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ABSTRACT 

Traditional seismic design philosophy for reinforced concrete seismic frame structures localises 

damage and inelastic deformation to regions of significant plasticity within the beam (plastic 

hinge zones) during a severe earthquake event. Collapse prevention of the frame is applied 

through capacity design methods, requiring the maximum expected flexural strength of the beam 

plastic hinges to be reliably assessed in order to design for, and ensure, the predominantly elastic 

flexural response of the columns in the frame.    

 

Previous experimental and numerical investigations have shown that significant and detrimental 

damage to the frame and floor system occurs due to the formation and elongation of ductile beam 

plastic hinges; requiring extensive post-earthquake repair or demolition with likely loss of 

function of the building. This poses significant economic consequences to occupiers of the 

building, as the time required to reinstate the integrity of the structural and non-structural 

building components is often lengthy.  

 

More importantly, it has been highlighted that the interaction between elongating ductile plastic 

hinges and the accompanying floor system enhances the flexural strength of the beam hinges, 

altering the distribution of forces in the seismic frame compared to that assumed during capacity 

design. Research has shown that the consideration of frame-floor interaction in current New 

Zealand design codes significantly underestimates the flexural strength enhancement of beam 

plastic hinges, threatening the hierarchy of strength and collapse prevention mechanisms 

employed in capacity design.  

 

Recent research has introduced change in the design philosophy of precast concrete seismic 

frames. Rather than designing for localised damage in the frame, unique Non-tearing (of the 

floor) connection details have been developed which provide a gap or slot between the end of the 

beam and column face and force connection rotation to occur about a shallow hinge located at the 

top of the beam, thereby avoiding the formation of plastic hinges and associated beam elongation 

effects altogether. Research investigations have shown that Non-tearing connections successfully 

minimise damage to the structural frame and floor, while providing seismic energy dissipation 

characteristics at least comparable to that of traditional reinforced concrete connections.  
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In this research, the mechanics of different non-tearing connection arrangements were 

investigated and original theory introduced for the aspects of connection behaviour which 

diverged from fundamental reinforced concrete design.  A variety of precast concrete non-tearing 

connection details were developed, with the design focus placed on economic and construction 

efficiency in order to encourage the rapid implementation of non-tearing connection technology 

into New Zealand construction industry.  

 

The performance of the developed connection details were explored and assessed experimentally 

and analytically. A two bay precast concrete frame with precast floor system was tested under a 

demanding reversed cyclic, quasi-static loading protocol using displacement control. The seismic 

response of the non-tearing connection details employed in the test frame successfully minimised 

damage to the frame and floor systems. Only minor repair of one primary crack at each 

connection between the floor diaphragm and supporting beam would be required after a design 

level earthquake. Issues encountered with buckling of the longitudinal reinforcement in the 

bottom of the beam reduced the connection performance at high levels of drift. However, 

detailing measures were successfully employed in successive tests which improved the drift 

capacity of the connections. Detailing improvements to enhance the seismic response of the 

developed non-tearing connections were recommended based observations from the frame test.  

 

Numerical analysis of the non-tearing connection details was performed using simple rotational 

and compound spring models, with the key features of the experimental response captured with 

excellent accuracy. The analytical models were constructed using engineering theory, rather than 

by calibration with experimental observations. The modelling assumptions and principles 

adopted in the analysis have been presented for use in design offices or future research 

programmes when designing and analysing seismic frames using non-tearing connections.  

 

This research successfully contributed to the development and progression of non-tearing frame 

technology. With further research and the refinement of construction details, non-tearing floor 

connections exhibit impressive potential for providing superior seismic safety, performance and 

efficiency in precast concrete seismic frame buildings.    
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CHAPTER 1. INTRODUCTION 

1.1 BACKGROUND AND RESEARCH MOTIVATION 

In the early 1990’s, precast concrete frame construction was not extensively used in seismic 

regions around the world because the framing methods and connection details between precast 

elements were not explicitly approved in design codes. This was due to a lack of analytical and 

experimental research and the absence of code regulations and design guidelines. Design codes 

required experimental and analytical verification of the precast system behaviour to be 

comparable to that of traditional cast-in-place techniques, heavily penalising the progression and 

development of precast concrete frame systems in a rapidly growing construction industry. In 

addition to this, pre-stressing steel was excluded from conforming reinforcement for resistance of 

earthquake induced forces, inhibiting the advantages of combined precasting and pre-stressing 

techniques. 

 

Recognising that precast concrete construction achieves superior quality control, speed of 

erection and aesthetic architectural form advantages, over cast-in-place construction, an extensive 

research programme was initiated at the National Institute of Standards and Technology (NIST) 

in 1987, and developed through the Precast Seismic Structural Systems (PRESSS) Programme in 

1990. The objective of these studies was to develop guidelines and solutions for the economical 

design of precast concrete beam-to-column connections in high seismic regions.  

 

The interaction between reinforced concrete moment frames and precast flooring units during an 

earthquake is a well established topic of concern for structural engineers. During an earthquake, 

ductile regions of plasticity (plastic hinges) form in the beams of reinforced concrete moment 

frames and elongate axially with reversed cycles of inelastic beam rotation. Ductile plastic hinge 

elongation causes interaction and displacement incompatibility between the frame and floor to 

occur, inducing significant damage in the beams and floor diaphragm, which can ultimately lead 

to collapse of the floor units and topping slab. The 1994 Northridge Earthquake highlighted the 
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poor performance of reinforced concrete precast/pre-stressed floor buildings during an 

earthquake, and the severe consequences of collapse that beam elongation and displacement 

incompatibility impose on these structures. Structural collapse of flooring units, in particular 

“hollow core” precast floors, was observed during the Northridge earthquake due to loss of 

seating and floor unit-to-support beam connection failure.  

 

The poor structural performance observed in the Northridge earthquake motivated research at the 

University of Canterbury to concentrate on the particular detailing of reinforced concrete frame 

and precast floor unit structures in order to avoid collapse of the floor units, observed at 

Northridge, from occurring in New Zealand. The inadequacies of existing design and 

construction procedures for precast concrete floor unit frame buildings were investigated and 

outlined by Matthews (2004), with subsequent detailing and design measures for successful 

collapse prevention researched and recommended by Lindsay (2004) and MacPherson (2005). 

This important era of research significantly improved the safety and performance precast/pre-

stressed floor buildings, but relied upon severe localised damage in the ends of the frame beams 

and adjacent floor slab, resulting in costly repair or possible total economic loss after an 

earthquake.  

 

More recently the focus of research has shifted to creating a structural system which achieves the 

seismic safety standards of previous design but with greater consideration for minimum structural 

damage and rapid reinstatement of building function after an earthquake. To achieve these 

demanding objectives, non-tearing (of the floor) and slotted beam connections were developed 

and explored by Ohkubo and Hamamoto (2004) and Amaris et al. (2008). The concept showed 

impressive potential for application in high performance precast concrete frame systems 

subjected to severe earthquakes.  

 

1.2 RESEARCH SCOPE AND OBJECTIVES 

The primary objective of this research project was to develop and experimentally validate a 

variety of precast concrete non-tearing connection details for the rapid implementation in seismic 

resistant moment frame structures in New Zealand.  
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The specific scope and objectives of this research are: 

 

1. The critical evaluation of existing and development of original non-tearing connection 

details, focussing on economic and construction efficiency criteria. 

2. Investigation of the behavioural mechanics of non-tearing connections and the 

development of appropriate and specific seismic design methodology and guidelines.   

3.  Assessment of the seismic performance of several original non-tearing connection details 

through experimental testing of a large scale frame and floor sub-assembly, with 

particular focus on damage induced in the structural system and the interaction between 

the non-tearing connections and precast concrete floor diaphragm.  

4. Verify the experimental response of the developed connection details through numerical 

analysis.  

5. Provide recommendations and guidelines for future research programs, and New Zealand 

seismic frame design and construction practice.  

 

1.3 ORGANISATION OF THESIS 

This research program was organised into four main phases: research and development of the 

history and engineering principles behind non-tearing connection technology, including the 

development of theory and methodology for design of the connections; design and experimental 

investigation of several original non-tearing connection details in a large scale, precast concrete 

frame and precast floor sub-assembly; assessment and evaluation of the seismic response of the 

tested connection details; and numerical analysis to verify the seismic response of the 

connections observed during the experiment.  

 

Chapter 2 summarises the details and key findings from previous research programs investigating 

the seismic performance of precast concrete connections and frame structures, since the early 

1990’s. A clear progression from emulation of monolithic reinforced concrete design to advanced 

systems exhibiting low damage and superior performance is observed with the development of 

research and technology over time.   
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Chapter 3 explores the seismic behaviour and mechanics of non-tearing connections. The seismic 

characteristics of different connection arrangements are introduced, and the advantages and 

disadvantages of the particular details discussed. Design considerations for seismic frames 

constructed with non-tearing connections are outlined, highlighting that due to the unique 

arrangement and behaviour of the connections, some aspects of traditional design theory cannot 

be directly applied. Original design philosophy for the aspects of non-tearing connection design 

which diverge from traditional theory is explored through established engineering principles, and 

recommendations for how to correctly design the connections for seismic actions are contributed.  

 

Chapter 4 provides details of the experimental test program. The prototype building and 

displacement based design principles used in the design of the non-tearing test frame are 

presented. The laboratory configuration of the non-tearing test frame is provided, including 

details of the hydraulic ram and reaction frame test rig for simulating seismic loading, and the 

engineering details of the non-tearing test frame connections and components. A photographic 

sequence of construction is also included. A description of the displacement controlled loading 

protocol and incremental ram control system used for the simulation of seismic displacements on 

the test frame is provided, along with details of the extensive instrumentation layout used to 

capture and record the seismic response of the non-tearing test frame.   

 

Chapter 5 presents a comprehensive summary of the observed frame response at different stages 

of testing. A photographic log illustrating the progression of damage in the frame, floor and 

connections as the testing program progressed is provided and the mechanisms responsible for 

the observed frame response are discussed.  

 

Chapter 6 provides analysis and interpretation of the force and deformation characteristics of the 

non-tearing test frame from the instrument data collected during testing of the frame. The 

connection characteristics of particular interest in this section are storey shear vs. drift response, 

connection and beam elongation, displacement incompatibility between floor and frame, 

deformation of the top hinges, and reinforcement strain profiles. Comparison between the test 

frame and previous research carried out on traditional monolithic reinforced concrete connections 

is provided for some features of the seismic response.  
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Chapter 7 summarises the details and results from the numerical investigation of the experiment 

response of the non-tearing connections. The results from a variety of analytical models, utilising 

different modelling techniques, have been explored and presented. The analysis of the non-

tearing connection models has been compared with an equivalent reinforced concrete connection 

model, and the key seismic characteristics between the two connections types have been 

discussed.  

 

Chapter 8 summarises the key conclusions arising from this research and provides 

recommendations for future research programs and improved connection detailing.  
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CHAPTER 2. RECENT RESEARCH INVESTIGATING THE SEISMIC 

PERFORMANCE OF PRECAST CONCRETE MOMENT FRAME 

STRUCTURES 

2.1 NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY RESEARCH 

PROGRAM 1987 

Following a series of workshops run by the Precast Concrete Industry (PCI) and Precast Concrete 

Manufacturers Association of California (PCMAC) in Los Angeles, 1986, an experimental 

program investigating the seismic performance of 1/3 scale precast concrete moment frame 

connections was carried out at the National Institute of Standards and Technology (NIST) in 

1987. The basic concept of the research was to provide connection and shear resistance through 

the use of post-tensioning steel. The research was divided into four phases. The first phase tested 

four monolithic specimens, designed to Uniform Building Code zones 2 and 4 with the results 

serving as a reference level for the precast connection tests. In addition, two precast post-

tensioned connections were tested as an initial proof of concept of the system (Cheok 1990).  

 

In phase II, six precast post-tensioned connections were tested, with the objective to improve the 

energy dissipation characteristics of the connection by altering the type and location of the post 

tensioning steel. Locating the post tensioning steel at the centroid of the section reduced the strain 

demand in the steel, maintaining connection clamping force to higher drift levels with reduced 

pinching of the force displacement response (Cheok 1991).  

 

Stiffness degradation of the phase II connections were observed in the late stages of testing, 

caused by debonding of the pre-stressing steel, so Phase III explored the concept of partially 

unbonded post tensioning steel in order to solve this issue. Partial or full unbonding of post 

tensioning would become an important concept for later research, with unbonded elastic tendons 

providing shear resistance by friction and self-centering of the connection at high levels of drift 

(Cheok 1993).  
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(a) Specimens I-P-Z4 and K-P-Z4 (b) Details of specimen J-P-Z4 

Figure 2-1 Details of NIST Phase IV-A test specimens (Stone et al. 1995) 

 

Hybrid connections, combining mild steel and pre-stressing/high strength steel, were developed 

and tested in Phase IV, with mild steel acting as an energy dissipater while the pre-stressing steel 

developed friction force between the beam and column to provide shear resistance to the 

connection. Simulated gravity loads were applied to the specimens in phase IV as concerns were 

raised regarding the friction shear capacity under combined gravity and seismic loadings when 

the pre-stressing tendons yielded.  

 

Phase IV-A tested three archetype designs to determine the most promising concepts. All three 

specimens relied upon mild steel fully grouted in “dogbones” at the top and bottom of the beam. 

In order to delay the onset of yielding in the post-tensioned steel, the strands in specimens I-P-Z4 

and K-P-Z4 were fully grouted at the low strain centroid of the section, as shown in Figure 2-1(a). 

As an alternative, unbonded post-tensioned steel was located in the high strain dogbone regions 

at the top of the section in specimen J-P-Z4, as shown in Figure 2-1(b). A third detail, L-P-Z4, 

used unbonded mild steel and post tensioned steel located in the dogbones, with the intent to 

replace the steel components after being damaged, as shown in Figure 2-2.  

 

Energy dissipation, comparable to a monolithic connection, was observed for all three Phase IV-

A connections. Premature failure of the replaceable system occurred due to steel congestion in 

the scaled specimen. Although the damaged steel components were replaced with ease, it was 

concluded that the economic feasibility of this connection may restrict its viability in practise.   
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Figure 2-2 Details of repairable specimen L-P-Z4 NIST Phase IV-A (Stone et al. 1995) 

 

In Phase IV-B four production specimens were fabricated by a precast company and tested. Post-

tensioned steel was located at the centroid of the sections, increasing the elastic drift capacity 

while allowing tendons to be run the full length of the building, reducing the number of 

anchorages, labour and cost. This also eliminated the need for dogbones. The connection 

configuration is shown in Figure 2-3. The amount and type of mild steel reinforcement was 

varied for each specimen and the post-tensioned steel was partially bonded in the midspan of 

each beam. Steel angles were provided at the extreme fibre of the beams at the beam-column 

joint in order to prevent concrete crushing at high levels of drift. The mild steel bars were 

debonded over a region at the beam-column interface, to delay the onset of fracture.  

 

Energy dissipation was again comparable to that of a monolithic equivalent connection. Bond 

failure and mild steel fracture were the common modes of failure and superficial concrete 

damage was observed at moderate levels of drift. Elastic response of the post tensioning was 

successfully achieved at the design level of response.  

 

The NIST research concluded that a hybrid connection, taking advantage of post tensioning and 

mild steel techniques, could be designed to be at least comparable to a traditional cast-in-place 

monolithic connection for high seismic regions, in terms of strength, energy dissipation, drift 

capacity, residual drift and concrete damage (Cheok 1994).  
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Figure 2-3 Details of phase IV-B specimen O-P-Z4 (Stone et al. 1995) 

 

2.2 THE PRECAST SEISMIC STRUCTURAL SYSTEMS (PRESSS) PROGRAM  

 The Precast Seismic Structural Systems (PRESSS) Program was initiated in 1991, with 

collaboration between the United States and Japan for large scale testing of precast concrete 

buildings under seismic loading. The objective of the program was to develop comprehensive and 

rational recommendations for the seismic design of precast concrete buildings. The established 

benefits of precast construction included computer aided, high technology, low labour 

construction methods, rapid site erection and reduced building costs, promoting innovation and 

flexibility in design and construction.  

 

A lack of design experience in the response of precast multi-storey construction subject to strong 

seismic excitation, combined with an absence of test data verifying system behaviour restricted 

the development of precast technology in the United States. The strict code requirements for 

expensive and time consuming experimental testing to confirm the comparable performance of 

new building systems to be at least comparable to traditional construction techniques, inhibited 

innovation and forced focus toward cast-in-place emulation rather than broadening unique 

advantages associated with precast construction.  The appalling performance of precast 

construction in the 1988 Armenian earthquake highlighted the inadequacies of the adopted design 

philosophies for precast concrete systems, in particular the poor quality of materials and 
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construction procedures. With these aspects as motivation for change and development of precast 

concrete construction, the three phase PRESSS program was established.  

 

The first phase identified promising frame and panel precast solutions, for both traditional 

“strong” connections and “ductile” connection solutions. The promising performance of partially 

unbonded post tensioned tendons, from the NIST research program, was identified as a practical 

solution for creating ductile precast concrete connections (Priestley 1991).  

 

The second phase provided experimental and analytical data for the development of detailed 

force and drift based design recommendations. Seismic tests of precast beam-to-column 

subassemblies with unbonded tendons, carried out at the University of California at San Diego, 

concluded that satisfactory seismic performance could be expected from well designed precast 

frame connections using ungrouted post-tensioned tendons. A strut and tie solution for joint shear 

transfer was also suggested, where horizontal joint shear was transferred by diagonal 

compression strut action. It was also concluded that post tensioning provided dependable 

concrete shear capacity in beam plastic hinges regions, reducing the beam transverse 

reinforcement requirements (Priestley and MacRae 1996; Priestley and Tao 1993). 

 

An important part of phase two was the experimental development of ductile connection details 

between precast beam-column elements, carried out at the University of Minnesota and the 

University of Texas at Austin. Three connection categories were tested in the program, 

comprising of (1) Tension-Compression Yielding (TCY); (2) Energy Dissipation and (3) 

Nonlinear Elastic (NLE) concepts. Half scale beam-column subassemblies were experimentally 

tested and based on the behavioural observations, analytical models were developed to predict the 

response of complete precast frame systems (Palmieri et al. 1996). 

 

2.2.1 Tension Compression Yielding Concept  

Four connection details were developed under the Tension Compression Yield (TCY) concept. 

These connections relied upon tension-compression yielding of the connection elements as an 

energy dissipation mechanism. The UT-Gap detail, shown in Figure 2-4(a) represented a “gap-

joint system”, where translational restraint was provided at the bottom of the beam, while lateral 
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movement and rotation was accommodated through opening and closing of the gap. It was 

recognised that if restraint was provided at the top of the beam, rather than at the bottom, the 

development of large cracks across the floor slab would be prevented. This is an important 

connection concept as it can be recognised as the first attempt at creating what will be later 

defined as a non-tearing floor connection.  

 

The UT-Gap detail used tapered threaded column couplers, mating with mild steel in the cast-in-

place topping of the beam. Fastened and grouted high strength vertical rods anchored in the 

corbel provided the bottom connection and uplift resistance, and the beam was seated on a 

neoprene pad to accommodate beam rotation without damaging the corbel. Fibre reinforced grout 

filled the gap between the beam and column to transfer compression forces from the beam to the 

column.  

 

The UT-DB detail, shown in Figure 2-4(b), employed “dogbones”, similar to those developed in 

the NIST research. Grouted high strength threadbars formed the connection between the beams 

and the column and fibre reinforced grout was again placed between the beam end and column 

face.  

 

  

(a) UT-Gap connection details (b) UT-DB connection details 

Figure 2-4 Specimen details from University of Texas at Austin PRESSS research  (Palmieri et al. 1996) 
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Premature failure of both UT-Gap and UT-DB specimens was observed and pinching due to 

inelastic shear and flexural deformations at the beam-column interface was evident. Failure to 

provide a direct force transfer path between the precast elements resulted in premature failure of 

the specimens, and this was rectified in the development of UMn-TCY and UMn-Gap details. 

The UMn-TCY detail, shown in Figure 2-5(a) was a simpler connection, using blockouts and 

ducts in the beam for placement of the reinforcement. The use of couplers was avoided by 

adopting continuous grouted reinforcement through the connection.  

 

Improved performance of the UMn-TCY connection was observed, compared to the UT-Gap and 

UT-DB details. Successful performance was observed, exceeding 4% storey drift but pinching 

due to slip and buckling of the reinforcement was observed in the later stages of testing. Relative 

vertical offset of the beam, relative to the column was observed, as a result of the elongation of 

the reinforcement.  

 

The UMn-Gap specimen was another tension-compression yielding gap concept, and is shown in 

Figure 2-5(b). The restrained bottom connection was formed using post tensioned bars, providing 

sufficient clamping force to sustain gravity and seismic shear loadings. Spiral confinement was 

provided to increase confinement in the post tensioned beam region, and transverse reinforcement 

was increased around the tension-compression bars in order to delay the onset of buckling.  

 

Satisfactory performance of the connection was observed up to 2% drift, but brittle failure of the 

tension-compression bars occurred at the face of the couplers shortly after. The post-tensioned 

rods performed well in restraining opening of the bottom of the connection. Minimal concrete 

damage was observed in the connection at the end of testing (Palmieri et al. 1996).  
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(a) UMn-TCY connection details (b) UMn-GAP connection details 

Figure 2-5 TCY specimen details from University of  Minnesota PRESSS research (Palmieri and Saqan 1996) 

 

2.2.2 Nonlinear Elastic Concept 

The UMn-PTS detail, shown in Figure 2-6(a), and the UMn-PTB detail, shown in Figure 2-6(b), 

represented the nonlinear elastic concept. Precast beams and columns were connected with 

unbonded post-tensioning steel passing through the joint and anchored in dogbones at the ends of 

the beams. Confinement of the beam ends was enhanced through the use of spiral reinforcement. 

UMn-PTS used monostrands while UMn-PTB used high strength threaded bars to post-tension 

the connection. The post-tensioning was designed to remain elastic at large levels of drift, 

providing connection re-centering properties upon unloading.  

 

Both UMn-PTS and UMn-PTB specimens performed well up to 3% drift with successful non-

linear elastic behaviour. Monostrand fracture in specimen UMn-PTS was observed at 3% drift 

which reduced the connection clamping action and resulted in significant pinching of the force 

displacement response. UMn-PTB showed no yielding of the threaded bars up to the design level 

moment. Concrete cover spalling caused the bars to deform out of plane at 9% drift.  
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Another specimen UT-PTS, shown in Figure 2-7(a), was tested to investigate the performance of 

pre-tensioned beams, with pre-stressing strands continuous through the connection region. The 

strands were debonded through the joint to ensure elastic response to design levels of drift.  

 

Comparable behaviour to specimen UMn-PTS was observed up to 2% drift, after which pinching 

of the force displacement response was observed due to slip of the column bar couplers. Crushing 

and spalling of the joint region was observed and caused deterioration of the joint strength 

(Palmieri and Saqan 1996).  

 

  

(a) UMn-PTS connection details (b) UMn-PTB  connection details 

Figure 2-6 NLE specimen details from University of  Minnesota PRESSS research (Palmieri et al. 1996)  

 

2.2.3 Energy Dissipation Concept 

Specimen UT-FR, shown in Figure 2-7(b), incorporated special connection hardware to enhance 

energy dissipation. The connection was formed through steel plate assemblies, embedded in the 

top of the beam and bolted to the column, with slotted holes permitting a friction sliding 

mechanism. The bottom connection was an improvement of the UT-Gap connection detail, where 

the bottom of the beam was directly bolted to a corbel, in order to ensure a direct force transfer 

path was established.  
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The UT-FR detail performed well up to 3% drift, with enhanced energy dissipation and elasto-

plastic behaviour. However, premature weld failure due to force overload occurred, and post slip 

stiffness enhancement was evident, caused by bearing of the bolts on the sides of the slotted holes. 

This detail highlighted the importance that the overall flexibility of precast beam-column 

connections is sensitive to the stiffness of the connecting elements and therefore connection 

proportions can be controlled by stiffness, rather than strength  (Palmieri et al. 1996). 

 

  

(a) UT-PTS connection details (b) UT-FR connection details 

Figure 2-7 Energy dissipation specimen details from University of Texas at Austin PRESSS research  

(Palmieri et al. 1996) 

 

In the final phase of the PRESSS program, a 60 percent scale, five storey precast concrete 

building was tested under simulated seismic loading. The ultimate objective of phase three was 

not only to experimentally verify the performance of the precast connection solutions, but to 

validate a rational design procedure, provide acceptance of pre-stressing and post-tensioning 

technology and to develop a consistent set of design recommendations for precast seismic 

structural systems (Priestley 1996).  

 

Recognising that a traditional force based design approach did not sufficiently capture the 

behaviour of jointed precast systems, a displacement based design methodology was adopted in 

the design of the structure, in which the design was based directly on the inelastic target 

displacement and effective stiffness (Priestley 1998).  
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In one direction, seismic resistance was provided by precast moment frames, with precast shear 

walls and gravity frames in the orthogonal direction, as shown in Figure 2-8.  Four different 

precast beam-to-column connections were tested at each level in the two seismic frames, a pre-

stressed frame and a tension-compression yielding frame. After comprehensive testing and 

research of connection behaviour, it was desirable to assess the global performance of jointed 

precast connections with accompanying floor and gravity systems. Hence in the PRESSS five 

storey test building, pre-topped precast double tee floor units with x-plate connectors were 

installed in the lower three floors, while topped Hollow Core precast units were installed in the 

upper two floors of the structure.  

 

  

(a) Levels 1-3 (b) levels 4 and 5 

Figure 2-8 Floor plan of the PRESSS five storey test building (Nakaki et al. 1999) 

 

The pre-stressed frame consisted of an improved Hybrid connection from the NIST research 

program for levels one to three, and pre-tensioned connections for levels four and five. The 

hybrid connection, shown in Figure 2-9(a), connected the beams to multi-storey columns with 

post tensioned strands through the centre of the beam and through the columns. Mild steel was 

grouted in ducts in the top and bottoms of the beam and partially debonded either side of the 

column to provide energy dissipation through tension and compression yielding.  
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The pre-tensioned connection, shown in Figure 2-9(b), used multi span beams set on single storey 

columns to form the connection. Pre-tensioned strands were debonded over a specified length in 

the beam to ensure elastic behaviour at design levels of drift. Column reinforcement was 

continuous through sleeves in the beam and spliced above the beam to provide continuity.  

 

  

(a) Pre-stressed frame Hybrid connection (b) Pre-stressed frame Pre-tensioned connection 

  

(c) Non pre-stressed frame TCY-Gap connection (d) Non pre-stressed frame TCY connection 

Figure 2-9 PRESSS five storey building frame connection details (Nakaki et al. 1999) 

 

The non-pre-stressed, tension compression yield frame represented precast emulation of 

traditional cast-in-place construction. However, yielding of the reinforcement was forced to occur 

at the column face, rather than over a prescribed plastic hinge length. This was achieved by 

debonding the mild steel reinforcing over a short length at the beam to column interface. 

Debonding also provided protection against premature fracture due to low cycle fatigue.  
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Two connection details developed in the NIST research program were adopted in the tension-

compression yield frame; the TCY-Gap connection and the TCY connection. The TCY-Gap 

connection, shown in Figure 2-9(c), addressed the issue of beam elongation by accommodating 

lateral drift through a gap provided between the beam end and the column face. The bottom 

portion of the gap was grouted to provide contact between the beam and the column face, and 

post tensioned bars provided clamping force to the connection. Mild steel bars were grouted into 

ducts at the top of the beam and debonded over a specified length at the beam-column interface, 

allowing alternate tension-compression yield without fracture. Although the TCY-Gap 

connection prevented beam elongation of the frame, detrimental floor tearing would still occur as 

a result of connection opening at the top of the beam.  

 

The TCY connection, shown in Figure 2-9(d), represented the traditional cast-in-place connection. 

Yielding of the grouted mild steel reinforcement at the top and bottom of the beam was 

concentrated to a specified debonded region at the beam-column interface, rather than over a 

finite plastic hinge length as in cast-in-place connections (Nakaki et al. 1999).  

 

The five storey test building is shown in Figure 2-10(a). The overall response of the test building 

to the simulated loading was deemed extremely satisfactory. Damage to the seismic frames was 

significantly less than would be expected for an equivalent cast-in-place system, subjected to the 

same excitation and levels of drift. The performance of the pre-stressed frame was particularly 

impressive, showing only minor cover concrete spalling of the beams at the beam-column 

interface and some crushing of the fibre reinforced grout pads. The low level of cracking 

observed in the beam column joints of the pre-stressed frame concluded that joint shear 

reinforcement prescribed by design codes could be reduced. 

 

The non pre-stressed frame also performed well, but as expected a higher level of damage was 

observed compared to the pre-stressed frame. Inadequate clamping force of the post-tensioned 

bars in the TCY-Gap connection resulted in some crushing of the grout pad and vertical slip of 

the beam with respect to the column face. The beam cover concrete in the TCY-Gap connection 

tended to spall prematurely, due to high compression forces induced across the grout pad when 

the top bars were in tension.  
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Beam rotation about the longitudinal axis of the hybrid beams was observed at high 

displacements due to the eccentrically seated heavy double tee units on the side of the beam, 

inducing large torsional moments at the connection. Modified support details to transfer the floor 

unit vertical load to the beam centreline were required to rectify this issue.  

 

The low residual drifts observed in the pre-stressed frame showed the significant advantage of the 

unbonded pre-stress design philosophy over conventional construction techniques. The non-pre-

stressed frame displayed enhanced energy dissipation but as a consequence suffered higher levels 

of damage and higher residual drift.  

 

 
 

(a) The PRESSS five storey building seismic frame (b) Pre-topped double tee x-plate connectors 

Figure 2-10 The PRESSS five storey test building and floor unit connection details (Priestley et al. 1999) 
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In the frame direction, the test building sustained 2.2% average drifts at design level response, 

indicating excellent conformance with the 2% target drift for the direct displacement based 

design (DDBD) procedure. Another significant advantage of the DDBD procedure is that the 

required base shear was only 60% that required for traditional force based design, indicating the 

efficiency of the design method.  

 

The cast-in-place drag bar connection provided between the Hollow Core floor topping slab and 

the frame beams performed well, with only minor levels of cracking observed along the beam-

floor boundary. The welded x-plate double tee floor unit-to-frame beam connectors, shown in 

Figure 2-10(b), also performed well, but experienced considerable inelastic action which caused 

permanent distortion at the end of the test.  

 

The pseudodynamic tests showed significantly higher magnification of diaphragm forces than 

what was considered in design, as a result of higher mode effects. It was highlighted that design 

codes assuming inverted triangular force distribution and applying equal force reduction factors 

to all modes, severely underestimated the diaphragm force levels, directly translating to an 

underestimation of storey shears and moment distributions.  

 

The simple analytical models developed for simulating the response of the PRESSS five storey 

test building provided impressive correlation between predicted and observed displacements, 

storey shears and overturning moments (Priestley et al. 1999).  

 

2.2.4 Development of the Hybrid and Brooklyn Precast Connections  

Following the PRESSS program, development of the hybrid beam-to-column connection 

continued at the University of Pavia and the University of Canterbury. Hybrid beam-column 

subassemblies, with external and internal mild steel dissipaters, were tested under unidirectional 

and bidirectional loading, as shown in Figure 2-11. The test results showed that the hybrid 

connections achieved a stable and efficient re-centring flag shaped hysteretic response up to 4.5% 

storey drift (Amaris et al. 2006).  
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(a) Hybrid connection with 

internal dissipaters 

(b) Hybrid connection with 

external dissipaters 

(c) Loading arrangement for biaxial 

testing of hybrid subassemblies 

Figure 2-11 Hybrid connection tests with internal and external dissipation devices (Amaris et al. 2006) 

 

A peculiar system for gravity load dominated frame buildings, combining the concept of cable 

stayed and suspension bridges, was developed in Italy and named the “Brooklyn” system. This 

system relied upon a steel corbel at the column face to carry the seismic and gravity shear, while 

moment capacity was provided through inclined bars in the cable stayed system, shown in Figure 

2-12(a) or by draped post-tensioning in the suspended solution, shown in Figure 2-12(c).   

 

Experimental testing at the University of Pavia produced extremely satisfactory performance for 

both systems, resulting in the application of both solutions in industry. The cable stayed solution 

was selected for the B.S. Italia office building in Italy, shown in Figure 2-12(b), while the 

suspended solution was implemented in a four storey commercial building in Varese, Italy, as 

shown in Figure 2-12(d) (Pampanin 2005).  

 

  

(a) Brooklyn cable-stayed solution (b) Pre-stressing inclined bars on B.S. Italia building 

Figure 2-12 Schematics and applications of the “Brooklyn” system (Pampanin et al. 2004) 

 

 

 

 

  
 

-5 -4 -3 -2 -1 0 1 2 3 4 5

Top Drift (%)

-20

-15

-10

-5

0

5

10

15

20

L
a

te
ra

l 
F

o
rc

e
 (

k
N

)

-80 -40 0 40 80-60 -20 20 60 100-100

Top Displacement (mm)

HJ3-X25PT1

HJ3-Y27PT2
 

 

 

`
 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

2-17 

  

(c) Brooklyn suspended solution (d) Commercial building using Brooklyn suspended 

solution 

Figure 2-12 (continued) Schematics and applications of the “Brooklyn” system (Pampanin et al. 2004) 

 

2.3 PRECAST FLOOR MOMENT FRAME RESEARCH AT THE UNIVERSITY OF 

CANTERBURY 

With the poor performance of precast floor moment frame buildings in the Northridge earthquake 

as a driver for development, an extensive research program was undertaken at the University of 

Canterbury in order to improve the seismic performance and collapse prevention of these 

buildings, which were a popular construction solution for the New Zealand market.  

 

Matthews (2004) investigated the seismic performance of precast concrete frame buildings with 

Hollowcore floor diaphragms. A full scale, two-bay by one-bay, precast frame and pre-stressed 

floor system was tested to ultimate capacity using an innovative self equilibrating load frame. 

While the moment frames behaved in a desirable ductile manner, poor performance of the precast 

floor system was observed, attributed to inadequate detailing and the phenomena of beam 

elongation and displacement incompatibility. This work was further developed by Lindsay (2004) 

and MacPherson (2005).  
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2.3.1 Beam Elongation 

Beam elongation is a phenomenon which arises with the formation of plastic hinges. The 

elongation mechanism differs depending upon whether unidirectional or reversing plastic hinges 

form in the beam. When gravity actions dominate over seismic actions, unidirectional plastic 

hinges form, with maximum positive and negative moments occurring in different locations 

within the beam. Four unidirectional hinges form in the beam, at the locations of maximum 

positive and negative moments, experiencing inelastic rotation in one direction only. Each new 

inelastic displacement of the structure causes progressive inelastic rotation of each hinge, in one 

direction only. High rotational demand is imposed on unidirectional hinges and inelastic rotation 

and elongation of the hinge accumulates as the earthquake progresses. The accretion of inelastic 

deformation in unidirectional hinges often causes the beam to sag after an earthquake (Fenwick 

and Davidson 1995).  

 

When seismic actions dominate over gravity actions, two reversing plastic hinges form in the 

beam and are subjected to both positive and negative reversing moments. Rotation of a reversing 

plastic hinge induces diagonal cracking in the plastic hinge region destroying the shear resistance 

of the concrete. This forms a truss mechanism in the plastic hinge, where the shear force is 

resisted by the transverse shear reinforcement and the diagonal concrete compression truss force. 

The horizontal component of the diagonal compression strut causes the flexural force in the 

tension reinforcement to be greater than that in the flexural compression reinforcement; hence 

tension yielding governs the inelastic rotation of the plastic hinge. Contact stress effect of cracked 

aggregate particles being dislodged in tension cracks restricts crack closure upon hinge reversal, 

resulting in irrecoverable elongation in compression (Fenwick and Davidson 1995).  

 

Matthews (2004) and Fenwick et al.(1999) concluded that the formation of plastic mechanisms in 

beams contributed to the lateral strength of the frame, through overstrength moments and 

initiation of continuity steel in the adjacent floor slab. It has been shown in recent experimental 

tests that this strength contribution is significantly underestimated by New Zealand and American 

design codes.  
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Beam elongation is also observed in jointed ductile precast concrete frames, in the form of 

geometric gap opening rather than plastic hinge formation, as shown by the mechanism in Figure 

2-13 . 

 

  

Figure 2-13 Beam elongation mechanism in precast concrete frame buildings (fib 2003) 

 

2.3.2 Floor-to-Frame Displacement Incompatibility 

Displacement incompatibility is caused by a mismatch in displacement profiles when structural 

components are combined together. The connection between the beams of a moment frame and 

adjacent precast floor units is a region subject to displacement incompatibility. The frame beams, 

restrained at the ends by the beam column connection, deform in double curvature, while the 

simply supported floor units sag in single curvature under gravity loading. Figure 2-14 shows the 

resulting incompatible deformations between the frame and the precast floor units.   

 

 

Figure 2-14 Displacement incompatibility between frame and floor units (Matthews 2004) 
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The formation and elongation of ductile plastic hinges in traditional precast concrete frame 

systems increases the magnitude of beam double curvature deformation, amplifying displacement 

incompatibility and the potential for damage. Large stresses are induced in the floor adjacent to 

the beam as the floor is forced to deform in double curvature. In Matthews (2004) research, 

damage to Hollowcore units, delamination of the topping slab and fracture of the topping slab 

mesh reinforcement was observed, all as a result of displacement incompatibility.  

 

Following this research, a recommendation was made to separate the gravity and lateral load 

resisting systems, ensuring that one-way behaviour of the Hollowcore units is achieved and to 

provide a flexible interface between the precast floor units and beam in order to accommodate the 

expected displacement incompatibility. A 750mm infill slab detail,  was suggested by Matthews 

(2004) and  later refined by Lindsay (2004) and MacPherson (2005), as shown in Figure 2-15.  A 

similar detail to this has been adopted by the New Zealand Concrete Structures Standard 

NZS3101:2006 (Standards New Zealand. 2006).  

 

 
 

(a) (Matthews 2004) test detail (b) (MacPherson 2005) infill detail 

Figure 2-15 Hollowcore to lateral frame details tested by (Matthews 2004) and (MacPherson 2005) 

 

2.3.3 Hollowcore Floor Seating Detail 

In Matthews (2004) experiment, the observed performance of the seating detail for the 

Hollowcore units to support beam was very different to that intended in the design. The desired 

sliding of the Hollowcore unit on the mortar bed above the supporting ledge was not achieved 

and a brittle mechanism within the Hollowcore units formed away from the support (seat). 

Relative rotation of the unit and gravity beam induced the snapping failure shown in Figure 2-16.  

Hollow-core Units

Perimeter beam

Column face
  

Timber in-fill
750mm

Hollowcore Units

Perimeter beam

D12 Starters extending 600mm
into the first hollow-core unit

(lapped with diaphragm reinforcing)

75mm Concrete Topping

200mm*25mm Timber boards
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Figure 2-16 Hollowcore seating failure mode observed by (Matthews 2004) 

 

Infilling of concrete in the cores at the ends of the unit is thought to have partially bonded the 

unit to the supporting beam, shifting the failure zone out into the Hollowcore unit. The gravity 

load carrying capacity of this type of failure is poor, with all vertical load carried by limited shear 

capacity of the topping slab and dowel action of the starter bars. Entire collapse followed with 

subsequent application of gravity load, as shown in Figure 2-17. The failure mode observed in 

Matthews (2004) was comparable to that observed in the 1994 Northridge earthquake, as shown 

in Figure 2-19.  

 

  

(a) Hollowcore seating failure (b) Collapse of entire precast floor system 

Figure 2-17 Hollowcore floor unit failure modes observed in (Matthews 2004) experiment 
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(a) Meadows Apartments building 

Hollowcore unit collapse 

(b) Meadows Apartments complete Hollowcore unit 

and topping collapse 

Figure 2-18 Floor collapse caused by unseating of Hollowcore units in Northridge earthquake  

(Norton et al. 1994)  

 

Lindsay (2004) developed the Hollowcore seating detail and experimentally tested the 

performance using the Matthews (2004) specimen, which was repaired. Figure 2-19(b) shows the 

improved detail, which provided a low friction bearing strip between the Hollowcore unit and the 

supporting seat, and a compressible backing along the back of the Hollowcore to absorb rotation 

of the unit and to prevent the cores filling with concrete. Successful performance of the detailing 

changes was observed, with a successful unit sliding mechanism and prevention of floor collapse 

achieved.  

 

  

(a) Seating detail used by (Matthews 2004) (b) Seating detail used by (Lindsay 2004) 

Figure 2-19 Refinement of Hollowcore seating detail (Lindsay 2004) 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

2-23 

The series of research carried out by Matthews (2004), Lindsay (2004) and MacPherson (2005) 

significantly improved the seismic performance of precast floor frame structures, successfully 

developing and confirming detailing and construction techniques to avoid floor unit collapse. 

However it was concluded that severe damage to localised regions floor and frame can be 

expected after a design level earthquake, requiring costly repair before the structure can be 

reinstated for its intended use. In some cases, demolition of partial components or the complete 

structure maybe the most cost effective solution.  

 

2.3.4 Floor Warping 

In addition to beam elongation and displacement incompatibility, other deformation 

considerations requiring attention in the design and detailing of precast concrete floor frame 

buildings have been highlighted by Bull (2007). At interior columns, during lateral drift of the 

frame, the beam on one side of the connection drops with respect centre of the beam column  

joint, while the adjacent beam rises. This induces warping of the floor adjacent to the connection, 

as shown in Figure 2-20.  

 

In the situation where the floor is supported by the lateral frame or is continuous parallel to the 

frame, warping can cause severe cracking and vertical offset of the floor. In the case where an 

orthogonal gravity beam, supporting the floor is provided, the detrimental effect of warping will 

be less significant. Provision of the flexible infill detail is necessary, for both cases where floors 

run parallel and perpendicular to the frame, in order to accommodate the induced warping 

deformation. 

 

The in-plane and out-of-plane deformations require attention when designing the infill slab detail. 

The capacity of the slab to accommodate the deformations shown in Figure 2-20 must be checked 

to minimise cracking and the potential for delamination of the topping slab from the precast units.  
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(a) Floor warping at interior beam column joint 

 

 

(b) In-plane and out-of-plane infill deformation   

Figure 2-20 Floor warping and infill slab deformation characteristics (Bull 2007) 
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2.4 MODELLING OF REINFORCED CONCRETE FRAMES WITH PRECAST PRE-

STRESSED FLOOR SYSTEMS 

An experimental study on the seismic performance of reinforced concrete moment resisting 

frames with precast pre-stressed floor units was initiated at the University of Canterbury in 2007, 

in order to verify an analytical plastic hinge element developed by Peng (2008). The plastic hinge 

model is shown in Figure 2-21(a). The two dimensional experimental set up shown in Figure 

2-21(b) and Figure 2-21(c),  comprised of a precast pre-stressed floor system supported on 

gravity beams, running parallel to a precast seismic perimeter frame. 

 

   

(a) Plastic hinge element (b) Specimen arrangement (c) Test specimen lab configuration  

Figure 2-21 Analytical beam elongation element and testing arrangement of the Peng et al. (2008) experiment 

   

Experimental observations concluded that the elongation of ductile plastic hinges changed the 

axial force in the beams, resulting in an altered shear force and moment distribution in the frame. 

The inelastic rotational demand of the exterior columns also increased. The torsional resistance of 

the transverse beams increased both positive and negative column shear force demand by 18% 

and slab participation increased the negative moment strength of plastic hinges by 31%.  

 

The increased column shear and rotation demand observed by Peng (2008) alters the lateral sway 

mechanism of the frame, as shown in Figure 2-22, resulting in potential column yielding, which 

is required to be protected against by capacity design. Both New Zealand and American design 

codes failed to recognise this behaviour, resulting in significant underestimation of the system 

strength.  
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Figure 2-22 Frame sway mechanism including beam growth (Kim et al. 2004) 

 

Extremely satisfactory agreement between experimental and analytical response of the system 

was observed, confirming the validity of the proposed beam elongation element. However, severe 

damage to the floor system and plastic hinges was observed, as shown in Figure 2-23, requiring 

extensive repair in order to reinstate the function of the structure (Peng et al. 2009). 

 

  

(a) Damage to external plastic hinge (b) Floor slab crack pattern observed in experiment  

Figure 2-23 Observed damage to frame and floor in the Peng (2008) experiment 

 

Through extensive research programs, design solutions and recommendations for jointed precast 

structural systems have been developed, confirming the viability of precast concrete technology 

for seismic resisting moment frames. The reliability of existing precast floor unit frame 

construction with has been significantly improved, in order to prevent collapse of the floor 

system during an extreme seismic event. However, for both the jointed ductile and precast 

emulation construction methods described, severe floor damage is observed during an earthquake, 

due to displacement incompatibility and beam elongation, requiring costly repair in order to 

reinstate the functionality of the structure.  
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With economics and requirements for minimal structural downtime after a seismic event as 

driving forces in the construction industry, the progression of technology in recent times has 

shifted from designing for localised damage and ductility in the beams and the adjacent floor, to 

creating a non-tearing floor connection, whereby detrimental damage to the frame and floor is 

avoided.  

 

2.5 NON-TEARING FLOOR RESEARCH 

2.5.1 Articulated Floor System 

With the satisfactory performance of the welded x-plate connectors in the five-storey PRESSS 

building, further research was carried out at the University of Canterbury, developing an 

articulated flooring system for implementation in traditional hybrid or precast emulation frames.  

 

Connection between the floor unit and beam was achieved through the use of shear key 

connectors. The connectors behaved in shear to transfer diaphragm inertia forces parallel to the 

frame, while sliding in the direction orthogonal to the frame, as shown in Figure 2-24. This 

effectively decoupled the floor and frame systems, avoiding floor damage in frame systems 

which suffer from beam elongation effects.  

 

The articulated floor, shown in Figure 2-24, was implemented in a hybrid three-dimensional sub-

assemblage and experimentally tested under uni and bi-directional loading. Satisfactory 

performance and compliance with ACI acceptance criteria was achieved. While the floor unit is 

independent of the beam deformation in this system, connectors must follow the deformation 

pattern of the beam which may cause distortion issues of the connections since the vertical 

deformation profile along the beam varies (Amaris et al. 2007). 

  

There are some concerns regarding flange hung floor systems regarding redundancy in load paths 

and collapse prevention in the event that the mechanical connectors suffer failure, and this may 

restrict the use of this system in construction practice.  
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(a) Articulated floor mechanism (b) Articulated floor-hybrid frame experimental setup 

Figure 2-24 Articulated floor connection for elongating seismic frames (Amaris et al. 2008) 

 

2.5.2 Non-Tearing Floor Top Hinge Connection 

Recognising the potential for the TCY-Gap connection to avoid beam elongation effects, and that 

an inverted TCY-Gap connection would also avoid severe cracking of the floor, a non-tearing 

frame connection was investigated at the University of Canterbury. The connection, shown in 

Figure 2-25, implemented a metallic top hinge as a point of rotation and combined with 

ungrouted straight post tensioned tendons and external mild steel dissipation devices. The gap 

provided between the beam and the column face, allowed lateral deformation to be 

accommodated without causing opening of the top of the beam and floor slab.  

 

Experimental testing of the subassemblage confirmed that the top hinge behaved as a point of 

rotation for the connection and that floor tearing effects would be avoided. However, due to the 

straight tendon profile, re-centering of the connection was not achieved (Amaris et al. 2007).  
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Figure 2-25 Top hinge non-tearing connection and subassemblage (Amaris et al. 2007) 

 

Following the subassembly test, the top hinge non-tearing connection was developed further, 

applying an asymmetric draped tendon profile to provide re-centering to the connection. Shear 

corbels were added to the connection to prevent sliding of the hinge on the column face and steel 

armouring of the column face was applied to provide bearing resistance against the high post 

tensioning compressive forces. The top hinge non-tearing connection detail is shown in Figure 

2-26(a).  

 

A two storey, one bay frame, constructed with the asymmetrically post tensioned non-tearing 

connection detail, was experimentally tested and is shown in Figure 2-26(b) and (c). The columns 

were post tensioned and external dissipation devices were added in order to achieve a re-

centering flag shaped hysteretic response. In one test, the post tensioned tendons along the 

columns were stressed and allowed to provide re-centring to the frame. In a subsequent test, the 

axial load was kept constant at the magnitude of force expected for the self weight of the 

prototype structure. This allowed the re-centering capabilities of the connection detail to be 

assessed, without the added contribution from the post tensioned columns.  
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(a) Asymmetric post-tensioned non-tearing connection details 

 

(b) Asymmetric post-tensioned frame details 

 

(c) Asymmetric post-tensioned  non-tearing test frame 

Figure 2-26 Detailing of asymetrically post tensioned non-tearing frame test (Amaris et al. 2008) 
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The non-tearing frame achieved a stable, global self-centring and dissipating response up to 3.5% 

drift, for both constant and variable axial load applications. However, full re-centring from the 

connection response alone was not achieved. Satisfactory performance of the external dissipaters 

was achieved up to 2.5% drift, after which buckling initiated. This was in part due to the large 

length provided between dissipater restraints. Reducing this length would effectively reduce the 

proneness to buckling. The top hinge behaved well as a point of rotation for the connection, with 

minimal opening observed, even at high levels of drift.  

 

An analytical model to simulate the connection behaviour was developed, with extremely 

satisfactory correlation to experimental observations, with the buckling behaviour of the 

dissipaters effectively captured (Amaris et al. 2008). 

 

2.5.3 Slotted Beam Connection 

Ohkubo and Hamamoto (2004) developed and experimentally tested beam-column joints with 

floor slabs, constructed using slotted beam connections. The slotted beam detail utilised precast 

emulation construction techniques.  

 

The slotted beam connections, shown in Figure 2-27, were constructed with a narrow vertical slot 

between the beam end and the column face, accommodating lateral deformation while isolating 

the direct transmission of stresses through concrete contact. The bottom longitudinal 

reinforcement in the beam was continuous through the slot and governed the flexural strength of 

the connection through tension-compression yielding. A larger area of top longitudinal beam 

reinforcement was provided to avoid yielding and prevent beam elongation. Diagonal shear bars 

were employed to aid shear transfer in the beam end region, ensuring a stable ductile response.  

In order to avoid low cycle fatigue and excessive strains developing in the bottom reinforcement, 

the bottom beam longitudinal bars were debonded over a short length.  
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(a) Details of slotted beam specimen SB1 

 

(b) Details of models SB2a and SB2b 

Figure 2-27 Construction details of slotted beam connections (Ohkubo and Hamamoto 2004) 

 

Sub-assemblies of three variations of the slotted beam detail, shown in Figure 2-27, were 

constructed with surrounding floor slab and the performance was compared to that of a 

conventional reinforced concrete beam.  

 

Extremely satisfactory performance of the slotted beam specimens was observed, up to 3% storey 

drift, with no evidence of pinching or degradation in the force displacement response. The 

conventional reinforced concrete specimen suffered pinching in the cycles to 2% and 3% storey 

drift. Appreciable elongation occurred in the reinforced concrete specimen and elongation of the 

slotted beam connections was minimal. Figure 2-28 shows the crack patterns of the specimens, 

indicating the significant reduction in slab and frame damage which was achieved by the slotted 

beam connection, compared to traditional cast-in-place methods (Ohkubo and Hamamoto 2004).  
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(a) Cracking in frame of specimen SB1 

 

 

(b) Cracking in slab of specimen SB1 

 

 

(c) Cracking in frame of specimen SB2 

Figure 2-28 Crack patterns of slotted beam and monolithic connections (Ohkubo and Hamamoto 2004) 
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(d)  Cracking in slab of specimen SB2 

 

 

(e) Cracking in frame of monolithic specimen RCB 

 

 

(f) Cracking in slab of monolithic specimen RCB 

Figure 2-28 (continued) Crack patterns of slotted beam and monolithic connections  

(Ohkubo and Hamamoto 2004) 
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2.6 CHAPTER SUMMARY 

The viability of precast concrete solutions for frame building construction has been established 

after extensive research efforts. The NIST and PRESSS research programs successfully explored 

and confirmed the application of pre-stress and post-tensioning technologies in precast moment 

frame connections, developing numerous alternative solutions and guidelines for dry-jointed 

ductile connections.  

 

An efficient displacement based design procedure was verified in the PRESSS five storey 

building allowing the behavioural characteristics of jointed connections to be captured, compared 

to traditional forced based design approaches.  

 

Displacement incompatibility issues and the phenomenon of beam elongation were explored at 

the University of Canterbury, resulting in the development of successful detailing measures to 

reduce structural damage and avoid floor collapse. These measures have subsequently been 

accepted into New Zealand design codes, improving the structural performance of modern 

precast floor frame structures.  

 

With economics and the demand for minimal downtime after a seismic event driving modern 

structural design, the need for a frame and floor system exhibiting minimal damage after an 

intense earthquake is a priority. Connections which minimise damage to the frame and tearing of 

the floor have been conceptually explored, with top hinge and slotted beam solutions exhibiting 

potential to achieve the high performance demands of modern precast concrete seismic frame 

engineering.  
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CHAPTER 3. NON-TEARING CONNECTION MECHANICS 

3.1 INTRODUCTION 

The behaviour of a non-tearing connection during lateral displacement of a building differs to 

that of a traditional monolithic reinforced concrete connection. By providing a gap or slot 

between the end of the beam and the column face, plasticity and detrimental damage to the ends 

of the beams and adjacent floor diaphragm, seen in conventional frame buildings, is avoided. The 

issues of beam elongation and displacement incompatibility are effectively eliminated in the non-

tearing floor connection, improving seismic structural performance and collapse prevention of the 

global system. The uncertainties associated with beam elongation and how to design for this 

phenomenon are removed in the design of a non-tearing connection, improving the design 

efficiency and accuracy in predicting the structural response.  

 

In this chapter, the mechanics and design for two performance limit states are considered. Firstly, 

the damage control limit state design is considered, where the focus is on reliable seismic 

performance of the non-tearing floor system. Secondly, the survival limit state is considered, 

where the focus of design is collapse prevention. As will be introduced, the mechanics and design 

philosophy of non-tearing connections for these two limit states are very different.  

 

The behavioural mechanics of a non-tearing connection are heavily deformation driven with 

deformation characteristics governing the response and damage of the connection and floor slab. 

The deformation components and resultant forces induced in the connection are dependent upon 

geometry and detailing, parameters which are determined by architectural requirements and the 

design engineer. Therefore, unique structural behaviour and performance for different connection 

and system configurations is observed.  

 

The connection behaviour must be carefully evaluated in the design process in order to achieve 

successful connection performance with minimum damage. This chapter presents design 
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solutions for non-tearing connections and introduces new design philosophy and 

recommendations for the aspects of seismic design in which traditional reinforced concrete 

design theory does not directly apply to non-tearing floor technology.   

 

3.2 BEAM ELONGATION AND DISPLACEMENT INCOMPATIBILITY  

3.2.1 Beam Elongation 

The phenomenon of beam elongation, observed when plastic hinge formation or geometric gap 

opening in the ends of beams causes the beams to grow, is essentially eliminated in a non-tearing 

connection.  In a non-tearing floor connection, beam rotation is forced to occur about a hinge 

located at the top of the beam, and rotation and plasticity is concentrated to a gap or slot provided 

between the end of the beam and the column face. This connection configuration prevents contact 

stress transmission to the beam end concrete and avoids beam plastic hinging. In addition to this, 

the provision of elastically designed top reinforcement in the non-tearing connection restricts 

beam elongation to elastic beam deformation and the elongation arising due to rotation of the 

hinge at the top of the beam.  

 

Figure 3-1 compares the damage to the beams and columns for slotted beam and conventional 

reinforced concrete connections. While extensive cracking and plasticity is observed in the 

monolithic reinforced concrete connection, only one crack is observed at the location of the top 

hinge in the slotted beam connection (Ohkubo and Hamamoto 2004).  

 

The conventional monolithic connection would require time-consuming repair of the damage 

sustained in the ends of the beams, which is likely to incur considerable repair costs and loss of 

building function. However, it is unlikely that the damage to the slotted beam connection would 

require repair, which not only enhances the structural safety and integrity of the system but 

results in minimal economic downtime and loss of function of the building.  The ability for a 

building to be rapidly assessed and reinstated for use after an earthquake is a characteristic which 

heavily influences the performance and selection of one structural system over another.  
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(a) Slotted Beam 

 

(b) Monolithic RC Beam 

Figure 3-1 Beam and column crack patterns for slotted beam and conventional reinforced concrete 

connections (Ohkubo and Hamamoto 2004) 

 

Figure 3-2 compares the beam elongation between a slotted beam (or non-tearing) connection and 

a conventional reinforced concrete connection at increasing storey drifts, investigated by Ohkubo 

and Hamamoto (2004). Under reversed cyclic seismic loading, the conventional reinforced 

concrete beam (RCB) progressively elongated along the longitudinal axis with successive drift 

cycles. Inelastic elongation of the top and bottom reinforcement occurs in reinforced concrete 

beams, during reversed cycles of inelastic beam rotation. Concrete degradation also occurs as the 

plastic hinge forms in the beam end and causes concrete aggregate to dislocate and lodge between 

cracks, preventing full closure upon load reversal. The resultant of these two mechanisms causes 

the beam elongation phenomenon.  

 

In contrast, the slotted beam connection (SB1) displayed virtually zero beam elongation. While 

elongation of the slotted beam connection occurred under a positive moment rotation, the 

provision of the beam slot allowed subsequent shortening of the adjacent connection in the sub-
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assembly under a negative moment rotation, resulting in minimal net beam growth. The small 

beam growths observed were due to elastic deformation of the beam and geometric rotation of the 

hinge, which was fully recovered upon returning to zero drift. A positive moment rotation is 

defined as rotation of the connection which induces tension in the bottom of the beam. A 

negative moment rotation induces tension in the top of the beam.  

 

 

Figure 3-2 Comparison of beam elongation mechanisms for slotted beam and reinforced concrete connections 

(Ohkubo and Hamamoto 2004) 

 

3.2.2 Frame to Floor Displacement Incompatibility 

Displacement incompatibility occurs due to interaction between the different frame and floor 

displacement profiles during lateral deformation of a building. In a traditional monolithic frame, 

deformation incompatibility is amplified by the localised formation of ductile plastic hinges in 

the ends of the beam, causing an inelastic double curvature deformation profile along the beam.  

 

Deformation incompatibility in traditional reinforced concrete frames is most severe at the 

location of beam plastic hinges, where the discrepancy in displacement profile is greatest 

between the single and double curvature deformation of the floor diaphragm and beams 

respectively. This is caused by large inelastic curvature concentrations in the beam plastic hinges. 

The elongation of plastic hinges magnifies the localised inelastic demand of the plastic hinge 

curvature, and beam double curvature displacement profile, and as a result increases 

displacement incompatibility between the frame and floor. Figure 3-3 shows a schematic of the 

displacement incompatibility mechanism observed in reinforced concrete seismic frames.  
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Figure 3-3 Displacement incompatibility between traditional reinforced concrete moment frames and floors 

(Matthews 2004) 

 

By concentrating rotation to a gap or slot, the non-tearing connection prevents plasticity forming 

in the ends of the beams, limiting double curvature deformation of the beam to the elastic range. 

Curvature concentrations at the ends of the beams are avoided and the lack of beam elongation in 

the system prevents the magnification of floor-to-frame deformation incompatibility.  

 

3.3 CONSTRUCTION TECHNIQUES 

One of the primary benefits associated with precast concrete construction is the speed and 

efficiency of the erection process. There are two techniques used for assembling precast concrete 

structures, either precast monolithic emulation or precast “dry jointed” construction.  

 

3.3.1 Precast Emulation Construction 

Precast emulation construction connects precast concrete beam and column elements using cast-

in-situ construction joints. Figure 3-4 presents some of the arrangements and details of precast 

emulation construction used in New Zealand. Precast beams may be erected between or through 

precast or cast-in-situ columns, as shown in Figure 3-4(a) and (b), or entire precast cruciform 

units may be constructed and connected with in-situ bandage joints, as shown in Figure 3-4(c).   

Double curvature 

deformation of beam  

Plastic hinge elongation 

magnifies beam double 

curvature 

Single curvature 

deformation of floor  

Deformation 

incompatibility between 

frame beams and floor 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

3-6 

 

(a) Precast beam units between cast-in-situ columns 

 

(b) Precast beam units through columns 

 

(c) Precast T-unit or cruciform 

Figure 3-4 Arrangements of precast members and cast-in-place concrete for constructing moment resisting 

reinforced concrete frames (New Zealand Concrete Society. et al. 1999) 
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Precast emulation is a popular construction method as it adopts familiar concrete construction 

procedures to that currently employed in industry and is a cost effective solution. The method has 

the disadvantages that the in-situ joints must be propped and formed for sufficient time to allow 

the concrete to cure, increasing construction time and congestion on the construction site. Floors 

are generally propped over a number of levels in multi-storey construction so that subsequent 

floors can be completed without having to wait for lower level in-situ joints to cure. This requires 

extensive use of structural props and slows down erection time for the structural frame and floor. 

 

3.3.2 Dry Jointed Construction 

In dry jointed concrete construction, beams and multi-storey columns are fully precast with 

connections formed on-site through grouted duct or post-tensioning methods.  

 

Dry jointed construction was successfully implemented in the Hybrid moment frame connection, 

shown in Figure 3-5(a), which was developed as part of the PRESSS (Precast Seismic Structural 

Systems) research program. More recently, dry jointed moment frame construction was adopted 

for the Victoria University PRESSS building in Wellington, the first of its kind to be constructed 

in, New Zealand. The Victoria University PRESSS style precast moment frame connection is 

shown in Figure 3-5(b).  

 

  

(a) Hybrid PRESSS dry-jointed moment frame 

connection (Image courtesy of S. Nakaki)  

(b) Victoria University PRESSS building dry jointed 

connection (Cattanach and Pampanin 2008) 

Figure 3-5 Examples of moment frame connections formed using dry jointed construction 
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The use of column corbels in dry jointed construction allows beams to be seated in place on the 

column without the need for structural props, and for each floor to be self supporting without 

relying on lower floors for propping. Column corbels were implemented in the “Brooklyn” 

system developed by Pampanin et al. (2004), as shown in Figure 3-6, and the Amaris et al. (2008) 

asymmetrically post-tensioned non-tearing top hinge connection, shown in Figure 3-7. An 

innovative corbel detail was used in the Victoria University PRESSS building, as shown in 

Figure 3-5(b).  

 

  

(a) Brooklyn slotted shear key bracket (Courtesy of 

B.S. Italia) 

(b) “Brooklyn” cable-stayed shear bracket 

(Courtesy of B.S. Italia) 

Figure 3-6 Column corbels used in the “Brooklyn” connection system 

 

Construction of the frame and floors in a structure utilising dry-jointed construction is able to 

proceed rapidly, without having to wait for cast in-situ concrete joints to cure and strengthen. 

Onsite formwork is minimised and in-situ concrete is reduced to connection grouting and the 

pouring of topping concrete on precast floor diaphragms. Post-tensioning allows connection 

strength to be formed immediately and rapid curing cement-based grout used for dry-jointed 

connections minimises the time required for the connection to gain full resistance. However, 

careful duct detailing is required for grouted connections as air blocks and partial duct filling can 

compromise the connection capacity. 
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However, post-tensioning and grouted duct technology is less common in New Zealand than 

traditional cast-in-place methods which may result in higher construction costs for the structural 

system. In future, these costs may be offset by the reduced construction time and efficiency of the 

construction procedure.  

 

3.4 MATERIAL AND GEOMETRIC TOP HINGE VARIATIONS 

The method of construction, project economic restrictions and architectural requirements are 

drivers to consider when selecting the material and geometric properties of the beam hinge in a 

non-tearing connection. The geometry and material selected for constructing the non-tearing 

connection top hinge can significantly affect the connection performance and level of damage 

induced during an earthquake.  

 

3.4.1 Concrete Beam Hinge 

A top hinge formed from concrete is a cost effective solution which is appropriate for precast 

emulation of monolithic construction. A concrete hinge detail was used in the slotted beam 

connection, developed by Ohkubo and Hamamoto (2004). An in-situ concrete hinge is generally 

limited to a rectangular cross-section. Curved concrete cross sections can be created with careful 

detailing and formwork but consequently involves difficulty in construction.  

 

Moderate levels of cracking and damage can be expected to occur in a concrete hinge detail, due 

to the weak tensile capacity of concrete. A rectangular cross section hinge is also generally 

subject to higher horizontal deformation demands during connection rotation. In applications 

where high seismic actions are imposed, crushing of the hinge concrete may occur. This 

behaviour was observed for the TCY-Gap connection, where early crushing of the cover concrete 

occurred due to high compressive forces induced across the connection grout pad (Priestley et al. 

1999).  Steel armouring or alternative confinement and strengthening of the contact zones 

between the hinge and column face may be required if large stresses and strains are induced in 

the section, in order to prevent crushing of the hinge concrete.  
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3.4.2 Steel Top Hinge  

A fabricated steel section is another option for creating the hinge region in a non-tearing 

connection. A steel top hinge detail was developed by Amaris et al. (2007) in the asymmetrically 

post-tensioned non-tearing connection shown in Figure 3-7. A steel hinge solution is generally 

more expensive to produce due to higher material costs and fabrication requirements. However, 

greater flexibility in design is achieved, compared to a concrete solution. The profile of the hinge 

can be tuned and fabricated in order to minimise deformation induced in the hinge during rotation 

of the connection. A circular hinge profile which allows natural rotation of the connection to 

occur without inducing prising actions is desirable, and can be easily achieved in a fabricated 

steel top hinge. The high characteristic strength of steel, compared to concrete, means that the 

hinge section can be made shallow in depth which can reduce the horizontal and vertical hinge 

deformation induced during lateral drift of the frame.   

 

A steel hinge section has the benefit of allowing a dry-jointed, fully precast method of 

construction to be adopted, since a steel hinge can be precast into a beam or fixed in place after 

casting of the beam. Cast-in-situ concrete, grout pads or steel shims may be required to 

accommodate construction tolerances between a steel hinge and the column face. Steel shims 

were employed for this purpose by Amaris et al.(2008).  

 

  

Figure 3-7 Asymmetric Post Tensioned Non-Tearing Floor Connection (Amaris et al. 2007) and  

(Amaris et al. 2008) 
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3.5 HINGE DEFORMATION CHARACTERISTICS 

The deformation and damage characteristics of non-tearing connections are governed by the 

detailing and geometry of the top hinge. A steel hinge with circular profile generally exhibits 

lower horizontal deformations and prising actions during rotation of the connection, compared to 

a cast-in-situ concrete rectangular cross section hinge. This section describes the hinge 

deformation components to be considered during the design of a non-tearing connection.  

 

3.5.1 Horizontal Hinge Deformation 

Figure 3-8 shows the deformation components for a rectangular slotted beam hinge and circular 

top hinge profile, during positive moment and negative moment connection rotations. A positive 

moment rotation is a rotation which induces tension in the bottom of the beam, and negative 

moment rotation induces tension on the top of the beam. The horizontal opening of the top and 

bottom of the hinge is important to consider, as this is a damage indicator for the connection and 

floor slab. During a positive moment connection rotation, the bottom of the rectangular slotted 

beam hinge prises open or rotates about the compression zone in the top of the hinge and adjacent 

slab. Similarly, under a negative moment connection rotation, the top of the hinge and adjacent 

slab prises open about the compression zone in the bottom of the hinge. With reference to Figure 

3-8, the horizontal deformation induced at the top or bottom of a rectangular hinge profile, ∆𝐻, is 

given by Equation 3.1.  

 

 ∆𝐻= 𝜃𝑏 × (𝑑𝑖𝑛𝑔𝑒 − 𝑐) 3.1 

 

With reference to Figure 3-8, 𝜃𝑏  is the beam rotation, given by Equation 3.2, and 𝑑𝑖𝑛𝑔𝑒  is the 

depth from the neutral axis to the top or bottom extreme fibre of the hinge.  

 

 
𝜃𝑏 = 𝜃𝑐𝑜𝑙 ×

1

1 −
𝐻𝑐𝑜𝑙

𝐿𝑏𝑒𝑎𝑚

 
 

3.2 

 

 

With reference to Figure 3-8, 𝜃𝑐𝑜𝑙  is the interstorey column drift, 𝐻𝑐𝑜𝑙  is the depth of the column 

and 𝐿𝑏𝑒𝑎𝑚  is the length of the beam between column faces (Pampanin et al. 2001).  
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Figure 3-8-Deformation components of rectangular and circular hinge cross sections under positive and 

negative moment connection rotations. 

 

It is also important to know the expected deformation and imposed strains at the location of the 

top and bottom longitudinal beam reinforcement, in order to design for elastic and low cycle 

fatigue requirements respectively. In this case, the parameter 𝑑𝑖𝑛𝑔𝑒 in Equation 3.1, should be 

replaced with the depth from the hinge neutral axis to the location of the top or bottom 

longitudinal beam reinforcement, 𝑑.  

 

The horizontal deformation of a steel circular top hinge profile differs slightly. The centre of 

rotation of the hinge acts as the reference point of hinge deformation. During a positive moment 

connection rotation, there are two cases to consider. The first is where the topping slab fills the 

area above the hinge, causing the hinge to prise open about the top of the slab, in which case the 

relationship for the rectangular hinge can be applied.  
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The second case is where a void is provided between the top of the circular hinge and the column 

face, or crushing of the thin layer of topping concrete occurs. The horizontal deformation 

component in this situation is determined using Equation 3.3 and Equation 3.4.  

 

 ∆𝐻= 𝜃𝑏 × 𝑑𝑐𝑜𝑟  3.3 

 

 
𝜃𝑏 = 𝜃𝑐𝑜𝑙 ×

1

1 −
𝐻𝑐𝑜𝑙 + 2𝐿𝑐𝑜𝑟

𝐿𝑏𝑒𝑎𝑚 − 2𝐿𝑐𝑜𝑟

 
3.4 

 

 

With reference to Figure 3-8, 𝐿𝑐𝑜𝑟  is the distance from the column face to the centre of rotation of 

the hinge. The parameter 𝑑𝑐𝑜𝑟  is the distance from the centre of rotation of the hinge to a 

particular point of interest in the section, primarily the distance to the slab surface, bottom of the 

hinge, and top and bottom longitudinal beam reinforcement. This form of the equation also 

applies to the horizontal deformation component of the connection during a negative moment 

rotation. 

 

3.5.2 Vertical Hinge Deformation 

Geometric and shear deformation contributions make up the vertical deformation characteristics 

of the connection. Vertical deformation is an important component to consider as dislocation of 

concrete aggregate particles in the topping slab and hinge can occur during beam rotation, 

resulting in a permanent vertical offset of the connection. Vertical deformation also induces 

dowel action in the connection longitudinal reinforcement and buckling eccentricity to the 

reinforcing bars or dissipation devices at the bottom of the beam. The critical vertical 

deformation to consider is where the hinge moves down or up from its original position.  

 

The vertical deformations arising as a result of hinge rotation, shown in Figure 3-8, are 

determined in a similar way to the horizontal hinge deformation. For a rectangular hinge cross 

section, such as the slotted beam cast-in-place hinge, the vertical deformation induced in the slab 

surface at the beam face for a positive moment or negative moment connection rotation is given 

by Equation 3.5.  
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 ∆𝑣=  𝜃𝑏 
2 × 𝑑𝑖𝑛𝑔𝑒  3.5 

 

For a circular steel hinge cross section, where a void between the column face and top of the 

hinge or slab is provided, or crushing of the slab concrete above the hinge occurs, the vertical 

deformation induced in the top of the slab is made up of two components; the vertical component 

of the centre of the hinge rotating on the corbel seat, and the vertical component caused by the 

horizontal gap opening of the hinge, as given by Equation 3.6.  

 

 ∆𝑣= 𝜃𝑏 × 𝐿𝑐𝑜𝑟 +  𝜃𝑏 
2 × 𝑑𝑐𝑜𝑟  3.6 

 

The vertical displacement induced in the bottom beam longitudinal reinforcement is also 

important to consider, as this induces bar dowel action and buckling eccentricity during a 

negative moment connection rotation. The vertical deformation at the location of the bottom 

beam longitudinal reinforcement in is determined using Equation 3.7.  

 

 ∆𝑣,𝑏=  𝜃𝑏 
2 × 𝑑 3.7 

 

In which case 𝑑 is the depth from the centre of hinge rotation or neutral axis to the location of the 

bottom beam longitudinal reinforcement. It should be noted that where corbel seating is provided, 

the vertical deformation arising from the rotation of the hinge on the corbel, 𝜃𝑏 × 𝐿𝑐𝑜𝑟 , should be 

added to the longitudinal beam reinforcement vertical deformation determined using Equation 3.7.  

 

It is also important to note that the vertical deformation arising from hinge rotation will be 

induced as dowel action in the longitudinal beam reinforcement passing through the top hinge. It 

may be necessary to provide special hinge detailing if this vertical displacement is severe in order 

to avoid guillotining and severe dowel action in the top hinge longitudinal bars.  

 

Shear deformation also contributes to the vertical deformation of the connection. For a 

rectangular cast-in-place hinge, such as the slotted beam detail, shear deformation is likely to be 

small due to the provision of the diagonal shear reinforcement. In this case the hinge shear 

deformation is determined by the axial deformation of the diagonal shear hangers. At low levels 
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of drift, the shear strength of the hinge concrete would also contribute to the vertical stiffness of 

the concrete hinge region. However, after repeated cycles of beam rotation, cracking through the 

hinge at the column face would reduce the shear resistance of the hinge concrete. It is therefore 

recommended to ignore the concrete shear contribution during design. The same philosophy is 

applied when detailing plastic hinges for shear.   

 

For a steel top hinge arrangement, flexural and shear deformation of the structural steel hinge 

must be carefully assessed and considered in the design in order to avoid severe vertical 

dislocations and eccentricities in the connection.  

    

3.6 CONNECTION SLOT WIDTH 

The width of the provided gap or slot between the end of the beam and the column face must 

satisfy two criteria. Firstly, the expected maximum credible rotation of the beam must be 

accommodated by the slot. If the slot is too narrow, contact between the bottom of the beam and 

column face will occur, resulting in the hinge at the top of the beam prising away from the 

column face. This may induce inelastic action in the top reinforcing bars, damage of the adjacent 

floor diaphragm and cause beam elongation with the risk of floor unit collapse.  

 

A slot width accommodating 5.0% maximum credible storey drift is recommended for locations 

of high seismicity. The width of slot required to satisfy this criteria, Δ𝑠𝑙𝑜𝑡 , is given by       

Equation 3.8.  

 

 
Δ𝑠𝑙𝑜𝑡 = 0.05 ×

𝐻𝑏

1 −
𝐻𝑐𝑜𝑙

𝐿𝑏𝑒𝑎𝑚

 
 

3.8 

 

 

Where 𝐻𝑏  is the depth of the beam, 𝐻𝑐𝑜𝑙  is the depth of the column and 𝐿𝑏𝑒𝑎𝑚  is the length of the 

beam between column faces. 
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Secondly, the width of the slot must be narrow enough to prevent buckling of the bottom beam 

longitudinal reinforcement or internal energy dissipation devices. The buckling length to be 

checked during the design of the connection is the distance between lateral restraints on either 

side of the slot. This can be considered as the distance between the first set of beam and column 

stirrups, not the distance to the outside of the beam and column cover concrete. Buckling of the 

beam reinforcement can be controlled by the diameter of the bar; but is limited by the maximum 

bar diameter that may be passed through the beam column joint. Adding multiple layers or bars 

located further up the beam where strain demand during rotation of the connection is reduced can 

minimise associated problems with longitudinal bar buckling. However this increases the cost of 

the connection as a greater area of reinforcement is required to achieve the design moment 

capacity.  

 

Construction tolerances must be considered when designing the slot width. The primary concern 

is to ensure that the minimum required slot width is provided. Conservatism and allowance for 

construction tolerances in the design for buckling is recommended to account for the situation 

where the constructed slot is larger than that specified in design.  

 

3.7 CONNECTION MOMENT RESISTANCE 

Numerous solutions are available for providing moment resistance in non-tearing connections. 

However, the concept is the same for all solutions: moment resistance of the connection is 

governed by the tension-compression characteristics of the reinforcement or device located at the 

bottom of the beam. This section presents some solutions for providing moment resistance to 

non-tearing connections, and the associated advantages and disadvantages of the solutions are 

discussed. 

 

3.7.1 Mild Steel Reinforcement 

The simplest method to provide moment resistance to a non-tearing connection is through 

traditional mild steel reinforcing bars yielding in tension and compression. The slotted beam 

connection and TCY-Gap connections both utilised mild steel longitudinal reinforcement for 

flexural resistance. High energy dissipation is observed from connections utilising mild steel 
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dissipation but moderate to high levels of bar damage and residual drift of the frame are less 

desirable performance characteristics of yielding connections.  

 

Mild steel bars are also prone to buckling in compression and generally require repair or 

replacement after a design level earthquake. The development of external or replaceable 

dissipaters has simplified the repair of connections constructed with yielding mild steel 

reinforcement, enhancing the attractiveness of the solution in industry.   

 

3.7.2 Post-Tensioning 

Due to the arrangement of the top hinge and lack a of beam elongation in the connection, a 

straight post tensioned tendon profile is not effective in providing moment resistance in a non-

tearing connection. A draped or parabolic tendon profile must be provided for post-tensioned 

non-tearing connections.  

 

The draped tendon solution was developed by Amaris et al. (2008), and passed unbonded post-

tensioning through the hinge at one connection in a frame, while passing through the slot at the 

bottom of the beam at the adjacent connection. When combined with mild steel reinforcement or 

dissipaters, and post tensioned columns, a global self centring and dissipative flag shaped force-

displacement can be achieved. However, although the draped tendon profile effectively provided 

moment resistance in the Amaris et al. (2008) top hinge connection, full re-centring from the 

connection alone was not achieved.  

 

Post tensioning allows beams and columns to be fully precast and assembled using dry-jointed 

construction. The self-centring properties of post tensioned connections result in minimal damage 

and residual drift after an earthquake. Post tensioning technology in New Zealand is developing 

rapidly but is currently an expensive design solution for precast moment frames.  
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3.7.3 Flexural Devices 

To overcome the issues of axial buckling of mild steel reinforcing bars, flexural energy 

dissipation devices have been developed. Energy dissipation is provided by hysteretic yielding of 

steel devices through bending. These types of devices could be directly applied to a non-tearing 

connection, taking advantage of reversed cyclic hysteretic yielding through bending, rather than 

the buckling prone axial tension-compression mechanism of mild steel reinforcement.  

 

The performance of flexural devices is not only dependent upon the behaviour of the device itself, 

but also the connection between the device and structural elements. Arnold (2004) experimentally 

tested boomerang flexural dissipation devices with poor results due to slop in the bolted 

connection between the device and the beam-column joint. Higher flexibility in flexural devices 

is expected compared to axial tension-compression devices which may limit feasible application. 

Expense associated with fabrication may also limit the economic feasibility of flexural 

dissipation devices.  

 

3.7.4 Lead Extrusion Dampers 

Lead extrusion damping devices have been traditionally used for the base isolation of structures. 

However, recent research at the University of Canterbury has developed and implemented lead 

damping devices for precast concrete and steel seismic frames.  

 

Lead extrusion devices provide energy dissipation by forcing a steel extrusion or constriction 

through a volume of lead. The devices exhibit high force to volume and high initial stiffness 

characteristics which can be controlled through the shape of the extrusion orifice or constriction.  

 

Lead extrusion devices rely upon the unique rheological properties and low re-crystallisation of 

lead which provide high initial stiffness and yield force, while reducing seismic response through 

hysteretic energy dissipation, without inducing damage in the structural elements. The 

performance of these devices is heavily dependent upon the flexibility of the connecting elements, 

so care must be taken when designing the fixings for beams and columns (Rodgers et al. 2007).  
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Lead extrusion devices show good potential for application in non-tearing floor connections as 

the force-displacement behaviour of the devices is symmetrical in both tension and compression, 

without proneness to buckling. Figure 3-9 shows application of lead extrusion dampers in a 

precast concrete beam-column connection and a top hung steel moment frame connection, 

highlighting the potential for application in precast concrete non-tearing connections.   

 

  

(a) External lead extrusion damper (Solberg 2007) (b) External lead extrusion damper mounted on a 

beam-column connection (Solberg 2007) 

 

(c) Application of lead extrusion dampers in a flange hung steel moment connection (Rodgers et al. 2009) 

Figure 3-9 Structural applications of lead extrusion damping devices 
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3.7.5 Elastomeric Devices 

The conceptual feasibility of elastomeric dampers and springs were analytically investigated by 

Kelly (2007) and Holmes Consulting Group Ltd, in the development of a post-tensioned non-

tearing floor seismic frame. The configuration of the elastomeric damper in shear, shown in 

Figure 3-10(a), proved to be too flexible for application by an order of magnitude, with softening 

of the device resulting in a negative structural stiffness at less than 1% storey drift.  

 

In order to improve the stiffness of the connection, “Belleville” springs and elastomeric bearings 

in compression were investigated. Once again, the limited stiffness of the coil and Belleville 

springs, compared to conventional reinforcement, was deemed inappropriate for application in 

non-tearing floor connections.  

 

Elastomeric bearings in compression were also experimentally investigated, as shown in Figure 

3-10(b). The bearings provided compression resistance only which meant that the moment 

resistance of one connection in the bay of a frame was effective at any one time, under a negative 

moment connection rotation. This resulted in extremely high beam and column moments and 

forces induced in the connection. Issues were also encountered in accommodating the size of 

bearing required to provide the necessary moment capacity in the lower half of the beam.  

 

 

 
 

(a) Elastomeric shear device analytically investigated by  

Kelly (2007) 

(b) Elastomeric compression bearing 

application in non-tearing connection 

(photo courtesy of A. Amaris). 

Figure 3-10 Analytical and experimental investigations of elastomeric devices  
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3.7.6 Sliding joints 

Sliding friction joints have become popular for providing moment resistance to steel moment 

frames, and there is potential to apply the same technology to non-tearing precast concrete 

connections. Energy is dissipated in these joints through friction sliding between bolted flange 

and web plates and inserted brass, steel or aluminium shims (MacRae et al. 2007). A friction 

sliding web or flange plate, shown in Figure 3-11 could be incorporated into the bottom of a 

beam in a non-tearing connection.  

 

However, as highlighted by the UT-FR detail in the NIST research program the performance of 

proprietary devices, such a friction sliding joints, depends heavily upon the flexibility of the 

connecting elements (Palmieri et al. 1996). Fabrication costs and the size of the sliding 

connection required to satisfy connections subjected to high seismic forces may limit the 

feasibility of sliding hinge joints for application in non-tearing connections. 

 

 

Figure 3-11 Sliding hinge joint detail for a steel moment resisting frame (MacRae et al. 2007) 

 

3.7.7 Viscous Devices 

Recently at the University of Canterbury, the use of viscous damping devices for supplemental 

energy dissipation of precast post tensioned walls, shown in Figure 3-12(a), and advanced flag 

shaped systems has been explored. Viscous damping devices have been shown to display 

superior performance over conventional systems, particularly for the protection against strong 

ground motion for near and far field earthquakes (Marriott et al. 2008) and (Kam et al. 2008). 
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There is potential that viscous damping devices could be incorporated into non-tearing 

connections, in the arrangement shown in Figure 3-12(b).  

 

The major drawback restricting structural implementation is the cost of current viscous damping 

devices, although cost reductions are likely in the foreseeable future as the technology develops 

and is more widely utilised. With devices required at every beam-column connection, the feasible 

implementation of viscous damping devices for non-tearing connections may only be viable for 

high performance structures.   

 

 

 

(a) Viscous dampers installed on post-tensioned 

precast concrete wall (Marriott et al. 2008) 

(b) Viscous damping device implemented in non-

tearing connection 

Figure 3-12 Structural application of viscous damping devices 

 

3.8 HINGE REINFORCEMENT DETAILING 

The role of the top hinge longitudinal beam reinforcement is to maintain clamping between the 

hinge and the column face, and to resist beam elongation occurring during rotation of the 

connection. In order to fulfil these requirements, severe inelastic action in the top hinge 

reinforcement must be avoided at the maximum capacity of the connection.  
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There are two conditions to consider in the design of the top reinforcement. Firstly, the full 

overstrength of the bottom longitudinal reinforcement, which governs the flexural response of the 

connection, will be induced in the top hinge longitudinal reinforcement. Under this condition, the 

elastic capacity of the top hinge reinforcement must sustain the full overstrength of the bottom 

longitudinal reinforcement, as given by the requirement of Equation 3.9.  

 

 𝐴𝑠
′ 𝑓𝑦

′ > 𝜆0𝑓𝑦𝐴𝑠 3.9 

 

Where 𝐴𝑠
′ and 𝑓𝑦

′  are the area and yield stress of the top hinge longitudinal reinforcement, 𝐴𝑠  and 

𝑓𝑦  are the area and yield stress of the bottom beam longitudinal reinforcement, and 𝜆0  is the 

overstrength factor of the bottom beam longitudinal reinforcement.  

 

A second condition must be considered for the design of the top hinge reinforcement, particularly 

for reinforced concrete hinges with rectangular cross sections like that adopted in the slotted 

beam connection. During connection rotation, as the strength of the connection increases, the 

location of the neutral axis shifts through the depth of the hinge. Prising of the hinge away from 

the column face can occur, increasing the force and strain demand in the top hinge reinforcement, 

as well as influencing the moment capacity and stiffness characteristics of the connection 

response.  

 

The neutral axis location is dependent upon the depth of the hinge and the top hinge to bottom 

beam longitudinal reinforcement ratio. The two critical conditions to consider are shown in 

Figure 3-13, for a positive and negative moment rotation, where the neutral axis is located above 

and below the top hinge longitudinal reinforcement respectively. These two critical conditions 

would occur when the beam is nominally reinforced; that is the top hinge longitudinal 

reinforcement yields before the strain in the hinge concrete reaches 𝜀𝑐 = 0.003 and crushes.   

 

With reference to Figure 3-13, Ts is the tension force induced in the bottom beam longitudinal 

reinforcement under a positive moment connection rotation, Cs  is the compression force induced 

in the bottom beam longitudinal reinforcement under a negative moment connection rotation, and 

T’s is the tension force induced in the top hinge longitudinal reinforcement.  
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(a) Positive moment rotation (b) Negative moment rotation 

Figure 3-13 Top hinge reinforcement actions during connection rotation 

 

The follow procedures for determining the strain and force demand on the top hinge 

reinforcement are deformation driven, and rely upon simplified stress block and strain penetration 

assumptions. The procedures described are therefore only an approximate assessment of the 

demand on the top hinge reinforcement, but are considered appropriate for the design of non-

tearing connections.  

  

Under a positive moment connection rotation, the slotted beam connection behaves in a similar 

manner to a traditional monolithic reinforced concrete section. The neutral axis depth, 𝑐, can be 

determined using the equivalent compression stress block approach, based on the level of tension 

force generated in the bottom beam longitudinal reinforcement using Equation 3.10.  

 

 
𝑐 =

𝑇𝑠

𝛼𝛽𝑓𝑐′𝑏
 

 

3.10 

 

Where 𝑇𝑠  is the tension force induced in the bottom beam longitudinal bars at the level of drift 

under consideration, 𝛼  and 𝛽  are the equivalent stress block parameters (generally 𝛼 = 𝛽 =

0.85), 𝑓𝑐
′  is the concrete compressive strength and 𝑏 is the breadth of the hinge.  
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The strain in the top reinforcement is then determined considering the beam rotation and the 

location of the top hinge reinforcement with respect to the neutral axis using Equation 3.11. 

 

 
𝜀𝑠
′ =

𝜃𝑏 × (𝑑 − 𝑐)

2𝑙𝑠𝑝
 

 

3.11 

 

Where 𝜃𝑏  is the beam rotation, 𝑑 is the depth to the top longitudinal bars below the top of the 

hinge and 𝑙𝑠𝑝  is the strain penetration depth, given by Equation 3.12 (Pampanin et al. 2001). 

 

 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  3.12 

 

Where 𝑓𝑦  and 𝑑𝑏  are the yield stress and diameter of the top hinge longitudinal reinforcement.  

The corresponding stress and force in the top hinge reinforcement, 𝑇𝑠
′ , is determined from the 

steel stress-strain response for the induced level of strain.  Iteration is required on the neutral axis 

depth and strain demand in the top hinge reinforcement. The compression block force demand, 𝐶𝑐 , 

is updated by adding the geometrically induced tension force in the top hinge bars, given by 

Equation 3.13. 

 

 𝐶𝑐 = 𝑇𝑠 + 𝑇𝑠
′  3.13 

 

And the depth of compression block is determined using Equation 3.14.   

 

 
𝑐 =

𝐶𝑐

𝛼𝛽𝑓𝑐′𝑏
 

 

3.14 

 

Iteration is continued until section force equilibrium is achieved. If the strain in the top bars is 

less than the characteristic yield strain of the reinforcement, then protection against yielding is 

provided.  
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Generally, the critical load case occurs under a negative moment rotation, where a compression 

zone forms in the bottom of the hinge, as shown in Figure 3-13(b). Prising of the hinge about the 

compression zone increases the tensile strain demand in the top hinge bars. In order to assess the 

strain demand on the top hinge bars, during a negative moment rotation, the following procedure 

is suggested.  

 

Firstly, assess the level of strain induced in the top hinge reinforcement arising from the force 

induced in the bottom beam reinforcement, using Equation 3.15.  

 

 
𝜀𝑠
′ =

𝐶𝑠

𝐸𝑠𝐴𝑠
′
 

 

3.15 

 

Where 𝐶𝑠  is the compression force induced in the bottom beam longitudinal reinforcement, 𝐸𝑠  is 

the steel elastic modulus and 𝐴𝑠
′  is the area of the top hinge longitudinal reinforcement.  

 

Then assume that the hinge rotates as a rigid body and for the level of frame drift under 

consideration determine the strain at the location of the top reinforcement using Equation 3.16.   

 

 
𝜀𝑠
′ =

𝜃𝑏 × 𝑑′

2𝑙𝑠𝑝
≥

𝐶𝑠

𝐸𝑠𝐴𝑠
′
 

 

3.16 

 

The corresponding tension force induced in the top hinge reinforcement, 𝑇𝑠
′ , is determined from 

the steel stress-strain response. If the total tension force lies below the yield capacity of the top 

hinge longitudinal reinforcement then the top hinge bars are protected from inelastic action. The 

depth of the compression block which forms in the bottom of the hinge can be determined using 

equivalent stress block theory based on the magnitude of force arising from geometric opening of 

the hinge. The compression block force is determined by the total force induced in the top hinge 

reinforcement, 𝑇𝑠
′ , minus the compression force induced in the bottom beam reinforcement, 𝐶𝑠 , at 

the level of connection rotation under consideration, given by Equation 3.17.  

 

 𝐶𝑐 = 𝑇𝑠
′ − 𝐶𝑠  3.17 
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 If the total tension force induced in the top reinforcement is greater than the corresponding yield 

capacity, then the top hinge reinforcement yields. In this situation, the compression force demand 

arising from the bottom beam reinforcement is subtracted from the yield capacity of the top hinge 

reinforcement. This resultant force which forms the compression zone in the bottom of the hinge 

is given by Equation 3.18.  

 

 𝐶𝑐 = 𝐴𝑠
′ 𝑓𝑦

′ − 𝐶𝑠 3.18 

 

Equivalent stress block theory can be used to determine the corresponding depth of compression 

block. Iteration on the compression block depth and top bar strain demand is required until 

section equilibrium is achieved.  

 

When the neutral axis location lies above or below the location of the top hinge reinforcement, 

and strains above the yield capacity are induced in the top bars, debonding of the top hinge 

reinforcement may be necessary to maintain an elastic stress state. Alternatively, a small degree 

of inelastic action in the top hinge reinforcement may be acceptable, depending upon the specific 

use of the structural system. However inelastic deformation comes at a cost of irrecoverable crack 

opening in the connection and adjacent slab. Crack width limits which apply to the specific use of 

the structure should be used as a guide to determine the degree of acceptable inelasticity in the 

top hinge reinforcement of the non-tearing floor connections.  

 

If the beam is over reinforced, crushing of the top hinge concrete will occur before the top hinge 

reinforcement yields. With the Whitney stress block assumption, crushing of unconfined concrete 

is assumed to occur at a strain of 𝜀𝑐 = 0.003. Local crushing of the hinge concrete is of no real 

consequence to the performance of the non-tearing connection. As will be outlined in section 3.9, 

the diagonal shear reinforcement is designed to carry the entire shear demand in the connection 

without reliance upon the hinge concrete capacity. Local crushing of the hinge concrete would 

actually reduce the deformation and prising effects in the hinge during rotation of the connection, 

reducing the strain demand and proneness to deformation induced inelastic action in the top hinge 

longitudinal reinforcement. The only real consequence of crushing in the hinge concrete is the 

superficial concrete cover damage that may require remedial repair after the earthquake. 
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Although not considered in the design of the top hinge longitudinal reinforcement, the diagonal 

shear reinforcement would also contribute to the area of flexural reinforcement in the top of the 

beam. Therefore it is highly possible that a reinforced concrete hinge section in a slotted beam 

connection would be over-reinforced and that crushing of the cover concrete at the extreme fibres 

of the concrete hinge would occur.  

 

A similar procedure as described above should be applied for the steel top hinge details, to assess 

the force and strain demand on the top hinge longitudinal reinforcement. Although the circular 

steel hinge profile is less prone to prising actions, the use of steel in the section, rather than 

concrete, will cause the hinge to rotate like a rigid body, so rotational deformation demand should 

be checked.  

 

3.9 SHEAR AND TORSION DESIGN  

3.9.1 Beam Shear 

It is important to provide adequate shear and torsion transfer across the non-tearing connection. 

For post-tensioned, precast, dry jointed non-tearing connections, similar to that developed by 

Amaris et al.(2008), shear friction at the beam column interface cannot be relied upon as a 

reliable shear transfer mechanism. The friction generated between the shallow steel beam hinge 

and the column face provides minimal friction resistance. There are also concerns with the 

effectiveness of shear transfer through friction with post-tensioning force losses.  

 

Therefore it is necessary to provide shear transfer through a shear corbel, as shown in Figure 

3-14(a). It is important to consider combined gravity and seismic shear forces, including seismic 

uplift. If the seismic component of shear force exceeds that from gravity loads, an uplift corbel, 

like that shown in Figure 3-14(b), may be required in order to prevent the beam sliding up the 

column face.  
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(a) Top hinge connection double corbel detail (b) Top hinge connection uplift shear corbel detail 

Figure 3-14 Precast top hinge connection shear corbel details (Amaris et al. 2008) 

 

In the case of the cast-in-place slotted beam connection, the shear capacity of the shallow 

concrete hinge cannot be relied upon as an effective means of shear transfer. Dowel action of the 

longitudinal hinge reinforcement also needs to be avoided.  

 

Diagonal shear hanger bars have been proven by Ohkubo (2004), to be an effective solution for 

transferring shear across the slotted beam connection. The detail shown in Figure 3-15(a) is a cost 

effective solution utilising conventional reinforcing bars and familiar cast-in-place construction 

techniques.  

 

  

(a) Slotted beam diagonal shear reinforcement (Ohkubo and 

Hamamoto 2004) 

(b) Anchorage details of threaded 

inserts into core of joint  

Figure 3-15 Diagonal shear bar and treaded insert shear transfer details 
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The connection shear force must be correctly anchored in the beam-column joint and beam. For 

the top hinge solution, where a corbel is provided at the column face, the corbel may be cast into 

the column with welded studs or post-fixed after casting with threaded inserts or couplers. In both 

cases anchorage into the core of the joint is important. Termination of the studs or anchors must 

be past the cover concrete and first set of column longitudinal bars, into the confined core of the 

beam-column joint. In the situation where couplers are too short to enter the column core, a 

hooked reinforcing bar through the end of the coupler should be provided. These details are 

provided in Figure 3-15(b).  

 

For the slotted beam connection, the diagonal shear bars are terminated in the column with a 90 

degree hook, as shown in Figure 3-15(a).  However, modification to the                              

Ohkubo and Hamamoto (2004) diagonal shear bar detail is recommended, as shown in             

Figure 3-16. The diagonal section of the shear reinforcement should be continued at least past the 

first set of column bars and into the core of the joint, before terminating the bar hook. This avoids 

dowel action of the hanger bar at the column face, reduces the proneness for cover concrete 

damage and provides reliable anchorage and shear transfer into the core of the joint. 

 

  

(a) Original shear hanger detail                  

(Ohkubo and Hamamoto 2004) 

(b) Recommended modification shear hanger detail 

Figure 3-16 Revised diagonal shear bar detail to prevent dowel action 

 

Careful consideration of the beam shear demand is required in order to correctly provide shear 

resistance and prevent shear cracks forming in the end of the beam. For precast top hinge details, 

shear is transferred through the hinge and is anchored in the beam using threaded tie rods or high 

strength reinforcing bars, as shown in Figure 3-17. A foot plate should be provided on these tie 

Dowel action at 

beam-column 

interface

Terminate inclined 

section of hanger past 

first set of column bars



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

3-31 

bars in order to securely anchor the beam shear into the beam strut and tie mechanism. The beam 

shear force may be magnified by the bending behaviour of the hinge, since a leverarm exists 

between the shear support at the corbel and the hinge anchorage location in the beam. Referring 

to Figure 3-17, the design shear force, 𝑉∗ for the steel top hinge connection is determined using 

Equation 3.19.  

 

 
𝑉∗ =

𝑉𝐺+𝑄+𝐸 × 𝐿𝑖𝑛𝑔𝑒

𝐿𝑖𝑛𝑔𝑒 − 𝐿𝑡𝑖𝑒
 

 

3.19 

 

Where 𝑉𝐺+𝑄+𝐸  is the design shear force derived from factored seismic and gravity actions,  

𝐿𝑖𝑛𝑔𝑒  is the length of the hinge and 𝐿𝑡𝑖𝑒  is the distance from the seating of the hinge on the shear 

corbel to the tie bar.  

 

In the situation where the connection is subjected to uplift shear, the hinge will bear on the 

concrete at the front of the beam and tension will be induced in the tie bars, as shown in Figure 

3-17(b). The magnitude of this tension shear force is determined using Equation 3.20.  

 

  

(a) Negative moment shear transfer mechanism (b) Positive moment shear transfer mechanism 

Figure 3-17 Shear transfer mechanism for a top hinge detail 
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𝑉∗ =

𝑉𝐺+𝑄+𝐸 × 𝐿𝑏𝑒𝑎𝑟𝑖𝑛𝑔

𝐿𝑡𝑖𝑒 − 𝐿𝑏𝑒𝑎𝑟𝑖𝑛𝑔
 

 

3.20 

 

Where 𝐿𝑏𝑒𝑎𝑟𝑖𝑛𝑔  is the distance from the centre of the shear corbel to the hinge bearing point.  

 

The shear transfer mechanism for the slotted beam diagonal shear bars is shown in Figure 3-18 

for both positive and negative connection rotations, where compression and tension forces are 

induced in the shear hanger bars respectively. For the slotted beam connection, the horizontal 

bottom legs of the diagonal shear hangers should be anchored in the beam end through a straight 

length of reinforcing bar, equal to or greater than the required development length of the 

reinforcing bar. The horizontal bottom legs of the diagonals need to lap with the longitudinal bars 

at the bottom of the beam in order to complete and participate in the internal “shear truss” 

mechanism of the beam.  

 

The provision of shear reinforcement in the end of the beam, where the top hinge tie bars or 

diagonal shear bars terminate, must be sufficient to sustain the induced shear force, in order to 

prevent beam shear cracking. Ohkubo and Hamamoto (2004) reported shear cracking of the end 

of the beam, where the debonded length on the bottom beam reinforcement and the diagonal 

shear bars terminated in the beam, as shown in Figure 3-19.  

 

  

(a) Positive moment rotation (b) Negative moment rotation 

Figure 3-18 Shear transfer mechanism for diagonal hanger bars 
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Figure 3-19 Shear cracking observed in the slotted beam connection (Ohkubo and Hamamoto 2004) 

 

The beam shear reinforcement in the region where hinge tie downs or diagonal shear bars 

terminate in the beam can be detailed based on recommendations by Collins and Mitchell (1997), 

shown in Figure 3-20. The effective width on which a compression strut lands is given by s+6db, 

where s is the spacing of the stirrup sets and db is the diameter of the longitudinal beam bars. 

Hence the transverse reinforcement required to satisfy the design shear demand, V*, must be 

provided in the region 
𝑠+6𝑑𝑏

2
 either side of where the tie downs or hanger bars terminate. It is 

recommended to continue the required spacing through the beam end region to provide additional 

resistance against shear cracking.   

 

 

Figure 3-20 Effective width of stirrup initiation at the location of strut landing (Collins and Mitchell 1997) 

 

Forcing inelastic action to the slot or gap in the non-tearing connection results in the beam 

responding elastically, without the development of significant cracking or plastic hinges. The 

dependable shear capacity of concrete in the beam end regions is far more reliable than in plastic 

hinge zones in traditional connections. The plastic hinge zone of a non-tearing connection is 
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concentrated to the width of the slot or gap, while the concrete shear capacity in the immediately 

adjacent beam can be treated as being outside the plastic hinge zone. With reliable concrete shear 

capacity, the amount of transverse steel reinforcement to satisfy shear demand may be reduced in 

the ends of the beam of a non-tearing connection, compared to a traditional monolithic reinforced 

concrete connection.   

 

3.9.2 Confinement and Anti-Buckling  

The gap between the beam end and the column face of a non-tearing connection exposes the 

bottom beam longitudinal reinforcement and removes lateral constraint across the width of the 

gap. Without concrete compression contact stress between the beam and column, the 

reinforcement is subjected to high compressive stresses and strains during reversed cyclic seismic 

rotation of the connection. Therefore, the bottom beam longitudinal reinforcement is more 

susceptible to buckling than in a conventional reinforced concrete connection so confinement and 

anti-buckling provisions must be carefully considered in the design.  

 

A recommended approach for the design of the confinement and anti-buckling shear 

reinforcement in non-tearing connections is to apply the theory suggested by Dhakal (2002b) for 

determining the buckling length and mode of the bottom reinforcement. In this approach, the 

effective stiffness of lateral ties in the beam and column determines the buckling mode and hence 

buckling length of the reinforcement. The slenderness parameter 
𝐿

𝐷
 

𝑓𝑦

100
  governs the buckling 

behaviour of the reinforcement. Dhakal (2000) and Dhakal (2002b) report that if the slenderness 

parameter 
𝐿

𝐷
 

𝑓𝑦

100
 is less than or equal to eight, premature buckling can be avoided and the 

average compressive response would be stable.  

 

A path dependent stress-strain relationship for reinforcing bar with a provision for buckling is 

also proposed by Dhakal and Maekawa (2002a)  for modelling the cyclic behaviour of 

reinforcing bar under reversed cyclic seismic loading.  
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The anti-buckling and confinement code requirements should be applied as a minimum 

transverse reinforcement requirement for the beam design in non-tearing connections. However 

high compressive stress demand induced in the bottom beam longitudinal reinforcement of a non-

tearing connection, during a negative moment rotation, is likely to require closer spacing of 

transverse reinforcement than code specifications for the design of reinforced concrete beams. 

Therefore, a more refined method of buckling analysis, such as that proposed by Dhakal (2002b) 

and Dhakal and Maekawa (2002a), which takes into consideration the high compressive stress 

and strain demand on the beam reinforcement, is recommended for the anti-buckling and 

confinement transverse reinforcement design in a non-tearing connection.   

 

3.9.3 Beam Torsion  

Beam torsion is an action which is commonly neglected in the design of precast concrete 

connections. Beam torsion is a critical design aspect for non-tearing connections, as the provision 

of the beam gap or slot prevents concrete shear torsion resistance. Two sources of torsion exist in 

a structure during seismic excitation; torsion from gravity load equilibrium and torsion from 

lateral drift of the frame.   

 

3.9.3.1 Torsion from Gravity Load Equilibrium 

The first source of torsion in a non-tearing connection arises due to the eccentric seating of 

precast floor units on the side of gravity beams. As shown in Figure 3-21(a), the gravity load of 

the precast floor is seated at an eccentricity „e‟ from the centreline of the beam. This induces a 

torsional moment at the beam column connection and causes the beam to rotate about the 

longitudinal axis. This behaviour was observed in the PRESSS five storey building test, where x-

plates were used to hang double tee flooring units from the top of the hybrid beams, as shown in 

Figure 3-21(b). Additional torsional moments acting on a beam, if not considered correctly 

during the design, can result in a reduction in reliable connection capacity, as was observed in the 

PRESSS five storey building test.   
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(a) Torsion and rotation of support beam caused 

by eccentrically seated floor units 

(b) Beam rotation observed in the PRESSS five-storey 

test building (Priestley et al. 1999) 

Figure 3-21 Beam torsion and rotation caused by gravity loads on floors   

 

The eccentricity of the floor unit, 𝑒 , is determined  using Equation 3.21.  

 

 
𝑒 =

𝑏𝑏𝑒𝑎𝑚 − 𝐿𝑠𝑒𝑎𝑡

2
 

 

3.21 

 

Where 𝑏𝑏𝑒𝑎𝑚  is the width of the beam and 𝐿𝑠𝑒𝑎𝑡 is the provided length of floor unit seating. The 

induced torsion moment is determined using Equation 3.22.  

 

 𝑇𝑔𝑟𝑎𝑣 = 𝑃𝑔𝑟𝑎𝑣 × 𝑒 3.22 

 

Where 𝑃𝑔𝑟𝑎𝑣  is the shear force acting at the supporting beam from the factored dead and live 

loads acting on the floor.  

 

For moment frames running parallel to precast floor units, the effects of gravity load torsion are 

not likely to be significant, as the gravity load acting on the beams is generally small. However, 

for connections in moment frames providing combined seismic and gravity load resistance, the 

loads on the connections arising due to gravity torsion may be significant.  

 

Precast floor system 

Pgrav 

e 

Beam 
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3.9.3.2 Torsion from Lateral Frame Deformation 

The second source of torsion which occurs in non-tearing floor connections arises due to slab 

initiation during lateral displacement of the frame during an earthquake. Matthews (2004) and 

Lindsay (2004) observed torsion distributed over the length of the beam, as shown in Figure 

3-22(a).  MacPherson (2005) observed torsion concentrated in the plastic hinge regions of the 

beam and separation of the ends of the beam from the floor due to beam elongation, as shown in 

Figure 3-22(b). Figure 3-24(b) shows the potential for torsion hinging of the beam end, 

highlighting the significant impact that torsion can have on the performance of precast concrete 

moment frames.  

 

As discussed in 3.2.1, beam elongation in the non-tearing connection is expected to be minimal 

and beam plastic hinges avoided. Therefore the mechanism by which torsion from lateral frame 

deformation is induced in a non-tearing connection differs significantly to that for traditional 

reinforcement concrete connections.  By avoiding the formation of beam plastic hinges, the 

torsion mechanism observed by MacPherson (2005), shown in Figure 3-22(b), would not occur in 

a non-tearing frame. It is expected that the lateral drift torsion response observed by Matthews 

(2004) and Lindsay (2004), shown in Figure 3-22(a), would occur in a non-tearing floor 

connection. However, by avoiding severe beam elongation, the magnitude of torsion induced in 

the support beam of a non-tearing connection would be significantly less than for a reinforcement 

concrete connection.  

 

  

(a) Torison response observed by   

Matthews (2004) and Lindsay (2004)  

(b) Torsion behaviour observed during MacPherson (2005) 

experiment 

Figure 3-22 Torsional behaviour of elongating seismic frames observed in experiments 
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Consider the mechanism by which the floor slab starter bars are initiated as part of the negative 

moment flange in a reinforced concrete connection. Beam elongation causes severe cracking of 

the floor diaphragm, spreading out from the support beam. At the ultimate limit state of the 

connection, after significant elongation and degradation of the beam plastic hinge and adjacent 

floor slab has occurred, the overstrength force of the starter bars in the adjacent slab, acting as a 

beam flange, contributes to the negative moment flexural strength of the beam. This results in 

extremely high negative moment capacity of the beam which must be accounted for during 

capacity design protection of the beam shear and column capacity.   

 

Since beam elongation in a non-tearing connection is minimal, and beam plastic hinges are 

avoided, the degree of cracking across the adjacent floor slab is expected to be minor compared 

to a reinforced concrete connection. Therefore, rather than the topping slab starter bars initiating 

as part of the non-tearing beam flange, rotation of the precast floor unit on the support beam is 

suggested as the mechanism by which the floor slab starter bars are initiated during a negative 

moment connection rotation. Initiation of the floor slab therefore occurs through torsion of the 

supporting beam, rather than as part of the negative moment flange of the seismic beam.  

 

A schematic of the floor torsion mechanism, shown in Figure 3-23, suggests that under a negative 

moment connection rotation, the precast floor unit rotates on the gravity beam, tearing the top of 

the slab and initiating the topping starter bars in tension. The tension force induced in the starters 

is equilibrated by a compression force at the contact point between the soffit of the precast floor 

unit and the gravity beam. The torsion induced by this mechanism is resisted at the moment 

connection between the gravity beam and the column.  

 

The moment distribution arising from the torsion mechanism, shown in Figure 3-23, induces 

tension in the top of the floor slab which, depending upon level of gravity load acting on the floor 

system, may cause the topping slab to crack.  Under a positive moment rotation, the precast floor 

unit is designed to slide on the gravity beam seating and initiation of the topping slab starter bars 

by torsion is avoided (assuming that the precast unit is seated on bearing strips with a low 

coefficient of friction between the precast floor and the ledge seating of the supporting beam).  
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Figure 3-23 Slab initiation caused by relative rotation between floor and supporting beam 

 

 

 

 
 

(a) Flange initiation force components causing torsion of 

supporting beam 

(b) Torsional hinging of support beam 

observed in MacPherson (2005) 

experiment 

Figure 3-24 Proposed Flange initiation torsion diagram and torsion hinging of reinforced concrete seismic-

gravity beams 
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Referring to Figure 3-24(a), the torsion moment induced from rotation of the floor starter bars, 

Trot, is given by Equation 3.23 

 

 𝑇𝑟𝑜𝑡 = 𝑇𝑠𝑙𝑎𝑏 × 𝑑1 − 𝐶𝑠𝑙𝑎𝑏 × 𝑑2 + 𝑉𝑠𝑙𝑎𝑏 × 𝑒 3.23 

 

Where 𝑇𝑠𝑙𝑎𝑏  is the tension force of the initiated starter bars, 𝐶𝑠𝑙𝑎𝑏  is the compression force in the 

soffit of the unit, 𝑑1 and 𝑑2 are the distance from the centre of rotation of the beam to the location 

of the starter bars and centre of the soffit compression zone respectively. Recognising that the 

forces in the floor are equal and opposite, 𝑇𝑠𝑙𝑎𝑏 = 𝐶𝑠𝑙𝑎𝑏 , equation 3.23 simplifies to Equation 3.24.   

 

 𝑇𝑟𝑜𝑡 = 𝑇𝑠𝑙𝑎𝑏  𝑑1 − 𝑑2 +𝑉𝑠𝑙𝑎𝑏 × 𝑒 3.24 

 

Where 𝑑1 − 𝑑2 is simply the depth from the starter bars to the centre of the compression zone, 

given by Equation 3.25.  

 

 𝑑1 − 𝑑2 = 𝐻𝑓𝑙𝑜𝑜𝑟 − 𝑑′ − 𝑐 3.25 

 

Where 𝐻𝑓𝑙𝑜𝑜𝑟  is the depth of the floor unit and topping, 𝑑′  is the depth of the cover to the 

centreline of the slab starter bars and 𝑐 is the depth of the concrete compression block.  

 

𝑉𝑠𝑙𝑎𝑏  is the shear force arising from the flange initiation moment in the slab, given by Equation 

3.26.  

 

 
𝑉𝑠𝑙𝑎𝑏  =

𝑇𝑠𝑙𝑎𝑏 (𝐻𝑓𝑙𝑜𝑜𝑟 − 𝑑′ − 𝑐)

𝐿𝑓𝑙𝑜𝑜𝑟
 

 

3.26 

 

Where 𝐿𝑓𝑙𝑜𝑜𝑟  is the clear span of the precast floor between supporting beams. 

 

The design torsion moment, 𝑇, induced by flange initiation and gravity support simplifies to 

Equation 3.27.  
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𝑇 = 𝑇𝑠𝑙𝑎𝑏 (𝐻𝑓𝑙𝑜𝑜𝑟 − 𝑑′ − 𝑐) +

𝑇𝑠𝑙𝑎𝑏 (𝐻𝑓𝑙𝑜𝑜𝑟 − 𝑑′ − 𝑐)

𝐿𝑓𝑙𝑜𝑜𝑟
× 𝑒 + 𝑉𝑔𝑟𝑎𝑣 × 𝑒 

 

3.27 

 

The tension induced in the slab depends on the width of floor slab assumed to initiate as part of 

the tension flange. It is possible that during high levels of drift that rotation of the floor on the 

supporting beam will cause initiation of starter bars across the entire width of floor. This depends 

upon the torsional resistance of the supporting beam and the magnitude of gravity induced torsion 

acting the supporting beam. There are also dynamic characteristics of the diaphragm to consider, 

adding complexity to the problem.  Conservative design would allow for each of the starter bars 

at full overstrength, in which case the parameter 𝑇𝑠𝑙𝑎𝑏  in Equation 3.27 is determined using 

Equation 3.28, assuming that half of the total induced torsion is distributed to each end of the 

beam.  

 

 
𝑇𝑠𝑙𝑎𝑏 =

𝜆𝑜𝐴𝑆,𝑠𝑙𝑎𝑏 𝑓𝑦 ,𝑠𝑙𝑎𝑏

2
 
𝐿𝑏𝑒𝑎𝑚

𝑠
+ 1  

 

3.28 

 

Where 𝐴𝑆,𝑠𝑙𝑎𝑏  is the bar area of the slab starter bars, 𝐿𝑏𝑒𝑎𝑚  is the length of the gravity beam 

supporting the floor and 𝑠 is the spacing of the starter bars in the slab.  

 

In reality, the torsional flexibility of the supporting beam and dynamic diaphragm interaction 

would mean that the initiation of the full overstrength of the starter bars across the entire slab 

would be unlikely. Slab initiation and the determination of the level of starter bar initiation is 

discussed is section 3.12. Further research is required to explore flange initiation in precast 

concrete frame structures, particularly those with non-tearing connections, in order to more 

accurately assess the system behaviour under negative moments in precast frame and floor 

systems.  

 

3.9.4 Design of the Non-Tearing Connection for Torsion 

Due to the presence of the gap between the lower section of the beam and the face of the column 

in a non-tearing connection, torsion resistance due to concrete shear resistance cannot be relied 

upon. Without correct detailing, torsion in the connection may cause distortion and dowel action 
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in the connection longitudinal reinforcement, resulting in reduced connection capacity and 

unreliable performance. It is therefore important to correctly detail the shear hangers or corbel 

detail to support torsion, as well as seismic and gravity shear actions.  

 

Torsion is easily accounted for using the detailing provided for vertical shear transfer. Providing 

a wide or double corbel arrangement, as shown in Figure 3-25(a), effectively provides a force 

couple to transfer torsion across the connection, without inducing undesirable dowel actions on 

the bars in the connection. It is important to consider the actions on elements connecting the 

corbel to the column, as well as the corbel itself. Similarly, providing diagonal hanger bars at the 

extreme edges of the beam serves the same function, removing torsion as a force couple as shown 

in Figure 3-25(b).  

 

  

(a) Shear corbel torsion couple mechanism (b) Diagonal shear bars torsion couple mechanism 

Figure 3-25 Torsion transfer detailing for non-tearing connections 

 

There are two load cases which must be considered in the seismic design for torsion. The first is 

the gravity load case, where the gravity induced torsion is determined based on the floor load 

combination 1.2G & 1.5Q, where G and Q are the design dead and live loads under gravity 

actions respectively. In this case, torsion arises from gravity floor loads only, and the method 

described in 3.9.3.1 is applied.  
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The second load case to consider is the seismic load case G & Qu & E, where G, Qu and E are 

the dead, reduced live and earthquake loads respectively. In this case, both gravity torsion and 

torsion from frame deformation will act, so both methods described in 3.9.3 must be individually 

applied and combined. Torsion design is governed by the load case which returns the highest 

magnitude of connection torsion, T.  

 

The additional design force acting on the double corbel or diagonal shear bars arising due to 

torsion is determined by Equation 3.29. 

 

 
∆𝑉𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =

𝑇

𝑏𝑠𝑒𝑎𝑟
 

 

3.29 

 

Where 𝑏𝑠𝑒𝑎𝑟  is the width of the corbel, the distance between the centres of a double corbel or the 

distance between the centres of diagonal shear reinforcement.  

 

It is important to note that equal and opposite components of torsion shear ∆𝑉𝑡𝑜𝑟𝑠𝑖𝑜𝑛  act on the 

corbel or diagonal shear bars, as complimentary downward and uplift shear components, as 

shown in Figure 3-25. The torsion shear components need to be combined with the seismic and 

gravity shear actions for the design of shear corbels or diagonal shear hangers. The shear corbel 

and hanger bars need be designed elastically for the combined gravity, seismic and torsion 

overstrength shear cases, in order to prevent excessive deformation of the connection and dowel 

action of the non-tearing connection reinforcement.  

 

3.9.5 Beam Rotation about Longitudinal Axis 

It is also important to assess the rotational stiffness of the supporting beam and the expected 

rotation or angle of twist along the beam length under the design torsion actions. Significant 

rotation of a supporting beam may cause relative vertical offset between the seating of individual 

precast units, resulting in detrimental cracking and damage of the floor diaphragm. Softening of a 

support beam can occur with excessive rotation or twisting which may affect the levelness of the 

floor or cause the floor to sag or hollow.  Even small beam rotations can cause concrete cracking 

and cover damage.  
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The angle of twist or rotation for a beam subjected to a torsion moment T can be determined 

using Equation 3.30. 

 

 
∅𝑡𝑤𝑖𝑠𝑡 =

𝑇𝐿

𝑐2𝑎𝑏3𝐺
 

 

3.30 

 

Where 𝐿 is the length along the beam to the point of interest, 𝑎 and 𝑏 are the width and depth of 

the member and 𝐺 is the shear modulus of the material, given by Equation 3.31.  

 

 
𝐺 =

𝐸

2 1 + 𝜈 
 

 

3.31 

 

Where 𝐸  is Young‟s modulus and 𝜈  is Poisson‟s ratio. The parameter 𝑐2  is a coefficient for 

rectangular members in torsion, related to the ratio 𝑎/𝑏 . Values for 𝑐2  are provided in             

Figure 3-26 (Beer et al. 2002).  

 

 

Figure 3-26 Coefficients for rectangular bars in torsion (Beer et al. 2002) 

 

The flexibility of the connection between the supporting beam and column must also be 

considered when determining the angle of twist of the supporting beam. Any rotational flexibility 

of the connection will act as a constant increase in the angle of twist along the entire length of the 

supporting beam.  
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3.10 BEAM COLUMN JOINT DESIGN ACTIONS AT THE DAMAGE CONTROL 

LIMIT STATE  

3.10.1 Bond and Force Transfer in Non-Tearing Beam Column Joints 

The mechanism of force transfer from a non-tearing floor connection to the beam column joint 

differs compared to conventional reinforced concrete connections, at the Damage Control Limit 

State. The damage control limit state considers the non-tearing connection at maximum capacity 

without contact between the end of the beam and the column face. That is, the provided beam slot 

or gap is able to accommodate the connection rotation induced at the Damage Control Limit State.  

 

For an external connection under a positive moment rotation, where tension is induced in the 

steel at the bottom of the beam, the design methodology and load paths are very similar to a 

reinforced concrete connection, as shown in Figure 3-27(a). Tension is induced in the bottom 

beam longitudinal reinforcement while a compression zone forms at the top hinge and is 

transferred to the joint through contact stress between the hinge and the column face and bond of 

the top hinge longitudinal reinforcement.  

 

Figure 3-27(b) shows an external non-tearing connection under a negative moment rotation, 

where compression and tension forces are induced in the reinforcement at the bottom and top of 

the beam respectively.  In this case, the transfer of compression force from the bottom of the 

beam through concrete contact is isolated by the provision of the slot or gap. Therefore the 

compression force enters the joint through bond stress of the anchored longitudinal beam 

reinforcement alone, without concrete contact stress transmission.  
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(a) Positive moment connection rotation (b) negative moment connection rotation 

Figure 3-27 Actions induced in an external non-tearing beam column joint 

 

Figure 3-28 shows the mechanism for an interior non-tearing connection. Compression from the 

bottom of the beam on the negative moment connection enters the joint through bond stress of the 

anchored reinforcing bar, while simultaneous tension is induced in the bottom reinforcement at 

the positive moment connection. The demand on the bond of the continuous bottom beam 

longitudinal reinforcement through the joint is more severe than for traditional reinforced 

concrete beam column joints, as the overstrength force of the reinforcing bar in both tension and 

compression must be transferred to the joint mechanism though bond stress, without the 

assistance of contact compression stress transfer between the beam and column on the left beam 

in Figure 3-27. The proneness to bond failure at an internal beam column joint is therefore more 

severe for non-tearing connections than for traditional reinforced concrete connections.  
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Figure 3-28 Actions induced in an internal non-tearing beam column joint 

 

3.10.2 Beam Reinforcement Passing Through a Conventional Internal Beam Column Joint 

NZS3101:2006 specifies that the maximum diameter of longitudinal beam bar passing through an 

interior beam column joint shall conform to Equation 3.32.   

 

 𝑑𝑏

𝑐
≤ 3.3 ∝𝑓∝𝑑

 𝑓𝑐′

𝛼0𝑓𝑦
 

 

3.32 

 

Where ∝𝑓= 0.85 for two way frames and ∝𝑓= 1.0 for one way frames. ∝𝑑= 1.0 for beam plastic 

hinges classed as Ductile Plastic Regions (DPR) and ∝𝑑= 1.2 for beam plastic regions classed as 

Limited Ductile Plastic Regions (LDPR). ∝𝑜  is the characteristic overstrength factor of the beam 

reinforcement.  

 

This formula is based on the assumption that yield of the tension reinforcement develops on one 

side of the joint, while high compressive forces, lower than yield, are developed in the 

compression reinforcement on the adjacent side of the joint.  For a non-tearing connection it is 

expected that full overstrength forces will develop in tension and compression in the bottom 

reinforcement either side of the joint and therefore the NZS3101:2006 formula is not appropriate 
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for the design of beam column joints in non-tearing connections, and overestimates the maximum 

bar size passing through an internal beam column joint.  

 

With reference to first principles and the theory suggested by Paulay and Priestley (1992), a more 

realistic representation of the beam column joint actions observed in a non-tearing connection can 

be derived. Consider the theory for an internal beam column joint of a conventional reinforced 

concrete frame. The most severe stress condition occurs when the longitudinal bar located at the 

bottom of the beam and passing through the joint is subjected to overstrength 𝜆0𝑓𝑦  

simultaneously in tension and compression. The average unit bond force over the length of the 

joint, 𝑐 , is given by Equation 3.33.  

 

 
𝑢0 =

2𝜆0𝑓𝑦𝐴𝑠

𝑐
 

 

3.33 

 

Which in terms of the average bond stress, is given by Equation 3.34. 

 

 
𝑢 =

𝑢0

𝜋𝑑𝑏
=

𝑑𝑏

2𝑐
𝜆0𝑓𝑦  

 

3.34 

 

The bond strength has shown to be more dependent upon the tensile strength of concrete, rather 

than compressive strength and observed maximum local bond stresses are reported to be in the 

order of 𝑢𝑚𝑎𝑥 = 2.5 𝑓𝑐′  . From the bond force distribution patterns shown in Figure 3-29(a), the 

average bond force acting on the joint is approximately 𝑢0
′ = 0.67𝑢0,𝑚𝑎𝑥 = 0.67𝜋𝑑𝑏𝑢𝑚𝑎𝑥  and 

recognising that the effective joint core over which this stress acts is 0.8𝑐 , the limiting average 

bond stress is given by Equation 3.35.  

 

 𝑢𝑎 = 0.67 × 0.8 × 2.5 𝑓𝑐′ ≈ 1.35 𝑓𝑐′  
3.35 

 

Hence this leads to the condition that the average bond stress must be less than the limiting 

average bond stress, given by Equation 3.36.  
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𝑢 ≤ 𝑢𝑎 ⟹

𝑑𝑏

2𝑐
𝜆0𝑓𝑦 ≤ 1.35 𝑓𝑐′  

 

3.36 

 

Recognising that overstrength of the compression reinforcement is unlikely to occur in a 

conventional internal beam column joint and the additional benefits of compressive axial load in 

improving bond strength, modification factors are recommended and the relationship for 

reinforcing bars passing through interior beam column joint takes the form of Equation 3.37.  

 

 𝑑𝑏

𝑐
≤ 5.4

𝜉𝑝𝜉𝑡𝜉𝑓

𝜉𝑚𝜆𝑜

 𝑓𝑐′

𝑓𝑦
 

 

3.37 

 

Where 𝜉𝑚  considers the stress levels likely to be developed in an embedded bar at the face of 

each joint, given by Equation 3.38. 

 

 𝜉𝑚 = 1 +
𝛾

𝜆0
 

 

3.38 

 

Where γ is the proportion of overstrength force 𝛾𝑓𝑦𝐴𝑏  induced in the compression reinforcement.  

 

𝜉𝑝  recognises the benefit of bond confinement due to axial compression force on the joint, given 

by Equation 3.39.  

 

 
1.0 ≤ 𝜉𝑝 =

𝑃𝑢
2𝑓𝑐

′𝐴𝑔
+ 0.95 < 1.25 

 

3.39 

 

𝜉𝑓  allows for the detrimental effect of four plastic hinges forming at the faces of an internal beam 

column joint, in which case 𝜉𝑓 = 0.9 otherwise 𝜉𝑓 = 1.0.  

 

𝜉𝑝 = 0.85  for top bars where more than 300mm of fresh concrete is cast below the bars, 

representing inferior bond performance.  
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(a) Bond and steel stress distribution for design of an 

internal beam-column joint (Paulay and Priestley 

1992) 

(b) Steel and bond stress distribution after 

several cycles of reversed inelastic loading 

(Paulay et al. 1978) 

Figure 3-29 Steel and bond stresses observed in internal beam column joints  

 

3.10.3 Bottom Beam Longitudinal Reinforcement Passing Through a Non-tearing Internal 

Beam Column Joint 

Overstrength of the bottom reinforcing bars passing through an internal beam column joint of a 

non-tearing frame occurs simultaneously in tension and compression, without contact stress 

transmission from the beam to column contact compression zone. Therefore Figure 3-29(b) 

provides a more realistic representation of this observed joint bond stress state. Greater bond 

stress demand is induced in a non-tearing beam column joint compared to a traditional joint, and 

the relationship for beam bars passing through a non-tearing joint needs revising. Three 

approaches for determining the maximum longitudinal bar diameter passing through an internal 

beam-column joint are proposed.  

 

The first approach arises from experimental tests carried out in New Zealand, indicating that 

displacement ductility of at least 𝜇∆ = 6, or interstorey drifts of at least 2.5% could be achieved if 

the bear diameter-to-column ratio at an interior joint was limited to that specified in Equation  

 

 𝑑𝑏

𝑐
𝑓𝑦 ≤ 11 

 

3.40 
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The second approach is to consider the 𝜉𝑚  modification factor which is applied to the Paulay and 

Priestley (1992) procedure for the maximum diameter longitudinal reinforcing bar which may be 

passed through an internal beam-column joint. Considering that tension and compression 

overstrength forms in the bottom beam longitudinal reinforcement on both sides of the internal 

beam-column joint, the factor defined by Equation 3.38 returns 

𝜉𝑚 = 1 +
𝜆0

𝜆0
= 2.0.  

 

In addition to this, Paulay and Priestley (1992) provide and additional requirement for 𝜉𝑚 , where 

the area of bottom beam longitudinal reinforcement is less than that provided at the top of the 

beam (as is the case in the non-tearing connection), given by Equation 3.41. 

 

 𝜉𝑚 = 2.55 − 𝛽 ≤ 1.8 3.41 

 

Where 𝛽 is the ratio of bottom to top longitudinal reinforcement, 𝐴𝑠/𝐴𝑠
′ .  

 

Therefore, considering the modification factor  𝜉𝑚  in Paulay and Priestley (1992) theory, the 

maximum diameter of longitudinal bottom beam reinforcement which may be passed through an 

internal beam column joint is given by Equations 3.42 and 3.43.  

 

 𝑑𝑏

𝑐
≤ 2.7

𝜉𝑝𝜉𝑡𝜉𝑓

𝜆𝑜

 𝑓𝑐′

𝑓𝑦
𝑓𝑜𝑟 𝜉𝑚 = 2.0  

 

3.42 

 𝑑𝑏

𝑐
≤ 3.0

𝜉𝑝𝜉𝑡𝜉𝑓

𝜆𝑜

 𝑓𝑐′

𝑓𝑦
𝑓𝑜𝑟 𝜉𝑚 = 1.8 

 

3.43 

 

 

The third approach considers the Paulay and Priestley (1992) theory, considering a simplified 

bottom beam reinforcement bond force distribution which is expected to occur in an internal non-

tearing beam column joint. Upon inspection of the bond force distribution suggested by Paulay 

and Priestley (1992) in Figure 3-29(a), and considering that overstrength develops in the bottom 

beam bars on both sides of the joint, it is suggested that the bond force distribution at a non-

tearing internal beam column joint is likely to be similar to that shown in Figure 3-30. Upon 
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immediate inspection, it appears that this distribution follows a cosine shaped curve with an 

equivalent average bond force of  𝑢0
′ = 0.5𝑢0,𝑚𝑎𝑥 , and this simplified assumption will be adopted 

in the following for illustrative purposes. Further investigation and research is required to explore 

bond stress profiles of longitudinal reinforcing passing through internal non-tearing beam-column 

joints.  

 

Assuming that the effective width of joint core is 0.8𝑐 , the limiting average bond stress is given 

by Equation 3.44. 

 

 𝑢𝑎 = 0.5 × 0.8 × 2.5 𝑓𝑐′ ≈ 1.0 𝑓𝑐′  
3.44 

 

This leads to the condition that the average bond stress must be less than the limiting bond stress, 

given by Equation 3.45. 

 

 
𝑢 ≤ 𝑢𝑎 ⟹

𝑑𝑏

2𝑐
𝜆0𝑓𝑦 ≤ 1.0 𝑓𝑐′  

 

3.45 

 

The 𝜉𝑝  and 𝜉𝑡  factors should be applied to this relationship, taking advantage of the confinement 

effect of axial load and inferior bond performance. The 𝜉𝑚  factor has already been taken into 

account by assuming that overstrength forms simultaneously in tension and compression. It is 

recommended to apply the 𝜉𝑓  factor as the plastic hinges in a non-tearing frame form in the 

provided gap, very close to the column face. Hence the recommended relationship for bottom 

beam bars passing through an internal non-tearing beam column joint is given by Equation 3.46.  

 

 𝑑𝑏

𝑐
≤ 2.0

𝜉𝑝𝜉𝑡𝜉𝑓

𝜆𝑜

 𝑓𝑐′

𝑓𝑦
 

 

3.46 

 

These recommendations are only tentative and depend upon the assumed bond stress distribution 

and effective length of joint core. For illustrative purposes a cosine relationship for the bond 

stress distribution has been suggested, based on the immediate observations of published theory. 

This relationship requires further validation with experimental data. The important point here is 
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that in comparison to a conventional beam-column joint, the bar diameter of the bottom beam 

longitudinal reinforcement which may be passed continuously through an internal beam-column 

joint of a non-tearing frame reduces significantly. It is recommended that of the three approaches 

discussed here, Equation 3.46 should be used for the design of the bottom beam longitudinal 

reinforcement passing through non-tearing internal beam-column joints.  

 

 

Figure 3-30 Proposed bond force distribution at an internal non-tearing beam-column joint 

 

3.10.4 Top Hinge Longitudinal Reinforcement Passing Through a Non-tearing Internal 

Beam Column Joint 

The flexural strength of a non-tearing connection is governed by the behaviour of the bottom 

beam longitudinal reinforcement and the deformation demand of the top hinge during connection 

rotation. The top hinge longitudinal reinforcement is designed to remain predominantly elastic at 

the full generation of strength in the bottom beam longitudinal reinforcement. This prevents 

elongation of the frame and separation of the hinge from the column face.  

 

It is assumed in design that the maximum force induced in the top hinge bars is equivalent to the 

maximum overstrength of the bottom reinforcement, plus any additional force arising due to 

deformation of the top hinge. Therefore the relationship for the maximum bar size passing 

through an internal non-tearing beam column joint does not apply to the top bars.  

 

For example, if a D16 reinforcing bar is provided at the bottom of the joint, and a D20 bar is 

provided as the elastic top reinforcement, the maximum force in the D20 bars is equivalent to the 

overstrength of the D16 bottom bar, plus the induced deformation forces. The top reinforcement 

0.8c 0.1Hc

uo

uo,max

0.1Hc
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is not governed by the overstrength of the D20 at the Damage Control Limit State, as this level of 

force would not eventuate. In fact, providing larger diameter elastic top bars may actually reduce 

the bond stress demand as the force induced in the top reinforcement is distributed over a larger 

bond surface area.  

 

Recognising that with the hinge acting as a contact point, contact stress occurs during a positive 

moment rotation, so the bond stress distribution for the top bars follows that for conventional 

beam column joints. Hence the maximum bond stress for the top reinforcing bars is limited to 

𝑢𝑎 = 1.35 𝑓𝑐′ , and the top hinge longitudinal reinforcement must satisfy the requirements of 

Equation 3.47.   

 

 𝐶𝑠
′ + 𝑇𝑠

′

𝜋𝑑𝑏
≤ 1.35𝜉𝑝𝜉𝑡𝜉𝑓 𝑓𝑐′  

 

3.47 

 

With reference to Figure 3-28, 𝑇𝑠
′   is the tension force induced in the top hinge longitudinal 

reinforcement on the left hand side connection under a negative moment connection rotation, 𝐶𝑠 
′  

is the compression force induced in the top hinge longitudinal reinforcement on the right hand 

side connection under a positive moment connection rotation.  

 

3.10.5 Bottom Beam Longitudinal Reinforcement Passing into a Non-tearing External 

Beam Column Joint 

Bond is less critical at external beam column joints in non-tearing connections, as the magnitude 

of joint force is only half that for an internal joint. Effective tension anchorage must be provided 

in the back of an external joint with a bar hook or with a tension anchor in ducted systems, in 

order to anchor the tension force into the joint strut and tie mechanism, as shown in Figure 3-31. 

A hook or tension anchor also distributes any compressive force that may reach the back of the 

joint during cyclic bond degradation, over a larger concrete area, preventing the cover concrete at 

the back of the joint from punching out and spalling.   
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(a) Cast-in-place emulation connection (b) Ducted dry jointed connection 

Figure 3-31 Bar anchorage in an external beam-column joint 

 

Bond becomes important when the bottom beam longitudinal reinforcement is in compression 

under a negative moment connection rotation, as shear transfer to the strut mechanism is provided 

through bond stress at the front of the joint. The bond stress relation for an external beam column 

joint can be derived by the same method as for an internal beam column joint.  

 

The bent up hooks or anchorages at external beam-column joints cannot be relied upon to transfer 

steel compressive forces. In comparison with the distribution of bond forces from beam bars 

within internal beam-column joints, the bar bond contribution to the strut shear mechanism will 

be underestimate if uniform bond distribution is assumed. It is recommended to assume an 

effective anchorage length of 0.7𝑐  (Paulay and Priestley 1992).  

 

By assuming an effective anchorage length of 0.7𝑐 , the average bond force per unit length of 

effective joint is given by Equation 3.48.  

 

 
𝑢0 =

1.4𝜆0𝑓𝑦𝐴𝑠

𝑐
 

 

3.48 

 

And the average bond stress is given by Equation 3.49.  
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𝑢 =

𝑢0

𝜋𝑑𝑏
= 0.35

𝑑𝑏

𝑐
𝜆0𝑓𝑦  

 

3.49 

 

Recognising that the bond stress demand at an external beam-column joint arises due to 

overstrength and strain penetration from the bottom beam longitudinal reinforcement in 

compression (since the bar tension overstrength under a positive moment rotation is effectively 

anchored in the back of the joint through bent up hooks or tension anchors), the bond stress 

distribution within the joint would be significantly less severe than that observed at an internal 

connection. Therefore, the bond force distribution, resembling a cosine function, is likely to be 

unduly conservative for the determination of the maximum bar diameter which may be passed 

into an external beam-column joint in a non-tearing connection.  

 

Considering the forces acting on an external non-tearing joint resembles a similar bond force 

demand to that of a conventional reinforced concrete internal beam column joint. In a traditional 

reinforced concrete internal joint, the bond force distribution shown in Figure 3-29(a) arises due 

to severe tension overstrength on one side of the joint, while compression forces well below yield 

develop on the adjacent side of the joint. Similarly, in a non-tearing external joint, severe 

compression overstrength develops in the bottom beam reinforcement at the front of the joint, 

while zero corresponding tension force develops on the adjacent side of the joint. Therefore it is 

suggested that the maximum bar diameter passing into an external joint in a non-tearing frame 

can be determined using similar theory to that for traditional reinforced concrete internal joints.  

 

Based on an effective length of joint core of  0.7𝑐  , and that using the stress distribution pattern 

in Figure 3-29(a) the average bond stress over the effective joint core is approximately            

𝑢0
′ = 0.67𝑢0,𝑚𝑎𝑥 , the limiting bond stress over the length of the joint is found using Equation 

3.50.  

 

 𝑢𝑎 = 0.67 × 2.5 𝑓𝑐′ = 1.5 𝑓𝑐′  
3.50 

 

 

And the limit for the bar diameter which may enter an external non-tearing joint is given by 

Equation 3.51.  
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0.35

𝑑𝑏

𝑐
𝜆0𝑓𝑦 ≤ 1.5 𝑓𝑐′ ⇒

𝑑𝑏

𝑐
≤ 4.3

𝜉𝑝𝜉𝑡 𝑓𝑐′

𝜆0𝑓𝑦
 

 

3.51 

 

It is also recommended to check that the compression development length for the bottom beam 

reinforcement passing into an internal beam column joint is provided within 0.7𝑐  to ensure that 

sufficient compression anchorage is provided.  

 

Once again, this recommendation for the maximum longitudinal beam bar diameter which may 

enter an external beam column joint is tentative, and is dependent upon the assumed bond stress 

distribution. The simple cosine function assumed is likely to be conservative for external non-

tearing joints, since the bond stress demand and bond degradation at external joints is 

significantly less than observed at internal joints.  

 

The important point to note is that the bond stress characteristics of longitudinal beam 

reinforcement anchored in external beam column joints becomes an important design 

consideration for non-tearing connections. The severe compressive overstrength forces which 

develop in the reinforcement at the bottom of the beam, during a negative moment rotation of the 

connection, must be transferred to the joint mechanism through bond anchorage alone, since 

compression stress transfer to the strut mechanism through contact between the beam and the 

column face is avoided with provision of the beam gap. This diverges from traditional design 

theory for reinforced concrete external joints, where compression stress transmission to the joint 

strut mechanism is effectively provided at the concrete compression contact zones between the 

beam and joint, and the bond force demand in the compression steel is generally below the yield 

strength of the reinforcement.  

 

Further research is required to explore the bond behaviour and stress distribution for bottom 

longitudinal beam reinforcement entering external beam column joints in non-tearing frames, 

particularly when subject to high reversed cyclic tension and compressive stresses.  
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3.10.6 Non-tearing Floor Connection Beam Column Joint Shear  

Joint shear demand for non-tearing beam-column joints is determined in the same way as 

traditional reinforced concrete design. The bottom beam reinforcement governs the strength of 

the connection and the overstrength actions arising from the bottom reinforcement determines the 

magnitude of the joint shear demand. Referring to Figure 3-27, the horizontal joint shear demand 

for an external beam column joint is determined using Equation 3.52,  

 

 𝑉𝑗 = 𝑇𝑠𝑏 − 𝑉𝑐  3.52 

 

Where 𝑇𝑠𝑏  is determined from the full overstrength of the bottom beam reinforcement.  

 

Assuming the bottom tensile steel develops full overstrength, the joint shear demand is given by 

Equation 3.53. 

 

 𝑉𝑗 = 𝐴𝑠𝜆0𝑓𝑦 − 𝑉𝑐  3.53 

 

Similarly, Figure 3-28 shows the joint shear for an internal beam column joint is determined 

using Equation 3.54. 

 

 𝑉𝑗 = 𝑇𝑠𝑏 + 𝐶𝑠𝑏 − 𝑉𝑐  3.54 

 

Assuming the bottom reinforcement develops full overstrength in tension and compression 

simultaneously, the internal joint shear demand is given by Equation 3.55.  

 

 𝑉𝑗 = 2𝐴𝑠𝜆0𝑓𝑦 − 𝑉𝑐  3.55 

 

It is when the joint shear transfer mechanisms are considered that differences arise between 

traditional reinforced concrete connections and non-tearing connections. Shear is transferred by 

two mechanisms in beam column joints; a diagonal compression strut and a truss mechanism 

(Paulay and Priestley 1992).  

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

3-59 

3.10.6.1 Shear Contribution of the Diagonal Compression Strut 

For traditional reinforced concrete design, the horizontal component of the diagonal compression 

strut consists of concrete compression force and steel compression force transferred by means of 

bond.  For a non-tearing connection, the lack of concrete compression stress at the bottom of the 

joint means that the contribution of the diagonal compression strut is limited to bond transfer of 

the bottom reinforcement, ∆𝑇𝑐
′ . Hence the horizontal shear contribution to the joint compression 

strut must be determined by bond transfer alone. Paulay and Priestley (1992) make 

recommendations for determining the diagonal compression strut bond contribution in traditional 

reinforced concrete internal beam column joints.  

 

Figure 3-29(a) shows the assumed steel stresses and corresponding bond stress distribution for a 

conventional beam-column joint. It is assumed that no bond develops within a cover depth of 

0.1𝐻𝑐  and some tension penetration occurs into the joint. The average value of horizontal bond 

force introduced over the column flexural compression block is approximately 1.25 times the 

average unit bond force 𝑢𝑜 and assumed to be effective over 80% of the effective column 

compression zone. The effective column compression block is approximated by Equation 3.56.  

 

 
𝑐 =  0.25 + 0.85

𝑃𝑢
𝑓𝑐′𝐴𝑔

 𝑐  
 

3.56 

 

Where 𝑃𝑢  is the minimum compressive force acting on the column. These approximations lead to 

the expression for the bond force transmitted by the compression strut, given by Equation 3.57.  

 

 ∆𝑇𝑐
′ = 1.25𝑢𝑜 × 0.8𝑐 = 𝑢𝑜𝑐 3.57 

 

Where ∆𝑇𝑐
′  is the force transferred to the joint strut mechanism through bond anchorage of the 

reinforcing bar.  

 

For an internal beam column joint in a conventional reinforced concrete connection, (Paulay and 

Priestley (1992) recommend that considering typical reinforcement overstrength factors and 
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compression reinforcement, the compression strut contribution arising from bond transfer can be 

approximated using Equation 3.58.  

 

 
∆𝑇𝑐

′ =
1.55𝜆0𝑓𝑦𝐴𝑠

𝑐
𝑐 

 

3.58 

 

However, the bond force distribution for a beam column joint in a non-tearing connection is more 

likely to follow the profile shown in Figure 3-32, since overstrength is developed in the 

longitudinal reinforcement, at the bottom of the beam, simultaneously on both sides an internal 

beam-column joint. As previously introduced, this distribution has been suggested to resemble a 

cosine shaped curve.  

 

 

Figure 3-32 Bond force contributions to strut and truss mechanisms in an internal non-tearing beam-column 

joint 

 

Adopting the same assumptions as Paulay and Priestley (1992), the effective bond stress acts 

over 0.8𝑐, where 𝑐 is determined using Equation 3.56. Based on these assumptions, the average 

bond stress acting over the joint core is 𝑢𝑜 = 0.5𝑢𝑜 ,𝑚𝑎𝑥  and the average bond force effective over 

80% of the column flexural compression zone is approximately 0.37𝑢𝑜 , rather than the 

previously assumed 1.25𝑢𝑜  for conventional monolithic beam column joints. Hence the bond 

force transmitted to the non-tearing joint compression strut is determined using Equation 3.59.  

 

 ∆𝑇𝑐
′ = 0.37 × 0.8𝑐 = 0.3𝑢𝑜𝑐 3.59 

 

0.8c=0.2Hc0.1Hc 0.1Hc

uo0.37uo
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The compression strut contribution for an internal beam column joint is given by Equation 3.60.  

 

 
∆𝑇𝑐

′ = 0.3 ×
2𝜆0𝑓𝑦𝐴𝑠

𝑐
𝑐 =

0.6𝜆0𝑓𝑦𝐴𝑠

𝑐
𝑐 

 

3.60 

 

The effect that this has is that the bond contribution to the compression strut reduces compared to 

that observed in conventional beam-column joints, consequently increasing the shear demand of 

the truss mechanism, resulting in increased joint shear steel requirements.  

 

For a traditional, reinforced concrete external beam-column joint, Paulay and Priestley (1992) 

recommend that considering an effective joint length of 0.7𝑐 , that the anchorage force 

introduced to the compression strut is given by Equation 3.61.  

 

 
∆𝑇𝑐

′ = 𝑢0 × 0.8𝑐 =
1.12𝐶𝑠𝑐

𝑐
 

 

3.61 

 

Applying this theory to non-tearing external non-tearing connections, the anchorage force 

introduced to the compression strut is given by Equation 3.62.  

 

 
∆𝑇𝑐

′ =
1.12𝜆0𝐴𝑠𝑓𝑦𝑐

𝑐
 

 

3.62 

 

However, Equation 3.62 does not consider the extreme overstrength stress condition which 

occurs in the bottom beam longitudinal reinforcement at an external non-tearing joint. Therefore, 

applying the bond stress distribution used to determine the maximum bottom beam bar diameter 

passing into an external beam column joint, the average bond force introduced over the effective 

compression block, 0.8𝑐, is approximately 0.35𝑢0. Therefore the anchorage force introduced to 

the compression strut at an external joint is given by Equations 3.63 and 3.64.  

 

 ∆𝑇𝑐
′ = 0.35𝑢0 × 0.8𝑐 = 0.28𝑢0𝑐 3.63 

 
∆𝑇𝑐

′ =
0.28𝜆0𝐴𝑠𝑓𝑦𝑐

𝑐
 

 

3.64 
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0.8c=0.2Hc

uo

To Strut

To Truss

uo,max

0.35uo

0.7Hc

 

Figure 3-33 Assumed external bond force distribution at an external non-tearing beam column joint based on  

Paulay and Priestley (1992) 

 

The bond force distribution and effective joint width assumed in design will influence the 

proportion of bond force contribution to the compression strut mechanism, and column axial 

force, compression zone depth and joint confinement are parameters unique for each structural 

situation. Therefore, the suggested procedure is only approximate and based on bond 

distributions derived from observations from previous research by Paulay and Priestley (1992).  

 

The joint force introduced to the compression strut mechanism is determined using Equation 3.65.  

 

 𝑉𝑐 = ∆𝑇𝑐
′ − 𝑉𝑐  3.65 

 

The important point illustrated by this discussion is that without the formation of a compression 

zone between the bottom of the beam and the joint face, the beam forces introduced to the joint 

compression strut is by anchorage of the reinforcement in the column alone. The lack of 

compression zone between the bottom of the beam and the joint also means that the bar 

compression forces are significantly higher than would occur in a conventional reinforced 

concrete joint, causing greater strain penetration and bond deterioration inside the joint. The 

combination of these two effects means that the introduction of beam forces into the non-tearing 

joint compression strut mechanism is significantly less than for traditional reinforcement concrete 

joints, which increases the joint shear steel requirements.  
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The reliable design of non-tearing beam column joints is a critical aspect of the system design, in 

order to provide reliable connection performance, capacity design and collapse prevention. It is 

recommended that until further research and investigation is carried out to establish the bond 

characteristics of longitudinal bars anchored in non-tearing beam column joints and the bond 

force which can be reliably introduced to the joint strut mechanism, that the contribution of bond 

anchorage to the strut mechanism be ignored in the joint shear design, and the entire horizontal 

joint shear demand allocated to the truss mechanism shear reinforcement provision.  

 

Validation of the proposed method with experimental data and research will allow better 

approximation of the bond stress distribution at internal beam column joints of non-tearing 

connections and a more reliable determination of the bond stress contribution to the joint 

compression strut. The example provided is to present the idea that the compression strut 

contribution to the joint mechanism for non-tearing connections is expected to be significantly 

less than for a conventional beam-column joint, and to provide a reasonable theory for the design 

of internal non-tearing beam column connections.  

 

3.10.6.2 Shear Contribution to the Truss Mechanism 

With the horizontal shear strut contribution arising from bond transfer only the horizontal shear 

demand on the truss mechanism will increase. Therefore, the current code provisions for 

horizontal joint shear are non-conservative for non-tearing joints. 

 

The horizontal shear demand for the truss mechanism is given by Equation 3.66.  

 

 𝑉𝑠 = 𝑉𝑗−𝑉𝑐  3.66 

 

The area of horizontal joint reinforcement, Ajh, required at the Ultimate limit state for the truss 

mechanism is determined by Equation 3.67.  

 

 
𝐴𝑗 =

𝑉𝑠

𝜙𝑓𝑦
 

 

3.67 
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Where fyh is the characteristic yield strength of the horizontal reinforcement and 𝜙 is the strength 

reduction factor.  

 

Conservative design would allocate the entire joint shear demand, 𝑉𝑗 , to the transverse shear 

reinforcement truss mechanism, therefore providing the entire joint shear demand to the design 

for the steel shear reinforcement. It is recommended to adopt this conservative approach for the 

design on beam column joints in non-tearing frames.  

 

3.11 LOW CYCLE FATIGUE  

During repeated reversed cycles of inelastic loading, such as that induced by earthquake 

excitation, reinforcing bars are prone to suffer low cycle fatigue failure. This requires that the 

bottom beam longitudinal reinforcement crossing the slot in a non-tearing connection be 

debonded over a short length to reduce plastic strains and avoid low cycle fatigue fracture.  

 

Ohkubo (2004) recommend a debonded length on the reinforcement of 0.45𝐷, where 𝐷 is the 

depth of the beam. For moment connections formed with grouted bars in ducts, Raynor (2002) 

suggests that the required debonded region of bar 𝑙𝑢𝑡  is given by Equation 3.68.  

  

 
𝑙𝑢𝑡 = 𝑙𝑢𝑖 + 2𝑙𝑢𝑎 ≥

∆

𝜀𝑎𝑙𝑙
 

 

3.68 

 

Where 𝑙𝑢𝑖  is the debonded length provided on the bottom beam longitudinal reinforcement, ∆ is 

the imposed deformation on the bar, 𝜀𝑎𝑙𝑙  is the allowable strain limit on the bar and 𝑙𝑢𝑎  is the 

inelastic strain penetration length, given by Equation 3.69.  

 

 
𝑙𝑢𝑎 =

2.1 𝜎𝑢 − 𝜎𝑦 

 𝑓𝑔′ 
1.5 𝑑𝑏  

 

3.69 

 

Where 𝜎𝑢  and 𝜎𝑦  are the ultimate and yield strengths of the reinforcing bar, 𝑓𝑔
′  is the compressive 

strength of the grout and 𝑑𝑏  is the bar diameter.   
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These two methods for determining the debonded length for low cycle fatigue do not appear to 

consider the cyclic accumulation of inelastic strain in the reinforcement. Furthermore, the strain 

penetration depth recommended by Raynor (2002), conflicts with the strain penetration depth, 

𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏 , recommended by Priestley (2007). For example, for a D16 (fy=300MPa, 

fu=450MPa) embedded in a duct with 60MPa grout, Priestley‟s (2007) equation returns a strain 

penetration depth of 106mm, while Raynor‟s (2002) equation returns a strain penetration depth of 

11mm, a discrepancy of 90% between the two methods.  

 

Based on low cycle fatigue relationships proposed by Mander (1994) and Dutta (2001) the plastic 

strain amplitude of a reinforcing bar under cyclic loading can approximated using Equation 3.70.  

 

 𝜀𝑎𝑝 = 0.08 2𝑁𝑓 
−0.5

 
3.70 

 

Where 𝜀𝑎𝑝  is the plastic strain amplitude and 2𝑁𝑓 is the number of load reversals at a particular 

strain level. Rearranging Equation 3.70 gives the expression in terms of the equivalent number of 

load reversals for a given plastic strain amplitude, shown by Equation 3.71.  

 

  
𝑁𝑓 =

0.0032

𝜀𝑎𝑝
2

 
3.71 

 

The plastic strain amplitude for a random amplitude cycle can be defined using Equation 3.72.  

 

 
𝜀𝑎𝑝 =

𝜀𝑝
+ − 𝜀𝑝

−

2
 

 

3.72 

 

Where 𝜀𝑝
+ and 𝜀𝑝

−
  are the tensile and compressive plastic strains in the reinforcing bar for a 

random amplitude reversed cycle. Applying Miner‟s rule to determine the fatigue life damage 

fraction 𝐷𝑖  for a particular random amplitude cycle is given by Equation 3.73.  

 

 
𝐷𝑖 =  

1

𝑁𝑓 ,𝜃𝑖

 
𝑖

 
 

3.73 
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Where 𝑁𝑓,𝜃𝑖
 is the equivalent number of load reversals for the random amplitude reversed cycle i.  

For a particular load sequence of random amplitude reversed cycles, the low cycle fatigue failure 

cycle can be predicted by Miner‟s rule, using Equation 3.74.  

 

 
 𝐷𝑖 =   

1

𝑁𝑓 ,𝜃𝑖

 
𝑖

≥ 1

𝑛

𝑖=1

 
 

3.74 

 

This method of predicting the low cycle fatigue failure of reinforcing bars requires an earthquake 

excitation of numerous reversed cycles to be assumed in design.  The applied excitation may be 

based on code acceptance criteria for structural testing of moment frames, such as outlined by 

ACI 374.1-05 (American Concrete Institute. 2001).  Alternatively, the excitation may be taken 

directly from a series of time history analyses.  

 

It is important to note that the plastic strains induced in the reinforcement at different levels of a 

structure is dependent upon the applied excitation and assumed structural deformation patterns. 

The low cycle fatigue potential at different levels of a structure will vary and the debonded length 

of reinforcement required will depend upon the level of the structure under consideration.  

 

It is recommended that the strain penetration depth 𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏 , recommended by Priestley 

(2007) be applied in the Mander (1994) and Dutta (2001) low cycle fatigue analysis.  

 

It is suggested that the designer assess the low cycle fatigue potential for all three of the described 

methods and use conservative judgement when selecting the debonded length to be provided on 

the reinforcement. It is tentatively suggested that the Mander (1994) and Dutta (2001) approach 

may be the most appropriate procedure since cyclic strain effects can be accounted for.  
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3.12 FLOOR SLAB FLANGE INITIATION AT THE DAMAGE CONTROL LIMIT 

STATE 

The interaction of reinforced concrete moment frames and floor slabs has been shown to greatly 

increase the negative flexural moment capacity of the beam. This important aspect of design is 

considered so that brittle column or beam shear failures are avoided. Beam elongation and 

displacement incompatibility cause reinforcement in the slab and precast floor unit to be initiated 

as part of the negative moment strength of the beam. Hence provisions are provided in 

NZS3101:2006 for additional reinforcement in an effective flange width to contribute to the 

negative moment overstrength actions of the beam.  

 

In a non-tearing floor system, at the damage control limit state, beam elongation is avoided and 

the determination of flange width initiated under a negative moment connection rotation requires 

re-evaluation. Current code provisions overestimate the contribution of the floor diaphragm to the 

negative moment strength of the non-tearing connection. Without severe elongation in a non-

tearing frame, the folded slab and truss mechanism which forms in the link slab and restrains 

beam elongation would be far less severe than for elongating plastic hinges, and the bowstring 

effect observed by Matthews (2004) and Lindsay (2004) is not expected to be significant. It is 

also expected that the forces generated in the contributing flange reinforcement would be 

significantly less severe than the 1.1𝜆𝑜𝑓𝑦  suggested in NZS3101:2006.  

 

3.12.1 Flange Initiation for a Supported Floor System  

Figure 3-34(a) presents the crack profile expected to form in the floor diaphragm adjacent to a 

non-tearing floor connection up to the damage control limit state. A primary slab crack is 

expected to form at the precast floor unit-to-support beam boundary, as well as a linking crack 

between the hinge-column boundary and the precast floor unit-supporting beam boundary.  

 

Because non-tearing connections exhibit minimal beam elongation, the crack widths across the 

linking slab are expected to be small, and governed by the hinge deformation characteristics.  
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Cracking at the precast unit-to-support beam boundary is governed by the rotation of the precast 

floor system on the support beam. Because of the shallow depth of the non-tearing top hinge and 

infill slab, narrow crack widths are expected across the infill slab and the negative moment 

strength contribution arising from the infill slab reinforcement is expected to be negligible.  

 

 

 

(a) Expected slab crack pattern in a non-tearing 

connection support beam is provided 

(b) Flange width for a beam passing through a column 

(Standards New Zealand. 2006) 

Figure 3-34 Slab initiation under a negative bending moment for supported and continuous floor slabs 

 

It is suggested that the initiation of the slab starter bars, under a negative moment connection 

rotation, occurs through rotation of the precast floor units on the support beam, and is transferred 

through torsion in the supporting beam, as shown in Figure 3-24(a). The effect that this has is to 

avoid severe negative moment strength enhancement of the seismic beam due to floor slab 

interaction, as the initiation of slab reinforcement is transferred by torsion in the supporting beam, 

rather than as a beam flange.  

 

In fact, the only slab reinforcement which may contribute to the seismic beam negative moment 

capacity would be infill slab reinforcement, since the infill slab linking crack shown in Figure 

3-34(a) is not directly seated on the support beam. This reinforcement would initiate through the 

hinge or slab acting as a shallow beam, whichever is of greatest depth, rather than as a flange of 

the full depth of the seismic beam which occurs in conventional reinforced concrete connections. 

Therefore, the beam moment and shear force enhancement arising from the infill slab 
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reinforcement under a negative moment connection rotation is expected to be insignificant in the 

design of the non-tearing connection.  

 

The torsion transfer of slab actions under a negative moment still acts to increase the column 

shear demand, and the width of slab initiated as part of the torsion mechanism must be reliably 

assessed in order to accurately predict the enhancement of column shear. However, the negative 

moment demand under this mechanism is significantly less than observed for elongating plastic 

hinges at the damage control limit state.  

 

The initiation of slab bars is dependent upon the torsional flexibility of the supporting beam, as 

shown in Figure 3-22(a). For a torsionally stiff supporting beam it can be expected that the entire 

width of slab will initiate, while a flexible supporting beam will display relaxation towards the 

centre of the span, as shown in Figure 3-22(a).  

 

The following approach is suggested for determining the width of slab initiation along the precast 

unit-supporting beam boundary.  

 

1. Assume a torsionally rigid supporting beam, so that the slab crack propagates over the 

entire length of the supporting beam.  

 

2. For a given level of column drift, determine the rotation of the floor unit on the 

supporting beam, and corresponding crack opening at the surface of the slab and at the 

starter bars, ∆.  

 

3. Determine the strain in the starter bars using 𝜀𝑠𝑡𝑎𝑟𝑡𝑒𝑟 =
∆

2𝑙𝑠𝑝
 where ∆ is the deformation at 

the starter bars from step 2 and 𝑙𝑠𝑝  is the strain penetration depth of the starter bars, given 

by 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏 . The bar force is determined from the stress-strain relationship of the 

starter bar steel properties.   
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4. From the starter bar forces, and the combined live and dead loads, calculate the torsional 

moment acting on the beam as described in section 3.9.3.2 and calculate the angle of twist 

along the length of the beam using ∅𝑡𝑤𝑖𝑠𝑡 =
𝑇𝐿

𝑐2𝑎𝑏3𝐺
. 

 

5. Based on the angle of twist, update the deformation, strain and stress in the starter bars, 

and repeat steps 3 to 5 until no significant change in the angle of twist along the beam is 

observed. Once equilibrium is reached, the torsion force contributing to the column shear 

demand is obtained.  

 

Considering this approach for evaluating floor slab initiation, along with the beam torsion 

mechanics discussed in 3.9.3, it is recommended that the expression given by Equation 3.75 be 

used by designers to account for floor slab torsion initiation in non-tearing frames at the damage 

control limit state.  

 

𝑇 =  
𝜆𝑜𝐴𝑆,𝑠𝑙𝑎𝑏 𝑓𝑦 ,𝑠𝑙𝑎𝑏

2
 
𝐿𝑏𝑒𝑎𝑚

𝑠
+ 1 (𝐻𝑓𝑙𝑜𝑜𝑟 − 𝑑′) ×  1 +

𝑏𝑏 − 𝐿𝑠𝑒𝑎𝑡

2𝐿𝑓𝑙𝑜𝑜𝑟

 + 𝑃𝑔𝑟𝑎𝑣 ×
𝑏𝑏 − 𝐿𝑠𝑒𝑎𝑡

2
 

 

3.75 

 

Where 𝐴𝑆,𝑠𝑙𝑎𝑏 , 𝑓𝑦 ,𝑠𝑙𝑎𝑏  and 𝑠 are the area, yield stress and spacing of the topping slab starter bars 

respectively, 𝐿𝑏𝑒𝑎𝑚  and 𝑏𝑏  is the length width of the beam supporting the floor, 𝐻𝑓𝑙𝑜𝑜𝑟  is the 

overall depth of the floor system, 𝑑′  is the cover concrete depth to the topping slab reinforcement 

(measured from the top of the slab surface), 𝐿𝑠𝑒𝑎𝑡  is the length of floor seating provided at the 

beam supporting the floor, 𝐿𝑓𝑙𝑜𝑜𝑟  is the span of the floor system between beam supports, and 

𝑃𝑔𝑟𝑎𝑣  is the floor gravity shear force supported at the floor beam.  

 

The column shear demand due to floor slab initiation is given by Equation 3.76.  

 

 
𝑉𝑐 ,𝑓𝑙𝑜𝑜𝑟 =

𝑇

𝐿𝑐𝑜𝑙
 

 

3.76 

 

Where 𝑇 is the floor slab torsion moment determined using Equation 3.75 and 𝐿𝑐𝑜𝑙  is the length 

of the column measured between the mid-heights of adjacent storeys.  
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3.12.2 Flange Initiation for a Continuously Spanning Floor System 

Because of a lack of beam elongation in non-tearing connections, the extent of cracking expected 

to occur at internal connections with continuously spanning floor systems is expected to be 

significantly less than that observed for traditional reinforced concrete frames at the damage 

control limit state.  

 

The elongation mechanism of a beam is directly related to the depth of the beam in contact with 

the column face. For a conventional reinforced concrete connection this is the full beam depth, 

while in a non-tearing connection, this is restricted to the depth of the hinge. Hence it seems 

reasonable that the slab initiation caused by the elongation mechanism of the beam in a non-

tearing connection is related to the depth of the hinge, rather than the full depth of the beam. 

Therefore, where a beam passes through a column, and a timber infill slab detail running parallel 

to the beam is provided, it is suggested that the beam depth 𝑏1  in Figure 3-34(b) could be 

replaced with the depth of the hinge, 𝑖𝑛𝑔𝑒 , for a non-tearing connection. The negative moment 

strength arising from the floor diaphragm reinforcement located in this flange width would 

initiate through the top hinge or floor slab behaving as a shallow beam, whichever is of greatest 

depth. Because of the shallow depth of the hinge in a non-tearing connection, the contributing 

flange under the proposed 3𝑖𝑛𝑔𝑒  width would almost always be located within the infill slab.  

 

In addition to this provision, it is also suggested that for the damage control limit state design of 

non-tearing connections with continuously spanning floor systems, the maximum width of slab 

reinforcement initiated under a negative moment connection rotation could be limited to the 

width of the infill slab. The flexible infill slab acts as a fuse and an absorption zone for the 

incompatible frame and floor deformations in precast moment frames. Since severe beam 

elongation and displacement incompatibility is avoided in non-tearing connections, it is expected 

that slab cracking and slab reinforcement initiation due to rotation of the non-tearing connections 

would be concentrated to the infill slab and without significant spreading through the precast 

floor units.  
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It is also suggested that the level of overstrength induced in the slab reinforcement of a 

continuously spanning floor would be significantly less than the 1.1𝜆𝑜𝑓𝑦  suggested by 

NZS3101:2006. The stress in the slab reinforcement in a non-tearing connection should be 

determined considering the slab deformation demand arising from hinge and slab rotation, rather 

than the full overstrength properties of the reinforcement.  

   

As shown in Figure 3-35(a) the instantaneous centre of rotation for a conventional reinforced 

concrete internal connection is located in the compression zone at the top and bottom of the beam 

for a positive and negative moment respectively. This causes a net elongation of the connection 

and the pre-stressing strands in the adjacent precast floor units, activating them as part of the 

moment strength of the connection.  

Figure 3-35(b) shows the arrangement of a non-tearing internal connection with continuous floors 

spanning through the column. Rotation of the connection occurs about the hinge located at the 

top of the beam and the soffit of the precast floor unit will generally lie below the bottom of the 

hinge. Elongation of the connection under a positive moment rotation is complimented by 

shortening of the connection under a negative moment rotation, resulting in zero net elongation of 

the precast floor unit, assuming that an infill slab detail is provided as lateral connection between 

the floor and frame. This avoids the initiation of the precast floor unit reinforcement at an internal, 

non-tearing connection with a continuous floor system.  

 

Depending upon the location of the instantaneous centre of rotation in the depth of the hinge, 

there may be small elongation of the floor unit pre-stressing steel. However the influence of this 

on the moment strength of the connection would be insignificant.  Hence, it is expected that the 

contribution of pre-stressing steel in precast floor units to the negative moment strength on a non-

tearing will be negligible.  
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(a) Interior plastic hinge leverarms for a 

conventional connection (Matthews 2004) 

(b) Interior plastic hinge leverarms for a non-tearing 

connection  

Figure 3-35 Interior joint leverarms and precast floor unit prestressing steel initiation 

 

These recommendations for the slab participation at internal non-tearing connections with 

continuous floor systems have been discussed assuming that the flexible infill slab detail, 

specified in the New Zealand Concrete Structures Standard (Standards New Zealand. 2006), is 

provided as the lateral connection between the moment frame and precast floor systems. In the 

situation where the precast flooring units are installed hard against the face of the internal column, 

local deformation effects would enhance the slab participation of the floor topping and precast 

floor units. This configuration requires further investigation to determine the degree to which the 

slab participates under a negative moment connection rotation.   

 

 

 

The proposed provisions for floor slab interaction under a negative moment connection rotation 

in non-tearing frames are tentative. Experimental and numerical investigation is required in order 

to validate the design provisions and to provide a better understanding of the interaction of floor 

diaphragms and moment frames in non-tearing and conventional structures.  
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3.13 SURVI VAL LIMIT STATE DESIGN OF NON-TEARING FLOOR FRAMES 

The design actions and mechanics of non-tearing connections, which have been discussed in this 

chapter, relate to the damage control limit state. Under extreme circumstances, when the drift 

demand arising from earthquake actions exceeds the drift capacity provided by the slot between 

the beam end and the column face, contact between the bottom of the beam and the column face 

will occur under a negative moment connection rotation. This situation is shown in Figure 3-36 

and resembles the behaviour of a traditional monolithic reinforced concrete system. The capacity 

design principles for reinforced concrete structures can be directly applied to the survival limit 

state design procedure for a non-tearing frame.  

 

The critical design criteria at the survival limit state design is to avoid structural collapse in order 

to prevent loss of life. This is achieved by ensuring that flexural or shear failure of the columns, 

shear failure of the beam-column joints and shear failure of the beams does not occur at the 

absolute maximum flexural strength induced in the beams and adjacent floor slab.    

 

 

  

(a) External connection at survival limit 

state-negative moment rotation 

(b) Internal connection at survival limit state 

Figure 3-36 Non-tearing connection rotation at survival limit state 
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3.13.1 Beam Ultimate Flexural Capacity at the Survival Limit State 

At the survival limit state the maximum flexural capacity of a non-tearing connection under a 

positive moment rotation is governed by the flexural overstrength of the bottom beam 

reinforcement. This strength is the same as for the damage control limit state. Due to closing of 

the beam slot, and contact between the beam end and the column face at the survival limit state, 

the negative moment flexural capacity of the beam is governed by the flexural overstrength of the 

top hinge reinforcement, which was designed to remain elastic at the damage control limit state.  

 

The flexural strength of the beam under a negative moment rotation must also consider the 

contribution of the slab reinforcement. At the survival limit state, prising and elongation of the 

beam will occur due to contact between the bottom of the beam and column face, so slab 

reinforcement is more likely to initiate as a beam flange, rather than through the torsion 

mechanism suggested at the damage control limit state.  

 

At the survival limit state, it is not expected that plastic hinges would form in the ends of the 

beams. Instead, elongation of the beam is likely to occur under a rocking mechanism, similar to 

that for rocking precast PRESSS type connections (fib 2003). Therefore, the progressive plastic 

elongation mechanism observed in reinforced concrete plastic hinges would not occur and the 

degree of beam elongation in the non-tearing connection would be less than that observed in a 

reinforced concrete plastic hinge. Therefore, the degree of floor slab reinforcement initiation in a 

non-tearing connection, at the survival limit state, is likely to be less than observed in a 

reinforced concrete plastic hinge. In the absence of more reliable theory for predicting the 

initiation of slab reinforcement due to beam elongation, it is recommended that the slab flange 

width limits specified in NZS3101:2006 be applied to the non-tearing connection at the survival 

limit state design.  

 

Alternatively, an approach for predicting the slab participation to the negative moment capacity is 

proposed by Peng (2009), where the width of slab flange contributing to the negative moment 

capacity of the beam is determined considering the out of plane capacity of the support beam.  
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Research is required to better explore the mechanism of slab interaction for elongating frames 

and non-tearing connections at the survival limit state.   

 

3.13.2 Beam Shear Design at the Survival Limit State 

Design of the beam shear resistance mechanism adopted in the non-tearing connection must 

accommodate the flexural strength of the beam under a negative moment rotation at the survival 

limit state, including slab effects. This requirement relates to the design of the beam shear stirrups, 

diagonal shear hanger bars, structural steel top hinge, corbel and tie rod components in the non-

tearing connection. The elastic design of these components is required, however capacity to avoid 

collapse, rather than a limit on deformation, is the key design requirement.  

 

Torsion must also be correctly assessed and accounted for in the shear design at the survival limit 

state. Torsion induced in the supporting beam during the initiation of slab reinforcement would 

occur under the mechanism shown in Figure 3-37, rather than by rotation about the soffit of the 

precast unit as introduced in 3.9.3(b). Out-of-plane bending of the support beam will also occur, 

under the mechanism shown in Figure 3-37.  

 

The corbel seating length for the steel top hinge non-tearing connection details is an important 

design consideration at the survival limit state, in order to ensure that the beam support is 

maintained and collapse of the structural frame is prevented. It is recommended to apply the same 

seating requirements to the column corbels that is applied to precast floor unit seating, that is 

provide a minimum seat length of 75mm (Standards New Zealand. 2006).  

 

 

Figure 3-37 Torsion induced in support beam due to slab flange initiation at survival limit state 

dtorsion
Vslab

Tslab
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3.13.3 Survival Limit State Column Design 

The same procedures for the capacity design of columns in a reinforced concrete frame are 

applied to the survival limit state design of the columns in a non-tearing frame. The flexural, 

axial and shear strength of the columns must remain predominantly elastic at the maximum 

flexural strength arising from the frame beams and floor at the survival limit state. This ensures 

that fatal soft storey collapse of the structure is avoided. The procedure set out in NZS3101:2006 

for the capacity design of columns can be directly applied to non-tearing frames.  

 

3.13.4 Survival Limit State Joint Design 

At the survival limit state, shear failure of the beam column joints in a non-tearing frame must be 

avoided in order to prevent a sliding joint shear failure, which is characteristic of poorly detailed 

reinforced concrete joints. The shear design of the joints in a non-tearing frame is governed by 

the ultimate flexural overstrength capacity of the top hinge reinforcement.  

 

At the survival limit state, a high degree of bond degradation and slip of the reinforcement 

through the joint is expected and the focus of the design is collapse prevention. Therefore, while 

the maximum longitudinal bar diameter requirements, discussed in 3.10.2, apply at the damage 

control limit state, it is suggested that these requirements can be relaxed when considering the 

flexural overstrength of the top hinge reinforcement at the survival limit state.  

 

The joint shear design actions are based on the maximum flexural strength of the beams. Since 

contact between the bottom of the non-tearing beam and the column face occurs, and the system 

resembles the behaviour of a reinforced concrete frame, it is recommended that the joint shear 

design requirements outlined in NZS3101:2006 be applied to the survival limit state design of the 

beam-column joints in a non-tearing frame.  
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3.14 CHAPTER SUMMARY 

This chapter has introduced the behavioural and design characteristics unique to the non-tearing 

connection. Solutions for effectively providing moment and shear resistance to the connection 

have been presented and connection detailing requirements outlined. The mechanics of torsion 

transfer have been discussed and a design approach introduced. The design philosophy for     

beam-column joints at the damage control limit state in a non-tearing frame has been explored, 

indicating that previous design theory does not directly apply to beam-column joint design for 

non-tearing frames. New theory for the design of non-tearing beam column joints has been 

presented. The issue of low cycle fatigue of reinforcement has been discussed and design 

recommendations to account for this effect have been provided.  

 

The phenomenon of floor slab interaction and initiation of the slab starter bars under a negative 

moment connection rotation has been explored, indicating that with the lack of beam elongation 

in non-tearing connections, the degree of slab contribution to the negative moment strength of the 

frame reduces considerably, compared to conventional reinforced concrete design. It is suggested 

that at the damage control limit state, torsion of the supporting beam becomes the predominant 

transfer mechanism for floor slab reinforcement initiation, rather than through a beam negative 

moment flange. An original design process to account for slab effects in non-tearing connections 

is recommended. 

 

Finally, the capacity design requirements at the survival limit state have been introduced and 

discussed, in order to ensure the life-safety and collapse prevention of non-tearing frames. Both 

damage control and survival limit state design has been discussed in this chapter because the 

behavioural mechanics and design philosophy for the non-tearing connection differs depending 

upon which limit state is considered.  

 

Some of the theory introduced in this chapter is tentative and requires validation with 

experimental and analytical data. However the ideas introduced and discussed provide reliable 

methodology to capture the unique behaviour of non-tearing connections and provide successful 

capacity design of this system for seismic regions.  
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CHAPTER 4. EXPERIMENTAL DESIGN OF THE PRECAST NON-

TEARING FLOOR TEST FRAME 

4.1 INTRODUCTION 

This chapter describes the development, design and construction of the two-dimensional, two-bay 

non-tearing frame specimen tested as part of this research. The objective of this experimental 

research was to validate the seismic performance of four different non-tearing connection details 

developed for New Zealand construction practice and to assess the interaction of the connection 

details with a precast flooring system. The first part this chapter describes the development of the 

connection details in the test frame from previous non-tearing connection research, with 

development focussed around constructability and cost efficiency criteria. Following this, the 

prototype structure for the test specimen is introduced and the displacement based design 

procedure adopted for the design of the test frame is outlined. Laboratory test configurations 

adopted for testing moment frames at the University of Canterbury are introduced, the particular 

member and connection details of the test frame are presented and a photographic record and 

commentary of the construction sequence for the test frame is provided. Finally the laboratory 

test rig arrangement, displacement loading sequence and instrumentation details for the non-

tearing frame test are outlined.  

 

4.2 DEVELOPMENT OF PREVIOUS RESEARCH 

The design and experimental investigation of the precast non-tearing frame had the primary 

objective of developing design philosophy for the correct assessment and design of non-tearing 

connections and to develop a variety of cost effective connection details for implementation in 

New Zealand construction practice. The development of the non-tearing technology in this 

research has focussed primarily around research carried out by Ohkubo and Hamamoto (2004) 

and Amaris et al (2008). After critically analysing these two pieces of research, the following 

developments were proposed and implemented for the precast non-tearing frame test. 
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The slotted beam connection developed by Ohkubo and Hamamoto (2004) was implemented in 

the non-tearing frame specimen, representing a solution which was very similar to current 

construction and design practice, thereby showing good potential for rapid implementation in 

New Zealand construction industry. The key design modification to the detail came with respect 

to the detailing of the diagonal shear bars. The Ohkubo and Hamamoto (2004) slotted beam detail 

terminated the inclined portion of the bar at the column face. Under reversed cyclic seismic 

loading it was likely that significant dowel action and low cycle fatigue of the diagonal shear bars 

would occur, compromising the shear capacity and collapse prevention mechanisms of the 

connection. For the non-tearing frame test, this detail was modified to terminate the diagonal 

section of the hanger into the column and past the first set of column bars, in order to maintain 

primarily axial force in the bar, minimising dowel and bending actions. 

 

Critical analysis of the asymmetrically post-tensioned mono-hinge Amaris et al.(2008) detail 

motivated the development of the remaining three connection details to be tested in the precast 

concrete non-tearing frame. The use of purely precast frame construction was appealing in terms 

of speed of construction and quality control and cost efficiency, and these criteria were driving 

factors for the top hinge connection development. The use of column corbels was also an 

appealing feature of the Amaris et al.(2008) detail, reducing the need for extensive structural 

propping and on-site congestion, and so was implemented in the design of the precast steel top 

hinge details. 

  

The Amaris et al.(2008) mono-hinge detail was constructed with thick steel plates and a solid 

steel circular billet and required a high degree of fabrication. This made the detail an expensive 

solution for creating the top hinge region of the connection.  Therefore, the Amaris et al.(2008) 

mono-hinge was re-designed in order to reduce the amount of expensive steel components in the 

connection and to allow the section to be constructed using light weight pre-formed structural 

steel elements, in order to reduce the material and fabrication costs associated with the detail. 

Without the use of post tensioning, the large compressive forces induced in the hinge section 

were eliminated which allowed the steel hinge section to be refined. 

 

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

4-3 

Buckling of the external dissipaters in the Amaris et al.(2008) detail compromised the 

performance of the connection. Hence to reduce the susceptibility to bar buckling, the width of 

the slot provided between the beam end and column face was reduced to a width not larger than 

that required to accommodate rotation of the beam under a maximum credible seismic event and 

construction tolerances.  

 

The arrangement of the Amaris (2008) top hinge connection meant that re-centring had to be 

provided by an asymmetric post-tensioned tendon profile in the beam.  Even with the asymmetric 

beam tendon profile, full re-centring of the connection was not achieved unless the columns of 

the frame were also post-tensioned. Therefore the benefits of post-tensioning technology were 

less advantageous for non-tearing connections than for hybrid PRESSS connections. In addition 

to this, the recent introduction of post-tensioned technology for multi-storey frames and lack of 

construction experience in New Zealand industry tended to severely penalise post-tensioned 

construction over traditional monolithic methods in terms project cost.  

 

Therefore traditional steel reinforcement detailing was implemented in the developed precast 

non-tearing connection details with the desire to develop solutions which performed significantly 

better than traditional monolithic reinforced concrete connections, without the use of post 

tensioning techniques. This provided an intermediate connection solution which was innovative 

and superior to monolithic design, to promote the implementation of precast frame construction 

without significantly restricting the progression of non-tearing and precast concrete frame 

technology in New Zealand construction industry.  

 

4.3 PROTOTYPE BUILDING 

The prototype structure for the experimental investigation is shown in Figure 4-1 and is a typical, 

regular, six storey New Zealand precast floor frame building. The structure was located in New 

Zealand‟s high seismic zone and was prone to near fault effects.  
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The structure had 7.5 metre bay length, non-prestressed moment frames in both directions, 

900mm square columns and 750mm deep beams with Hollowcore200 floor units supported on 

transverse beams at each bay. The seismic weights of the floors and roof were 11314kN and 

11190kN respectively. The lighter regions in Figure 4-1 indicate the floor to lateral frame infill 

connection detail.   

 

Figure 4-1 Prototype building for experimental investigation 

 

4.4 DIRECT DISPLACEMENT BASED DESIGN PROCEDURE 

The traditional basis for the seismic design of frame buildings is a probabilistic force based 

design approach, in which elastic acceleration spectra are used to assess the seismic response and 

to determine the earthquake induced forces on a structure. The ductility expected to occur in the 

structure is estimated in design codes and applied as a reduction to the elastic spectral design 

forces.  
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Concerns were raised in the early 1990‟s regarding the validity of the force-based design 

approach which had been established in design codes around the world. The force-based design 

approach had numerous shortcomings with the treatment of structural characteristics. The design 

ignores duration effects characteristic of earthquakes and condenses the structural response as a 

combination of modal maxima. The validity of the combination rules used to combine the modal 

maxima to inelastic structural response has also been questioned. The residual „at rest‟ response 

of the structure was ignored, with emphasis placed on the maximum transient response, and 

reliance was placed on the elastic stiffness properties of the structural elements which was only 

applicable at low seismic intensity levels.  

 

It was recognised and accepted that damage control was best related to material strains, a 

function of structural displacements, rather than on accelerations. The traditional philosophy that 

“strength=safety” was flawed in the fact that increasing strength without altering section 

dimensions actually reduced the curvature and displacement capacity of the section. In addition 

to this, the emphasis on maximising hysteretic energy dissipation inadvertently led to large 

residual deformations of a structure after an earthquake, which tended to be extremely difficult to 

repair (Priestley and European School for Advanced Studies in Reduction of Seismic Risk. 2003).  

 

The fallacies associated with traditional force-based design approaches have brought about the 

development of alternative design procedures, namely the Direct Displacement Based Design 

(DDBD) procedure.   

 

A deterministic Direct Displacement Based Design procedure has been developed over the past 

decade during the PRESSS research program. The method represents a Multi Degree Of Freedom 

(MDOF) frame building as a Single Degree of Freedom (SDOF) oscillator. The SDOF system is 

characterised by an effective secant stiffness at a designer specified maximum displacement 

(generally 2-2.5% storey drift for frames), with an effective mass, me. The effective mass acts at 

an effective height, He, with equivalent viscous damping, ξ, representative of the elastic and 

hysteretic damping characteristics of the inelastic response of the structure.  A summary of the 

DDBD procedure for the non-tearing prototype structure, as outlined by Priestley et al (2007) is 

illustrated.  
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4.4.1 Displacement Based Design Procedure to Determine Seismic Base Shear  

(a) Design Storey Displacements 

The design storey displacements are related to the normalised inelastic mode shape of the 

structure δi, where i=1 to n are the storeys, and to the critical storey displacement Δc, 

using Equation 4.1.  

 
∆𝑖= 𝛿𝑖  

∆𝑐
𝛿𝑐
  

 

4.1 

Where the normalised inelastic mode shape depends upon the height, 𝐻𝑖 , and the roof 

height 𝐻𝑛  according to Equations 4.2 and 4.3.  

For n ≤ 4:    
𝛿𝑖 =

𝐻𝑖
𝐻𝑛

 
 

4.2 

For n > 4:    
𝛿𝑖 =

4

3
 
𝐻𝑖
𝐻𝑛
  1−

𝐻𝑖
4𝐻𝑛

  
 

4.3 

The shape profiles imply that the critical storey displacement occurs at the ground level 

for frame structures. Hence the user defined target storey drift  
∆𝑐

𝛿𝑐
 = 2.0% 𝑜𝑟 2.5%  

occurs at the ground floor. 

 

(b) Equivalent SDOF Design Displacement 

The equivalent design displacement is related to storey displacements by Equation 4.4.  

 
∆𝑑=   𝑚𝑖∆𝑖

2 /

𝑛

𝑖=1

  𝑚𝑖∆𝑖 

𝑛

𝑖=1

 
 

4.4 

Where 𝑚𝑖  is the mass at height 𝐻𝑖  associated with displacement ∆𝑖  

 

(c) Equivalent Mass 

The equivalent SDOF mass 𝑚𝑒  is given by Equation 4.5.  

 
𝑚𝑒 =   𝑚𝑖∆𝑖 

𝑛

𝑖=1

/∆𝑑  
 

4.5 

  

(d) Effective Height 

The effective height 𝐻𝑒of the SDOF structure is given by Equation 4.6.  

 
𝐻𝑒 =   𝑚𝑖∆𝑖𝐻𝑖 

𝑛

𝑖=1

/  𝑚𝑖∆𝑖 

𝑛

𝑖=1

 

 

4.6 
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(e) Design Displacement Ductility 

The SDOF design displacement ductility factor is related to the yield displacement ∆𝑦  by 

Equation 4.7. 

 
𝜇 =

∆𝑑
∆𝑦

 
 

4.7 

The yield drift of a frame has been found to be dependent upon geometry and independent 

of strength. For reinforced concrete frames, the yield drift is given by Equation 4.8.  

 
∆𝑦= 0.5휀𝑦

𝐿𝑏
𝑏

 
 

4.8 

Where 𝐿𝑏and 𝑏are the beam span between column centrelines and overall beam depth 

and 휀𝑦  is the yield strain of the flexural beam reinforcement. 

 

(f) Equivalent Viscous Damping 

The equivalent viscous damping for reinforced concrete frames is conservatively related 

to the design displacement ductility demand by Equation 4.9.  

 
𝜉𝑒𝑞 = 0.05 + 0.565 

𝜇 − 1

𝜇𝜋
  

 

4.9 

   

(g) Effective Period of Substitute Structure 

The effective period 𝑇𝑒  is found by entering the design displacement ∆𝑑  into the 

equivalently viscously damped displacement response spectra for the structure and 

reading off the time period at which the design displacement occurs. 

 

(h) Effective Stiffness of Substitute Structure 

The effective stiffness at maximum displacement response of the substitute structure, 

𝐹/∆𝑑 , is given by Equation 4.10.  

 𝐾𝑒 = 4𝜋2𝑚𝑒/𝑇𝑒
2 4.10 

   

(i) Design Base Shear Force 

The design base shear force for the MDOF structure is found from the substitute structure 

using Equation 4.11.  

 𝐹 = 𝑉𝑏𝑎𝑠𝑒 = 𝐾𝑒Δ𝑑  4.11 
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4.4.2 Distribution of Seismic Actions using an Equilibrium Approach 

An equilibrium method for distributing the base shear and determining the required moment 

capacities at potential plastic hinge locations for frames designed by the DDBD method is also 

suggested by (Priestley et al. 2007).  

 

(a) Beam Moments 

The overturning moment induced by the lateral forces at the base of the building is 

determined using Equation 4.12. 

 
𝑂𝑇𝑀 =  𝐹𝑖𝐻𝑖

𝑛

𝑖=1

 
 

4.12 

Where 𝑛 is the number of storeys 

The overturning moment is equilibrated by the internal forces, given by Equation 4.13.  

 
𝑂𝑇𝑀 =  𝑀𝐶𝑗 + 𝑇 ∙ 𝐿𝑏𝑎𝑠𝑒

𝑚

𝑗=1

 
 

4.13 

Where 𝑀𝐶𝑗  are the column base moments (m columns), 𝑇 = 𝐶 are the seismic axial forces 

in the exterior columns and sum up to equal the beam shear forces, shown by Equation 

4.14.  

 
𝑇 =  𝑉𝐵𝑖

𝑛

𝑖=1

 
 

4.14 

Combining equations 4.13 and 4.14 determines the required sum of the beam shears in a 

bay, given by Equation 4.15.  

 

 𝑉𝐵𝑖

𝑛

𝑖=1

= 𝑇 =   𝐹𝑖𝐻𝑖

𝑛

𝑖=1

− 𝑀𝐶𝑗

𝑚

𝑗=1

 /𝐿𝑏𝑎𝑠𝑒  

 
4.15 

Once the individual beam shears have been decided, the lateral force-induced beam 

design moments at the column centrelines are given by Equation 4.16.  

 𝑀𝐵𝑖 ,𝑙 + 𝑀𝐵𝑖 ,𝑟 = 𝑉𝐵𝑖 ∙ 𝐿𝐵𝑖  4.16 

Where 𝐿𝐵𝑖  is the beam span between column centrelines and 𝑀𝐵𝑖 ,𝑙  and 𝑀𝐵𝑖 ,𝑟  are the beam 

centreline moments at the left and right ends of the beam. The beam design moments are 

reduced from this value, depending upon the column width 𝑐 , shown in Equation 4.17. 

 𝑀𝐵𝑖 ,𝑑𝑒𝑠 = 𝑀𝐵𝑖 − 𝑉𝐵𝑖𝑐/2 4.17 
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In order to ensure storey drift limits are not exceeded, it is important that the vertical 

distribution of beam shear follows the seismic demand. This can be achieved by allocating 

the beam shears in proportion to the storey shears in the column below the level under 

consideration using Equation 4.18 and 4.19. 

 
𝑉𝐵𝑖 = 𝑇 ∙

𝑉𝑆 ,𝑖

 𝑉𝑆,𝑖
𝑛
𝑘=𝑖

 
 

4.18 

where 
𝑉𝑆 ,𝑖 =  𝐹𝑘

𝑛

𝑘=𝑖

 
 

4.19 

   

(b) Column Moments 

The point of contraflexure of ground floor columns is chosen at 0.6H1. The moment at the 

top of the ground floor column is hence given by Equation 4.20. 

 𝑀𝐶01,𝑡 = 0.4𝑉𝐶01 ∙ 𝐻1 4.20 

By equilibrium of moments at the joint centroid, the moment at the bottom of the first 

floor column is determined using Equation 4.21. 

 𝑀𝐶12,𝑏 = 𝑀𝐵1,𝑙 + 𝑀𝐵1,𝑟 −𝑀𝐶01,𝑡  4.21 

Since the storey shear in the first floor column 𝑉𝐶12  is known, the moment at the top of 

the first floor column can be calculated using Equation 4.22. 

 𝑀𝐶12,𝑡 = 𝑉𝐶12 ∙ 𝐻2 −𝑀𝐶12,𝑏  4.22 

 

Traditionally, redistribution of combined gravity and seismic moments up to 30% peak demand 

has been allowed in design codes. For the displacement based design procedure, Priestley et 

al.(2007) recommended that gravity loads be ignored in the seismic design procedure and that 

design strength be based on the larger of gravity and seismic moments. This approach has shown 

to be more conservative than the redistribution method for the majority of seismic input ranges.  

 

The displacement based design procedure was performed on the prototype structure for a high 

seismic zone in Wellington, New Zealand, with near fault effects and a design storey drift of 

2.5%. The displacement based design procedure returned a total base shear of 𝑉𝑏 = 5825𝑘𝑁 or 

9.6% of the total building weight.  
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4.5 TEST RIG DESIGN 

4.5.1 Previous Precast Concrete Floor Frame Tests at the University of Canterbury 

Matthews (2004), Lindsay (2004) and MacPherson (2005) experimentally investigated the 

performance of precast pre-stressed flooring systems with reinforced concrete perimeter frames at 

the University of Canterbury. The full scale test arrangement of the two-bay by one-bay three-

dimensional test specimen is shown in Figure 4-2. The test apparatus arrangement was such that 

the primary and secondary loading arms worked together to ensure that beam elongation and the 

interaction of the moment frame and floor system was not restrained or accentuated. The 

combination of displacement and load control also ensured that equivalent drift of the columns 

was maintained throughout the testing. This testing arrangement allowed the interaction and 

performance of the frame and floor system to be reliably assessed while maximising the floor 

space available for the large scale specimen.  

 

 

(a) Loading frame arrangement for in-plane testing  

  

(b) Loading frame arrangement for out-of-plane testing 

Figure 4-2 Loading frame setup for Matthews (2004), Lindsay (2004) and MacPherson (2005) experiment 
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Amaris et al.(2007) experimentally tested a one-bay two-dimensional asymmetrically post-

tensioned non-tearing frame at the University of Canterbury. The experimental setup, shown in 

Figure 4-3 used hydraulic actuators located at the storey height at each level to provide the lateral 

driving force while rotary potentiometers controlled the lateral drift of the frame. The columns 

were post-tensioned to steel base plates bolted to the laboratory strong floor so elongation of the 

frame was restrained by the rig. However for non-tearing floor connections where beam 

elongation is minimal this is less of an issue than for traditional monolithic reinforced concrete 

frames.  

 

 

Figure 4-3 Experimental test arrangement of the Amaris (2007) non-tearing frame test 

 

Peng (2009) experimentally tested a two-bay by one-bay reinforced concrete frame and precast 

pre-stressed floor diaphragm. The experiment was designed to verify an analytical plastic hinge 

model developed by Peng (2009) for predicting the flexural, shear, axial and elongation response 

of ductile plastic hinges, as well as the interaction of plastic hinges with precast pre-stressed 

flooring systems.  

 

In the test arrangement shown in Figure 4-4, unidirectional displacements were applied to the 

moment resisting frame at the hydraulic actuators linking the top and bottom of each column. The 

bases of the columns were supported on two-way linear bearings allowing movement in a 
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horizontal plane. The floor slab was seated on transverse beams at each of the columns, which 

were supported on steel pedestals. Linear one-way bearings were provided at the external 

pedestals to allow parallel movement with the frame, and ball bearings at the internal pedestal to 

allow movement in a horizontal plane. The combination of two-way linear bearings at the base of 

the columns and the rams linking the top and bottom of each column allowed unrestrained beam 

elongation to develop in the system.  

 

 

(a) Front elevation 

 

 

(b) Side elevation 

Figure 4-4 Test specimen and loading setup in Peng’s (2009) experiment 
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4.6 LABORATORY TEST SPECIMEN DETAILS 

The laboratory test specimen constructed was a one-storey, two-bay precast concrete frame and 

floor system built at two-thirds scale. The specimen was designed to NZS3101:2006 along with 

the new design theory proposed in Chapter 3. Capacity design principles were applied to the 

precast frame-floor specimen to ensure that the desired weak-beam strong-column mechanism 

formed and that predominantly elastic behaviour of the columns was maintained at the maximum 

strength of the non-tearing connections.  

 

4.6.1 Laboratory Test Specimen Arrangement 

The layout of the non-tearing frame and floor test specimen is shown in Figure 4-5. The 

specimen had two longitudinal seismic bays each with a length of 4.572m and a bay width of 

1.5m. Support beams for the flooring system were provided at each of the columns, with a floor 

unit seating length of 75mm. Since the support beams were cantilevered in the lateral direction, 

they were designed to be deliberately wider and hence stiffer than would occur in reality, in order 

to model the fixed-fixed beam end condition which would occur in a real building. This ensured 

that tearing of the floor slab was not restrained by the lateral flexibility of the support beams. The 

columns were 600mm wide by 600mm deep, the seismic beams were 360mm wide by 515mm 

deep and the support beams were 330mm wide by 360mm deep with a floor unit seating width of 

75mm.  

 

The floor system consisted of non pre-stressed precast floor units, 800mm wide by 125mm deep, 

which were modelled on the stiffness of a Hollowcore200 floor unit at two-thirds scale. The 

precast floor units were supported on gravity beams at each column. Supporting the floor at each 

of the columns provided consistent interaction of the connection and floor slab for each of the 

four tested connection details, allowing direct performance comparison.  

 

A 50mm thick infill slab provided lateral connection between the precast floor units and the 

seismic beams. D10 reinforcement at 250mm centre-to-centre spacing was provided in both 

directions in the 50mm thick floor topping slab and D10 starter bars at 250mm centre-to-centre 

spacing were provided in order to tie floor diaphragm into the seismic and gravity beams. These 

starter bars were lapped 500mm with the topping slab reinforcement.  
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(a) Plan View 

 

(b) Front elevation 

 

(c) Side elevation 

Figure 4-5 Dimensions and arrangement of the laboratory test specimen 
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4.6.2 General Section Details 

The general section details of the primary structural members in the precast non-tearing frame 

specimen are shown in Figure 4-6. Complete construction drawings are provided in Appendix B.  

 

 

(a) Longitudinal seismic beam detail 

 

 

 

(b) External floor system support beam detail 
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(c) Internal floor system support beam detail 

 

 

 

(d) Typical column detail 

Figure 4-6 Section details of the primary structural elements 

 

 

4.6.3 Non-tearing Connection Details 

This section presents details of the four non-tearing connections tested in the precast non-tearing 

frame specimen. Each of the connections utilised the basic construction details shown in Figure 

4-6. Four RB16 reinforcing bars were provided as the top hinge longitudinal reinforcement for 

each connection. These bars were designed to avoid severe plasticity at the maximum strength of 

the connection in order to prevent beam elongation and prising of the beam away from the 

column face.  
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The non-tearing frame was designed to allow two separate tests to be carried out. Test 1 explored 

an equivalent monolithic non-tearing frame design. Four D16 bars, debonded over 200mm in the 

beam for low cycle fatigue purposes, were provided for the bottom beam longitudinal 

reinforcement in each connection. Test 2 explored a solution where partial re-centring to the 

connection was provided through unbonded, high strength reinforcing bars. In Test 2, 2/D12 

longitudinal dissipaters were located at the bottom of the beam and debonded over 150mm for 

low cycle fatigue purposes, and 2/RB16 longitudinal bars debonded over 1500mm were located 

higher in the beam providing partial re-centring to the connection. Specific details of the four 

non-tearing connections are provided in the following sections. 

 

4.6.3.1 Slotted Beam Connection Details 

Figure 4-7 shows the first of the four connection details implemented in the experimental non-

tearing precast frame specimen. This detail was a modified version of the slotted beam 

connections developed by Ohkubo and Hamamoto (2004). The focus of the construction and 

detailing of this non-tearing connection detail was to resemble design and construction practice 

currently employed for traditional monolithic reinforced concrete connections with minimal 

difference in cost and materials.  

 

The tested detail for the external frame connection incorporated two HD16 diagonal shear bars to 

carry the gravity and seismic shear forces, as shown in Figure 4-7. The 45° inclined region of the 

bar was continued into the column and past the first set of column bars to avoid dowel action at 

the beam-column interface. This was modified from the Ohkubo and Hamamoto (2004) detail 

where the inclined portion of the shear bars were terminated at the column face. A 100mm deep 

top hinge was formed with cast-in-place concrete in the slotted beam connection.  
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(a) Slotted beam connection detail for Test 1 

 

 

 

(b) Slotted beam connection detail for Test 2 

Figure 4-7 Slotted beam external connection details 
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(a) Diagonal shear reinforcement side elevation (b) Diagonal shear reinforcement plan view  

Figure 4-8 Construction photos of slotted beam diagonal shear reinforcement  

 

4.6.3.2 Circular Top Hinge Connection Details 

Figure 4-9 shows the connection details for the second and third connection details tested in the 

precast non-tearing frame. The connection was developed from the top hinge detail tested by 

Amaris et al.(2008). The focus of this detail was to provide a non-tearing connection exhibiting 

minimal damage to the frame and floor using innovative and modern precast methods of 

construction.  

 

In order to reduce the cost of the Amaris et al.(2008) detail, the steel top hinge section was re-

designed using readily available structural steel sections, and the amount of expensive steel 

components in the detail were reduced. A purely precast method of construction for this 

connection was achieved with the use of fully precast beams and columns, a structural steel top 

hinge and column corbels to locate and support the beam during construction.  

 

Corrugated ducts precast into the beams and column allowed the connection reinforcement in the 

dry-jointed detail to be inserted and grouted on-site. Anchorage of the connection longitudinal 

reinforcement was provided through development length of the reinforcing bar in the grouted 

duct. The top 100mm of the beam was left uncast in order to allow the floor slab starter bars to be 

installed during construction of the floor. The top of the beam was cast with the floor topping 

slab.  
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Gravity and seismic shear forces were transferred at the column face with a steel shear corbel 

which was bolted to M20 threaded inserts cast into the column. Beam shear was transferred 

through shear and bending of the steel top hinge section and anchorage of the top hinge into the 

beam strut and tie mechanism was provided with 16mm grade 8.8 threaded rods and 16mm foot 

plates.  

 

The top hinge HD16 longitudinal bars were debonded over a length of 200mm in the beam. This 

was performed to avoid hinge prising and rotation deformation inducing severe yielding in these 

bars. Comparison of strain levels in the connections with debonded top reinforcement to those 

without debonded top reinforcement would also indicate whether debonding was necessary or 

whether some limited inelasticity of the top hinge bars could be allowed without detrimental 

effects to the connection performance.  

 

Although both the top hinge and seismic beam connection details were identical for the internal 

connection, a 10mm flexible backing was provided on one side of the connection in order to pre-

crack the floor diaphragm at the boundary between the support beam and precast floor unit. This 

formed the third detail tested in the frame and represented a solution expected to produce 

minimum damage to the connection and adjacent floor slab under high seismic actions. The pre-

cracked floor unit to support beam detail is shown in Figure 4-12.  
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(b) Circular top hinge detail for Test 2 

Figure 4-9 Circular top hinge internal connection details 

 

Figure 4-10 shows the details of the steel circular top hinge. The hinge was constructed of 

100x10mm equal angle section and 100x20mm flat plate. A half 75CHS section was provided at 

the contact point between the hinge and the column face, providing a smooth rotation profile for 

the hinge without severe prising actions during lateral drift of the frame. 20x10mm gusset plates 

were welded between the top and bottom of the CHS section to avoid squashing under seismic 

and gravity shear loads. 30mm oversized holes were cut through the CHS section at the location 

of the top hinge RB16 longitudinal reinforcing bars. This was carried out to avoid guillotining 

and dowel action being induced in the top hinge bars during high levels of hinge rotation.  

 

The light weight steel hinge section was easily handled and positioned on the beam by one person. 

The holes in the 200x10mm flat plate for bolting the hinge to the 16mm grade 8.8 threaded beam 

rods were elongated on one of the hinges to allow the hinge to slide on the top of the beam to 

accommodate construction tolerances. Construction photographs of the circular steel top hinge 

detail are provided in Figure 4-11.  
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(a) End elevation 

 

(b) Side elevation 

 

(c) Plan View 

Figure 4-10 Circular top hinge connection steel top hinge details 
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(a) End elevation (b) Threaded shear rod anchorage arrangement 

  

(c) Side elevation (d) Plan view 

Figure 4-11 Construction photos of circular top hinge section 

 

  

Figure 4-12 Pre-cracked floor unit to support beam detail using 10mm flexible foam board 
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4.6.3.3 Open-ended top hinge details 

Figure 4-13 shows details of the fourth connection in the precast non-tearing frame. The focus of 

the open-ended top hinge connection was to allow multiple layers of top hinge reinforcement to 

be passed through the connection and to provide a steel top hinge detail which was simpler and 

more cost effective to fabricate.  

 

The construction concept, corbel and basic top hinge details were the same as for the circular top 

hinge connection. However, rather than the circular CHS hinge profile adopted for the circular 

top hinge detail, the face of the hinge remained open and unobstructed.  

 

Seating of the hinge and shear transfer at the column corbel was achieved using short shear tabs 

and gusset plates, as shown in the top hinge details in Figure 4-14. High density, flexible 

eurethene rubber pads were inserted between the contact points of the hinge and corbels in order 

to accommodate hinge rotation without inducing severe prising deformations. The stiffness 

properties of the pads were designed based on the manufacturer‟s specifications and the required 

deformability under the forces expected to be induced in the top hinge. Construction photographs 

of the open ended top hinge detail are shown in Figure 4-15.  
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(b) Open ended top hinge connection detail for Test 2 

Figure 4-13 Open ended top hinge external connection details 

 

Figure 4-14 shows the details of the open-ended steel top hinge. The basic configuration of the 

hinge section was the same as for the circular top hinge details. However, rather than the CHS 

section as the zone of contact between the hinge and column face, the hinge was open, with 

contact occurring between the outside faces of the equal angle section and the column face. An 

elliptical profile was bevelled on the walls of the EA to allow rotation of the hinge on the column 

face without inducing significant prising actions. Shear transfer and seating was provided by two 

shear tabs and triangular gusset plates welded to the inside wall of the equal angle sections. 

Photographs of the open-ended top hinge are provided in Figure 4-15.  
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(b) Side elevation 

 

 

(c) Plan view 

Figure 4-14 Open ended top hinge connection steel top hinge details  
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(a) End elevation (b) Side elevation 

 

(c) Plan view 

Figure 4-15 Construction photos of open ended top hinge detail 

 

4.6.4 Duct Design Details 

The duct diameters selected for the precast beams and columns were designed taking into account 

expected construction tolerances for the frame of ±20mm at full scale. The beam ducts for the test 

specimen were designed based on a novel “Riflebolt” technique. With this technique, the length 

of duct provided in the beams was sufficient to hold the entire length of the longitudinal 

reinforcing bar required to form the connection. This allowed the connection bars to be placed 

inside the beam ducts during erection and positioning of the beam, after which the bar was 

withdrawn from the beam duct, manoeuvred through the corresponding column ducts, and into 

the beam ducts on the other side of the connection.  
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The reinforcing bars were taped and marked at the beam face position to ensure that the correct 

length of bar was withdrawn from the beam duct and inserted though the corresponding column 

and adjacent beam ducts. The length of duct required for the beam on one side of an internal 

connection is given by Equation 4.23 while the required length of duct for the beam on the 

opposite side of an internal connection is given by Equation 4.24. For an external beam-column 

connection, the required beam duct length is given by Equation 4.25. A schematic of the 

“Riflebolt” technique is shown in Figure 4-16.  

 

 𝐿𝑑𝑢𝑐𝑡 = 𝐻𝑐 + 2 × 𝐿𝑔𝑎𝑝 + 2 × 𝐿𝑑𝑒𝑏𝑜𝑛𝑑𝑒𝑑 + 2 × 𝐿𝑑  4.23 

 𝐿𝑑𝑢𝑐𝑡 = 𝐿𝑑𝑒𝑏𝑜𝑛𝑑𝑒𝑑 + 𝐿𝑑  4.24 

 𝐿𝑑𝑢𝑐𝑡 = 𝐻𝑐 + 𝐿𝑔𝑎𝑝 + 𝐿𝑑𝑒𝑏𝑜𝑛𝑑𝑒𝑑 + 𝐿𝑑  4.25 

 

Where 𝐻𝑐  is the column depth, 𝐿𝑔𝑎𝑝  is the beam gap width, 𝐿𝑑𝑒𝑏𝑜𝑛𝑑𝑒𝑑  is the debonded length 

provided on the reinforcing bar and 𝐿𝑑  is the required anchorage length to develop the full 

tension strength of the reinforcing bar.  

 

(a) Internal connection duct arrangement 

 

(b) External connection duct arrangement 

Figure 4-16 Riflebolt duct design for precast beams  

Lduct=Hc+2Lgap+2Ldebond+2Ld Lduct=Ldebond+Ld
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Each corrugated duct was fitted with two grout nipples and grout tubes, one inlet tube and one 

bleed tube, as shown in Figure 4-17. The grout tubes were woven loosely through the reinforcing 

cages of the beams and columns and terminated through the formwork, taking care to avoid 

kinking or sharp bends in the hoses. The ends of the corrugated ducts were fitted with wooded 

plugs and grout nipples, as shown in Figure 4-17(c), in order to avoid the duct filling with 

concrete during precasting of the beam.  

 

   

(a) Grout nipple and 

tube 

(b) Inlet and outlet grout tubes on column ducts (c) Beam duct plugs and 

grout tube nipples 

Figure 4-17 Grout tubes and nipples provided on the precast connection corrugated ducts 

 

4.7 CONSTRUCTION SEQUENCE 

The non-tearing frame was constructed in five separate stages. Two different methods of 

construction were investigated in the non-tearing frame, a purely precast method for the steel top 

hinge connection details and a more traditional precast emulation of cast-in-situ construction for 

the slotted beam connection. The key differences between the two methods will be shown and 

described in the following discussion.  

 

The first stage of construction involved the caging and casting of the columns and seismic beams, 

as shown in Figure 4-18. The steel reinforcement was supplied and bent by Fenwick 

Reinforcement Ltd and 30MPa concrete with 13mm aggregate and 120mm slump was provided 

by Firth Concrete Ltd for each pour. For the steel top hinge connections, Columns B and C were 
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caged and precast full height, while for the slotted beam connection, Column A was cast to the 

bottom of the beam-column joint.  

 

The longitudinal beam reinforcement for the floor diaphragm support beams was cast into the 

columns, as shown in Figure 4-18(d). In practise theses transverse beams would be precast, 

however since two-dimensional testing was being investigated, the transverse beams were cast 

monolithically in the test specimen for ease of construction.  

 

Both seismic beams were fully precast up to 100mm below the finished level of the beam to 

allow starter bars to be installed and anchored correctly during construction of the floor. In 

practice the beams could be fully precast with the topping slab starter bars placed in the top of the 

beam during precasting. Corrugated ducts, like those shown in Figure 4-18(c) were cast in the 

beams with corresponding matching ducts cast into the fully precast columns, to allow the precast 

dry jointed grouted connection to be formed.  

 

The second stage of construction involved the erection of the seismic columns and beams, as 

shown in Figure 4-19. The two-way linear bearings were positioned and levelled on the 

laboratory strong floor. A layer of grout was provided under the base of each bearing to aid 

levelling, as shown in Figure 4-19(a). The columns were then lowered onto the two-way linear 

bearings and propped in place, as shown in Figure 4-19(b) and (c). The precast beams were then 

lifted into position and seated on the column corbels for the purely precast steel top hinge 

connections, and propped in position alongside the half column at the slotted beam connection.  

 

The connection bars were inserted into the beam and column ducts, the ends of the ducts sealed 

and the beam ducts grouted. In the grouting process, low viscosity grout was pumped into the 

inlet grout tube on the duct until grout was ejected from the bleed hose. The bleed hose was then 

clamped and the duct pressurised by pumping more grout into the inlet hose. The inlet hose was 

then clamped while the grout was still under pressure, sealing off the grouted duct. This process 

ensured that total filling of the connection ducts occurred.  
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The grouting procedure was carried out by Contech Ltd and was a rapid and problem free 

construction method. The rapid cure high performance grout achieved 50MPa within 24 hours. 

These aspects of the purely precast construction highlights the benefit and speed of erection 

associated with the ducted, fully precast connection details.  

 

During the third stage of construction, the slotted beam connection beam-column joint was 

assembled and the steel for the precast floor units was cut to length and tied.  Formwork was 

erected around the beam-column joint, precast floor units and transverse beams, and concrete 

casting of these components took place. The transverse beams were only cast up to the level of 

floor unit seating. This phase of construction is shown in Figure 4-20. In practice the beam-

column joint of the slotted beam connection would be cast with the topping slab, as the transverse 

beams would be precast rather than cast in-situ.  

 

Stage four of construction was the erection and casting of the floor diaphragm. The steel up-

stands and linear bearings supporting the transverse beams were installed and bolted to the frame 

and strong floor. The precast floor units were installed on McDowel low friction bearing strips on 

the transverse beams, as shown in Figure 4-21(b). The infill slab formwork was constructed and 

the topping slab steel and starter bars laid and tied in place. The compressible backing for the pre-

cracked floor slab detail was installed and formwork was erected up to the finished level of the 

slab and the topping slab concrete was cast. This stage of construction is shown in Figure 4-21. 

 

The final phase of construction was the casting of the top section of the slotted beam connection 

column. The assembly of the column formwork is shown in Figure 4-22. In practice, the top of 

the column would be precast using Drossbach ducting, rather than being cast-in-place. Provision 

of a grout gap would be required if the diagonal shear bars which terminate past the first set of 

column bars sit above the finished level of the slab.  

 

The completed non-tearing test frame is shown in Figure 4-23.  

 

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

4-32 

   

(a) Slotted beam column cage (b) Steel top hinge column cage (c) Non-tearing beam cages 

  

(d) Column cages formed for casting (e) Beam cages formed for casting 

   

(f) Pouring slotted beam column (g) Trowelling of columns (h) Casting of seismic beams 

Figure 4-18 Stage one of construction-caging and casting of columns and seismic beams 
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(a) Installing linear bearings (b) Erecting slotted beam column (c) Erecting precast column 

   

(d) Erecting steel top hinge precast seismic beam (e) Hinge corbel seating (f) Propped slotted beam 

   

(g) Inserting connection bars (h) Beam duct seals (i) Grouting of beam bars 

Figure 4-19 Stage two of construction-erection of seismic frame elements 
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(a) Slotted beam beam-column joint (b) Non-tearing frame ready for phase three concrete pour 

  

(c) Precast floor unit steel and formwork (d) Slotted beam beam-column joint ready to cast 

   

(e) Casting precast floor units (f) Casting beams and joint (g) Trowelling of floor units 

Figure 4-20 Stage three of construction-caging and casting of floor units, transverse beams and joint 
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(a) Steel up-stands (b) McDowell low friction floor unit bearing strip (c) Infill formwork 

  

(d) Installing precast flooring units (e) Slab formwork and reinforcement ready to cast 

  

(f) Casting of topping slab concrete (g) Trowelled and finished surface of slab 

Figure 4-21 Stage four of construction-erection and casting of floor diaphragm 
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(a) Column formwork (b) Column bar and stirrup (c) Complete column formwork 

Figure 4-22 Stage five of construction-formwork and casting of slotted beam column above slab 

 

  

(a) Front elevation (b) Rear elevation 

Figure 4-23 Completed construction of the non-tearing frame test specimen 

 

In summary, the construction procedure of the non-tearing frame specimen combined procedures 

for two different methods of assembling non-tearing connections. The fully precast method of 

construction used for the steel top hinge connections relied upon beam and column grouted ducts 

to form the dry jointed connection between the fully precast frame elements and required that 

only the topping slab of the floor diaphragm be cast in-situ. This method had the advantage of 

increased speed of erection.  
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The cast-in-place emulation approach adopted for the slotted beam connection used precast 

beams and partially precast column elements and relied upon in-situ techniques to form the entire 

beam column joint of the connection. Although this resulted in slower erection time, the method 

of construction would be more familiar with traditional concrete construction procedures utilised 

in current construction practice.   

 

4.8 TEST RIG ARRANGEMENT AND LOADING PROTOCOL 

4.8.1 Test Rig Arrangement 

Figure 4-24 shows the non-tearing frame test configuration and loading setup. The test rig was 

based on the arrangement developed by Peng (2009). The quasi-static unidirectional cyclic 

column drifts were applied to the frame through 1000kN rams linking the top and bottom of each 

column. The primary driving force was applied from the reaction frame to the non-tearing test 

specimen through Ram A and Ram B, while intermediate Rams C, D, E and F used force 

equilibrium between the top and bottom of the column to release beam elongation in each bay. 

The control program employed to enforce force equilibrium and free beam elongation is 

described in 4.8.2.  

 

Pinned steel connections and spherical bearings connected the ends of the rams to the reaction 

frame and test frame, allowing in-plane and out-of-plane ram movement and rotation. Load cells 

on each of the rams measured the interstorey shear force applied to each connection. The test 

arrangement meant that accumulation of storey shear force occurred in the rams through the rig. 

The storey shear at the top and bottom of each column is calculated using Equations 4.26.  

 

The base of each column was supported on two-way linear bearings, allowing unrestrained 

movement of the test frame in a horizontal plane. The transverse beams were supported on steel 

up-stands and linear one-way bearings, allowing unrestrained movement of the floor system in 

the plane of the seismic frame.  

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

4-38 

 

(a) Front elevation 

 

(b) Side elevation 

Figure 4-24 Non-tearing frame experimental test rig and loading setup 
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4.8.2 Loading Protocol 

The loading protocol applied to the test structure was a displacement controlled, quasi-static 

cyclic test sequence, in accordance with the ACI 374.1-05 Acceptance Criteria for Moment 

Frames Based on Structural Testing. Under ACI374.1-05, a minimum of one test module with 

interior and exterior connections was required at no less than one-third scale, with no requirement 

for the application of gravity load.  

 

The test sequence was expressed in terms of drift ratio with the requirement of three fully 

reversed drift cycles at each drift ratio, with the initial drift ratio within the elastic range and 

subsequent drift ratios to values not less than one and one-quarter times and not greater than one 

and one-half times the previous drift ratio. Testing continued until a drift ratio of 3.5% was 

reached or exceeded (American Concrete Institute. 2005).  

 

A single cycle of one-third the magnitude of the preceding drift cycles was also applied following 

the three cycles at each drift level.  

 

The test sequence applied to the non-tearing frame is shown in Figure 4-25. An initial elastic drift 

ratio of ±0.2% was applied to the frame, following which three fully reversed cycles to drift 

ratios of ±0.5%, ±0.75%, ±1.0%, ±1.5%, ±2.0%, ±2.5%, ±3.5%, ±4.5% were applied, with a 

single one-third magnitude cycle between each drift ratio.  

 

Testing of the non-tearing frame was carried out over several weeks. Therefore in order to 

minimise creep in the system and to avoid damage and potential failure to the ram solenoid 

valves, the specimen was left idle at the end of each day each day of testing with zero load in 

Ram A and Ram B.  
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Figure 4-25 Drift ratio test sequence applied to non-tearing frame specimen 

 

The six rams in the non-tearing frame test rig were controlled concurrently using a valve 

controller program in the computer software LabVIEW. A summary of the iterative control 

procedure for incremental application of drift to the test frame is shown in Figure 4-26.  

 

The program firstly read the increment of displacement to be applied to the frame at Ram A and 

Ram B from the input drift ratio test sequence shown in Figure 4-25. Displacement was then 

incrementally applied to the frame at Ram A and Ram B until the rotary potentiometer 

displacement controlling the frame drift agreed with the displacement in the program input. The 

displacement applied at Ram B was equal but opposite to that at Ram A.  

 

The next phase of the control program was a drift correction protocol to ensure that the three 

columns remained parallel. Peng (2009) observed discrepancy in the drift between the three 

columns in his test frame during the initial elastic loading cycles. This discrepancy was caused by 

movement or slop in the pinned and threaded ram connections and load dependent elastic 

deformation of the Rams and connecting elements. Modification of the controller program was 

required in order to account for the observed drift discrepancy to ensure that parallel column drift 

was maintained. The non-tearing frame specimen was subjected to low drift cycles of different 

magnitudes at the commencement of testing to determine the drift correction relationship to be 
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applied in the controller program. The drift correction relationship and equations applied to the 

controller program are discussed in Section 5.2.  

 

For the load dependent drift correction procedure, the controller program calculated and applied 

the required drift correction to Column B and Column C, based on the average storey shear in 

each bay and the corresponding additional displacement in Rams C, D, E and F.  

 

The final phase of the incremental control program procedure was carried out to ensure that beam 

elongation in the frame was not restrained or exaggerated. Beam elongation in the test 

arrangement was unrestrained when the ram forces at the top and bottom of each column were 

equal and opposite. This requirement was enforced by assessing the sum of the ram forces at the 

top and bottom of the column and incrementally extending or retracting both rams by the same 

displacement until the total force in the bay approached zero. An absolute total bay force limit of 

5kN was set in the control program, recognising that some sensitivity and limitations existed in 

the ram displacement capabilities.  

 

Once equilibrium of the ram forces in both bays of the frame was achieved, the control program 

read the next displacement step from the input test sequence and the process was repeated. The 

iterative loading program procedure is shown in Figure 4-26.  
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Figure 4-26 Flow chart showing iterative program control with each increment of applied frame displacement, 

modified from (Peng 2009) 
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4.9 INSTRUMENTATION LAYOUT 

The non-tearing frame was fitted with load cells, rotary and linear potentiometers, strain gauges, 

inclinometers and sonic transducers, in order to control and capture the seismic deformation and 

force response of the structure. In total, 307 channels of experimental data were collected along 

with extensive photographic and visual observations.  

 

 

Figure 4-27 Completed instrumentation of the non-tearing frame test specimen 

 

4.9.1 Frame Instrumentation 

The six rams employed in the non-tearing frame test rig were fitted with 1000kN load cells in 

order to measure the storey shear applied to the top and bottom of each column. In addition to 

this, 300kN load cells were placed at the base of each column in order to measure the seismic 

axial force induced in each column. The high strength steel cylindrical load cells shown in Figure 

4-28(a) measured axial and transverse strains on opposite sides of the cylinder and were 
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calibrated in an Avery test machine so that the measured load cell strain could be converted to an 

axial force. Load cell calibration in the Avery machine, located in the Concrete Structures 

Laboratory at the University of Canterbury, is shown in Figure 4-28(b).  

 

  

(a) 300kN load cells  (b) Load cell calibration 

Figure 4-28 Load cells used to measure force in the test specimen 

 

Rotary potentiometers were used to measure and control the drift or interstorey displacement of 

the exterior columns in the frame. The rotary potentiometers were mounted between 

instrumentation frames, which were independent of the test rig reaction frame, and the top and 

bottom of the column, as shown in Figure 4-29. It was important that the instrument frame was 

independent of the loading frame so that accurate measurement of storey drift was attained, 

without the influence of the reaction frame deformations. Rotary potentiometers were also fitted 

to Rams C, D, E and F in order to measure and control the ram extension and bay elongation of 

the frame. 

 

Inclinometers were also provided on each of the columns as a secondary measure of column drift. 

Two inclinometers were fitted to each column to measure the in-plane and out-of-plane column 

rotation. Sonic transducers were installed on the two-way linear bearings to measure the in-plane 

and out-of-plane movement of the column bases of the frame.  
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(a) Column A (b) Column C 

Figure 4-29 Rotary potentiometers and inclinometers used to measure column drift 

 

The flexural, shear and elongation characteristics of the beams, columns and beam-column joints 

were measured using arrays of 30mm linear potentiometers, arranged on the frame as shown in 

Figure 4-30. 500mm square arrays were fitted to the columns, 400mm square arrays were fitted to 

the beams and 500mm wide by 400mm deep arrays were fitted to the beam column joint.  

 

The linear potentiometers were bolted onto square plates at the corner of each array. The square 

brackets were fixed to threaded rods which had been epoxied into holes drilled through the cover 

concrete of the frame members, at the location of the array corners. The brackets were fixed at 

the same distance from the member face and aligned parallel with the principle member axes to 

minimise measurement error. The linear potentiometers and mounting brackets were securely 

fastened to the frame using 6mm nuts and bolts to ensure that the deformation recorded by the 
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potentiometers was from member actions and not rotation or displacement of the potentiometer 

mounts. Figure 4-31(a) shows the linear potentiometers being mounted on the test frame.  

 

 

Figure 4-30 Linear potentiometer array configuration for measuring member deformations 

 

Two 100mm linear spring potentiometers were also fitted to the bottom of each beam to measure 

opening and closing of the connection across the gap during rotation of the beam. The 

potentiometers were screwed into wooden mounts which had been glued to the bottom of the 

beam, as shown in Figure 4-31(b).   

 

  

(a) Fixing potentiometers to frame mounts  (b) Gap opening/closing potentiometers 

Figure 4-31 Assembly of linear potentiometers to measure member deformations 
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Figure 4-32 Components of member deformation measured from potentiometer arrays (Peng 2009) 

 

Figure 4-32 shows how the potentiometer arrays allow the average flexural rotation, θ, shear 

deformation, S, and beam elongation, E mechanisms to be determined from the individual linear 

potentiometer measurements using Equations 4.27 to 4.29.  
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4.9.2 Top Hinge Instrumentation 

50mm linear potentiometers were used to measure the horizontal and vertical deformation 

components of the four hinge details in the frame. Figure 4-33(a) shows that four potentiometers 

were provided on top of the slab; two measuring the horizontal displacement and two measuring 

the vertical displacement of the top of the hinge. An additional horizontal potentiometer was 

provided at each connection to measure the horizontal opening of the bottom of the hinge, as can 

be seen in the bottom left corner of Figure 4-33(a) and in Figure 4-33(b). The potentiometers 

were fixed to the specimen in the same manner as the beam and column arrays, with epoxied 

threaded rods and bolted on aluminium brackets.  

 

  

(a) Vertical and horizontal hinge potentiometers (b) Horizontal hinge potentiometers 

Figure 4-33 Linear potentiometers measuring hinge deformation characteristics 

 

4.9.3 Floor Slab Instrumentation 

The critical region of interest for floor deformation was at the precast floor unit-to-support beam 

boundary. This region of the slab was where crack widths and slab tearing were expected to be 

greatest, as rotation of the precast unit on the support beam would act to tear the topping slab. A 

second region of interest ran out from the column face and across the floor slab perpendicular to 

the seismic beam. Opening and closing of the hinge during beam rotation would cause a tear to 

spread from the column face out across the slab in this zone. Hence to capture both regions of 

critical slab deformation, three sets of 50mm linear potentiometers crossing both boundaries were 

provided for each connection, as shown in Figure 4-34.  



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

4-49 

 

 

(a) Slab potentiometer plan view  

  

(b) External connection slab surface potentiometers (c) Internal connection slab surface potentiometers 

Figure 4-34 Linear potentiometer arrangement for measuring floor slab deformation 

 

30mm linear spring potentiometers were installed on the underside of each floor unit at the 

location of the floor unit seating on the transverse beams. Four potentiometers were installed to 

measure the deformation of the floor unit during lateral drift of the frame, two measuring the 

horizontal pull-off of the unit from the support beam, and two measuring the vertical 

displacement of the floor unit on the support beam. This arrangement is shown in Figure 4-35(a).  

 

A series of 30mm linear potentiometers were installed underneath the floor slab between Column 

B and Column C, to measure the displacement incompatibility between the precast floor unit, 

infill slab and seismic beam. Five sets of the potentiometer arrangement were installed at even 

spacing on the underside of the floor, as shown in Figure 4-35(b). The three potentiometers 

measured the displacement incompatibility between the precast unit and infill slab and precast 

unit and seismic beam, and combining the appropriate displacements allowed the displacement 

incompatibility between any of the three structural components to be determined.  
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(a) Potentiometers measuring floor unit deformation (b) Under slab measuring displacement 

incompatibility between beam, infill and unit 

Figure 4-35 Linear potentiometers measuring deformation on the underside of the floor diaphragm 

 

4.9.4 Strain Gauge Instrumentation 

A variety of strain gauges were installed on the longitudinal beam reinforcing bars in the 

specimen to determine the strain behaviour and bond characteristics of the anchored 

reinforcement during test one. A single set of strain gauges were provided on two of the top hinge 

bars at each connection to measure the level of strain induced during drift of the frame, as 

predominantly  elastic action of these bars was a design requirement of the connection.  

 

Seven strain gauges were installed on each of the diagonal shear hangers at the slotted beam 

connection, in order to determine the strain profile along the bar and to assess whether the applied 

design modifications successful avoided dowel action and inelasticity at the beam-column 

interface.  

 

The bottom beam bars were strain gauged along the anchored length in the internal Column B and 

external Column C. At Column B, five sets of strain gauges and at were provided to assess the bar 

strain and bond stress distribution through the critically loaded internal beam-column joint. Four 

sets of strain gauges were provided on two longitudinal bars along the anchored bar length in 

Column C in order to determine the bar strain and bond stress distribution at an external beam 

column joint. 
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Finally, four sets of strain gauges were provided on the anchored length of two longitudinal 

reinforcing bars within the beam at the circular top hinge and open ended top hinge connections, 

in order to determine the bar strain and bond distribution of the anchored reinforcement within 

the beam.  

 

Two strain gauges were installed on opposite sides of the bar at each of the strain guage locations. 

This allowed any bending and strain differentials across the bar to be accounted for by averaging 

the two strain gauge readings.  

 

The installation sequence of the strain gauges is shown in Figure 4-36. The surface of the bar was 

prepared by removing the bar radius using files and emery paper. Alcohol was then applied to 

remove grease and impurities from the bar surface and the strain gauge was bonded to the 

prepared bar surface using super glue. Five coats of water proofing agent were applied and the 

gauge was covered with thick mastic tape to provide protection during concrete casting. The 

strain gauges were then tested with a resistance meter to ensure that no wires were crossed and 

that the gauge was functioning correctly.  

 

   

(a) Installed strain gauge on bar surface (b) Waterproofing of gauge (c) Test gauge resistance 

Figure 4-36 Application of strain gauges on slotted beam connection diagonal hanger bars 
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4.9.5 Deriving Frame Drift from Measured Member Deformations 

The method of transforming the measured member linear potentiometers deformations in terms 

of an overall frame drift has been described in detail by Peng (2009) and has been adopted for the 

non-tearing frame test. The following sections summarise the method.  

 

4.9.5.1 Column Rotation from Flexural Deformation of the Beam 

Figure 4-37 shows how flexural deformation of the west beam induces rotation in Columns A and 

B of  𝜃𝐶𝑊𝑓  and 𝜃𝐶𝐶𝑓  respectively. The rotations 𝜃𝐶𝑊𝑓  and 𝜃𝐶𝐶𝑓  are determined using Equations 

4.30 to 4.33.  

 

 

Figure 4-37 Diagram showing column rotation from flexural deformation of the beam (Peng 2009) 
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∆𝐵2=  𝜃𝐵𝑊𝑛 × (𝐿 − 𝑥𝐵𝑊𝑛 )

𝑁

𝑛=1

 

 

4.33 

 

Where 𝐿 is the distance between column centrelines, 𝑁 is the number of potentiometer segments 

in a bay, 𝜃𝐵𝑊𝑛  is the rotation of the 𝑛𝑡  segment and 𝑥𝐵𝑊𝑛  is the distance from the centre of the 

𝑛𝑡  segment to the centre of Column B.  

 

Column B experiences two rotations, one from each bay, so the rotation is taken as the average of 

the two bays. Clockwise rotation of the column is defined as positive and a positive beam 

rotation implies tension in the bottom beam longitudinal reinforcement. 

 

4.9.5.2 Column Rotation from Shear Deformation of the Beam 

Figure 4-38 shows how shear deformation of the beam contributes to rotation of the columns. 

The central column experiences two shear contributions, one from each bay, so the rotation of the 

column is taken as the average of the two bays. The column drift arising from shear deformation 

of the west beam is given by Equation 4.34.  
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Figure 4-38 Diagram showing column rotation from shear deformation of the beam (Peng 2009) 

 

 

𝜃𝐶𝑊𝑠 =  
𝛿𝐵𝑊𝑛
𝐿

𝑁

𝑛=1

 

 

4.34 

 

Where 𝐿 is the distance between column centrelines, 𝑁 is the number of potentiometer arrays in 

the beam and 𝛿𝐵𝑊𝑛  is the shear deformation over the 𝑛𝑡  segment. Positive shear deformation is 

taken as a deformation moving upwards.  

 

The total displacement at the top and bottom of the column, (∆𝐶𝑊𝑡𝑜𝑝 )𝑏𝑒𝑎𝑚  and (∆𝐶𝑊𝑏𝑜𝑡 )𝑏𝑒𝑎𝑚  

due to flexure and shear deformation of the beam is shown in Figure 4-39(a) and is given by the 

rotation multiplied by the half height of the column, as shown in Equation 4.35.  

 

 (∆𝐶𝑊𝑡𝑜𝑝 )𝑏𝑒𝑎𝑚 = (∆𝐶𝑊𝑡𝑜𝑝 )𝑏𝑒𝑎𝑚 = (𝜃𝐶𝑊𝑓 + 𝜃𝐶𝑊𝑠 ) × 𝑐  4.35 

 

Where 𝑐  is the distance from the centreline of the beam column joint to the line of action in the 

column.  
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(a) Column drift due to beam flexure and shear (b) Column drift due to column flexure 

Figure 4-39 Column drift due to beam flexure and shear and column shear deformations (Peng 2009) 

 

4.9.5.3 Column Rotation from Flexure and Shear Deformation of the Column 

Figure 4-39(b) shows the column drift due to flexural deformation of the column. Flexural 

deformation at the top and bottom of the column (∆𝐶𝑊𝑡𝑜𝑝 )𝑓  and (∆𝐶𝑊𝑏𝑜𝑡 )𝑓  is determined using 

Equation 4.36.  

 

 
(∆𝐶𝑊𝑡𝑜𝑝 )𝑓 = −(∆𝐶𝑊𝑏𝑜𝑡 )𝑓 =

𝜃𝐶𝑊𝑡 × 𝑦𝐶𝑊𝑡 + 𝜃𝐶𝑊𝑏 × 𝑦𝐶𝑊𝑏
2

 
 

4.36 

 

Where 𝜃𝐶𝑊𝑡  and 𝜃𝐶𝑊𝑏  are the rotations of the top and bottom column potentiometer arrays and 

𝑦𝐶𝑊𝑡  and 𝑦𝐶𝑊𝑏  are the distances from the centre of the arrays to the top and bottom of the line of 

action in the column, the top and bottom of the beam column joint. A positive rotation is taken as 

clockwise.  
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Figure 4-40(a) shows the column drift arising from column shear deformation, which is 

calculated using Equation 4.37.  

 

 
(∆𝐶𝑊𝑡𝑜𝑝 )𝑠 = −(∆𝐶𝑊𝑏𝑜𝑡 )𝑠 =

𝛿𝐶𝑊𝑡 − 𝛿𝐶𝑊𝑏
2

 
 

4.37 

 

Where 𝛿𝐶𝑊𝑡  and 𝛿𝐶𝑊𝑏  are the shear deforamtion of the top and bottom column arrays 

respectively. Shear deformation to the right is taken as positive.   

 

 

 

 

 

(a) Column shear deformation (b) Beam column joint shear distortion 

Figure 4-40 Column drift due to column shear and joint shear deformation mechanism (Peng 2009) 

 

Total displacement of the top and bottom of the column arising from column flexure and shear, 

(∆𝐶𝑊𝑡𝑜𝑝 )𝑐𝑜𝑙  and (∆𝐶𝑊𝑏𝑜𝑡)𝑐𝑜𝑙  is given by Equation 4.38.  

 

 (∆𝐶𝑊𝑡𝑜𝑝 )𝑐𝑜𝑙 = −(∆𝐶𝑊𝑏𝑜𝑡 )𝑐𝑜𝑙 = (∆𝐶𝑊𝑡𝑜𝑝 )𝑓 + (∆𝐶𝑊𝑡𝑜𝑝 )𝑠  4.38 
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4.9.5.4 Beam Column Joint Distortion  

The beam column joint shear distortion mechanism is shown in Figure 4-40(b) and the joint 

distortion, 𝛾, can be estimated using Equation 4.39.  

 

 
𝛾 = 𝛾1 + 𝛾2 =

∆𝑑1 − ∆𝑑2

2𝑙𝑑
 tan𝜙 +

1

tan𝜙
  

 

4.39 

 

Where ∆𝑑1  and ∆𝑑2  are the change in length of the diagonals, 𝑙𝑑  is the original length of the 

diagonals and 𝜙 is the original angle between the diagonals and the horizontal plane (Cheung 

1991). Figure 4-41 shows the corresponding beam deformation, 𝛿𝑗𝑠 , arising from the joint shear 

deformation, which is calculated using Equation 4.40.  

 

 
𝛿𝑗𝑠 = 𝑙𝑏 × 𝛾 − 𝑏 × 𝛾 ×

0.5𝐿

2𝑐
 

 

4.40 

 

Where 𝐿 is the distance between column centrelines, 𝑙𝑏  is the half length of the beam, measured 

from the column face to the mid-length of the beam, 𝑏  is the depth of the beam and 𝑐  is the 

distance from the centreline of the beam column joint to the line of action in the column.  

 

 

Figure 4-41 Column drift due to beam column joint shear deformation (Peng 2009) 
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The corresponding displacement at the top and bottom of the column arising from the joint shear 

deformation,  ∆𝐶𝑊𝑡𝑜𝑝  𝑗𝑠  and  ∆𝐶𝑊𝑏𝑜𝑡  𝑗𝑠 , is determined using Equation 4.41.  

 

 
 ∆𝐶𝑊𝑡𝑜𝑝  𝑗𝑠 = − ∆𝐶𝑊𝑏𝑜𝑡  𝑗𝑠 =

𝛿𝑗𝑠
0.5𝐿

× 𝑐  
 

4.41 

 

4.9.5.5 Total Column Drift from Member Deformations  

The total displacement at the top and bottom of the column,  ∆𝐶𝑊𝑡𝑜𝑝  𝑡𝑜𝑡𝑎𝑙  and  ∆𝐶𝑊𝑏𝑜𝑡  𝑡𝑜𝑡𝑎𝑙 , is 

given by the sum of the column deformation components arising from the beam, column and 

beam-column joint deformations and shown in Equation 4.42. The same approach is used to 

determine the drift of the other three columns in the frame.  

 

  ∆𝐶𝑊𝑡𝑜𝑝  𝑡𝑜𝑡𝑎𝑙 = − ∆𝐶𝑊𝑏𝑜𝑡  𝑡𝑜𝑡𝑎𝑙 = (∆𝐶𝑊𝑡𝑜𝑝 )𝑏𝑒𝑎𝑚 + (∆𝐶𝑊𝑡𝑜𝑝 )𝑐𝑜𝑙 +  ∆𝐶𝑊𝑡𝑜𝑝  𝑗𝑠  4.42 

 

4.9.5.6  Deriving Floor Deformation from Potentiometer Measurements 

The triangular potentiometer array placed on the surface of the floor slab, shown in Figure 4-42, 

allowed the in-plane opening,∆𝑜 , and the shear deformation, ∆𝑠 , to be measured using Equations 

4.43 and 4.44 respectively.  

 

 ∆𝑜= 𝛿𝐿 4.43 

   

 
∆𝑠= −

𝛿𝐷
sin 𝜃

+
∆𝑜

tan𝜃
 

 

4.44 

 

Where 𝛿𝐿 is the change in length of the horizontal potentiometer, 𝛿𝐷  is the change in length of the 

diagonal potentiometer and 𝜃  is the original angle between the horizontal and the diagonal 

potentiometer (Peng 2009).  
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Figure 4-42 Floor slab deformation from triangular potentiometer array (Peng 2009) 

 

4.10 CHAPTER SUMMARY 

The development and design of the non-tearing frame experimental test program has been 

described in this chapter. The connection details in the frame were developed based on critical 

analysis of previous non-tearing connection research, as well as economic and construction 

considerations, with the aim to successfully implement non-tearing frame technology into New 

Zealand construction industry.  

 

The experimental research program described saw a multi-bay frame and floor system designed 

and constructed with a number of unique non-tearing connection details. The loading 

arrangement and test rig adopted for the test frame allowed the seismic performance and 

interaction of the frame and floor system to be reliably and accurately assessed under severe 

seismic loading conditions, without restraining or artificially enhancing beam elongation and 

force generation between the bays of the frame.   

 

In order to accurately capture the seismic response throughout the different stages of loading, the 

test frame was extensively instrumented with load cells, potentiometers, strain gauges and other 

measurement devices, providing hundreds of channels of data of the experimental response.  
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CHAPTER 5. EXPERIMENTAL OBSERVATIONS 

5.1 INTRODUCTION 

This chapter describes and presents the experimental observations from the two-dimensional two-

bay non-tearing frame and precast floor test building. Two tests were completed on the test 

building; the first, a monolithic design, provided 4/D16 longitudinal beam bars as the beam 

flexural reinforcement, while the second test provided 2/HD16 unbonded longitudinal beam bars 

and 2/D12 longitudinal dissipaters as the beam flexural reinforcement, in an effort to achieve a 

degree of connection re-centering. Four non-tearing connection details were tested and evaluated 

in the test building experimental program in order to assess the structural performance and 

feasibility of a variety of details utilising different materials, construction techniques and top 

hinge arrangements. The test building was subjected to the demanding ACI 374.1-05 Acceptance 

Criteria for Structural Moment Frames, subjecting the frame to three fully reversed cycles at 

increasing drift levels. Although premature failure of the connections occurred in Test 1 due to 

buckling and fracture of the longitudinal reinforcement located at the bottom of the beams, 

detailing measures were successfully implemented for Test 2 which improved the drift capacity 

and stability of the non-tearing connections. The significant reduction in damage associated with 

the non-tearing floor system was highlighted in the experimental program and recommendations 

for the development and improved detailing of the tested connection details has been suggested.  

 

5.2 MATERIAL PROPERTIES 

A summary of the concrete compressive strengths for the non-tearing frame experiment is shown 

in Table 5-1. Three 100mm diameter by 200mm deep test cylinders were tested at 7 days, 28 days 

and at the time of the frame test, a total of nine cylinders for each concrete pour. The cylinders 

were tested in an Avery test machine in the Concrete Structures Laboratory at the University of 

Canterbury, as shown in Figure 5-1(a).  
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The typical conical shaped compression failure mode of concrete was observed in all test 

specimens, shown in Figure 5-1(b). The 7 day and 28 day test cylinders were stored in a fog room, 

while the cylinders tested at the time of the frame test were stored under the same conditions as 

the test frame in the structures extension laboratory.  

 

Table 5-1 Summary of concrete compressive strengths 

Average concrete compressive strength 𝒇𝒄
′  (MPa) 

Concrete Pour 7 days 28 days Time of test 

Pour 1: Seismic beams and columns 20.7 24.1 30.9 

Pour 2: Transverse beams and floor units 27.2 34.3 38.7 

Pour 3: Topping slab 28.8 33.4 43.1 

Pour 4: Slotted beam column 29.8 33.4 47.6 

Test 1 grout 40.2 58.6 73.2 

Test 2 grout 52.4 - 62.9 

 

  

(a) Avery compressive cylinder test machine (b) Failure mode of concrete test cylinders 

Figure 5-1 Concrete cylinder testing 

 

Table 5-2 summarises the average steel properties for the non-tearing frame test. Samples of each 

type of reinforcement used in the test frame were tested in an Avery steel test machine in the 

Concrete Structures Laboratory at the University of Canterbury, as shown in Figure 5-2. Steel 

samples were taken directly from the reinforcing bar used to build the specimen cages. 𝑓𝑦 , 𝑓𝑠ℎ , 

and 𝑓𝑢  represent the steel stress at yield, strain hardening and ultimate strengths respectively. 
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Similarly, 𝜀𝑦 , 𝜀𝑠ℎ , 𝜀𝑢  represent the strain at yield, strain hardening and ultimate strengths of the 

reinforcing bar. The letters R and D stand for round and deformed grade 300 bar, RB stands for 

grade 500 ReidBar and HD stands for grade 500 deformed bar. The number following these 

abbreviations represents the diameter of the reinforcing bar. Complete details from the concrete 

and steel tests are provided in Appendix A.  

 

Table 5-2 Summary of average steel properties 

Steel bar 𝒇𝒚 (MPa) 𝒇𝒔𝒉 (MPa) 𝒇𝒖 (MPa) 𝜺𝒚 𝜺𝒔𝒉 𝜺𝒖 

Beam D16 (Test 1) 320 324 470 0.00190 0.0197 0.206 

Beam RB16 537 537 666 0.00260 0.0150 0.146 

Beam D12 (Test 2) 327 335 440 0.00174 0.0231 0.202 

Column HD16 542 553 686 0.00288 0.0137 0.150 

Starter Bars D10 405 421 507 0.00228 0.0150 0.142 

Beam Stirrups R8 384 392 491 0.00212 0.0162 0.171 

Column Stirrups H R12 468 487 677 0.00285 0.0131 0.103 

 

  

(a) Steel testing machine setup (b) Epsilon clip gauge on steel test specimen 

Figure 5-2 Testing of steel reinforcement 
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5.3 CORRECTION TO DRIFT PROGRAM 

Peng (2009) noted that during early drift cycles of his experimental program, lag of the central 

and far end columns in the test specimen occurred with respect to the column upon which the 

primary rams were driving the system. This was caused by slop and movement in the ram pins 

and threads and due to load dependent elastic deformation of the rams and fittings. Additional 

displacements needed to be added to the test rig controller program in order to account for the 

discrepancy in column drift.  

 

In the non-tearing frame test, preliminary drift cycles to 0.2%, 0.35% and 0.45% were carried out, 

in order to determine the drift correction to be applied to the controller program. The column lag 

or slop observed during the preliminary correction cycles is shown in Figure 5-3.  

 

  

(a) Column B (b) Column C 

Figure 5-3 Discrepancies between column drifts between 

 

The drift correction applied to the controller program, ∆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 , is given by Equations 5.1 and 

5.2, where 𝐹𝐶𝐷,𝑎𝑣𝑒  and 𝐹𝐸𝐹,𝑎𝑣𝑒  are the averaged force in rams C and D and rams E and F 

respectively.  
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 ∆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ,𝐴𝐵= 𝐹𝐶𝐷,𝑎𝑣𝑒 × 0.00692 + 0.7  when 𝐹𝐶𝐷,𝑎𝑣𝑒 > 14𝑘𝑁 

∆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ,𝐴𝐵= 𝐹𝐶𝐷,𝑎𝑣𝑒 × 0.0583 when −10𝑘𝑁 < 𝐹𝐶𝐷,𝑎𝑣𝑒 < 14𝑘𝑁 

∆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ,𝐴𝐵= 𝐹𝐶𝐷,𝑎𝑣𝑒 × 0.0044− 0.7 when 𝐹𝐶𝐷,𝑎𝑣𝑒 < −10𝑘𝑁 

 

 

 

5.1 

 

 ∆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ,𝐵𝐶= 𝐹𝐸𝐹,𝑎𝑣𝑒 × 0.00588+ 0.5 when 𝐹𝐸𝐹,𝑎𝑣𝑒 > 9𝑘𝑁 

∆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ,𝐵𝐶= 𝐹𝐸𝐹,𝑎𝑣𝑒 × 0.0619 when 12 < 𝐹𝐸𝐹,𝑎𝑣𝑒 < 9 

∆𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ,𝐵𝐶= 𝐹𝐸𝐹,𝑎𝑣𝑒 × 0.0022− 0.8 when 𝐹𝐸𝐹,𝑎𝑣𝑒 < 12𝑘𝑁 

 

 

 

5.2 

 

After application of the drift correction into the control program, another full cycle to 0.45% drift 

was applied in order to confirm the correction had solved the discrepancies between column 

drifts. The column slop profiles for the first 1.0% drift cycle using the slop corrected program are 

shown in Figure 5-4 and indicate that the discrepancies between each column are in the order of 

0.5mm, corresponding to an interstorey drift of 0.02%.  

 

  

(a) Column B (b) Column C 

Figure 5-4 Discrepancies between column drifts at 1.0% drift after slop correction 
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5.4 TEST 1 OBSERVATIONS-MONOLITHIC DESIGN 

The first test investigated a monolithic non-tearing connection with 4/D16 longitudinal 

reinforcing bars located in the bottom of the beam. In this discussion, a positive moment rotation 

is referred to as a connection rotation which induces tension in the bottom of the beam, while a 

negative moment rotation induces tension in the top of the beam.   

 

5.4.1 0.2% Drift Cycles 

In the cycles to 0.2% drift, minor cracking across the slab occurred at the location of the lateral 

starter bars which connected the seismic beams and topping slab, due to tension induced in the 

top of the seismic beams and topping slab under a negative moment connection rotation, as 

shown in the bottom of Figure 5-5(b). First cracking extended across the floor slab at the beam-

to-column face boundary and lengthening of slab shrinkage cracks occurred.  

 

The open-ended top hinge connection at the east end of the specimen developed a diagonal crack 

which propagated from the corner of the column towards the precast unit-to-support beam 

junction, as shown in Figure 5-5(a). The pre-cracked slab detail in Figure 5-5(c) displayed minor 

opening of the foam floor unit backing, but no cracking of the surface of the floor slab was 

evident. At all four connections, a single crack across the top of the hinge-column interface 

formed under a negative moment rotation of the connection.  

 

It is interesting to note that the first slab crack in the slotted beam detail in Figure 5-5(d) occurred 

100mm out from the column face rather than across the beam-to-column face boundary. This 

crack appeared to be in-line with the second lateral seismic beam-to-topping slab starter bar at 

which the minimum topping slab cover concrete thickness occurred. Minor flexural tension 

cracks formed in the tension fibres and propagated through the depth of the seismic beams. At 

0.2% storey drift, all, crack widths which formed in the specimen were less than 0.2mm wide.  
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(a) Open ended top hinge connection (b) Circular profile top hinge connection 

  

(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-5 Slab cracks observed in the 0.2% drift cycles 

 

5.4.2 0.5% Drift Cycles 

Yield of the non-tearing test frame occurred between 0.2% and 0.5% storey drift. In the first 

cycle to 0.5% drift concrete rupture noises were heard, caused by concrete bond separation of the 

precast floor units from the cast in-situ topping slab and support beam, due to rotation of the 

precast floor system on the support beam. Tearing of the topping slab occurred across the floor 

diaphragm at the precast unit-to-support beam boundary, as shown in Figure 5-6, which was 

caused by the rotation of the precast units on the support beam under a negative moment 

connection rotation. In subsequent cycles, opening and closing of this crack at the precast unit-to 
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support beam boundary unit occurred and the primary damage and deformation of the slab was 

concentrated to this zone, rather than at crack locations further out in the slab.  

 

Lengthening of shrinkage and slab cracks which developed in the 0.2% drift cycles occurred, but 

extension of these cracks was not observed.  

 

  

(a) Open ended top hinge connection (b) Circular profile top hinge connection 

  

(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-6 Slab cracks observed at 0.5% drift cycles 

 

Figure 5-6 shows the slab damage after the 0.5% drift cycles. The formation of new cracks across 

the floor slab occurred out from the support beam at the circular profile top hinge connection and 

the slotted beam connection. The pre-cracked slab detail displayed small extension of the slab 

surface at the location foam backing, but no visible cracks developed out in the slab. Opening of 
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existing cracks along the beam-column face boundary was observed in the top hinge details, 

while in the slotted beam connection the formation of new cracks in the slab above the hinge 

occurred and crack opening across the bottom of the hinge was observed as shown in Figure 

5-7(a). In all connections, the slab cracks which had formed in the slab away from the primary 

precast unit-to-support beam cracks were less than 0.2mm wide. 

 

Cracking across the underside of the infill slab at the support beam-to-column boundary was 

observed in both bays of the frame, and a single crack formed across the underside of the infill 

slab in the centre of bay 1.  

 

New flexural tension cracks developed in the tension fibres of the seismic beams, at the locations 

of the steel shear stirrups, while flexural tension cracks which formed in the seismic beams 

during earlier drift cycles grew in length.  

 

Tension cracks developed in the slotted beam column at the location of the bottom beam 

longitudinal bars as tension yield was induced in the reinforcement, as shown in Figure 5-7(b), 

and spread through the depth of the column. Similar tension cracking was observed at the 

location of the top hinge longitudinal bars in the internal Column B.  Flexural tension cracking, 

similar to that shown in Figure 5-7(b) was also observed in the internal Column B just below the 

beam-column joint.  

 

  

(a) Slotted beam hinge damage (b) Column A beam bar tension crack  

Figure 5-7 Hinge damage and tension bar cracking observed at 0.5% drift 
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5.4.3 0.75% Drift Cycles 

In the cycles to 0.75% drift, lengthening of cracks which formed across the topping slab in 

previous drift cycles occurred. New cracks also formed across the topping slab at each connection, 

originating from the flexural tension cracks which formed in the top of the seismic beams as 

shown in Figure 5-8. Extension of the primary precast unit-to-support beam crack was again 

observed as the of concentrated deformation zone from rotation of the floor unit on the support 

beam. Cracks which had formed further out in the slab showed no visible extension with 

increasing levels of drift.  

 

  

(a) Open ended top hinge connection (b) Circular profile top hinge connection 

  

(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-8 Slab cracks observed at 0.75% drift cycles 
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The cracks which formed across the underside of the infill slab at the support beam boundary, 

shown in Figure 5-9(a) extended, and new cracks formed across the underside of the infill slab at 

all four connections, as the cracks which had formed across the surface of the topping slab 

propagated through the depth of the thin infill slab.  Figure 5-9(a) shows the diagonal crack 

which formed in the cover concrete at the precast unit-gravity beam boundary of the slotted beam 

connection, which was caused by the pull-off of in-situ concrete during rotation of the floor unit 

on the support beam. This cover concrete had bonded to the precast unit during in-situ casting of 

the topping slab and support beams. The flexural tension cracks which had formed in the tension 

fibres of the seismic beams during previous drift cycles grew in length, and new flexural tension 

cracks developed through the ends of the seismic beams at the location of the steel shear stirrups. 

The maximum crack widths observed in the beams at 0.75% drift were 0.2mm wide. 

 

The rotation of the beam hinges on the column face and corbels was evident at 0.75% drift. The 

circular top hinge details showed smooth rotation profiles on the column corbels with no sign of 

prising away or pullout from the column face. Minor prising of the open-ended top hinge away 

from the column face observed due to the horizontal deformation component arising from the 

rotation of the hinge seating tabs on the shear corbel. Compression of the eurethene corbel pad 

provided on the open-ended top hinge detail was observed at 0.75% drift during rotation of the 

hinge on the shear corbel, successfully accommodating the induced rotation demand.  

 

Rotation of the slotted beam concrete hinge on the column face was also evident, due to the 

formation of cracks across the boundaries between the top and bottom of the hinge and the 

column face. These crack extensions were narrow and no sign of severe prising of the hinge away 

from the column face was observed during rotation of the connection.   

 

Under a negative moment connection rotation, the steel top hinge connection details showed 

signs of uplift due to bending along the EA hinge between the corbel seat and the threaded rods 

anchoring the hinge in the beam. The resulting cracking induced in the surface of the slab is 

shown in Figure 5-9(b).  
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Tension yielding and the progression of strain hardening in the bottom beam longitudinal 

reinforcement developed tension cracks in the central and open-ended top hinge columns 

(Columns B and C), which initiated at the location where the longitudinal bar entered the column 

and spread horizontally through the depth of the column. Similar cracking was observed at the 

location of the top hinge longitudinal bars in the central column due to tension stresses induced in 

the reinforcement under a negative moment connection rotation.  

 

  

(a) Slotted beam infill-precast unit cracking (b) Slab cracking due to hinge uplift 

Figure 5-9 Infill and hinge slab damage at 0.75% drift 

 

5.4.4 1.0% Drift Cycles-Serviceability Limit State 

The 1.0% drift limit state can be considered to be a serviceability limit state for the non-tearing 

frame, based on recommendations made by Priestley et al. (2007) for frame buildings. At the 

serviceability drift limit state building damage tends to be governed by the damage characteristics 

of non-structural components (partitions and glazing) rather than the seismic resistant structural 

frame and floor systems. The damage characteristics of the frame at the serviceability limit state 

will be introduced and analysed as it is necessary to ensure that minimal damage is induced in the 

structural components, with the requirement of no significant remedial repair, in order that the 

structure be fully functional after the earthquake. The level of functionality of a building after an 

earthquake, and degree of required repair, is dependent upon the crack widths and concrete 

damage observed in the floor and frame.  
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(a) Open ended top hinge connection (b) Circular profile top hinge connection 

  

(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-10 Slab cracks observed at serviceability limit state 1.0% drift cycles 

 

At 1.0% drift, the slab cracks which had developed in previous drift cycles lengthened and spread 

across the floor slab, as shown in Figure 5-10. As observed in previous drift cycles, the primary 

slab crack opening occurred at the precast floor unit-to-support beam boundary, while the 

remainder of the slab cracks opened no wider than 0.2mm.   

 

Table 5-3 summarises the key deformation components of the frame, measured from the frame 

potentiometers, which indicate damage in the structural system at the serviceability limit state. 

Comparing the floor-to-support beam slab crack extensions for each of the connections shows 

that superior damage control was achieved by the pre-cracked slab detail, with both maximum 

and residual crack widths of the order of 50% that observed in the conventional floor                
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unit-to-support beam details. The residual crack width is the most important parameter to 

consider at the serviceability limit state as this provides an indication of the maximum expected 

damage in the floor system, at rest, after a serviceability level earthquake. With maximum crack 

widths no greater than 0.5mm observed in the floor of the pre-cracked slab, it is not expected that 

any repair of this connection detail would be required after a serviceability limit state earthquake. 

For corrosion protection reasons, the cracks observed in the conventional floor-to-support beam 

details may require repair with grout or filler. However, only one crack at the boundary between 

that precast floor and support beam would require repair, which significantly reduces structural 

downtime compared to a conventional monolithic frame.  

 

Table 5-3 Serviceability limit state 1.0% drift frame damage indicators 

 Slotted Beam 

Connection 

Circular top hinge 

pre-cracked slab 

Circular top hinge Open ended hinge 

Max Slab Crack 1.5mm 0.8mm 1.5mm 2.0mm 

Residual  slab crack 1.0mm 0.45mm 1.2mm 1.5mm 

Maximum horizontal 

hinge displacement 

1.4mm 1.9mm 1.6mm 1.5mm 

Max vertical floor 

unit deformation 

1.2mm 1.1mm 1.1mm 1.5mm 

Max vertical hinge 
displacement  

 

with respect to beam 

 
0.55mm 

 

0.13mm 

 
1.4mm 

 

1.0mm 

 
1.2mm 

 

1.0mm 

 
1.5mm 

 

1.5mm 

Max member crack 0.2mm 0.3mm 0.3mm 0.2mm 

Max Residual Drift 0.60% 0.52% 0.52% 0.60% 

 

Residual drifts for each of the connections are similar to that expected for conventional 

monolithic reinforced concrete connections. It must be noted here that the reported values are 

quasi-static residual drifts and that considering structural shake-down and dynamic effects, which 

would occur in a real earthquake, the level of residual drift is expected to be less than that 

reported in Table 5-3. 

 

In terms of hinge damage, the slotted beam concrete hinge displayed the highest degree of 

cracking at the serviceability limit state, as shown in the comparison of the slotted beam and 

open-ended top hinge damage in Figure 5-11. However in terms of vertical hinge deformation, 

shown in Table 5-3, the slotted beam hinge detail performed better than the top hinge details at 

the serviceability limit state.  
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(a) Slotted beam connection hinge cracks (b) Open ended top hinge connection hinge cracks 

Figure 5-11 Hinge cracking observed at serviceability limit state 

 

Compression distortion and vertical dislocation of the longitudinal reinforcement located at the 

bottom of the beams was observed at each of the connections in the final cycles at 1.0% drift, and 

is shown in Figure 5-12(a). This distortion was caused by vertical eccentricity introduced in the 

connection during a negative moment rotation. Vertical displacement of the connection was 

caused by rotation of the beam hinges on the column face and corbel, and by flexural deformation 

of the steel top hinge sections. Table 5-3 indicates that the vertical deformation of the top hinge 

connections was greater than for the slotted beam connection, due to the vertical displacement 

component arising due to flexural deformation of the structural steel top hinge. The vertical 

deformation of the open ended top hinge detail was the greatest, due to the additional vertical 

displacement introduced through compression of the urethene corbel pad. Figure 5-12(b) shows 

the progression of slab damage above the steel top hinge connections that was observed in the 

cycles to 1.0% drift, as a result of flexural uplift of the steel top hinge sections during negative 

moment rotation of the connection.  

 

Table 5-3 shows that the floor unit rotation governed the level of slab damage and crack 

extensions in the connections with conventional floor unit detailing, with higher slab horizontal 

deformation arising due to rotation of the floor unit on the support beam than from rotation of the 

top hinge. The opposite behaviour is observed for the pre-cracked floor detail, where the hinge 

deformation governed the level of damage and crack extensions in the connection and adjacent 
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slab, with greater horizontal deformation arising from rotation of the hinge compared to rotation 

of the floor system.  

 

Cracking across the underside of the infill slab increased at 1.0% drift, with new cracks forming 

across the infill in both bays. Cracking along the length of the infill-to-seismic beam and infill-to-

precast floor unit boundaries initiated at the ends of the seismic beams due to displacement 

incompatibility between the seismic beam and precast slab which was induced across the infill 

slab.  

 

Diagonal cracking across the face of the internal beam column joint was noted at 1.0% drift, 

indicating the formation of the joint compression strut mechanism. The longitudinal beam bar 

tension cracks which developed during previous drift cycles, as well as column flexural cracks, 

increased in length and spread further through the depth of the column, as the strength of the 

frame and storey shear demand increased at higher drift levels.  

 

With exception to the primary floor-to-support beam crack, the maximum observed crack widths 

in the frame beams and columns were between 0.2mm and 0.5mm wide at the serviceability limit 

state. The lengthening of existing, and the development of new flexural tension cracks formed in 

the seismic beams, as a result of an increase in tension stress in the longitudinal beam 

reinforcement.   

 

The precast unit sliding bearing strips successfully initiated the desired floor unit sliding 

mechanism, as shown in Figure 5-12(c). The floor units freely slid on the supporting beams at all 

of the connections when subjected to a positive moment connection rotation during the 1.0% drift 

cycles.  
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(a) Distortion of beam bars in 

open ended top hinge detail  

(b) Slab cracking due to hinge 

flexural deformation in 

circular top hinge connection 

(c) Sliding mechanism of precast 

floor units under a positive 

moment rotation  

Figure 5-12 Observations of specimen behaviour at 1.0% drift cycles 

 

The low level of damage observed in the non-tearing frame at the serviceability limit state 

highlights the significant performance advantages that non-tearing floor connections achieve over 

conventional monolithic reinforced concrete connections. Repair to the non-tearing floor system 

would be limited to, at most, the grouting of one primary slab crack at the precast floor unit-to-

support beam boundary, and if the pre-cracked floor slab detail is employed, this repair would not 

be required. The residual drift of the system is equivalent to that which would occur in traditional 

monolithic reinforced concrete frames and it is expected that under dynamic conditions, the static 

residual deformations reported would further reduce. The level of damage observed in the non-

tearing frame test at the serviceability limit state is considerably less than what would be 

observed in conventional monolithic reinforced concrete structures.  

 

5.4.5 1.5% Drift Cycles 

In the cycles to 1.5% drift, the cracks which formed across the floor slab in previous drift cycles 

lengthened. The longitudinal cracking along the infill-to-precast unit and infill-to-seismic beam 

boundaries, which was observed on the underside of the slab at 1.0% drift, became apparent on 

the top side of the slab at the open-ended top hinge and slotted beam connections, as can be seen 

in Figure 5-13(a) and Figure 5-13(d). This cracking was caused by displacement incompatibility 
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between the seismic beam and precast floor system. Tension cracks formed in the slab surface, 

along the starter bars connecting the support beam and topping slab, as a result of the initiation of 

tension yield of the floor slab starter bars during a negative moment connection rotation. These 

cracks can be seen at the floor-to-support beam boundary in Figure 5-13(a) and (b).  

 

New cracks formed across the underside of the infill slab in both bays and minor superficial 

spalling and crushing of the in-situ cover concrete was noted at the boundary between the soffit 

of the precast units and the supporting beam, at the open-ended top hinge connection. This 

spalling was caused by the rotation of the floor unit crushing and peeling away some of the 

support beam cover concrete.  

 

  

(a) Open ended top hinge connection (b) Circular profile top hinge connection 

  

(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-13 Slab cracks observed at serviceability limit state 1.5% drift cycles 
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Flexural tension cracking continued to develop in the tension fibres of the seismic beam and 

progressed towards the centre of the beam along the lines of the beam shear stirrups drift cycles. 

Vertical flexural tension cracks developed in the support beam at the internal column, shown in 

Figure 5-14(a). This was thought to have been caused by relative bending of the supporting beam 

between the column and the steel upstand during lateral drift of the frame, or as a result of torsion 

induced in the support beam during initiation of the floor slab starter bars under a negative 

moment connection rotation.  

 

The column flexural cracks and longitudinal beam bar tension cracks, which developed in 

previous drift cycles, lengthened through the depth of the columns at the top and bottom of the 

beam column joint during the cycles to 1.5% drift, particularly at the internal Column B. This is 

shown in Figure 5-14(b) and indicates that significant tension stresses and strains were induced in 

the top and bottom beam reinforcement as a result of the development of overstrength in the 

longitudinal connection reinforcement. The formation of the beam column joint mechanism is 

also evident in Figure 5-14(b), with the diagonal cracks indicating the progression of the inclined 

joint compression strut.  

 

  

(a) Vertical cracking of internal supporting beam (b) Flexural and tension cracks at internal column 

Figure 5-14 Frame damage observed at cycles to 1.5% drift 
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(c) Slotted Beam end compression expansion crack  (d) Uplift of open-end top hinge relative to the beam 

Figure 5-14 (continued) Frame damage observed at cycles to 1.5% drift 

 

Cover concrete cracking, running parallel to the longitudinal beam reinforcement, was noted in 

the ends of the beams at the slotted beam and circular top hinge connections during a negative 

moment connection rotation, as shown in Figure 5-14(c). This was caused by expansion of the 

cover concrete during compression of the bottom reinforcement, and vertical dowel shear induced 

in the longitudinal reinforcement as a result of vertical deformations induced in the connections.  

The compression distortion and vertical dislocation of the bottom beam reinforcement that 

observed at 1.0% drift was again evident but did not significantly worsen at 1.5% drift.  

 

Uplift of the steel top hinges from the beam was visible during the 1.5% drift negative moment 

cycles, as shown in Figure 5-14(d), which occurred as a result of increased beam shear demand 

and frame strength at higher levels of drift.  

 

5.4.6 2.0% Drift Cycles 

Figure 5-15 shows that lengthening of existing cracks across the floor slab occurred during the 

cycles to 2.0% drift, while no significant new cracks developed across the floor. Lengthening of 

the longitudinal cracks along the infill-to-precast unit and infill-beam boundary also occurred, as 

is evident in Figure 5-15(a), Figure 5-15(b) and Figure 5-15(d), indicating an increase in the 

degree of displacement incompatibility between the frame and floor, with increasing frame 

strength and drift.  
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The impressive performance of the pre-cracked slab detail continued to be observed at 2.0% drift 

as shown by the lack of slab damage in Figure 5-15(c). The primary slab deformation mode 

continued to be observed, where the major slab crack opened at the precast unit-to-support beam 

boundary, due to rotation of the precast floor on the support beam, with cracks further out in the 

slab no greater than 0.2mm wide. 

 

Tension cracks developed along the length of the slab starter bars at the circular top hinge 

connection, and are shown located close to the central slab pots at the floor-to-support beam 

boundary in Figure 5-15(b). This was caused by increasing tension stress in the slab starter bars 

under a negative moment connection rotation. Cracking developed across the soffit of the precast 

floor units in the conventionally detailed slab connections, while no such cracking was observed 

in the unit of the pre-cracked slab detail, since the pre-cracked foam floor backing absorbed 

deformation and relieved diaphragm stresses induced by rotation of the floor diaphragm on the 

supporting beam.   

 

Damage and minor spalling of the topping slab concrete above the beam hinges progressed at 

2.0% drift, as a result of increased hinge rotation and flexural deformation of the top hinge details, 

which increased as the frame progressed further into overstrength with increased levels of drift.  

 

On the underside of the slab, the longitudinal cracks between the infill-to-precast unit and infill-

to-seismic beam boundary lengthened as a result of increased displacement incompatibility 

between the frame and floor.  
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(a) Open ended top hinge connection (b) Circular profile top hinge connection 

  

(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-15 Slab cracks observed at serviceability limit state 2.0% drift cycles 

 

Flexural cracks and longitudinal beam bar tension cracks continued to grow and develop in the 

columns as a result of the increased storey shear demand and tension overstrength demand in the 

longitudinal beam reinforcement during the cycles to 2.0% drift. Existing beam flexural tension 

cracks spread through the depth of the seismic beams and the development of new cracks were 

noted toward the centre of the seismic beams, at the location of the steel shear stirrups. 

Lengthening of existing cracks and the development of new cracks were observed across the 

underside of the infill in both bays of the frame.  
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The significant damage which occurred in the 2.0% drift cycles was the cracking and spalling of 

the beam end cover concrete in the open-ended top-hinge connection, as a result of buckling of 

the bottom beam longitudinal reinforcement and vertical dowel shear induced in the longitudinal 

reinforcement at the bottom of the beam. This damage occurred in the final cycle at 2.0% drift 

and caused significant cracking in the beam end cover concrete as shown in Figure 5-16(a) and 

Figure 5-16(b). The peak response of the open-ended top hinge connection was reached in the 

final cycles at 2.0% drift. The premature buckling of the beam longitudinal reinforcement was 

enhanced by the vertical displacement of the connection as a result of rotation and bending of the 

top hinge and compression in the eurethene pads. Improved confinement of the beam end and 

stiffening of the top hinge is required in order to improve the stability and drift capacity of the 

open-ended top hinge connection detail.   

 

Cracking and damage to the column cover concrete occurred in the slotted beam connection as a 

result of tension pull-out of the longitudinal beam reinforcement and the initiation of longitudinal 

beam bar buckling at the column face, rather than in the beam end, as shown in Figure 5-16(c) . 

 

   

(a) Open-ended top hinge 

longitudinal beam bar 

buckling 

(b) Open ended top hinge connection beam end 

cover spalling 

(c) Slotted beam 

longitudinal bar distortion 

and cover damage 

Figure 5-16 Beam end cover concrete spalling and bar buckling at 2.0% drift cycles 
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5.4.7 2.5% Drift Cycles-Design Limit State 

The 2.5% drift limit is considered the design limit state for the non-tearing frame test. The system 

performance level required at 2.5% drift is damage control and that the life safety of the structure 

is protected. Moderate to extensive damage is acceptable but the damage should be limited to 

cover concrete spalling and cracking which can be easily repaired, and the cost of repair should 

be significantly less than the cost of replacement. Strength degradation, buckling or fracture of 

longitudinal and transverse reinforcement, and damage to core concrete should not occur at the 

design limit state (Priestley et al. 2007).  

 

At 2.5% drift, the lengthening of existing and the development of new cracks across the top 

surface of the floor slab occurred at each connection, as shown in Figure 5-17. In the case of the 

connections with conventionally detailed precast units, this was caused by both flexural tension 

cracks which formed in the top of the seismic beams and spread out across the floor slab, and 

from tension stress induced in the slab surface from tension initiation of the starter bars 

connecting the support beam and topping slab during a negative moment rotation of the floor 

system on the supporting beam. In the pre-cracked slab detail, shown in Figure 5-17(c), the only 

cracks which formed across the slab propagated from the flexural tension cracks in the top of the 

seismic beam, highlighting the ability of the pre-cracked detail to effectively relieve floor unit 

deformations and diaphragm stresses arising from rotation of the floor on the support beam.  

 

New cracks formed across the soffit of the precast floor units in both bays, during a positive 

moment connection rotation, as shown by the vertical cracks along the bottom edge of the floor 

units in Figure 5-17, noting the absence of soffit cracks at the pre-cracked detail in Figure 5-17(c).  

 

It was again observed that the floor deformation mechanism at 2.5% drift was the opening of a 

primary crack along at the precast unit-to-support beam boundary during negative moment 

rotation of the floor on the support beam, with all other cracks in the slab opening less than 

0.3mm wide. During a positive moment rotation, the soffit of the floor unit slid on the bearing 

strips on the supporting ledge. Lengthening of the longitudinal infill cracks at the infill-to-seismic 

beam and infill-to-floor unit boundaries, on both the surface and underside of the floor slab, was 
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observed as maximum displacement incompatibility between the frame and floor occurred as the 

frame approached peak strength.  

 

  

(a) Open ended top hinge connection (b) Circular profile top hinge connection 

  

(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-17 Slab cracks observed at the design level 2.5% drift cycles 

 

Flexural tension cracks in the columns and seismic beams continued to develop and lengthen as 

the frame approached peak strength and cone pullout of the column cover concrete was visible 

around the longitudinal bottom beam reinforcement in each connection.  

 

Comparing the hinge damage presented in Figure 5-18 shows that the highest degree of damage 

and concrete degradation was observed in the slotted beam connection. However, the damage to 

the slotted beam hinge was significantly less than would be expected to occur in a traditional 

monolithic connection, and would require only minor remedial repair of the cover concrete after a 
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design level earthquake. The characteristic crack patterns observed in the top hinge details in 

Figure 5-18 arose due to the flexural uplift of the steel top hinges during a negative moment 

connection rotation.  

 

  

(a) Open ended top hinge connection (b) Circular top hinge connection 

  

(c) Circular top hinge pre-cracked slab connection (d) Slotted beam connection 

Figure 5-18 Hinge damage observed at the end of the design level 2.5% drift cycles 
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Table 5-4 Design limit state 2.5% drift frame damage indicators 

 Slotted Beam 

Connection 

Circular top hinge 

pre-cracked slab 

Circular top hinge Open ended hinge 

Max Slab Crack 4.5mm 1.8mm 3.8mm 5.5mm 

Residual  slab crack 3.8mm 1.1mm 3.2mm 4.7mm 

Maximum horizontal 

hinge displacement 

3.0mm 4.3mm 3.9mm 3.8mm 

Max vertical floor 

unit deformation 

2.9mm 2.9mm 3.0mm 3.3mm 

Max vertical hinge 

displacement  

 

with respect to beam 

0.85mm 

 

 

0.2mm 

2.7mm 

 

 

1.8mm 

2.0mm 

 

 

2.2mm 

3.0mm 

 

 

2.5mm 

Max member crack <0.5mm 

Beam cover spalling 

<0.5mm 

Beam cover spalling 

<0.5mm 

 

<0.5mm 

Beam cover spalling 

Max Residual Drift 2.05%  1.7% 1.7% 2.15% 

 

Comparing the maximum and residual slab crack widths in Table 5-4 highlights the successful 

damage control achieved by the pre-cracked floor unit-to-support beam detail, with maximum 

and residual slab cracks of the order of 50% that of the connections with conventionally detailed 

floor units. The vertical floor displacement, caused by the rotation of the precast floor on the 

support beam, induced dowel action in the starter bars and aggregate dislocation in the topping 

slab, resulting in a 2.5mm to 3mm vertical offset of the primary precast unit crack at each of the 

conventionally detailed floor slabs, as shown in Figure 5-19. This permanent vertical deformation, 

although small, affected the level of the floor and may require concrete grinding or levelling in 

the repair of the structure.  

 

 

Figure 5-19 Vertical deformation of slab surface due to floor  rotation at the open ended top hinge connection 
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Comparing the vertical and horizontal hinge deformations in Table 5-4 shows that the slotted 

beam hinge detail performed much better the top hinge details, particularly in terms of vertical 

deflection. Vertical deformation of the hinges caused concrete damage in the slab above the 

connections. As a direct result of vertical hinge displacement, lifting and spalling of the topping 

slab concrete occurred in the slotted beam connection at the at the beam-to-column face boundary, 

and vertical dislocation of the slab concrete along the length of the steel angle in the top hinge 

details was observed, as shown in Figure 5-20.  

 

   

(a) Lifting and spalling of 

concrete above the slotted 

beam connection 

(b) Lifting of concrete along the length of 

the steel angle in the circular top hinge-

pre-cracked slab connection 

(c) Spalling and lifting of 

circular top hinge 

connection concrete 

Figure 5-20 Concrete damage caused by vertical component of hinge deformation 

 

The significant damage which occurred in the frame at 2.5% drift was the spalling of the beam 

cover concrete at all four non-tearing connections. This occurred due to the expansion of the 

cover concrete caused by buckling of the bottom beam longitudinal reinforcement, and vertical 

dowel shear induced in the longitudinal beam reinforcement during a negative moment 

connection rotation.  

 

In the first cycle to 2.5% drift, spalling had occurred in the open-ended top hinge connection and 

the propagation of large cracks at the corners, and on the underside of the beam had initiated in 

the circular top hinge pre-cracked detail and slotted beam connections. This damage worsened in 

the second 2.5% drift cycle, and by the end of the final cycle to 2.5% drift, complete loss of cover 
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and significant buckling and fracture of the bottom beam longitudinal bars had occurred, as well 

as distortion of the shear stirrups. This progressive failure is shown in Figure 5-21. Buckling of 

the bottom beam longitudinal bars within the column cover of the slotted beam connection is 

evident in Figure 5-21(f).  

 

   

(a) Open ended top hinge 

connection cycle 1  

(b) Circular top hinge pre-

cracked connection cycle 1 

(c) Slotted beam connection cycle 

1 

   

(d) Open ended top hinge 

connection cycle 3 

(e) Circular top hinge pre-

cracked connection cycle 3 

(f) Slotted beam connection cycle 

3 

Figure 5-21 Progressive damage to the beam ends during 2.5% drift cycles 

 

The open-ended top hinge connection was the first connection to fail, with the degradation of 

peak strength observed in the first cycle to +2.5% drift, followed shortly after by fracture of the 

first longitudinal beam bar in tension, between -1.1% and -1.2% drift during the first cycle to        

-2.5% drift. Rupture of the second bar occurred in tension at 1.2% drift, during the return from 

the second cycle to +2.5% drift. Rupture of the third longitudinal bar occurred in tension at 2.0% 

drift during the second cycle to -2.5% drift, with the final bar rupture occurring at -1.5% drift 

during the return from the second cycle to -2.5% drift.   
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The peak response of the slotted beam connection was achieved in the first cycle at 2.5% drift. 

Fracture of the first longitudinal beam bar occurred at -0.5% drift during the second cycle to          

-2.5% drift, as a direct result of buckling of the bottom longitudinal beam bars. A second 

longitudinal beam bar fractured in tension at +2.25% drift, during the third cycle to +2.5% drift.  

 

The internal circular top hinge connection reached peak strength in the first cycle to 2.5% drift, 

after which buckling failure of the longitudinal beam reinforcement in the circular top hinge pre-

cracked slab connection occurred in subsequent 2.5% drift cycles. Although longitudinal bar 

buckling and beam concrete cover spalling occurred in the circular top hinge pre-cracked slab 

connection, no bar fracture was evident during the 2.5% drift cycles. The longitudinal bars and 

cover concrete in the circular top hinge connection were intact after the cycles to 2.5% drift and 

only minor cover concrete cracks were evident in the end of the beam.  

 

   

(a) Open ended top hinge 

connection bar fracture 

(b) Circular top hinge pre-

cracked connection bar 

buckling  

(c) Slotted beam connection bar 

buckling and fracture 

Figure 5-22 Bar buckling and fracture observed after the 2.5% drift cycles 

 

Failure of the open ended top hinge, slotted beam and circular top hinge pre-cracked slab 

connections occurred during the 2.5% drift cycles. The only connection will all beam bars intact 

and displaying minor damage to the end of the beam, after the cycles to 2.5% drift, was the 

circular top hinge connection. Failure of the connections was attributed to buckling of the bottom 
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beam longitudinal reinforcement in compression. The proneness to buckling of the beam bars 

was enhanced by the vertical eccentricity introduced in the connection due to rotation of the beam 

hinges and bending of the structural steel top hinge details. 

 

The confinement provided in the beam ends was not able to withstand the buckling and vertical 

dowel action induced in the bottom beam longitudinal bars and as a result significant spalling and 

concrete damage to the ends of the beams occurred. The observed bar ruptures in tension arose as 

a result of buckling of the longitudinal beam reinforcement. Buckling of the reinforcement 

induced high tension stresses on one side of the bar and straightening of the bars during drift 

reversals resulted in fatigue fracture of the tension hardened steel.  

 

5.4.8 3.5% Drift Cycles-Ultimate Limit State 

The system performance level prescribed at the ultimate limit state is survival of the structure and 

protection against loss of life. Reserve capacity should exist above the design limit state to ensure 

that during the strongest ground shaking expected for the site, that structural collapse is prevented. 

Extensive damage to the structure is accepted and it may not be technically or economically 

feasible to repair the structure after the earthquake (Priestley et al. 2007).  

 

Although failure of three of the four frame connections occurred at cycles to 2.5% drift, the 

specimen was cycled to the maximum 3.5% drift limit as prescribed by the ACI loading protocol, 

in order to assess the drift capacity of the final intact connection and to assess the diaphragm and 

hinge behaviour at an ultimate limit state drift.  

 

In the cycles to 3.5% drift, progression of existing damage in the structure occurred with the 

increase in drift demand. Lengthening of the cracks which developed across the top side and 

underside of the floor slab in previous drift cycles occurred due to the enhancement of diaphragm 

stress induced by the increase in rotation and deformation demand on the floor units and slab 

starter bars, as shown in Figure 5-23. The primary floor crack once again formed at the precast 

unit-to-support beam boundary, and acted as the concentrated zone of floor unit rotation and 

deformation. While extension of the primary crack was noted, the remaining cracks in the floor 

slab opened no wider than 0.2mm. Lengthening of the longitudinal infill-to-precast unit and infill 
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to seismic beam cracks, on the top and underside of the floor, occurred, as can be seen in Figure 

5-23, and diagonal cracks which formed across the underside of the infill slab at the supported 

ends of the floor were noted at the connections with conventionally detailed floor-to-support 

beam connections. Fine cracks appeared along the boundary between the topping slab and precast 

units at the unrestrained edge of the floor, but no sign of topping slab delamination was apparent.  

 

Lengthening of the beam flexural tension cracks was observed at the intact circular top hinge 

connection, and new flexural tension cracks formed past the centre of the beam, at the location of 

the steel shear stirrups. At the connections which had experienced bar fracture, flexural cracks 

lengthened under a negative moment connection rotation only. The ruptured bars provided no 

resistance in tension during a positive moment connection rotation, but contacted in compression 

and provided some negative moment resistance, inducing flexural stresses and hence tension 

cracking in the beam.  

 

  

(a) Open ended top hinge connection (b) Circular profile top hinge connection 

Figure 5-23 Slab cracks observed at ultimate limit state 3.5% drift cycles 
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(c) Circular profile connection pre-cracked slab (d) Slotted beam connection 

Figure 5-23 (continued) Slab cracks observed at ultimate limit state 3.5% drift cycles 

 

Cracking across the underside of the infill slab, at the infill-support beam boundary, which 

initiated at lower drift levels, widened due to the relative rotation between the floor slab and 

support beam at 3.5% drift, as shown in Figure 5-24(a).  

 

Signs of tension pullout of the circular top hinge connection bottom beam longitudinal bars were 

noted in the second cycle at +3.5%, as shown in Figure 5-24(b). This indicates high tension strain 

demand and the possibility of some bond slip of the beam bars through the critically loaded 

internal beam column joint as overstrength developed in the reinforcement on both sides of the 

joint.  

 

Torsion cracking of the open-ended top hinge support beam, shown in Figure 5-24(c), was 

observed at the second cycle to +3.5%, caused by twisting of the support beam during initiation 

of the slab starter bars under a negative moment connection rotation.  
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(a) Tearing of infill-support beam 

boundary 

(b) Tension bar pullout 

at circular top 

hinge connection 

(c) Torsion cracks in open-ended 

top hinge connection support 

beam 

Figure 5-24 Frame damage observed at ultimate limit state 3.5% drift 

 

The low friction bearing strips performed well during the higher drift cycles. Figure 5-25(a) 

shows that under a positive moment connection rotation, the sliding mechanism of the precast 

units on the support beams was successfully achieved and no sign prising or damage to the floor 

units or support beam was observed. During the second and third cycles to 3.5% drift it was 

noted that the low friction bearing strips began to pull out from underneath the floor unit seat, as 

shown in Figure 5-25(b). Similar behaviour was observed by Lindsay (2004) but at much lower 

levels of drift. Pullout of the bearing strip occurred because of the low relative difference in the 

static coefficient of friction between the smooth (c.o.f=0.502) and toothed (c.o.f=0.612) faces, 

causing the unit to slide on the toothed face, rather than the unit and strip sliding on the support 

beam.  

 

While Lindsay (2004) installed the bearing strip with the smooth edge to the soffit of the precast 

unit, better strip performance was achieved in the non-tearing frame test with the toothed side 

facing the soffit of the precast unit. It is suggested that the coefficient of friction of the toothed 

face of the bearing strip be increased by the manufacturer, in order to avoid strip pullout and 

avoid the potentially brittle concrete on concrete contact between the soffit of the precast floor 

units and supporting beam ledges.  
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(a) Floor unit sliding mechanism under a positive 

moment rotation-circular top hinge connection 

(b) Low friction bearing strip pullout at open-ended 

top hinge connection in cycle 3 -3.5% drift 

Figure 5-25 Performance of the precast floor unit low friction bearing strips 

 

Comparing the damage to the hinge regions of each connection in Figure 5-26, it can be seen that 

the steel top hinge connections displayed very similar crack patterns due to uplift of the structural 

steel hinges under a negative moment connection rotation. Lengthening of existing cracks in the 

slab above the hinge was observed in the two top hinge connections in which bar fracture had 

occurred.  

 

The magnitude of hinge uplift continued to increase in the intact circular top hinge connection as 

overstrength initiated in the bottom beam longitudinal reinforcement and the connection strength 

approached peak, as shown by the development of the new cracks in the slab concrete above the 

hinge, on the floor diaphragm side of the hinge in Figure 5-26(b).   

 

The slotted beam hinge displayed the most damage of the four connections. Progressive 

degradation of the slotted beam hinge concrete is shown in Figure 5-26(d), with spalling of cover 

concrete occurring on the top, bottom and side of the cast in-situ hinge at 3.5% drift.  
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(a) Open ended top hinge connection (b) Circular top hinge connection 

  

(c) Circular top hinge pre-cracked slab connection (d) Slotted beam connection 

Figure 5-26 Hinge damage observed at the end of the ultimate limit state 3.5% drift cycles 

 

Due to spalling of the beam end and hinge concrete, some of the linear potentiometers recording 

the vertical deformation of the hinge regions were lost at 3.5% drift. Comparing the maximum 

and residual slab crack widths in Table 5-5, the pre-cracked slab crack widths were around 1/3 

that of the connections with conventionally detailed floor units. The pre-cracked detail performed 

impressively with increasing levels of drift, and the ability of the detail to absorb deformations 

from rotation of the floor unit on the support beam avoided damage to the floor diaphragm and 

reduced the level of strain and strength initiation of the slab starter bars. The maximum slab 

cracks at the external connections were greater than for the internal connection since a lower 

proportion of the storey drift was made up by column shear and flexure, increasing the rotation 

demand on the floor system at a given level of drift.    
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Table 5-5 Ultimate limit state 3.5% drift frame damage indicators 

 Slotted Beam 

Connection 

Circular top hinge 

pre-cracked slab 

Circular top hinge Open ended hinge 

Max Slab Crack 6.5mm 2.0mm 5.7mm 6.5mm 

Residual  slab crack 5.5mm 1.4mm 4.9mm 5.5mm 

Maximum horizontal 

hinge displacement 

4.0mm 4.1mm 4.0mm 4.9mm 

Max vertical floor 

unit deformation 

3.8mm 3.8mm 4.4mm 5.0mm 

Max vertical hinge 

displacement  

 

with respect to beam 

1.5mm 

 

 

Lost pot 

2.6mm 

 

 

Lost pot 

Lost pot 

 

 

2.0mm 

2.4mm 

 

 

1.5mm 

Max member crack <0.5mm 

Complete loss of 

beam cover 

<0.5mm 

Complete loss of 

beam cover 

<0.5mm 

Complete loss of 

beam cover 

<0.5mm 

Complete loss of 

beam cover 

Max Residual Drift 2.85% 2.5% 2.5% 2.9% 

 

Comparing the horizontal hinge displacements, the maximum horizontal hinge openings for the 

slotted beam and circular profile hinges were similar. At lower levels of drift it was observed that 

the slotted beam hinge displayed consistently lower horizontal deformation than the other 

connections. With the loss of strength in the slotted beam connection due to the rupture and 

buckling of the bottom beam longitudinal bars, minimal compression and tension forces were 

induced in the hinge. The depth of concrete compression block reduced and the hinge tended to 

rotate more like a rigid body, which increased the horizontal hinge deformation. The open ended 

top hinge connection displayed the largest horizontal deformation of the four connections due to 

the additional deformation arising from the hinge shear stub rotating on the corbel and 

compression of the urethene pads.  

 

The top hinge connections displayed the largest vertical hinge deformations, and comparing the 

deformations in Table 5-4 and Table 5-5 indicates that the vertical component of hinge 

deformation was lower at 3.5% drift, compared to at 2.5% drift. This highlights that the vertical 

deformation of the top hinge details was heavily force dependent and dominated by flexural 

deformation of the structural steel hinge sections.  

 

The residual drifts reported in Table 5-5 are static residual drifts and are likely to reduce when 

considering dynamic effects. However, even when considering dynamic effects, high residual 
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drifts would be expected in the non-tearing test frame from Test 1, at the ultimate limit state, and 

may inevitably require significant repair or demolition of the structure after a severe earthquake.   

 

   

(a) Open ended top hinge 

connection cycle 3 

(b) Circular top hinge pre-

cracked connection cycle 3 

(c) Slotted beam connection cycle 

3 

   

(d) Circular top hinge connection 

cycle 1 

(e) Circular top hinge connection 

cycle 2 

(f) Circular top hinge connection 

cycle  3 

Figure 5-27 Progressive damage to the beam ends during 3.5% drift cycles 

 

At the end of the 3.5% drift cycles all connections displayed severe spalling damage to the ends 

of the beams, as shown in Figure 5-27. The shear stirrups in the ends of the beams were severely 

distorted due to the repeated reversed drift cycles, and although longitudinal beam bar rupture 

had occurred, contact between the ruptured bars provided some negative moment resistance.  

 

The final two bars in the slotted beam connection failed at +1.0% and +2.1% drift in the first 

cycle to +3.5% drift. Fracture of three bars in the circular top hinge pre-cracked connection 

occurred at -1.25%, -2.4% and -2.9% drift in the first cycle to -3.5% drift. Figure 5-27(d) shows 

cracking of the beam cover concrete in the circular top hinge connection which occurred in the 

first cycle to -3.5% drift. This progressively worsened with repeated cycles until all beam cover 

had spalled by the third 3.5% drift cycle, which is shown in Figure 5-27(e).  Failure of the 
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connection occurred in the second cycle to -3.5% drift, due to buckling fracture of the 

longitudinal reinforcement at the bottom of the beam. In the final cycle to +3.5% the final intact 

bar in the connection fractured in tension at +2.5% drift.  

 

5.4.9 Test 1 Connection Hysteretic Response 

 

Figure 5-28 Slotted beam external connection hysteresis loop for test 1 

 

Figure 5-28 shows the hysteretic response for the slotted beam connection. The connection 

reached a maximum positive base shear of 83kN at +2.5% drift under a positive moment rotation, 

and a maximum negative base shear of -80kN at -2.0% drift under a negative moment rotation.  

 

An initial reduction in peak strength of 47.5% was observed in the 2.5% drift cycles, and a 

maximum reduction in peak strength of 90% was observed at 3.5% drift. The initiation of 

longitudinal beam bar buckling is evident in the first cycle to -2.5% drift, shown by a significant 
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reduction in connection stiffness, deteriorating in subsequent 2.5% and 3.5% drift cycles. 

Degradation of the reloading stiffness of the connection from the higher negative drift cycles is 

evident, causing some pinching or slimming of the hysteresis. 

 

 

Figure 5-29 Circular top hinge internal connection hysteresis loop for test 1 

 

The hysteretic response for the internal connection with circular top hinge details is shown in 

Figure 5-29. The connection achieved a maximum positive base shear of 154kN at +2.5% drift 

and a maximum negative base shear of -160kN at -2.5% drift, indicating that the negative 

moment floor slab initiation was 6kN (or 2/3 of the total predicted floor slab initiation) less in the 

pre-cracked detail, compared to the conventionally detailed slab.   
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Loss of stiffness due to longitudinal bar buckling is evident in the 2.5% and 3.5% drift cycles of 

the hysteresis. A reduction in peak response of 18% occurred in the 2.5% drift cycles with a 

maximum reduction in peak response of 74% observed in the 3.5% drift cycles. During the 2.5% 

drift cycles, the peak strength degradation of the internal connection was less severe, compared to 

the external connections. This was due to the higher proportion of drift carried by the column and 

beam column joint actions, which reduced the beam rotation and bar strain, delaying the onset of 

failure for a given level of drift.   

 

 

Figure 5-30 Open-ended top hinge external connection hysteresis loop for test 1 

 

The hysteretic response for the open-ended top hinge connection is shown in Figure 5-30. A 

maximum positive base shear of 83kN was reached at +2.0% drift under a negative connection 

moment rotation. A maximum negative base shear of -74kN was reached at -2.0% drift under a 

positive moment connection rotation.  
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A loss in peak strength of 17% occurred in the 2.0% drift cycles and a maximum loss of peak 

strength of 81% was observed at 3.5% drift. The onset of longitudinal beam bar buckling is 

evident in the hysteresis in the final cycle at 2.0% drift, with the energy dissipation and stiffness 

of the connection rapidly deteriorating at higher drift levels.   

 

The hysteretic behaviour of each connection in the non-tearing test frame showed a stable 

response with good energy dissipation, before the onset of longitudinal bar buckling. There was 

evidence of some hysteresis loop pinching due to bond slip, longitudinal bar buckling and shear 

deformation, but significantly less than what would be expected to occur in traditional monolithic 

reinforced concrete connections.  

 

5.4.10 Damage to Floor System and Frame after Test 1 

Although the frame suffered premature failure due to buckling and fracture of the bottom beam 

longitudinal reinforcement, the system performed impressively in terms of cracking and damage 

induced in the floor and frame. The images taken at the end of Test 1, shown in Figure 5-31 to 

Figure 5-34, show that minimal damage was induced in the frame constructed non-tearing 

connections. The primary slab crack at the precast floor unit-to support beam boundaries, can be 

seen in Figure 5-31, while the remainder of the slab cracks show minimal crack extensions. The 

impressive lack of slab damage associated with the pre-cracked slab detail can be seen in the 

centre right connection of Figure 5-31 and Figure 5-32.  

 

Apart from concrete spalling induced in the ends of the beam, the columns, beams and precast 

slabs behaved elastically, and without the formation of plastic beam hinges, elongation was 

virtually eliminated. As a result, the maximum crack widths observed in the frame members were 

no greater than 0.5mm wide, as shown in the elevations in Figure 5-33 and Figure 5-34.  

 

The damage induced in the non-tearing test frame during Test 1 was significantly less than would 

be expected to occur in a traditional reinforced concrete frame, highlighting the significant 

performance advantage that non-tearing connection technology achieves in terms of avoiding 

significant damage to the structural components of a building during a severe earthquake.  
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Figure 5-31 Plan view of top of slab damage at the end of Test 1 

 

 

 

Figure 5-32 Plan view of underside of slab damage after Test 1 
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Figure 5-33 Front elevation of frame cracks at the end of Test 1 

 

 

 

Figure 5-34 Back elevation of frame and unit cracks at the end of Test 1 
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5.5 EVALUATION OF TEST 1 RESPONSE AND REPAIR DETAILS FOR TEST 2 

Premature failure of the non-tearing connections occurred in Test 1 due to buckling and 

subsequent fracture of the bottom beam longitudinal reinforcement. Insufficient confinement of 

the beam ends and vertical deformation of the connection increased the proneness of the 

connection reinforcement to buckle under a negative moment connection rotation.  

 

In order to provide additional bar confinement and delay the onset of buckling in Test 2, the 

connection bars were sleeved in thin walled steel tubes over the debonded length, rather than with 

the polyethelene pipe used in Test 1, as shown in Figure 5-35(a) and Figure 5-35(b). Because the 

D12 dissipaters at the internal connection were already housed in the Bay 2 beam ducts, thes bars 

were not able to be fitted with steel buckling restrain tubes.  

 

In order to prevent the bar buckling in the column cover concrete, which was observed in Test 1, 

the steel sleeves were terminated across the beam gap and 50mm into the column, past the first 

set of column longitudinal bars.  

 

   

(a) Steel sleeves provided 

on test two bars 

(b) Steel buckling restraint sleeves provided on 

test two beam reinforcement.   

(c) Removal of test 1 bars 

with plasma torch 

 Figure 5-35 Test two bar preparation and removal of connection bars from Test 1 

 

The frame was returned to zero drift using the ram control program, and the fractured connection 

longitudinal bars were cut away using a plasma torch as shown in Figure 5-35(c). The new 
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longitudinal beam bars with steel sleeves were inserted and located in the Test 2 ducts and 

grouted to complete the connections.  

 

The beam concrete spalling damage which occurred during Test 1 required repair, in order to 

reinstate the shear resistance of the exposed stirrups.  The loose concrete was removed from the 

ends of the beams and the distorted shear stirrups were manipulated into their original position. 

Formwork was erected around the end of the beam and the concrete repair carried out with 

injection grout, at the same time that the connection ducts were grouted for the second test. The 

repair and grouting procedure is shown by the images in Figure 5-36.  

 

   

(a) Formwork for the repair of beam 

end concrete 

(b) Grouting of test two connection 

ducts and beam end repair 

(c) Repaired beam 

end concrete 

Figure 5-36 Beam end repair and connection duct grouting for Test 2 

 

In order to the re-establish the pre-cracked condition of the specimen for Test 2, the primary slab 

and hinge cracks, running along the back of the precast floor unit and hinge, were repaired using 

Sikadur 52 low viscosity crack injection epoxy. Dust and loose concrete particles were cleared 

from the cracks which required repair and the boundaries along the side and bottom of the precast 

units and hinge were sealed with silicone. The two part injection epoxy was prepared as shown in 

Figure 5-37(a), and applied to the cracks, flowing under gravity, as shown in Figure 5-37(b). The 

epoxy was allowed to cure for 24 hours and the raised surface of the slab above the cracks was 

finished with a grinding disc, as shown in Figure 5-37(c).  
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(a) Sikadur 52 grout preparation (b) Sikadur 52 grout application (c) Completed slab crack repair 

Figure 5-37 Slab crack repair procedure using Sikadur 52 low viscosity injection grout 

 

5.6 TEST 2 OBSERVATIONS-RESIDUAL DRIFT REDUCTION WITH UNBONDED 

HIGH STRENGTH BARS 

Although the primary slab cracks were repaired for Test 2, it was not possible to seal all cracks in 

the non-tearing frame. As a result, the existing cracks in the slab and frame, which occurred 

during Test 1, re-opened at low levels of drift, providing an unrealistic representation of 

structural damage. For this reason, the significant new damage induced in the frame during Test 2 

will be presented in this section and the performance discussed at the serviceability, design and 

ultimate limits states only.  

 

First yield of the D12 longitudinal bars occurred between 0.2% and 0.5% drift. During the 0.5% 

and 0.75% drift cycles, diagonal splitting through the depth slab topping and precast units was 

observed, as shown in Figure 5-38. Unfortunately, the Sikadur 52 repair grout bonded the precast 

unit to the support beam which caused the floor and support beam to behave as one monolithic 

unit, inducing brittle failure through the diaphragm during lateral drift of the frame. This 

behaviour is similar to the brittle snapping failure observed by Matthews (2004) and severely 

compromises the gravity load carrying capacity of the floor diaphragm after a severe earthquake 

and, more seriously, can cause the floor system to become unseated and drop through the 

building.  
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(a) Open-ended top hinge 

connection 

(b) Circular  top hinge connection (c) Slotted beam connection 

Figure 5-38 Brittle splitting of repaired precast floor units and topping slab at 0.75% drift 

 

5.6.1 1.0% drift cycles-serviceability limit state 

In the 1.0% drift cycles, bonding of the precast units to the support beam caused primary slab 

cracks to open through the weakest part of the diaphragm, rather than at the precast unit-to-

support beam boundary as was observed in Test 1. This behaviour is shown in Figure 5-39(a) and 

Figure 5-39(b).  

 

At 0.75% drift, a torsion crack developed in the support beam of the open-ended top hinge 

connection, shown at the top of Figure 5-39(c). This crack was caused by the torsion moment 

induced in the support beam during tension initiation of the starter bars connecting the support 

beam and topping slab, under a negative moment connection rotation. Evidence of torsion was 

noted in Test 1 with diagonal torsion cracks forming on the underside of the support beam, and it 

is likely that the development of this new crack on the topside of the beam was a progressive 

propagation of existing torsion cracking.    
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(a) Primary slab crack 

open ended top hinge 

connection test 2 

(b) Primary slab crack 

circular top hinge 

connection test 2 

(c) Torsion crack in open-ended top hinge 

connection supporting beam observed 

between 0.75% and 1.0% drift 

Figure 5-39 Slab crack observations at 1.0% drift test 2 

 

   

Table 5-6 shows that, as observed in Test 1, the horizontal and vertical deformation components 

of the slotted beam connection were less than that for the steel top hinge details. The open ended 

top hinge detail displayed lower vertical hinge displacements than the circular top hinge details, 

indicating that the urethene pads worked successfully to accommodate rotation of the hinge on 

the corbel seat at low levels of drift. The opposite trend was observed for Test 1, highlighting the 

force sensitivity of the urethene pad detail. Higher deformation was induced in the urethene pads 

under the larger beam shear demand in Test 1, compared to Test 2.   

 

The slotted beam connection exhibited the greatest vertical deformation with respect to the 

bottom of the beam. This measurement is thought to be inaccurate, and caused by movement and 

rearrangement of the potentiometer bracket anchorage within in the highly cracked and degraded 

cover concrete of the slotted beam hinge.  

 

The floor unit deformation components for the repaired connections were less than that observed 

at the serviceability limit state in Test 1, due to the brittle failure mechanism formed by bonding 

of the floor units to the support beam. Comparing the maximum and residual slab cracks once 

again highlights the successful performance of the pre-cracked slab detail to minimise slab 

damage during rotation of the floor on the support beam during an earthquake.  
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With exception to the unexpectedly high residual drift for the open-ended hinge connection, the 

use of the unbonded high strength steel bars reduced residual drifts by approximately 25% at the 

serviceability limit state, compared to that observed in Test 1. It is thought that the unusually high 

residual drift observed at the open-ended top hinge connection, was caused by yielding of the 

topping and floor unit reinforcement and by floor unit dislocation which may have occurred with 

the formation of the brittle floor failure mechanism. Localised tension yield of the high strength 

re-centring bars may also have been responsible for the unexpectedly high residual drift.  

 

Table 5-6 Serviceability limit state 1.0% drift frame damage indicators for Test 2  

 Slotted Beam 

Connection 

Circular top hinge 

pre-cracked slab 

Circular top hinge Open ended hinge 

Max Slab Crack 0.85mm 0.55mm 0.65mm 0.95mm 

Residual  slab crack 0.45mm 0.15mm 0.40mm 0.45mm 

Maximum horizontal 

hinge displacement 

1.2mm 1.7mm 1.5mm 1.3mm 

Max vertical floor 

unit displacement 

0.82mm 1.3mm 0.85mm 1.0mm 

Max vertical hinge 

displacement  

 

with respect to beam 

0.34mm 

 

 

0.45mm 

0.91mm 

 

 

0.37mm 

0.87mm 

 

 

0.39mm 

0.45mm 

 

 

0.29mm 

Residual Drift 0.45% 0.4% 0.4% 0.58% 

 

At 1.5% drift, cracking of the support beam cover concrete was noted at the slotted beam 

connection, as shown in Figure 5-40(a). This was caused by tension forces induced in the cover 

concrete on the face of the support beam during a positive moment rotation of the floor system as 

a result of the precast unit bonding which occurred during the frame repair. Spalling of this cover 

concrete progressively worsened with increasing drift cycles and by the end of the cycles to 4.5% 

drift, severe cover spalling and peeling had occurred, as shown in Figure 5-40(b).  
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(a) First cycle to +1.5% drift (b) End of test after 4.5% drift cycles 

Figure 5-40 Support beam cover concrete spalling observed at the slotted beam connection during test 2 

 

In the 2.0% drift cycles, the initiation of buckling distortion was noted in the D12 dissipaters at 

the circular top hinge pre-cracked slab connection, as shown in Figure 5-41(a). Since the steel 

confinement tubes were unable to be fitted to the D12 dissipaters at the internal connection, it 

was expected that buckling of these bars would occur first. Figure 5-41(b) shows the open-ended 

top hinge connection bars with the buckling restraint sleeves fitted, which displayed no visible 

signs of buckling.  

 

   

(a) Buckling of D12 bars at 

circular top hinge 

precracked connection 

(b) Buckling restraint steel 

sleeves at open-ended 

top hinge connection 

(c) Initiation of column cover concrete 

spalling during negative moment 

rotations at -2.0% drift.  

Figure 5-41 Damage observations at 2.0% drift cycles 
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Figure 5-41(c) shows the initiation of spalling in the column cover concrete above the slotted 

beam hinge which was noted during negative moment rotation of the connection at -2.0% drift.  

 

5.6.2 2.5% drift cycles-Design limit state 

Yield of the un-bonded high strength steel longitudinal bars occurred in each connection at drifts 

just below the 2.5% design limit state. No bar rupture was observed in any of the connection bars 

through the 2.5% drift cycles indicating that the connection arrangement and buckling restraint 

detailing applied for test 2 successfully improved the drift capacity of the non-tearing connection 

details, compared to Test 1.  

 

Figure 5-42 shows the progression of the brittle failure mode through the precast floor system at 

the 2.5% design drift level. The most severe failure occurred at the open-ended top hinge 

connection, shown in Figure 5-42(a) and may have contributed to the unexpectedly high residual 

drift observed in Table 5-7.   

 

Buckling distortion of the un-sleeved D12 longitudinal dissipaters progressed at the internal 

connection, while the steel sleeves continued to provide compression confinement to the external 

connection D12 dissipaters, with no signs of buckling observed at the design limit state.  

  

   

(a) Open ended top hinge 

connection 

(b) Circular top hinge connection (c) Slotted beam connection 

Figure 5-42 Progression of diaphragm brittle failure mode at design level 2.5% drift 
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With exception to the primary floor crack along the brittle failure path through the floor 

diaphragm, cracking in the floor slab at 2.5% drift occurred at the existing crack locations from 

Test 1, with some lengthening and propagation of these cracks observed. Figure 5-43 shows the 

myriad of cracks which developed at the location of the brittle failure path in the connections 

with conventional floor slab detailing. Figure 5-43(c) shows that no slab damage due to floor unit 

rotation was evident in the pre-cracked floor-to-support beam detail, despite the large number or 

reversed drift cycles applied to the specimen.  

 

    

(a) Open ended top 

hinge connection 

(b) Circular top hinge 

connection 

(c) Circular top hinge 

pre-cracked slab 

connection 

(d) Slotted beam 

connection 

Figure 5-43 Primary diaphragm cracks at 2.5% drift in test 2 

 

Comparing the damage indicators for the design level 2.5% drift limit state in Table 5-7, similar 

trends are drawn to those at the serviceability limit state. The successful damage reduction 

associated with the pre-cracked detail is observed when comparing the maximum and residual 

slab cracks between the connections. The maximum slab crack widths observed in Test 2 are 

lower than that observed for Test 1 due to the brittle failure mode of the repaired precast units 

which occurred in Test 2. However comparable maximum and residual slab crack widths for the 

pre-cracked floor unit detail are observed for Tests 1 and 2, which did not suffer brittle floor 

failure.  
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Similarly, comparable horizontal hinge openings between Test 1 and Test 2 are observed for the 

slotted beam connection. However, spalling of the hinge concrete in the slotted beam saw 

inaccurately high vertical hinge displacements recorded in Test 2, compared to those observed in 

Test 1. Comparing the hinge deformation for the steel top hinge connections shows a reduction in 

the vertical and horizontal hinge displacements for Test 2, compared to Test 1, highlighting the 

force sensitivity of the steel top hinge details.  

 

With exception to the open-ended top hinge detail, the implementation of the unbonded high 

strength reinforcing bars in the connections resulted in a 42% to 46% reduction in residual drift, 

compared to that observed in Test 1. This significantly reduces the likelihood of expensive repair 

or demolition of the structure due to P-delta instability after a design level earthquake.  

 

Table 5-7 Design limit state 2.5% drift frame damage indicators for test 2  

 Slotted Beam 

Connection 

Circular top hinge 

pre-cracked slab 

Circular top hinge Open ended hinge 

Max Slab Crack 3.9mm 1.4mm 3.0mm 4.0mm 

Residual  slab crack 3.0mm 0.55mm 2.3mm 3.2mm 

Maximum horizontal 

hinge displacement 

2.9mm 3.7mm 3.2mm 2.9mm 

Max vertical floor 

unit displacement 

3.2mm 3.1mm 2.8mm 4.0mm 

Max vertical hinge 

displacement  

 

with respect to beam 

1.6mm 

Spalling of hinge 

concrete 

1.2mm 

1.5mm 

 

 

0.96mm 

1.5mm 

 

 

0.94mm 

0.88mm 

 

 

0.91mm 

Residual Drift 1.2% 0.92% 0.92% 1.6% 

 

5.6.3 3.5% drift cycles-Ultimate limit state 1 

In the first cycle to -3.5% drift, rupture of the D12 dissipaters occurred in tension in the circular 

top hinge pre-cracked slab connection at -2.0% drift. In the following cycle to +3.5% drift, the 

D12 dissipaters of the circular top hinge connection ruptured in tension at -0.15% drift and failure 

of one of the D12 dissipaters occurred in the slotted beam connection. In the third cycle to +3.5%, 

the second D12 dissipater in the slotted beam connection failed in tension at -0.2% and in the 

final cycle to -3.5% drift, one D12 dissipater failed in tension in the open-ended top hinge 

connection at -1.75% drift. Fracture of the D12 reinforcing bars at the internal connections are 

shown in Figure 5-44.  
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Evidence of cone pullout of the column cover concrete was noted at the internal beam-column 

joint around the HD16 longitudinal reinforcing bars, and is shown in Figure 5-44(c) and Figure 

5-45(c). This was caused by the development of simultaneous tension and compression 

overstrength in the reinforcement on adjacent sides of the joint. This behaviour indicates high 

reinforcement strains and suggests that the development of some bond degradation and slip 

occurred through the internal beam column joint due to the severe bond stress demand.  

 

   

(a) Fracture of the circular top 

hinge connection D12 bars 

(b) Fracture of the circular top 

hinge pre-cracked slab 

connection D12 bars 

(c) Initiation of concrete cone 

pullout around HD16 bars in 

circular top hinge connection 

Figure 5-44 Bar fracture and pullout observed at the internal connection at 3.5% drift 

 

Splitting of the beam end cover concrete, similar to that observed during Test 2, was noted above 

the HD16 bars in the open-ended top hinge connection, as shown in Figure 5-45(a). Swelling and 

distortion of the reinforcing bar inside the beam caused expansion of the cover concrete and 

stirrups, cracking the cover concrete. Figure 5-45(a) also shows buckling of the steel tubes 

shrouding the D12 dissipaters at the external connections, which was observed after fracture of 

the D12 dissipaters had occurred. Squashing of the HD16 steel tubes was also observed in a 

concertina type deformation mode as shown in Figure 5-45(b).   
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(a) Cover concrete splitting and 

tube buckling at open-ended 

top hinge connection 

(b) Concertina deformation of 

HD16 steel tubes at circular 

top hinge pre-cracked slab 

connection 

(c) Tension cracks in beam-

column joint around HD16 

bar at circular top hinge pre-

cracked slab connection 

Figure 5-45 Concrete cover damage and steel tube buckling around HD16 bars at 3.5% drift 

 

At 3.5% drift the crack widths at the location of the brittle failure of the floor diaphragm widened, 

compromising the gravity load carrying capacity of the floor system. Comparing the maximum 

and residual slab cracks in Table 5-8, it is observed that the slab cracks for Test 2 are slightly 

smaller than those for Test 1 due to the brittle failure mode of the floor. The low slab crack 

extensions for the pre-cracked floor-to-support beam detail, reported in Table 5-8, indicate that 

the pre-cracked floor detail continued to perform impressively in minimising floor slab damage.   

 

The vertical bending deformation of the open ended top hinge detail was greater than observed in 

the circular top hinge details at 3.5%, while at previous smaller drift levels, lower deformation 

was observed. This highlights the non-linear load and deformation relationship of the eurethene 

corbel pads and top hinge arrangement.  

 

Comparing the residual drift characteristics in Table 5-8 shows that the unbonded high strength 

bars continued to provide a reduction in residual drift, even at the 3.5% drift ultimate limit state, 

with 20% to 25% reduction in residual drift compared to Test 1. This characteristic reduces the 
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proneness to p-delta instability and negative global structural stiffness after a severe earthquake, 

improving the seismic performance and safety of the building.  

 
 

It is interesting to note that the residual drift of the open ended top hinge connection, which was 

unexpectedly high in previous drift cycles, was much closer to that of the other connections at 

3.5% drift. It is thought that with the widening of the slab crack at the brittle failure zone at 

increased levels of drift, aggregate interlock and contact between the two sides of the crack 

resisting the crack from closing became less severe, improving the re-centring qualities of the 

connection.  

 

During the cycles to 3.5% drift, the vertical hinge pots on the circular top hinge connection were 

lost due to spalling of the thin layer of slab concrete overlaying the steel hinge.  

 

Table 5-8 Ultimate limit state 3.5% drift frame damage indicators for test 2  

 Slotted Beam 

Connection 

Circular top hinge 

pre-cracked slab 

Circular top hinge Open ended hinge 

Max Slab Crack 6.3mm 1.9mm 5.1mm 6.0mm 

Residual  slab crack 5.0mm 0.9mm 4.0mm 5.2mm 

Maximum horizontal 

hinge displacement 

4.0mm 4.9mm 4.2mm 4.9mm 

 

Max vertical floor 

unit displacement 

5.2mm 4.3mm 3.8mm 5.6mm 

Max vertical hinge 

displacement  

 

with respect to beam 

Lost pot due to 

concrete spalling 

 

1.9mm 

1.6mm 

 

 

1.1mm 

Lost pot due to 

concrete spalling 

 

1.1mm 

1.4mm 

 

 

1.4mm 

Residual Drift 2.2% 1.9% 1.9% 2.4% 

 

5.6.4 4.5% drift cycles-Ultimate Limit State 2 

In the first cycle to 4.5% drift, one new crack formed across the floor slab at the circular top 

hinge and open-ended top hinge connections during a negative moment rotation. These cracks 

initiated from flexural-tension cracks in the top of the beam and spread in a diagonal flexural 

shear manner across the slab, as shown at the bottom of Figure 5-46(a) and Figure 5-46(b).  
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(a) Open-ended top hinge connection (b) Circular top hinge connection 

  

(c) Circular top hinge pre-cracked slab connection (d) Slotted beam connection 

Figure 5-46 Floor slab cracks observed at 4.5% drift in test 2 
 

 

Figure 5-47 shows the localised slab damage at the precast unit-to-support beam boundary for 

each connection. The development of some new cracks is apparent from the test two drift cycles, 

however the majority of damage occurs at the existing crack locations from test one or as linking 

cracks running between the existing cracks.  

 

The lack of slab damage in Figure 5-47(c) highlights the effectiveness of the pre-cracked floor-

to-support beam detail in minimising diaphragm damage and starter bar initiation. Even though 

bonding of the soffit of the precast unit to the support beam occurred, the pre-cracked slab detail 

still effectively relieved diaphragm stresses induced by rotation of the floor on the support beam. 

Without severe beam elongation in the non-tearing frame, floor rotation and damage was 
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concentrated to the primary crack location at the floor-to-support beam boundary and crack 

extensions further out in the slab were minor.  

 

  

(a) Open-ended top hinge connection (b) Circular top hinge connection 

  

(c) Circular top hinge pre-cracked slab connection (d) Slotted beam connection 

Figure 5-47 Localised slab damage observed at 4.5% drift in test 2 

 

Figure 5-48 shows the damage to the diaphragm at the support beams which was caused by the 

brittle mode of floor failure. The external support beams display the greatest crack widths and 

damage since the rotation demand on the floor was greater at the external column compared to 

the internal column. The gravity load carrying capacity of the floor diaphragm was severely 

compromised by this mode of failure. However the likelihood of collapse is significantly reduced 

compared to traditional reinforced concrete frames with the absence of beam plastic hinge 

elongation in the non-tearing floor system.  
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(a) Open ended top hinge 

connection 

(b) Circular top hinge connection (c) Slotted beam connection 

Figure 5-48 Damage to the floor diaphragm at the support beams caused by a brittle mode of failure 

 

In the first cycle to +4.5%, cone pullout of the concrete cover occurred at the circular top hinge 

connection of the internal beam column joint, as shown in Figure 5-49(a). The loss of concrete 

cover caused the HD16 sleeved bar and duct to buckle in the subsequent drift reversal and 

spalling of the concrete cover around the bar occurred, as shown in Figure 5-49(b). During 

negative moment rotation of the connections, squashing of the HD16 bar sleeves in the concertina 

manner shown in Figure 5-49(c) occurred.  

 

   

(a) Concrete cover cone pullout 

around the HD16 bars in 

circular top hinge connection 

(b) Buckling of HD16 bar and 

duct in concrete column cover  

(c) Concertina squashing of HD16 

buckling restraint sleeve 

Figure 5-49 Concrete cone pullout and bar buckling at the internal connection at 4.5% drift 
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Figure 5-50 shows the damage to the hinge regions at each connection after the drift cycles to 

4.5%. The slotted beam connection hinge displayed the highest degree of damage of the four 

connections. Figure 5-51 shows the wide concrete cracks and cover spalling which occurred 

through the depth of the hinge and in the cover concrete on the slab surface above the slotted 

beam hinge.  

 

  

(a) Slotted beam connection (b) Circular top hinge precracked slab connection 

  

(c) Circular top hinge connection (d) Open-ended top hinge connection 

Figure 5-50 Damage to hinge regions at 4.5% drift 

 

Damage to the steel top hinge details was limited to tension cracks in the slab concrete above the 

beam caused by hinge uplift, which primarily occurred during Test 1. Since the connection 

moment strength and beam shear for Test 2 was lower than that for Test 1, the magnitude of 

hinge uplift in Test 2 was less than that observed in Test 1. For this reason, no significant new 
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damage to the concrete above the top hinge details was noted in Test 2 and only the lengthening 

and spreading of some existing cracks was observed. After a severe earthquake, it is unlikely that 

the slab concrete above the top hinge details would require repair, while the slotted beam hinge 

would require attention to reinstate the damaged cover concrete.  

 

  

(a) Concrete spalling and cracking through depth of 

hinge  

(b) Concrete cover spalling and damage in slab 

above the hinge 

Figure 5-51 Damage to the slotted beam connection hinge at 4.5% drift 

 

Comparing the damage parameters between the four connections in Table 5-9 shows the superior 

deformation control and damage reduction of the circular top hinge pre-cracked slab detail. The 

open-ended top hinge connection had the least favourable performance, displaying the largest 

hinge deformations, slab cracks and residual drift.  

 

Table 5-9 Frame damage indicators for Test 2 4.5% drift 

 Slotted Beam 

Connection 

Circular top hinge 

pre-cracked slab 

Circular top hinge Open ended hinge 

Max Slab Crack 9.0mm 2.6mm 7.2mm 9.5mm 

Residual  slab crack 7.5mm 1.2mm 6.0mm 8.5mm 

Maximum horizontal 
hinge displacement 

5.0mm 5.5mm 5.1mm 6.8mm 

Max vertical floor 

unit displacement  

7.2mm 5.5mm 4.3mm 7.6mm 

Max vertical hinge 

displacement  

 

with respect to beam 

Lost pot due to 

concrete spalling 

 

2.2mm 

1.7mm 

 

 

0.54mm 

Lost pot due to 

concrete spalling 

 

1.1mm 

2.3mm 

 

 

1.5mm 

Residual Drift 2.9% 2.2% 2.2% 3.0% 
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The unusually high residual drift observed in lower drift cycles for the open-ended top hinge 

connection, is not as significant in the 4.5% drift cycles, which is attributed to the reduction in 

aggregate dislocation in the brittle failure mechanism of the floor diaphragm as cracking through 

the failure zone widened with increasing storey drift. The vertical hinge deformation of the open-

ended top hinge, which was previously the lowest of the three top hinge details during smaller 

drift cycles, was the highest at 4.5% drift, highlighting the non-linear force and rotation 

displacement relationship of the detail.  

 

5.6.5 Test 2 Connection Hysteretic Response 

 

Figure 5-52 Slotted beam connection hysteresis for test 2 
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Figure 5-52 presents the storey shear vs. storey drift hysteresis for the slotted beam connection. 

The connection reached a peak storey shear of +50kN at +3.5% drift and -55kN at -3.5% drift 

under a negative moment rotation.  

 

The connection displayed a stable hysteresis through the 2.5% drift cycles and the first cycle at 

3.5% drift. The initiation of longitudinal bar buckling and subsequent fracture of the D12 

dissipaters in the following 3.5% drift cycles reduced the peak positive strength of the connection.  

A 25% loss in peak strength occurred during the 3.5% cycles with a maximum 30% loss of peak 

strength at 4.5% drift. Contact between the fractured bars under a negative moment rotation 

provided surprisingly good resistance, with only a 13% drop in the peak strength observed under 

a negative moment connection rotation.   

 

 

Figure 5-53 Circular top hinge connection hysteresis for test 2 
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Figure 5-53 presents the storey shear vs. storey drift hysteresis for the circular top hinge internal 

connection. The connection reached a peak storey shear of 95kN at +3.5% drift and -97kN at        

-3.5% drift. A stable hysteresis was achieved through the 2.5% and first 3.5% drift cycles, after 

which buckling and fracture of the D12 dissipaters caused a loss of peak connection strength. A 

19% drop in the peak response was observed in the third cycle at 3.5% drift, during a positive 

moment connection rotation, which was the maximum strength loss observed in the connection.  

 

 

Figure 5-54 Open ended top hinge connection hysteresis for test 2 

 

Figure 5-54 presents the storey shear vs. storey drift hysteresis for the open-ended top hinge 

external connection. The connection reached a peak storey shear of 67kN at +3.5% drift and         

-50kN at -3.5% drift. Stable hysteretic response was achieved through the first and second cycles 

to 3.5% drift, after which a 20% reduction in the positive moment peak strength occurred as a 
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result of bar fracture caused by buckling of the bottom beam longitudinal reinforcement. At 4.5% 

drift, the maximum reduction in peak response was 32%.  

 

Although the positive moment hysteretic behaviour of the open-ended top hinge was similar to 

that observed in the slotted beam and circular top hinge connections, unusually high stiffness and 

strength is apparent during a negative moment connection rotation. The brittle failure of the floor 

diaphragm at the open-ended top hinge connection is thought to have caused this behaviour. The 

brittle floor failure at this connection was the worst out of the three convention floor-to-support 

beam details, as shown in Figure 5-48. Under a negative moment rotation, the wide cracks which 

spread through the floor diaphragm resisted contact between the soffit of the floor unit and the 

support beam, causing the floor slab negative moment initiation to occur under a beam flange 

mechanism, representative of that observed in traditional reinforced concrete structures, rather 

than the support beam torsion theory proposed in this research. The wide crack extensions is also 

likely to have induced higher stress in the slab starter bars during a negative moment connection 

rotation, compared to the other connections in the frame, which may have contributed to the 

unexpectedly high negative moment strength and stiffness.  

 

5.6.6 Damage to Floor System and Frame After test 2 

The cracking and damage to the non-tearing frame and floor system at the end of Test 2 is shown 

in Figure 5-55  and Figure 5-56. The slab damage, shown in Figure 5-55, is very similar to that 

observed from Test 1 in Figure 5-31. The lengthening and linking of existing floor diaphragm 

cracks and the development of some new slab cracks during Test 2 is observed when comparing 

the slab damage between the two tests. The primary slab crack opening, located at the brittle floor 

failure zone, is evident in Figure 5-55 and the lack of damage at the pre-cracked slab connection 

in the centre right of Figure 5-55 shows the significant damage reduction achieved by this detail. 

 

Figure 5-56 shows the damage to the beam and column members. The minimal flexural tension 

cracking of the beams and columns indicates the predominantly elastic response of these 

members. The mechanism at the internal beam-column joint is well developed as is shown by the 

diagonal cracking of the internal joint in Figure 5-56.  

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

5-67 

From the frame and floor damage observed Figure 5-55 and Figure 5-56 it can be concluded that 

the non-tearing floor connections minimised cracking to the frame and floor system, and in terms 

of structural damage, performed significantly better than a traditional monolithic reinforced 

concrete frame. 
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Figure 5-55 Plan view of top of slab damage at the end of test 2 

 

 

 

 

Figure 5-56 Front elevation of frame cracks at the end of test 2
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5.7 DISCUSSION OF SYSTEM PERFORMANCE 

The experimental investigation on the seismic performance of a two dimensional non-tearing 

frame and floor system highlighted the significant reduction in floor and frame damage 

associated with the non-tearing connection technology. On the top surface of the slab, damage 

was concentrated to one primary slab crack located at the precast unit-to-support beam boundary, 

while remaining slab cracks were less than 0.3mm wide. Pre-cracking of the floor-to-support 

beam boundary successfully minimised the opening of the primary floor unit crack and prevented 

the development of cracking out into the slab.  

 

After a serviceability limit state earthquake, it is not expected that repair of the frame or slab 

would be required which significantly reduces the amount of economic downtime required for the 

assessment and repair of a building. In fact, in terms of the structural components, the lack of 

damage in a non-tearing frame should allow rapid reoccupation of the building after a 

serviceability limit state earthquake. At higher levels of drift, repair of the primary slab cracks 

may be required for corrosion protection reasons. However repair would be minimised to one 

crack at the precast unit-to-support beam boundary, which is significantly less extensive than 

what would be required for a traditional monolithic reinforced concrete frame building. Without 

the formation of beam plastic hinges in the non-tearing frame, repair of the cracks in the 

elastically responding beam and column members would not be required.  

 

Four connection details were developed and investigated in the experimental program. The top 

hinge details utilised purely precast construction through the use of steel top hinges, column 

corbels and ducted construction techniques. The slotted beam hinge adopted more traditional 

cast-in-situ construction techniques using conventional reinforced concrete materials.  

 

The flexibility of the steel top hinge details inhibited their performance, particularly in terms of 

vertical hinge deformation. The open-ended hinge detail with eurethene pads performed poorly, 

especially in terms of vertical hinge displacement, and was the least successful detail of the four 

connections tested. The eurethene pads increased the cost of the detail and were detrimental to 

the connection performance at high drift levels. The slotted beam achieved the best performance 
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of the four details, exhibiting the lowest vertical and horizontal hinge deformations during 

rotation of the connection, but displayed the highest degree of connection damage. The 

construction procedure of the slotted beam emulates traditional techniques currently used in 

construction practice and therefore displays the greatest potential of the four connections to be 

implemented into industry.  

 

In Test 1, all four connections in the frame failed prematurely between 2% and 2.5% drift due to 

buckling and subsequent fracture of the longitudinal bottom beam reinforcement. Buckling of the 

longitudinal reinforcement at the bottom of the beam also induced spalling of the beam cover 

concrete and caused distortion of the shear stirrups. There were several contributing factors to the 

premature failure of the connections. The relative vertical displacement of the connection 

between the beam and column face induced buckling eccentricity and dowel action in the bottom 

reinforcement. This vertical displacement was caused by rotation of the hinges and by flexural 

deformation in the top hinge details. Confinement of the beam ends was also insufficient to avoid 

expansion of the shear stirrups and cover concrete, and the initiation of spalling accelerated 

buckling in the longitudinal beam reinforcement. Vertical deformation of the connection induced 

dowel action in the bottom beam reinforcement which increased the confinement demand on the 

beam end, and was responsible for the bending and distortion of the beam shear stirrups.  

 

Encasing the debonded length of the beam reinforcement in steel tubes, which passed through the 

gap between the beam end and column face, successfully delayed the onset of longitudinal bar 

buckling and significantly improved the drift capacity of the connection and the stability of the 

hysteresis. The provision of unbonded high strength steel bars successfully reduced the residual 

drift of the connection and the reduced proneness to p-delta instability after a severe earthquake. 

At a serviceability limit state, the issue of residual drift was essentially removed from the system, 

further improving the performance of the non-tearing floor system in terms of loss of building 

function and economic downtime. The unbonded high strength bars maintained significant 

residual connection strength at high levels of drift, despite fracture of the D12 dissipaters having 

occurred. This is an important and desirable characteristic when considering the structural 

vulnerability and resistance to aftershocks, which can be of significant magnitude.  
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Although longitudinal bar buckling and fracture failure of the non-tearing frame was observed, 

the experimental program successfully highlighted the performance benefits and potential of non-

tearing connections to significantly reduce damage in, and improve the safety and performance of 

precast floor frame structures. Development of connection detailing based on the lessons learnt 

from this experimental study, particularly to overcome vertical displacement and longitudinal bar 

buckling issues, would result in the improved performance of the tested non-tearing floor 

connection details compared to an equivalent monolithic reinforced concrete system.   

  

5.8 CHAPTER SUMMARY 

The following points summarise the key observations, conclusions and recommendations from 

the non-tearing frame experimental program.  

 

(1) The non-tearing floor connections tested in this experimental program significantly 

reduced damage to the floor diaphragm and structural frame, compared to traditional 

monolithic connections. The primary slab crack formed at the precast unit-to-support 

beam boundary, while other cracks which formed further out in the slab were of 

negligible width. The degree of repair required in the rehabilitation of a building after an 

earthquake is significantly reduced in the non-tearing floor system, compared to 

traditional reinforced concrete frame structures.  

 

(2) Pre-cracking of the slab successfully absorbed floor unit deformation and avoided cracks 

forming across the floor slab away from the floor-to-support beam boundary. At the 

serviceability limit state, and even at higher levels of drift, no repair of the pre-cracked 

connection detail floor or frame would be required, while a conventionally detailed slab 

may require repair of the primary slab crack for corrosion protection. The pre-cracked 

detail also minimised negative moment initiation of the slab starter bar reinforcement by 

absorbing floor unit rotation rather than prising the top of the unit away from the support 

beam. An issue with this detail which would require investigation is the out of plane 
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diaphragm inertial force transfer, as the pre-crack backing prevents force transfer by 

concrete shear,  instead inducing dowel action in the slab starter bars.  

 

(3) Failure of the connections occurred due to buckling induced fracture of the longitudinal 

bottom beam reinforcement. Buckling vulnerability was enhanced by vertical deformation 

of the connection due to hinge rotation and flexure. Providing larger diameter longitudinal 

beam bars would minimise the potential for buckling, provided that beam column joint 

anchorage can be satisfied. Increasing the column width or providing a high concentration 

of joint steel to improve joint confinement would help to solve bar anchorage issues when 

larger diameter beam bars are specified.  

 

(4) The vertical flexural deformation of the top hinge non-tearing connection details 

increased the buckling vulnerability of the connection and induced dowel action in the 

bottom beam reinforcement. Stiffening of the hinge details would be required to avoid 

severe vertical flexural deformation. Stiffening could be achieved by providing a deeper 

steel section or stiffening straps in the hinge detail.  

 

(5) Improved confinement of the beam ends would be required in order to prevent spalling of 

the cover concrete. A recommendation would be to increase the diameter and reduce the 

spacing of the beam shear stirrups and to provide shear reinforcement as close to the beam 

end as possible. The provided spacing should much smaller than the 6db minimum 

requirement in NZS3101:2006. Providing large diameter stirrups at the closest spacing 

which would allow concrete aggregate particles to pass is suggested. Alternatively, a steel 

confinement cap encasing the bottom and sides of the end of the beam could be provided 

to improve beam end confinement.  Further research is required on this issue in order to 

provide recommendations for the sufficient confinement of the end of the beams in non-

tearing connections, as the current code provisions do not satisfy the confinement demand.   

 

(6) In Test 2, steel tubes passing through the gap and into the column were used to debond 

and confine the beam bars, which successfully delayed the onset of longitudinal bar 

buckling. It is recommended to provide the beam bar debonded length using steel tubes. 
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The inner diameter of the tube should be just large enough to fit over the bar, without 

severe slop between the bar and tube. If significant slop is present, grouting of the bar 

inside the tube should be performed. In this case, the bar may need to be taped or 

lubricated to ensure that the grout does not bond the bar to the steel tube.  

 

(7) The use of high strength unbonded reinforcement considerably reduced the residual drift 

of the frame, particularly at the serviceability and design limit states, but also at high 

levels of drift. This solution improved the residual drift response of the structure using 

traditional reinforcement detailing. After a severe earthquake, considerable residual 

strength was retained in the connection through the use of unbonded high strength bars 

located higher in the beam section which is a desirable characteristic for the resistance 

against aftershocks, which are almost certain to occur after an earthquake.  

 

(8) The Sikadur 52 injection grout used to repair the floor slabs altered the hierarchy of 

strength in the frame and caused undesirable brittle failure of the floor diaphragm. It is not 

recommended to use a resin based grouting product for the repair of precast concrete floor 

slabs. Instead a cementicious based product should be applied, and care taken when 

repairing cracking at the precast unit to support beam boundary to ensure that the floor 

unit sliding mechanism is maintained after the repair is carried out.   

 

(9) Of the four connection details, the slotted beam connection showed the most promise for 

development in terms of structural performance and construction. The detail was the most 

economically efficient of the four connections and the most familiar to current New 

Zealand construction practice.  
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CHAPTER 6. ANALYSIS OF EXPERIMENTAL PERFORMANCE 

6.1 INTRODUCTION 

In this chapter the experimental performance of the non-tearing test frame has been analysed and 

presented. The proportion of member deformations to total frame drift has been determined, 

providing an indication of the accuracy of the instrumentation applied to the test specimen and 

reliability in the analysis drawn from these measurements. The deformation characteristics of the 

non-tearing connection details have been assessed and the displacement incompatibility and beam 

elongation behaviour of the non-tearing frame has been presented and compared with the 

response of traditional monolithic reinforced concrete frames from previous research. The 

original theory proposed for the design of non-tearing frame connections has been critically 

analysed and the validity of the proposed design techniques discussed. Finally, the experimental 

performance of the frame has been assessed against acceptance criteria for moment frame 

technology and recommendations for the improvement of the tested connection details and future 

research are suggested.  

 

6.2 COMPARISON OF EXPERIMENTAL AND PREDICTED HYSTERETIC 

RESPONSE 

6.2.1 Test 1 Hysteretic Response 

Figure 6-1 to Figure 6-3 provides a comparison of the experimental and predicted yield and 

ultimate responses for each of the connections in the frame. The prediction calculations are 

provided in Appendix C.  

 

For all of the connections, the predicted yield and ultimate responses for Test 1 capture the 

observed experimental response with good accuracy. This supports the proposed theory of 

predicting negative moment initiation through torsion of the support beam in structural systems 

such as the non-tearing system where beam elongation and diaphragm damage is minimal.  
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A summary of the predicted yield and ultimate responses for Test 1 is provided in Table 6-1. In 

Table 6-1, 𝜃𝑦  is the predicted storey drift at yield of the connection, 

𝑉𝑐𝑦  is the predicted column storey shear at yield of the connection, and 𝑉𝑐𝑢  is the predicted 

column storey shear at the ultimate failure capacity of the connection.  

 

In this chapter, a positive moment rotation is defined as rotation of the connection which induces 

tension in the bottom of the beam, while a negative moment rotation induces tension in the top of 

the beam.  

 

Table 6-1 Summary of the predicted yield and ultimate connection response for Test 1 

Positive moment rotation 

Connection 𝜽𝒚 𝑽𝒄𝒚 𝑽𝒄𝒖 

Slotted beam 0.370 % 55.4 kN 80.9 kN 

Circular top hinge 0.490 % 100 kN 148 kN 

Open ended top hinge -0.370% -50.2 kN -74.0 kN 

Negative moment rotation 

Slotted beam -0.375 % -58.5 kN -83.8 kN 

Circular top hinge -0.500 % 109 kN -157 kN 

Open ended top hinge +0.375% +58.5 kN +83.0 kN 

 

 

Failure of the connections occurred at lower drifts that predicted by the low cycle fatigue analysis 

as a result of buckling of the longitudinal bars at the bottom of the beam which induced localised 

strain hardening, thereby causing early fracture of the bottom beam longitudinal reinforcement.  
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Figure 6-1 Comparison of predicted and observed hysteretic response for the slotted beam connection Test 1 
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Figure 6-2 Comparison of predicted and observed hysteretic response for the circular top hinge connection 

Test 1 
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Figure 6-3 Comparison of predicted and observed hysteretic response for the open ended top hinge connection 

for Test 1 

 

6.2.2 Test 2 Hysteretic Response 

Figure 6-4 to Figure 6-7 compares the predicted and experimental yield and ultimate responses 

for the slotted beam and circular top hinge connections during Test 2. The longitudinal bars at the 

bottom of the beam were encased in steel tubes for Test 2, in an effort to delay the onset of 

buckling of the reinforcement. The D12 dissipaters at the internal connection in the frame could 

not be encased in steel tubes since the reinforcing bar was already located inside the beam duct in 

Bay 2 of the beam.  
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A compression buffer was provided on the end of each tube in order to avoid the steel tubes 

contributing to the strength of the connection under a negative moment connection rotation. The 

short 50mm length of tube bonded in the column duct was assumed to slide during a positive 

moment rotation, avoiding tension strength initiation of the steel tube.  

 

For the Test 2 predictions, 𝜃𝑦1is defined as the “first yield” column drift of the connection at 

yield of the D12 dissipaters,  𝑉𝑐1 is the “first yield” column storey shear for the connection at 

yield of the D12 dissipaters, 𝜃𝑦2 is the “second yield” storey drift of the connection at the yield of 

the HD16 unbonded bars, 𝑉𝑐1is the “second yield” column storey shear of the connection at yield 

of the HD16 unbonded bars, and 𝑉𝑐𝑢  is the “ultimate” column storey shear for the connection at 

failure of the D12 dissipaters in the connection.  

  

Comparing the predicted and experimental response of the connections in Figure 6-4 and Figure 

6-6, when the strength of the steel bar tubes was excluded in the predictions, shows that while the 

“first yield” response of the connections was predicted well, the “second yield” and “ultimate” 

connection strength were both underestimated. Comparing the predicted and observed response 

in Figure 6-5 and Figure 6-7, where the strength of the tubes was included in the prediction, 

shows that while the first yield response of the connections was overestimated, a better prediction 

of the second yield and ultimate response was achieved.  

 

This suggests that the steel tubes did not contribute to the strength of the connection at the first 

yield low levels of drift, as predicted, but initiated at higher levels of drift at second yield of the 

connection and the ultimate limit state.  Strength initiation at higher drift levels is thought to have 

been caused by the vertical hinge deformation kinking the steel tubes, causing the tubes to 

dislocate and bind inside the ducts and yield rather than slide. A summary of the predicted yield 

and ultimate conditions, with and without the strength contribution of the buckling restraint tubes, 

are provided in Table 6-2 and Table 6-3.  

 

 

 

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

6-7 

Table 6-2 Summary of the predicted yield and ultimate connection response for Test 2 

Positive Moment Rotation 

Connection 𝜽𝒚𝟏 𝑽𝒄𝟏 𝜽𝒚𝟐 𝑽𝒄𝒚𝟐 𝑽𝒄𝒖 

Slotted beam 0.237 % 16.5 kN 1.94 % 40.0 kN 44.2 kN 

Circular top hinge 0.304 % 36.3 kN 2.09 % 78.3 kN 86.1 kN 

Open ended top hinge -0.244 % -14.1 kN -1.95 % -34.8 kN -38.5 kN 

Negative Moment Rotation 

Slotted beam -0.250 % -22.5 kN -2.36 % -45.2 kN -50.1 kN 

Circular top hinge -0.304 % -36.3 kN -2.09 % -78.3 kN -86.1 kN 

Open ended top hinge 0.250 % 22.5 kN 1.96 % 43.5 kN 47.6 kN 

 

 

Table 6-3 Summary of the predicted yield and ultimate connection response for Test 2 including buckling 

restraint tube strength 

Positive Moment Rotation 

Connection 𝜽𝒚𝟏 𝑽𝒄𝟏 𝜽𝒚𝟐 𝑽𝒄𝒚𝟐 𝑽𝒄𝒖 

Slotted beam 0.267 % 22.7 kN 2.00 % 48.7 kN 55.3 kN 

Circular top hinge 0.313 % 37.6 kN 2.13 % 85.4 kN 94.3 kN 

Open ended top hinge -0.272 % 19.9 kN -2.00 % -42.5 kN -50.1 kN 

Negative Moment Rotation 

Slotted beam -0.276 % -25.8 kN -2.30 % -52.2 kN -59.3 kN 

Circular top hinge -0.313 % -37.6 kN -2.13 % -85.4 kN -94.3 kN 

Open ended top hinge 0.276 % 25.8 kN 2.00% 51.2 kN 59.2 kN 
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Figure 6-4 Comparison of predicted and observed hysteretic response for slotted beam connection Test 2 

 

Figure 6-5 Comparison of predicted and observed hysteretic response for the slotted beam connection Test 2 

including steel tube strength contribution 
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Figure 6-6 Comparison of predicted and observed hysteretic response circular top hinge connection Test 2 

 

Figure 6-7 Comparison of predicted and observed hysteretic response for the circular top hinge connection 

Test 2 including steel tube strength contribution 
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Figure 6-8 Comparison of predicted and observed hysteretic response open ended top hinge connection Test 2 

 

Figure 6-9 Comparison of predicted and observed hysteretic response for the open ended top hinge connection 

Test 2 including steel tube strength contribution 
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Figure 6-8 and Figure 6-9 compare the predicted and observed hysteretic response for the open 

ended top hinge connection during Test 2. As for the slotted beam and circular top hinge 

connections, the predictions including the steel tubes provide a better prediction of the second 

yield and ultimate response of the connection.  

 

The severe brittle floor slab mechanism which formed at the open ended top hinge connection 

caused higher stiffness and first yield characteristics than was predicted. In particular, the second 

yield and ultimate conditions under a negative moment connection rotation were higher than 

predicted due to the strength enhancement from the brittle floor mechanism.  

 

The open ended top hinge connection behaved in a manner resembling the negative moment 

mechanism of a traditional monolithic connection, with floor slab initiation occurring as part of 

the beam flange rather than purely through torsion of the supporting beam. Due to the wide crack 

which formed at the precast unit-to-support beam boundary, the level of stress induced in the 

floor slab starter bars is expected to have been much higher at the open-ended top hinge 

compared to the other non-tearing connection details, which may have also contributed to the 

unexpectedly high negative moment strength and stiffness.  

 

However the negative moment strength initiation arising from the severe brittle floor mechanism 

at the open ended top-hinge, although apparent, was significantly less than would be expected in 

a traditional monolithic reinforced concrete connection, due to the absence of severe beam 

elongation in the frame, and the unique arrangement of the non-tearing connection.  

 

6.3 COMPONENTS OF LATERAL DRIFT FOR THE FRAME 

As described in Chapter 4, the lateral displacement of the frame is made up of several 

components of deformation, namely flexure and shear deformation of the beams, flexure and 

shear deformation of the columns and beam-column joint distortion. Converting the 

potentiometer deformations to the components of drift using the relationships described in 4.9.5, 

the frame drifts from the rotary potentiometers, inclinometers and linear potentiometer arrays are 

presented and compared in Figure 6-10.  
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Spalling of the beam end concrete during test one resulted in the loss of the beam potentiometers 

across the gap and caused the erratic nature of the linear potentiometer traces in Figure 6-10(a), 

(c) and (e). The indirect drift calculation from the linear potentiometer measurements generally 

agrees well with the directly measured rotary potentiometer and inclinometer drifts. A slight 

underestimation of peak drifts is observed in the linear potentiometer plots due to the fact that 

only parts of the beams and columns were fitted with linear potentiometer arrays, rather than over 

the entire member length. The close agreement between the three drift measurements indicates 

that the linear potentiometer instrumentation was accurate and reliable in both tests.  

 

 

  

(a) Slotted beam column Test 1 (b) Slotted beam column Test 2 

Figure 6-10 Comparison of frame displacements from direct measurement and member deformations 
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(c) Circular top hinge internal column Test 1 (d) Circular top hinge internal column Test 2 

  

(e) Open ended top hinge column Test 1 (f) Open ended top hinge column Test 2 

Figure 6-10 (continued) Comparison of frame displacements from direct measurement and member 

deformations 

 

Figure 6-11 presents the components of member deformation which made up the total column 
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to total column drift were determined from the linear potentiometer measurements. The 
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measurements were averaged at the peak positive and negative drifts from the three cycles at each 

drift level in the loading protocol.  

 

Opening and closing of the gap between the beam and column face was the dominant mechanism 

contributing to the total column drift. The joint and column shear contribution to drift was 

significantly greater at the internal column than the external column due to simultaneous yield 

and overstrength actions in the longitudinal beam reinforcement on both sides of the joint. The 

contribution from column flexure was minimal due to the large section size and high column 

strength selected for the non-tearing frame test.  

 

  

(a) Slotted beam column Test 1 (b) Slotted beam column Test 2 

  

(c) Circular top hinge internal column Test 1  (d) Circular top hinge internal column Test 2 

Figure 6-11 Proportion of member deformations to interstorey drift for Test 1 and Test 2 
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(e) Open-ended top hinge column Test 1 (f) Open-ended top hinge column Test 2 

Figure 6-11 (continued) Proportion of member deformations to interstorey drift for Test 1 and Test 2 

 

6.4 BEAM ELONGATION 

6.4.1 Beam Elongation Observed in the Experiment  

Figure 6-13 shows the elongation response of each of the non-tearing frame connections during 

Test 1. Beam elongation was measured at the mid-depth centreline of the beam, determined from 

the linear potentiometer arrays installed at the top of the hinge and the bottom of the beam, as 

shown in Figure 6-12. Due to the provision of the gap between the beam and column face, the 

response of the connections displayed elongation or gap opening under a positive moment 

rotation and shortening or gap closing under a negative moment rotation.  

 

 

𝐸 =
𝛿𝑎 + 𝛿𝑏

2
 

Figure 6-12 Determining mid-depth beam elongation from linear potentiometer arrays (Peng 2009) 
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The maximum connection elongation (or gap opening) observed under a positive moment 

connection rotation was between 4.5mm and 5.0mm in Test 1. The elongation vs. storey shear 

response for each of the connections showed a non-linear trend, with the shortening (or gap 

closing) observed in each of the connections under a negative moment rotation lower in 

magnitude than the positive moment elongation, at the same magnitude of interstorey drift.  

 

This behaviour is thought to be caused by the deformation of the top hinge longitudinal 

reinforcement under a negative moment connection rotation. The stiffness of the top hinge was 

lower under a negative moment rotation, when the top hinge reinforcement was subjected to 

tension, as the bearing strength of the steel and concrete hinge on the column face did not 

contribute to the force resisting capacity. It is also thought that the shear force and vertical 

deformation induced in the connections under a negative moment connection rotation may have 

acted to restrain the shortening (or gap closing) in the connection. The connection elongation 

characteristics would also have been influenced by the unique deformation characteristics of the 

top hinge details.  

 

  

(a) Slotted Beam connection (b) Circular top hinge pre-cracked slab connection 

Figure 6-13 Connection elongation measured at mid-depth of the beam observed during Test 1 
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(c) Circular top hinge connection (d) Open-ended top hinge connection 

Figure 6-13 (continued) Connection elongation measured at mid-depth of the beam observed during Test 1 

 

Figure 6-14 presents the connection elongation response for the non-tearing connections from 

Test 2. The magnitude of elongation and shortening observed in the connections was greater than 

for test one since higher interstorey drifts were achieved by the frame. Similar trends are noted in 

the elongation response from Test 2, compared to Test 1, with greater connection elongation 

under a positive moment rotation observed, compared to the negative moment connection 

shortening. Maximum elongation of the connections during Test 2 was between 9.0mm and 

10.0mm, while the maximum magnitude of shortening was between 5.5mm and 7.5mm. The 

discrepancy between the magnitudes of elongation and shortening at each drift level were 

significantly less for Test 2, compared to Test 1, as a result of the lower moment capacity and 

force demand induced of the connections in Test 2.   

 

The connection elongation response observed during test 2 was also significantly more linear 

than observed during Test 1. This may be as a result of the lower connection moment capacity in 

Test 2, compared to Test 1, resulting in a reduced tension and deformation demand on the top 

hinge bars and a reduced vertical shear force and deformation demand on the flexible hinge 

sections.  Softening of the hinges during Test 1 may also have contributed to this observation.  
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(a) Slotted Beam connection (b) Circular top hinge pre-cracked slab connection 

  

(c) Circular top hinge connection (d) Open-ended top hinge connection 

Figure 6-14 Connection elongation measured at mid-depth of the beam observed during Test 2 
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minimising the effect of the beam elongation phenomenon on the global frame response. In order 

to assess the degree of beam elongation which occurred in the non-tearing frame, the global 

elongation response of a bay in a non-tearing frame must be considered.  

 

Figure 6-15 presents the beam elongation response of each bay in the non-tearing frame from 

Test 1, measured from the beam linear potentiometers. The elongation behaviour is similar to that 

observed in a traditional monolithic reinforced concrete frame; however the magnitude of 

elongation is significantly reduced in the non-tearing frame. Both bays of the non-tearing frame 

show similar elongation response, reaching a peak elongation of 3.0mm at 2.0% drift before the 

onset of spalling caused the loss of the beam potentiometers and instability in the beam 

elongation response.  

 

  

(a) Bay 1-Slotted beam and circular top hinge pre-

cracked slab details 

(b) Bay 2-Circular top hinge and open-ended top 

hinge details 

Figure 6-15 Bay elongation vs. storey shear from Test 1 measured from beam potentiometers 

 

Figure 6-16 shows the beam elongation for each bay of the test frame, measured from the rotary 
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Instability in the ram elongation occurred after the first cycle to 3.5% drift as shown by the 

wandering of the elongation in Figure 6-16(b). Fracture of the connection bars resulted in low 

connection strength at 3.5% drift, particularly at the open-ended top hinge connection. The low 

connection strength caused the iteration of top and bottom ram forces in the control program to 

become unstable, causing the increments of applied ram displacement to wander in the search for 

force equilibrium. Elastic deformation of the ram components, and slop in the connecting pins 

and threads would also have contributed to the small discrepancy between the beam elongation 

responses from the ram rotary potentiometer and frame linear potentiometer measurements.  

 

Ignoring the elongation instability in the final two cycles at 3.5% drift in Figure 6-16(b), it can be 

reliably determined that the maximum elongation for bays 1 and 2 of the frame were 

𝛿𝑚𝑎𝑥 ,𝑏𝑎𝑦  1
𝐸𝐿 = 3.4𝑚𝑚  or 0.66% beam depth and 𝛿𝑚𝑎𝑥 ,𝑏𝑎𝑦  2

𝐸𝐿 = 4.6𝑚𝑚  or 0.89% beam depth 

respectively.   

 

  

(a) Bay 1-Slotted beam and circular top hinge pre-

cracked slab details 

(b) Bay 2-Circular top hinge and open-ended top 

hinge details 

Figure 6-16 Bay elongation vs. storey shear from Test 1 measured from ram rotary potentiometers 
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Figure 6-17 presents the beam elongation vs. storey drift for Test 2 measured from the beam 

linear potentiometers, in which spalling of the beam ends and premature loss of the beam 

potentiometers was avoided. Peak beam elongation of 𝛿𝑚𝑎𝑥 ,𝑏𝑎𝑦 1
𝐸𝐿 = 3.2𝑚𝑚 or 0.62% beam depth 

and 𝛿𝑚𝑎𝑥 ,𝑏𝑎𝑦 2
𝐸𝐿 = 4.7𝑚𝑚 or 0.91% beam depth was observed for bay 1 and bay 2 respectively at 

4.5% storey drift.  

 

Figure 6-18 presents the beam elongation during Test 2 for the test frame as measured from the 

ram rotary potentiometers in between the column mid-height in each bay. The elongation 

response measured from the ram potentiometers is very similar to that measured from the beam 

potentiometers. However the peak elongation measured from the ram potentiometers is 

approximately 1.0mm greater than measured from the beam potentiometers. This discrepancy is 

attributed to the slop and elastic deformation in the rams and pin connections. Direct 

measurement of beam elongation from beam potentiometers is a more reliable indication of the 

elongation present in the system, and comparison with the elongation from the ram 

potentiometers verifies the observed beam elongation response.  

 

  

(a) Bay 1-Slotted beam and circular top hinge pre-

cracked slab details 

(b) Bay 2-Circular top hinge and open-ended top 

hinge details 

Figure 6-17 Bay elongation vs. storey drift for Test 2 measured from beam potentiometers 

 

-5 -4 -3 -2 -1 0 1 2 3 4 5
Storey Drift (%)

-1

0

1

2

3

4

5

6

7

8

B
e

a
m

 E
lo

n
g

a
ti
o

n
 (

m
m

)

-5 -4 -3 -2 -1 0 1 2 3 4 5
Storey Drift (%)

-1

0

1

2

3

4

5

6

7

8

B
e

a
m

 E
lo

n
g

a
ti
o

n
 (

m
m

)



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

6-22 

Comparing the beam elongation responses between bay 1 and 2 from Figure 6-15 to            

Figure 6-18, shows that the progressive elongation mechanism is more pronounced for Bay 2, 

compared to Bay 1. This is attributed to the unique deformation characteristics of the four 

different connection details and the detailing of the precast floor system at each connection.  

 

The bay elongation responses from Tests 1 and 2 also show that the magnitude of elongation in 

Bay 1 and Bay 2 was greater under a positive and negative frame drift respectively. This trend is 

attributed to the reduced stiffness and increased tension deformation of the circular top hinge 

connection top hinge reinforcement, as a result of the debonding that was applied to the bars.   

 

In a traditional monolithic frame, the bay elongation due to beam hinging is significantly greater 

than the elongation due to rotation of the floor system on the support beam and so the plastic 

hinge characteristics govern the elongation response of the frame. The shallow hinge section of 

the non-tearing connection means that the level of frame elongation arising from beam 

deformations is minimised and that the deformation characteristics of the precast floor system 

impart a significant contribution to frame elongation.  

 

The pre-cracked slab detail effectively reduced floor unit elongation, compared to the 

conventional slab detail, which is likely to have contributed to the lower magnitude of elongation 

observed in Bay 1, compared to Bay 2.  The formation of the severe brittle floor failure 

mechanism and wide cracks at the precast unit-to-support beam boundary in the open-ended top 

hinge connection is likely to have contributed to the higher degree of beam elongation in Bay 2 

compared to Bay 1, during Test 2.  

 

Beam shortening (or negative elongation) of 0.4mm was observed in bay 1 in the early cycles of 

Test 2, as shown in Figure 6-17(a) and Figure 6-18(a). This beam shortening is attributed to the 

closing of existing permanent crack extensions which developed between the hinge and the 

column face during Test 1.  
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(a) Bay 1-Slotted beam and circular top hinge pre-

cracked slab details 

(b) Bay 2-Circular top hinge and open-ended top 

hinge details 

Figure 6-18 Bay elongation vs. storey drift from Test 2 measured from ram potentiometers 

 

6.4.2 Comparison of Beam Elongation in Non-tearing and Traditional Monolithic Frames 

Comparing the beam elongation from the non-tearing frame tests with that observed in a 

monolithic reinforced concrete frame highlights the significant advantage that the non-tearing 

floor system has over traditional counterparts.  

 

Peng (2009) reported from his experimental research, average beam elongation (measured from 

the mid-depth of the beam) in exterior and interior plastic hinges of 3.8% and 1.3% beam depth. 

This equates to a total average beam elongation in each bay of 5.1% beam depth. The non-tearing 

frame test returned an average total beam elongation of 0.77% beam depth, which is 15% of the 

elongation observed by Peng (2009).  

 

This comparison indicates that the non-tearing connection details developed and tested in this 

research successfully minimised beam elongation, compared to a traditional reinforced concrete 

frame. Although the two tests compared here were slightly different in configuration, the 

comparison provides a clear indication of the ability of non-tearing floor connections to avoid 

severe beam elongation effects.  
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A pre-stressed floor system was not provided in the non-tearing test frame, and the experimental 

configuration was such that the floor units were supported on gravity beams at both external and 

internal columns. In the situation where a precast pre-stressed floor system passes through an 

internal column, the floor unit pre-stress acts to restrain beam elongation in the frame     

(Matthews 2004). Therefore, it is expected that the degree of beam elongation observed in the 

non-tearing test frame restraint would be less if a pre-stressed flooring system, continuous 

through the internal column, was provided in the test frame.  

 

6.4.3 Comparison of Beam Elongation Observed in the Non-tearing Frame with Previous 

Slotted Beam Research 

Figure 6-19 shows the beam elongation for reinforced concrete connections and slotted beam 

connections observed in the experimental program conducted by Ohkubo and Hamamoto (2004). 

Comparing the response of the slotted beam SB1 in Figure 6-19 with the non-tearing frame in 

Figure 6-15 to Figure 6-18 shows different elongation characteristics for similar connections, 

with the slotted beam SB1 showing essentially no elongation and some shortening while the non-

tearing connections displayed increasing elongation with increased storey drift.  

 

This difference in elongation response is thought to arise due to differences in connection 

geometry and proportions, reinforcement type and layout, concrete type and strength and 

construction sequence. A variety of different non-tearing details were employed in this research, 

each of which displayed slightly different elongation characteristics, while one connection 

archetype was tested in the slotted beam research. In addition to this, very different flooring 

systems were provided in the two research programs. The slotted beam research tested a thin 

cast-in-situ slab around the connection, and the connection elongation would have been governed 

by the force-rotation characteristics of the deeper concrete hinge. However, in this research a full 

precast floor system and topping slab was tested and interaction between the incompatible 

displacements between the hinge and comparatively deeper precast floor system would have 

influenced the beam elongation response.  

 

This comparison highlights that the elongation response of a non-tearing frame is not only 

influenced by the connection detailing, but interaction between the floor and frame systems also.  
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Figure 6-19 Comparison of beam elongation between reinforced concrete and slotted beam connections 

(Ohkubo and Hamamoto 2004) 

 

6.5 DISPLACEMENT INCOMPATIBILITY 

Figure 6-20 to Figure 6-23 shows the maximum displacement incompatibility profile observed 

between the beam and floor unit, across the infill slab in Bay 2 of the test specimen. The 

maximum displacement incompatibilities are concentrated at the ends of the beams due to the 

vertical deformation of the steel top hinges, while minimal displacement incompatibility occurs 

in the central section of the beam. In Figure 6-20 and Figure 6-21 the maximum displacement 

incompatibility occurred at the open ended top hinge connection, which displayed the greatest 

vertical deformation of the four connection details during Test 1.   

 

Comparing the Test 2 deformation incompatibility profiles in Figure 6-22 and Figure 6-23 with 

those from Test 1, the magnitude of displacement incompatibility is less severe as a result of 

lower forces and reduced hinge shear deformations in the frame during Test 2, compared to Test 

1. As observed for Test 1, the maximum displacement incompatibility was concentrated at the 

ends of the beams at the connection between the beam and column, with the elastically deforming 

beam displaying minimal curvature deformation towards the centre of the member.  
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Figure 6-20 Maximum displacement incompatibility observed during test 1 in the second cycle to +2.0% drift 

 

 

 

Figure 6-21 Maximum displacement incompatibility observed during test 1 in the first cycle to -2.5% drift 

 

 

0 500 1000 1500 2000 2500 3000 3500 40000

200

400-2.5

-2

-1.5

-1

-0.5

0

0.5

Position across slab (mm)Position along Beam (mm)

D
is

p
la

c
e

m
e

n
t 
(m

m
)

-2

-1.5

-1

-0.5

0

Edge of Slab

Edge of Beam

Open-ended top 

hinge connection

Circular top hinge 

connection

0 500 1000 1500 2000 2500 3000 3500 40000

200

400

600

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Position across slab (mm)Position along Beam (mm)

D
is

p
la

c
e

m
e

n
t 
(m

m
)

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

Edge of Slab

Edge of Beam

Open-ended top 

hinge connection
Circular top hinge 

connection



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

6-27 

 

Figure 6-22 Maximum displacement incompatibility observed during test 2 in the final cycle to +2.5% drift 

 

 

 

Figure 6-23 Maximum displacement incompatibility observed during test 2 in the final cycle to -2.5% drift 

 

 

 

 

0 500 1000 1500 2000 2500 3000 3500 40000

100

200

300

400

500

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Position across slab (mm)Position along Beam (mm)

D
is

p
la

c
e

m
e

n
t 
(m

m
)

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Edge of Slab

Edge of Beam

Open-ended top 

hinge connection
Circular top hinge 

connection

0 500 1000 1500 2000 2500 3000 3500 40000
200

400
600-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

Position across slab (mm)Position along Beam (mm)

D
is

p
la

c
e

m
e

n
t 
(m

m
)

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

Edge of Slab

Edge of Beam

Circular top hinge 

connection

Open-ended top 

hinge connection



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

6-28 

Figure 6-24 shows the maximum deformation incompatibility which occurred between the 

seismic beam and precast floor unit for both tests. The maximum displacement incompatibility in 

Test 1 occurred at the open-ended top hinge connection during the first cycle to +2.5% drift and 

had a magnitude of  𝛿𝑖𝑛𝑐𝑜𝑚𝑝 = −2.1𝑚𝑚. The maximum displacement incompatibility in test 2 

also occurred at the open-ended top hinge connection during the last cycle to -2.5% drift and had 

a magnitude of 𝛿𝑖𝑛𝑐𝑜𝑚𝑝 = +0.51𝑚𝑚.  

 

The deformation incompatibility observed in the non-tearing frame test was satisfactorily 

accommodated by the flexible infill slab with resulting cracks along the boundaries between the 

infill slab, beam and precast floor unit opening no wider than 0.2mm.  

 

Without the formation of elongating ductile plastic hinges in the beams of the non-tearing frame, 

the double curvature of the beam causing the deformation incompatibility between the seismic 

beams and precast floor units was elastic. This explains why the deformation incompatibility 

observed in non-tearing frame test was so small. Stiffening of the beam hinges to reduce vertical 

deformation would result in a significant reduction in the deformation incompatibility 

concentrated at the beam ends. Since deformation incompatibility in the non-tearing frame was so 

small, there is a case that the width of the infill slab detail could be reduced.  

 

The arrangement of the non-tearing frame test was such that the floor slab was supported at each 

column. The critical case for displacement incompatibility which requires investigation is where 

the precast floor system containing pre-stressed floor units is continuously passed through the 

internal column.  
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Figure 6-24 Summary of maximum displacement incompatibility between the seismic beam and precast floor 

unit observed in Bay 2 of the non-tearing frame during Tests 1 and 2 

 

6.6 BEAM HINGE PERFORMANCE 

6.6.1 Hinge pullout from column face 

Pullout (or opening of a gap between the hinge and the column face) of the beam hinges away 

from the column face was observed during a negative moment connection rotation as shown in 

Figure 6-25. The pullout or prising behaviour for the hinges in each connection for Tests 1 and 2 

is shown in Figure 6-26. Pullout is a function of the geometry and rotational characteristics of the 

hinge and the axial stiffness of the top reinforcement.  

 

During a negative moment rotation hinge pullout of 1.5mm to 3mm was observed in each 

connection. The top hinge connections displayed greater hinge pullout than the slotted beam 

connection. This is attributed to the rigid body rotation of the steel top hinge and the reduced 

axial stiffness of the debonded length of longitudinal hinge reinforcement.  
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(a) Circular top hinge connection -3.5% drift Test 2 (b) Open ended top hinge connection +3.5% drift 

Test 2 

Figure 6-25 Hinge pullout from column face 

 

Shortening of the hinge, relative to the hinge centreline, was noticed to some degree in Test 1 and 

was more pronounced in Test 2. Shortening of the order of 0.5mm was observed in Test 1 and 

was caused by the high compressive strains induced in the hinge section and longitudinal 

reinforcement during a negative moment connection rotation resulting in the closing of 

construction tolerances between the hinge and column face. Before the initiation of Test 2, the 

hinge potentiometers were re-zeroed after Test 1. Shortening of the order of 1.0mm was observed 

in Test 2, due to closing and recovery of previous crack extensions between the hinge and column 

face caused by hinge pullout from Test 1.  

 

The loops shown in the hinge pullout vs. storey drift responses in Figure 6-26 indicate that 

permanent pullout of the hinge from the column face occurred at increasing levels of drift due to 

beam elongation. Permanent pullout may have been caused by bond slip of the top hinge 

reinforcement in the column or beam, or by yielding of the top reinforcement. Aggregate 

dislocation is likely to have contributed to the permanent pullout of the slotted beam hinge.  
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(a) Slotted beam connection (b) Circular top hinge pre-cracked slab connection 

  

(c) Circular top hinge connection (d) Open ended top hinge connection 

Figure 6-26 Hinge pullout from column face during test 1 and test 2 

 

6.6.2 Vertical hinge deformation 

Figure 6-27 and Figure 6-28 present the components of vertical connection deformation for the 

non-tearing connections during Tests 1 and 2.  Figure 6-27(a) and Figure 6-28(a) show the 

vertical hinge displacement measured between the centre of rotation of the hinge and the top of 
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the slab. This displacement provides an indication of the vertical dislocation expected to be 

induced in the topping slab from rotation of the connections on the corbels and column.  

 

Figure 6-27(a) and Figure 6-28(a) show that the steel top hinge details displayed the greater 

vertical slab dislocation, compared to the slotted beam connection. This was due to the additional 

vertical displacement component arising from rotation of the hinge section on the corbel seating, 

which was not present in the slotted beam detail.  Spalling of cover concrete above the hinge 

sections meant that some of the vertical hinge potentiometers were lost at higher levels of drift, 

which caused the wandering of the slotted beam vertical displacements and the truncation of the 

some of the vertical displacement responses in Figure 6-27(a) and Figure 6-28(a).  

 

  

(a) Vertical displacement between the hinge and slab  (b) Vertical displacement between the hinge and the 

bottom beam longitudinal reinforcement 

Figure 6-27 Components of vertical connection deformation from Test 1 

 

Figure 6-27(b) and Figure 6-28(b) present the components of vertical connection deformation, 

measured between the centre of the top hinge to the bottom beam longitudinal reinforcement, 

during Tests 1 and 2. This displacement component provides an indication of the shear 

deformation of the connection and is important to consider because excessive shear deformation 

can cause pinching of the force-displacement response of the connection.  
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Figure 6-27(b) shows that significantly higher vertical shear displacement was observed in the 

steel top hinge connections, due to the flexibility and flexural deformation of the structural steel 

hinge. Vertical shear deformation was particularly severe under a negative moment connection 

rotation, introducing detrimental buckling eccentricity to the bottom beam longitudinal 

reinforcement during compression loading. The open-ended top hinge connection displayed the 

greatest vertical shear displacement due to compression of the eurethene pads, provided 

underneath the corbel seating.  

 

Similar trends in vertical shear deformation were observed in Test 2 compared to Test 1, as 

shown in Figure 6-28(b). However, the magnitude of vertical shear displacement was of the order 

of half that observed in Test 1, due to the comparatively lower moment and shear force demand 

in Test 2, compared to Test 1. The unusually high vertical shear deformation observed in the 

slotted beam connection detail in Figure 6-28(b) occurred due movement of the potentiometer 

mount, caused by spalling and cracking of the cover concrete around the threaded rod anchoring 

the potentiometer bracket to the beam, introducing unreliability in the results.  

 

  

(a) Vertical displacement between the hinge and 

slab  

(b) Vertical displacement between the hinge and the 

bottom beam longitudinal reinforcement 

Figure 6-28 Components of vertical connection deformation from Test 2 
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Figure 6-29 shows the total vertical connection displacement observed during Tests 1 and 2, 

measured between the centre of rotation of the hinge and the bottom beam longitudinal 

reinforcement. This displacement gives an indication of the total vertical dislocation induced in 

the connection, which introduces buckling eccentricity and dowel action in the longitudinal 

reinforcement at the bottom of the connection.  

 

The vertical deformation of the steel top hinge connections showed a highly non-linear response 

during Test 1 with higher vertical deformations occurring under a negative moment connection 

rotation. The increased hinge deformation and lower vertical stiffness observed in the steel top 

hinge connections, compared to the slotted beam connection, was caused by bending of the steel 

hinge between the corbel and anchorage or bearing points on the beam.  

 

The loops observed in the top hinge vertical displacement response in Figure 6-29(a) indicate that 

permanent vertical dislocation of the connections occurred during cyclic loading. This was 

caused by inelastic bending and buckling of the bottom beam reinforcement due to dowel action 

induced by the vertical displacement of the connections.    

 

A more linear vertical hinge displacement response was observed for the top hinge connections in 

test two, with much thinner loops indicating lower permanent vertical dislocation of the 

connection.  The magnitude of vertical deformation in the steel top hinge connections in Test 2 

was much lower than observed in Test 1. This behaviour was thought to have occurred because 

the beam moment capacity and seismic shear demand was much lower for test two compared to 

test one, highlighting the force sensitivity of the steel top hinge deformation behaviour.  

 

The vertical deformation of the slotted beam connection was similar for Test 1 and 2, indicating 

that the vertical deformation of the cast-in-situ hinge detail was dependent upon rotation of the 

beam, rather than beam strength and shear force demand.  

 

The trends in vertical hinge deformation were the same for both tests, with the slotted beam 

displaying the lowest vertical deformation, and the open-ended top hinge displaying the greatest 
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vertical deformation due to compression of the flexible urethene corbel pads. The circular top 

hinge details showed similar vertical hinge deformations.  

 

Spalling of the slab concrete above the hinge sections meant that reliable hinge deformation 

readings were achieved up to 2.5% storey drift during Test 1. Similarly, spalling of the slab 

concrete caused corruption of the test data for the slotted beam and circular top hinge connections 

past 2.5% drift during Test 2.   

 

 

(a) Test 1 

 

(b) Test 2 

Figure 6-29 Total vertical connection displacement  
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6.7 FLOOR SLAB RESPONSE AND PERFORMANCE OF APPLIED FLOOR UNIT 

DETAILING 

6.7.1 Crack Extensions Between the Slab and Supporting Beam 

Figure 6-30 shows the average crack extensions at the transverse support beam to precast slab 

interface. The three conventionally detailed slabs shown in Figure 6-30(a), (c) and (d) show the 

smallest crack extensions at the column face, with wider crack extensions occurring moving out 

across the slab, the opposite behaviour to what is observed in traditional monolithic frame 

construction. At the column face, the depth of the hinge section governed the crack opening in 

the slab. Moving away from the column face, the rotation of the precast floor units on the support 

beam governed the crack extension in the slab. Because the precast floor units were greater in 

depth that the beam hinges, wider cracks occurred due to floor unit rotation on the support beam 

than rotation of the beam hinge. This explains why crack extensions at the slab to support beam 

interface increase moving away from the column face.  

 

The progressive elongation of the precast floor units is also observed in Figure 6-30(a), (c) and 

(d). Floor unit elongation of the conventionally detailed floor units occurred during a negative 

moment connection rotation where prising of the floor unit about the soffit caused yielding and 

permanent elongation of the topping slab tarter bars. Elongation of the floor units occurred only 

when a previous maximum drift was exceeded.  

 

Comparing the crack extensions in Figure 6-30(a) and (d) with Figure 6-30(c) shows that the 

crack openings and elongation of the slab were around 1mm greater at the external connections 

compared to the internal connections. The proportion of storey shear arising from column flexure 

is greater at the internal column than at the external column. Therefore, for a given level of drift, 

the rotation of the support beam and hence crack openings at an internal column connection 

would be slightly less than at an external column connection. In addition to this, restraint against 

slab opening is greater at an internal connection, compared to an external connection. This 

explains why the slab crack widths at the internal connection are slightly lower than at an 

external connection.  
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(a) Slotted beam connection (b) Circular top hinge pre-cracked slab connection 

  

(c) Circular top hinge connection (d) Open ended top hinge connection 

Figure 6-30 Crack extension at the precast unit support beam interface from Test 1 

 

The slab crack profiles at the pre-cracked slab detail in Figure 6-30(b) displayed the greatest 

crack extension at the column face, reducing across the slab. The pre-cracked slab detail behaved 

as a deformation absorption zone. Instead of the precast floor unit prising off the support beam 

about the soffit under a negative moment rotation, as in the conventionally detailed slabs, the 

compressible board between the end of the floor and the face of the supporting beam absorbed 
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the floor unit rotation, without severely opening the top of the slab and yielding the starter bars. 

Because of the ability of the pre-cracked slab detail to absorb floor rotation without significant 

crack extension, the rotation of the beam hinge governed the maximum slab extensions and 

damage in the pre-cracked slab.  

 

The free edge slab potentiometer in the open-ended top-hinge connection was faulty and caused 

the erratic results shown in Figure 6-30(d). 

 

6.7.2 Precast Floor Unit Pull-off or Elongation 

The average precast floor unit elongation or pull-off from the support beam is shown in       

Figure 6-31. The unit elongation at the external connection was 1mm greater than for the internal 

connection, for the conventionally detailed floors, as was observed in the crack extension 

response. Figure 6-31(b) shows that the pre-cracked slab detail successfully minimised 

elongation of the floor unit and the linear nature of the response suggests that little or no 

permanent floor elongation occurred, indicating that inelastic action in the slab starter bars was 

significantly less than for the conventionally detailed units.   

 

A maximum floor pull-off of 3.4% slab depth or 8% seat length was observed in the non-tearing 

frame test at 3.5% drift. Therefore the provided seat length of 75mm would effectively ensure 

secure floor unit seating during a severe earthquake, preventing the cascading pancake type 

collapses of precast floor frame structures that were observed during the 1994 Northridge 

earthquake. There is a case that the required floor unit seat length currently specified in code may 

be reduced for non-tearing frame construction, allowing narrower beams and some material cost 

savings while also reducing the vertical component of floor unit deformation which generates 

vertical dislocation and damage in the diaphragm topping slab.  

 

A faulty free edge slab potentiometer in the open-ended top-hinge connection caused the erratic 

results shown in Figure 6-31(d).  
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(a) Slotted beam connection (b) Circular top hinge pre-cracked slab connection 

  

(c) Circular top hinge connection (d) Open ended top hinge connection 

Figure 6-31 Average precast floor unit pull-off from Test 1 

 

6.7.3 Vertical displacement of floor units 

Figure 6-32 shows the vertical deformations of the precast floor units during test one, measured 

from the linear potentiometers between the soffit of the precast unit and the face of the support 

beam. Measurements from the two potentiometers located at the outer edges across the precast 

floor unit at each connection were averaged to produce the plots in Figure 6-32. This 
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displacement provides an indication of the vertical dislocation induced in the topping slab as a 

result of rotation of the precast floor unit on the support beam.  

 

The average vertical deformation follows a linear profile under a positive moment rotation and a 

slightly non-linear profile during a negative moment rotation. The positive vertical deformation 

of the pre-cracked floor slab detail in Figure 6-32(b) was slightly greater than for the 

conventionally detailed units. The vertical displacement of the open ended top hinge connection 

unit under a negative moment connection rotation was larger than observed in the other 

conventionally detailed slabs, as shown in Figure 6-32(d). This was caused by minor cover 

spalling of the precast unit soffit.  

 

  

(a) Slotted beam connection (b) Circular top hinge pre-cracked slab connection 

Figure 6-32 Average vertical deformation of precast floor units observed in Test 1 
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(c) Circular top hinge connection (d) Open ended top hinge connection 

Figure 6-32 (continued) Average vertical deformation of precast floor units observed in Test 1 

 

6.8 STRAIN GAUGE ANALYSIS 

The strain gauge analysis will be presented from gauges placed on two reinforcing bars in the 

connections, which are referred to as “North” and “South” bars. The “North” bars were located 

on the north side (or slab side) of the centreline of the beam, while the “South” bars were located 

on the south side (or frame side) of the beam centreline. This is shown in Figure 6-33.  

 

 

Figure 6-33 Definition of "North" and "South" bars for strain gauge discussion 
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The strain readings from the two strain gauges provided on adjacent sides of the bar at each 

location were averaged to determine the strain at each location along the bar. In addition to this, 

the strain readings were averaged across the three cycles at each drift level to determine the bar 

strain at each location for the prescribed level of drift. 

 

6.8.1 Top Hinge Strain Gauges 

Figure 6-35 shows the strain behaviour of the top hinge reinforcement for the slotted beam, 

circular top hinge pre-cracked slab and open ended top hinge connections during Test 1. The 

strain gauges were applied to the reinforcement at the critical interface between the beam hinge 

and the column face, as shown in Figure 6-34. In order to achieve minimal frame elongation and 

avoid separation of the hinge from the column face, predominantly elastic response of the top 

hinge longitudinal reinforcement must be ensured. 

 

 

Figure 6-34 Location of strain gauges applied to top hinge longitudinal reinforcement 

 

Figure 6-35 shows that up to 2.5% drift, the strain in the top reinforcement of all three 

connections was close of the average yield strain for the top hinge bars of 휀𝑦 = 0.0028 (as 

measured). At 3.5% drift some inelasticity, in the order of  2휀𝑦  to 3휀𝑦  , occurred in the slotted 

beam and open-ended top hinge connections. However this low level of inelastic action did not 

cause significant hinge deformation or threaten the integrity of the connection at the ultimate 

limit state.  The erratic increase in strain observed in the slotted beam connection in the 3.5% 

drift cycles shows signs of strain gauge failure and does not accurately represent the strain 

behaviour of the top hinge longitudinal reinforcement. The strains induced in the circular top 

Column 
Face

Beam Hinge
Strain Gauge
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hinge detail were lower than for the other hinge details due to the debonded length provided on 

the bars and the reduced deformations during rotation of the circular profile hinge.  

 

Elastic compressive strain in the order of ε𝑠 = 0.0015 is observed at the circular top hinge 

connection in Figure 6-35(b), caused by closing of construction gaps between the hinge and 

column face during a positive moment connection rotation.  

 

The strain gauge response in Figure 6-35 confirms the successful performance of the four 

connection details in minimising inelastic action of the top reinforcement in the non-tearing 

connection, avoiding severe beam elongation and risk of collapse of the connection at the 

ultimate limit state.  

 

   

(a) Slotted beam connection (b) Circular top hinge pre-

cracked slab connection 

(c) Open ended top hinge 

connection 

Figure 6-35 Top hinge longitudinal reinforcement strain gauge response from Test 1 

 

6.8.2 Slotted beam diagonal shear bars strain profile 

Figure 6-37 shows the maximum strain profile along the diagonal shear hanger bars in the slotted 

beam connection observed during Test 1. The locations of the strain gauges provided on the 

diagonal shear hanger bars, which make up the strain profile in Figure 6-37, is shown in Figure 

6-36.  
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Figure 6-36 Location of diagonal shear hanger bar strain gauges 

 

Localised yielding of the diagonal shear bars at the hinge-to-column interface occurred in both 

bars while the remaining regions of the shear bars remained elastic. Localised yielding is likely to 

have been caused by deformation induced bending, since hinge rotation was concentrated at the 

hinge-to-column interface. 

 

Yield of the diagonal shear bars was more severe under a negative moment connection rotation 

due to the high axial tension shear demand and bending stresses induced under this action, 

compared to a positive moment rotation.  

 

Failure of the strain gauges on the North diagonal shear hanger meant that peak strain readings 

occurred during the 1.5% drift cycles. However very similar strain profiles are observed between 

the north and south shear bars in Figure 6-37(a) and Figure 6-37(b) and so it is expected that 

similar localised yielding behaviour to that of the South Shear bar would have been observed in 

the North shear bar at higher levels of drift.  

 

COLUMN FACE
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(a) South diagonal shear bar (b) North diagonal shear bar 

Figure 6-37 Strain profile along diagonal shear bars in the slotted beam connection during Test 1 

 

6.8.3 Beam bar strain profile 

Figure 6-39 shows the strain distribution along the bonded length of the bottom beam 

longitudinal reinforcement inside the beam during Test 1. Failure of the strain gauges occurred 

after 1.5% drift due to buckling of the bottom reinforcement inside the beam so the maximum 

strain envelopes are presented up to that level of drift. The locations of the strain gauges applied 

to the longitudinal beam anchorage length are shown in Figure 6-38.  

 

 

Figure 6-38 Location of strain gauges along anchored length of beam reinforcement inside beams 

 

Figure 6-39 shows that as expected, the bar strain decreases moving along the anchored length of 

reinforcement and the magnitude of the bar strain profile increases with increasing level of drift. 

The compression strain profile decreases more rapidly along the bonded length of bar than for the 
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tension strain profile. This occurred because the attainable bond strength for a reinforcing bar is 

greater in compression than in tension. Flexural tension cracks form in the concrete surrounding a 

reinforcing bar in tension, weakening the strength of the bond anchoring the bar. Weakening 

flexural tension cracks do not occur in concrete when a reinforcing bar is subjected to 

compression stress and the bearing of the end of the bar on the concrete is also beneficial to 

anchorage (Standards New Zealand. 2006). Hence the required development length of a 

reinforcing bar is less in compression than in tension, as represented by the observations in the 

tension and compression strain profiles in Figure 6-39.  

 

  

(a) Open ended top hinge beam south bar  (b) Circular top hinge north beam bar  

Figure 6-39 Average beam bar strain distributions observed during the first cycle to each drift level during 

Test 1 

 

6.8.4 Longitudinal Beam Bar Strain Distribution at External Column 

Figure 6-41 shows the averaged D16 longitudinal beam bar strain profiles observed along the 

anchored length of reinforcement inside Column 3, during test 1. The locations of the strain 

gauges along the anchored length of reinforcement, which make up the observed strain profiles, 

are shown in Figure 6-40.  
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Figure 6-40 Location of longitudinal beam bar strain gauges along anchored length through external column 

 

The strain profiles are similar to that observed for the beam profiles in Figure 6-39. Failure of the 

strain gauges meant that a complete strain profile pattern was achieved only for the Column 3 

North bar during the positive drift cycles, when the beam bars were subject to compressive strain. 

The strain profiles indicate that the beam reinforcement was sufficiently anchored through bond 

inside the joint, and that minimal bond degradation occurred as drift demand increased.  

 

  

(a) East column north Bar (b) East column south bar 

Figure 6-41 Average longitudinal beam bar strain profile in Column 3 observed during  Test 1 
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6.8.5 Longitudinal Beam Bar Strain and Bond Stress Distribution Through the Internal 

Column 

Figure 6-43 shows the average bar strain and bond stress distributions for the North bottom beam 

bar through the internal beam-column joint, during Test 1. The locations of the strain gauges 

provided along the anchored length of reinforcement through the joint are shown in Figure 6-42.  

 

 

Figure 6-42Location of longitudinal beam bar strain gauges along anchored length through internal column 

 

At drift levels up to 0.75% the expected strain profile through the internal joint is observed in the 

strain gauge data in Figure 6-43(a) and (c). Failure of the strain gauges at higher drifts resulted in 

fluctuation of the strain profiles and an unclear representation of the strain behaviour through the 

joint. Because of this the bond stress profiles for the north bar in Figure 6-43(b) and (d) do not 

show clear trends with regard to the bond stress distribution at an internal non-tearing beam-

column joint during the development of overstrength in the higher drift cycles.  

 

  

(a) North bar strain profile negative drift cycles (b) North bar bond stress profile negative drift cycles 

Figure 6-43 Average bar strain and bond stress distributions at internal column north bars for Test 1 
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(c) North bar strain profile positive drift cycles (d) North bar bond stress profile positive drift cycles 

Figure 6-43 (continued) Average bar strain and bond stress distributions at internal column north bars 

for Test 1 

 

Figure 6-44 shows the average bar strain and bond stress profiles at the internal beam-column 

joint for the South bottom longitudinal beam bar. The south bar strain gauge data provides a 

better representation of the strain through the joint than the North bar data. The bond stress 

profile for the positive drift cycles, shown in Figure 6-44(d), displays signs of the cosine or bell 

curve shaped bond stress distribution as proposed by the theory presented in Chapter 3, 

supporting the proposed joint design philosophy. However, because the test data lacks a clear 

consistent trend, the proposed design theory for bond stress distribution in an internal beam-

column joint cannot be confirmed.  

 

Further research is recommended to explore and confirm the bond stress distribution and design 

theory for internal beam-column joints in non-tearing frames.  
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(a) South bar strain profile negative drift cycles (b) South bar bond stress profile negative drift 

cycles 

  

(c) South bar strain profile positive drift cycles (d) South bar bond stress profile positive drift cycles 

Figure 6-44 Average bar strain and bond stress distributions at internal column south bars for Test 1 
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6.9 STRAIN PENETRATION OF REINFORCING BARS GROUTED IN DUCTS 

Due to failure of the longitudinal beam bar strain gauges, particularly at the beam or column face, 

the only complete bar strain profile along the entire length of reinforcement comes from the 

North bar in Column 3 during the negative moment drift cycles. Unfortunately this was the 

condition where the beam bars were under compression strain, which is the less critical for strain 

penetration depth compared to the tension strain condition.  The north beam bar strain profile 

embedded in column three is shown in Figure 6-45(a).  

 

Integrating the strain profile and dividing the integrated area by the D16 yield strain,              

휀𝑦 = 0.0019 , the strain penetration depth in compression was determined. Values of 

compression strain penetration depth at increasing drift levels are presented in Table 6-4.  

 

  

(a) Compression strain profile of North D16 beam 

bar in Column 3 

(b) Interpolated open-ended top hinge D16 column 

strain profile at tension yield of the south bar  

Figure 6-45 Beam bar tension strain profiles used for determining strain penetration depth 
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(c) Interpolated open-ended top hinge D16 beam 

strain profile at tension yield of the south bar 

(d) Interpolated circular top hinge D16 beam strain 

profile at tension yield of the north bar 

Figure 6-45 (continued) Beam bar tension strain profiles used for determining strain penetration depth 

 

Table 6-4 Compression strain penetration of D16 beam bars embedded in column 3 

Drift Lsp Compression 

0.2% 54.3mm or 0.011fydb 

0.37% (yield) 68mm or 0.013fydb 

0.5% 85.9mm or 0.017fydb 

0.75% 98.2mmor 0.019fydb 

1.0% 104mm or 0.020fydb 

1.5% 127mm or 0.025fydb 

 

The values of strain penetration depth in Table 6-4 range from 0.011𝑓𝑦𝑑𝑏  at 0.2% drift, up to 

0.025𝑓𝑦𝑑𝑏  at 1.5% drift. As expected, the level of compression strain penetration increases with 

increasing drift cycles as a result of the development of compression overstrength in the 

reinforcement and the accumulation of reversed cycles of inelastic strain demand. During the 

drift cycles to 1.0% and 1.5%, the observed values of strain penetration agree well with the 

𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  recommendation suggested by Priestley (2007), but are significantly higher 

than the 𝐿𝑢𝑎 =
2.1(𝜎𝑢−𝜎𝑦 )

(𝑓𝑔
′ )1.5 𝑑𝑏 = 8.05𝑚𝑚 suggested by Raynor (2002).   
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It is important to note that the reported strain penetration depths are for compressive strain, which 

is less critical than the tensile strain condition. Under reversed cyclic seismic loading, the beam 

reinforcement in a non-tearing connection will undergo strain reversals with the critical strain 

penetration occurring when the bar is in tension.  

 

In order to gain an idea of the tensile strain penetration depth observed in the non-tearing test 

frame, the tensile strain profile of the D16 beam bars embedded in Column 3, the circular top 

hinge beam, and the open-ended top hinge beam have been interpolated at the predicted yield 

drift, with the yield strain condition, 휀𝑦 = 0.0019, imposed along the end of the debonded length 

inside the beam, as shown in Figure 6-45(b), (c) and (d). Integrating this strain profile produces 

the tensile strain penetration depths at yield of the reinforcement as reported in Table 6-5.   

 

Table 6-5 Tension yield strain penetration of the D16 longitudinal beam bars  

Connection Tension Yield Lsp  

Open-ended top hinge beam 81mm or 0.016fydb 

Circular top hinge beam 94mm or 0.018fydb 

Column 3 146mm or 0.028fydb 

 

The tension strain penetration depths reported in Table 6-5 return an average tension yield strain 

penetration depth of 107mm or 𝐿𝑠𝑝 = 0.021𝑓𝑦𝑑𝑏 , which agrees very well with the tensile yield 

strain penetration depth of 𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏 , recommended by Priestley (2007).  

 

Therefore, it can be concluded from the observed strain penetration assessment that for general 

design purposes, the 𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  assumption of strain penetration depth provides a good 

approximation to the observed experimental response.  
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6.10 LOW CYCLE FATIGUE 

Because premature failure of the connections in Test 1 occurred due to buckling induced fracture, 

it was difficult to determine whether the Dutta and Mander (2001) method of protection against 

low cycle fatigue was successful in the design of the non-tearing frame. Fracture of the 

longitudinal bars located at the bottom of the beams occurred at 2.0% to 2.5% drift, while the low 

cycle fatigue modelling predicted bar failure at 3.5% drift.  

 

In test two however, buckling was resisted until higher drift levels and longitudinal bar failure by 

buckling induced fracture did not occur until the 3.5% drift cycles. This suggests that if bar 

buckling in the connection can be successfully avoided then the Dutta and Mander (2001) method 

of protection against low cycle fatigue would be appropriate for predicting the failure of the 

connection bars.  

 

Further research is recommended to be completed, exploring the low cycle fatigue behaviour and 

modelling of steel reinforcement at high levels of reversed cyclic tension/compression strain. The 

fatigue behaviour of exposed reinforcing bars subject to high strain rates is also a topic with 

direct relevance to the seismic design of non-tearing floor connections which requires further 

investigation. 

 

6.11 NEGATIVE MOMENT SLAB PARTICIPATION- NEW THEORY VS. OLD 

THEORY 

Figure 6-46 presents a comparison of the prediction methods for the ultimate limit state negative 

moment connection strength. The figure shows that the current NZS3101:2006 code 

methodology, where topping reinforcement and any floor unit prestressing steel within the flange 

width prescribed by NZS3101:2006 is assumed to contribute to the beam negative moment 

strength, severely overestimates the negative moment strength of a non-tearing floor connection.  

 

This overestimation of strength penalises the beam shear and column design for a non-tearing 

frame. Because beam elongation is limited in a non-tearing frame, the level of initiation and 
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mechanism by which the adjacent floor slab is initiated under a negative moment rotation differs 

significantly to that for monolithic frames, so the current code provisions are over conservative.  

 

In chapter 3, a proposed modification to the current New Zealand code assessment of negative 

moment strength for application in non-tearing frames was suggested, where floor slab initiation 

is initiated through torsion of the floor unit support beam rather than as an overhanging beam 

flange. Figure 6-46 shows that this provision for negative moment strength assessment agrees 

very well with the observed experimental response. In addition to this, the observed deformation 

mechanisms of the precast floor units on the support beam during the experiment, and the 

absence of wide slab cracks away from the floor unit to support beam interface supports the 

proposed torsion mechanism of floor slab initiation under a negative moment.  

 

 

Figure 6-46 Comparison of negative moment prediction methods at ultimate limit state 
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6.12 EVALUATION OF ACI 374.1-05 TESTING PROTOCOL PERFORMANCE 

OBJECTIVES 

The ACI374.1-05 acceptance criteria for moment frames based on structural testing states that for 

cycling at a given drift level at which acceptance is sought, but not less than 3.5% storey drift, the 

characteristics of the third cycle shall satisfy: 

1. Peak force for a given loading direction shall not be less than 0.75 times the maximum 

achieved force for the same loading direction 

2. The relative energy dissipation ratio shall not have been less than 1/8, and 

3. The secant stiffness from a drift ratio of -0.35% to a drift ratio of +0.35% shall have been 

not less than 0.05 times the stiffness for the initial drift ratio 

(American Concrete Institute. 2005) 

 

The connections in Test 1 failed prematurely due to buckling induced fracture of the bottom 

beam reinforcement, failing the peak force, energy dissipation and secant stiffness acceptance 

criteria. The repaired connections in Test 2 sustained peak loads and energy dissipation 

characteristics exceeding 3.5% storey drift. The ACI374.1-05 acceptance criteria have been 

applied to the connections for test two of the non-tearing frame. The stiffness and peak storey 

shear characteristics for each of the connections are shown in Figure 6-47 to Figure 6-49, with the 

particular details of these acceptance parameters summarised in Table 6-6.  

 

  

(a) Initial stiffness and peak response (b) 3.5% storey drift connection characteristics  

Figure 6-47 Slotted beam connection characteristics for ACI374.1-05 acceptance criteria 
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Figure 6-48 Circular top hinge connection characteristics for ACI374.1-05 acceptance criteria 

 

  

Figure 6-49 Open ended top hinge connection characteristics for ACI374.1-05 acceptance criteria 

 

Comparing the acceptance criteria in Table 6-6 it can be seen that the circular top hinge and 

open-ended top hinge connections pass all stiffness, peak strength and energy dissipation ratio 

criteria at 3.5% drift. The slotted beam connection passed the stiffness and energy dissipation 

requirements at 3.5% drift, however fell just 1.5kN short on the peak strength requirement.   
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Table 6-6 Summary of ACI 374.1-05 acceptance characteristics for the non-tearing frame during Test 2 

 Slotted Beam Circular top hinge Open-ended top hinge 

Emax+ (kN) 50.0 95 67 

0.75Emax+ (kN) 37.5 71.3 50.3 

E+ cycle 3 3.5% drift (kN) 36.0 75 64.2 

Emax- (kN) -54.0 -97 -50 

0.75Emax- (kN) -40.5 -72.8 -37.5 

E- cycle 3 3.5% drift (kN) -47.0 -84 -40.3 

Ki+ (kN/θ) 37.5 93.8 68.2 

0.05Ki+ (kN/θ) 1.88 4.69 3.4 

K+ -0.35%-0.35% (kN/θ) 5.36 12.8 10.4 

Ki- (kN/θ) 46.9 93.8 55.6 

0.05Ki- (kN/θ) 2.34 4.69 2.78 

K- -0.35%-0.35% (kN/θ) 5.35 13.6 9.29 

Relative Energy disp. Ratio 0.248 0.208 0.371 

 

6.13 RECOMMENDED MODIFICATIONS FOR THE IMPROVED SEISMIC 

PERFORMANCE OF THE TESTED CONNECTION DETAILS 

Buckling of the bottom beam longitudinal reinforcement lead to the premature rupture of the 

beam reinforcement in Test 1. Two primary factors accentuated the buckling of the bottom beam 

reinforcement; insufficient confinement of the beam end and excessive vertical deformation of 

the steel top hinge sections. The following modifications to the non-tearing connection details 

tested in this research are recommended for future research and investigation, in order to improve 

the drift capacity and seismic performance of the system. These recommendations were 

introduced in the Chapter 5 summary and are discussed in more detail in this section.   

 

(1) Increased diameter of the bottom beam longitudinal bars 

Increasing the diameter of the bottom beam longitudinal reinforcement would improve the 

resistance to buckling. It is important to ensure that the requirements of beam bars passing 

through an internal beam-column joint, prescribed by NZS3101:2006 or by the theory 
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introduced in Chapter 3, are satisfied when increasing the beam bar diameter. It may be 

necessary to increase the depth of the column and concentration of joint shear 

reinforcement if anchorage becomes an issue when increasing the diameter of the 

longitudinal beam bars.  

 

(2) Improved Confinement of the Beam End 

Improvement of the beam end confinement would be required to avoid spalling and 

expansion of the beam end concrete, which was observed during Test 1. The lateral 

restraint provided to the beam reinforcement from the surrounding concrete was destroyed 

at the initiation of spalling, which accelerated the buckling induced failure of the bottom 

beam longitudinal bars.  

 

Confinement of the ends of the beams in a non-tearing connection could be enhanced in a 

number of ways. The simplest solution would be to increase the diameter of the shear 

stirrups and provide these stirrups at a closer centre-to-centre spacing in the end region of 

the beam. The spacing of the beam stirrups should be much closer than the 6db limit 

specified by NZS3101:2006. Locating the first stirrup set as close to the beam face as 

possible is also important to provide lateral bar support in the critical beam end region. 

Further research is required to investigate the required spacing and stiffness requirements 

of shear reinforcement in the beam end region for a non-tearing connection as current 

design code requirements do not directly apply to non-tearing connection technology.  

 

An alternative method for enhancing the beam confinement, which could be easily 

incorporated in the steel top hinge connections, would be to enclose the bottom beam 

concrete in a steel cap, as shown in Figure 6-50 and Figure 6-51. This detail would 

significantly improve beam end confinement and prevent the loss of concrete cover. 

However the additional steel components add further cost to the steel top hinge detail.  
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Figure 6-50 Recommended modification to improve beam confinement in the steel top hinge detail 

 

 

Figure 6-51 Recommended modification to improve beam confinement in the slotted beam detail 

 

It is recommended that the debonded length of beam reinforcement be provided using 

steel tubes. The results from Test 2 showed that the onset of buckling was delayed 

significantly when the debonded beam bars were sleeved in steel tubes, rather than 

polyurethene tubes in that were used in Test 1.   
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(3) Stiffening of the steel top hinge details 

In order to reduce the large vertical hinge deformations observed in the steel top hinge 

details during the non-tearing frame test, stiffening of the hinges would be required. 

Using a deeper equal angle section with greater wall thickness in the top hinge detail 

tested would successfully stiffen the hinge and reduce the shear force dependent vertical 

hinge deformation.  

 

Alternatively, flat plate steel straps could be welded to the outside of the steel top hinge, 

as shown in Figure 6-52. These stiffening straps would provide high axial stiffness to the 

hinge at the beam face to avoid bending deformation of the hinge under a negative 

moment seismic and gravity shear force. This detail would combine well with the steel 

beam cap detail to improve beam confinement. Although the additional steel components 

would add additional cost to the connection, the seismic performance of the hinge and 

connection would be improved significantly.  

 

It is recommended that the eurethene pads provided in the open-ended top hinge detail be 

removed. The pads added additional cost to the connection and were detrimental to the 

vertical deformation of the hinge.  

 

 

Figure 6-52 Recommended modification to stiffen the steel top hinge details 
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(4) Development of flexural energy dissipation devices 

Devices which dissipate energy by an axial yielding mechanism, such as steel reinforcing 

bars, will always be prone to buckling in a non-tearing connection, due to the high 

compressive strain demand imposed during connection rotation. It is recommended that 

the implementation of flexural dissipation devices in the non-tearing connection details be 

explored in order to avoid the issues with compression buckling observed in the tested 

non-tearing connection details. The limited drift performance of the non-tearing test frame 

and damage to the beams occurred as a direct result of buckling of the longitudinal 

bottom beam reinforcement. The development of flexural dissipation devices would 

resolve the issues encountered with axial buckling and allow the performance advantages 

associated with non-tearing frame technology to be fully utilised.  

 

6.14 CHAPTER SUMMARY 

The experimental data collected from the extensive arrangement of instruments measuring the 

non-tearing frame response has been analysed and presented in this chapter. Good agreement in 

frame drift throughout all stages of loading was observed between the potentiometer and 

inclinometer data, indicating that the applied instrumentation was sufficiently accurate.  

 

Analysis of the beam elongation and displacement incompatibility characteristics of the test 

frame confirmed that the non-tearing floor system successfully minimised these phenomena, 

which have previously caused significant damage in traditional reinforced concrete frames. The 

deformation mechanisms and detailing of precast floor systems employed in non-tearing frames 

has been highlighted as a primary source of elongation and damage in the system, traditionally 

governed by the beam plastic hinge response in conventional reinforced concrete frames.  

 

Assessment of the connection strain behaviour verified the predominantly elastic response of the 

top hinge reinforcement in the connection and that a low level of inelasticity in these bars was not 

detrimental to the performance of the connection. The design philosophy for bar bond at the 

internal non-tearing beam-column joint was also supported by observed strain and bond stress 

profiles.  
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The proposed design theory for the assessment of negative moment floor slab interaction was 

confirmed and the assessment of the connection behaviour against acceptance criteria for moment 

frame testing confirmed satisfactory seismic performance of non-tearing connection details up to 

3.5% storey drift.  

 

Finally, recommendations for future research and modifications of the investigated connection 

details have been suggested in order to enhance the performance of the non-tearing connection 

details in severe seismic events.  
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CHAPTER 7. NUMERICAL MODELLING OF CONNECTION 

RESPONSE 

7.1 INTRODUCTION 

This chapter presents the numerical study which was carried out in order to model the physical 

response of the non-tearing connection details developed and tested during this research. A 

variety of connection models using rotational and axial spring components were developed and 

analysed in Ruaumoko2D. A description of the numerical models and the engineering rules and 

relationships applied to the components in each model has been provided. The results from the 

numerical investigation, in terms of hysteretic and beam elongation response, have then been 

compared with the observed experimental connection response, and the accuracy of the numerical 

models discussed. Finally, numerical analysis has been carried out for a monolithic reinforced 

concrete connection, with equivalent flexural reinforcement to the tested non-tearing connection 

details, and the key similarities and differences between the analytical results of the two systems 

has been discussed.  

 

7.2 GENERAL MODELLING DETAILS 

7.2.1 Modelling of the Steel Top Hinge Connections 

The steel hinge acted as the centre of rotation in the steel top hinge non-tearing connection details, 

due to the high compressive and tensile strength of the structural steel section. It can therefore be 

reasonably assumed that the neutral axis location of the steel top hinge details was fixed between 

the centre of rotation of the hinge and the location of the bottom beam longitudinal reinforcement. 

Because of this assumption, the steel top hinge details were modelled using a simple rotational 

spring model with symmetrical connection response for both positive moment and negative 

moment connection rotations.  
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The rotational spring model developed for the steel top hinge connections in Ruaumoko2D is 

shown in Figure 7-1, adopting a lumped plasticity approach for modelling the connection 

response. The non-linear moment-rotation characteristics of the connection were modelled using 

non-linear rotational springs located at the interface between the elastic beam and column 

elements. Rotational springs were provided in parallel to model multiple aspects of the 

connection response, including floor slab effects. The rotational springs were calibrated with the 

moment rotation backbone prediction for the connection, using appropriate hysteresis rules to 

represent the characteristic connection behaviour.  

 

 

 
 

(a) Rotational spring element (Carr 2008b) (b) Rotational spring model arrangement  

Figure 7-1 Rotational spring model 

 

7.2.2 Modelling of the Slotted Beam Connection 

Because the slotted beam hinge adopted precast emulation of traditional reinforced concrete 

construction techniques, unique behaviour of the connection occurred during positive and 

negative moment rotations. The connection response resembled traditional monolithic reinforced 

concrete theory, where the location of the neutral axis shifted through the depth of the hinge, 

depending upon the strength and rotation induced in the connection. This caused different 

strength and stiffness properties for the slotted beam connection during positive and negative 

connection rotations which could not be reliably captured using a simplified lumped plasticity 
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rotational spring model. Therefore, a compound spring model, constructed with axial spring 

elements, was used to model the response of the slotted beam connection.  

 

The Ruaumoko2D compound spring model, shown in Figure 7-2, combines axial spring 

components connected between rigid plates and links to represent the concrete and steel 

components of the connection. Connection components are located within the depth of the 

compound spring, providing an accurate representation of the physical geometry of the 

connection. Multiple spring components can be used to model the concrete behaviour the element.  

 

The compound spring components were calibrated using the strength and stiffness properties of 

the materials, obtained from laboratory testing, and appropriate hysteresis rules to represent the 

material behaviour. The steel top hinge connections were also modelled using a compound spring 

model.  

 

 

 
 

(a) Compound spring element (Carr 2008a) (b) Compound spring model arrangement 

Figure 7-2 Compound spring model 

 

7.2.3 Modelling of Floor Slab Negative Moment Initiation 

In order to model floor slab initiation under a negative moment rotation, by the torsion 

mechanism proposed in this research, a rotational spring with a bilinear with slackness hysteresis 

rule was applied. The hysteresis, shown in Figure 7-3, allowed negative moment strength from 

the floor to occur only when previous maximum drifts were exceeded, representing the 
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development of the crack between the precast unit and support beam which formed after the 

initiation of yield in the starter bars. A zero Gap
-
 length and a large Gap

+
 length was applied to 

the hysteresis rule to force slab initiation to occur under a negative moment connection rotation 

only.  

 

Figure 7-3 Bi-linear with slackness element used to model floor slab initiation (Carr 2008a)  

 

7.2.4 Modelling of the Beam and Column Elements 

The beam and column elements in the non-tearing connection analysis were modelled as linear 

elastic elements. The beam stiffness was modelled based on the gross section properties, since all 

inelastic action was concentrated to the slot between the beam and column face and minimal 

beam cracking was observed during the frame test. Column stiffness was modelled as 0.4𝐼𝑔  based 

on recommendations of effective member moment of inertia for different levels of axial load, 

published by Paulay (1992).  

 

7.2.5 Modelling of the Connection Reinforcement  

Several elements were available in Ruaumoko to model the inelastic cyclic behaviour of the 

bottom beam reinforcing steel. The Dodd-Restrepo hysteresis rule was selected for modelling the 

behaviour of the bottom beam longitudinal reinforcement, and is shown in Figure 7-4. The Dodd-

Restrepo hysteresis rule allows the Bauschinger effect of steel to be successfully captured during 

the reversed cyclic tensile and compressive strains induced the bottom beam reinforcement. The 

hysteresis rule requires the strain hardening and ultimate strain characteristics to be input, 

parameters which have shown to differ considerably for cyclic and monotonic loading.  
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Figure 7-4 Dodd-Restrepo hysteresis rule for modelling cyclic behaviour of steel (Carr 2008a) 

 

The top hinge steel in each connection, which was designed to remain elastic at the full 

overstrength of the connection, was modelled as a linear elastic spring element.  

 

7.2.5.1 Modelling the Cyclic Strain Response of Non-tearing Connection Reinforcing Steel 

The cyclic stress-strain behaviour for reinforcing steel has been shown to differ significantly from 

the monotonic response, depending upon the number of cycles induced at each inelastic strain 

level and the magnitude of steel strain induced in tension or compression before unloading or 

reloading occurs. In particular, the ultimate strain of mild steel reinforcement under cyclic 

loading tends to be highly dependent upon the cumulative strain ductility demand during loading 

(Marriott 2009).  

 

As part of Marriott’s (2009) research, cyclic tests were carried out on mild steel TCY dissipaters 

under a loading regime expected to occur when the devices were implemented in a column pier. 

The axial force-displacement response and loading protocol from a TCY dissipater test are 

presented in Figure 7-5, and show that the strain hardening and fracture strains of the mild steel 

dissipaters under cyclic loading were approximately 50% of the monotonic strains. However, as 

shown in Figure 7-5(b), the loading protocol did not subject the dissipaters to large inelastic 
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compressive strains. Therefore, the strain hardening and ultimate cyclic strains of mild steel 

reinforcement in a non-tearing floor connection, where large inelastic compression strains are 

imposed, could be less than 50% of the monotonic fracture strain, and perhaps as low as 25% of 

the monotonic strains.  

 

 

 

 

 

(a) Cyclic and monotonic envelopes for TCY damper (b) Cyclic test protocol applied to TCY damper 

Figure 7-5 Cyclic extension testing of mild steel TCY dampers (Marriott 2009) 

 

The low cycle fatigue characteristics of the longitudinal beam reinforcement in the non-tearing 

connections is suggested as a more reliable way to predict the ultimate strain of mild steel 

reinforcement subject to reversed cycles of large tensile and compressive strains. The following 

procedure is proposed for determining the strain hardening and ultimate strain characteristics of 

the non-tearing connection longitudinal beam reinforcement.  

 

1. The low cycle fatigue analysis developed by Dutta (2001) and Mander (1994) should be 

carried out to determine the level of debonding required for the bottom beam 

reinforcement to sustain the desired number of cycles at the design drift level, and 

subsequently to determine the drift at which low cycle fatigue failure is expected to occur.  

The monotonic bar strain at which low cycle fatigue failure occurs can be determined 

using Equation 7.1.  
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𝜀𝑢 ,𝑐𝑦𝑐 =

𝜃𝑏 × (𝑑 − 𝑑
′)

𝐿𝑢𝑏 + 2𝐿𝑠𝑝
 

 

7.1 

 

Where 𝜃𝑏  is the beam rotation at low cycle fatigue failure of the longitudinal 

reinforcement at the bottom of the beam, 𝐿𝑢𝑏  is the unbonded length provided on the 

reinforcement and 𝐿𝑠𝑝  is the strain penetration depth given by Equation 7.2. 

 

 𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏   

7.2 

 

2. The ratio of cyclic ultimate strain vs. monotonic ultimate strain, 𝜀𝑢 ,𝑐𝑦𝑐 /𝜀𝑢 ,𝑚𝑜𝑛𝑜 , is then 

determined, where the monotonic ultimate strain is obtained from laboratory testing or 

manufacturer specifications.  

 

3. Based on the cyclic test results observed by Marriott (2009), it is assumed that the ratio of 

ultimate cyclic strain to ultimate monotonic strain also applies for the strain hardening 

condition. Therefore the cyclic strain hardening point is determined using Equation 7.3.  

 

 𝜀𝑠 ,𝑐𝑦𝑐 = 𝜀𝑠 ,𝑚𝑜𝑛𝑜 ×
𝜀𝑢 ,𝑐𝑦𝑐
𝜀𝑢 ,𝑚𝑜𝑛𝑜

 
 

7.3 

 

Where 𝜀𝑠 ,𝑚𝑜𝑛𝑜  is the monotonic strain hardening point determined from laboratory 

testing or from steel manufacturer specifications.  

 

This procedure and has been adopted in the non-tearing connection analyses, based on 

relationships observed in cyclic extension tests carried out by Marriott (2009), with the 

assumption that the cyclic extension trends also extend to a fully reversed extension-compression 

loading condition. Further research needs to be carried out to investigate the strain characteristics 

of steel reinforcement subject to high cyclic compressive and tensile strains. 
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7.2.5.2 Bauschinger Effect Factor Calibration for Dodd-Restrepo Steel Hysteresis 

The Bauschinger effect observed during the cyclic loading of mild steel is dependent upon the 

steel carbon content, and can vary significantly between different countries and for different steel 

manufacturing processes. The Bauschinger effect factor influences the stiffness of the cyclic re-

loading envelope of the steel hysteresis, and affects the energy dissipation characteristics of the 

force-displacement relationship.  

 

In order to determine an appropriate Bauschinger effect factor to be applied to the New Zealand 

Grade300 (fy=300MPa) yielding steel reinforcement in the non-tearing floor connection analysis, 

a recent cyclic TCY damper test performed on Grade300 New Zealand steel by Marriott (2009), 

shown in Figure 7-6(a), was modelled in Ruaumoko2D.   

 

The analysis results, shown in Figure 7-6(b), show that good agreement between the cyclic test 

envelopes, particularly in terms of the reloading shape of the Bauschinger curve, was achieved 

when a Bauschinger factor OmegaF=1.0 was applied in Ruaumoko2D.  

 

Therefore a Bauschinger effect factor of OmegaF=1.0 was used in the Dodd-Restrepo hysteresis 

rule for the yielding steel components in the non-tearing connection analysis, in order to provide 

a reliable representation of the steel behaviour when subjected to reversed strain cycles.  

 

 

 

(a) Cyclic envelope for TCY damper (Marriott 2009) (b) Cyclic model for TCY damper with Bauschinger 

factor  OmegaF=1.0 

Figure 7-6 Bauschinger effect factor calibration from cyclic testing of TCY dissipaters 
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7.2.6 Modelling of the Top Hinge Stiffness 

The concrete springs modelling the hinge concrete in the slotted beam compound spring element 

were modelled using the Brian Peng concrete hysteresis in Ruaumoko2D, shown in Figure 7-7. 

The Brian Peng concrete hysteresis allows the compressive and tensile behaviour of concrete to 

be effectively captured, included contact stress effects. Contact stress effect is concrete stiffening 

which occurs due to contact between two surfaces of a crack before the average strain in the 

concrete reaches zero.    

 

The concrete compressive strength was taken directly from cylinder tests carried out at the time 

of testing of the non-tearing frame. The elastic modulus of concrete was assumed to be 𝐸𝑐 =

3320 𝑓𝑐
′ + 6900  (Standards New Zealand. 2006). The 100mm deep concrete hinge was 

modelled using five concrete spring components in the compound spring element, each 20mm 

deep.  

 

The steel top hinge elements were modelled using a linear elastic steel spring, working in 

compression only. The stiffness and strength properties of the steel hinge spring element were 

determined considering the portion of the top hinge in contact with the column face during 

rotation of the connection.   

 

 

Figure 7-7 Brian Peng hysteresis rule for modelling concrete behaviour (Carr 2008a) 
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7.3 TEST 1 ANALYSIS 

7.3.1 Steel Top Hinge Connection Modelling 

7.3.1.1 Rotational Spring Model 

Figure 7-8 and Figure 7-9 present the hysteretic response from the Ruaumoko2D analysis of the 

rotational spring model for the circular top hinge and open-ended top hinge connections 

respectively. Comparing the experimental and analytical responses shows that the rotational 

spring model successfully captured the yield and the peak shear force response of the connections 

at each drift cycle. The connection stiffness characteristics were modelled extremely well up to 

1.0% drift, and the unloading stiffness and residual drift characteristics agreed well with the 

experimental response at each level of drift. Pinching of the experimental hysteresis occurred 

after the 1.0% drift cycles due to bar buckling, shear pinching and bond degradation. This is 

discussed in further detail in 7.3.3.  

 

 

Figure 7-8 Rotational spring model hysteresis for circular steel top hinge connection Test 1 
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Figure 7-9 Rotational spring model hysteresis for open-ended steel top hinge connection Test 1 

 

7.3.1.2 Compound Spring model 

Figure 7-10 and Figure 7-11 present the hysteretic connection response from the compound 

spring model analysis for the circular top hinge and open-ended top hinge connections 

respectively. The responses were nearly identical to the rotational spring model analysis, 

indicating that either the rotational or compound spring models would both be appropriate for 

modelling the force-displacement characteristics of the steel top hinge non-tearing connections.  

 

The rotational spring model may be more desirable for the modelling of structures with a large 

number of connections since the computational effort required to carry out the rotational spring 

analysis would be less than required for the compound spring model.  
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Figure 7-10 Compound spring model hysteresis for circular steel top hinge connection Test 1 

 

Figure 7-11 Compound spring model hysteresis for open-ended steel top hinge connection Test 1 
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7.3.2 Slotted Beam Modelling 

7.3.2.1 Compound Spring Model 

Figure 7-12 presents the hysteretic response for the slotted beam connection, from the compound 

spring model analysis. As for the steel top hinge connections, the compound spring model 

captured the yield response and peak storey shear response at increasing drift cycles with good 

accuracy. The change in stiffness associated with the shifting neutral axis depth was successfully 

captured by the compound spring model. Pinching of the experimental hysteresis is apparent but 

significantly less pronounced than observed for the steel top hinge connections. The mechanisms 

which cause the observed pinching behaviour are discussed in 7.3.3.  

 

Small discrepancy in the peak response under a positive moment rotation at 2.5% storey drift is 

observed, with the analytical model slightly underestimating the peak storey shear. This 

discrepancy is attributed to the buckling of the longitudinal beam reinforcement that occurred 

during the experiment, which caused early strain hardening and bar fracture in tension.  

 

 

Figure 7-12 Compound spring model hysteresis for slotted beam connection Test 1 
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7.3.3 Discussion of the Numerical vs. Experimental Hysteretic Response 

In general, the developed rotational and compound spring models captured the primary features 

of the experimental hysteretic response of the non-tearing floor connections with good accuracy. 

Figure 7-8 to Figure 7-12 show that the experimental hysteresis loops were pinched and less 

dissipative than predicted by the rotational and compound spring models, after the cycles to 1.0% 

drift. This pinching behaviour was caused by three mechanisms; bar buckling, shear pinching and 

bond degradation.  

 

At the onset of bar buckling in compression, a reduction in axial stiffness of the longitudinal 

beam reinforcement occurred. During load reversal from the compression to tension regime, a 

reduction in the axial bar stiffness also occurred in the initial stages of loading, since 

straightening of the buckled bar had to occur before the initial stiffness of the reinforcement was 

reinstated. The stiffness reduction in the buckled reinforcement caused pinching of the hysteresis 

during the reloading regions of the force-displacement response.  Pinching of the hysteresis loops 

was more severe during reloading in the tension regime since the stiffness of the buckled 

reinforcement was lower during tension loading than compression loading.   

 

Shear deformation of the connections also contributed to pinching of the experimental hysteresis 

loops. Pinching of the steel top hinge connection hysteresis loops was more severe than for the 

slotted beam connection. This is attributed to the higher shear deformation and flexibility 

observed in the steel top hinge connections, compared to the slotted beam connection. The simple 

models developed in this analysis were not able to capture the complete shear deformation 

response of the connections. Providing diagonal shear springs in the compound spring elements 

and incorporating the FLEXV flexibility factor into the model, such as in the plastic hinge 

element developed by Peng (2009), would allow the shear pinching to be captured.   

 

Strain penetration and bond degradation of the anchored bottom beam reinforcement would also 

have contributed to pinching of the hysteresis loops for the non-tearing connections. However by 

avoiding plastic hinges forming in the beams of a non-tearing connection, the influence of bond 

degradation on the connection hysteresis would be significantly less severe than for monolithic 

reinforced concrete connections.   
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It is expected that if buckling of the beam reinforcement in the non-tearing connection was 

avoided, and the vertical stiffness of the steel top hinge connection details was increased to avoid 

significant shear deformation, that the experimental hysteretic response of the non-tearing 

connections would match closely with the analytical response. A small amount of pinching may 

be observed due to strain penetration and bond degradation of the reinforcing bars anchored in 

the columns and beams, but is likely to be minor since beam plastic hinges are avoided in the 

non-tearing connection.   

 

A final factor which must be considered is the Bauschinger effect factor. Although calibration for 

the Bauschinger factor was carried out on recent cyclic steel tests, the tests were for cyclic 

extension only. The Bauschinger effect for reversed cyclic loading may differ to the cyclic 

extension load condition, and further research exploring this effect for the fully reversed cyclic 

loading of New Zealand steel is recommended.  

 

7.3.4 Connection Elongation Response for Test 1 

Figure 7-13 compares the experimental and compound spring model connection elongation        

(or gap opening) response for the non-tearing connection details during Test 1. The compound 

spring model captured the beam elongation response of the connections with good accuracy. 

During a positive moment connection rotation, the analytical elongation predictions were within 

0.5mm of the experimental response. Similar agreement was observed under a negative moment 

connection rotation up to 1.5% storey drift, after which the analytical model over predicted the 

connection shortening (or gap closing) response by approximately 1.0mm. This discrepancy is 

likely to have occurred as a result of bond degradation of the reinforcement, stiffness reduction of 

the connection due to progressive connection damage at increasing levels of drift, and the unique 

rotational characteristics of the hinge details, all of which were not directly captured in the simple 

analytical models.  

 

It is interesting to note that the discrepancy between analytical and experimental negative 

moment shortening (or gap closing) for the slotted beam, a connection which displayed high 

vertical stiffness, was of the order of half that for the steel top hinge connections, connections 
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which displayed lower relative vertical stiffness. This suggests that the vertical flexibility of the 

connection may have also influenced connection shortening under a negative moment rotation.  

 

  

(a) Slotted beam connection (b) Circular top hinge pre-cracked slab connection 

  

(c) Circular top hinge connection (d) Open-ended top hinge connection 

Figure 7-13 Comparison of the experimental and analytical beam elongation response for the non-tearing 

connections during Test 1 
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7.4 TEST 2 ANALYSIS 

7.4.1 Modification to Test One Models 

During the experimental test program it was observed that concrete spalling and degradation in 

the slotted beam hinge concrete occurred after the applied reversed drift cycles during Test 1, to a 

depth of approximately 10mm. Although injection grout was used to repair the hinge cracks, the 

concrete which had spalled had to be removed. Therefore, when constructing the numerical 

model for the slotted beam during Test 2, the slotted beam hinge springs were calibrated 

assuming that 10mm depth of concrete on the top and bottom of the hinge did not contribute to 

the stiffness of the connection as a result of spalling and damage which occurred during Test 1.  

  

When constructing the analytical model for the circular top hinge internal connection during    

Test 1, it was assumed that the pre-cracked slab detail would avoid any floor diaphragm strength 

initiation, and the rotational spring modelling the floor slab response was not provided in the 

analysis of the pre-cracked connection. Repair of the floor diaphragm after Test 1 resulted in 

grouting of the diaphragm cracks at all connections and caused the pre-cracked slab detail to 

behave like a conventionally detailed precast floor unit. Therefore, the floor slab rotational spring 

was provided in both connections of the circular top hinge model for the Test 2 analyses.  

 

7.4.2 Test 2 Analysis Using Compound Spring Models 

Compound spring models were constructed to model the response of the non-tearing frame 

during Test 2. Two models were created for each connection. The first model was derived based 

on the assumption that the buckling restraint bars did not contribute to the strength of the 

connection. The second model was constructed based on the experimental observations, where 

the first yield properties of the connection excluded the strength contribution of the buckling 

restraint tubes, while the second yield and ultimate connection strengths were derived including 

the contribution from the buckling restraint tubes. The hysteresis loops for both analytical models, 

for each connection, are shown in Figure 7-14 to Figure 7-19. 
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Figure 7-14 Compound spring model hysteresis for slotted beam connection Test 2  

 

Figure 7-15 Compound spring model hysteresis for slotted beam connection Test 2 including steel tube 

strength 
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The analytical results show that the models which considered the buckling restraint tube strength 

contribution captured the response of the connections with better accuracy than the models 

ignoring the tube strength. The peak responses at each drift cycle matched well with the 

experimental response, and the stiffness characteristics of each connection were modelled well up 

to 2.5% drift. Discrepancy between the experimental and analytical hysteresis loops occurred at 

the onset of buckling and fracture of the D12 connection bars in the 3.5% and 4.5% drift cycles 

during the experimental frame test.  

 

Some signs of pinching in the experimental response of the slotted beam connection were 

apparent when comparing the unloading cycles from the negative moment regime in the 

experimental response and analytical responses in Figure 7-14 and Figure 7-15. This pinching is 

attributed to bond slip of the anchored reinforcing bars. Pinching was less apparent under a 

positive moment rotation, with the analytical model agreeing well with the positive moment 

stiffness characteristics observed during the experiment.  

 

The hysteretic response of the circular top hinge connection, shown in Figure 7-16 and Figure 

7-17, was captured particularly well with the compound spring model, with impressive agreement 

between the peak load and stiffness characteristics of the experimental and analytical response. 

Buckling and fracture of the beam reinforcement during the 3.5% drift cycles meant that the 

analytical model over-predicted the dissipation characteristics of the connection at high levels of 

drift.  
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Figure 7-16 Compound spring model hysteresis for circular top hinge connection Test 2 

 

Figure 7-17 Compound spring model hysteresis for circular top hinge connection Test 2 including steel tube 

strength 
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Figure 7-19 shows that despite the formation of the brittle floor mechanism at the open-ended top 

hinge connection, that the analytical model captured the general response of the connection with 

reasonably good accuracy. Some small discrepancies were observed between the experimental 

and analytical peak load and stiffness characteristics under a negative moment rotation, as a result 

of strength enhancement from the brittle failure of the floor diaphragm.  

 

 

Figure 7-18 Compound spring model hysteresis for open-ended top hinge connection Test 2 
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Figure 7-19 Compound spring model hysteresis for open-ended top hinge connection Test 2 including steel 

tube strength 

 

7.4.3 Beam Elongation Response for Test 2 

Figure 7-20 presents a comparison of the analytical and experimental connection elongation 

response for the four non-tearing connections during Test 2. As observed in the analysis from 

Test 1, the compound spring model captured the beam elongation behaviour of the non-tearing 

connections with good accuracy. The experimental and analytical elongation agreed extremely 

well for a positive moment elongation, while the analytical model slightly over predicted the 

negative moment rotation elongation, with discrepancy between the experiment and analysis 

increasing at greater inter-storey drifts. The largest discrepancy between experiment and analysis 

existed for the open-ended top hinge connection, shown in Figure 7-20(d).   

 

Although the compound spring model over-predicted the negative moment elongation of the non-

tearing connection, the magnitude of this discrepancy was small, especially when compared to 

the magnitude of beam elongation in a monolithic connection. It is unlikely that the discrepancies 

observed between the experimental and analytical elongation behaviour would significantly 
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influence the accuracy of the non-tearing floor connection compound spring model in modelling 

the response of the non-tearing connection details.   

 

  

(a) Slotted beam connection (b) Circular top hinge pre-cracked slab connection 

  

(c) Circular top hinge connection (d) Open-ended top hinge connection 

Figure 7-20 Comparison of the experimental and analytical beam elongation response for the non-tearing 

connections during Test 2 

-5 -4 -3 -2 -1 0 1 2 3 4 5
Storey Drift (%)

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

C
o

n
n

e
c
ti
o
n

 e
lo

n
g

a
ti
o

n
 (

m
m

)

Experiment

Analysis

-5 -4 -3 -2 -1 0 1 2 3 4 5
Storey Drift (%)

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

C
o

n
n

e
c
ti
o
n

 e
lo

n
g

a
ti
o

n
 (

m
m

)
Experiment

Analysis

-5 -4 -3 -2 -1 0 1 2 3 4 5
Storey Drift (%)

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

C
o

n
n

e
c
ti
o
n

 e
lo

n
g

a
ti
o

n
 (

m
m

)

Experiment

Analysis

-5 -4 -3 -2 -1 0 1 2 3 4 5
Storey Drift (%)

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

C
o
n

n
e

c
ti
o

n
 E

lo
n
g

a
ti
o

n
 (

m
m

)

Experiment

Analysis



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

7-24 

7.5 TRADITIONAL MONOLITHIC CONNECTION MODELLING 

The reinforced concrete plastic-hinge spring member shown in Figure 7-21, developed by Peng 

(2009), was used in Ruaumoko2D to model the response of a traditional monolithic reinforced 

concrete frame connection with the same flexural reinforcement layout as the tested non-tearing 

connection details during Test 1.  

 

7.5.1 Reinforced Concrete Plastic Hinge Element 

The plastic-hinge spring member, shown in Figure 7-21, combines axial and diagonal springs, 

linked between two rigid plates, to capture the axial, flexural and shear response of a reinforced 

concrete plastic hinge, including beam elongation. The concrete springs in the member were 

modelled using the Brian Peng concrete hysteresis, shown in Figure 7-7, while the Dhakal 

hysteresis, shown in Figure 7-22, was used to model the steel springs.  

 

 

Figure 7-21 Reinforced concrete Plastic-Hinge spring member (Carr 2008b) 
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Figure 7-22 Dhakal steel hysteresis (Carr 2008a) 

 

7.5.2 Monolithic Connection Hysteresis 

Figure 7-23 shows the hysteretic response from the analysis of an equivalent monolithic 

reinforced concrete connection from Test 1. The analysis was performed and compared 

considering the connection response alone without floor slab interaction, since the mechanism for 

floor slab initiation is very different for non-tearing and monolithic connections.  

 

The FLEXV factor in the reinforced concrete plastic hinge element was set to a value of 2, based 

on recommendations by Peng (2009), in order to capture pinching of the connection hysteresis. 

This pinching is apparent in Figure 7-23, particularly in the 2.5% and 3.5% drift cycles.  
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Figure 7-23 Traditional reinforced concrete connection hysteresis using reinforced concrete plastic hinge 

spring member 

 

Figure 7-24 and Figure 7-25 present a comparison of the hysteretic response between the non-

tearing connections and the monolithic reinforced concrete connection during test one. For the 

purpose of the analysis it has been assumed that detailing to stiffen the connection and avoid 

longitudinal bar buckling was provided in order to avoid pinching observed in the experimental 

response.  

 

The global responses of the non-tearing and monolithic connection details were very similar, 

where both non-tearing and monolithic connections produced hysteresis loops with high energy 

dissipation, an important quality for the seismic design of precast concrete moment frames. 

 

Some key behavioural differences occurred between the non-tearing and monolithic hysteresis 

loops. Firstly, the first yield cycle of the monolithic reinforced concrete model occurred at a 

higher storey shear than for the non-tearing connection. After yield, the peak loads achieved at 

each drift cycle were slightly greater in the non-tearing connection model. This indicates that the 

level of overstrength developed in the non-tearing connections may have been greater than that 
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for a monolithic reinforced concrete system, which is important to consider during capacity 

design protection of the system. It is recommended that the maximum steel overstrength be 

applied in the capacity design of a non-tearing frame. However, as shown in Figure 7-26, the 

provision for negative moment contribution for a monolithic connection is much greater than for 

a non-tearing connection, and requires a greater degree of protection in the capacity design of the 

system. Therefore, although higher overstrength occurs in the non-tearing connection itself, the 

global system is significantly more efficient in terms of capacity design protection, compared to 

traditional monolithic frames.  

 

The non-tearing connection model hysteresis achieved consistently “fatter” and more dissipative 

loops than the monolithic connection model. By avoiding the formation of beam plastic hinges in 

the non-tearing connection, stiffness degradation and hysteresis pinching characteristics of 

monolithic reinforced concrete connections are avoided, resulting in better energy dissipation and 

greater hysteretic damping. By achieving better hysteretic damping in the non-tearing connection, 

the base shear demand on the structure may be reduced during displacement based design, 

compared to an equivalent monolithic reinforced concrete frame.  

 

 

Figure 7-24 Comparison of hysteretic responses for slotted beam and monolithic reinforced concrete models 
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Figure 7-25 Comparison of hysteretic responses for non-tearing steel top hinge and monolithic reinforced 

concrete models 

 

 

Figure 7-26 Comparison of negative moment provision from the floor diaphragm interaction for non-tearing 

slotted beam and monolithic reinforced concrete models.  
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In terms of hysteretic performance, the connection analysis has shown that the non-tearing 

system would perform at least as well as equivalent monolithic reinforced concrete frames, 

provided that bar buckling and shear stiffening detailing can be successfully applied to the 

connection.  

 

7.5.3 Monolithic Beam Elongation Response 

Figure 7-27 compares the non-tearing connection and traditional reinforced concrete connection 

beam elongation response. The maximum non-tearing connection elongation was 50% that of the 

equivalent monolithic reinforced concrete section.  

 

However, in order to highlight the significant advantage of non-tearing connections compared to 

traditional monolithic connections, the bay elongation of a simple two connection frame must be 

considered.  

 

  

(a) Slotted beam connection (b) Steel top hinge connection 

Figure 7-27 Comparison of beam elongation response between non-tearing and monolithic reinforced concrete 

connections  
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Because connection elongation and connection shortening occur concurrently at each end of the 

bay in a non-tearing frame, a net cancellation effect on the total bay elongation occurs. Figure 

7-28 shows that while significant bay elongation occurred in the traditional monolithic reinforced 

concrete frame analysis, the bay elongation for the slotted beam frame was essentially zero.  

 

It is important to note that the magnitude of beam elongation in a monolithic reinforced concrete 

frame is dependent upon the level of axial load induced in the beams, as compressive axial load 

which arises as a result of plastic hinge elongation works to retrain elongation of the plastic 

hinges. The floor diaphragm adjacent to the seismic frame connection also acts to restrain 

elongation of the plastic hinges.  

 

The predicted beam elongation for a monolithic reinforced concrete one-bay frame shown in 

Figure 7-28 does not take into account beam axial load or floor slab effects. The intention of the 

beam elongation behaviour shown in Figure 7-28 is to highlight the significant advantage that 

non-tearing frames possess over traditional frames in avoiding beam elongation and system 

strength enhancement associated with this phenomena.  

 

 

Figure 7-28 Bay elongation comparison from analytical modelling of non-tearing and monolithic reinforced 

concrete frame 
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7.6 CHAPTER SUMMARY 

A numerical study has been herein presented, providing validation of the experimental response 

of the developed non-tearing floor connection details. Simple models were developed using axial 

and rotational spring components with appropriate material hysteresis rules, in order to capture 

the non-tearing connection and floor diaphragm behaviour during the reversed cyclic seismic 

testing of the non-tearing floor frame.  

 

Results from the analysis showed that the key features of the experimental non-tearing 

connection response were successfully captured with the simple spring models. While the 

rotational spring models provided an accurate and efficient analysis of the connection hysteretic 

response, the compound axial spring models were able to capture the physical behaviour of the 

connections with greater accuracy, particularly the beam elongation characteristics.  

 

Pinching of the experimental force-displacement response caused some discrepancy between the 

analytical and experimental results. However, with improved connection detailing, pinching 

would be minimised and it is expected that the simple spring models developed would represent 

the physical behaviour of non-tearing connections with high accuracy.  

 

Finally, the non-tearing connection analysis has been compared with the response of an 

equivalent monolithic reinforced concrete model, highlighting the significant advantage of non-

tearing floor connection technology, particularly in terms of avoiding beam elongation.   
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 

The seismic response of reinforced concrete frame buildings has been shown to induce 

detrimental damage in the structural frame and floor system, resulting in the likelihood of 

extensive repair to, and loss of function of, the building after a severe earthquake. Interaction 

between regions of beams that elongate under inelastic deformations (plastic hinge zones) and the 

floor diaphragm has been shown to enhance the flexural capacity of the plastic hinges. The 

current design code provisions tend to significantly underestimate this enhancement of beam 

flexural capacity. This causes uncertainty in the capacity design and hierarchy of strength 

characteristics of reinforced concrete members.  

 

This thesis has presented the research investigation of a unique non-tearing connection for precast 

concrete moment frames, which eliminates the damage and design uncertainties associated with 

traditional reinforced concrete frames, with the aim to provide superior performance, safety and 

efficiency to the design and construction of future multi-storey buildings.  

 

The conclusions and recommendations arising from this research are discussed in this chapter, in 

respect of the design, experimental and analytical aspects of the non-tearing floor connection 

investigation. 

 

8.1 DESIGN CONSIDERATIONS FOR NON-TEARING CONNECTIONS 

 Investigation of the mechanics behind the seismic behaviour of non-tearing connections 

has shown that some design aspects diverge from traditional reinforced concrete theory. 

Therefore, methodology and theory for the design of non-tearing connections has been 

developed and proposed in this thesis. It is recommended that further investigation of the 

bond stress distributions in beam-column joints of non-tearing connections, and the large 

strain and low cycle fatigue behaviour of mild steel reinforcement under reversed cyclic 
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tension-compression loading, be carried out in future research programs in order to verify 

the design theory presented in this thesis.  

 

 A variety of top hinge profiles utilising different materials can be adopted in the design of 

non-tearing connections, each imparting unique deformation characteristics in the 

connection and slab. Top hinge deformation response has been discussed in this thesis, 

allowing the performance evaluation of different hinge details during the design process.  

 

 Precast concrete emulation of monolithic concrete construction or purely precast concrete 

methods of construction can be adopted in the construction of non-tearing seismic frames. 

While the precast emulation approach closely utilises techniques common in current 

construction practice, rapid erection benefits of reduced time and costs are associated with 

purely precast design. Design solutions for non-tearing connections adopting both of these 

methods of construction have been developed in this research. It is recommended that the 

detailing and construction methods of non-tearing connections be developed in further 

research programs, in order to refine the efficiency of the system.  

 

 The beam gap or slot provided in non-tearing connections is a key feature to the unique 

performance of the system. A beam gap which can accommodate beam rotation up to 

4.5% storey drift is recommended for the design of non-tearing connections. However, 

detailing of the beam gap is dependent upon the seismic demand, which is based on the 

location of the structure. Buckling of the bottom beam longitudinal reinforcement and 

construction tolerances must be considered in the design of the beam slot/gap.  

 

 The top hinge flexural reinforcement in non-tearing connections must be designed to 

avoid severe inelasticity, to ensure that inelastic elongation of the connection is avoided. 

The maximum overstrength arising from the plastic deformation of the bottom beam 

longitudinal reinforcement and the top hinge deformations must be carefully assessed and 

considered in the design of the top hinge longitudinal reinforcement.  
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 The design of non-tearing connections for shear requires careful consideration to ensure 

reliable seismic performance. Diagonal shear bars are recommended in precast emulation 

construction, while structural steel top hinge and corbel solutions are required for purely 

precast construction. Diagonal shear reinforcement must be appropriately terminated in 

the beam-column joint to avoid dowel shearing actions, and top hinge details must be 

correctly anchored into the strut and tie mechanism of the beam.      

 

8.2 EXPERIMENTAL RESPONSE OF NON-TEARING CONNECTIONS  

 The results from the experimental investigation of a large scale, two-bay, precast concrete 

frame, constructed with non-tearing connection details, concluded that severe damage to 

the frame and floor and beam elongation effects were successfully avoided during high 

levels of seismic drift demand.   

 

 Four hinge details, adopting both emulative and pure precast construction, were employed 

in the test frame. All of the connection details satisfied efficient construction and 

economic design criteria. The slotted beam connection displayed the highest potential for 

rapid introduction into construction industry, due to the familiar emulative construction 

sequence and absence of steel component fabrication. The structural steel top hinge 

details showed good potential for future implementation with the expected progression of 

pure precast technology. 

 

 Buckling of the bottom beam longitudinal reinforcement reduced the performance and 

drift capacity of the non-tearing connections at high levels of drift. Shrouding the 

reinforcing bars in steel tubes, during subsequent testing of the frame, successfully 

improved the buckling resistance and drift capacity of the connections. Detailing to 

improve beam confinement and avoid bar buckling have been provided in this thesis and 

it is recommended that further research programs should investigate the seismic 

performance of these improvements and develop the details further. It is also 

recommended that the use of flexural dissipation devices be explored to avoid the 

detrimental performance and damage effects associated with longitudinal bar buckling.   
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 Shear deformation of the structural steel top hinge details caused pinching of the seismic 

response and increased the proneness of the longitudinal reinforcement in the bottom of 

the beams to buckle. Detailing to stiffen the steel hinge sections has been suggested and it 

is recommended that the seismic performance evaluation and development of these details 

be carried out in future research.   

 

 The pre-cracked floor unit-to-supporting beam detail performed impressively well, with 

virtually no cracking observed in the floor slab, even at severe seismic drift levels. It is 

recommended that this detail be introduced in precast floor unit specifications, even for 

traditional reinforced concrete construction. Analysis and investigation of the transfer of 

inertial diaphragm loads is required, as the detail prevents concrete shear resistance in the 

force transfer mechanism.  

 

 The provision of high strength, debonded steel reinforcement in non-tearing connections 

successfully reduced residual frame drift and the risk of P-delta instability and loss of 

building function, particularly at the serviceability limit state.   

 

 Since beam elongation was successfully avoided in the non-tearing test frame, interaction 

between the frame and floor system was minimal. Initiation of the floor slab 

reinforcement under a negative moment connection rotation occurred through torsion of 

the support beam, rather than as a beam flange. This successfully avoided the severe 

enhancement of beam flexural strength and allowed the hysteretic behaviour of the frame 

and floor system to be predicted extremely accurately. This feature of non-tearing 

connections significantly improves the reliability and accuracy in design and analysis.   

 

 The next phase for future non-tearing floor research would be to validate the developed 

design theory and improved detailing measures recommended by this research. Following 

this, the three-dimensional response of non-tearing connections should be investigated in 

a multi-storey, multi-bay large scale test building, with the production of industry design 

guidelines, in order that the performance benefits associated with non-tearing frames can 

be utilised in multi-storey frame buildings.  
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8.3 ANALYTICAL MODELLING OF NON-TEARING CONNECTIONS 

 Numerical validation of the experimental behaviour of the non-tearing connection details 

using simple rotational and axial spring models was carried out. The key features of the 

connection response were captured with excellent accuracy in the analysis. Guidelines for 

determining spring properties and selecting appropriate hysteresis rules for the modelling 

of non-tearing connections have been provided.  

 

 A method to model the properties of reinforcing steel subjected to reversed cyclic, high 

strain, tension/compression loading has been introduced. This theory requires further 

experimental and analytical investigation in order to validate the proposed modelling 

technique.   

 

 It is recommended that further numerical investigation be carried out, implementing the 

developed models in two and three-dimensional non-linear time history analysis of     

non-tearing frames/buildings.  
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APPENDIX A MATERIAL PROPERTIES 

A1 CONCRETE COMPRESSIVE STRENGTH 

Table A-1 Summary of concrete compressive strengths from cylinder testing 

Member 
 Concrete compressive stress 𝒇𝒄

′  (MPa) 

Cylinder 1 Cylinder 2 Cylinder 3 

Seismic beams, 

precast column B and 

C, column A to bottom 

of beam column joint 

7 Days 20.8 22.2 19.1 

28 Days 25.0 22.4 24.9 

Time of Test 29.1 32.9 30.6 

Transverse beams up to 

seating level and precast 

floor units 

7 Days 24.9 28.1 28.6 

28 Days 35.2 32.9 34.7 

Time of Test 39.1 38.5 38.5 

Topping slab, top half 

of transverse beams 

and column A beam 

column joint 

7 Days 28.7 28.8 28.8 

28 Days 34.3 32.5 33.4 

Time of Test 44.1 41.8 43.4 

Column C above beam 

column joint 

7 Days 30.0 28.8 30.5 

28 Days 34.8 31.1 34.3 

Time of Test 46.7 47.0 49.2 

Grouting of beam ducts 

test one 

7 Days 38.3 46.2 35.9 

28 Days 62.6 59.6 53.5 

Time of Test 85.5 80.5 69.3 

Grouting of beam ducts 

test 2 

7 Days 53.0 57.0 47.4 

Time of Test 64.7 66.2 69.8 
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A2 STRESS-STRAIN RELATIONSHIPS OF REINFORCING STEEL 

 

(a) Slotted beam D16 

 

 

(b) Circular top hinge D16 
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(c) Open-ended top hinge D16 

 

(d) Slotted beam D12 

 

(e) Circular top hinge D12 
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(f) Open-ended top hinge D12 

 

(g) Slotted Beam RB16 

 

(h) Circular top hinge RB16 
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(i) Open-ended top hinge RB16 

 

(j) Bay 1 beam stirrups R8 

 

(k) Bay 2 beam stirrups R8 

Figure A-1 Stress-strain relationships of beam reinforcement used in non-tearing test frame 
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(a) Column HD16 

 

(b) Column HR12 Stirrups 

Figure A-2 Stress-strain relationships of column reinforcement used in non-tearing test frame 
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Figure A-3 Stress-strain relationships of slab reinforcement used in non-tearing test frame 
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APPENDIX B CONSTRUCTION DRAWINGS 

B1 SEISMIC BEAM DETAILS 

 

Figure B-1 Beam section A-A 

 

Figure B-2 Beam section B-B 
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Figure B-3 Seismic beam 1 side elevation 

 

 

Figure B-4 Seismic beam 1 plan view 
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Figure B-5 Seismic beam 2 side elevation 

 

 

Figure B-6 Seismic beam 2 plan view 

 

A

1
4

5
8
,5

9
1

9
4

1
0
0

2
0
7

5
0

No. 3 Duct 41mm 

No. 2 Duct 35mm

No. 1 Duct 41mm

Dashed Region Cast 

with Slab (Top 100mm)

6 Sets of 4 legs R8 

@ 75mm CRS
6 Sets of 4 legs R8 

@ 90mm CRS

9 Sets of 4 legs R8 (180mm CRS) 6 Sets of 4 legs R8 

@ 90mm CRS
6 Sets of 4 legs R8 

@ 75mm CRS

To RB16 FootplateTo RB16 Footplate

RB16 Beam Bars

D16 Beam Bars

D16 Beam Bars

RB16 Top Beam 
Bars

4/ 16mm Grade 8.8 

Threaded Shear 

Rods and footplate 

No. 3 Duct 41mm 

No. 2 Duct 35mm

No. 1 Duct 41mm

B

B A
RB16 Footplate 

inserted during 

construction
56 561702

1812

18121050 PPHZ 1050 PPHZ

1500 Unbonded Length on No.3 Duct Bars1500 Unbonded Length on No.3 Duct Bars 456 456

500mm No.1&2 Ducts 246 610 246 1100 Long No.1 and No.2 Ducts1210

100100

4/ 16mm Grade 8.8 

Threaded Shear 

Rods and footplate 1700

Crank

525

100 100

525 525525

Crank

D16 Beam Bars

RB16 Beam Bars

8
9

7
8

5
8
,5

5
8
,5

7
8

RB16 Top Beam Bars

4/ 16mm Grade 8.8 Threaded 

Shear Rods and footplate 

D16 Beam Bars

4/ 16mm Grade 8.8 Threaded 

Shear Rods and footplate 

No. 1, 2 and 3 Ducts 

No. 1 Duct

No. 1 Duct

No. 1, 2 and 3 Ducts 

6 Sets of 4 legs R8 

@ 90mm CRS

6 Sets of 4 legs R8 

@ 75mm CRS

9 Sets of 4 legs R8 (180mm CRS) 6 Sets of 4 legs R8 

@ 90mm CRS
6 Sets of 4 legs R8 

@ 75mm CRS

To RB16 Footplate To RB16 Footplate

Crank
610

Scale 1:15

Beam 2 Plan View

525 525

1100 Long No.1 and No.2 Ducts

1500 Unbonded Length on No.3 Duct Bars

1812

246

456

610

456

525

1500 Unbonded Length on No.3 Duct Bars

Crank
246500mm No.1&2 Ducts

525

2



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

B-4 

B2 COLUMN AND TRANSVERSE BEAM DETAILS 

 

Figure B-7 General column section 

 

 

Figure B-8 External transverse beam section 
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Figure B-9 External transverse beam section 

 

Figure B-10 External transverse beam and column section 

 

Figure B-11 Internal transverse beam and column section 
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Figure B-12 External column and transverse beam front elevation Figure B-13 External column and transverse beam side elevation 
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Figure B-14 External column and transverse beam front elevation Figure B-15 External column and transverse beam front elevation 
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B3 FLOOR DIAPHRAGM DETAILS 

 

Figure B-16 Floor diaphragm to seismic beam connection detail 

 

Figure B-17 Floor diaphragm to external transverse beam connection detail 

 

Figure B-18 Floor diaphragm to internal support beam connection detail 
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(a) Precast floor unit transverse section  

  

(b) Precast floor unit longitudinal section (c) Precast floor unit plan view 

Figure B-19 Precast floor unit details 
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Figure B-20 Plan view of topping slab reinforcement  

 

 

 

D10 starters @ 250mm CRS 

extending 500mm into precast unit

D10 topping slab 

bars @ 250mm 

CRS both 

directions

D10 starters @ 250mm CRS 

extending 500mm into precast unit

D10 starters 

@ 250mm 

CRS lapping 

500mm with 

topping slab 

reinforcement

D10 starters @ 
250mm CRS 

lapping 500mm 

with topping 

slab 

reinforcement

850
850850

1
3

0
0

D10 topping 

slab bars @ 
250mm CRS 

both directions

Column B Column AColumn C Seismic BeamSeismic Beam

850



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

B-11 

B4 STRUCTURAL STEEL TOP HINGE DETAILS 

 

(a) End elevation 

 

(b) Side elevation 

 

(c) Plan View 

Figure B-21 Circular top hinge connection steel top hinge details 
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(a) End elevation 

 

(b) Side elevation 

 

(c) Plan view 

Figure B-22 Open ended top hinge connection steel top hinge details  
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APPENDIX C PREDICTION OF EXPERIMENTAL RESPONSE 

C1 PREDICTION OF YIELD RESPONSE FOR STEEL TOP HINGE CONNECTIONS 

DURING TEST 1 

C1.1 Components of Yield Response 

C1.1.1 Connection Contribution 

For the steel top hinge connections, the simplified assumption that the neutral axis depth, 𝑑 − 𝑑′ , 

remains fixed about the centre of rotation of the top hinge for the prediction of the yield and 

ultimate responses.   

The yield moment of the beam is given by 

𝑀𝑦 = 𝐴𝑠𝑓𝑦 𝑑 − 𝑑
′ = 4 ×

𝜋

4
× 16𝑚𝑚2 × 320𝑀𝑃𝑎 × 419𝑚𝑚 = 108𝑘𝑁.𝑚 

 

The deformation of the bottom beam reinforcement at first yield, ∆𝑦 ,  is given by 

∆𝑦= 휀𝑦 ×  𝐿𝑢𝑏 + 2𝐿𝑠𝑝  

Where 휀𝑦  is the yield strain of the bottom beam reinforcement, 𝐿𝑢𝑏 is the unbonded length 

provided on the reinforcement and 𝐿𝑠𝑝  is the strain penetration length, where 

𝐿𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  

So the yield deformation of the bottom beam reinforcement is  

∆𝑦= 휀𝑦 ×  𝐿𝑢𝑏 + 2𝐿𝑠𝑝 = 0.0019 ×  230 + 2 × 0.022 × 16 × 320 = 0.865𝑚𝑚 

The yield rotation of the connection is determined by 

𝜃𝑦
𝑏 =

∆𝑦
𝑑 − 𝑑′

× 100 =
0.865

419
× 100 = 0.206% 

In terms of column drift, the connection yield rotation is given by: 

𝜃𝑦
𝑐 = 𝜃𝑦

𝑏 × (1−
𝐻𝑐
𝐿𝑏

) 

Where 𝐻𝑐  is the depth of the column and 𝐿𝑏  is the length of the beam.  
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𝜃𝑦
𝑐 = 0.206 ×  1 −

600

3972
 = 0.175% 

C1.1.2 Elastic Beam Contribution 

Elastic deformation of the seismic beam also contributes to the yield drift of the beam. The elastic 

deformation of the beam can be determined using moment area theorem, where the elastic 

seismic beam deformation induced by the yield of the connection reinforcement is given by: 

 
𝛿𝑏 =

𝑀𝑦𝐿𝑏
2

12𝐸𝐼
 

 

(Matthews 2004) 

Where 𝐿𝑏  is the distance between beam plastic hinges and 𝐸 is the elastic modulus of concrete, 

given by:  

𝐸 = 3320 𝑓𝑐′ + 6900 = 3320 30.8 + 6900 = 25325 

 

The deflection of the elastic seismic beam at yield of the connection is given by: 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

108 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 1.36𝑚𝑚 

 

The elastic beam displacement can be written in terms of column displacement by: 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 1.37 ×
2480

3972
2

= 1.70𝑚𝑚  

Which corresponds to a column drift of  

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0685%  

 

C1.1.3 Beam-Column Joint Contribution 

Matthews (2004) and Lindsay (2004) developed an expression for determining the overall 

contribution of the beam-column joint to the frame yield drift. For the external beam-column 

joint,  

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-3 

𝛾 = 38.5
𝐴𝑠
𝐵𝐻

𝑓𝑦
𝐸𝑐
 1 −

𝑑 − 𝑑′

𝐻𝑐𝑜𝑙

𝐿

𝐿𝑏
 = 38.5

𝜋
4 × 162 × 4

600 × 600

320

25325
 1−

419

2480

4572

3972
 = 0.0875% 

 

Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points. The 

internal joint has tension and compression yield either side of the joint, hence the joint distortion 

is twice that for the external joint. Hence the distortion of the internal joint is 𝛾 = 0.175%. 

 

C1.1.4 Column Contribution 

From moment curvature analysis using Response, the column yield moment is determined from 

the curvature relationships suggested by Priestley et al.(2007) 

 𝑀𝑦𝑐 = 335 𝑘𝑁.𝑚 and ∅𝑦𝑐 = 2.10
휀𝑦

𝑐
= 2.10 ×

0.002875

600
= 1.0 × 10−5 1

𝑚𝑚
  

The effective stiffness of the column is calculated from 

∅𝑦𝑐 =
𝑀𝑦𝑐

𝐸𝑐 𝐼𝑒𝑓𝑓
→
𝐸𝑐 𝐼𝑒𝑓𝑓
𝐸𝑐𝐼𝑔

=
𝑀𝑦𝑐

∅𝑦𝑐𝐸𝑐 𝐼𝑒𝑓𝑓
=

335 × 106

1.0 × 10−5 × 25325 ×
600 × 6003

12

= 0.122 

 

The moment in the column at yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 

𝑀𝑐 = 98.5 𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 50.2𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

98.5 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.954𝑚𝑚 

𝜃𝑦
𝑐 =

0.954

2480
× 100 = 0.0385% 

 

For an internal connection, beam yield moments occur on both sides of the joint. The moment in 

the internal column at yield of the two adjacent beams is 𝑀𝑐 = 197 𝑘𝑁.𝑚, corresponding to a 

top of column deflection of 𝛿𝑐 = 1.92𝑚𝑚 and a column rotation of 𝜃𝑦
𝑐 = 0.077%.  
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C1.1.5 Floor Unit Negative Moment Contribution 

The initiation of the slab starter bars in tension under a negative moment contributes to the storey 

shear and yield drift of the structure. However slab initiation is transferred by torsion of the 

supporting beam, rather than through negative moment in the seismic beam, which influences the 

storey shear force in the column.  

The average yield stress of the starter bars is 𝑓𝑦 = 405𝑀𝑃𝑎 , strain hardening stress 𝑓𝑠 =

421𝑀𝑃𝑎 of ultimate stress is 𝑓𝑢 = 507𝑀𝑃𝑎 yield strain of 휀𝑦 = 0.00228, strain hardening of 

휀𝑠 = 0.015 and ultimate strain of 휀𝑠𝑢 = 0.143. 

We must check the strain in the starter bars to determine what level of force is induced. The 

rotation of the beam column joint governs the rotation of the supporting beam and hence the 

precast floor unit. Taking account of geometry, the rotation of the floor unit at an exterior joint is 

larger than the joint centreline, such that  

 

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑏𝑦 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
0.175 + 0.0689 + 0.0874

1 −
2 × 166

4572− 2 × 166

= 0.359% 

 

The deformation at the level of the starter bars is 

 ∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 0.359% × 155𝑚𝑚 = 0.557𝑚𝑚 

Assuming strain penetration of 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  and rigid body rotation of the support beam, the 

strain in the starter bars is given by 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

0.557𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.00312 

 

Hence the stress in the starters lies in the yield plateau, with a stress of  

𝑓𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 =
0.00312− 0.00228

0.015− 0.00228
×  421− 405 + 405 = 406 

and the force induced in each of the starters is the yield force, given by 

𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 𝐴𝑠𝑓𝑦 =
𝜋

4
× 102 × 406 = 31.7𝑘𝑁 

 

The negative moment acting as torsion on the support beam is given by: 
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𝑇 =  𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ +
𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ 

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡
× (𝐿𝑢𝑛𝑖𝑡 + 𝐿𝑠𝑒𝑎𝑡 ) 

𝑇 = 4 × 31700 × 155 +
4 × 31700 × 155

4572− 2 × 166
×  166 + 75 = 20.7𝑘𝑁.𝑚 

 

And as a storey shear, the torsional contribution from the starters is  

𝑉𝑐 ,𝑠𝑙𝑎𝑏 =
20.7

2.48
= 8.36𝑘𝑁 

 

At an interior joint, the distortion of the joint is double so the rotation of the unit becomes 

𝜃𝑦 ,𝑢𝑛𝑖𝑡 = 0.454% , resulting in strain demand on the starters being  

휀 = 0.00395. This strain remains in the yield plateau and so the torsion moment and column 

shear slab contribution for the internal column is very close to that for the external connection.  

 

We now calculate the angle of twist of the supporting beam during a negative moment slab 

initiation and update the strain in the starter bars 

The angle of twist of the external supporting beam at the starter bar at the edge of the slab is 

given by 

∅𝑡𝑤𝑖𝑠𝑡 =
𝑇𝐿

𝑐2𝑎𝑏3𝐺
 

𝐺 =
𝐸

2 1 + 𝜈 
=

25325

2 1 + 0.3 
= 9740 

𝑎

𝑏
=

480

407
= 1.18 → 𝑐2 = 0.1623 

∅𝑡𝑤𝑖𝑠𝑡 =
20.6 × 106 × 1130

0.1623 × 480 × 4073 × 9740
= 4.54 × 10−4 

 

The relaxation at the extreme starter due to torsion of supporting beam is 

∆𝑟𝑒𝑙𝑎𝑥 = ∅𝑡𝑤𝑖𝑠𝑡 × 𝑑𝑠𝑡𝑎𝑟𝑡𝑒𝑟 = 4.54 × 10−4 × 220 = 0.0999𝑚𝑚 

The updated strain in the extreme starter is  

휀 =
0.925− 0.0999

2 × 0.022 × 405 × 10
= 0.00463 
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Hence the strain in starter bars still lies within the yield plateau so the torsion moment does not 

change.  

For the supporting beam of the internal column, a/b is greater and so the angle of twist will be 

less. Hence the internal starters will still be at yield.  

 

The contribution of the slab initiation to yield drift is given by 

𝛿𝑐
𝑠𝑙𝑎𝑏 =

𝑀𝑐 𝑙𝑐
2

3𝐸𝐼𝑒𝑓𝑓
=

8.36 × 103 × 942.5 × 2 × 942.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.139𝑚𝑚 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

0.139

2480
× 100 = 0.0056 

 

C1.2 External Connection Positive Moment Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐  

𝜃𝑦 = 0.175 + 0.0685 + 0.0875 + 0.0385 

𝜃𝑦 = 0.37% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 50.2𝑘𝑁 

 

C1.3 External Connection Negative Moment Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐 + 𝜃𝑦

𝑠𝑙𝑎𝑏  

𝜃𝑦 = 0.175 + 0.0685 + 0.0875 + 0.0385 + 0.0056 

𝜃𝑦 = 0.375% 

Storey Shear  𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 50.2 + 8.32 = 58.5𝑘𝑁 

 

C1.4 Internal Connection Positive Moment Yield Response 

Slab initiation in the circular top hinge pre-cracked slab connection has been ignored in the 

determination of the yield properties.  

𝜃𝑦 = 0.175 + 0.0685 + 0.175 + 0.077 

𝜃𝑦 = 0.49% 

Storey Shear  𝑉𝑐𝑦 =  2𝑉𝑐 ,𝑏 = 2 × 50.2 = 100.4𝑘𝑁 
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C1.5 Internal Connection Negative Moment Yield Response 

𝜃𝑦 = 0.175 + 0.0685 + 0.175 + 0.077 + 0.0056 

𝜃𝑦 = 0.50% 

Storey Shear  𝑉𝑐𝑦 =  2𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 2 × 50.2 + 8.36 = 109𝑘𝑁 

 

C2 PREDICTION OF ULTIMATE RESPONSE OF STEEL TOP HINGE 

CONNECTIONS DURING TEST 1 

Based on the low cycle fatigue design, the ultimate response is expected to occur at 3.5% storey 

drift. We must determine the ultimate storey shear expected at to occur at this load.  

C2.1 Components of Ultimate Response 

C2.1.1 Ultimate Connection Strength 

The ultimate tensile strength of the beam reinforcement is 𝑓𝑢 = 470𝑀𝑃𝑎.  

This corresponds to an ultimate beam moment of  

𝑀𝑢 =
𝜋

4
× 162 × 4 × 470 × 419 

𝑀𝑢 = 159𝑘𝑁.𝑚 

As a storey shear, this is represented by 𝑉𝑢 = 74𝑘𝑁 

 

C2.1.2 Slab Contribution to Negative Moment Ultimate Capacity 

The rotation of the slab is a function of the joint and beam rotations of the specimen. The column 

moment corresponding to at the ultimate moment of the beam is 𝑀𝑐𝑢 = 145𝑘𝑁.𝑚 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

145 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 1.39𝑚𝑚 

𝜃𝑐 = 0.0564% 

Hence at 3.5% drift, the rotation arising from the beam and beam-column joint is 𝜃 𝑏 = 3.44%.  

𝜃𝑢 ,𝑢𝑛𝑖𝑡 =
𝜃𝑏

1−
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
3.44

1 −
2 × 166

4572− 2 × 166

= 3.73% 

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-8 

∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 3.73% × 155𝑚𝑚 = 5.78𝑚𝑚 

 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

5.78𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0324 

Hence the strain in the starter bars lies on the strain hardening portion of the curve, between 

휀𝑠 = 0.015 and 휀𝑢 = 0.143. For simplicity, assume a linear distribution of stress in the strain 

hardening region, between 𝑓𝑠 = 421𝑀𝑃𝑎  and 𝑓𝑢 = 507𝑀𝑃𝑎 , where the average stress in the 

starters is given by 

𝑓𝑠 =
(0.0324− 0.015)

(0.143− 0.015)
×  507− 421 + 421 = 433𝑀𝑃𝑎 

 

 The force in the starters is given by  

𝐹 =
𝜋

4
× 102 × 433 = 34𝑘𝑁 

𝑇 = 4 × 34000 × 155 +
4 × 34000 × 155

4572− 2 × 166
×  166 + 75 = 22.3𝑘𝑁.𝑚 

 

Which corresponds to a storey shear of 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 9𝑘𝑁.  

This is very similar to that obtained for the yield condition and therefore the procedure to update 

the torsion deformation will not be carried out as the change in results would be negligible.  

 

C2.2 External Connection Ultimate Response 

The ultimate strengths expected from an external connection under a positive moment and 

negative moment, in terms of storey shear are 𝑉𝑐 = 74𝑘𝑁 and 𝑉𝑐 = 74 + 9 = 83𝑘𝑁 

 

C2.3 Internal Connection Ultimate Response 

The ultimate strengths expected from an external connection under a positive moment and 

negative moment, in terms of storey shear are 𝑉𝑐 = 2 × 74 = 148𝑘𝑁 and 𝑉𝑐 = 2 × 74 + 9 =

157𝑘𝑁. Note that slab initiation has been ignored for the circular top hinge pre-cracked slab 

detail when determining the ultimate strength of the internal connection.  
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C3 PREDICTION OF YIELD RESPONSE OF SLOTTED BEAM CONNECTION 

DURING TEST 1 

For the slotted beam connection, the rigid body assumption of the top hinge cannot be applied, 

and iteration on the neutral axis depth must be carried out in order to determine the moment-

rotation characteristics of the connection more accurately. Section equilibrium using the 

simplified stress block assumption for concrete has been applied using an excel spreadsheet.  

 

C3.1 Components of Positive Moment Yield Response  

C3.1.1 Connection Contribution 

The neutral axis depth for the slotted beam connection was located 25.8mm below the top of the 

hinge, meaning that tension stress was induced in the high strength top hinge bars. This produced 

a positive yield moment capacity of 𝑀𝑦
+𝑆𝐵 = 119.2𝑘𝑁.𝑚 , which was greater than the yield 

moment capacity for the steel top hinge connections. A summary of the same procedure as for the 

steel top hinge connections will be applied to the slotted beam connection to determine the yield 

characteristics of the connection.  

𝜃𝑦
𝑏 =

∆𝑦
𝑑 − 𝑑′

× 100 =
0.865

515 − 46− 25.7
× 100 = 0.195% 

𝜃𝑦
𝑐 = 0.195 ×  1 −

600

3972
 = 0.165% 

C3.1.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

119.8 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 1.51𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 1.51 ×
2480

3972
2

= 1.88𝑚𝑚  

 

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.076%  
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C3.1.3 Beam-Column Joint Contribution 

𝛾 = 38.5
𝐴𝑠
𝐵𝐻

𝑓𝑦
𝐸𝑐
 1−

𝑑 − 𝑑′

𝐻𝑐𝑜𝑙

𝐿

𝐿𝑏
 = 38.5

𝜋
4 × 162 × 4

600 × 600

320

25325
 1−

(515− 46 − 25.8)

2480

4572

3972
 

= 0.0863% 

 

C3.1.4 Column Contribution 

The column moment at yield of the slotted beam for the external connection is 𝑀𝑐 = 109 𝑘𝑁.𝑚 

or a storey shear of 𝑉𝑐 = 55.4𝑘𝑁.  

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

109 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 1.05𝑚𝑚 

𝜃𝑦
𝑐 =

1.05

2480
× 100 = 0.0423% 

 

C3.2 External Connection Positive Moment Yield Response 

𝜃𝑦 = 𝜃𝑏𝑦
𝑐 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐  

𝜃𝑦 = 0.165 + 0.076 + 0.0863 + 0.0423 

𝜃𝑦 = 0.370% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 55.4𝑘𝑁 

 

C3.3 External Connection Negative Moment Yield Response  

At the negative moment rotation yield strength, the neutral axis of the slotted beam fell outside 

the depth of the hinge, and so the connection behaviour was the same as for the steel top hinge 

connections.  
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C4 PREDICTION OF THE ULTIMATE RESPONSE OF THE SLOTTED BEAM 

CONNECTION DURING TEST 1 

C4.1 External Connection Positive Moment Ultimate Response  

From the iteration on neutral axis design spreadsheet, the neutral axis of the slotted beam 

connection at the ultimate capacity of the connection under a positive moment was located 44mm 

below the top of the hinge, giving an ultimate beam moment capacity of  

𝑀𝑢 = 174𝑘𝑁.𝑚 

This ultimate beam moment corresponds to an ultimate column shear of 

𝑉𝑢 =
174𝑘𝑁.𝑚 ×

4.572
3.972

2.48
= 80.9𝑘𝑁 

 

C4.2 External Connection Negative Moment Ultimate Response 

Under a negative moment rotation at the ultimate response of the connection, the neutral axis 

depth was located 6.7mm above the bottom of the hinge, resulting in an ultimate beam moment 

capacity of  

𝑀𝑢 = 161𝑘𝑁.𝑚 

This ultimate beam moment corresponds to an ultimate column shear of 

𝑉𝑢 =
161𝑘𝑁.𝑚 ×

4.572
3.972

2.48
= 74.8𝑘𝑁 

Adding the ultimate floor slab initiation arising from the floor slab at the ultimate strength of the 

connection, the ultimate negative moment storey shear for the slotted beam becomes: 

  

𝑉𝑢 = 74.8𝑘𝑁 + 9𝑘𝑁 = 83.8𝑘𝑁 

 

C5 PREDICTION OF YIELD RESPONSE FOR THE STEEL TOP HINGE 

CONNECTIONS DURING TEST 2 

In test two, the frame connection is formed through a combination of unbonded high strength re-

centring bars, designed to remain elastic up to a design level drift of 2% and D12 bars acting as 

mild steel dissipaters. There will therefore be two yield points in the force-displacement response, 
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the yield of the dissipaters and yield of the high strength bars. The strength provided to the 

connection by the steel buckling restraint tubes must also be considered in the prediction. The 

tubes and bars are likely to be bonded due to the grouting of the ducts so strain compatibility will 

be assumed to occur between the bar and the tube.  

From the steel test data, the average yield stress and strain of the D12 reinforcement is 𝑓𝑦 =

327𝑀𝑃𝑎 , 𝑓𝑠 = 335𝑀𝑃𝑎 , 𝑓𝑢 = 440𝑀𝑃𝑎  and 휀𝑦 = 0.0017 , 휀𝑠 = 0.023  and for the RB16 

reinforcement, 𝑓𝑦 = 537𝑀𝑃𝑎, 𝑓𝑢 = 666𝑀𝑃𝑎 and 휀𝑦 = 0.0026. The D12 bars are debonded over 

230mm and the RB16 bars are debonded over 1500mm.  

 

C5.1 Components of Response at First Yield  

C5.1.1 Connection Contribution 

The deformation required to yield the D12 bars is given by 

∆= 휀𝑦 × (𝐿𝑢𝑏 + 2𝐿𝑠𝑝) 

∆= 0.0017 ×  230 + 2 × 0.022 × 12 × 327 = 0.685𝑚𝑚 

 

Assuming that plane sections remain plane, the strain induced in the unbonded high strength bars 

is given by  

∆= ∆𝐷12 ×
𝑑𝐻𝐷16

𝑑𝐷12
= 0.685

233.5

326.5
= 0.49𝑚𝑚 

Since high strength bars are not near yield, assume no strain penetration  

휀𝐻𝐷16 =
0.49

1500
= 0.000327 

Which corresponds to a stress of 𝜎 =
0.000327

0.0027
× 537 = 65.0𝑀𝑃𝑎 

 

The beam moment at yield is given by 𝑀𝑏 ,𝑦 =
𝜋

4
× 122 × 2 × 327 × 326.5 +

𝜋

4
× 162 × 2 ×

65 × 233.5 = 30.3𝑘𝑁.𝑚 

The yield rotation of the beam is given by: 

𝜃𝑦
𝐷12 =

0.685

326.5
× 100 = 0.210% 

Corresponding to a column drift of 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-13 

𝜃𝑦
𝑐 ,𝐷12 = 0.217 ×  1 −

600

3972
 = 0.178% 

C5.1.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

30.3 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 0.382𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 0.378 ×
2480

3972
2

= 0.477𝑚𝑚  

Which corresponds to a column drift of  

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0192%  

C5.1.3 Beam-Column Joint Contribution 

Matthews (2004) and Lindsay (2004) developed an expression for determining the overall 

contribution of the beam-column joint to the frame yield drift. For the external beam-column 

joint,  

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

327

25325
  1−

326.5

2480

4572

3972
 = 0.0265% 

 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

65

25325
  1 −

233.5

2480

4572

3972
 = 0.00984% 

 

𝛾 = 0.0363% 

 

Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points. The 

internal joint has tension and compression yield either side of the joint, hence the joint distortion 

is twice that for the external joint. Hence the distortion of the internal joint is 𝛾 = 0.0726%. 
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C5.1.4 Column Contribution 

The moment in the column at first yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 

𝑀𝑐 = 27.7 𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 14.1𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

27.7 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.267𝑚𝑚 

𝜃𝑦
𝑐 =

0.267

2480
× 100 = 0.0108% 

 

For an internal connection, beam yield moments occur on both sides of the joint. The moment in 

the internal column at yield of the two adjacent beams is 𝑀𝑐 = 55.4 𝑘𝑁.𝑚, corresponding to a 

column rotation of 𝜃𝑦
𝑐 = 0.0216%.  

C5.1.5 Floor Unit Negative Moment Contribution 

 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

𝜃𝑏𝑦 + 𝜃𝑏 ,𝑒𝑙
𝑐 + 𝛾

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
0.178 + 0.0192 + 0.0366

1−
2 × 166

4572− 2 × 166

= 0.254% 

 

The deformation at the level of the starter bars is 

 ∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 0.254% × 155𝑚𝑚 = 0.393𝑚𝑚 

Assuming strain penetration of 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  and rigid body rotation of the support beam, the 

strain in the starter bars is given by 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

0.393𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.00221 

 

Hence the stress in the starter bar is just below yield.  

The slab contribution at first yield of the D12 dissipaters is given by  

𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 𝐴𝑠𝑓𝑦 =
𝜋

4
× 102 × 405 ×

0.00221

0.00227
= 31.0𝑘𝑁 
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The negative moment acting as torsion on the support beam is given by: 

𝑇 =  𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ +
𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ 

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡
× (𝐿𝑢𝑛𝑖𝑡 + 𝐿𝑠𝑒𝑎𝑡 ) 

𝑇 = 4 × 31.8 × 155 +
4 × 31.0 × 155

4572− 2 × 166
×  166 + 75 = 20.2𝑘𝑁.𝑚 

 

And as a storey shear, the torsional contribution from the starters is  

𝑉𝑐 ,𝑠𝑙𝑎𝑏 =
20.2

2.48
= 8.14𝑘𝑁 

The contribution of the slab initiation to yield drift is given by 

𝛿𝑐
𝑠𝑙𝑎𝑏 =

𝑀𝑐 𝑙𝑐
2

3𝐸𝐼𝑒𝑓𝑓
=

8.14 × 103 × 982.5 × 2 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.153𝑚𝑚 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

0.153

2480
× 100 = 0.00620% 

 

C5.2 External Connection Positive Moment First Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐷12 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐  

𝜃𝑦 = 0.178 + 0.0192 + 0.0363 + 0.0108 

𝜃𝑦 = 0.244% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 14.1𝑘𝑁 

 

C5.3 External Connection Negative Moment First Yield Response  

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐷12 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐 + 𝜃𝑦

𝑠𝑙𝑎𝑏  

𝜃𝑦 = 0.178 + 0.0192 + 0.0363 + 0.0108 + 0.00620 

𝜃𝑦 = 0.250% 

Storey Shear  𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 14.1 + 8.36 = 22.5𝑘𝑁 

 

C5.4 Internal Connection First Yield Response 

𝜃𝑦 = 0.184 + 0.0192 + 0.0726 + 0.0216 + 0.00639 
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𝜃𝑦 = 0.304% 

Storey Shear  𝑉𝑐𝑦 =  2𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 2 × 14.1 + 8.14 = 36.3𝑘𝑁 

 

C5.5 Components of Connection Response at Second Yield 

C5.5.1 Connection Contribution  

The deformation required to yield the HD16 bars is  

𝛥 = 0.0026 ×  1500 + 2 × 0.022 × 537 × 16 = 4.88𝑚𝑚 

 

Assuming that plane sections remain plane, the corresponding strain in the D12 bars is  

휀𝐷12 =
4.88 ×

326.5
233.5

230 + 2 × 0.022 × 12 × 327
= 0.0169 

 

The stress in the D12 reinforcement is hence 

0.0169− 0.0017

0.023− 0.0017
×  335− 327 + 327 = 333𝑀𝑃𝑎 

The beam moment at second yield is given by 

𝑀𝑏 ,𝑦 =
𝜋

4
× 122 × 2 × 333 × 326.5 +

𝜋

4
× 162 × 2 × 537 × 233.5 = 75𝑘𝑁.𝑚 

 

 

The beam rotation at the second yield of the connection is given by: 

The yield rotation of the beam is given by: 

𝜃𝑦
𝐻𝐷16 =

4.88

233.5
× 100 = 2.09% 

Corresponding to a column drift of 

𝜃𝑦
𝑐 ,𝐻𝐷16 = 2.09 ×  1−

600

3972
 = 1.77% 
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C5.5.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

75 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 0.945𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 0.945 ×
2480

3972
2

= 1.18𝑚𝑚  

Which corresponds to a column drift of  

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0476%  

 

C5.5.3 Beam-Column Joint Contribution 

(Matthews 2004) and (Lindsay 2004) developed an expression for determining the overall 

contribution of the beam-column joint to the frame yield drift. For the external beam-column 

joint,  

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

333

25325
  1−

326.5

2480

4572

3972
 = 0.0270% 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

537

25325
  1 −

233.5

2480

4572

3972
 = 0.0813% 

𝛾 = 0.108% 

 

Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points. The 

internal joint has tension and compression yield either side of the joint, hence the joint distortion 

is twice that for the external joint. Hence the distortion of the internal joint is 𝛾 = 0.216%. 

 

C5.5.4 Column Contribution 

The moment in the column at first yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 
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𝑀𝑐 = 68.4 𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 34.8𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

68.4 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.660𝑚𝑚 

𝜃𝑦
𝑐 =

0.660

2480
× 100 = 0.0266% 

 

For an internal connection, beam yield moments occur on both sides of the joint. The moment in 

the internal column at yield of the two adjacent beams is 𝑀𝑐 = 137 𝑘𝑁.𝑚, corresponding to a 

column rotation of 𝜃𝑦
𝑐 = 0.0532%.  

 

 

C5.5.5 Floor Unit Negative Moment Contribution 

 

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
1.87 + 0.0476 + 0.108

1 −
2 × 166

4572− 2 × 166

= 2.20% 

 

The deformation at the level of the starter bars is 

 ∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 2.20% × 155𝑚𝑚 = 3.40𝑚𝑚 

Assuming strain penetration of 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  and rigid body rotation of the support beam, the 

strain in the starter bars is given by 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

3.40𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0191 

 

Hence the starter bars in the topping slab have entered the strain hardening range. For simplicity, 

assume a linear variation in stress between the strain hardening and ultimate stress points 

(휀𝑠 = 0.015,𝑓𝑠 = 421𝑀𝑃𝑎, 휀𝑢 = 0.143,𝑓𝑢 = 507𝑀𝑃𝑎).  

The stress induced in the starter bars is   

𝜎𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 =
0.0191−0.015

0.142−0.015
×  507− 421 + 421 = 424𝑀𝑃𝑎.  
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Corresponding to a force of 𝐹 =
𝜋

4
× 102 × 424 = 33.3𝑘𝑁.  

 

𝑇 =  𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ +
𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ 

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡
× (𝐿𝑢𝑛𝑖𝑡 + 𝐿𝑠𝑒𝑎𝑡 ) 

𝑇 = 4 × 33300 × 155 +
4 × 33300 × 155

4572− 2 × 166
×  166 + 75 = 21.7𝑘𝑁.𝑚 

 

And as a storey shear, the torsional contribution from the starters is  

𝑉𝑐 ,𝑠𝑙𝑎𝑏 =
21.7

2.48
= 8.72𝑘𝑁 

 

Very little difference between this and the yield condition so the angle of twist due to torsion will 

again have negligible influence on the slab initiation. Similarly, the additional joint drift 

contribution of the internal joint will not greatly influence this result either and so we will simply 

apply the above condition to both internal and external connections.  

 

The contribution of the slab initiation to yield drift is given by 

𝛿𝑐
𝑠𝑙𝑎𝑏 =

𝑀𝑐 𝑙𝑐
2

3𝐸𝐼𝑒𝑓𝑓
=

8.76 × 103 × 942.5 × 2 × 942.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.140𝑚𝑚 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

0.140

2480
× 100 = 0.00565 

 

C5.6 External Connection Positive Moment Second Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝜃𝑦
𝑗

+ 𝜃𝑦
𝑐  

𝜃𝑦 = 1.77 + 0.0476 + 0.108 + 0.0266 

𝜃𝑦 = 1.95% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 34.8𝑘𝑁 
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C5.7 External Connection Negative Moment Second Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝜃𝑦
𝑗

+ 𝜃𝑦
𝑐 + 𝜃𝑦

𝑠𝑙𝑎𝑏  

 

𝜃𝑦 = 1.77 + 0.0476 + 0.108 + 0.0266 + 0.00565 

𝜃𝑦 = 1.96% 

Storey Shear  𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 34.8 + 8.72 = 43.5𝑘𝑁 

 

C5.8 Internal Connection Second Yield Response 

𝜃𝑦 = 1.77 + 0.0476 + 0.216 + 0.0532 + 0.00565 

𝜃𝑦 = 2.09% 

Storey Shear  𝑉𝑐𝑦 =  2𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 2 × 34.8 + 8.72 = 78.3𝑘𝑁 

 

C6 PREDICTION OF ULTIMATE CAPACITY OF STEEL TOP HINGE 

CONNECTIONS DURING TEST 2 

C6.1 Components of Ultimate Response 

C6.1.1 Connection Contribution 

The ultimate capacity of the connections considers the maximum stress state of the D12 and the 

expected stress state of the HD16 Bars at 4.5% drift.  

Assuming a linear increase in the deformation in the HD16 bars from 2.25% to 4.5% drift, the 

expected deformation in the unbonded bars at 4.5% drift is given by  

 

∆4.5%=
4.5

1.95
× ∆2.05%=

4.5

1.95
× 4.88 = 11.3𝑚𝑚 

The strain in the HD16 bars is given by  

휀 =
11.3

1500 + 2 × 0.022 × 537 × 16
= 0.006 

 

The strain in the HD16 bars is less than strain hardening of 휀𝑠 = 0.015 and so the stress in the 

unbonded bars remains between the yield and strain hardening range.  
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Hence the ultimate beam moment is given by 

𝑀𝑢 = 2 ×
𝜋

4
× 122 × 440 × 326.5 + 2 ×

𝜋

4
× 162 × 537 × 233.5 = 82.9𝑘𝑁.𝑚 

 

This corresponds to a storey shear of  𝑉𝑐 ,𝑢𝑙𝑡 = 38.5𝑘𝑁 

 

C6.1.2 Floor Unit Negative Moment Contribution 

The rotation of the slab is a function of the joint and beam rotations of the specimen. The column 

moment corresponding to at the ultimate moment of the beam is 𝑀𝑐𝑢 = 75.6𝑘𝑁.𝑚 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

75.6 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.729𝑚𝑚 

𝜃𝑐 = 0.0294% 

Hence at 4.5% drift, the rotation arising from the beam and beam-column joint is 𝜃 𝑏 = 4.47%.  

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑏

1 −
2𝐿𝑢𝑛 𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
4.47

1−
2 × 166

4572− 2 × 166

= 4.83% 

 

∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 4.83% × 155𝑚𝑚 = 7.5𝑚𝑚 

 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

7.5𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0421 

 

Hence the strain in the starter bars lies on the strain hardening portion of the curve, between 

휀𝑠 = 0.015 and 휀𝑢 = 0.143. For simplicity, assume a linear distribution of stress in the strain 

hardening region, between 𝑓𝑠 = 421𝑀𝑃𝑎  and 𝑓𝑢 = 507𝑀𝑃𝑎 , where the average stress in the 

starters is given by 

𝑓𝑠 =
(0.0421− 0.015)

(0.143− 0.015)
×  507− 421 + 421 = 439𝑀𝑃𝑎 

 

 The force in the starters is given by  
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𝐹 =
𝜋

4
× 102 × 439 = 34.5𝑘𝑁 

𝑇 = 4 × 34500 × 155 +
4 × 34500 × 155

4572− 2 × 166
×  166 + 75 = 22.6𝑘𝑁.𝑚 

 

Which corresponds to a storey shear of 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 9.12𝑘𝑁.  

 

C6.2 External Connection Positive Moment Ultimate Response 

The ultimate storey shear for an external connection under a positive moment is  

 𝑉𝑐 ,𝑢𝑙𝑡 ,𝑝𝑜𝑠 =  𝑉𝑐 ,𝑢𝑙𝑡 = 38.5𝑘𝑁 

 

C6.3 External Connection Negative Moment Ultimate Response 

The ultimate storey shear for an external connection under a negative moment is  

 𝑉𝑐 ,𝑢𝑙𝑡 ,𝑝𝑜𝑠 =  𝑉𝑐 ,𝑢𝑙𝑡 + 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 38.5 + 9.12 = 47.6𝑘𝑁 

 

C6.4 Internal Connection Ultimate Response 

The ultimate storey shear for the internal connection is  

 𝑉𝑐 ,𝑢𝑙𝑡 =  2𝑉𝑐 ,𝑢𝑙𝑡 + 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 2 × 38.5 + 9.12 = 86.1𝑘𝑁 

 

C7 PREDICTION OF THE YIELD RESPONSE FOR THE SLOTTED BEAM DURING 

TEST 2 

Using the same iteration on the neutral axis depth for the slotted beam as in test one, the neutral 

axis depth was found to lie 11.7mm below the top of the hinge at first yield of the D12 

reinforcement, resulting in a first yield moment of 𝑀𝑦
𝐷12 = 35.4𝑘𝑁.𝑚.  

C7.1 Components of Response at First Yield  

C7.1.1 Connection Contribution 

The required deformation to yield the D12 bars is calculated by: 

∆𝑦
𝐷12= 0.0017 ×  230 + 0.022 × 2 × 327 × 12 = 0.685𝑚𝑚 
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𝜃𝑦
𝑏 =

∆𝑦
𝑑 − 𝑑′

× 100 =
0.685

366.5− 11.7
× 100 = 0.193% 

𝜃𝑦
𝑐 = 0.188 ×  1 −

600

3972
 = 0.164% 

C7.1.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

35.4 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 0.446𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 0.446 ×
2480

3972
2

= 0.557𝑚𝑚  

 

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0225%  

 

C7.1.3 Beam-Column Joint Contribution 

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

327

25325
  1−

355

2480

4572

3972
 = 0.0277% 

 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

67

25325
  1 −

262

2480

4572

3972
 = 0.00999% 

 

𝛾 = 0.0377% 

 

C7.1.4 Column Contribution 

The column moment at yield of the slotted beam for the external connection is 𝑀𝑐 = 32.3 𝑘𝑁.𝑚 

or a storey shear of 𝑉𝑐 = 16.5𝑘𝑁.  

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

32.3 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.313𝑚𝑚 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-24 

𝜃𝑦
𝑐 =

0.313

2480
× 100 = 0.0126% 

 

C7.2 External Connection Positive Moment First Yield Response 

𝜃𝑦 = 𝜃𝑏𝑦
𝑐 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐  

𝜃𝑦 = 0.164 + 0.0225 + 0.0377 + 0.0126 

𝜃𝑦 = 0.237% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 16.5𝑘𝑁 

 

C7.3 External Connection Negative Moment First Yield Response 

Under a negative moment rotation, the neutral axis fell outside the depth of the hinge and so the 

response of the connection was the same as for the steel top hinge details. 

 

C7.4 Components of Positive Moment Response at Second Yield 

 From iteration on the neutral axis depth for the slotted beam, the neutral axis depth was found to 

lie 36.3mm below the top of the hinge at second yield of the HD16 reinforcement under a 

positive moment, resulting in a first yield moment of 𝑀𝑦
𝐻𝐷16 = 86.2𝑘𝑁.𝑚.  

C7.4.1 Connection Contribution 

The required deformation to yield the D12 bars is calculated by: 

∆𝑦
𝐻𝐷16 = 0.0026 ×  1500 + 0.022 × 2 × 537 × 16 = 4.88𝑚𝑚 

 

𝜃𝑦
𝑏 =

∆𝑦
𝑑 − 𝑑′

× 100 =
4.88

273.5− 36.3
× 100 = 2.06% 

𝜃𝑦
𝑐 = 2.06 ×  1 −

600

3972
 = 1.75% 

C7.4.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

86.2 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 1.09𝑚𝑚 
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𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 1.09 ×
2480

3972
2

= 1.36𝑚𝑚  

 

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0549%  

 

C7.4.3 Beam-Column Joint Contribution 

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

333

25325
  1−

330.2

2480

4572

3972
 = 0.0269% 

 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

537

25325
  1 −

237.2

2480

4572

3972
 = 0.0811% 

 

𝛾 = 0.108% 

C7.4.4 Column Contribution 

The column moment at yield of the slotted beam for the external connection is 𝑀𝑐 = 78.7 𝑘𝑁.𝑚 

or a storey shear of 𝑉𝑐 = 40𝑘𝑁.  

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

78.1 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.759𝑚𝑚 

𝜃𝑦
𝑐 =

0.759

2480
× 100 = 0.0306% 

 

C7.5 External Connection Positive Moment Second Yield Response 

𝜃𝑦
2 = 𝜃𝑏𝑦

𝑐 + 𝜃𝑏 ,𝑒𝑙
𝑐 + 𝛾 + 𝜃𝑦

𝑐  

𝜃𝑦 = 1.75 + 0.0549 + 0.108 + 0.0306 

𝜃𝑦 = 1.94% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 40𝑘𝑁 
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C7.6 Components of Negative Moment Response at Second Yield 

Under a negative moment rotation, the neutral axis location for the slotted beam connection lay 

12.5mm above the bottom of the hinge, with a corresponding connection moment of 𝑀𝑦
𝐻𝐷16 =

78.4𝑘𝑁.𝑚.  

C7.6.1 Connection Contribution 

The required deformation to yield the D12 bars is calculated by: 

∆𝑦
𝐻𝐷16 = 0.0026 ×  1500 + 0.022 × 2 × 537 × 16 = 4.88𝑚𝑚 

 

𝜃𝑦
𝑏 =

∆𝑦
𝑑 − 𝑑′

× 100 =
4.88

273.5 − 100 + 12.5
× 100 = 2.62% 

𝜃𝑦
𝑐 = 2.62 ×  1 −

600

3972
 = 2.22% 

C7.6.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

78.4 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 0.987𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 0.987 ×
2480

3972
2

= 1.23𝑚𝑚  

 

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0495%  

 

C7.6.3 Beam-Column Joint Contribution 

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

335

25325
  1−

299

2480

4572

3972
 = 0.0276% 
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𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

537

25325
  1 −

206

2480

4572

3972
 = 0.0825% 

 

𝛾 = 0.110% 

C7.6.4 Column Contribution 

The column moment at yield of the slotted beam for the external connection is 𝑀𝑐 = 71.5 𝑘𝑁.𝑚 

or a storey shear of 𝑉𝑐 = 36.4𝑘𝑁.  

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

71.5 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.689𝑚𝑚 

𝜃𝑦
𝑐 =

0.689

2480
× 100 = 0.0278% 

 

C7.6.5 Floor Unit Negative Moment Contribution 

 

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
2.22 + 0.0495 + 0.110

1 −
2 × 166

4572− 2 × 166

= 2.58% 

 

The deformation at the level of the starter bars is 

 ∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 2.58% × 155𝑚𝑚 = 4.0𝑚𝑚 

Assuming strain penetration of 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  and rigid body rotation of the support beam, the 

strain in the starter bars is given by 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

4.0𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0225 

 

Hence the starter bars in the topping slab have entered the strain hardening range. For simplicity, 

assume a linear variation in stress between the strain hardening and ultimate stress points 

(휀𝑠 = 0.015,𝑓𝑠 = 421𝑀𝑃𝑎, 휀𝑢 = 0.143,𝑓𝑢 = 507𝑀𝑃𝑎).  

The stress induced in the starter bars is   
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𝜎𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 =
0.0225−0.015

0.142−0.015
×  507− 421 + 421 = 426𝑀𝑃𝑎.  

Corresponding to a force of 𝐹 =
𝜋

4
× 102 × 426 = 33.5𝑘𝑁.  

 

𝑇 =  𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ +
𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ 

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡
× (𝐿𝑢𝑛𝑖𝑡 + 𝐿𝑠𝑒𝑎𝑡 ) 

𝑇 = 4 × 33500 × 155 +
4 × 33500 × 155

4572− 2 × 166
×  166 + 75 = 21.8𝑘𝑁.𝑚 

 

And as a storey shear, the torsional contribution from the starters is  

𝑉𝑐 ,𝑠𝑙𝑎𝑏 =
21.8

2.48
= 8.80𝑘𝑁 

 

Very little difference between this and the yield condition so the angle of twist due to torsion will 

again have negligible influence on the slab initiation. Similarly, the additional joint drift 

contribution of the internal joint will not greatly influence this result either and so we will simply 

apply the above condition to both internal and external connections.  

 

The contribution of the slab initiation to yield drift is given by 

𝛿𝑐
𝑠𝑙𝑎𝑏 =

𝑀𝑐 𝑙𝑐
2

3𝐸𝐼𝑒𝑓𝑓
=

8.80 × 103 × 942.5 × 2 × 942.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.141𝑚𝑚 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

0.141

2480
× 100 = 0.00569 

 

C7.7 External Connection Negative Moment Second Yield Response 

𝜃𝑦
𝐻𝐷16 = 𝜃𝑏𝑦

𝑐 + 𝜃𝑏 ,𝑒𝑙
𝑐 + 𝛾 + 𝜃𝑦

𝑐 + 𝜃𝑦
𝑠𝑙𝑎𝑏  

𝜃𝑦 = 2.22 + 0.0495 + 0.110 + 0.0278 + 0.00569 

𝜃𝑦 = 2.36% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 + 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 36.4𝑘𝑁+ 8.8𝑘𝑁 = 45.2𝑘𝑁 

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-29 

C8 PREDICTION OF THE ULTIMATE RESPONSE FOR THE SLOTTED BEAM 

DURING TEST 2 

C8.1 External Connection Positive Moment Ultimate Response 

The ultimate capacity of the connections considers the maximum stress state of the D12 and the 

expected stress state of the HD16 Bars at 4.5% drift.  

Assuming a linear increase in the deformation in the HD16 bars from 1.94% to 4.5% drift, the 

expected deformation in the unbonded bars at 4.5% drift is given by  

 

∆4.5%=
4.5

1.94
× ∆2.25%=

4.5

1.94
× 4.88 = 11.3𝑚𝑚 

 

The strain in the HD16 bars is given by  

휀 =
11.3

1500 + 2 × 0.022 × 537 × 16
= 0.00602 

 

The strain in the HD16 bars is less than strain hardening of 휀𝑠 = 0.015 and so the stress in the 

unbonded bars remains between the yield and strain hardening range. At 4.5% drift full 

overstrength will have developed in the D12 dissipaters.  

 

From iteration on the neutral axis depth, the neutral axis was located 42.6mm below the top of 

the hinge. The resulting beam Ultimate moment was  

𝑀𝑢 = 95.1𝑘𝑁.𝑚 

 

This corresponds to a storey shear of  𝑉𝑐 ,𝑢𝑙𝑡 = 44.2𝑘𝑁 

 

C8.2 Components of Negative Moment Ultimate Response 

C8.2.1 Connection Contribution 

Assuming a linear increase in the deformation in the HD16 bars from 2.36% to 4.5% drift, the 

expected deformation in the unbonded bars at 4.5% drift is given by  
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∆4.5%=
4.5

2.36
× ∆2.25%=

4.5

2.36
× 4.88 = 9.3𝑚𝑚 

 

The strain in the HD16 bars is given by  

휀 =
9.3

1500 + 2 × 0.022 × 537 × 16
= 0.00495 

 

So the strain in the HD16 bars lies in the yield plateau.  

From iteration on the neutral axis depth, the neutral axis was located 10.3mm above the bottom 

of the hinge. The corresponding beam moment was calculated to be  

𝑀𝑢 = 88.2𝑘𝑁.𝑚 

 

C8.2.2 Floor Unit Negative Moment Contribution 

The rotation of the slab is a function of the joint and beam rotations of the specimen. The column 

moment corresponding to at the ultimate moment of the beam is 𝑀𝑐𝑢 = 80.4𝑘𝑁.𝑚 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

75.6 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.775𝑚𝑚 

𝜃𝑐 = 0.0313% 

Hence at 4.5% drift, the rotation arising from the beam and beam-column joint is 𝜃 𝑏 = 4.47%.  

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑏

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
4.47

1−
2 × 166

4572− 2 × 166

= 4.83% 

 

∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 4.83% × 155𝑚𝑚 = 7.5𝑚𝑚 

 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

7.5𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0421 

 

Hence the strain in the starter bars lies on the strain hardening portion of the curve, between 

휀𝑠 = 0.015 and 휀𝑢 = 0.143. For simplicity, assume a linear distribution of stress in the strain 

hardening region, between 𝑓𝑠 = 421𝑀𝑃𝑎  and 𝑓𝑢 = 507𝑀𝑃𝑎 , where the average stress in the 

starters is given by 
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𝑓𝑠 =
(0.0421− 0.015)

(0.143− 0.015)
×  507− 421 + 421 = 439𝑀𝑃𝑎 

 

 The force in the starters is given by  

 

𝐹 =
𝜋

4
× 102 × 439 = 34.5𝑘𝑁 

𝑇 = 4 × 34500 × 155 +
4 × 34500 × 155

4572− 2 × 166
×  166 + 75 = 22.6𝑘𝑁.𝑚 

 

Which corresponds to a storey shear of 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 9.12𝑘𝑁.  

 

C8.3 External Connection Positive Moment Ultimate Response 

 𝑉𝑐 ,𝑢𝑙𝑡 ,𝑝𝑜𝑠 =  𝑉𝑐 ,𝑢𝑙𝑡 + 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 41𝑘𝑁 + 9.12𝑘𝑁 = 50.1𝑘𝑁 

 

C9 PREDICTION OF YIELD AND ULTIMATE RESPONSE OF STEEL TOP HINGE 

CONNECTIONS DURING TEST 2 INCLUDING STEEL TUBE STRENGTH 

CONTRIBUTION 

In this section, the response of the connection has been predicted including the strength 

contribution from the buckling restraint tubes provided on the connection bars. The strength 

provided to the connection by the steel buckling restraint tubes must also be considered in the 

prediction. The tubes and bars are likely to be bonded due to the grouting of the ducts so strain 

compatibility will be assumed to occur between the bar and the tube.  

The HD16 steel tubes were 22.2mm outer diameter, with a steel area of 𝐴𝑡𝑢𝑏𝑒 = 127𝑚𝑚2 and 

the D12 tubes were 17mm outer diameter with a steel area of  𝐴𝑡𝑢𝑏𝑒 = 88𝑚𝑚2  . From the 

manufacturers specifications the yield and ultimate stresses of the tubes were 𝑓𝑦 = 150𝑀𝑃𝑎  and 

𝑓𝑢 = 275𝑀𝑃𝑎. A strain hardening strain of 10휀𝑦  and an ultimate strain of 10% is assumed in the 

predictions.  
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C9.1 Components of First Yield Response 

C9.1.1 Connection Contribution 

The deformation required to yield the D12 bars is given by 

∆= 휀𝑦 × (𝐿𝑢𝑏 + 2𝐿𝑠𝑝) 

∆= 0.0017 ×  230 + 2 × 0.022 × 12 × 327 = 0.685𝑚𝑚 

 

Assuming that plane sections remain plane, the strain induced in the unbonded high strength bars 

is given by  

∆= ∆𝐷12 ×
𝑑𝐻𝐷16

𝑑𝐷12
= 0.685

233.5

326.5
= 0.49𝑚𝑚 

Since high strength bars are not near yield, assume no strain penetration  

휀𝐻𝐷16 =
0.49

1500
= 0.000327 

Which corresponds to a stress of 𝜎 =
0.000327

0.0027
× 537 = 65.0𝑀𝑃𝑎 

 

The beam moment at yield is given by 𝑀𝑏 ,𝑦 =
𝜋

4
× 122 × 2 × 327 × 326.5 +

𝜋

4
× 162 × 2 ×

65.0 × 233.5 = 30.3𝑘𝑁.𝑚 

The steel tube contribution to the yield moment is given by 𝑀𝑏,𝑦 = 88 × 150 × 2 × 326.5 +

121 ×
0.000327

150/200000
× 150 × 2 × 233.5 = 12.3𝑘𝑁.𝑚 

The steel tube moment contribution at the internal connection is given by 𝑀𝑏 ,𝑦 = 127 ×

0.000327

150/200000
× 150 × 2 × 233.5 = 3.88𝑘𝑁.𝑚 

Note that the steel tubes were only provided on the HD16 bars at the internal connection, since 

the D12 bars were already located in the beam ducts which did not allow the fitting of steel tubes.  

 

The combined moment at first yield of the external connection is 𝑀𝑏𝑦
𝐷12 = 30.3 + 12.3 =

42.6𝑘𝑁.𝑚 and at the internal connection, 𝑀𝑏𝑦
𝐷12 = 30.3 + 3.88 = 34.2𝑘𝑁.𝑚 

The yield rotation of the beam is given by: 

𝜃𝑦
𝐷12 =

0.685

326.5
× 100 = 0.210% 

Corresponding to a column drift of 
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𝜃𝑦
𝑐 ,𝐷12 = 0.210 ×  1 −

600

3972
 = 0.178% 

C9.1.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

42.6 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 0.537𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 0.537 ×
2480

3972
2

= 0.67𝑚𝑚  

Which corresponds to a column drift of  

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0270%  

The elastic beam contribution at the internal connection is given by 

𝜃𝑏 ,𝑒𝑙
𝑐 =

34.2

42.6
× 0.0270 = 0.0217% 

 

C9.1.3 Beam-Column Joint Contribution 

Matthews (2004) and Lindsay (2004) developed an expression for determining the overall 

contribution of the beam-column joint to the frame yield drift. For the external beam-column 

joint,  

𝛾𝐷12 = 38.5 

𝜋
4

× 122 × 2

600 × 600

327

25325
+

88 × 2

600 × 600

150

25325
  1−

326.5

2480

4572

3972
 = 0.0360% 

 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

65

25325
+

127 × 2

600 × 600

0.000327
150/200000 × 150

25325
  1 −

233.5

2480

4572

3972
 

= 0.0161% 

 

𝛾 = 0.0521% 
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Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points. The 

internal joint has tension and compression yield either side of the joint, hence the joint distortion 

is twice that for the external joint. The joint distortion at the internal joint is calculated in the 

same manner, without the contribution of the D12 steel tubes, and found to be 𝛾 = 0.0852% 

 

C9.1.4 Column Contribution 

The moment in the column at first yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 

𝑀𝑐 = 39 𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 19.9𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

39 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.376𝑚𝑚 

𝜃𝑦
𝑐 =

0.366

2480
× 100 = 0.0151% 

 

For an internal connection, beam yield moments occur on both sides of the joint, without the 

strength of the D12 debonding tubes. The moment in the internal column at yield of the two 

adjacent beams is 𝑀𝑐 = 62.4𝑘𝑁.𝑚, corresponding to a column rotation of 𝜃𝑦
𝑐 = 0.0242%.  

C9.1.5 Floor Unit Negative Moment Contribution 

 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

𝜃𝑏𝑦 + 𝜃𝑏 ,𝑒𝑙
𝑐 + 𝛾

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
0.178 + 0.0270 + 0.0521

1−
2 × 166

4572− 2 × 166

= 0.202% 

 

The deformation at the level of the starter bars is 

 ∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 0.202% × 155𝑚𝑚 = 0.313𝑚𝑚 

Assuming strain penetration of 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  and rigid body rotation of the support beam, the 

strain in the starter bars is given by 
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휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

0.409𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.00162 

 

Hence the stress in the starters lie just below yield. The slab contribution at first yield of the D12 

dissipaters is given by  

𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 𝐴𝑠𝑓𝑦 =
𝜋

4
× 102 × 405 ×

0.00162

0.00228
= 22.6𝑘𝑁 

 

The negative moment acting as torsion on the support beam is given by: 

𝑇 =  𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ +
𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ 

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡
× (𝐿𝑢𝑛𝑖𝑡 + 𝐿𝑠𝑒𝑎𝑡 ) 

𝑇 = 4 × 22.6 × 155 +
4 × 22.6 × 155

4572− 2 × 166
×  166 + 75 = 14.75𝑘𝑁.𝑚 

 

And as a storey shear, the torsional contribution from the starters is  

𝑉𝑐 ,𝑠𝑙𝑎𝑏 =
14.75

2.48
= 5.9𝑘𝑁 

The contribution of the slab initiation to yield drift is given by 

𝛿𝑐
𝑠𝑙𝑎𝑏 =

𝑀𝑐 𝑙𝑐
2

3𝐸𝐼𝑒𝑓𝑓
=

5.9 × 103 × 942.5 × 2 × 942.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.0977𝑚𝑚 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

0.0977

2480
× 100 = 0.00394 

 

C9.2 External Connection Positive Moment First Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐷12 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐  

𝜃𝑦 = 0.178 + 0.027 + 0.0521 + 0.0151 

𝜃𝑦 = 0.272% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 19.9𝑘𝑁 
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C9.3 External Connection Negative Moment First Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐷12 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐 + 𝜃𝑦

𝑠𝑙𝑎𝑏  

𝜃𝑦 = 0.178 + 0.027 + 0.0521 + 0.0151 + 0.00394 

𝜃𝑦 = 0.276% 

Storey Shear  𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 19.9 + 5.9 = 25.8𝑘𝑁 

 

C9.4 Internal Connection Response 

𝜃𝑦 = 0.178 + 0.0217 + 0.0852 + 0.0242 + 0.00394 

𝜃𝑦 = 0.313% 

Storey Shear  𝑉𝑐𝑦 =  2𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 2 × 15.9 + 5.9 = 37.6𝑘𝑁 

 

C9.5 Components of Second Yield Response 

C9.5.1 Connection Contribution 

The deformation required to yield the HD16 bars is  

𝛥 = 0.0026 ×  1500 + 2 × 0.022 × 537 × 16 = 4.88𝑚𝑚 

 

Assuming that plane sections remain plane, the corresponding strain in the D12 bars is  

휀𝐷12 =
4.88 ×

326.5
233.5

230 + 2 × 0.022 × 12 × 327
= 0.0170 

The strain hardening point of the D12 bars is 휀𝑠 = 0.023 , with a corresponding stress of 

𝑓𝑠 = 335𝑀𝑃𝑎 .  

The stress in the D12 reinforcement is hence 
0.017−0.0017

0.023−0.0017
×  335− 327 + 327 = 333𝑀𝑃𝑎 

The beam moment at second yield is given by 

𝑀𝑏 ,𝑦 =
𝜋

4
× 122 × 2 × 326.5 × 315 +

𝜋

4
× 162 × 2 × 537 × 233.5 = 73.7𝑘𝑁.𝑚 

Assuming a linear stress-strain relationship from strain hardening to ultimate for the steel tube for 

simplicity, the corresponding stress in the D12 tubes is given by 

𝜎 =
0.017 − 0.0075

0.1 − 0.0075
×  275− 150 + 150 = 163𝑀𝑃𝑎 
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The stress in the HD16 tubes is in the strain hardening range so 𝜎 = 150𝑀𝑃𝑎. 

The steel tube contribution to the second yield moment is given by  

𝑀𝑏 ,𝑦
𝑡𝑢𝑏𝑒𝑠 = 88 × 163 × 2 × 326.5 + 127 × 150 × 2 × 233.5 = 18.3𝑘𝑁.𝑚 

The contribution of the steel tubes at the internal connection is given by  

𝑀𝑏 ,𝑦
𝑡𝑢𝑏𝑒𝑠 = 127 × 150 × 2 × 233.5 = 8.90𝑘𝑁.𝑚 

So the total beam yield moment at an external connection is 𝑀𝑏 ,𝑦 = 73.7 + 18.3 = 92.0𝑘𝑁.𝑚 

and at the internal connection is 𝑀𝑏 ,𝑦 = 73.7 + 8.9 = 82.6𝑘𝑁.𝑚 

 

The yield rotation of the beam is given by: 

𝜃𝑦
𝐻𝐷16 =

4.88

233.5
× 100 = 2.09% 

Corresponding to a column drift of 

𝜃𝑦
𝑐 ,𝐻𝐷16 = 2.09 ×  1−

600

3972
 = 1.77% 

 

C9.5.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

92.0 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 1.16𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 1.16 ×
2480

3972
2

= 1.45𝑚𝑚  

Which corresponds to a column drift of  

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0585%  

 

The elastic beam contribution at the internal connection is given 𝜃𝑏 ,𝑒𝑙
𝑐 =  

82.6

92.0
× 0.0585 =

0.0525%.  
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C9.5.3 Beam-Column Joint Contribution 

(Matthews 2004) and (Lindsay 2004) developed an expression for determining the overall 

contribution of the beam-column joint to the frame yield drift. For the external beam-column 

joint,  

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

335

25325
+

2 × 88

600 × 600

163

25325
  1−

326.5

2480

4572

3972
 = 0.0374% 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

537

25325
+

2 × 127

600 × 600

150

25325
  1 −

233.5

2480

4572

3972
 = 0.0957% 

𝛾 = 0.133% 

 

Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points. The 

internal joint has tension and compression yield either side of the joint, hence the joint distortion 

is twice that for the external joint, without the D12 steel tube contribution. The distortion of the 

internal joint is 𝛾 = 0.246%. 

 

C9.5.4 Column Contribution 

The moment in the column at first yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 

𝑀𝑐 = 83.9𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 42.7𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

83.9 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.809𝑚𝑚 

𝜃𝑦
𝑐 =

0.809

2480
× 100 = 0.0326% 
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For an internal connection, beam yield moments occur on both sides of the joint, without the D12 

tube contribution. The moment in the internal column at yield of the two adjacent beams is 

𝑀𝑐 = 151 𝑘𝑁.𝑚, corresponding to a column rotation of 𝜃𝑦
𝑐 = 0.0588%.  

 

C9.5.5 Floor Unit Negative Moment Contribution 

 

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
1.77 + 0.0585 + 0.133

1 −
2 × 166

4572− 2 × 166

= 2.13% 

 

The deformation at the level of the starter bars is 

 ∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 2.13% × 155𝑚𝑚 = 3.30𝑚𝑚 

Assuming strain penetration of 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  and rigid body rotation of the support beam, the 

strain in the starter bars is given by 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

3.30𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0185 

 

Hence the starter bars in the topping slab have entered the strain hardening range. For simplicity, 

assume a linear variation in stress between the strain hardening and ultimate stress points 

(휀𝑠 = 0.015,𝑓𝑠 = 421𝑀𝑃𝑎, 휀𝑢 = 0.143,𝑓𝑢 = 507𝑀𝑃𝑎).  

The stress induced in the starter bars is   

𝜎𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 =
0.0185−0.015

0.142−0.015
×  507− 421 + 421 = 424𝑀𝑃𝑎.  

Corresponding to a force of 𝐹 =
𝜋

4
× 102 × 424 = 33.3𝑘𝑁.  

 

𝑇 =  𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ +
𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ 

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡
× (𝐿𝑢𝑛𝑖𝑡 + 𝐿𝑠𝑒𝑎𝑡 ) 

𝑇 = 4 × 33300 × 155 +
4 × 33300 × 155

4572− 2 × 166
×  166 + 75 = 21.7𝑘𝑁.𝑚 

 

And as a storey shear, the torsional contribution from the starters is  
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𝑉𝑐 ,𝑠𝑙𝑎𝑏 =
21.7

2.48
= 8.72𝑘𝑁 

 

Very little difference between this and the yield condition so the angle of twist due to torsion will 

again have negligible influence on the slab initiation. Similarly, the additional joint drift 

contribution of the internal joint will not greatly influence this result either and so we will simply 

apply the above condition to both internal and external connections.  

 

The contribution of the slab initiation to yield drift is given by 

𝛿𝑐
𝑠𝑙𝑎𝑏 =

𝑀𝑐 𝑙𝑐
2

3𝐸𝐼𝑒𝑓𝑓
=

8.76 × 103 × 942.5 × 2 × 942.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.140𝑚𝑚 

𝜃𝑦
𝑠𝑙𝑎𝑏 =

0.140

2480
× 100 = 0.00565 

 

C9.6 External Connection Positive Moment Second Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝜃𝑦
𝑗

+ 𝜃𝑦
𝑐  

𝜃𝑦 = 1.77 + 0.0585 + 0.133 + 0.0326 

𝜃𝑦 = 2.00% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 42.5𝑘𝑁 

C9.7 External Connection Negative Moment Second Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝜃𝑦
𝑗

+ 𝜃𝑦
𝑐 + 𝜃𝑦

𝑠𝑙𝑎𝑏  

 

𝜃𝑦 = 1.77 + 0.0585 + 0.133 + 0.0326 + 0.00565 

𝜃𝑦 = 2.00% 

Storey Shear  𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 42.5 + 8.72 = 51.2𝑘𝑁 

 

C9.8 Internal Connection Second Yield Response 

𝜃𝑦 = 1.77 + 0.0525 + 0.246 + 0.0588 + 0.00565 

𝜃𝑦 = 2.13% 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-41 

Storey Shear  𝑉𝑐𝑦 =  2𝑉𝑐 ,𝑏 +  𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 2 × 38.3 + 8.72 = 85.4𝑘𝑁 

 

C9.9 Components of Ultimate Response 

C9.9.1 Connection Contribution 

The ultimate capacity of the connections considers the maximum stress state of the D12 and the 

expected stress state of the HD16 Bars at 4.5% drift.  

Assuming a linear increase in the deformation in the HD16 bars from 2.25% to 4.5% drift, the 

expected deformation in the unbonded bars at 4.5% drift is given by  

 

∆4.5%=
4.5

2.00
× ∆2.11%=

4.5

2.00
× 4.88 = 10.98𝑚𝑚 

The strain in the HD16 bars is given by  

휀 =
10.98

1500 + 2 × 0.022 × 537 × 16
= 0.00585 

 

The strain in the HD16 bars is less than strain hardening of 휀𝑠 = 0.015 and so the stress in the 

unbonded bars remains between the yield and strain hardening range.  

 

Hence the ultimate beam moment is given by 

𝑀𝑢 = 2 ×
𝜋

4
× 122 × 440 × 326.5 + 2 ×

𝜋

4
× 162 × 537 × 233.5 = 82.9𝑘𝑁.𝑚 

The stress in the HD16 steel tubes is in the yield plateau so 𝜎 = 150𝑀𝑃𝑎.  

The beam moment contribution arising from the steel tube strength is  

𝑀𝑢 ,𝑡𝑢𝑏𝑒 = 2 × 88 × 275 × 326.5 + 2 × 127 × 150 × 233.5 = 24.7𝑘𝑁.𝑚 

And for the internal connection, 𝑀𝑢 ,𝑡𝑢𝑏𝑒 = 2 × 127 × 150 × 233.5 = 8.90𝑘𝑁.𝑚 

 

The ultimate moment at 4.5% drift for the external connection is  

𝑀𝑢 = 82.9 + 24.7 = 108𝑘𝑁.𝑚 

This corresponds to a storey shear of  𝑉𝑐 ,𝑢𝑙𝑡 = 50.1𝑘𝑁 
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The ultimate moment for the internal connection is given by 𝑀𝑢 = 91.8𝑘𝑁.𝑚, corresponding to 

a storey shear of  𝑉𝑐 ,𝑢𝑙𝑡 = 42.6𝑘𝑁 

 

C9.9.2 Floor Unit Ultimate Negative Moment Contribution 

The rotation of the slab is a function of the joint and beam rotations of the specimen. The column 

moment corresponding to at the ultimate moment of the beam is 𝑀𝑐𝑢 = 98.4𝑘𝑁.𝑚 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

94.1 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.949𝑚𝑚 

𝜃𝑐 = 0.0383% 

Hence at 4.5% drift, the rotation arising from the beam and beam-column joint is 𝜃 𝑏 = 4.46%.  

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑏

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
4.46

1−
2 × 166

4572− 2 × 166

= 4.84% 

 

∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 4.84% × 155𝑚𝑚 = 7.5𝑚𝑚 

 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

7.51𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0421 

 

Hence the strain in the starter bars lies on the strain hardening portion of the curve, between 

휀𝑠 = 0.015 and 휀𝑢 = 0.143. For simplicity, assume a linear distribution of stress in the strain 

hardening region, between 𝑓𝑠 = 421𝑀𝑃𝑎  and 𝑓𝑢 = 507𝑀𝑃𝑎 , where the average stress in the 

starters is given by 

𝑓𝑠 =
(0.0421− 0.015)

(0.143− 0.015)
×  507− 421 + 421 = 439𝑀𝑃𝑎 

 

 The force in the starters is given by  

 

𝐹 =
𝜋

4
× 102 × 439 = 34.5𝑘𝑁 
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𝑇 = 4 × 34500 × 155 +
4 × 34500 × 155

4572− 2 × 166
×  166 + 75 = 22.6𝑘𝑁.𝑚 

 

Which corresponds to a storey shear of 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 9.12𝑘𝑁.  

 

C9.10 External Connection Positive Moment Ultimate Response 

The ultimate storey shear for an external connection under a positive moment is  

 𝑉𝑐 ,𝑢𝑙𝑡 ,𝑝𝑜𝑠 =  𝑉𝑐 ,𝑢𝑙𝑡 = 50.1𝑘𝑁 

 

C9.11 External Connection Negative Moment Ultimate Response 

The ultimate storey shear for an external connection under a negative moment is  

 𝑉𝑐 ,𝑢𝑙𝑡 ,𝑝𝑜𝑠 =  𝑉𝑐 ,𝑢𝑙𝑡 + 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 50.1 + 9.12 = 59.2𝑘𝑁 

 

C9.12 Internal Connection Ultimate Response 

The ultimate storey shear for the internal connection is  

 𝑉𝑐 ,𝑢𝑙𝑡 =  2𝑉𝑐 ,𝑢𝑙𝑡 + 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 2 × 42.6 + 9.12 = 94.3𝑘𝑁 

 

C10 PREDICTION OF YIELD AND ULTIMATE RESPONSE OF SLOTTED BEAM 

CONNECTION DURING TEST 2 INCLUDING STEEL TUBE STRENGTH 

CONTRIBUTION 

From iteration on the neutral axis depth for the slotted beam, the neutral axis depth was found to 

lie 15.2mm below the top of the hinge at first yield of the D12 reinforcement, resulting in a first 

yield moment of 𝑀𝑦
𝐷12 = 48.9𝑘𝑁.𝑚.  

 

C10.1 Components of First Yield Response 

C10.1.1 Connection Contribution 

The required deformation to yield the D12 bars is calculated by: 

∆𝑦
𝐷12= 0.0017 ×  230 + 0.022 × 2 × 327 × 12 = 0.685𝑚𝑚 
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𝜃𝑦
𝑏 =

∆𝑦
𝑑 − 𝑑′

× 100 =
0.685

366.5− 15.2
× 100 = 0.195% 

𝜃𝑦
𝑐 = 0.195 ×  1 −

600

3972
 = 0.166% 

C10.1.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

50.3 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 0.616𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 0.616 ×
2480

3972
2

= 0.769𝑚𝑚  

 

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0310%  

 

C10.1.3 Beam-Column Joint Contribution 

The stress in the D12 tubes at first yield was in the yield plateau, so 𝜎𝐷12
𝑡𝑢𝑏𝑒𝑠 = 150𝑀𝑃𝑎. The 

strain in the HD16 tubes at first yield, from the iteration on neutral axis, was 휀𝐻𝐷16
𝑡𝑢𝑏𝑒𝑠 = 0.000335. 

The stress in the HD16 bars was 𝜎𝐻𝐷16 = 66.7𝑀𝑃𝑎.  The beam column joint contribution to drift 

is given by: 

  

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

327

25325
+

88 × 2

600 × 600

150

25325
  1−

(366.5− 15.2)

2480

4572

3972
 

= 0.0355% 

 

𝛾𝐻𝐷16 = 38.5 

𝜋
4

× 162 × 2

600 × 600

66.7

25325
+

127 × 2

600 × 600

0.000339
0.00075

× 150

25325
   ×                   

 1−
(273.5− 15.2)

2480

4572

3972
 = 0.0173% 
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𝛾 = 0.0528% 

 

Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points. 

 

C10.1.4 Column Contribution 

The moment in the column at first yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 

𝑀𝑐 = 44.6 𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 22.7𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

44.6 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.430𝑚𝑚 

𝜃𝑦
𝑐 =

0.430

2480
× 100 = 0.0173% 

C10.2 External Connection Positive Moment First Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐷12 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾 + 𝜃𝑦
𝑐  

𝜃𝑦 = 0.166 + 0.0310 + 0.0528 + 0.0173 

𝜃𝑦 = 0.267% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 22.7𝑘𝑁 

 

C10.3 External Connection Negative Moment First Yield Response 

Under a negative moment rotation, the neutral axis depth was located outside the depth of the 

hinge, so the negative moment prediction is as for the steel top hinge connections. 
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C10.4 Components of Second Yield Positive Moment Response 

C10.4.1 Connection Contribution  

The deformation required to yield the HD16 bars is  

𝛥 = 0.0026 ×  1500 + 2 × 0.022 × 537 × 16 = 4.88𝑚𝑚 

From iteration on the neutral axis depth, the neutral axis was located 39.7mm below the top of 

the hinge. The corresponding moment at second yield of the connection was  

𝑀𝑏 ,𝑦
2 = 105𝑘𝑁.𝑚 

The yield rotation of the beam is given by: 

𝜃𝑦
𝐻𝐷16 =

4.88

273.5− 39.7
× 100 = 2.09% 

Corresponding to a column drift of 

𝜃𝑦
𝑐 ,𝐻𝐷16 = 2.09 ×  1−

600

3972
 = 1.77% 

C10.4.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

105 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 1.32𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 1.32 ×
2480

3972
2

= 1.65𝑚𝑚  

Which corresponds to a column drift of  

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0666%  

 

C10.4.3 Beam-Column Joint Contribution 

The stresses in the D12 bars and tubes at second yield of the connection were 𝜎𝐷12 = 333𝑀𝑃𝑎 

𝜎𝐷12
𝑡𝑢𝑏𝑒𝑠 = 162𝑀𝑃𝑎 respectively at second yield of the connection.  

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-47 

𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

333

25325
+

2 × 88

600 × 600

162

25325
  1−

(366.5− 39.7)

2480

4572

3972
 

= 0.0372% 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

537

25325
+

2 × 127

600 × 600

150

25325
  1 −

(273.5− 39.7)

2480

4572

3972
 

= 0.0956% 

𝛾 = 0.133% 

 

Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points.  

 

C10.4.4 Column Contribution 

The moment in the column at first yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 

𝑀𝑐 = 95.8𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 48.7𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

95.8 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.924𝑚𝑚 

𝜃𝑦
𝑐 =

0.941

2480
× 100 = 0.0372% 

 

C10.5 External Connection Positive Moment Second Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝜃𝑦
𝑗

+ 𝜃𝑦
𝑐  

𝜃𝑦 = 1.77 + 0.0666 + 0.133 + 0.0372 

𝜃𝑦 = 2.00% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏 = 48.7𝑘𝑁 
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C10.6 Components of Negative Moment Second Yield Response 

C10.6.1 Connection Contribution 

The deformation required to yield the HD16 bars is  

𝛥 = 0.0026 ×  1500 + 2 × 0.022 × 537 × 16 = 4.88𝑚𝑚 

From iteration on the neutral axis depth, the neutral axis was located 6.42mm above the bottom 

of hinge. The corresponding moment at second yield of the connection was  

𝑀𝑏 ,𝑦
2 = 93.6𝑘𝑁.𝑚 

The yield rotation of the beam is given by: 

𝜃𝑦
𝐻𝐷16 =

4.88

273.5− 80 + 6.42
× 100 = 2.44% 

Corresponding to a column drift of 

𝜃𝑦
𝑐 ,𝐻𝐷16 = 2.44 ×  1−

600

3972
 = 2.07% 

C10.6.2 Elastic Beam Contribution 

 

𝛿𝑏 =
𝑀𝑦𝐿𝑏

2

12𝐸𝐼
=

93.6 × 106 × 39722

12 × 25325 ×
362 × 5153

12

= 1.18𝑚𝑚 

 

𝛿𝑐
𝑏 = 𝛿𝑏 ×

𝐿𝑐
𝐿𝑏
2

= 1.18 ×
2480

3972
2

= 1.47𝑚𝑚  

Which corresponds to a column drift of  

𝜃𝑏 ,𝑒𝑙
𝑐 =  0.0594%  

 

C10.6.3 Beam-Column Joint Contribution 

The stresses in the D12 bars and tubes at second yield of the connection were 𝜎𝐷12 = 335𝑀𝑃𝑎 

𝜎𝐷12
𝑡𝑢𝑏𝑒𝑠 = 169𝑀𝑃𝑎 respectively at second yield of the connection.  
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𝛾𝐷12 = 38.5 

𝜋
4 × 122 × 2

600 × 600

335

25325
+

2 × 88

600 × 600

169

25325
  1 −

(366.5− 80 + 6.42)

2480

4572

3972
 

= 0.0385% 

𝛾𝐻𝐷16 = 38.5 

𝜋
4 × 162 × 2

600 × 600

537

25325
+

2 × 127

600 × 600

150

25325
  1−

(273.5 − 80 + 6.42)

2480

4572

3972
 

= 0.0973% 

𝛾 = 0.136% 

 

Where 𝛾𝑗 is the joint distortion, 𝐵 is the column breadth, 𝐻 is the column depth, 𝐻𝑐𝑜𝑙  is the column 

height, 𝑑 − 𝑑′  is the beam internal leverarm, 𝐿 is the distance between beam inflection points.  

 

C10.6.4 Column Contribution 

The moment in the column at first yield of the beam can be determined by considering moment 

equilibrium of the joint. The column moment at yield of the beam for the external connection is 

𝑀𝑐 = 85.4𝑘𝑁.𝑚  or a storey shear of 𝑉𝑐 = 43.4𝑘𝑁 . Applying moment area theorem, the 

displacement of the top of the column is 

 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

85.4 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.824𝑚𝑚 

𝜃𝑦
𝑐 =

0.824

2480
× 100 = 0.0332% 

 

C10.6.5 Floor Unit Negative Moment Contribution 

 

𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝛾

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
2.07 + 0.0594 + 0.136

1 −
2 × 166

4572− 2 × 166

= 2.46% 

 

 



Benjamin  J.  Leslie                                                  The Development and Validation of a Non-Tearing Floor Precast 

Concrete Structural System for Seismic Regions 

C-50 

The deformation at the level of the starter bars is 

 ∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 2.46% × 155𝑚𝑚 = 3.81𝑚𝑚 

Assuming strain penetration of 𝑙𝑠𝑝 = 0.022𝑓𝑦𝑑𝑏  and rigid body rotation of the support beam, the 

strain in the starter bars is given by 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

3.81𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0214 

 

Hence the starter bars in the topping slab have entered the strain hardening range. For simplicity, 

assume a linear variation in stress between the strain hardening and ultimate stress points 

(휀𝑠 = 0.015,𝑓𝑠 = 421𝑀𝑃𝑎, 휀𝑢 = 0.143,𝑓𝑢 = 507𝑀𝑃𝑎).  

The stress induced in the starter bars is   

𝜎𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 =
0.0214−0.015

0.142−0.015
×  507− 421 + 421 = 425𝑀𝑃𝑎.  

Corresponding to a force of 𝐹 =
𝜋

4
× 102 × 425 = 33.4𝑘𝑁.  

 

𝑇 =  𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ +
𝐹𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 ×  𝑑 − 𝑑′ 

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡
× (𝐿𝑢𝑛𝑖𝑡 + 𝐿𝑠𝑒𝑎𝑡 ) 

𝑇 = 4 × 33400 × 155 +
4 × 33500 × 155

4572− 2 × 166
×  166 + 75 = 21.7𝑘𝑁.𝑚 

 

And as a storey shear, the torsional contribution from the starters is  

𝑉𝑐 ,𝑠𝑙𝑎𝑏 =
21.7

2.48
= 8.77𝑘𝑁 

 

Very little difference between this and the yield condition so the angle of twist due to torsion will 

again have negligible influence on the slab initiation. Similarly, the additional joint drift 

contribution of the internal joint will not greatly influence this result either and so we will simply 

apply the above condition to both internal and external connections.  

 

The contribution of the slab initiation to yield drift is given by 

𝛿𝑐
𝑠𝑙𝑎𝑏 =

𝑀𝑐 𝑙𝑐
2

3𝐸𝐼𝑒𝑓𝑓
=

8.80 × 103 × 942.5 × 2 × 942.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.141𝑚𝑚 
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𝜃𝑦
𝑠𝑙𝑎𝑏 =

0.141

2480
× 100 = 0.00569 

 

C10.7 External Connection Negative Moment Second Yield Response 

𝜃𝑦 = 𝜃𝑦
𝑐 ,𝐻𝐷16 + 𝜃𝑏 ,𝑒𝑙

𝑐 + 𝜃𝑦
𝑗

+ 𝜃𝑦
𝑐 + 𝜃𝑦

𝑠𝑙𝑎𝑏  

𝜃𝑦 = 2.07 + 0.0594 + 0.136 + 0.0332 + 0.00569 

𝜃𝑦 = 2.30% 

Storey Shear 𝑉𝑐𝑦 =  𝑉𝑐 ,𝑏+𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 43.4𝑘𝑁 + 8.77𝑘𝑁 = 52.2𝑘𝑁 

 

C10.8 External Connection Positive Moment Ultimate Response 

From iteration on the neutral axis depth, the neutral axis was found to be located 44.3mm below 

the top of the hinge. The corresponding ultimate moment at 4.5% drift was 𝑀𝑏𝑢 = 119𝑘𝑁.𝑚 

which corresponds to a storey shear of  𝑉𝑐 ,𝑢𝑙𝑡 = 55.3𝑘𝑁.  

 

C10.9 Components of Negative Moment Ultimate Response 

C10.9.1 Connection Contribution 

From iteration on the neutral axis depth, the neutral axis was found to be located 2.65mm above 

the bottom of the hinge. The corresponding ultimate moment at 4.5% drift was 𝑀𝑏𝑢 = 108𝑘𝑁.𝑚 

which corresponds to a storey shear of  𝑉𝑐 ,𝑢𝑙𝑡 = 50.2𝑘𝑁.  

 

C10.9.2 Floor Unit Negative Moment Contribution 

The rotation of the slab is a function of the joint and beam rotations of the specimen. The column 

moment corresponding to at the ultimate moment of the beam is 𝑀𝑐𝑢 = 98.5𝑘𝑁.𝑚 

𝛿𝑐 =
𝑀𝑐 𝑙𝑐

2

3𝐸𝐼𝑒𝑓𝑓
=

98.5 × 106 × 982.52

3 × 25325 × 0.122 ×
600 × 6003

12

= 0.950𝑚𝑚 

𝜃𝑐 = 0.0383% 

Hence at 4.5% drift, the rotation arising from the beam and beam-column joint is 𝜃 𝑏 = 4.46%.  
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𝜃𝑦 ,𝑢𝑛𝑖𝑡 =
𝜃𝑏

1 −
2𝐿𝑢𝑛𝑖𝑡

𝐿𝑏 − 2𝐿𝑢𝑛𝑖𝑡

=
4.46

1−
2 × 166

4572− 2 × 166

= 4.82% 

 

∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠 = 4.82% × 155𝑚𝑚 = 7.47𝑚𝑚 

 

휀 =
∆𝑠𝑡𝑎𝑟𝑡𝑒𝑟𝑠

2𝑙𝑠𝑝
=

7.47𝑚𝑚

2 × 0.022 × 405𝑀𝑃𝑎 × 10𝑚𝑚
= 0.0419 

 

Hence the strain in the starter bars lies on the strain hardening portion of the curve, between 

휀𝑠 = 0.015 and 휀𝑢 = 0.143. For simplicity, assume a linear distribution of stress in the strain 

hardening region, between 𝑓𝑠 = 421𝑀𝑃𝑎  and 𝑓𝑢 = 507𝑀𝑃𝑎 , where the average stress in the 

starters is given by 

𝑓𝑠 =
(0.0419− 0.015)

(0.143− 0.015)
×  507− 421 + 421 = 439𝑀𝑃𝑎 

 

 The force in the starters is given by  

 

𝐹 =
𝜋

4
× 102 × 439 = 34.5𝑘𝑁 

𝑇 = 4 × 34500 × 155 +
4 × 34500 × 155

4572− 2 × 166
×  166 + 75 = 22.6𝑘𝑁.𝑚 

 

Which corresponds to a storey shear of 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 9.12𝑘𝑁.  

 

C10.10 External Connection Positive Moment Ultimate Response 

 𝑉𝑐 ,𝑢𝑙𝑡 ,𝑝𝑜𝑠 =  𝑉𝑐 ,𝑢𝑙𝑡 + 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 50.2𝑘𝑁+ 9.12𝑘𝑁 = 59.3𝑘𝑁 
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C11 NZS3101:2006 PROVISIONS FOR BEAM NEGATIVE MOMENT FLEXURAL 

STRENGTH  

 

Figure C-1 Negative moment flange for a beam passing into a column near edge of slab with a transverse 

beam (Standards New Zealand. 2006) 

 

 

Figure C-2 Negative moment flange for a beam passing through a column (Standards New Zealand. 2006) 

 

 

NZS3101:2006 specifies that the starter bars initiated as part of the beam flange may experience 

high levels of inelastic cyclic action, initiating the full overstrength of the slab reinforcement. 

From the requirements in NZS3101:2006, shown in Figure C-1 and Figure C-2, the flange width, 

at both the internal and external connections in the non-tearing frame, includes the entire flange 

of the specimen.  
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The resulting enhancement to the negative moment demand in the beam is: 

𝑀𝑠𝑙𝑎𝑏 =
𝜋

4
× 102 × 5 × 507 × 440 = 87.6𝑘𝑁.𝑚 

Or as a storey shear, 𝑉𝑐 ,𝑠𝑙𝑎𝑏 = 40.7𝑘𝑁 
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