was less sinusoidal shaped, contact 

compression was lost immediately following mesh rupture. 

Instead of cracking within the floor, diaphragm strength and stiffness degradation were found to be 

driven primarily by loss of beam torsional stiffness caused by simultaneous strong axis bending and 

torsional demands, as shown in Figure 6-1 (b). At low inter-storey drift demands of approximately 

0.75%-1.5%, gaps opening around columns (due to geometric effects and beam elongation) removed 

direct compression load-paths between the floor and columns. This meant the proposed “picture frame 

effect” displayed in Figure 6-1 (c) required alteration. Beam plastic hinges acting in weak-axis shear 

were the only remaining load-path to transfer diaphragm inertial and transfer forces into the structural 

frame, as shown in Figure 6-1 (d). As steel longitudinal reinforcement and concrete crack interfaces 

within the beam plastic hinge degrade from torsional deformation, this also degrades the weak-axis 
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shear load-path used to transfer diaphragm forces. Significant torsional demands are applied to beams 

once the structural frame is pushed beyond its plastic limit in the orthogonal direction to the beam span. 

This is because beam elongation in the orthogonal direction is restrained by the bowstring effect (where 

the steel reinforcement in the floor topping restrains outward growth of the structural frame beams). 

Bowstring effect tensile forces are anchored in beams through starter bars, which causes large weak-

axis bending demands with high eccentricity in beams that must be transferred to columns. If these 

demands are applied simultaneously to strong-axis bending demands, the beam can show signs of 

torsional degradation under negative drift demands as early as when the beam reaches its plastic drift 

limit, with substantial loss of torsional stiffness and decoupling of rotation relative to the frame columns 

under both positive and negative drift demands occurring at a relatively low drift thereafter (subject to 

accumulation of beam elongation and cracking damage in the beam plastic hinge). For the beams in the 

UC super-assembly tests, initial torsional degradation under negative beam torsional rotation demands 

was observed in the 0.75% drift cycles (beyond the plastic drift limit of the frame at 0.65% in the N-S 

direction and 0.4% in the E-W direction) with substantial loss of torsional stiffness for negative and 

positive beam torsional rotations occurring at 1.5% drift. In New Zealand, the primary lateral load 

resisting frame is typically positioned at the perimeter of buildings, meaning the bowstring effect 

enforcing large unbalanced torsional demands on beams is representative of a typical building response. 

It is suggested that torsional softening of beams leading to loss of diaphragm strength and stiffness 

would be reduced for internal frame elements due to bowstring effect demands applied on both sides of 

the beam cancelling out. 

Diaphragm in-plane shear strength and stiffness degradation was highly sensitive to the ratio of 

simultaneous directionality of drift demands due to the primary degradation mechanism being beam 

loss of torsional stiffness under simultaneous actions. The diaphragm remained stiff when drift demands 

had low simultaneous bi-directionality. This was displayed by the rhomboid loading protocol following 

the pulse style cross loading protocol (simultaneous bi-directionality ratio of 1:0) at the beginning of 

Test 2, where the diaphragm maintained high shear stiffness following 2% drift demands, as shown in 

Figure 6-1 (f). Conversely, high simultaneous directionality of drift demands led to rapid deterioration 

of diaphragm shear stiffness. This was displayed in Test 1, where after circular drift demands 

(simultaneous bi-directionality ratio of 1:1) of only 0.75% drift, the diaphragm shear stiffness was 

reduced to 35% of the high stiffness observed for the first rhomboid of Test 2.  

Directionality of earthquake loading can change the primary diaphragm damage mechanism between 

loss of beam torsional stiffness and concentration of wide cracking at the beam-to-floor interface. If the 

degree of simultaneous actions applied to beams is reduced, the strength hierarchy between the beam 

acting in torsion and weak-axis shear vs the beam-to-floor interface acting in tension can change, 

leading to development of wide cracking at the beam-to-floor interface from beam elongation 

deformation incompatibility demands. Two other conditions exist where this is the expected damage 

mechanism. The first is where the adjacent frame has mesh only beam-to-floor continuity 

reinforcement, due to elimination of bowstring effects. The second is for interior frames, that are 

typically detailed such that they will respond elastically up to higher inter-storey drift demands 

compared to the perimeter seismic frame (due to shallower beam depths used in design of interior 

frames to encourage them to act as gravity frames). In all these cases, diaphragm struts can cross the 

wide cracks up to a crack width of approximately ¼ of the floor topping concrete aggregate size, 

provided there is ductile reinforcement crossing the beam-to-floor interface, based on compression 

strutting behaviour observed across the Test 2 beam B2C2 beam-to-floor interface. 

The degree of diaphragm in-plane shear stiffness degradation was significant following loss of beam 

torsional stiffness. Depending on the simultaneous bi-directionality ratio of drift demands, the reduction 
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in diaphragm in-plane shear stiffness ranged between 80% and 95% by 2.5% drift. It is suggested that 

current detailing of beams and floor continuity reinforcing in reinforced concrete moment frame 

structures will lead to significant losses in diaphragm in-plane shear stiffness once the plastic drift limit 

of the frame has been exceeded (unless the earthquake applies loading demands unidirectionally in one 

of the primary axes of the structure, which is highly unlikely). This means the rigid diaphragm 

assumption is not accurate beyond the elastic response of a reinforced concrete moment frame structure. 

It also means that typical starter bar connections along beam spans have greater capacity than necessary, 

as they are the cause of loss of beam torsional stiffness due to transference of bowstring effect (and 

therefore torsional) demands into beams during the structure’s plastic lateral loading response. The 

effective strength and stiffness of starter bar connections is reduced following loss of beam torsional 

stiffness, as the beam twists to accommodate deformations instead of providing a stiff anchor point for 

bowstring effect actions. This means that there is unused starter bar capacity which could be reduced 

without any adverse effects to diaphragm performance. Selective weakening of starter bars is therefore 

suggested as a retrofit to reduce deformation incompatibility demands for intra-span hollow-core units 

seated on perimeter frame beams. This method is more appropriate for longer support beam spans, as 

shorter support beam spans like in the 2020 UC super-assembly experiment required most of the interior 

span to reliably land diaphragm compression struts into the frame, meaning cutting starter bars was not 

appropriate other than for a very limited zone near the beam centre. Reduction of total starter bar 

strength along a beam interface may even prolong high initial diaphragm in-plane shear stiffness by 

increasing the drift and beam elongation required to exceed the beam torsional capacity under 

simultaneous strong-axis bending and torsional demands.  

A critical diaphragm damage mode observed in Test 1 was splitting between the beta units. Initial 

cracking along the beta-beta unit interface developed early at 0.25% drift, with mesh fracture and 

complete destruction of strut-and-tie load-paths across the interface occurring at 1.5% drift (orthogonal 

to the hollow-core span). This damage mode led to destruction of the bowstring effect orthogonal to the 

hollow-core unit spans which removed beam elongation restraint for the support beams. Beam 

elongation and loss of beam torsional stiffness accelerated greatly beyond this stage in the test leading 

to large reductions in diaphragm strength and stiffness. In Test 2, installation of supplementary 

reinforcement across the beta-beta unit interface while post-installing tie-bars between intermediate 

columns B1 and B2 strengthened the interface effectively. No significant cracking was observed across 

the beta-beta unit interface up to 2% drift. Distributed cracking was instead observed in the surrounding 

units without any significant damage concentration between or within units. This maintained the 

bowstring effect orthogonal to the hollow-core unit span, providing restraint against beam elongation 

in the support beams and allowing diaphragm struts and ties to form across both bays of the specimen, 

assisting in maintaining diaphragm stiffness at high drift demands and damage states. Beta-beta unit 

stitching bars are therefore recommended as a method to strengthen diaphragm load-paths for precast 

flooring systems and should be installed with tie-bars between intermediate columns. Mesh fracture and 

loss of strut-and-tie load-paths between the two bays of the specimen occurred at the western end of the 

beta-beta unit stitching bars following significant in-plane shear distortion of 0.0025 (0.25%) during 

the fourth rhomboid loading protocol of Test 2. The mesh fracture occurred within the topping above 

beta unit 5, leading to a full longitudinal split in the outer cell of the unit, as this aligned with the end 

of the stitching bars. It is recommended that beta-beta unit stitching bars are installed across the full 

width of beta units to encourage damage to concentrate between a beta unit and the adjacent unit rather 

than initiating damage within the beta unit. A preliminary suggestion for design of beta-beta unit 

stitching bars is to evenly distribute deformed bars along the beta-beta unit interface with a total strength 

matching or exceeding the total strength of continuity reinforcement between longitudinal beams and 

the floor topping. This is required to ensure the beta-beta unit interface is not a weak-zone for crack 
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initiation and can maintain any bowstring effect forces applied across the floorplate due to beam 

elongation. 

The interface between alpha-units-to-second units is also a significant weak interface in diaphragm 

load-paths, as evidence by local crack widening and shear-slip behaviour during both tests. While there 

is force transfer across this interface, it is advised that the beam-to-floor topping interfaces above alpha 

unit seating supports are not relied on to transfer diaphragm forces into the frame, as the alpha unit was 

deforming independently from the interior of the floor to some extent. Additionally, it is recommended 

that struts are not relied to land within the topping beam-to-floor interface across the full widths of beta 

units. This recommendation is slightly conservative, but accounts for the potential of shear slip 

interfaces to develop between beta units and adjacent intra-span units following installation of beta-beta 

unit stitching bars. 

During rhomboid loading, diaphragm struts were observed landing in intermediate column faces with 

tie-bars anchored in them after wide gaps had opened between the columns and floor. This is attributed 

to aggregate rubble from the floor topping dropping into the gap between the column and floor creating 

a residual contact stress compressive load-path, similar to what was observed in wide cracks within the 

floor. The aggregate rubble creating the contact stress load-path was generated by deformation 

incompatibility with the deformed tie-bars creating concrete crushing from bond stresses near the tie-

bar anchorages. However, it was noted that this was not a reliable load-path as it required damage to 

accumulate at the other end of the hollow-core span.  

Investigation of local relative deformations between hollow-core units and the support frame provided 

observations of where compression struts were reliably landing within beams, as well as locations where 

there was reduced compression strutting across beam-to-floor interfaces. These observations were 

compared with current guidance from Section C5 (Elwood & Brooke, 2018) and the Purple Book 

(Fenwick et al., 2010) relating to reliable diaphragm strut landing zones within beams. The current 

guidance was found to be highly conservative. 

A suggestion for diaphragm modelling to take in-plane shear stiffness degradation into account is to 

analyse the floor at different states of expected damage. In the low damage elastic range of the structural 

frame response, the current strut-and-tie and grillage methods provide an adequate model of the flow 

of internal diaphragm forces. In the high damage plastic range of the structural frame response, these 

methods could be modified to be more representative by reducing the maximum stiffness allowed for 

tension ties elements at the perimeter of the floorplate (and connected to perimeter structural frame 

elements) to different percentages of the initial stiffness depending on the drift limit being designed for. 

The percentage of stiffness reduction can be obtained from Figure 4-21, Equation 4-7, and Equation 4-

8. It is suggested that different values of simultaneous bi-directionality ratio, θ, are trialled for the 

selected drift, which will alter the stiffness reduction percentage. For modelling that only accounts for 

strength of compression struts and tension ties rather than stiffness, reducing the maximum allowable 

strength of perimeter tension tie elements by the percentages obtained from Figure 4-21 and Equation 

4-7 and Equation 4-8 should also provide a more representative model of the diaphragm contribution at 

high damage states. The true mechanism creating strength and stiffness loss at the floor perimeter is the 

perimeter beams twisting inwards after losing torsional stiffness, but the effect of this on the floorplate 

is equivalent to the starter bars (or tension tie elements) softening. Additionally, for precast floor 

arrangements that include beta units (units seated on interior beam plastic hinges), compression strut 

and tension tie elements along the interface between beta units should be removed in high damage 

models for drift limits beyond 1.5% unless a beta-beta unit stitching bar retrofit has been installed. This 
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removes the capability for multi-bay compression struts and tension ties to form, splitting the floorplate 

into smaller single-bay diaphragms as observed in Test 1 from 1.5% drift onwards. 

6.2 Hollow-Core Retrofit Outcomes 

A range of different hollow-core retrofits were trialled to ensure units would not develop critical brittle 

failure mechanisms that threaten life-safety of building occupants under lateral loading demands. 

Retrofit design solutions were selected to be as cost-effective as practically possible and only require 

installation from either the top or bottom of the floor (rather than both) to minimize impact to normal 

operation of the building, as only one floor would need to be inaccessible for regular use at a time due 

to retrofitting work. 

6.2.1 Intra-Span Unit Loss of Seating (LoS) and Negative Moment Failure (NMF) Retrofits 

Performance of the common seating angle retrofit used to address LoS was investigated, as it was 

identified it had the unintended consequence of promoting Negative Moment Failure (NMF) when 

installed in direct contact with a hollow-core unit soffit. An initial set of six single unit tests were used 

for the investigation with the purpose of identifying NMF critical conditions and methods to fix these 

conditions and ensure damage concentrated at the back-face of the unit where there is ledge support. It 

was found that flexibility of the steel retrofit angle flange reduced restraint applied to the hollow-core 

unit, limiting promotion of NMF when negative drift demands were applied to the seating connection. 

It was also identified that initiation of NMF can only occur by or slightly beyond tensile yielding of the 

starter bars. Beyond this stage, fixity between the bottom of the hollow-core unit back-face and support 

beam is reduced by wide cracking, which reduces deformation incompatibility demands between the 

support beam and hollow-core unit under negative relative rotations. This precludes NMF as further 

damage accumulates at the back-face of the hollow-core unit. This means moment curvature analysis 

to predict and prevent NMF should assume starter bars are near their yield strength (1.0-to-1.1 Fy) rather 

than their strain hardened overstrength capacity (1.25 Fy). Probable yield strengths for starter bars 

should be used rather than design yield strengths when analysing the starter bars in hollow-core seating 

connections. 

Four design solutions for hollow-core seating connections using seating angle retrofits were identified 

to prevent the development of both LoS and NMF failure mechanisms, as displayed in Figure 6-2. For 

simplicity, only the critical sources of fixity addressed by the retrofit solutions (the unit back-face force 

couple and contact compression rection with a retrofit angle) are displayed in Figure 6-2. For a more 

complete depiction of the internal and external forces acting on a hollow-core unit subjected to negative 

moment demands, refer to Section 1.4.2. 
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(a) NMF Initiated by Deformation Incompatibility        (b)  Increase in Negative Moment Demands 

 with a Retrofit Angle and Back-Face Force Couple              Caused by a Retrofit Angle Leading to 

Caused by Starter Bar Tension (the Same Mechanism           Insufficient Negative Moment Capacity 

 Forms After Drilling Holes at the Unit Back-Face)                       at the End of the Starter Bars 

               
      (c)  Solution 1: Selective Weakening                        (d)  Solution 2: Offsetting Angle Retrofits 

         of Starter Bars to Remove Restraint                                 to Remove Applied Restraint 

                         
      (e) Solution 3: Capacity Design of Seating              (f)  Solution 4: Post-Installed Topping Bars 

             Using Flexibility of Angle Retrofits                       to Improve Negative Moment Capacity 

                                                                                                      Further into the Unit Span 

Figure 6-2: Recommended Intra-Span Hollow-Core Unit Retrofit Solutions to Simultaneously 

Prevent Loss of Seating (LoS) and Negative Moment Failure (NMF) Failure Modes Tested in 

Single Unit and Super-Assembly Experiments 
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The first solution is selective weakening of the hollow-core seating connection by cutting starter bars 

at the back-face of the hollow-core unit, as shown in Figure 6-2 (c). This removes fixity and restraint 

of the unit that generates negative moment demands from deformation incompatibility with the support 

beam during lateral loading demands. However, it is acknowledged that this method reduces the 

strength and stiffness of diaphragm load-paths by removing tension tie elements between the floor and 

frame. It was also established that a previously suggested variant of this selective weakening solution 

where holes are drilled along the back-face of the unit is not a viable strategy to prevent NMF by 

removing fixity and restraint. This is because cracks must open at the back-face of the unit as starter 

bars engage even in cases that eventually lead to NMF initiating at the end of the starter bars. This 

means drilled holes at the unit back-face would not meaningfully alter the strength hierarchy and 

damage mechanism leading to NMF. 

The second solution is to offset retrofit angles down from the hollow-core unit soffit, as shown in Figure 

6-2 (d). This configuration removes the potential for deformation incompatibility to develop between 

the angle and unit soffit and changes the angle functionality to a catch frame that only becomes a part 

of the hollow-core gravity load-path after LoS occurs. It is recommended that flexible infill such as 

high-density polystyrene is installed in the gap between the angle and unit soffit. This reduces vertical 

dropping of the floor and eliminates the potential for impact loading when LoS occurs, and the unit 

becomes supported by the angle retrofit. A positive of this retrofit configuration is that it simplifies 

design of the angle anchorage, as significant shear demands are only generated by gravity loading on 

the angle following LoS rather than by deformation incompatibility with the unit soffit at relatively low 

negative drift demands. 

The third solution is capacity design of the hollow-core seating connection to avoid NMF using 

flexibility of the seating angle retrofit when installed in direct contact with the hollow-core unit soffit, 

as shown in Figure 6-2 (e). The designed mechanism is for the seating angle to develop a plastic hinge 

directly above the anchor bolt line in the web (effectively at the base of the flange). It is suggested that 

thin steel bearing pads or low friction bearing strips are attached near the tip of the seating angle flange. 

This addition forces contact compression between the seating angle and hollow-core unit soffit to occur 

as a point load at the angle tip, maximizing angle flexibility to minimize the reaction imparted on the 

unit soffit by ensuring the flange acts as a long cantilever with an end reaction. This also minimizes 

shear demands applied to the angle anchor bolts. With the location and maximum magnitude of the 

angle reaction on the unit soffit known, moment-curvature analysis can be used to determine the 

capacity-demand curve of the hollow-core seating connection while subjected to negative moment 

demands. Maximum shear and tensile demands applied to angle anchor bolts can also be determined to 

allow for capacity design of the angle anchor connections as detailed in (Büker et al. 2022). 

Parametric studies were undertaken for different starter bar lengths and strengths as well as different 

levels of flexibility of angle retrofits installed in direct contact with hollow-core unit soffits. These 

parametric studies yielded the figures displayed in Section 2.7.3 that can be used for guidance on design 

of flexible angle retrofits to avoid NMF. They can also be used to analyse existing seating angle retrofits 

and hollow-core seating details to identify if they have the potential to cause initiation of NMF requiring 

further retrofit with the fourth solution. 

The fourth solution was developed to prevent initiation of NMF for hollow-core seating details that are 

identified as being susceptible to NMF (either with or without an existing angle seating retrofit). This 

solution can be installed where there are existing seating angle retrofits that may be difficult to remove 

or alter. Two deformed bars (longer than the starter bars) are epoxy installed into chases cut in the floor 

topping starting from the back-face of the unit, as shown in Figure 6-2 (f). The post-installed bars 
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increase the unit negative moment capacity envelope further into the span, strengthening the weak zone 

at the end of the starter bars where negative moment cracking initiates. It is critical the post-installed 

bars are not installed across the back-face of the unit, as this would impose additional negative moment 

demands on the hollow-core unit due to deformation incompatibility with the beam under negative drift, 

cancelling out the benefit provided to the unit capacity. It is recommended that post-installed bars are 

selected to have the same steel grade and diameter as the starter bars, as this ensures their stiffness is 

consistent with the surrounding reinforcing. This retrofit performed well under testing, leading to 

distributed non-critical topping cracking developing for a NMF critical seating detail rather than a single 

critical negative moment crack.  

For all solutions it is necessary to check that the retrofitted seating configuration provides an adequate 

capacity envelope within the hollow-core unit to withstand the remaining demands when negative drift 

demands are applied to the assembly. 

The retrofit angle solutions (solutions 2, 3 and 4) were tested within a full-scale frame super-assembly 

experiment with simultaneous bi-directional loading and realistic support frame deformation (Test 1) 

for additional rigour of retrofit performance verification. It was found that under simultaneous bi-

directional loading demands, support beams in the perimeter lateral load resisting frame lose torsional 

stiffness approximately at the plastic drift limit of the frame. This relieved negative moment demands, 

and the relative negative rotation between hollow-core units and support beams peaked and was reduced 

by the 0.75% drift cycle. The maximum negative relative drift demands experienced by the units was 

only -0.5% drift up to a global drift of ±3.0%. Critical initiation of NMF occurred at -1.0% drift in 

single unit experiments. This was a positive result, as it provided evidence that the single unit 

experiment results are the critical case for NMF and therefore appropriate to use for design. This critical 

loading case can occur under application of uni-directional pulse-style loading demands parallel to the 

hollow-core units, which would lead to support beams remaining torsionally stiff. 

6.2.2 Alpha and Beta Unit Retrofits 

The recommended alpha unit and beta unit hanger and catch frame retrofits are displayed in Figure 6-3. 

 

(a) Recommended Alpha Unit Hanger Retrofit Configuration (Where Longitudinal Beam Starter 

Bars ≥ 600 mm Long) 
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(b) Recommended Alpha Unit Catch Frame Retrofit Configuration (Where Longitudinal Beam 

Starter Bars < 600 mm Long) 

 
(c) Recommended Beta Unit Hanger + Catch Frame Retrofit Configuration (Three Viable 

Centre-Span Hanger Variations Displayed) 

Figure 6-3: Recommended Alpha and Beta Unit Retrofits Following Results from 

Super-Assembly Test 1 
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In super-assembly Test 1, washer and plate bearing mechanical screw hanger retrofits were installed 

from below in both the alpha units and beta units to prevent partial unit failure and dropping of the 

bottom flange as described in Section 3.9 and Section 1.4.4. It was found that longitudinal splitting has 

high potential to cause failure of anchors in the first cell in from the beams in alpha units. It is 

recommended that long plate hangers or short-plate hangers with at least three anchors are installed 

near the ends of alpha and beta units. These hanger configurations have anchor redundancy, allowing 

for loss of some anchors due to longitudinal splitting or diagonal web cracking. They can also be 

tightened to help restrict progression of web-splitting, as the bearing pads only allow for contact 

compression load-paths directly into hollow-core unit webs. This removes the potential for punching 

failure of the hanger through the unit bottom flange. Within the span where there is lower potential for 

diagonal or longitudinal cracking, single anchor plate or washer hangers are acceptable, though multi-

anchor short or long plate hangers are still the optimal solution due to the gravity load-path redundancy 

they provide. These three centre-span hanger variations are displayed in Figure 6-3. 

In alpha units, it is suggested that hanger retrofits alone are adequate to ensure alpha units do not drop 

or partially drop from the frame if the longitudinal beam starter bars are 600 mm long or greater. This 

is because the longitudinal starter bars act in cantilever mode to assist the gravity carrying capacity of 

the topping above the alpha unit, leading to adequate residual gravity capacity for the topping following 

significant earthquake demands. The remaining risk is that delamination or web-splitting within the 

alpha unit can lead to partial failure and dropping of unit portions similar to the failure mechanism 

observed in Matthews’ super-assembly experiment (Matthews 2004). If the mechanical screw anchors 

used for hangers have adequate anchorage in the topping, the top and bottom flanges of the hollow-core 

alpha unit will remain tied to the topping concrete. Selective weakening of longitudinal beam starter 

bars is also suggested at locations that enforce maximum torsional demands on the alpha unit. 

Longitudinal beam starter bars at the ends of the span and the direct centre of the span should remain 

to provide cantilever gravity load-paths in conjunction with plate hangers. 

Where the longitudinal beam starter bars are less than 600 mm long, there is concern that there will not 

be enough cells directly supported into effective topping steel continuity reinforcement as well as 

insufficient development length between the starter bars and mesh following longitudinal splitting of 

the first cell. This could lead to an inadequate gravity load-path when relying on cantilever action of 

the longitudinal beam starter bars. Based on these concerns, it would be appropriate to install catch 

frames below alpha units that are connected to longitudinal beams with short starter bars (< 600 mm 

long) or units that are only connected to longitudinal beams with non-ductile mesh continuity 

reinforcement. 

In beta units, hanger retrofits were not engaged in Test 1. Based on the sound load-path they provide, it 

is still proposed they can be used to prevent drop-out of the unit soffit and restrict web-splitting 

progression. It is suggested that plate hanger arrangements are used near the ends of units due to the 

high potential for longitudinal splitting to develop in these regions. Plate hangers should have at least 

three anchors to provide redundancy in the event anchorage is lost due to longitudinal splitting. Near 

the centre-span, longitudinal splitting is less prevalent and single anchor plate or washer hangers are 

acceptable. Beta unit hangers cannot prevent full loss of support of the unit from LoS, Positive Moment 

Failure (PMF) or NMF. This means hanger retrofits in beta units should only be used in conjunction 

with beta unit catch frames. 

In Test 1, the selected mechanical screw anchors had approximately 30 mm of anchored length within 

the floor topping. It is recommended that this is increased to a minimum of 50 mm topping anchorage 

(approximately 70 mm - 75 mm total anchorage through the hollow-core top flange and floor topping 
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for 200 series hollow-core). It is also recommended that long mechanical screw anchors with threaded 

shanks are used to simplify installation by requiring only one pilot hole through the unit bottom flange, 

top flange, and topping. 

Alpha unit catch frames installed below alpha unit 1 in Test 1 performed adequately under simultaneous 

bi-directional demands and the differential support and longitudinal beam warping that occurred as a 

result. The telescoping corner catch frame designs allowed for beam elongation and warping 

deformation without compromising the anchorage supports. It was discovered that vertical clearance of 

20 mm is adequate for cantilever catch frames to avoid punching into the alpha unit soffit for perimeter 

frame elements, as loss of beam torsional stiffness limits relative negative rotation between the 

longitudinal beams and alpha unit. It is suggested that flexible infill such as high-density polystyrene is 

installed on top of alpha unit catch frame elements with a 20 mm air gap. The small vertical clearance 

and flexible landing surfaces this configuration provides minimizes impact loading. It is proposed that 

no additional factor for impact loading is required for design of alpha unit catch frame elements when 

this configuration is used. 

Beta unit catch frames installed below both ends of beta units 4 and 5 also performed adequately. The 

use of 60 mm thick high-density polystyrene prevented significant deformation incompatibility 

demands forming between the catch frame elements and unit soffits up to 3% drift in both primary 

frame directions. During residual gravity testing of beta unit 4, the unit failed in shear, losing gravity 

carrying capability and dropping onto the beta unit catch frame. A live load providing 91% of the critical 

1.2G + 1.5Q loading case was applied to the unit at the time of failure. The beta unit catch frame caught 

and supported the failed end of the hollow-core unit before it could drop out of the frame. No indication 

of plasticity was observed in the square hollow section or anchor bolts of the beta catch frame. The 

failure of beta unit 4 under residual gravity testing verified the performance of the proposed beta unit 

catch frames and demonstrated the need for them. 

Beta-beta unit stitching bars greatly improved the stability of beta units 4 and 5 in Test 2 by preventing 

wide cracking and mesh rupture between the units. Torsional demands contributing to the damage and 

eventual failure observed for beta unit 4 in Test 1 during residual gravity testing were eliminated by the 

maintained load-path between beta units. This provides further evidence that post-installed beta-beta 

unit stitching bars should installed as part of tie-bar installations, as discussed in Section 5.5.5. 

6.3 Impact of Earthquake Directionality 

A summary of the impact that different directionalities of lateral loading actions have on initiating 

different damage states in hollow-core floor systems is provided in Table 6-1. Impact is split in 

increasing impact between negligible, low, high, and critical. Simultaneous bi-directional actions have 

at least a high impact rating on initiation of all damage states (as it includes both orthogonal directions 

of loading), but for many localized hollow-core unit damage states uni-directional loading is the critical 

loading condition. This is because restraint on the units can be released by loss of beam torsional 

stiffness that occurs with greater ratios of simultaneous bi-directional actions. 
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Table 6-1: Impact of Earthquake Directionality for Different Hollow-Core Floor Damage 

Mechanisms 

Damage 

Mechanism 

Impact of Uni-

Directional Loading 

Parallel to the Hollow-

Core Span 

 

Impact of Uni-

Directional Loading 

Orthogonal to the 

Hollow-Core Span 

 

Impact of Simultaneous 

Bi-Directional Loading 

(Circular Arc Loading) 

 

 

Web-splitting Critical High High 

Alpha unit torsion Critical Low High 

LoS Critical Negligible High 

NMF Critical Negligible High 

PMF Critical Negligible High 

Loss of bowstring 

effect actions 

parallel to unit 

spans 

Critical Negligible High 

Alpha unit first 

cell longitudinal 

splitting 

Low Critical High 

Beta-beta unit 

splitting (leading 

to torsion in beta 

units) 

Negligible Critical High 

Loss of bowstring 

effect actions 

orthogonal to unit 

spans 

Negligible Critical High 

Alpha and beta 

unit delamination 
High High Critical 

Diaphragm shear 

strength and 

stiffness loss (due 

to loss of beam 

torsional stiffness) 

Low Low Critical 

 

Note that the degree of simultaneous bi-directionality of lateral loading can change the strength 

hierarchy between hollow-core floor elements and the perimeter frame beam elements, leading to 

different floor damage mechanisms. The closer the loading is to circular (simultaneous bi-directionality 
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ratio of 1:1), the earlier loss of beam torsional stiffness will occur, which reduces deformation 

incompatibility demands imposed on the hollow-core units. This means the diaphragm strength and 

stiffness will rapidly decrease beyond the elastic structural response, but intra-span hollow-core units 

are less likely to develop critical failure mechanisms such as NMF or PMF. The closer loading is to 

uni-directional in the primary frame axes, the stiffer support beams will be, leading to stiffer and 

stronger diaphragm response at higher drift demands at the cost of higher deformation incompatibility 

demands for hollow-core units that could trigger critical localized failure modes within the floor units. 

All possible earthquake directionalities and floor-frame strength hierarchies should be considered 

during design and analysis of gravity and diaphragm capabilities of precast flooring systems. The worst-

case scenario should be used when designing for each function. 

6.4 Recommendations to Simultaneously Improve Gravity Carrying and Diaphragm 

Performance of Precast Flooring Systems 

As discussed in Section 1.1, the gravity carrying function and diaphragm function of a precast flooring 

system are in conflict. Improved performance of the diaphragm requires strengthening continuity load-

paths between the floor and structural frame. However, strengthening the floor-frame continuity load-

paths (through strong starter bar connections in the topping) enforces greater deformation 

incompatibility demands on individual precast units when subjected to drift demands in the direction of 

the precast element span. Where hollow-core floor units have been installed, these deformation 

incompatibility demands can lead to the critical failure mechanisms of NMF and PMF as well as 

initiating web-splitting and delamination. Conversely, reducing continuity reinforcement improves the 

gravity carrying function of the floor by reducing deformation incompatibility demands on the precast 

units, but this reduces the strength and stiffness of the diaphragm. The finding that typical starter bar 

detailing provides over-reinforcement leading to beam torsional loss of stiffness in external frames 

provides an opportunity to simultaneously improve both the gravity carrying function and diaphragm 

function of precast flooring systems through selective weakening of beam-floor continuity 

reinforcement. 

The critical continuity reinforcement for diaphragm load-paths is the starter bars at the ends of beams, 

in and near the beam plastic hinge zones. These starter bars should remain uncut to ensure diaphragm 

compression struts have the necessary tension ties to land near the ends of beams and transfer force into 

columns via weak-axis shear in the beams. This means significant deformation incompatibility demands 

will remain for alpha and beta hollow-core units, but the risks associated with lateral loading induced 

damage to these units can be mitigated through use of hanger and catch frame retrofits. Starter bars near 

the centre of a beam span in external frames, cast into the topping over intra-span hollow-core units, 

are not critical to providing diaphragm transfer force load-paths. These starter bars provide bowstring 

effect restraint against beam elongation in the orthogonal direction which contributes to loss of beam 

torsional stiffness and therefore diaphragm in-plane shear strength and stiffness degradation. They also 

create stiff beam-unit connections that enforce positive and negative moment demands on the intra-span 

hollow-core units which can lead to NMF and PMF. It is suggested that starter bars cast in the floor 

topping in external frames above intra-span units should be saw-cut at the back-face of the hollow-core 

units to selectively weaken beam-floor interfaces. This would reduce bowstring effect (and beam 

torsion) actions as well as positive and negative moment demands in intra-span hollow-core units. With 

reference to Figure 4-21, the diaphragm in-plane shear stiffness of the super-assembly specimen 

reduced between 50% to 90% by 1.5% drift depending on the earthquake action ratio of simultaneous 

bi-directionality. This means at least half of the beam-floor continuity reinforcement installed in the 

super-assembly specimen could have been removed or cut with minimal impact to the diaphragm in-

plane shear stiffness beyond 1.5% drift. 
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Saw-cuts used to cut starter bars should be as localized as possible rather than cutting long chases along 

the back-faces of hollow-core units. This is because saw-cuts create smooth interfaces that will not 

generate aggregate rubble under lateral loading demands to replenish diaphragm compressive load-

paths, as this requires rugged crack interfaces to grind past each other. Additionally, the small saw-cuts 

should be offset from each other with alternation between the back-face of the unit and further into the 

beam cover concrete, as shown in Figure 6-4.  

 

 

Figure 6-4: Suggested Starter Bar Selective Weakening Layout for Use at the Back-Face of 

Intra-Span Units  

The alternating saw-cut layout in Figure 6-4 uses the saw-cuts to act as crack initiators, creating a 

sinusoidal crack at the back-face of the hollow-core units. This is the optimal shape to create contact 

stress compressive load-paths between the floor and beam following development of wide cracking. 

Additionally, this would initiate cracking at the back-face of the hollow-core unit, ensuring that there 

is maximum seating provided. It is suggested that one starter bar is left uncut near the centre of each 

intra-span unit to maintain some reduced continuity between the beams and intra-span units as well as 

reduced tension tie load-paths for diaphragm compressive struts landing within the central beam span. 

A single starter bar is insufficient to trigger NMF and would provide greatly reduced restraint for 

developing positive moment demands in the unit. Hollow-core units are designed to perform well under 

simply supported gravity loading conditions. Removing most of the starter bar continuity demands 

reduces the loading demands on a unit closer to what it was designed and expected to withstand. 

Moment curvature calculations should be used to check that hollow-core positive and negative moment 

capacity is adequate for the remaining deformation incompatibility demands enforced by a single starter 

bar. In most cases NMF and PMF should be precluded by the selective weakening, meaning the only 

additional retrofit that may be required for intra-span units is to provide adequate seating with seating 

angle retrofits (using solution 2 or 3 from Section 6.2.1).  
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Recommendations for minimum acceptable lengths where no starter bars should be cut along support 

beams framing out of unrestrained and restrained perimeter columns are provided in Section 5.5.1. For 

internal frames, bowstring effect tensile forces are applied from both sides of the beam (as orthogonal 

beams in both adjoining bays elongate), cancelling out torsional demands on the beam to some extent. 

Internal frames are therefore less likely to develop early loss of beam torsional stiffness with strong 

starter bar connections. This means it is appropriate to leave all starter bars cast into the topping above 

intra-span units in these frames uncut to provide a stiffer diaphragm and ensure compression struts can 

cross wide cracks likely to form along the beam-to-floor interfaces of these beams.  In these cases, the 

figures provided in Section 2.7.3 can be used to determine if the existing starter bar (and seating angle 

retrofit) configuration creates a critical case for NMF. If there is an NMF critical case, the post-installed 

bar retrofit should be installed, as described in Section 3.9.3. Where there is a PMF critical case or there 

is concern about poor bond of the unit strands, a retrofit that provides an alternative load-path that 

bypasses the hollow-core near the supports should be used. Investigation of PMF and this type of retrofit 

is outside the scope of this thesis and is provided in (Büker et al. 2022). 

A similar process of selectively weakening starter bars is also suggested to reduce torsional demands 

imposed on alpha units. In this case the connection interface can be split into five segments of 

approximately equal length. In the first, third and fifth segments starter bars should not be cut. The first 

and fifth segments include the beam plastic hinge zones, which are the critical load-path for diaphragm 

actions which require starter bars to act as tension ties. Additionally, delamination in this area relieves 

torsional actions imparted into the alpha unit. The third (middle) segment is the zone where there is 

minimal deformation incompatibility between the alpha unit and longitudinal beam under lateral 

loading in the direction of the hollow-core span. This means it is an optimal zone for starter bars to 

assist in providing a gravity load-path for the alpha unit without enforcing significant deformation 

incompatibility demands on it. The second and fourth segments are where deformation incompatibility 

demands imposed on the alpha unit by the longitudinal beam are highest, without relief caused by 

delamination. These zones are where starter bars should be cut to relieve alpha unit torsional demands 

as well as reducing bowstring effect actions on the longitudinal beams. The same localized staggered 

method of saw cutting as suggested for the support beam selective weakening should be employed in 

these zones, as shown in Figure 6-5. 

 

Figure 6-5: Suggested Selective Weakening Layout of Longitudinal Beam Starter Bars to 

Minimize Alpha Unit Torsion Demands while Maintaining Alpha Unit Diaphragm and Gravity 

Load-Paths 
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The final critical location where standard floor topping reinforcement could be altered to improve both 

the gravity and diaphragm functions of precast flooring systems is the interface between beta units. 

Stitching bars should be installed along the full beta-beta unit interface in precast flooring systems, as 

described in Section 5.5.5. These bars remove the weak zone that leads to early splitting and mesh 

fracture between beta units. This improves torsional stability of both beta units and increases load 

sharing between them, improving their gravity carrying capacity. Additionally, it keeps the diaphragm 

strut-and-tie load-paths intact across multiple bays of the structure which improves diaphragm stiffness 

at high levels of drift demands. 

An example of detailing for a regular floorplate after the suggested starter bar selective weakening, 

beta-beta unit interface strengthening, and hollow-core retrofitting has been applied is displayed in 

Figure 6-7. Current typical detailing for the same floorplate is displayed in Figure 6-6 for comparison. 
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(a) Current Typical Starter Bar and Tie-Bar Topping Reinforcement Layout (Uniform Starter Bar 

Layout for Interior and Perimeter Frames) 

 

(b) Current Typical Soffit Retrofit Layout for Hollow-Core Floors 

Figure 6-6: Current Typical Topping and Soffit Layouts for Hollow-Core Floor Systems 

= Starter Bar 

= Intermediate 

Column Tie-Bar 

= LoS angle retrofit variant 

(no specific design for 

NMF or PMF prevention) 

= Alpha unit catch frame 

variant (possibly anchored 

into unit) 

= No retrofit design strategy 
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(a) Suggested Starter Bar and Tie-Bar Topping Reinforcement Layout with Selectively 

Weakened Perimeter Frame Starter Bars and Beta-Beta Unit Stitching Bars 

 

 

(b) Suggested Soffit Retrofit Layout for Hollow-Core Floors 

Figure 6-7: Suggested Topping and Soffit Layouts for Hollow-Core Floors 

Starter Bar 

Intermediate 

Column Tie-Bar 

Beta-beta unit stitching 

bar (full width of both 

beta units) 

Offset saw-cut for starter 

bar selective weakening 

and sinusoidal crack 

initiation 

Alpha unit hanger retrofit 

(starter bars ≥ 600 mm) or 

20 mm offset telescoping 

+ cantilever catch frames 

(starter bars < 600 mm) 

Beta unit catch frame + 

hanger retrofit 

LoS + NMF retrofit 

solution 2, 3 or 4 as 

required (or alternative 

load-path retrofit for PMF 

critical case) 

LoS + NMF retrofit 

solution 1 
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6.5 Recommended Future Research 

Additional research into methods to quantify and improve diaphragm performance and the rate of shear 

stiffness degradation would be valuable. Due to the finding that the critical diaphragm shear stiffness 

degradation mechanism is caused by loss of beam torsional stiffness, an appropriate avenue for future 

research in this space would be to compile literature on beams subjected to simultaneous actions. Ideally 

a method could be found to determine an optimal range of beam-floor continuity reinforcement total 

strength to avoid causing beam loss of torsional stiffness for different beams while providing strong 

diaphragm transfer load-paths. It may therefore be valuable to use beam-column sub-assembly 

experiments to test the same beam detailing under simultaneous strong axis bending and torsion actions 

after different levels of beam elongation have been induced from strong axis bending reverse cyclic 

loading in the plastic range of drift for the beam. Based on the early onset of beam loss of torsional 

stiffness (with initial differential torsional twisting relative to the frame measured at 0.75% drift and 

substantial torsional softening occurring at 1.5% drift) and the large diaphragm stiffness losses observed 

in the super-assembly experiments, it currently appears likely that any starter bar detailing that provides 

an initial highly stiff connection for diaphragm transfer forces during the elastic structural response in 

frames (with standard reinforced concrete beam longitudinal reinforcement detailing) will cause loss of 

beam torsional stiffness in perimeter frames once the plastic drift limit is reached, leading to large 

diaphragm stiffness losses at this stage in the structural earthquake response. An avenue of research 

suited to modelling or hybrid sub-assembly testing would be comparison of beam torsional performance 

when positioned in an external frame versus when positioned in an interior frame to investigate if 

positioning seismic structural frames internally in a building improves diaphragm performance 

significantly as suggested and described in Section 4.5.4. 
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A. APPENDIX A - SINGLE UNIT EXPERIMENT MATERIAL 

PROPERTIES 
 

A.1. Grade 500 HD12 Starter Bar Tensile Test Results 

Figure A-1, Figure A-2 and Figure A-3 display the tensile test results for three off cuts from the grade 

500 HD12 rebar used for the single unit specimen starter bars. The approximate tensile yield strength 

of the specimens was 560 MPa for specimen 1, 528 MPa for specimen 2 and 535 MPa for specimen 3. 

This provided and average tensile yield strength of 541 MPa.  

 
Figure A-1: Grade 500 HD12 Starter Bar Tensile Test 1 

 
Figure A-2: Grade 500 HD12 Starter Bar Tensile Test 2 

 
Figure A-3: Grade 500 HD12 Starter Bar Tensile Test 3 
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A.2. Beam and Topping Concrete Cylinder Compression Tests 

The concrete material properties for the single unit tests are displayed in Table A-1 and Table A-2. 

Single unit specimens 1-3 were cast from the same concrete batch and specimens 4-6 were cast from 

another. The concrete cylinder tests for each batch were conducted when the first single unit specimen 

of the batch was tested. 

Table A-1: Single Unit Test 1-3 Concrete Strength at Time of Single Unit Test 1 

Cylinder 

Specimen 
Φ1 (mm) Φ2+ (mm) Wt air (g) Wt water (g) 

Crushing 

Load (kN) 

Crushing 

Stress 

(MPa) 

1 101.87 99.38 3648.6 2063 235 29.55 

2 99.27 99.4 3518.7 1972 238 30.7 

3 99.51 99.56 3520.1 1970 168 21.59 

Average      30.125 

Note: Cylinder specimen 3 was an outlier and appeared not to have been compacted adequately. It has 

been discounted from the average. 

Table A-2: Single Unit Test 4-6 Concrete Strength at Time of Single Unit Test 4 

Cylinder 

Specimen 
Φ1 (mm) Φ2+ (mm) Wt air (g) Wt water (g) 

Crushing 

Load (kN) 

Crushing 

Stress 

(MPa) 

1 101.15 101.63 3695.1 2091.8 203 25.14 

2 101.27 101.42 3730.9 2106 197 24.42 

3 101.25 100.57 3730.4 2106 199 24.88 

Average      24.81 
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B. APPENDIX B – CONSTRUCTION AND POST-TEST PHOTO LOG 

FOR THE SINGLE UNIT EXPERIMENTS 
 

B.1. Construction Photo Log 

The following pictures document the construction process for the single unit specimens: 

 

Figure B-1: Hollow-Core Units on Delivery 

 

Figure B-2: Beam Blocks Laid Out and Levelled Before Construction 

 

Figure B-3: Hollow-Core Positioned on Ledges with a Forklift 
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Figure B-4: Hollow-Core Propped and Levelled on Framework 

 

Figure B-5: Concrete Formwork Being Installed for Beam and Topping Concrete 

 

Figure B-6: Starter Bars and Mesh Cut and Laid in Position 
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Figure B-7: Fully Boxed Units Ready for Concrete Pour 

B.2. Post-Test Photo Log for Specimens 1-4 

 

 

Figure B-8: Specimen 1 Ledge Post-Test Displaying Large Amounts of Unit Back-Face Spalling 
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Figure B-9: Specimen 1 Post-Test Spalled Back-Face of Hollow-Core Unit 

 

Figure B-10: Specimen 2 Post-Test Displaying Unit Back-Face Spalling onto Angle 

 

Figure B-11:Specimen 3 Post-Test Displaying Unit Back-Face Spalling Generally Not Extending 

onto the Angle 



 

B-5 

 

 

Figure B-12: Specimen 4 Post-Test Displaying Limited Spalling at the Back-Face of the Unit 

 

Figure B-13: Specimen 4 Post-Test Displaying NMF with the Upside-Down Palm-Tree Crack 

Pattern 
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Figure B-14:Specimen 4 Post-Test Displaying Starter Bars That were Acting in Dowel Action at 

the End of Test 

 

Figure B-15:Specimen 4 Post-Test Displaying 500 mm of Strands in Dowel Action on Left Side 

of Specimen 

 

Figure B-16: Specimen 4 Post-Test Displaying 400 mm of Strands in Dowel Action on Right 

Side of Specimen
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C. APPENDIX C – SINGLE UNIT EXPERIMENT CRACK MAPS 

Note: A crack map is not provided for Test 6, as a single crack appeared at the back-face of the unit and 

opened wider similar to Test 1. The useful outcomes and shape of the crack can be obtained from 

pictures in Chapter 2. 

C.1. Test 1 

 

Figure C-1: Specimen 1 Topping Crack Map at End of Test 

 

 

Figure C-2: Specimen 1 Elevation Crack Maps at End of Test 
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C.2. Test 2 

 

 

Figure C-3: Specimen 2 Topping Crack Map at End of Test 

 

 

 

Figure C-4: Specimen 2 Elevation Crack Maps at End of Test 
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C.3. Test 3 

The thick red line within the unit depicts the location of the saw-cut at the end of the starter bars used 

as a crack initiator. The thick red line at the back-face of the unit indicates the location of a saw-cut 

used to cut one starter bar, as the unit was cast with 4 starter bars. After results of the first two tests, it 

was decided it would be more useful for finding the threshold to trigger negative moment failure if a 

second test was conducted identical to Test 2 (with three starter bars), except for a crack initiator at the 

end of the starter bars. 

 

Figure C-5: Specimen 3 Topping Crack Map at End of Test 

 

 

Figure C-6: Specimen 3 Elevation Crack Maps at End of Test 
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C.4. Test 4 

 

Figure C-7: Specimen 4 Topping Crack Map at End of Test 

 

Figure C-8: Specimen 4 Elevation Crack Maps at End of Test 

Note that the negative moment cracks shown in Figure C-8 extended to the soffit at later drift cycles in 

the test, but at this stage crack mapping was halted as the cracks were wide enough that the damage was 

clearly visible in photographs as shown in Chapter 2. 
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C.5. Test 5 

The green bars displayed in Figure C-9 depict the chases cut into the topping for the post-installed bar 

retrofit. The thick red line depicts the location of the saw-cut at the end of the starter bars used as a 

crack initiator. Test 5 was cast with four starter bars to provide a worst case for negative moment failure. 

This was done to ensure that the post-installed bar retrofit could prevent negative moment failure even 

in extreme cases. 

 

Figure C-9: Specimen 5 Topping Crack Map at End of Test 

 

 

Figure C-10: Specimen 5 Elevation Crack Maps at End of Test 
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D. APPENDIX D – DESIGN LESSONS FROM THE FRAME 

EXPERIMENT 
 

Lessons from Construction and Testing: 

The process of constructing and testing the frame super-assembly specimen and loading system 

provided multiple lessons that would inform different design decisions if they were redesigned. These 

lessons, and the changes they would inform, are compiled in this appendix for future reference when 

designing similar large-scale experiments. 

• Where a double ram configuration is necessary to achieve the required lateral loads for testing, 

it is recommended that a splitter beam is incorporated with a single central clevis attached to 

the specimen columns, instead of the welded configuration used in the 2020 frame super-

assembly experiment. This would avoid the differentials in loads observed across the individual 

double ram arrangements caused by different stiffnesses in the two cantilever portions of the 

splitter beams. The potential for this issue was known when designing the UC 2020 frame 

experiment, but there was insufficient space to add the additional clevises with the available 

length of strong wall while maintaining a specimen with eight hollow-core units. It was decided 

that the load differential issue would be manageable, which was proven correct during testing. 

However, the ideal case for future uses should incorporate a central splitter beam clevis for 

connecting to a column if practicable. 

 

• The column duct and clevis plate connections would have the following alterations made: 

 

o For most clevises attached to the columns, three vertical bolt lines were used to ensure 

there was sufficient capacity in the threaded rod connections passing through the 

columns, while also keeping the size of the clevis backing plates relatively small.  

The three vertical bolt lines would be reduced to two vertical bolt lines. This would 

likely require longer clevis backing plates with additional room for one or two more 

bolt rows. The reason for this alteration is that during testing, it was found that the 

backing plates were slightly curved with a convex face in contact with the columns. 

This was likely due to warping caused from differential cooling rates when the clevis 

plates were welded to the backing plates.  

 

The issue created by the curved backing plates was that only two of the three vertical 

bolt lines could be properly tightened. The third bolt line could be tightened, but a small 

air gap would exist between the backing plate and column face, as one side of the 

backing plate became cantilevered. When hundreds of kN of load were applied in 

tension through the looser vertical bolt line, this deflected the cantilevered portion of 

the backing plate to make it flush with the column face. The process of closing and 

opening the air gap during loading introduced significant slop to the system when 

accumulated across multiple clevis assemblies.  

 

In the 2020 frame experiment, this issue was mitigated by squeezing epoxy into the air 

gaps, which greatly reduced the effect. In future tests the effect should be eliminated at 

the design stage.  
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An additional avenue for reducing the warped surface effect would be to give the 

manufacturer a specified tolerance for the allowable out-of-plane distortion in the steel 

plates. The thickness of the selected backing plate could be one size larger than that 

required from design calculations to allow extra material if the plates needed milling 

to achieve the required flat surface. Note that it would not be necessary to make this 

tolerance excessively small, perhaps somewhere in the range of 0.5 mm, as tolerances 

in the concrete surface flatness would quickly become the limiting factor below this. 

 

o The duct layout for the columns and hole layout for the clevises would be changed to 

be identical at the top and bottom of the columns. Doing this in conjunction with 

reducing the clevises to two vertical bolt lines would make it possible to have a single 

clevis design applied to all column-clevis connections rather than the assortment of 

custom backing plates used in the 2020 frame experiment. This would provide the 

benefits of making installation of the clevises simpler and providing more easily 

reusable steel fittings for the lab once the experiment concluded. The bolt row layouts 

used in the 2020 frame experiment were incorporated to provide space to allow stirrups 

to slot between the ducts to ensure there was adequate confinement at the connections. 

However, once the clevis plates were attached and the threaded rods were tightened, 

this would have provided adequate confinement at the top and bottom of the columns 

anyway. 

 

o 40 mm ducts were used at the tops of the columns and 50 mm ducts were used at the 

bottom for the M36 threaded rods to slot through. The top ducts would be changed to 

50 mm ducts to keep the construction consistent. It was also found that the bottom ducts 

had no problem with tolerances, but approximately 5% of the top ducts had curved 

more than 4 mm during the pouring process, meaning an M36 threaded rod could not 

be installed through it. In these cases, an M30 threaded rod was installed instead. Again, 

this was done to provide more space for stirrups at the top, where the alignment of the 

clevises made the region tighter with regards to fitting reinforcing and ducts around 

each other. However, the tightened clevis backing plates would have provided adequate 

confinement without the stirrups. 

 

o M36 threaded rods were used for the connections through the ducts. It would be 

preferrable to use post-tensioned rods for future connections of a similar nature. This 

would minimize elastic elongation through the column connections. After the curved 

backing plate issue was addressed, this appeared to be the largest source of slop in the 

loading system. 

Things that went well: 

• Providing allowance in the arrow frame clevises for out-of-plane movement (meaning the bush 

could slide slightly along the pin at each clevis connection) was visibly useful for avoiding 

binding of the vertical arrow frame member with the specimen beam cut-outs. As the beams 

lost torsional stiffness through the tests, they twisted into contact with the vertical arrow frame 

members. Instead of binding, the arrow frame members slid along their pins to more optimal 

positions. 
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• Rotating the external clevises connecting the top of the columns to the strong wall by 90 degrees 

was a simple solution that provided allowance for the full range of out-of-plane movement 

created from bi-directional loading, up to 5% drift in both directions. Most structural laboratory 

fittings are created for two-dimensional testing and have low angular range of movement in one 

axis. However, it is worth considering simple alterations to the implementation existing fittings 

when creating three-dimensional experiments, as there is often one axis that requires much 

lower angular range of movement. 

 

• The bi-directional base sliders at the base of columns C1 and C2 had longer tracks (and 

therefore allowable strokes) in the east-west direction than the other sliders. This proved 

necessary by the end of the second test, as the accumulation of beam elongation across both 

beams through two tests led to the sliders being positioned near the end of the tracks. The 

standard bottom slider tracks would have run out of stroke. It is important to consider all aspects 

of how a structure may deform during testing and design the fittings that set the boundary 

conditions accordingly to fully accommodate the deformations.  

 

• Splitting the precast elements of the concrete frame into two H-sections and two T-sections 

worked well for the transportation, positioning, and casting of the elements together. Using the 

full capacity of cranage and trucks to have fewer, larger precast elements greatly simplified the 

construction process. 
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E. APPENDIX E – FRAME SPECIMEN MATERIAL PROPERTIES 

E.1. Concrete Strength 

The specified parameters of all concrete elements (both precast and in-situ pours) cast for the 2020 UC 

super-assembly specimen were: 

• 35 MPa strength 

• 19 mm aggregate size 

• 100 mm slump 

Test 1 was conducted approximately a year after casting of the specimen elements. This provided time 

for the concrete setting reaction to progress well beyond the specified 28 days where crushing strength 

is typically measured. This meant that the concrete strengths were much higher at the time of testing as 

displayed in Table E-1, Table E-2, Table E-3, and Table E-4. 

Table E-1: Concrete Cylinder Strength Test Results for Precast H-Section 1 

Cylinder Specimen Cylinder Area (mm2) Crushing Load (kN) Crushing Stress (MPa) 

1 8107 470.36 58.02 

2 8123 456.91 56.25 

3 8123 475.94 58.59 

Average   57.62 

 

Table E-2: Concrete Cylinder Strength Test Results for Precast H-Section 2 

Cylinder Specimen Cylinder Area (mm2) Crushing Load (kN) Crushing Stress (MPa) 

1 8413 486.88 57.87 

2 8397 484.06 57.65 

3 8365 453.87 54.26 

Average   56.59 

 

Table E-3: Concrete Cylinder Strength Test Results for Precast T-Sections 

Cylinder Specimen Cylinder Area (mm2) Crushing Load (kN) Crushing Stress (MPa) 

1 8365 485.40 58.03 

2 8091 471.97 58.33 

3 8365 455.31 54.43 

Average   56.93 

 

Table E-4: Concrete Cylinder Strength Test Results for In-Situ Specimen Elements 

Cylinder Specimen Cylinder Area (mm2) Crushing Load (kN) Crushing Stress (MPa) 

1 8123 510.72 62.87 

2 8123 520.54 64.08 

3 8123 514.24 63.30 

Average   63.42 
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The increased strength of the concrete compared to specified 28-day strength is realistic for a building 

that has been in service for multiple years. 

H-section 1 was positioned on the eastern side of the final specimen at the time of the in-situ casting 

and H-section 2 was positioned on the western side. Drawings of the two H-section and two T-section 

precast elements are displayed in Appendix F in the UC 2 drawing set. The in-situ concrete pour was 

used to pour the floor topping, the top half of the longitudinal beams (A1A2 and C1C2) and the full 

depth of the support beams (A1B1, B1C1, A2B2 and B2C2). 

E.2. Steel Reinforcement Strength 

An overview of the average steel reinforcement strength is: 

• Beam longitudinal bars: 333 MPa (as shown in Figure E-1) 

• Column longitudinal bars: 554 MPa (as shown in Figure E-2) 

• Starter bars: 546 MPa (as shown in Figure E-3) 

• Stirrups: 337 MPa (as shown in Figure E-4) 

• Column tie-bars: 355 MPa (as shown in Figure E-5) 

 

Figure E-1: Beam Longitudinal Bar Tensile Test Results 

 

Figure E-2: Column Longitudinal Bar Tensile Test Results 
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Figure E-3: Starter Bar Tensile Test Results 

 

Figure E-4: Stirrup Bar Tensile Test Results 

 

Figure E-5: Column Tie-Bar Tensile Test Results 
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F. APPENDIX F – CONSTRUCTION OF THE FRAME EXPERIMENT 

 

F.1. Precast Frame Element Casting and Installation 

 

           

Figure F-1: Casting Bed Layout and Duct Placement for H-Section Precast Frame Elements 

            

 

Figure F-2: Concrete Pour, Vibrating and Levelling of H-Section Element 
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Figure F-3: H-Section Element Propped to Avoid Beam Bending Demands While Craning 

      

Figure F-4: T-Section Element Concrete Pour 

              

                                         

Figure F-5: Placement and Assembly of Bi-Directional Frictionless Sliders 
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Figure F-6: Propping and Connection Points Prepared for Installation of the Precast Elements 

 

         

Figure F-7: Trucking an H-Section Precast Element into the UC SEL 

 

         

Figure F-8: Craning H-Section Element into Place and Attaching to Base Universal Joints 
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Figure F-9: Propping H-Section Precast Elements in Place 

 

Figure F-10: Trucking T-Section Precast Elements into UC SEL 
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Figure F-11: Craning and Propping T-Section Precast Elements in Place 

 

Figure F-12: Final Positioning and Propping of Precast Frame Elements Prior to Floor 

Installation and In-Situ Concrete Pour 
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F.2. Floor Installation 

         

          

          

Figure F-13: Lifting Precast Hollow-Core Flooring Elements into Place on the Formwork 
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Figure F-14: Gaps between Column and Hollow-Core Unit Cut-Outs and Example of a Beam 

Lap Prior to In-Situ Casting 

        

         

Figure F-15: Tie-Bar, Starter Bar and Mesh Installation 

 

Figure F-16: Bottom of the Floor Following Hollow-Core Unit Installation 
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Figure F-17: Concrete Pour and Surface Preparation of the Beams and Floor Topping 
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F.3. Loading Frame Installation 

 

        

Figure F-18: Clevis Installation and Replacement of Strong Wall Propping with Hydraulic 

Actuators (Top actuator Clevises were Rotated 90 Degrees to Allow for Large Horizontal 

Rotations as the Specimen Grew and was Loaded in the Orthogonal Direction) 

       

      

  Figure F-19: Installation of Arrow Frames Using a Forklift, Crane, and Vertical Element Top-

Hat to Line Up all Arrow Frame Elements to Clevis Holes for Pin Insertion    
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F.4. Retrofit Installation 

 

        

Figure F-20: Gluing 20 mm Thick High-Density Polystyrene Flexible Infills to Angle Retrofits 

        

 

Figure F-21: Installation of Angle Retrofits (After Outer Holes Were Anchored, Propping Was 

No Longer Needed) 
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Figure F-22: Saw-Cutting and Chiselling Chases for NMF Post-Installed Bar Retrofits 

       

       

        

Figure F-23: Two Layer Process for Epoxy Installing Deformed Bars into Chases to Maximize 

Bond with the Floor Topping (Brushing and Air-Blowing Dust Away Prior to First Epoxy Layer 

Not Shown) 
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Figure F-24: Installation of Alpha Unit Catch Frame Elements 

        

Figure F-25: Gluing 60 mm Thick High-Density Polystyrene Flexible Infill Beta Catch Frames 

        

Figure F-26: Lifting Beta Catch Frames into Place and Drilling Anchor Holes Through the SHS 
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Figure F-27: Air Blowing Dust Out of Anchor Holes and As-Built 10 mm Offset between the 

Infill and Unit Soffit 

        

 

 

Figure F-28: Hanger Installation Process: Drilling Soffit Holes (Top Left), Marking Depth of 

Top Flange and Topping Pilot Holes (Top Right), Installing Anchor into the Top Flange 

(Bottom Left), Attaching Bottom Plate (Beta Short Hanger Pictured, Bottom Right) 

        

Figure F-29: Attaching Long Beta Hanger Plate Elements 
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F.5. Instrumentation and PTV System Installation 

 

         

 

Figure F-30: Assembly of the PTV Camera System Frame 

     

        

Figure F-31: Attaching Instruments and Running Cables Back to the Control Station 
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Figure F-32: Application of Dots to the Floor Topping for the PTV System 

 

Figure F-33: Under-Floor Lighting and Safety Catch Frame Installed 

 

Figure F-34: Final Assembled Experiment 
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F.6. Residual Gravity Testing Setup 

 

        

        

Figure F-35: Cutting Out Damaged Floors to Leave One Alpha, Beta, and Intra-Span Unit for 

Residual Gravity Capacity Testing 

         

Figure F-36: Attachment of Water Containers for Gradual Gravity Loading Increase and 

Removal of Beta Unit Flexible Infill to Allow Visibility of a Sudden Failure in the Beta Unit 
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G. APPENDIX G – FRAME SPECIMEN AND LOADING FRAME 

DRAWINGS 

 

Drawings used for construction of the specimen and loading frame components as well as the 

instrumentation layout are displayed in this appendix. The drawing sets are split into the following 

sections: 

• UC 1.XX – Overall layout of the specimen and loading frame 

• UC 2.XX – Precast concrete frame elements 

• UC 3.XX – Arrow frame loading frame elements 

• UC 4.XX – Loading frame clevis elements 

• UC 5.XX – Bi-directional slider elements 

• UC 6.XX – Retrofit designs 

• UC 7.XX – PTV camera frame layout and design 

• UC 8.XX – Instrumentation layout 
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H. APPENDIX H – INSTRUMENTATION PURPOSES 

 

Explanation of the sensor instrument layouts installed in Super-Assembly Test 1 and their purposes are 

provided in this Appendix. The described instrumentation can be viewed in Appendix G drawing set 

UC 8. 

H.1. Actuator Control Draw-wires and Load Cells for Force Measurement 

• Draw-wires were installed along rams to measure their location/extension allowing for 

calculation of applied drift.  

• Load cells were installed in conjunction with the draw-wires to allow for load-displacement 

(hysteresis) plots. The only horizontal fixity applied to the specimen was provided by actuators. 

This meant all external horizontal forces acting on the specimen were measured. This made it 

possible to observe loosening of the frame stiffness as beams elongated and the diaphragm 

degraded. 

• Limitations:  

o Due to the bi-directional nature of testing, the readings from draw-wires did not follow 

the major axes but were instead on slight angles. However, this was a small offset that 

is inconsequential for most purposes and can accounted for in data post-processing if 

required for the analysis purpose.  

o Vertical loads through the columns were not captured. 

o In the double-bay direction of the specimen, it was not possible to differentiate between 

the contribution of stiffness and strength from the first bay versus the second bay, as 

there were no load cells in the arrow frames. Some idea of the relative stiffness between 

bays can be inferred by comparing deformation in local potentiometer readings or PTV 

strain fields. 

H.2. Global Intra-Specimen Draw-wires 

• Provided total elongation readings for each bay which can be used to verify the beam array 

potentiometer measurements. 

• Provided measurements of the distance between columns at three heights which can be used to 

verify that the arrow frames kept the columns parallel during testing. This also verified that the 

applied drift was the same in both bays in the double bay direction. In cases where slop in the 

arrow frame connections produced a noticeable difference in drift between different frames and 

bays, these draw-wires allowed for that difference to be quantified. 

• Cross layouts between columns at the floor level allowed measurement of the racking (or shear 

deformation) of each bay, showing which was the short and which was the long diagonal. They 

also provided a more complete view of the beam elongation. 

• Limitation:  

o Elastic bending in the columns could impact the validity of the results gained from 

these draw-wires for the purposes of verifying the columns remain parallel. However, 

elastic bending in the columns was highly likely to be minimal/negligible as they were 

designed with significant overstrength to minimize these effects. 

H.3. Slider Tempsonics 

• At the base of columns in directions that did not have a draw-wire to directly connect to the 

strong wall, tempsonics were placed on the bi-directional frictionless rail sliders to measure the 

exact location of the base of the column in plan. This allows for a second reading to verify the 

results gained from the draw-wires spanning where arrow frames are located. These extra 

readings are especially important for the middle-north and north-western columns because they 
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did not have any direct readings to the strong wall, so cumulative error through the draw-wires 

could tally up. 

• Limitation: 

o There could be some slop in the universal joint connections at the base of the columns 

leading to minor error in these readings. 

H.4. Beam Profiles and Vertical Deformation Incompatibility with Units 

• Vertical draw-wires were installed between the bottom of the beams and the strong floor along 

the south, east and west frames. These draw-wires provide the ability to extract vertical beam 

profiles for these beams. For support beams, measurements were taken at the beam-column 

interfaces and at the locations of gaps between the units (unless clashing with other instruments 

would occur, in which case they were offset by 50 mm). For longitudinal beams, measurements 

were taken at the beam-column interfaces and the critical location for beam-unit deformation 

incompatibility (as detailed in the(Fenwick et al. 2010)) and at the third points of the beam 

between the critical deformation incompatibility locations. 

• Horizontal draw-wires were installed between the sides of beams and the strong wall along the 

south and east frames. These draw-wires were positioned at the same beam locations as the 

vertical draw-wires, except there were none on the columns. Column horizontal locations at the 

beam height can be obtained by averaging actuator controller draw-wire readings at the top and 

bottom of the columns.  

• Inclinometers were installed along the south and east frame beams. These inclinometers were 

positioned at the same locations as the vertical draw-wires on the south and east frames. The 

inclinometers allowed for measurement of beam torsional rotation along the beams. 

• Vertically aligned potentiometers were installed under the hollow-core unit soffits, connecting 

the unit to the beam. Along longitudinal beams these can show the vertical deformation 

incompatibility with the alpha units at the column face, critical deformation incompatibility 

location (as described in (Fenwick et al. 2010)) and third points between these locations. These 

beam-unit potentiometers aligned with the beam profile draw-wires and inclinometers. Along 

the support beams, the vertical potentiometers were positioned 100 mm in from each side of 

the unit. This meant any wedging or torsional twisting/lift-up at the unit supports due to 

deformation incompatibility with the deformed beams, rotated columns and/or other wedged 

units was captured. 

• On the south and east frames there were vertical, horizontal, and rotational readings along the 

beam lengths to give a three-dimensional beam profile. 

• Limitations: 

o Full beam profile readings were only captured on two sides of the specimen. This 

should provide a decent overview of both support and longitudinal beam behaviour, 

but it could miss some unique behaviour on the north and west frames. There were 

insufficient draw-wires to capture all beam profiles.  

o The same problem occurs as for the actuator control draw-wires, where the draw-wires 

are not perfectly aligned to the major axes during the test but are instead at an angle in 

multiple directions due to the three-dimensionality of the test. This requires post-

processing using data from multiple draw-wires to account for the angles. 
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Figure H-1: Conceptual Drawings for Beam-Profile Capture (Numbering not Indicative of Final 

Sensor Number Assignment) 

H.5. Beam Potentiometer Arrays 

• Provided the ability to check beam strong axis bending rotations and moment/shear response, 

especially in the plastic hinges. The potentiometer anchor points were aligned with the unit 

gaps in the support beams to allow for estimation of the variation in rotational demands between 

individual units. 

• Provided measurement of elongation when the horizontal array extensions are summed up over 

a whole bay length. 

• Along beams A1A2, A1B1 and A2B2, closer array spacing was installed withing the beam 

plastic hinge zones allow a comparison between the rotations in the first d/2 and second d/2 of 

the plastic hinge zone. This can be used to provide better “resolution” of the distribution of 

plasticity in moment frame structural layouts.  

• Limitations:  

o The potentiometer arrays were only installed on a single side face of each beam. This 

means torsional and horizontal rotational response were not captured by the arrays.  

o As there are no longitudinal potentiometers on the top and bottom faces of the beams, 

the maximum stresses/strains will need to be estimated by projecting the ratio of the 

top and bottom horizontal array pieces outwards. 
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H.6. Single Unit Vertical Rotation and LoS Measurement 

• Potentiometer arrays were installed for individual units similar to the single unit test 

potentiometer instrument layout for the soffit and topping. Horizontal potentiometers on each 

side of the unit at the top and bottom captured the crack profile at the back-face of the unit, 

including residual crack widths (and therefore remaining seating). Vertical potentiometers on 

each side of the unit captured the rotation and torsion of the unit at the support. 

• Limitations: 

o Full unit rotational response was only captured on units 1,2,3,4 and 8. Unit 5 only had 

vertical deformations captured on the soffit and units 6 and 7 had no underfloor rotation 

measurements. This was due to available channel limitations. 

o Capturing torsion of the units with vertical soffit pots assumes the units acts as rigid 

bodies. This assumption may break down if longitudinal splitting occurs in the units. 

H.7. Single Unit Racking In-Plane and Beam Elongation Incompatibility 

• Horizontal rod-eye potentiometers used for single unit vertical rotation were also positioned to 

capture racking of units as the floor distorted in-plane. Spring potentiometers were installed 

parallel to the expected crack to capture sliding due to elongation in the middle of each unit. 

This sliding can be used to account for any angle introduced into the rod-eye pots from the 

elongation. 

• Limitation: It would be difficult to differentiate between beams horizontally bending away in 

the corners in plane and the units racking (for units 1,4,5 and 8). On the south side of the 

specimen, the horizontal beam profile measurements will be helpful for post-processing to 

allow for this differentiation, but it will be more difficult on the north side. 

H.8. Inter-Unit Splitting/Racking and Incompatibility with Beams and Columns 

• Two perpendicular spring pots were installed between units at their midspan on the topping to 

capture the sliding of units past each other, due to racking and splitting apart of units as beams 

elongated. Locating these potentiometers at the midspan was selected to provide some 

protection against losing meaningful data from delamination of the units and topping around 

the perimeter. 

• Spring potentiometers were installed on the alpha and beta unit toppings pressing into column 

faces in both directions to show when cracks open around the corners and display if the floor 

was wedged along the diagonals during rhomboid loading. 

• Rod-eye potentiometers were installed crossing perpendicular across the connection between 

the alpha units and longitudinal beams to capture gaps opening or crushing deformation 

incompatibility. Spring potentiometers were installed crossing parallel to the expected crack to 

capture sliding due to elongation. This sliding could be used to account for any angle introduced 

into the rod-eye pots from the elongation. 

• Limitations:  

o Longitudinal splitting was also expected within alpha and beta units - but the exact 

location of this type of cracking is more difficult to predict, so instrumentation to 

account for these cracks was not accounted for.  

o Again, there is difficulty associated with differentiating between beams horizontally 

pushing out in the corners and units racking against columns and each other. 

o It is difficult to predict where critical cracking will initiate and therefore easy to miss 

the correct location with traditional instrumentation. The PTV camera set-up was used 

as a back-up in case the critical locations were missed. 
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H.9. Angle Retrofit Deformations 

• Angle retrofit potentiometer arrays were installed located in the middle of angles. Two vertical 

rod-eye potentiometers were used per angle: One potentiometer to measure vertical slip of the 

bolts and one to measure tip deflection of the angle. One horizontal spring potentiometer per 

angle was mounted on the flange of the angle pushing against the beam (through a hole drilled 

in the angle) to measure prying. Two angles (one units worth) were measured in this way for 

each type of angle retrofit (flexible installed in direct contact with the hollow-core unit soffit, 

flexible offset and stiffened installed in direct contact with the hollow-core unit soffit) totalling 

6 angles measured. 

• Limitation:  

o While it is most likely that the maximum angle deformations occur in the middle of the 

angle where the potentiometers were located (due to the convexly bowed underside of 

the hollow-core units), it is not guaranteed this will be the case, especially with the 

three-dimensional demands being imposed on the units.  

H.10. Web-Splitting 

• Rod-eye potentiometers were mounted vertically on the topping with rods passing through the 

unit’s 2nd and 5th cores to the soffit. 8 were mounted on the Eastern (effectively unretrofitted) 

alpha unit, 4 on the Eastern (effectively unretrofitted) beta unit and 4 on the Western (retrofitted 

with anchors) alpha unit. 

• Limitations: It is not possible to differentiate between web-splitting and delamination with these 

measurements. Therefore, it was important to do hammer checks on the topping to track the 

progression of delamination and use bore-scopes through the soffit to confirm the presence of 

web-splitting in the cells.  

H.11. Negative Moment Crack Tracking 

• Two potentiometers were installed in the topping crossing the saw-cuts at the ends of unit 3 to 

check if negative moment cracking occurred. This served a mainly binary qualitative purpose. 

As soon as a negative moment crack appears, the test would need to be stopped and the critical 

section repaired. 

• Six potentiometers were installed in the middle of the unit along the distributed cracking zones 

at the ends of unit 7 in the floor topping to check if negative moment cracking occurs at the 

critical location and to display the reduction in distributed cracking the further from the support. 

H.12. References 

Fenwick, R., Bull, D., and Gardiner, D. (2010). "Assessment of Hollow-Core Floors for Seismic 

Performance." University of Canterbury, Christchurch, New Zealand. 
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I. APPENDIX I – SUPER-ASSEMBLY INSTRUMENTATION NAMING AND CALIBRATION 

The vast number of instruments used on the super-assembly experiment necessitated a naming convention to assist finding individua instruments. This naming 

convention referenced the location relative to the specimen grid system, type, and purpose of each instrument. The components of the naming system are 

displayed below. 
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J. APPENDIX J –FRAME SUPER-ASSEMBLY SPECIMEN DATA 

SYNCHRONIZATION AND ORGANIZATION 

J.1. Who is this Appendix For? 

The purpose of this document is to record the processing completed on the raw data for 2020 UC super-

assembly Test 1 and all seven rhomboids undertaken in Test 1 and Test 2. For the purposes of most 

readers, the most important outputs will likely be Table J- and Table J-. These tables display the data 

lines of important milestones for the test. This means any desired drift level portion can be easily 

extracted from the compiled data spreadsheet. 

For any wishing to use the Test 1 or rhomboid data in an un-tared format, this appendix, and the raw 

and partially processed files it accompanies should make that easier to accomplish. 

And finally, this appendix is for those who carry out collaborative experimental research between the 

University of Canterbury and University of Auckland in future. To accomplish large scale testing, 

collaboration is necessary. This is especially true for New Zealand, as the funding and lab resources 

tend to be more limited than in larger countries that also focus on structural experimental research. The 

collaboration between the University of Canterbury and University of Auckland for the 2020-2021 Big 

Frame tests provided a valuable opportunity to record far more data than either lab could have 

accomplished alone. However, due to the different data collection systems, there were some challenges 

that needed to be overcome to create a useful, synchronized dataset. The systems and processes 

developed through the Big Frame experiment and outlined in this document that were used to overcome 

these challenges could be used and adapted to future large-scale collaborative tests. 

J.2. Synchronization Systems 

For the compiled data file, only the UC universal datalogger (UDL) and UA data acquisition unit (DAQ) 

datasets have been merged – the UC controller data has not been merged into the file because UDL has 

readings for all rams. A splitter device was used in the control setup, meaning the ram control outputs 

were also sent to UDL at the same time outputs were sent back to the controller.  

The UDL system worked on a trigger system, where a sample was only taken after each load step of 

the loading protocol. The DAQ system worked on time-based sampling at a sample rate of 10 Hz (ten 

samples taken per second). A merged and aligned full dataset is therefore one where only a few data 

lines are extracted from the large DAQ files. These data lines should be as close in time to when the 

UDL samples were taken. The DAQ system was taking samples at 10 Hz, so the alignment in time of 

samples between the UDL and DAQ is ±0.05 seconds if the correct DAQ sample is extracted. This 

should be sufficient, as the fastest interval between each load step was timed at approximately six 

seconds. The maximum time difference between readings therefore becomes negligible, as there is no 

chance of missing a reading, and the time between readings is not great enough for any effects such as 

relaxation of the structure to occur. 

The primary system used for dataset alignment was a trigger signal sent from the UDL system to the 

DAQ system at the completion of each load step. For each day of testing (or set of data), the raw DAQ 

data has been run through a Python program that extracts only the samples corresponding to a change 

in the trigger signal. The trigger signal came through to the DAQ in a square wave form, switching 

between a value of zero and four. A sample was extracted wherever the value for the trigger channel 

crossed the value of two. The python program is called “DAQ_data_reduction.py” and was run using 

the Spyder software environment included in a standard Anaconda installation. 



 

J-2 

 

There were two back-up systems used to assist in synchronizing the UDL and DAQ datasets. The first 

was a small rig of two linear potentiometers set up on the control desk. The rig was created so that 

synchronous movements could be enforced on the two potentiometers. One of the potentiometers was 

linked into the UDL system and one was linked into the DAQ system. At multiple stages in a day of 

testing, the potentiometer rig was manually moved so the data channels would show a change in reading 

on both systems. Therefore, if the triggers were aligned correctly, the reading values for the two 

potentiometer channels should change value on the same data line of a reduced DAQ data file. 

The second back-up synchronization system was a set of two draw-wires attached between the strong 

wall and the top of column A2 running in the E-W direction. Once again, one was linked to the UDL 

system and the other to the DAQ system. This system provided a similar effect to the potentiometer rig, 

but also had the added benefit of allowing comparisons between the values of readings from the two 

systems on the actual specimen. This provided an extra “sanity check” to ensure the synchronization 

made physical sense in context of the loading protocol. The position of this synchronization set-up was 

selected because it was already useful to have the UDL draw-wire as a reference to measure drift, so 

only one additional draw-wire needed to be added for the DAQ system. The ram group pushing in the 

E-W direction on column A2 was also the only primary “driving” set of rams for both the standard 

linearized circular loading protocol and the rhomboid loading protocol. This meant a reference draw-

wire at this location was uniquely positioned as an excellent location to have large readings for easy 

comparison at all stages of testing.  

Note that the UA DAQ units use National Instruments software which outputs TDMS files, their own 

file type. To merge with other data, these files must first be changed to Excel file types. A TDMS file 

reading extension for Excel can be downloaded from the National Instruments website. Using this, the 

DAQ files can be opened from Excel and re-saved with a .xslx file type. The UC UDL systems output 

Excel files directly. 

J.3. Test 1 Data Compilation and Processing 

J.3.1. Step 1: Merging Single Test Day UDL and DAQ Files 

IMPORTANT NOTE: The UDL system appears to have missed some samples, particularly on the 

unload portions of the protocol. This only occurred in the low intensity test at 0.125% drift, 0.25% drift 

and one small section at 3.0% drift. In these cases, notes will be written detailing the location of the 

missing samples in terms of data line and ram displacement at the data “jump”. The corresponding 

datapoints in the DAQ data will be removed. The largest gap in data was 4 consecutive readings in the 

unloading portion of the first quarter of the 0.25% drift circle. This should not significantly affect the 

integrity or resolution of the data but may lead to more difficulty when attempting to match up camera 

triggers to the compiled data spreadsheet. Comparison of data and photo timestamping can mitigate this 

issue. 

This issue was likely due to the control system/rams finding their targets and moving to the next loading 

step before the full “daisy chained” UDL system (acting in a series circuit) had time to signal the full 

way through the system to take a sample. This theory seems highly plausible because the unloading 

portions of the protocol were the quickest to reach their targets because: 

a) The fluid in the rams would flow through faster when the pressure naturally wanted to flow in 

the unloading direction to release load - on top of the pump pushing the fluid in the unloading 

direction. 

b) Unloading always occurred on the straight portions of the load protocol where only one 

direction of rams was acting primarily. This meant there was less, and quicker checking 

required from the controller software to ensure the rams were all in the correct position before 
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moving on, compared to steps moving around the arcs of the circle (where both the X and Y 

direction rams needed to be moved and then checked). 

File Merging Steps 

• The “Low damage test 0_125percent 14AUG2020 First Test” UDL and DAQ files were merged 

first. The first 1118 lines of data have been removed from the UDL file. It was clearly running 

on time sampling before the test with one sample per second based on the timestamp column 

for the first 1116 samples. Three force triggers were then taken before loading (so line 1117, 

1118 and 1119). The new first line of the processed data is the last force trigger - line 1119 - 

before loading began (so now there is only one pre-test sample before loading). 

 

o Removed first 13 lines from the DAQ file to remove triggers that must have been sent 

in the pre-test section.  

o The final sample removed is the last sample from the DAQ. It appears to be almost a 

duplicate of the previous reading. This makes the readings line up well between the 

UDL and DAQ systems. 

o The DAQ readings for the first file were not tared. Taring was done at the start of the 

“UDL Low Damage test 0_125 percent 18AUG2020 Second Half” file. To make the 

reading values line up to the rest of the test correctly, the DAQ data in the “Low damage 

test 0_125percent 14AUG2020 First Test” file has been offset so that the final sample 

reading gives a value of 0 for all channels. This means DAQ channels will not start at 

zero in the compiled file until a final taring is done later in the processing. The offsets 

from zero for the first readings are very small though (as expected, because there was 

no significant plastic damage from the 0.125% drift). 

 

• For file “UDL Low Damage test 0_125 percent 18AUG2020 Second Half” there are 5 missing 

samples.  

o First set is 4 consecutive samples in the unloading portion of the first cycle of 0.25% 

drift (moving down from +X in the first quarter circle of 0.25%). Occurs after line 73. 

Ram C (in X direction) jumps from 9.984 mm to 5.12 mm. Removed line 74-77 of 

DAQ reduced data which aligns with the triggers from the missed UDL readings. 

o The final sample removed is the last sample from the DAQ. The sync pots showed 2 

samples after a pot move on the DAQ side but only one on the UDL side. They appear 

almost duplicates from the DAQ reading. 

o All sync pot readings and sync DW readings are in close alignment. 

 

• For file “UDL+DAQ_0_25 percent 19Aug2020.xlsx” there is good alignment between the 

DAQ and UDL files. Only one extra trigger reading needed to be removed at the end of the 

DAQ file. 

 

• For file “UDL+DAQ_0_5 percent 20Aug2020.xlsx” there is good alignment between the DAQ 

and UDL files. Only one extra trigger reading needed to be removed at the end of the DAQ file. 

 

• For file “UDL+DAQ_0_75 percent 21Aug2020.xlsx” there is good alignment between the 

DAQ and UDL files. Only one extra trigger reading needed to be removed at the end of the 

DAQ file. 

 

• For file “UDL+DAQ_BF_1.0_Percent_Cross_25_Aug_2020.xlsx” there is good alignment 

between the DAQ and UDL files. Only one extra trigger reading needed to be removed at the 

end of the DAQ file. 
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• For file “UDL+DAQ_1.50_Percent_25_Aug_2020.xlsx” there is good alignment between the 

DAQ and UDL files. Only one extra trigger reading needed to be removed at the end of the 

DAQ file. 

 

• For file “UDL+DAQ_1.50_Percent_26_Aug_2020.xlsx” there is good alignment between the 

DAQ and UDL files. Only one extra trigger reading needed to be removed at the end of the 

DAQ file. 

 

• For file “UDL+DAQ_second_1.50_Percent_27_Aug_2020.xlsx” there is good alignment 

between the DAQ and UDL files. Only one extra trigger reading needed to be removed at the 

end of the DAQ file. 

 

• For file “UDL+DAQ_2.0_Percent_28_Aug_2020.xlsx” there is good alignment between the 

DAQ and UDL files. Only one extra trigger reading needed to be removed at the end of the 

DAQ file. 

 

• For file “UDL+DAQ_2.0_Percent_Second_Half_31_Aug_2020.xlsx” there is good alignment 

between the DAQ and UDL files. Only one extra trigger reading needed to be removed at the 

end of the DAQ file. 

 

• For file “UDL+DAQ_2.0_Percent_Third_Half_01_Sep_2020.xlsx” there is good alignment 

between the DAQ and UDL files. Only one extra trigger reading needed to be removed at the 

end of the DAQ file. 

 

• For file “UDL+DAQ_2.50_Percent_02_Sep_2020.xlsx” there is good alignment between the 

DAQ and UDL files. Only one extra trigger reading needed to be removed at the end of the 

DAQ file. 

 

• For file “UDL+DAQ_3.0_Percent_03_Sep_2020.xlsx”, there is one missing reading between 

the 1st and second reading of the UDL data. The data for Ram E jumps from -54.91 mm to -51.89 

mm for displacement. The maximum displacement per ram is only 1.6 mm which means the 

difference aligns with 2 ram movements – displaying that the UDL system missed recording 

for the trigger signal. The 2nd line of the reduced DAQ data was removed to align with this. 

Other than this line, there is good alignment between the DAQ and UDL files. Only one extra 

trigger reading needed to be removed at the end of the DAQ file. 

 

• For file “UDL+DAQ_3.0_Percent_04_Sep_2020.xlsx” there is good alignment between the 

DAQ and UDL files. Only one extra trigger reading needed to be removed at the end of the 

DAQ file. 

 

J.3.2. Step 2: Appending Merged Test Day Files into a Single File 

• All files were appended to each other. At each “stitching” the alignment of data from the end 

of one file to the next was checked. The readings were commonly 1 AD off for some of the 

instruments (this aligns to approximately 0.15 mm maximum for 1 m stroke draw-wire pots, 

and much less for everything else).  This was typically in the reverse direction from where the 

loading should take subsequent readings. This effect was likely due to the structure and/or 

instruments relaxing overnight and is highly likely to be accurate and not indicate any offset or 
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missed readings. The fully compiled file with no additional processing is the “UDL+DAQ 

Compiled Test 16-03-21.xlsx” file. 

 

• After compiling, all channels were zeroed to remove the influence of the DAQ file not being 

zeroed on the first day of testing. The resultant file is named “UDL+DAQ Compiled Test 16-

03-21 zeroed.xlsx”. 

 

o Note that the taring process for the 0.125% drift testing on the 14th of August led to an 

offset of the excitation tracking for the DAQ. After reviewing the raw data, it was found 

that the DAQ power input sat within a value of 2.007 and 2.008, so the power input can 

be trusted to not have fluctuated and therefore skewed the data for the DAQ. 

 

• From this point on, the reading number will be referencing the cells as they are positioned in 

the “UDL+DAQ Compiled Test 16-03-21.xlsx” file. Further processing will not change the 

number of readings, only smooth out offsets where instruments were knocked, remove useless 

channel columns, or add columns with additional useful processed information. Note that this 

means the first set of readings at the start of the test is on row 5 due to the top four rows being 

occupied with information about the data channel. 

 

• The following columns were removed from the DAQ data as they were either broken or unused 

channels during the test: BROKEN1, BROKEN2, BROKEN3. UA99 and UA115 were 

repositioned so that they were in chronological order with the other channels (these two higher 

channel slots on the DAQ system were used to replace the BROKEN1 and BROKEN2 channel 

slots which were located at the 99th and 115th ports).  

 

• The following columns were removed from the UDL data as they were unused channels: s16 

(unused inclinometer channel), v8 (unused tempsonic channel) and y2 (unused loadcell channel 

for the uncontrolled rams attached to the bottom of A2 – each loadcell box had 2 channels and 

there were 3 rams, so the 4th channel was unused). 

 

• Three columns were manually added in column C, D, and E to easily show the peak drift, 

primary direction of loading and the loading portion (loading, moving across an arc or 

unloading). This was to make it easier to navigate to desired portions of the data. 

 

• Colour coding was added to the spreadsheet to make it easy to identify points where the loading 

returned through (0,0) (shown with rows highlighted green), the peaks (shown with rows of 

yellow) and red (points where there was either a return to the standard loading from a rhomboid, 

or the first reading after the mesh between unit 4 and unit 5 ruptured (or “unzipped”). These 

readings have been highlighted as they are critical points in the data that are the most likely 

stop and start points for plotting data or needing to clean it (from offset errors caused by knocks 

to instruments). 

 

• Further colour coding and formatting was done to match up with Table 1 shown below. This 

file is “UDL+DAQ Compiled Test 22-04-21”.
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Table J-1: Peaks and Points of Interest in the Test 1 Dataset (by Line Number of the Processed Compiled Datasheet) 

Drift 
+Y 

C1 

+X 

C1 

0 disp 

end Q1 

-X 

C1 

-Y 

C1 

0 disp 

end C1 
+Y C2 

-X 

C2 

0 disp 

end Q3 
+X C2 

-Y 

C2 

0 disp 

end C2 
Notes Date 

0.125% 10 22 27 32 42 48 55 65 70 75 85 90  
14-18 

Aug 

0.25% 100 120 127 139 159 170 179 199 209 219 239 249  
18-19 

Aug 

0.5% 

Circle 1 
269 309 333 352 392 412 432 471 492 512 552 572 

Stopped @ 0 load X 

overnight, line 326, 

resid +0.1% 

19-20 

Aug 

0.5% 

circle 2 
592 631 653 673 712 734 N/A N/A N/A N/A N/A N/A 

Overnight stop @ end 

(line 734) was 0 disp 

and approx. 0 load too 

20 Aug 

0.75% 

circle 1 
N/A N/A N/A N/A N/A N/A 766 825 855 885 944 974  21 Aug 

0.75% 

circle 2 
1005 1064 1094 1124 1184 1214 1244 1304 1335 1365 1423 1454  21 Aug 

0.75% 

circle 3 
1484 1544 1574 1604 1664 1694 1725 1784 1815 1844 1903 1935 

Rhomboid 1 done at end 

(line 1935) 
21 Aug 

1.0% X 2219 1976 2017 2056 2136 2097 N/A N/A 2178 N/A N/A N/A  25 Aug 

1.5% 

(KEQ) 
2239 2358 2423 2482 2602 2666 N/A N/A N/A N/A N/A N/A 

Stopped @ 0 load Y 

overnight, line 2634. 

Rhomboid 2 done here, 

resid -0.63% 

25 –26 

Aug 

1.5% 

(SLP) 
N/A N/A N/A N/A N/A N/A 2725 2845 2906 2965 3084 3147 

Stopped @ 0 load Y 

overnight, line 3120, 

resid -0.55% 

26–27 

Aug 

2.0 % 3228 3387 3472 3551 3710 3792 3871 4031 4115 4194 4354 4435 

Stopped @ 0 load X 

overnight, line 3426, 

resid +1% 

28 Aug – 

1 Sept 
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Stopped @ 0 load X 

overnight, line 4071, 

resid -0.95% 

2.5% 4534 4733 4838 4937 5137 5238 5337 5537 5638 5739 5937 6038 

Stopped @ 0 load X 

overnight, line 4781, 

resid +1.25% 

Stopped @ 0 load Y 

overnight, line 5983, 

resid -1.3%. Rhomboid 

3 was done here 

2 Sept 

3.0% 6157 6397 6522 6641 6881 7002 N/A N/A N/A N/A N/A N/A 

Stopped @ 0 load X 

overnight, line 6453, 

resid +1.54% 

Line 7061 is the last line 

without control error, 

line 7065 is final data 

line (after control error) 

3-4 Sept 

 

Notes: 

• Colour coding for the table and the corresponding UDL+DAQ compiled test Excel file is as follows: 

o Green – Data lines where the loading crossed through (0,0) displacement after each quarter circle in the loading protocol – End of quarter 1 

(Q1), End of cycle 1 (C1 – AKA quarter 2 (Q2)), End of quarter 3 (Q3), End of cycle 2 (C2 – AKA quarter 4 (Q4)). 

o Yellow – Data lines at peaks for the drift level (+Y, +X, -X, -Y). 

o Orange – Data lines where the test was stopped overnight leaving the specimen at a residual drift in one direction. 

o Red – Data lines where significant damage occurred, or the standard loading protocol was stopped to do a rhomboid. 

• The first line of data is line 5. 

• To find residual drifts – search for the zero displacement at the end of cycle or quarter you are interested in, then scroll until the X load or Y load total 

is zero (at end of C1 and C2, Y load will cross zero; at end of Q1 and Q3, X load will cross zero). Note that residual Y and residual X drifts did not 

occur concurrently because the linearized circular protocol enforced zero displacement in one direction outside of the arcs. After the structure underwent 

plastic deformation, this meant there was always a residual load in one direction. 
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• Note that a full “circle” of the linearized circular protocol is composed of two “hourglass” shaped cycles. 

• 3 cycles were done at 0.5% drift and 5 cycles were done at 0.75% drift as part of the Kaikōura loading protocol. That is why there are multiple “circles” 

for these drift levels. 

• The 1.0% cross data line numbers look disjointed because the loading order was different for the peaks. It went in the order of -X, +X, -Y, then +Y. 

This was to make it line up better with the linearized circular loading at the end and provide the X direction loading first, as the purpose of the 1% 

cross was to track web-splitting development. Loading from the 1.0% cross into the 1.5% drift level did not have a return to 0 at the end. Instead, the 

+Y peak of the 1% cross was done last and then loading was continued up to the 1.5% +Y peak drift directly. 

• For 1.5% drift, only one cycle was completed as part of the Kaikōura EQ portion. The first rhomboid was done after this and the second 1.5% cycle 

was done as part of the standard loading protocol. This is why the first and second 1.5% cycles are shown on different rows. 

• When searching through PTV cam data for peaks, search for the peak desired and look for the data entry in the compiled data spreadsheet. There is a 

timestamp for each reading. With the data line and exact time known, the correct photo can be found. Note that the image folders for PTV cams have 

1000 photos each and that there were 31 shots taken before the test start (36 extra shots by the start of 0.25% drift). Typically, if you start by adding 

this amount to the data entry number it will put you in the right “ball-park” for the photo number. As the test continued, force triggers were taken at 

the start and end of each test day, so at higher drifts the offset between data line and photo number will be higher. From 13 days of testing and switching 

between standard loading and 3 rhomboids, this adds an additional 38 triggers through the test, further offsetting the data line from the camera shot 

progressively.  

• Unzipping of the diaphragm between U4 and U5 occurred in first 1.5% arc (+Y to +X) between lines 2239 and 2358, though the worst damage from 

mesh unzipping appears to develop between lines 2285 and 2358.  

• Rhomboids were done after: 

o  0.75% drift. Line 1935. No residual drift, 40.4 kN Y, -99.6 kN X. After the rhomboid 23.5 kN Y, -82.72 kN X.           

o 1.5% drift (after only the KEQ cycle was done). Line 2634. Residual Y drift of -0.63%, -33 kN Y, 466.7 kN X. After the rhomboid -15.5 kN 

Y, 406 kN X. 

o 2.5% drift. Line 5983. Residual Y drift of -1.3%, -17 kN Y, -507 kN X. After the rhomboid -40 kN Y, -433 kN X. 
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J.4. Rhomboid Post-Processing: 

The same merging and processing method was used as the main test. The main difference was that the 

rhomboid files were not appended to each other, even for the same experiment. This was because 

rhomboid loading was done when the frame specimen was at different damage states, effectively 

meaning each rhomboid was conducted on a different specimen. 

IMPORTANT NOTE: While processing the reference draw-wire data for column A2 (the column that 

was being “driven” in each of the rhomboids), it was found that the reference draw-wire at the bottom 

of the column (channel e12) appeared to be reading incorrectly. For Test 1 rhomboids, it showed very 

small readings that aligned with the top draw-wire, but off by a factor of approximately 12. For Test 2 

rhomboids, it appeared as though the draw-wire was not reading at all.  

Verification was done to make sure that it was indeed the reference draw-wires and not the rams that 

were providing incorrect readings – which would have indicated a control error. Readings from 

tempsonic channels v4 and v7 (E-W direction movement of slider plates under columns B2 and C2 

respectively) and draw-wire channel a13 (E-W horizontal beam profile nearest to column A2) 

confirmed that the bottom rams were moving approximately where they were supposed to. This 

confirmed the issue was with channel e12. 

For the rhomboids, it has been judged that taking just the top reference draw-wire should be sufficient 

for a valid reference measurement of displacement. This is because all the rams were moving in unison 

(so the column was translated with no rotation through loading), making the difference between the 

reference draw-wires theoretically negligible. The fact that the bottom draw-wire agreed with the trends 

of the top draw-wire for the Test 1 data but was off by a factor of approximately 12 for all readings also 

indicates that there was perhaps a calibration error and confirms the column did not rotate. 

Note that the issue with draw-wire e12 should also be considered when processing linearized 

circular load protocol data. When using it to calculate a reference drift level, it may under report 

the actual drift level for both Test 1 and Test 2. 

J.4.1. Test 1 

• Rhomboid 1-1: 

o UDL+DAQ_SLS Rhomboid_0_75 percent 25Aug2020.xlsx. There is good alignment 

between the DAQ and UDL files. Only one extra trigger reading needed to be removed 

at the end of the DAQ file. 

o The file was zeroed to remove the offsets caused by the structure being left at a residual 

drift, as it was viewed as preferable to isolate the effects from the rhomboid loading for 

ease of analysis. This file is named “UDL+DAQ_SLS Rhomboid_0_75 percent 

25Aug2020 Zeroed.xlsx” 

o The zeroed file was processed by adding columns from column A to Z. These columns 

show: 

▪ Average ram displacement for each of the ram couple groups. For each ram 

group there is an average based on the ram draw-wires and another based on 

the reference draw-wires. 

▪ Total ram load for each ram couple group. 

▪ Critical draw-wires were copied to the front of the spreadsheet for ease of 

finding. These draw-wires are the ones at beam height of the specimen that 

connect between the columns. In regular linearized circular loading, these 

readings are most useful for tracking beam elongation. For the rhomboid 

loading they can also be used to track shear stiffness with use of the diagonal 

draw-wires providing a shear panel layout. 
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▪ Colour coding was added to align with Table 2. 

▪ The final processed file is “UDL+DAQ_SLS Rhomboid_0_75 percent 

25Aug2020 Final.xlsx”. 

 

• Rhomboid 1-2: UDL+DAQ_ULS_Post_1_50_Percent_Rhomboid_27Aug2020.xlsx. There is 

good alignment between the DAQ and UDL files. Only one extra trigger reading needed to be 

removed at the end of the DAQ file. 

o The same processing was completed as for rhomboid 1. The final processed file is 

“UDL+DAQ_ULS_Post_1_50_Percent_Rhomboid_27Aug2020 Final.xlsx” 

 

• Rhomboid 1-3: UDL+DAQ_ULS_Rhomboid_Post_2_50_Percent_03Sept2020.xlsx. There is 

good alignment between the DAQ and UDL files. Only one extra trigger reading needed to be 

removed at the end of the DAQ file. 

o The same processing was completed as for rhomboid 1. The final processed file is 

“UDL+DAQ_ULS_Rhomboid_Post_2_50_Percent_03Sept2020 Final.xlsx” 

J.4.2. Test 2 

• Rhomboid 2-1: UDL+DAQ_Day7_Rhomboid_End_of_NEQ_19Feb21_actual_test.xlsx. 

There is good alignment between the DAQ and UDL files. Only one extra trigger reading 

needed to be removed at the end of the DAQ file. 

o The same processing was completed as for rhomboid 1. The final processed file is 

“UDL+DAQ_Day7_Rhomboid_End_of_NEQ_19Feb21 Final.xlsx” 

 

• Rhomboid 2-2: UDL+DAQ_Day10_Rhomboid_Post_2%SLP_24Feb21.xlsx. There is good 

alignment between the DAQ and UDL files. Only one extra trigger reading needed to be 

removed at the end of the DAQ file. 

o The same processing was completed as for rhomboid 1. The final processed file is 

“UDL+DAQ_Day10_Rhomboid_Post_2%SLP_24Feb21 Final.xlsx” 

 

• Rhomboid 2-3: UDL+DAQ_Day13_Rom_Post_3.0%_01Mar21.xlsx. There is good alignment 

between the DAQ and UDL files. Only one extra trigger reading needed to be removed at the 

end of the DAQ file. 

o The same processing was completed as for rhomboid 1. The final processed file is 

“UDL+DAQ_Day13_Rom_Post_3.0%_01Mar21 Final.xlsx” 

 

• Rhomboid 2-4: UDL+DAQ_Day17_ROM_Post_4.0%_05Mar21.xlsx. There is good 

alignment between the DAQ and UDL files. Only one extra trigger reading needed to be 

removed at the end of the DAQ file. 

o The same processing was completed as for rhomboid 1. The final processed file is 

“UDL+DAQ_Day17_ROM_Post_4.0%_05Mar21 Final.xlsx” 

 

 

 

 



 

J-12 

 

Table J-2: Peaks and Points of Interest in the Rhomboid Datasets (by Line Number of the 

Processed Compiled Datasheets) 

Rhomboid 
Peak 

+X 

Disp at Peak 

+X (mm) 

0 disp after 

+X 
Peak -X 

Disp at 

Peak -X 

(mm) 

0 disp after 

-X (End) 

Test 1 Post 0.75% 

KEQ 
42 6.54 90 120 -6.41 150 

Test 1 Post 1.5% 

KEQ 
66 13.79 126 186 -13.24 246 

Test 1 Post 2.5% 

SLP 
82 17.41 158 234 -17.69 311 

Test 2 Post NEQ 34 6.27 62 92 -6.13 122 

Test 2 Post 2.0% 

SLP 
66 11.85 122 186 -14.77 246 

Test 2 Post 3.0% 

SLP 
86 17.97 167 246 -18.25 327 

Test 2 Post 4.0% 

SLP 
147 33.75 290 427 -31.9 565 

 

• The first reading of each file is Line 5. 

• At line 147 of the Test 2 Post 4.0% SLP rhomboid, the diaphragm split between U5 and U6, 

substantially dropping the load resistance of the structure. The crack was much wider at the 

north end of the structure. 
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K. APPENDIX K – PTV SYSTEM TESTING 

This appendix details the testing and checks used to develop the camera layout, dot layout and camera 

settings for the particle tracking system used in Test 1. These checks were done to ensure the particle 

tracking data would be as easy as possible to process and minimize difficulties that could arise from 

crack mapping and accessing the floor top of the specimen during testing. 

The author acknowledges Roger Nokes and Justin Brown. Roger Nokes provided free access to the 

Streams software package he created for particle tracking analysis and provided continuous guidance 

on how to design the experimental PTV system to best take advantage of the software’s capabilities. 

Justin Brown kindly provided practical guidance based on previous experience designing PTV setups 

for structural experiment applications. Additionally, all pre-test analyses and screenshots from within 

the Streams software presented in this appendix were provided by Justin Brown while teaching the 

author how to use the software. 

The first tests were conducted to observe the effect of different particle sizes and shapes from the 

approximate expected height of the mounted cameras and ensure they would be easily identifiable to 

the Streams software against the background of concrete painted white. The contrast was found to be 

satisfactory, as displayed in Figure K-1. In the same round of contrast testing, the dots were placed in 

an area with shadows as displayed in Figure K-2. It was found that the contrast was less ideal but still 

adequate for particle identification. The frame used to mount cameras needed to span above the floor, 

which cast intermittent shadows over large sections of the floor. A lighting system to eliminate the 

shadows was not found, but it was judged that the analysis software could account for the change in 

contrast. 

       

Figure K-1: Initial Testing of Camera Height and Dot Size and Shape for Particle Identification 

       

Figure K-2: Testing of Dot Particle Identification Near Unremovable Shadows 
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Following this testing, the required camera heights to provide overlapping fields of vision with the 

available 18 cameras was calculated, leading to the camera mounting frame design described in Chapter 

3 and displayed in the Appendix F UC 7 drawing set. The required camera heights were tested with a 

tripod, as shown in Figure K-3, to ensure adequate particle identification was still possible and to allow 

for scaling of the pictures from pixel space to physical space. This provided a measure of the physical 

accuracy provided by the 4000x6000 pixel images. Cameras 1 to 12 were mounted with their lenses 

1850 mm above the floor, which translated to a physical pixel size of 0.4 mm. This provided an accuracy 

of ±0.2 mm. Cameras 13 to 18 were mounted with their lenses 2200 mm above the floor to provide a 

larger picture domain which translated to a physical pixel size of 0.5 mm. This provided an accuracy of 

±0.025 mm. 

 

Figure K-3: Tripod Testing of Camera Height for Scaling 

Additional to the red dots, crack marking and a gridline was also required for data collection. The next 

set of testing was done to ensure that the dots and lines planned for testing could be differentiated and 

filtered apart by the Streams software. It was important that any effect of the porous concrete surface 

was also accounted for, so a set of red dots and different coloured lines were drawn directly onto the 

floor in a zone that was not going to be monitored by the PTV camera system and was unlikely to be a 

critical area of damage on the floor as shown in Figure K-4.  

          

(a) Dots and Lines Drawn for Testing                (b)  Filter Settings to Capture only Red Dots 

          

(c)  Filtered Image                                                (d) Identified Particles 
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(e)  Filtering to Capture Only Blue/Green Lines 

Figure K-4: Testing Ability to Differentiate Between Crack Mapping, Gridlines and Dots for 

Particle Identification 

As shown in Figure K-4 (d) and (e), the Streams software was able to filter for only dots as well as 

differentiating between lines with blue/green hues and black lines. This verified that it was possible to 

crack mark during the test without adversely affecting the particle tracking data collection if only blue 

markers were used. It also verified that it was possible to extract crack marking data without including 

the gridlines. 

After constructing the camera mounting frame described in Chapter 3 and displayed in the Appendix F 

UC 7 drawing set, there were concerns about movement of the frame. This was because it passed above 

the floor at a low height due to the constraints of passing through the specimen loading frame elements. 

The floor topping needed to be regularly accessible during testing for crack marking and damage 

observation, and the low height of the camera mounting frame meant it was necessary to duck under it 

to reach most of the floor. This meant there was high probability of accidental knocking of the mounting 

frame elements when the floor was accessed. A test was conducted to determine the effect on the camera 

data when the mounting frame was knocked. A selection of dots was tracked over multiple images 

before and after the camera frame was knocked. The displacement results from this test are displayed 

in Figure K-5. 

 

Figure K-5: Testing Offsets Created by Knocking the Camera Frame 

The test displayed that following a knock to the mounting frame, it was possible for a permanent 

displacement to occur. It was decided that this was unavoidable and could be made to have minimal 

impact on analysis with use of proper algorithms within the Streams software. The largest concern with 

camera movements was differential movement between cameras. However, the overlaps provided for 

the camera domains meant that even differential movement could be offset during data analysis. 

The cameras were then mounted on the frame and connected to power and trigger cables so they could 

be run continuously over multiple days. Further testing was done with standard sensors in view to check 
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they did not create issues with particle identification. To ensure consistency between images and 

prevent the camera settings from changing, the cameras were also switched to manual settings. The 

outputs from this testing are displayed in Figure K-6. 

        

(a) Photo Using Initial Manual Settings                             (b) Particle Identification With  

                                                                                             Spurious Sensor Particles 

 

(c)  Individual Particle Identification 

Figure K-6: Testing Camera Manual Settings in Final Mounting Position 

It was found that the initial selected manual settings created a pinkish hue on the white background. 

This meant the background did not appear as zero intensity after filtering for the red dots as shown in 

Figure K-6 (c). Identification of the dot was still feasible, but it was decided that the camera settings 

should be altered to make the background as plain white as possible. Additionally, it was found that 

orange tones from wood sensor mounting brackets caused some instances of spurious particle 

identification. It was decided that all orange elements should be covered with green tape to remove the 

potential for this effect. 

An example of the trial test following the implementation of these changes is displayed in Figure K-7. 

The addition of green tape was successful at eliminating spurious identification of particles as seen in 

the black areas without any dot identification. The change in manual settings was also successful at 

reducing the background red intensity to near zero. 
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Figure K-7: Testing Final Camera Manual Settings, Mounting Position and Floor Surface 

Conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

L-1 

 

L. APPENDIX L – FRAME EXPERIMENT RESULTS: OBSERVED 

DAMAGE AND PHOTO LOG 
 

The progression of floor topping and soffit cracking throughout the applied drift cycles in Test 1 is 

displayed in this Appendix. In the following figures, green is used to display existing cracking at the 

beginning of the test, red is used to display new cracking that occurred at the current drift level and blue 

is used to display cracking that occurred at previous drift levels. 

A guide displaying the location within the simulated 2016 Kaikōura Earthquake demands (KEQ) or 

subsequent standard loading protocol (SLP) is provided with each set of crack map figures. 
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L.1. Pre-Test Existing Floor Cracking 

 

(a) Location in 2016 Kaikōura Earthquake Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-1: Floor Cracking Observed Prior to Test 1 
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L.2. Floor Damage Following 2016 Kaikōura Earthquake (KEQ) 0.125% Drift Cycles 

 

 

(a) Location in 2016 Kaikōura Earthquake Loading Protocol 

      

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-2: Floor Cracking Observed Following 0.125% KEQ Drift Cycles 
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L.3. Floor Damage Following 2016 Kaikōura Earthquake (KEQ) 0.25% Drift Cycles 

 

 

(a) Location in 2016 Kaikōura Earthquake Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-3: Floor Cracking Observed Following 0.25% KEQ Drift Cycles 
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L.4. Floor Damage Following 2016 Kaikōura Earthquake (KEQ) 0.5% Drift Cycles 

 

 

(a) Location in 2016 Kaikōura Earthquake Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-4: Floor Cracking Observed Following 0.5% KEQ Drift Cycles 
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L.5. Floor Damage Following 2016 Kaikōura Earthquake (KEQ) 0.75% Drift Cycles 

 

 

(a) Location in 2016 Kaikōura Earthquake Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-5: Floor Cracking Observed Following 0.75% KEQ Drift Cycles 
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L.6. Floor Damage Following 2016 Kaikōura Earthquake (KEQ) 1.5% Drift Cycles 

 

 

(a) Location in 2016 Kaikōura Earthquake Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-6: Floor Cracking Observed Following 1.5% KEQ Drift Cycles 
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L.7. Floor Damage Following Standard Loading Protocol (SLP) 1.5% Drift Cycles 

 

 

(a) Location in Standard Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-7: Floor Cracking Observed Following 1.5% SLP Drift Cycles 
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L.8. Floor Damage Following Standard Loading Protocol (SLP) 2% Drift Cycles 

 

 

(a) Location in Standard Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-8: Floor Cracking Observed Following 2% SLP Drift Cycles 
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L.9. Floor Damage Following Standard Loading Protocol (SLP) 2.5% Drift Cycles 

 

 

(a) Location in Standard Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-9: Floor Cracking Observed Following 2.5% SLP Drift Cycles 
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L.10. Floor Damage Following Standard Loading Protocol (SLP) 3% Drift Cycles 

 

 

(a) Location in Standard Loading Protocol 

 

(b) Topping Cracking 

 

(c) Soffit Cracking 

Figure L-10: Floor Cracking Observed Following 3% SLP Drift Cycles 

Final cycle at 3% 

not completed due 

to actuator control 

issue while loading 

to -3% drift (Y) at 

the start of the 

cycle 
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M. APPENDIX M – RHOMBOID TEST FLOOR DEFORMATION 

DATA 

M.1. Data Conventions 

In this Appendix, local deformation data of the floor topping for the seven rhomboid loading protocols 

undertaken during both tests is presented. The global deformations for the rhomboid loading protocols 

were applied by extending and retracting east-west actuators attached to column A2 to translate the 

north frame while holding the south frame stationary as described in Section 3.6.1. When considering 

the damage inducing deformations applied to the specimen from this loading protocol, it is appropriate 

to relate to shear strain of the floor rather than translational movement of the north frame. Shear strain 

is a more generalized way of considering the applied deformation, that is less dependent on the specific 

dimensions of the frame. Additionally, from a practical standpoint, the two bays of the specimen had 

the potential to deform independently during the rhomboid loading protocol as a feature of the specimen 

and loading frame. This means the applied displacement at column A2 was not necessarily indicative 

of the shear demands applied to each bay of the specimen. To measure the global shear strain of each 

bay individually, draw-wires were installed directly to the column concrete faces approximately 100 

mm above the floor topping, crossing the floorplate diagonally. This removed the potential for any 

deformation losses through the loading frame or columns to be included in the results. The locations of 

the global draw-wire measurements and the method of used to calculate shear strain is displayed in 

Figure M-1.   

 

(a) Method of Calculating Shear         (b)  Diagonal Measurements Recorded from Column-Faces 

        Strain (Cheung 1991)                             to Calculate Shear Strain for Each Bay of the Specimen 

Figure M-1: Location of Draw-Wires to Capture Diaphragm Shear Deformation in Each Bay 

Positive shear strain was defined as an anti-clockwise rotation (when the E-W actuators at column A2 

were extended) and negative shear strain as clockwise rotation (when the E-W actuators at column A2 

were retracted) as shown in Figure M-2. Shear strain is reported in radians. 
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Figure M-2: Diaphragm Shear Strain Sign Convention 

Data is displayed in two ways to provide the ability to compare deformations easily. Graphs displayed 

on the left side of pages are unscaled, providing a close-up view of the data to allow for comparisons 

of local deformations in each individual rhomboid. Graphs displayed on the right side of pages are 

scaled to the final rhomboid of the test (super-assembly test 1 or test 2). These graphs provide visual 

context of the difference of magnitude in global and local deformation between the rhomboid loading 

protocols, as floor damage increased, and it was possible to apply larger shear deformations to the 

specimen without causing substantial new damage. 

M.2. Specimen Global Rhomboid Load-Shear Strain Response 

The load-shear strain response of individual bays for the rhomboids of Test 1 and Test 2 are displayed 

in this section in Figure M-3 and Figure M-5. These are the figures referenced in the following 

paragraphs. The average load-shear strain response for each test displayed in Section 4.3.1 is also shown 

for completeness. 

In the first rhomboid loading protocol of Test 1, the first bay exhibited more shear deformation from 

the applied loading than the second bay overall. It is possible that due to the small displacement demand 

and high stiffness of the specimen frame that there were losses in loading through the arrow frames 

resulting in noticeably less demands for the second bay. This effect had been effectively eliminated by 

the second rhomboid loading protocol. 

During the third rhomboid loading protocol of Test 1 (and to a lesser extent in the second rhomboid 

loading), the first bay of the specimen displayed much greater shear distortion compared to the second 

bay under negative shear demands but not under positive shear demands. At this stage of testing, the 

behaviour of the two bays had been decoupled by the beta-beta (U4-U5) split. As discussed in Section 

M.3.2 and M.4, evidence suggests damage concentrated in beam A2B2 and it had lost torsional stiffness 

to a greater degree than the rest of the frame specimen beams by the start of the third rhomboid loading 

protocol, making it the least stiff boundary element of the specimen. Under positive diaphragm shear 

demands, the primary diaphragm compressive strut of the first bay landed into beams near corner 

column A2. This meant support beam A2B2 was assisted in transferring compressive struts into column 

A2 by longitudinal beam A1A2. Under negative shear demands, the primary diaphragm compression 

strut landing in beam A2B2 would land in the beam near column B2. This meant the weak-axis shear 

load-path through the western end of beam A2B2 was the only available load-path for the compression 

strut in the first bay. As this weak axis shear load-path had substantially deteriorated stiffness, it reduced 

the overall first bay diaphragm stiffness. 

During all rhomboid loadings of Test 2, the shear deformation of the first bay was greater than for the 

second bay. In the first rhomboid loading, this could again be at least partially attributed to losses in the 

loading frame for displacements applied to the second bay due to the high specimen stiffness and low 

displacement demands. For 2nd, 3rd and 4th rhomboid loading protocols, this was primarily caused by 
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the wide cracking along the A2B2 beam-to-floor interface that opened by +2% drift (║) of the standard 

loading protocol. Beam elongation and drift induced crack widening damage concentrated at this 

interface for the first bay because the seating detailing used mesh for beam-floor continuity reinforcing 

without starter bars, creating a weak and brittle interface. Prior to the second rhomboid loading protocol, 

the mesh ruptured along this interface, meaning it was unreinforced. An interesting behaviour observed 

throughout the rhomboids was that the first bay stiffness was greater under negative global shear strain 

compared to positive global shear strain. The proposed reason for this behaviour was the ability for the 

first bay main diagonal diaphragm compression strut to land across the wide crack at the western end 

of the A2B2 under negative diaphragm shear strain demands but not at the eastern end of the wide crack 

under positive diaphragm shear strain demands. This was due to a large wedge of topping concrete that 

had fallen into the beam-to-floor interface crack near the western end of beam A2B2 which was 

providing a residual contact stress compressive load-path as discussed in Section 4.1 and shown in 

Figure 4-9. This meant the first bay compressive strut under positive diaphragm shear strain could only 

land in the longitudinal beam or be tied back to the second bay of the floor through the beta-beta 

stitching bars in the second, third and fourth rhomboid loading protocols as shown in Section 4.3.3 and 

Figure 4-35, leading to reduced stiffness of the first bay. 

An important comparison to note is that despite significant wide cracking at the support-beam-to-floor 

cracks in Test 2 (including loss of compressive load-path along the A2B2 interface), the overall shear 

stiffness during rhomboid loading protocols was substantially higher than for Test 1 following all levels 

of inter-storey drift demands. As discussed in later sections, this is indicative that the critical factor 

determining loss of diaphragm shear stiffness is deterioration of the beam plastic hinge weak-axis shear 

load-paths, particularly at intermediate columns. Additionally, sustaining diaphragm load-paths across 

bays of the frame with beta-beta unit stitching bars is critical to improving the stiffness of compressive 

strut landing zones at intermediate columns. 

 

 

 

 

 

 

 

 

 

 



 

M-4 

 

M.2.1. Test 1 Diaphragm Individual Bay Load-Shear Strain Response 

     

(a) Rhomboid 1 Data Unscaled                        (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

     

               (c)  Rhomboid 2 Data Unscaled                        (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

   

                                                                                                              (e) Rhomboid 3 Data 

Figure M-3: Load-Shear Strain Response of Individual Specimen Bays in the Test 1 Rhomboid 

Loading Protocols 
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M.2.2. Test 1 Diaphragm Average Load-Shear Strain Response 

       

(a) Rhomboid 1 Data Unscaled                       (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

         

               (c)  Rhomboid 2 Data Unscaled                      (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                             (e) Rhomboid 3 Data 

Figure M-4: Average Load-Shear Strain Response of the Test 1 Specimen Through the 

Rhomboid Loading Protocols 
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M.2.3. Test 2 Diaphragm Individual Bay Load-Shear Strain Response 

         

(a)   Rhomboid 1 Data Unscaled                          (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

            

               (c)  Rhomboid 2 Data Unscaled                      (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

            

             (e)  Rhomboid 3 Data Unscaled                          (f) Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                              (g)  Rhomboid 4 Data 

Figure M-5: Load-Shear Strain Response of Individual Specimen Bays in the Test 1 Rhomboid 

Loading Protocols 
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M.2.4. Test 2 Diaphragm Average Load-Shear Strain Response 

              

(a) Rhomboid 1 Data Unscaled                     (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

               

               (c)  Rhomboid 2 Data Unscaled                      (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                 

               (e)  Rhomboid 3 Data Unscaled                          (f) Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                              (g)  Rhomboid 4 Data 

Figure M-6: Average Load-Shear Strain Response of the Test 2 Specimen Through the 

Rhomboid Loading Protocols 
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M.3. Column-to-Floor Gaps 

M.3.1. East-West Column-to-Floor Gaps  

The naming and colour coding conventions and measurement locations of sensors used to provide the 

data for this section are displayed in Figure M-7. Spring potentiometers were mounted to the floor 

topping pressing against the column faces. 

  

 

 

(a) Sensor Naming and Colour Coding             (b)  Sensor Location Dimensions from Column 

                                                                                                  Corners (in mm) 

Figure M-7: E-W Column-to-Floor Gap Measurement Naming Conventions and Locations 

Test 1 Rhomboid Loading Protocols 

 

Figure M-8: Test 1 Pre-Rhomboid, 1st Bay E-W Column-to-Floor Gap Extensions 

Fig. M-8, Fig M-9, 

Fig M-12, Fig M-14 

Fig. M-10, Fig M-11, 

Fig M-13, Fig M-15 
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(a)  Rhomboid 1 Data Unscaled                                (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

             

       (c)  Rhomboid 2 Data Unscaled                          (d) Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                           (e) Rhomboid 3 Data 

Figure M-9: Test 1 Rhomboid 1-3, 1st Bay E-W Column-to-Floor Gap Extensions 

 

Figure M-10: Test 1 Pre-Rhomboid, 2nd Bay E-W Column-to-Floor Gap Extensions 
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(a)  Rhomboid 1 Data Unscaled                            (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

           

       (c)  Rhomboid 2 Data Unscaled                             (d) Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                        (e) Rhomboid 3 Data 

Figure M-11: Test 1 Rhomboid 1-3, 2nd Bay E-W Column-to-Floor Gap Extensions 
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Test 2 Rhomboid Loading Protocols 

 

Figure M-12: Test 2 Pre-Rhomboid, 1st Bay E-W Column-to-Floor Gap Extensions 

 

Figure M-13: Test 2 Pre-Rhomboid, 2nd Bay E-W Column-to-Floor Gap Extensions 

 

 

 

 

 

 

 

 

 

 

 

 



 

M-12 

 

                

(a) Rhomboid 1 Data Unscaled                              (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                 

        (c) Rhomboid 2 Data Unscaled                                 (d) Rhomboid 2 Data Scaled to Rhomboid 4 

                  

         (e) Rhomboid 3 Data Unscaled                                 (f) Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure M-14: Test 2 Rhomboid 1-4, 1st Bay E-W Column-to-Floor Gap Extension 
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(a) Rhomboid 1 Data Unscaled                              (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

            

            (c) Rhomboid 2 Data Unscaled                          (d) Rhomboid 2 Data Scaled to Rhomboid 4 

          

             (e) Rhomboid 3 Data Unscaled                          (f) Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                           (g) Rhomboid 4 Data 

Figure M-15: Test 2 Rhomboid 1-4, 2nd Bay E-W Column-to-Floor Gap Extensions 
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M.3.2. North-South Column-to-Floor Gaps  

The naming and colour coding conventions and measurement locations of sensors used to provide the 

data for this section are displayed in Figure M-16. Spring potentiometers were mounted to the floor 

topping pressing against the column faces. 

     

 

 

(a) Sensor Naming and Colour Coding             (b)  Sensor Location Dimensions from Column 

                                                                                                  Corners (in mm) 

Figure M-16: N-S Column-to-Floor Gap Measurement Naming Conventions and Locations 

 

Test 1 Rhomboid Loading Protocols 

 

Figure M-17: Test 1 Pre-Rhomboid, 1st Bay N-S Column-to-Floor Gap Extensions 

 

 

 

 

Fig. M-17, Fig M-18, 

Fig M-21, Fig M-22 

Fig. M-19, Fig M-20, 

Fig M-23, Fig M-24 
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(a) Rhomboid 1 Data Unscaled                          (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                

           (c)  Rhomboid 2 Data Unscaled                        (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                       (e)   Rhomboid 3 Data 

Figure M-18: Test 1 Rhomboid 1-3, 1st Bay Column-to-Floor N-S Gap Extensions 

 

Figure M-19: Test 1 Pre-Rhomboid, 2nd Bay N-S Column-to-Floor Gap Extensions 
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(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

               

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-20: Test 1 Rhomboid 1-3, 2nd Bay N-S Column-to-Floor Gap Extensions 

Test 2 Rhomboid Loading Protocols 

 

Figure M-21: Test 2 Pre-Rhomboid, 1st Bay N-S Column-to-Floor Gap Extensions 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                 

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

               

                 (e)  Rhomboid 3 Data Unscaled                        (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure M-22: Test 2 Rhomboid 1-4, 1st Bay N-S Column-to-Floor Gap Extensions 
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Figure M-23: Test 2 Pre-Rhomboid, 2nd Bay N-S Column-to-Floor Gap Extensions 
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(a) Rhomboid 1 Data Unscaled                   (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

           

              (c) Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

               

             (e)  Rhomboid 3 Data Unscaled                      (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g)  Rhomboid 4 Data 

Figure M-24: Test 2 Rhomboid 1-4, 2nd Bay N-S Column-to-Floor Gap Extensions 
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M.4. Support-Beam-to-Unit-Back-Face Local Crack Widths 

The naming and colour coding conventions and measurement locations of sensors used to provide the 

data for this section are displayed in Figure M-25. Linear potentiometers were mounted on threaded 

rods anchored into the topping concrete on either side of the critical support-beam-to-floor unit back-

face crack interfaces. 

 

 

    

 

 

(a) Test 1 Sensor Naming and Colour Coding            (b)  Test 2 Sensor Naming and Colour Coding 

 
(c)  Sensor Location Dimensions from Corner Column Faces (in mm) 

Figure M-25: Support-Beam-to-Unit-Back-Face Crack Width Measurement Naming 

Conventions and Locations 

M.4.1. Test 1 Support-Beam-to-Unit-Back-Face Local Crack Widths 

An interesting phenomenon was observed for all beam-to-floor connections in Test 1 and the 

longitudinal beam-to-floor connections of Test 2. At later stages in testing, data suggested the cracks 

had closed completely and compressed to gaps smaller than the initial undamaged beam-to-floor 

interface widths. This effect can be seen clearly in the rhomboid 3 data of Figure M-27. This would 

suggest significant concrete crushing along these interfaces, which was not consistent with testing 

observations of the crack widths as shown in Figure 5-6. The reason for this is a limitation of the sensor 

Fig. M-31, Fig M-32 Fig. M-33, Fig M-34  

Fig. M-27, Fig M-28 Fig. M-29, Fig M-30 

Section 4.4.4 Section 4.4.4 
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instrumentation. The topping sensors were mounted on rods extending 30 mm above the floor topping 

concrete face. In Test 1, all beams lost substantial torsional stiffness following the 1.5% drift cycles 

(prior to rhomboid loading protocol 2), leading to permanent torsional rotation of the beams into the 

frame interior at the top of the beams. This meant the sensor rods attached to beams were rotated, 

leading to width measurements at the sensor height less than the real width at the topping concrete face. 

An example of this effect is displayed in Figure M-26.  

 

Figure M-26: Example of Apparent Crack Closing in Sensor Measurements After Beam 

Torsional Rotation Due to Vertical Offset of Sensor (-1 mm Measurement Offset Depicted) 

Using the beam torsion inclinometer data, the crack widths were corrected for the sensor anchor rod 

rotation. The crack width correction offsets for the Test 1 support beams are displayed in Table M-1. 

Note that there were no inclinometers attached to beam A2B2 or B2C2, so the correction offsets applied 

to these beams are the values obtained from the A1B1 and B1C1 respectively, assuming the structural 

response was symmetrical.  

Table M-1: Torsional Rotation of Test 1 Support Beams at the Start of Rhomboid Loading 

Protocols and the Estimated Offset this Applied to Sensor Measurements of the Beam-to-Floor 

Crack Width 

 Beam A1B1 (and A2B2) Beam B1C1 (and B2C2) 

Rhomboid Loading 

Protocol # 

Torsional 

Rotation (°) 

Crack Closing 

(mm) 

Torsional 

Rotation (°) 

Crack Closing 

(mm) 

Rhomboid 1 0 0 0 0 

Rhomboid 2 0.4 -0.21 0.55 -0.29 

Rhomboid 3 1.76 -0.92 1.63 -0.85 

 

Beam A1B1 

The crack widths along the A1B1 support-beam-to-floor interface at the start of each rhomboid loading 

protocol of Test 1 are displayed in Figure M-27. The uncorrected crack width values without 

consideration of beam torsion are displayed in Figure M-27 (a) to illustrate the need for corrections 

accounting for  
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(a) Data Before Correcting for Beam Torsional Rotation 

 

(b) Data After Correcting for Beam Torsional Rotation 

Figure M-27: Test 1 Initial Local Beam-to-Floor Crack Widths Along Support Beam A1B1 at 

the Start of Each Rhomboid Loading Protocol 
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(a) Rhomboid 1 Data Unscaled                                 (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                 

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                            (e)  Rhomboid 3 Data 

Figure M-28: Test 1 Rhomboid 1-3, Local Beam-to-Floor Crack Width Extensions Along Beam 

Support Beam A1B1 
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Beam B1C1 

 

Figure M-29: Test 1 Initial Local Beam-to-Floor Crack Widths Along Support Beam B1C1 at 

the Start of Each Rhomboid Loading Protocol 

                           

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                     

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-30: Test 1 Rhomboid 1-3, Local Beam-to-Floor Crack Width Extensions Along Beam 

Support Beam B1C1 
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Beam A2B2 

 

(a) Data Corrected to A1B1 Beam Torsional Rotation 

 

(b) Data with Inferred Beam Torsional Rotation Correction for Beam A2B2 

Figure M-31: Test 1 Initial Local Beam-to-Floor Crack Widths Along Support Beam A2B2 at 

the Start of Each Rhomboid Loading Protocol 
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(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

            

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-32: Test 1 Rhomboid 1-3, Local Beam-to-Floor Crack Width Extensions Along Beam 

Support Beam A2B2 
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Beam B2C2 

 
Figure M-33: Test 1 Initial Local Beam-to-Floor Crack Widths Along Support Beam B2C2 at 

the Start of Each Rhomboid Loading Protocol 

            
(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                
          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 
                                                                                                          (e)  Rhomboid 3 Data 

Figure M-34: Test 1 Rhomboid 1-3, Local Beam-to-Floor Crack Width Extensions Along Beam 

Support Beam B2C2 
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M.5. Local Sliding Shear Deformation Along Support-Beam-to-Unit-Back-Face Cracks 

 

 

 

 

 

(a) Test 1 Sensor Naming and Colour Coding        (b) Test 2 Sensor Naming and Colour Coding           

 

(c)  Sensor Location Dimensions from Corner Column Faces (in mm) 

Figure M-35: Support-Beam-to-Unit-Back-Face Sliding Shear Displacement Measurement 

Naming Conventions and Locations 

 

 

 

 

 

Fig. M-37 Fig. M-36 

Fig. M-38 Fig. M-39 Section 4.4.4 Section 4.4.4 
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M.5.1. Test 1 Local Sliding Shear Deformation Along Support-Beam-to-Unit-Back-Face Cracks 

 

Beam A1B1 

              

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

              

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-36: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between the Floor and 

Support Beam A1B1 
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Beam B1C1 

 

                

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

             

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-37: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between the Floor and 

Support Beam B1C1 
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Beam A2B2 

 

            

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

          

              (c)  Rhomboid 2 Data Unscaled                      (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-38: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between the Floor and 

Support Beam A2B2 
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Beam B2C2 

 

           

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

            

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-39: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between the Floor and 

Support Beam B2C2 
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M.6. Longitudinal-Beam-to-Alpha-Unit Local Crack Widths 

 

 

   

(a) Test 1 Sensor Naming and Colour Coding     

 

     

 

(b) Test 2 Sensor Naming and Colour Coding                   (c)  Sensor Location Dimensions      

                                                                                       from North Column Face (in mm) 

Figure M-40: Longitudinal-Beam-to-Alpha-Unit Crack Width Measurement Naming 

Conventions and Locations 

 

 

 

 

 

 

 

 

Fig. M-41, Fig M-43 Fig. M-42, Fig M-44 

Fig. M-45, Fig M-47 Fig. M-46, Fig M-48 
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M.6.1. Test 1 Longitudinal-Beam-to-Alpha-Unit Local Crack Widths 

The crack width corrections due to beam torsional rotation effects for the Test 1 longitudinal beams are 

displayed in Table M-2. 

Table M-2: Torsional Rotation of Test 1 Longitudinal Beams at the Start of Rhomboid Loading 

Protocols and the Estimated Offset this Applied to Sensor Measurements of the Beam-to-Floor 

Crack Width 

 Beam A1A2 (and C1C2) 

Rhomboid Loading 

Protocol # 

Torsional 

Rotation (°) 

Crack Closing 

(mm) 

Rhomboid 1 0 0 

Rhomboid 2 0.32 -0.17 

Rhomboid 3 0.78 -0.41 

 

Figure M-41: Test 1 Initial Local Beam-to-Floor Crack Widths Along Longitudinal Beam A1A2 

at the Start of Each Rhomboid Loading Protocol 

 

Figure M-42: Test 1 Initial Local Beam-to-Floor Crack Widths Along Longitudinal Beam C1C2 

at the Start of Each Rhomboid Loading Protocol 
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(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                  

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-43: Test 1 Rhomboid 1-3, Local Beam-to-Floor Crack Width Extensions Along 

Longitudinal Beam A1A2 
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(a) Rhomboid 1 Data Unscaled                          (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                   

          (c)  Rhomboid 2 Data Unscaled                            (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

                  

     (e)  Rhomboid 3 Data Scaled to A1A2                                        (f)  Rhomboid 3 Data 

Figure M-44: Test 1 Rhomboid 1-3, Local Beam-to-Floor Crack Width Extensions Along 

Longitudinal Beam C1C2 
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M.6.2. Test 2 Longitudinal-Beam-to-Alpha-Unit Local Crack Widths 

The crack width corrections due to beam torsional rotation effects for the Test 2 longitudinal beams are 

displayed in Table M-3. 

Table M-3: Torsional Rotation of Test 1 Longitudinal Beams at the Start of Rhomboid Loading 

Protocols and the Estimated Offset this Applied to Sensor Measurements of the Beam-to-Floor 

Crack Width 

 Beam A1A2 (and C1C2) 

Rhomboid Loading 

Protocol # 

Torsional 

Rotation (°) 

Crack Closing 

(mm) 

Rhomboid 1 0 0 

Rhomboid 2 0.27 -0.14 

Rhomboid 3 0.95 -0.50 

Rhomboid 4 1.23 -0.64 

 

 

Figure M-45: Test 2 Initial Local Beam-to-Floor Crack Widths Along Longitudinal Beam A1A2 

at the Start of Each Rhomboid Loading Protocol 

 

Figure M-46: Test 2 Initial Local Beam-to-Floor Crack Widths Along Longitudinal Beam C1C2 

at the Start of Each Rhomboid Loading Protocol 
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(a)  Rhomboid 1 Data Unscaled                              (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                        

           (c)  Rhomboid 2 Data Unscaled                             (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                        

           (e)  Rhomboid 3 Data Unscaled                               (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                              (g) Rhomboid 4 Data 

Figure M-47: Test 2 Rhomboid 1-4, Local Beam-to-Floor Crack Width Extensions Along 

Longitudinal Beam A1A2  
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                  

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                      

                 (e)  Rhomboid 3 Data Unscaled                        (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

                     

         (g) Rhomboid 4 Data Scaled to A1A2                                       (h) Rhomboid 4 Data 

Figure M-48: Test 2 Rhomboid 1-4, Local Beam-to-Floor Crack Width Extensions Along 

Longitudinal Beam C1C2 
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M.7. Local Sliding Shear Deformation Along Longitudinal-Beam-to-Alpha-Unit Cracks 

 

 

 

(a)  Test 1 Sensor Naming and Colour Coding         

 

 

 

(b) Test 2 Sensor Naming and Colour Coding                            (c)  Sensor Location Dimensions      

                                                                                                from North Column Face (in mm) 

Figure M-49: Longitudinal-Beam-to-Alpha-Unit Sliding Shear Displacement Measurement 

Naming Conventions and Locations 

 

 

 

 

 

 

Fig. M-50 Fig. M-51 

Fig. M-52 Fig. M-53 
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M.7.1. Test 1 Local Sliding Shear Deformation Along Longitudinal-Beam-to-Alpha-Unit Cracks 

 

                

(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

                   

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-50: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between Alpha Unit 1 

and Longitudinal Beam A1A2 
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(a) Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 3 

       

          (c)  Rhomboid 2 Data Unscaled                           (d)  Rhomboid 2 Data Scaled to Rhomboid 3 

 

                                                                                                          (e)  Rhomboid 3 Data 

Figure M-51: Test 1 Rhomboid 1-3, Local Sliding Shear Displacements Between Alpha Unit 8 

and Longitudinal Beam C1C2 
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M.7.2. Test 2 Local Sliding Shear Deformation Along Longitudinal-Beam-to-Alpha-Unit Cracks 

                      

(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                         

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                        

                 (e)  Rhomboid 3 Data Unscaled                        (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure M-52: Test 2 Rhomboid 1-4, Local Sliding Shear Displacements Between Alpha Unit 1 

and Longitudinal Beam A1A2 
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(a)  Rhomboid 1 Data Unscaled                               (b)  Rhomboid 1 Data Scaled to Rhomboid 4 

                    

           (c)  Rhomboid 2 Data Unscaled                          (d)  Rhomboid 2 Data Scaled to Rhomboid 4 

                      

           (e)  Rhomboid 3 Data Unscaled                            (f)  Rhomboid 3 Data Scaled to Rhomboid 4 

 

                                                                                                            (g) Rhomboid 4 Data 

Figure M-53: Test 2 Rhomboid 1-4, Local Sliding Shear Displacements Between Alpha Unit 8 

and Longitudinal Beam C1C2 
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