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ABSTRACT 

Floor systems with precast concrete hollow-core units have been largely used in concrete 

buildings built in New Zealand during the 1980’s. Recent earthquakes, such as the Canterbury 

sequence in 2010-2011 and the Kaikoura earthquake in 2016, highlighted that this floor system 

can be highly vulnerable and potentially lead to the floor collapse. A series of research activities 

are in progress to better understand the seismic performance of floor diaphragms, and this 

research focuses on examining the performance of hollow core units running parallel to the 

walls of wall-resisting concrete structures.  

This study first focused on the development of fragility functions, which can be quickly used 

to assess likelihood of the hollow-core being able to survive given the buildings design drift, 

and secondly to determine the expected performance of hollow-core units that run parallel to 

walls, focusing on the alpha unit running by the wall. 

Fragility functions are created for a range of different parameters for both vertical dislocation 

and crack width that can be used as the basis of a quick analysis or loss estimation for the likely 

impact of hollow-core floors on building vulnerability and risk. This was done using past 

experimental tests, and the recorded damage. Using these results and the method developed by 

Baker fragility curves were able to be created for varying crack widths and vertical dislocations. 

Current guidelines for analysis of hollow-core unit incompatible displacements are based on 

experimental vertical displacement results from concrete moment resisting frame systems to 

determine the capacity of hollow-core elements. To investigate the demands on hollow-core 

units in a wall-based structure, a fibre-element model in the software Seismostruct is created 

and subject to quasi-static cyclic loading, using elements which are verified from previous 

experimental tests. It is shown that for hollow-core units running by walls that the 10 mm 

displacement capacity used for hollow-core units running by a beam is insufficient for 

members running by walls and that shear analysis should be used. 

The fibre-element model is used to simulate the seismic demand induced on the floor system 

and has shown that the shear demand is a function of drift, wall length, hollow-core span, 

linking slab length and, to a minor extent, wall elongation.   
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B 

1) CHAPTER  1 – INTRODUCTION 

1.1)  Introduction 

Hollow-core units are a form of precast unit that are pretensioned before being installed on site 

with an example shown in Fig 1.1. Hollow-core units are designed to be lighter than standard 

concrete by incorporating hollow cores into slabs, with prestressing tendons used for strength. 

Once installed, topping concrete is placed on top with a mesh to create a diaphragm. Due to 

the nature of design, hollow-core units are susceptible to several issues related to seismic 

events, which led to previous best practice methods being reconsidered. 

 

Fig 1.1 Example of hollow-core precast unit with A showing the hollow cores, and B showing 

the reinforcing strands. 

Since the 1994 Northridge earthquake in California, where precast flooring among other 

structural elements performed poorly, extensive research has been done for better 

understanding the performance of hollow-core floors, and identifying failure mechanisms of 

precast flooring systems, and developing suitable design methodologies [1]. Despite some 

advancement in the installation process of precast floor, such as the flexible linking slabs 

between the beam and the first precast unit and increased seating provisions, buildings in major 

New Zealand cities may have been constructed prior to these advancements. In addition, 

research into suitable retrofit solutions for precast floors is still ongoing. The 2010-2011 

Canterbury earthquake sequence, 2013 Seddon earthquake and 2016 Kaikoura earthquake have 

caused relevant damage to buildings with precast floor diaphragms in two of New Zealand’s 

main cities, Christchurch and Wellington [2] [3] [4] [5]. 

Previous seismic events have highlighted the need to assess the risk of flooring systems. 

Several failure mechanisms can be possible for precast floor systems [6]. For assessing the 

floor capacity, all possible failure mechanisms of the precast flooring need to be known to be 

able to determine which failure mechanism is critical for the segment of the floor analysed.  

Research undertaken by Gardiner et al. [6] discussed the possible failure mechanisms for 
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precast floors and presented calculation methods corresponding to these failure mechanisms. 

Using the analysis procedures proposed by Gardiner it is possible to determine the critical 

failure mechanism and its corresponding drift capacity for the units. 

1.2) Contents of Dissertation 

Chapter 2 details the literature review for creating the results for later sections. It looks at the 

various failure mechanisms of hollow-core floors, what causes those mechanisms to occur, 

whether it be construction or design based, and the past performance results of the members in 

previous testing. 

Chapter 3 analyses the previous data and interprets the results in order to create fragility 

functions. This includes normalising the results and interpolating between data points so that a 

conservative approximation can be obtained. The data looked at will be in terms of crack width 

and the vertical dislocation of the units. 

Chapter 4 looks at analysing Equation 7-15 (c) from NZS 3101:2006 [7] to determine the 

accuracy for modelling wall elongation, followed by creating, and validating computer models 

for walls and hollow-core floors for further analytical purposes. 

Chapter 5 looks at developing a computer model with a hollow-core floor unit running parallel 

to a wall, to determine the effect of location to the wall on the vertical offset of the hollow-core 

member. This offset will then be compared to the location of the hollow-core along varying 

length sections to determine the expected capacity of the unit. 

Chapter 6 looks at analysing the shear results from the sub-assembly of the hollow-core unit 

running parallel to the wall. It aims to determine the drift capacity of a hollow-core floor as a 

function of wall length, span and if applicable, span of the linking slab.
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2) CHAPTER  2 – LITERATURE REVIEW 

Hollow-core floors without careful connection detailing can be a critical element of the 

building and potentially lead to premature failure. While detailing of hollow-core floors and 

possible retrofit options are improving over time, identifying likely causes of failure 

mechanisms, and the corresponding buildings that may be susceptible to the failure 

mechanisms becomes an important task.  

When analysing the expected capacity of a structure, it is important to know the expected 

capacity of the individual components to help determine the capacity of the system. To 

determine this, fragility functions, which are a measure of the probability of failure, are a tool 

that can be used to easily see the expected capacity of a component and can be used to 

determine the expected drift capacity of hollow-core floor units based on past experimental 

testing. 

An important research effort is ongoing to evaluate the seismic performance of hollow-core 

floor systems in concrete structures with lateral resisting system composed of moment resisting 

frames. Assuming different testing setups, several experimental activities have been conducted 

and some are currently ongoing. Wall-structures with precast concrete hollow-core floor 

systems have received much less attention, and there appears to be little research on precast 

concrete floor with hollow-core units running parallel to the walls done. In this study, some of 

the learnings from the research conducted for frame structures will be applied to wall structures. 

In particular, this study will focus on the performance of the precast elements running parallel 

to walls, with the aim to determine the effects induced on the floor units by the possible failure 

mechanisms. 

The literature review will lead into the two main objectives of this research will be (i) determine 

the expected fragility of hollow-core floors and (ii) evaluate the drift demand and capacity of 

hollow-core units running parallel to walls. To determine these, the critical failure mechanism 

of hollow-core units must be determined. Suitable experimental tests on hollow-core units and 

structural walls for the purpose of analysis and verification must be examined, and an 

examination of the current processes for assessing capacity for hollow-core floors is required. 

In summary, the five major items being covered in this section: 
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1. Possible failure mechanisms of hollow-core floor units, 

2. Experimental tests of hollow-core floor units, 

3. Hollow-core floor units running parallel to walls, 

4. Experimental testing of structural walls with measured elongation, 

5. Introduction to NZS3101:2006 equation for wall elongation. 

2.1)  Critical Failure Mechanisms of Hollow-Core Floor Units 

While there are multiple failure mechanisms that can occur for hollow-core floor units, certain 

failure mechanisms are more likely to occur in older buildings prior to improvements in design 

standards [6]. These failure mechanisms and what causes the mechanism to occur need to be 

analysed to determine possible retrofit solutions, possible locations that the mechanisms could 

occur, and ways to avoid the mechanism occurring in future design. 

Gardiner et al. [6] identified the primary failure mechanisms of hollow-core floors and the 

primary causes of failure, summarised in Table 2.1. 

Table 2.1 Likely cause of mechanism to occur in seismic event. 

Mechanism Primary cause of failure as proposed by Gardiner et. al. [6] 

Loss of Support Beam Elongation with short seating details 

Positive Moment Failure Beam Elongation with high strength in situ concrete 

Negative Moment Failure Beam Elongation and Vertical Seismic Action with tied in 

units 

Incompatible Displacements Beam Elongation of beam running parallel to closest unit 

 

2.1.1) Loss of Support Failure Mechanism 

Loss of seating is a failure mechanism that can occur due to issues with the seating ledge length, 

inadequate reinforcing of the ledge, or a combination of these issues. Issues with the seating 

length will occur due to beam elongation, construction tolerances, creep/shrinkage of the unit 

and spalling of the seating which will lead to a reduced bearing area and the consequent failure 

of the seating. Due to past seating details being relatively short, the mechanism would occur 
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when the beam elongation was similar to the seating length leading to the units losing support 

from the seating [6] [7]. 

For the second case, when poor seating details are used, this can lead to failure of the seating 

and subsequent loss of support of the hollow-core unit. This is due to bond cracks that may 

occur with flexural tension reinforcement in support beams or in cases where the reinforcing 

does not extend to the seating, leading to the ledges just being unreinforced cover concrete.  

2.2.1) Negative Moment Failure Mechanism 

Hollow-core floor units are designed to be simply supported floor slabs. Unfortunately, this 

idealised solution does not fully occur due to the tying in of topping concrete and some moment 

transfer still occurring at the point of seating. Two major issues can arise due to the presence 

of negative moments that arise at the ends. First, the added negative moment occurring at the 

ends of the hollow-core can change the unit to be subjected to the combined effect of flexural 

and shear actions, leading to a significant reduction of the expected shear capacity of the unit 

in the presence of shear-only actions [6].  

 

Fig 2.1 Example of negative moment failure due to added continuity [6]. 

Second, negative moment failure can occur where the starter bars terminate because of the drop 

in the negative moment capacity due to the lack of tensile capacity of concrete. In the past, 

starter bars used to extend for a distance between 400 to 1,500 mm into the floor. 
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Fig 2.2 Example of negative moment failure occurring where insufficiently long starter bars 

terminate [6]. 

2.3.1) Positive Moment Failure Mechanism 

Positive moment failures can primarily occur in two locations, the seating ledge or the back 

face of the hollow-core unit. Of these cases, the crack occurring at the edge of the seating ledge 

is a more critical location than the back face. When positive moment failures occur at the back 

end of the hollow-core unit, it is less critical than when it occurs at the interface at the end of 

the seating as this can lead to a similar collapse as a loss of support failure. This failure 

mechanism can occur due to the pre-tensioning strands being too close to the end of the hollow-

core unit to provide sufficient tensile strength, leaving the capacity to be reliant on the concrete 

of the hollow-core unit. Once the initial cracking occurs, further elongation, shrinkage or 

movement will extend the crack width which can lead to the collapse of the concrete above. 

 

Fig 2.3 Example of positive moment failure due to positive moment crack location [6]. 
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2.4.1) Incompatible Displacements Between Hollow-Core Units and Structural 

Members 

Incompatible displacement damage occurs when differential displacements develop between a 

hollow-core unit and an adjacent structural element, which can cause a large force transfer and 

can result in web splitting. Incompatible displacement failures are primarily an issue without 

linking slabs (circa 2004) [8] and as of 2006, NZS3101:2006 requires a flexible linking slab to 

be used between hollow-core units and adjacent structural elements [7]. Linking slabs limit the 

vertical offset and therefore forces that can be transmitted between structural elements and 

adjacent hollow-core units so that the hollow-cores are less affected. These vertical offsets 

cause large moments and web forces, leading to splitting of the web. A common example of 

this is the hollow-core unit that runs next to the parallel beam in a moment resisting frame 

building. When web cracking occurs, the portion above the cracks acts as a slab, while the 

prestressed portion carries its own dead load. Excessive cracking therefore will cause 

premature failure. This can be particularly critical if positive moment cracks have formed [6]. 

Flexural deformations of the beam running parallel to the hollow-core causes a differential 

displacement to develop between the hollow-core unit and the beam. Three separate 

components of deformation can be identified as shown in Fig 2.1 with the calculation for the 

displacement being shown from Eq 2.1 [9]. 

 
δb=θchb(0.05

L

hb

+0.5)(0.3
hc

hb

+0.5) 
Eq 2.1 

Where: δb is the vertical dislocation of the hollow-core, θc is the column rotation, hb is the 

beam thickness, hc is the column thickness and L is the hollow-core span 
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Fig 2.4  a) Elastic deformation of beam and subsequent rotation affecting precast flooring  

b) Plastic deformation of beam and subsequent rotation affecting precast flooring  

c)    Deformation of support points and subsequent rotation affecting precast flooring [6]. 

The values obtained from the vertical uplift calculated from Eq 2.1 are then to be compared to 

the ultimate limit state which was proposed by Gardiner et al. [6] which is an empirical 

relationship for assessing web cracking and is shown below in Eq 2.2.  

δu ≤ 
750

ϕ
df

(25+t)
 

Eq 2.2 

Calculating the displacement allowance needs to be made for the structural performance factor, 

sp, in the equation above [7], t is the thickness of the topping concrete, 25 is the allowance for 

minimum thickness of concrete above the cores of the hollow-core, and 𝜙𝑑𝑓 = 1.25. The use 

of flexible linking slabs attempts to prevent or reduce structural actions between members and 

is therefore now a requirement for hollow-core units running parallel to structural elements [9]. 

2.2) Experimental Test Setups of Hollow-Core Floor Units 

To determine the expected failure capacity of hollow-core units, damage states of hollow-core 

units at corresponding drifts needs to be known. To obtain this, previous experimental tests 

need to be examined. Both single unit, sub-assembly tests and super-assembly tests have been 

done to test hollow-core floors and have found different failure modes depending on location 

in super-assembly or the loading protocol. The various tests and difference between tests and 

protocol will be briefly discussed, although more information can be found from their 

respective papers. While potential retrofits may have been used in some of the experimental 

tests, it is however unlikely that these will impact the damage states, as they are more aimed at 

preventing a complete failure of the unit. This will mean that the damage states will still occur 

at similar drift levels. 

The following papers were considered for assessing damage states of hollow-core floor units 

and therefore developing fragility and shown in Table 2.2. 
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A summary of each of the researchers test setups can be seen in the following sub sections, for 

more detail their full text documents would be recommended. 

Table 2.2 Summary of researchers testing results used for creation of fragility functions. 

First Author Single Unit/Super 

Assembly 

Number of Hollow-

Core Units 

Year 

Eric Liew Single Unit 3 2004 

Jeff Matthews Both 3 2003/2004 

John Trowsdale Single Unit 4 2004 

Renee Lindsay Super Assembly 1 2004 

Cameron Macpherson Single Unit 1 2005 

James Jensen Single Unit 3 2006 

Lisa Woods Single Unit 1 2008 

  

2.1.2) Jeff Matthews and Renee Lindsay Super-Assembly 

The super-assembly tests performed by Matthews [8] and Lindsay [10] were designed to 

verify and determine causes of damage from previous seismic events, and then in the case of 

the Lindsay testing, attempt to produce solutions to some of the issues determined from the 

Matthews testing. This testing was important given similarities in construction between New 

Zealand and California [10]. Firstly, the super-assembly was tested by Matthews, with the 

system later being repaired and reused with a new floor put in place for the tests of Lindsay. 

The details of the super-assembly dimensions can be seen in Fig 2.5 below. 
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Fig 2.5 Details of super-assembly test setup used by Matthews [8] and Linsday [10] obtained 

from Matthews [8]. 

Both the tests of Matthews and Lindsay used three phases of cyclic loading to simulate loads 

of a seismic event with loading in either the longitudinal or transverse directions. The loading 

protocols for Matthews and Lindsay can be seen in Fig 2.6 and 2.7, respectively. 

 

Fig 2.6 Drift loading protocol for super-assembly tests as used by Matthews [8]. 
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Fig 2.7 Drift loading protocol for super-assembly test as used by Lindsay [10]. 

The results from the super-assembly testing was the basis for the sub-assembly tests that 

followed with retrofits designed and tested, and further trying to understand the issues that 

arose. 

2.2.2) Jeff Matthews Single Unit Testing 

For the Matthews sub-assembly testing, four hollow-core units were tested. Three of these were 

300HC units, while the final test was a 200HC. The purpose of this test was to test units with 

a control to compare to a super assembly test, with two additional tests used to compare 

connection detail improvements to the initial setups. The plan view of the test setup is shown 

below in Fig 2.8. A key point of difference for the testing setup of this sub-assembly compared 

to tests before it was attempting to include the rotation of the support beam at associated storey 

drifts [11]. 

 

Fig 2.8 Elevation view of the experimental setup used by Bull and Matthews [11]. 

As the testing was displacement based, the displacement profile of the storey needs to be 

determined along with the corresponding displacement applied to the hollow-core unit to 
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replicate the displacements that would be experienced in a building. The building drift history 

that was used by Bull and Matthews is seen in Fig 2.9. 

 

Fig 2.9 Drift loading protocol used for Bull and Matthews [11] sub-assembly testing. 

The determination of shear forces are based on a scaled down version of the Matthews [8] 

super-assembly testing, at a half-length scale of the super-assembly. From Fig 2.8 the 

additional of gravity load can be seen which is used for the shear profile given in Fig 2.10. 
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Fig 2.10 Schematic showing the determination of experimental setup [11]. 

2.3.2) Eric Liew Single Unit Testing 

Three tests were performed in the Liew tests with the sub-assembly based on the tests 

conducted by Bull and Matthews [11], with the first two tests designed to be around what would 

occur in practice with the final test being a possible retrofit detail. The first test was the case 

where a unit has been cut too short but not rejected [12] with the use of paperclip detailing. 

The second case uses the paperclip detailing again, but this time using 70 mm of seating. This 

case was seated on mortar which would contain a small amount of friction and was assessing 

the impact that having the seating would make on the performance of the hollow-core unit. The 

final test case was following the recommendations of Matthews [8] was to investigate the 

potential retrofit system using an angle seat as a catcher and McDowel Bearing strip.  
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Fig 2.11 Elevation view of the experimental setup used by Liew [12]. 

 

Fig 2.12 Schematic showing the determination of experimental setup [12]. 

The testing was displacement controlled using reversing load cycles repeated twice per cycle 

with the drift amplitudes being ±0.1%, ±0.5%, ±1%, ±2%, ±3% and ±4% [12]. 
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2.4.2) John Trowsdale Single Unit Testing 

The sub-assembly test from Trowsdale was attempting to test a recommendation for an 

improved seating detail for hollow-core units. The testing setup as shown in Fig 2.13 can be 

seen to be based on the setup used by Bull and Matthews (2003). The purpose of the testing 

was to test a code amendment detail for improved seating with the use of low friction bearing 

strips for seating. The testing used cyclic loading for beam elongation purposes and attempted 

to account for beam elongation which other single unit tests prior may not have accounted for 

[13].The storey drift profile used for the tests can be seen in Fig 2.14 below. 

 

 

Fig 2.13 Elevation view of the experimental setup used by Trowsdale [13]. 

 

Fig 2.14 Drift history used for Trowsdale [13] single unit testing. 
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2.5.2) Cameron Macpherson Single Unit Testing 

The testing from Macpherson used the two-dimensional sub-assembly based on the previous 

tests of Bull and Matthews [11]. The setup contained two hollow-core to support beam seated 

connections. The testing looked to incorporate relative rotation between the supporting beam 

and hollow-core unit and the tension in the floor. The testing was set to a maximum equivalent 

inter-storey drifts of 5%, with the cycles as follows: ±0.5%, ±1%, ±2%, ±3%, ±4%, and ±5%. 

 

Fig 2.15 Detailing used for Macpherson testing obtained from Macpherson [14]. 
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Fig 2.16 Experimental setup with location of actuators and reaction frame obtained from 

Macpherson [14]. 

2.6.2) James Jensen Single Unit Testing 

The experimental tests from Jensen [15] were single unit sub-assembly tests using the setup of 

Bull and Matthews [11] that aimed to test three typical seating connections followed by a 

retrofitted seating connection solution. It looks at the units that do not run directly adjacent to 

the frame beam as the sub-assembly testing cannot easily replicate the incompatible 

displacement demand that would be imposed on the hollow-core unit. 300 Series hollow-core 

units were used for this testing. Base block using two 450 mm by 750 mm seating beams cast 

back-to-back and tied together to allow for multiple tests to be carried out. The test included 

additional gravity loads to generate a shear gradient and seating support reaction that would be 

consistent with a full-span floor system with the assumption that the unit was simply supported. 

The drift history used for the testing can be seen in Fig 2.17 and Fig 2.18 below. 
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Fig 2.17 Drift loading profile used in the Jensen [15] HC1 and HC2 test, adapted from 

Matthews [8]. 

 

Fig 2.18 Drift loading profile used in the Jensen [15] HC3 test, adapted from Matthews [8]. 
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Fig 2.19 Cross section of Jensen [15] single unit sub-assembly test detailed by Woods [16]. 

2.7.2) Lisa Woods Single Unit Testing 

The single unit sub-assembly tests of Woods looked to use a modified version of the 

sub-assembly setup used by Bull and Matthews (2003) to allow for negative moment zones. 

The purpose of Woods’ research was to demonstrate theoretical failure mechanisms occurring 

in negative moment zones, and to validate this theory [16]. Both tests were performed using 

the sub-assembly detailed in Fig 2.20 below with the aim being to look at flexural, and flexural-

shear failure in negative moment zones. 

 

Fig 2.20 Cross section of Woods [16] sub-assembly test obtained from Woods [16]. 
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The shear and moment profiles that were created are shown in Fig 2.21 below. The use of two 

vertical actuators plus a horizontal actuator allowed for a combined bending moment through 

the start of the hollow-core that would subject the hollow-core unit to the flexural, or flexural 

shear failure loads. 

 

Fig 2.21 Target negative moments detailed by Woods [16] for obtained negative moments near 

hollow-core support. 

2.3) Incompatible Displacement between Hollow-Core Units and 

Structural Walls 

One issue that arose in damaged buildings from the Kaikoura earthquake was the damage to 

hollow-core units running parallel to walls [3]. Damage due to Incompatible displacements to 

hollow-core units occurs due to the elongation and rotation of walls and for analytical purposes, 

the limit state is currently assumed to be the same as for units running parallel to beams. In the 
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New Zealand Standard NZS3101:2006, there is currently an equation used to approximate the 

value of the vertical elongation of wall members. This approximation is of limited accuracy as 

will be shown from the results of the wall tests conducted by Lu et al. [17]. The wall elongation, 

𝜎𝐸𝑙 is calculated from Eq 2.3 below which is obtained from Eq. 7-15(c) from NZS3101-2006 

[7] 

 σ𝐸𝑙=θm(Lw-c) Eq 2.3 

Where: Lw is the length of the wall θ𝑚 being the total rotation of the plastic hinge region at 

ultimate limit state [7], and c being the neutral axis depth measured from the wall base 

calculated at ultimate limit state.  

Guidelines for the details between hollow-core floors date back to circa 2000, and current 

design practices have changed with new information coming from seismic events. The details 

for hollow-core units used to involve running next to the wall unit, and tying in with the wall 

to ensure that diaphragm action was continued with more details shown in Fig 2.2 [9]. 

 

Fig 2.22 Historical example of construction joints between walls and hollow-core floors [9] 

This has changed with the most current design practices from the Yellow Book 2018 for 

earthquake prone buildings showing the use of a flexible slab running next to the wall, or for 
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taller buildings, either not using hollow-core floors in the upper levels or running a second 

beam support structure to avoid having the hollow-core landing on the wall [18]. To determine 

the expected vertical offset of the hollow-core unit, a combination of the storey drift, and the 

wall elongation calculated from Eq 7-15(c) are used. The offset due to the storey drift will be 

a function of the wall length, and the expected deformation profile of the wall and hollow-core 

unit can be seen below in Fig. 2.23. 

 

Fig 2.23 Example of hollow-core floor units’ vertical displacement running parallel to 

structural wall [18] 

2.1.3) Introduction to Eq 7-15(c) from NZS3101:2006 

The elongation of a wall was previously given in Eq 2.3 above, which comes from 

NZS3101:2006. The basis for this equation is assuming that the member develops a reversing 

plastic hinge and has been developed from test results [7] [19] [20] [21] [6] [22]. For structural 
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walls, the tensile reinforcement is spread along the section resulting in the area of compression 

reinforcement being appreciably smaller than the corresponding area of tension reinforcement. 

This means that when going from tension to compression, the compression zones tension 

cracks will close due to yielding. On this basis, only geometric elongation may be expected to 

arise [7]. 

2.4)  Experimental Test Setup of Structural Walls 

Previous collation of research into axial elongation of ductile reinforced concrete walls by 

Encina et al. [23] provides a basis for experimental walls that can be used for verification of a 

model for the purpose of measuring vertical uplift of a hollow-core floor unit. 

Axial elongation occurs in the plastic hinge region of structural members, which for ductile 

reinforced concrete walls, is likely to be in the lower section of the wall. These elongations will 

cause the wall to have an increase in height, which will therefore impact the vertical offset of 

a hollow-core unit running on, or near the wall. 

Two sets of experimental tests are used for the verification of a structural wall model, and these 

were the tests of Lowes et al. [24] [PW tests] and from Lu et al. [17] [C tests]. These tests 

represented two different loading cases with the tests from Lowes et al. representing part of a 

building that was subject to loading, while the tests from Lu et al. represented full scale walls 

with a varying shear span ratios. 

2.1.4) PW Wall Tests 

Slender wall tests were performed by Lowes assessing the behaviour of slender walls that 

would likely be found in the seismic prone regions of North America for the purpose of 

developing performance-based design tools [24]. There were four test walls, and they were 

designed as a sub-assembly of the simulated bottom three stories of a 10-storey building using 

ACI318-05 Code and compliant with ACI318-11 Code. 

For the four test walls, one variable was adjusted for each of the walls, with the adjustment 

being either the effective height, and corresponding design shear ratio, applied axial load, use 

of boundary elements, and a longitudinal reinforcement splice. The material properties of the 

walls can be seen in Table 2.3 below. 
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Table 2.3 Mechanical properties of concrete walls tested by Lowes et al. [24] 

Specimen f’c No. 4 bars No. 2 bars 

fy (MPa) fu (MPa) εsh fy (MPa) fu (MPa) εsh 

PW1 36.0 579 694 .015 522 583 .015 

PW2 40.3 579 694 .015 522 583 .015 

PW3 34.3 353 537 .0115 522 583 .015 

PW4 29.4 462 754 .0075 522 583 .0015 

 

2.2.4) C Wall Tests 

The wall tests from Lu et al. represented slender walls that had variations in axial load ratio, 

shear span ratio and reinforcement pattern. The testing consisted of six walls in total. All six 

walls were 2800 mm tall, with a width of 1400 mm and thickness of 150 mm. Transverse 

reinforcement for the beams was 14 D10 bars at 225 mm centres, with a variation in shear 

reinforcement hoops, with walls C1-C6 having one R6 hoop that was spaced at 150 mm centres, 

while walls C5 and C6 had additional R6 end hoops at 90 mm and 60 mm centres, respectively. 

Reinforcement cross sections can be seen in Fig 2.24 below. 

 

Fig 2.24 Reinforcement cross sections from Lu et al. [17] for C walls. 

The variation in axial load ratio was 0, 3.5 and 6.6% which corresponded to axial loads of 0, 

290 and 555 kN respectively with C4 having an axial load ratio of 0, walls C1, C2, C3, C6 

having an axial load ratio of 3.5% and wall C5 having an axial load ratio of 6.6%. The self-

weight of the walls was not accounted for in the calculation of the axial load ratio. 

The variation of shear span ratio was applied walls C1, C2 and C3 with a shear span ratio of 2, 

4 and 6, respectively. 
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Walls C1, C4 and C5 were designed to have a consistent shear span ratio of 2, but varying axial 

load ratios of 3.5, 0 and 6.6% respectively. A summary table of this can be seen below in Table 

2.4. 

Table 2.4 Summary of variations for parameters of walls from testing of Lu et al. 

Wall Name Axial Load Ratio Shear Span Additional shear reinforcement 

C1 3.5 2 No 

C2 3.5 4 No 

C3 3.5 6 No 

C4 0 2 No 

C5 6.6 2 Yes 

C6 3.5 2 Yes 

 

For the testing, a combination of shear, axial load and moment can be applied to the top of the 

wall based on an assumed lateral load distribution which is based off of the seismic loading of 

taller RC walls with reference to past researchers. These walls were tested as isolated 

specimens meaning that interaction from other structural elements was not considered. For 

walls that had a shear span ratio of larger than 2, the actuators were designed to apply a moment 

and axial load at the top of the wall, while the units with a shear span ratio of 2 only had an 

axial load applied at the top of the wall. The walls were tested within a steel frame which 

provided a restrain against out-of-plane movement. 

While the tests were designed to have constant strength concrete, with concrete being a variable 

material this is not always going to be the case and the measured parameters for the 

experimental walls can be seen below in Table 2.5. 
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Table 2.5 Mechanical Properties of Concrete used in walls tests by Lu et al. 

Wall Name fc’ (MPa) Ec (GPa) ft (MPa) ρc (kg/m3) 

C1 38.5 26.0 2.88 2,405 

C2 34.5 27.5 2.53 2,552 

C3 36.2 30.0 3.05 2,391 

C4 34.7 26.7 2.65 2,323 

C5 35.4 28.3 2.81 2,342 

C6 37.3 26.7 2.81 2,369 

 

The loading protocol for the testing was based on drift-controlled cycles with repeated cycles 

for (insert which cycles were repeated and how many times): 0.2, 0.25, 0.35, 0.5, 0.75, 1.0, 1.5, 

2.0 and 2.5% lateral drift. 
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Fig 2.25 Test setup used in Lu et al. experimental testing: a) test setup illustration; b) actual 

experimental test setup. 
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3) CHAPTER  3 – HOLLOW-CORE FRAGILITY FUNCTIONS 

3.1)  Introduction 

Fragility functions are a function which shows the probability of exceedance for some damage 

state as a function of an engineered demand parameter. Fragility functions are useful for 

probabilistic assessment of failure and for loss estimation where the probability of failure at 

given parameters will help determine the expected costs in each seismic event. For fragility 

functions to be developed, useable data must be obtained, which will then be the basis for 

creating the fragility functions. For this to be accurate, a consistent measure needs to be 

determined from the available results, and a way to determine outliers that must be removed 

from the available pool. Given the likelihood of a building containing hollow-core units that 

could have multiple failure mechanisms across the structure, and the limited experimental data 

available, all failure mechanisms will be considered together for development of fragility 

functions. 

3.2)  Initial Interpretations 

To create fragility functions, a summary of previous experimental test results needs to be 

created which will contain the required parameters for developing the fragility functions. To 

do this, the failure mechanism, the damage state, and the associated drift need to be determined 

for developing the functions and noting when the testing finished to help determine failure 

parameters. As the past tests have not only been about testing standard units, but also looking 

into modifications of units as a means of improving current buildings, there is a degree of 

limitation with the results, along with the number of tests that there was access to. To remain 

conservative and consistent, only unit tests which had the units reach a certain threshold of 

damage were considered for the development of fragility functions, and the test names can be 

seen in Table 3.1. Below. 
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Table 3.1 Summary of cessation of experimental testing 

Test When Test 

stopped (% Drift) 

Reason for stopping 

EL1 2 Separated from beam (failed) 

EL2 4 Separated from beam (failed) 

EL3 3 Negative Moment failure 

JT1 4 End of testing 

RL1 5 End of testing 

CM1 5 End of testing and failure 

JJ1 3.5 Loss of Support failure 

JJ2 3.5 End of testing 

JJ3 2 Loss of Support failure 

LW1 Increment 67 Failure of starter bars 

Matthews 3.5 End of testing 

HC1 4 Positive moment failure 

HC4 4 Loss of Support Failure 

Given the information from Table 3.1, the unit tests can have their damage plotted together in 

terms of vertical dislocation, and crack width as a function of storey drift. Not all tests above 

had information on both Crack Width and Vertical Dislocation, so if information was not 

provided, it was left out of the results. The first results shown in Fig. 3.1. show the results of 

crack width of the units at the storey drift.  
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Fig 3.1 Maximum crack width of hollow-core units at associated storey drift in experimental 

testing 

It was decided that at greater than 3 % drift, the results were no longer going to give a useful 

indication of what was happening to the units, along with testing having the potential to have 

stopped before this point leading to limited results favouring stronger members. Due to this, 

the results were not recorded for fragility analysis beyond this point. 

Following this, results for vertical dislocation were plotted. This can be seen below in Fig. 3.2. 

The results were obtained using the same method as above with the same cut off point being 

in place. 
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Fig 3.2 Maximum vertical dislocation of hollow-core units at associated storey drift in 

experimental testing 

3.3) Methodology 

Fragility functions are a cumulative density function that gives the probability of exceedance 

of a distributed function [25]. To create a fragility function, a mean and standard deviation for 

a dataset need to be obtained, and a test for normality for the dataset to ensure a normal 

distribution is a correct fit must be done. This can be done from the experimental datasets 

obtained in section 3.2. 

Due to the nature of results, both median and standard deviation of results had to be obtained. 

This was best done by fitting graphs to the plots to determine the best fit as a way of calculating 

median and standard deviation. To further improve results, additional points have been 

generated from the results; this has been done via interpolation. The drift that has been used 

for the results has been gone from increments of 0.5 % up to a storey drift of 1%, and following 

that, have gone up in 0.1 % increments to a storey drift of 3 %. Actual results have been taken 

with the rest obtained via linear interpolation, which will give a more conservative result than 

attempting to fit a function to the experimental results. 

0

10

20

30

40

50

60

70

0 0.5 1 1.5 2 2.5 3

V
er

ti
ca

l 
D

is
lo

ca
ti

o
n

 (
m

m
)

Storey Drift (%)

EL1 EL2

EL3 RL1

JJ3 West

East



 3-5 

For determining the fragility functions, the regression method provided by Baker [25] was 

used. His method is outlined as follows: to create the fragility, the crack width, or vertical 

dislocation for each test was added into a table. Using the data, from 0.5 to 3 % drift, values 

were either used from the results, or determined using a conservative, linear interpolation to 

fill out remaining results. This was then used through Excel to determine the mean and standard 

deviation, which were used to create the fragility functions. From this, the ‘countif’ function 

was used to determine the number of values, and the number of values greater than or equal to 

the desired number (i.e., 2 mm crack width). From this, the average for each level of drift has 

been obtained, which will then be plotted against the fragility functions to compare best fit. 

To determine the actual fragility functions, the ‘normdist’ and binomdist’ functions were used. 

The normdist function used the associated drift percentage, the median and standard deviation, 

while the binomdist function had inputs of number of successful attempts, number of total 

attempts, and the probability (given by normdist function prior). This was then given the natural 

log value which was summed. Using the solver function, with inputs of median and standard 

deviation changing, the sum was maximised to give an accurate fit of the fragility function, 

which was then used for an increased range of data points.  

3.4) Results 

The first set of fragility functions created were for the probability of a certain crack width 

occurring. Three results were chosen to identify damage states, based on repair/failure or an 

arbitrary value. For hollow-core units requiring repair, a 1 mm crack or larger will mean the 

unit needs repairing following a seismic event. Following this, the other two selections are 

arbitrary parameters with both 10 mm and 20 mm crack width chosen. The fragilities can be 

seen below in Fig. 3.3. 
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Fig 3.3 Fragility functions for hollow-core units based on 1, 5, 10, and 20 mm crack width for 

increasing storey drift. 

From the results above, the following median and standard deviation values were calculated 

and can be seen in Table 3.2. 

Table 3.2 Median and standard deviation obtained using the method of Baker [25] for crack 

widths of 1, 5, 10, and 20 mm. 

Crack Width Median Drift (%) Dispersion 

1 mm 0.76 0.34 

5 mm 1.43 0.25 

10 mm 2.01 0.27 

20 mm 3.07 0.35 

 

Following from crack width, vertical dislocation was looked at. For the results from vertical 

dislocation, the drift at which 2 mm vertical dislocations occurred was extrapolated from the 
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results. If the result was not able to be read from the table, the result was obtained via 

interpolation again to determine when it occurred. The mean was then taken of the values to 

give a result for the average drift at which a 2 mm vertical dislocation occurred with the 

numbers being seen below in Table 3.3. 

Table 3.3 Drift percentage for the first exceedance of 2 mm vertical crack dislocation from the 

available experimental hollow-core unit experimental tests. 

Test EL1 EL2 EL3 RL1 JJ3 West East HC1 HC4 Mean 

Drift (%) 1.06 2.00 1.50 2.50 1.20 2.15 2.10 1.00 1.50 1.67 

Following the check for the mean point at which a 2 mm vertical dislocation occurs, fragilities 

were also created for 4 mm and 6 mm vertical dislocations to see how the results varied, and 

to give a mechanism to choose from for further analysis. The fragility results can be seen below 

in Fig 3.4. 

 

Fig 3.4 Fragility functions created for crack vertical dislocation parameters as a function of 2, 

4, and 6 mm vertical dislocations of the hollow-core unit. 

To determine the results in Fig 3.4, the following median and standard deviation were 

calculated and can be seen in Table 3.4.  



 3-8 

Table 3.4 Median and standard deviation obtained using the method of Baker [25] for crack 

vertical dislocations of 2, 4, and 6 mm. 

Vertical Dislocation Median Drift (%) Dispersion 

2 mm 1.53 0.33 

4 mm 1.92 0.27 

6 mm 2.19 0.33 

 

3.5)  Conclusions 

When comparing the fragility functions created for crack width and vertical dislocation, the 

results are a lot tighter for vertical dislocation. Crack width may be a useful way to determine 

whether a hollow-core unit requires repairs but given the sensitivity to parameters chosen for 

crack width in contrast to vertical dislocation, the use of vertical dislocation for failure fragility 

purposes could be more useful. 

Further development of fragility functions is recommended in the future as more results 

become available and further refinement of the selected parameters will help to develop a more 

accurate fragility function for loss estimation purposes. 
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4) CHAPTER 4 - DEVELOPMENT OF BUILDING MODEL 

PARAMETERS 

The vertical dislocation of hollow-core units on concrete walls is an issue that needs to be 

addressed properly. This can be done by first determining the axial elongation expected at 

sections of a wall and then using this to determine the total vertical dislocation of hollow-core 

units, which will occur due to wall elongation and wall drift. The fibre-element analysis 

software Seismostruct [26] is going to be used to determine the axial elongation of walls, with 

test cases used to verify the modelling and analysis method. The approach will then allow walls 

to be modelled to determine the vertical dislocation demand of hollow-core members. 

4.1) Reinforced Concrete Wall Tests 

To determine the vertical dislocation of hollow-core units, accurate plastic hinge elongation of 

rectangular reinforced concrete walls is desired. This means that a wall model is required to be 

verified to be able to accurately test for vertical dislocations. The rectangular walls used to 

achieve this are the C series walls tested by Lu, et al. [17]. The walls were selected due to their 

representation of current New Zealand design practices, which is a fitting choice for the 

comparison with the further work required in the New Zealand standard to determine vertical 

dislocations of hollow-core units.  

The C walls were 150 mm thick, 1400 mm long and 2800 mm tall. The walls had uniformly 

distributed vertical reinforcement consisting of 2 layers of 7×10 mm diameter bars spaced at 

225 mm centres. The horizontal reinforcement had 6 mm diameter hoops spaced at 150 mm 

centres. Additionally, walls C5 and C6 contained additional 6mm hoops on the outer four 

vertical bars, which were spaced at 90 mm and 60 mm centres, respectively. The nominal 

concrete compressive strength was 40 MPa and the nominal steel yield stress was 300 MPa. 

The end of the wall confinement extended up to 1400 mm above the wall-foundation interface. 

The vertical reinforcement was continuous from the bottom to the top of the walls. The cross-

section for the reinforcement of the walls is displayed below in Fig. 4.1. 
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Fig 4.1 Cross-section of walls used in tests obtained from Lu, et al. [17]. 
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An axial load was applied at the top of the test wall. A shear span ratio of 2, 4 or 6 was applied 

to a test wall, and from this, a moment and shear force was applied to the top of the wall to 

simulate the action of a taller section from a multi-storey building. Lateral loads were applied 

in a cyclic pattern, with three cycles at each target displacement before increasing, up to the 

point in failure. The axial load applied varied to give an axial load ratio, ξ, of 0, 2.5 and 6.6%. 

The axial load and shear span ratios remained constant for each test case. 

4.1.1) Comparison to New Zealand Standard 

To determine the accuracy of Eq 7-15(c), experimental tests will be used to verify the results 

of the equation and determine whether the equations accuracy is sufficient for determining the 

vertical offset of hollow-core units, or whether a full-scale computer model should be used. 

Encina et al. 2016 compiled a series of tests for elongation of walls which will be used, 

primarily looking at the results of Lu et. al. which had lightly reinforced wall members. Using 

Eq 7-15(c) alongside Response-2000 [27] to determine plastic hinge, neutral axis depth and 

rotation: these are found using linear interpolation between results. 

To compare the equation, experimental elongation of walls has been used. The experimental 

testing results used were the walls tested by Lu et. al. [17] which used slender walls. The 

procedure for the testing was to apply a displacement to the top of the unit, and if required a 

moment. This was to mimic different shear to moment ratios that would occur from a taller 

wall, while keeping the test specimen the same. Four of the walls will be looked at for the 

comparison to Eq 7-15(c), these are walls C1, C2, C3, C4 [17]. All four walls were 1400 mm 

long and 150 mm wide with a height of 2400 mm and containing 14 D10 rebars and R6 stirrups 

at 150 mm centres. The difference between the four walls were the axial load and the shear 

demand to moment capacity ratios. C1-C3 had an applied axial load of 290 kN, while wall C4 

had no axial load. C1 and C4 had a shear demand to moment capacity ratio of 2, while C2 had 

a ratio of 4, and C3 had a ratio of 6. 

Using Eq 7-15(c) requires the plastic curvature and neutral axis depth. These are obtained using 

the software Response-2000 [27] and using linear interpolation to determine the values of 

curvature and neutral axis depth at a given equivalent drift. Therefore, the calculated values for 

wall elongation from Eq 7-15(c) and comparison to the experimental results from reference 

can be seen in Table 4.1 below.  
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Table 4.1 Results for C wall tests using Equation 7-15(c) from NZS:3101:2006. 

 

As can be seen from Table 4.1 above, the results could be improved upon. Due to this, a 

computer model will instead be used to look at the wall elongation for the purposed of 

analysing vertical uplift of hollow-core units. 

4.2) Methodology 

4.2.1) Developing Model 

To develop a model in Seismostruct for cyclic loading, a pushover analysis will be used for all 

wall members developed. The details for how these members have been developed along with 

examples of members are shown in the following sections. A pushover analysis was chosen 

because the testing was quasi-static, and you want to compare the results with the test results. 

Standard SI units are used for the model meaning Length in m, Force in kN, Mass in Tonnes, 

Stress in kPa and Acceleration in ms-2. The wall will be created for the size of the section that 

was tested, with the top of the testing wall replicating what the actual wall would have been. 

This means that if a 3-storey scale wall was tested that was part of a 10-storey setup, then an 

elastic section would be above the 3-storey reinforced concrete section to show where the force 

was applied for the pushover analysis. 

4.2.2) Materials 

Two materials are defined for the models, which are concrete and reinforcing steel. The 

concrete follows the Chang and Mander [28] nonlinear concrete model, and automatically 

defines the hysteresis loop based on the concrete compressive strength, and Young’s Modulus. 

The hysteresis loop chosen will be adjusted as part of the sensitivity study. Known values of 

 Max + Max - 

Calculated Experiment Difference % Diff Calculated Experiment Difference % Diff 

C1 12.91 16.9 -3.98 -23.59 12.91 17 -4.08 -24.04 

C2 12.49 15.55 3.06 -19.68 12.49 15.95 -3.46 -21.70 

C3 12.55 12.6 -0.049 -0.39 12.55 14.9 -2.35 -15.76 

C4 8.59 13.1 -4.51 -34.43 8.59 12.8 -4.21 -32.89 
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the concrete, such as the experimental tensile capacity and Young’s Modulus from [17] are 

used, while undefined values use the automatically generated values from Seismostruct. These 

values are then adjusted in a sensitivity study to determine the effect of changes to the 

parameters. 

For the properties of steel, the Menegotto-Pinto [29] [30] [31] [32] [33] model is used to 

develop the hysteresis loop for steel. For steel, the Young’s Modulus, and the yield strength 

provided from Lu et al. are used to develop the hysteresis loop for the steel, with the remainder 

of the values being automatically generated by Seismostruct. For the concrete, there are four 

values that are assumed, these are the strain at peak compressive stress (0.004 m/m), strain at 

peak tensile stress (0.0003 m/m), nondimensional critical compressive strain (1.3) and 

nondimensional critical tensile strain (3). For the steel there are seven assumed values which 

are: strain hardening parameter (.005), transition curve initial shape parameter (20) transition 

curve shape calibrating coefficient A1 (18.5) transition curve shape calibrating coefficient A2 

(.15), isotropic hardening calibrating coefficient A3 (0.0), isotropic hardening calibrating 

coefficient A4 (1) and fracture/buckling strain (.10). 

For the upper section of the wall, an elastic steel and concrete material using the same 

parameters as above is used, with the self-weight removed, to attempt to accurately represent 

the movement of the wall in the pushover analysis. For the C walls, the change in shear span 

ratio which is seen in Table 4.2 and Table 4.3 below is modified by increasing the height of 

the wall but measuring outputs from the top of the 2.8 m wall. This is done by increasing he 

reinforced concrete section to give the correct shear span ratio and applying loads to the top of 

this section. 
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Table 4.2 Details of Six Test Walls [23]. 

Wall Unit Shear span ratio 

(M/Vlw) 

Axial load ratio 

(%) 

Shear demand 

to capacity ratio 

End Ties 

C1 2 3.5 .42 None 

C2 4 3.5 .21 None 

C3 6 3.5 .14 None 

C4 2 0 .26 None 

C5 2 6.6 .53 R6 at 90 mm 

C6 4 3.5 .42 R6 at 60 mm 

 

Table 4.3 Table of wall properties used for material properties in Seismostruct. 

Wall Unit f’c Ec f’t fy 

C1 38.5 26.0 2.88 300 

C2 34.5 27.5 2.53 300 

C3 36.2 30.0 3.05 300 

C4 34.7 26.7 2.65 300 

C5 35.4 28.3 2.81 300 

C6 37.3 26.7 2.81 300 

 

4.2.3) Sections 

Sections for the wall members are next developed in Seismostruct [26]. These members are 

created using either a Reinforced Concrete Rectangular Wall Section (RCRWS) or Reinforced 

Concrete Rectangular Section (RCRS) to model the shape of the wall, depending on the 

reinforcement pattern of the wall. The sections are based on the properties given from the text. 
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The section dimensions required are wall length and thickness, length, and thickness for end 

section where additional reinforcing may be. The reinforcement pattern is automatically 

generated based on the number of reinforcement bars. 

4.2.4) Element Classes 

Two test types will be run for verifying the wall section, being a force-based, and 

displacement-based models. For both sections they will be Inelastic Frame Elements, which 

are either Force or Displacement based. The number of section fibres selected was 500, which 

allowed for stability of the members. The assumed value used for this was 150 which did not 

provide stability for all wall members. 

Displacement based members follow a standard finite element approach where the element 

deformations are interpolated from an approximate displacement field before the principle of 

virtual displacement is used to form the element equilibrium relationship. The displacement-

based formulation features two integration sections per element, and the Gauss quadrature is 

employed for higher accuracy [26]. To approximate nonlinear element responses, it is assumed 

that axial deformations remain linear constant, and curvature is distributed linearly, therefore 

node placement is important to accurately determine the nonlinear responses; typically, 4 to 6 

elements per structural member will be defined to get accurate results. This will mean users 

need to postprocess nodal displacements/rotation to estimate the members chord-rotations 

(e.g., Mpampatsikos et al. [34]) [26]. For members with higher order distributions of 

deformations, members require refinements in the mesh size to achieve good accuracy 

(Seismostruct 2018). One of the major benefits of displacement-based members is allowing for 

multiple sections to be employed with changing reinforcing details, which can be useful for 

wall sections that may not have evenly distributed reinforcement for the length of the wall.  

Force-based membrane is the most accurate among the four frame element types of 

Seismostruct [26]. This is due to being able to capture inelastic behaviour along the entire 

structural member length. For analytical results, this is useful as it gives the possibility of 

employing element chord-rotation outputs for seismic code verifications where needed. For 

equilibrium computations to be carried out, the element requires section fibres at integration 

sections to be defined. The number of section fibres will vary based on shape and material 

characteristics, but also the degree of inelasticity the element will experience. For the use of 

large-scale testing, one issue of force-based elements is the requirement of a sensitivity study 

to be applied for accuracy of each member. Sensitivity studies should be carried out by the user 
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on a case-by-case basis to establish the optimum number of section fibres for the member. 

Subsequently, the number of integration sections needs to be defined. Typically, 4 to 7 

integration sections will be used, where 7 integration sections may be needed to accurately 

model hardening response, but 4 or 5 integration sections may typically be used when it is 

foreseen that the elements will reach their softening response range (Seismostruct 2018). The 

damping that is assigned to members for force-based members is critical as the local damping 

assigned to the members will be used for the global matrix in contrast to the global damping 

computed from the damping matrix coefficients. 

An alternative considered was to use link elements at the base of the wall to simulate shear 

deformations in the wall that would otherwise be neglected and would have followed the 

method of Fox [35] This did not appear increase the accuracy of the analytical estimates for 

the test specimens, but significantly increased the computational time, and therefore was not 

considered. 

4.2.5) Nodes 

For the section of wall that is considered structural, the nodes have been placed at the top and 

the bottom of the wall. The wall is split up into three or four sections, with the top section being 

twice the size of the bottom two sections. This means that there will be one node halfway up 

the wall, and then a further node between the base node and the mid-height node. This ground 

node will be completely fixed, while the other node will have the restraints consistent with the 

rest of the building as detailed in Section 3.1.6 
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Fig 4.2 Geometry of the wall model with a) three and b) four sections showing node labelling. 

4.1.1) Element Connectivity 

Concrete wall elements will connect from the base node to the top of the concrete wall. Above 

the top of the wall, the elastic members will link the top of the wall node, to all nodes above. 

Top 

Ground Ground 

Top 

1 

2 

1 

2 

3 
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4.2.6) Restraints 

Restraints are applied to the node at the base, in all the directions, and to the node at the top, y 

direction only, because the test runs as a quasi-static cyclic test. 

4.2.7) Applied Loads 

A pushover analysis is conducted assuming a displacement is applied in the x direction at the 

top section of the elastic wall. This is to replicate the movement of the wall under seismic 

excitations. Due to the tests being displacement controlled, with the actual testing taking 

displacement from the top of the concrete wall section, the control for the analysis will be from 

the top of the concrete section. For tests that include an axial load, this is applied in negative z 

direction at the top of the concrete wall section with an exception, for units C2, C3 and C6, 

where the wall has an increased shear span, the load will be applied to the top of the theoretical 

section to properly account for additional moments that would occur at the top of the section 

tested.  

4.2.8) Additional Settings 

For the members, number of iterations and the maximum tolerance were lifted from 50 to 80 

and 1e20 to 1e40 respectively. The increase in number of iterations is to allow the incremental 

iterative solution to be obtained. Increasing the maximum allowable number of iterations 

allows for very high levels of material inelasticity or members subject to very high stiffness 

values. 

The increase to the maximum tolerance is used to allow the out-of-balance check to be higher. 

This means that member checks for stability will be allowed to go to a higher range, which 

allows members that would otherwise be considered numerically unstable, to still pass the test. 

4.2.9) Limitations 

One of the limitations of Seismostruct is that for a pushover analysis, is that there is a restriction 

in the number of inputs for displacement control. This limit of 20 displacement inputs means 

that the full test cannot be simulated in Seismostruct, and instead the final ten cycles are going 

to be run in the simulation (with one in positive and one in negative direction.) 

4.2.10)  Response-2000 Analysis 

To compare results between both the code equation and experimental results, section analysis 

through Response-2000 is used to determine the curvature of the member, along with the 
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neutral axis location at a given drift. To use the Response-2000 software, initial sections must 

be created. To start this, the quick define section under the define tab is used. From here you 

need to define your material strengths and section shape as shown in Fig 4.3. 

  

 

 

 

Fig 4.3 Defining of section properties in Response2000 for analysis. 

Following this, loads need to be applied, and the length of the section defined. This can be done 

under the loads tab, and choosing ‘Loads’ for loads, and ‘Full Member Properties’ for the 

height of the wall. Under full section properties, the supports at the ends can be defined to 

allow the section to be a cantilevered wall. This can be seen in Fig 4.4, 4.5 and 4.6. 
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Fig 4.4 Example applied loads to the top of wall for section analysis. 

 

Fig 4.5 Example wall length and fixities for section analysis. 
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Fig 4.6 Details of example reinforcement pattern of section. 

From here, the member can be solved to obtain the section and member results. 

Firstly, the member results are used to determine the curvature at the top of the tested wall, at 

half the maximum deflected testing. Due to the nature of the results, interpolation is used 

multiple times to determine the curvature at the top section of the wall. Using a trial-and-error 

approach to selecting the maximum displacement of the wall, as shown in Fig 4.7 and 4.8. 

 

Fig 4.7 Full member properties for varying deflection at the top of the wall. 
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Fig 4.8 Example of deflection positions used for interpolation to solve for the base curvature. 

Once the two deflection increments have been selected, the deflection at the top section of the 

wall for the given maximum displacement is solved via interpolation, this is designed to be one 

step above the target displacement. The curvature for the base of the wall is found, then the 

curvature for the top of the wall is solved via interpolation. Following this, the maximum 

displacement for the previous increment is used with the steps above repeated. These results 

are then used to determine the curvature at the top and bottom of the wall using interpolation 

again. 

For the section results, the mean axial strain then needs to be determined. All figures can be 

right clicked to determine the actual point values on the figure. The results for the section are 

dependent on the curvature, which is why it was previously calculated. The nine output graphs 

are controlled by a moment curvature graph, which you can move along the graph to get the 

corresponding sectional results shown in Fig 4.9 and 4.10. 
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Fig 4.9 Full sectional response properties for an associated curvature of the wall. 

  

Fig 4.10 Example of curvature positions used for interpolation to solve for the mean axial 

strain. 

To determine the mean axial strain, the curvature for the bottom of the wall from the previous 

section are used. The curvature is compared against the figures, similar to how the deflection 

was used above. A curvature above and below the maximum curvature is used, and the mean 

axial strain corresponding to those curvatures is calculated, and then used to interpolate the 

mean axial strain corresponding to the curvature at the point of half maximum displacement. 

4.3) Results 

4.3.1) Comparison to Experimental Results 

The vertical elongation results from wall units C1 through to C6 obtained from analysis in 

Seismostruct can be seen below in Table 4.4 and 4.5 below with a comparison to the results 

from the experimental tests. 
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Table 4.4 Wall elongation from Seismostruct for 3 Node model, and comparison to the 

measured experimental elongation 

 

Table 4.5 Wall elongation from Seismostruct for 4 Node model, and comparison to the 

measured experimental elongation 

The average difference between the experimental elongation and the elongation from the 

computer models can be seen in table 4.6 along with the average difference given from Eq 

7-15(c). 

 

 Max + Max - 

Test Actual Difference % Diff Test Actual Difference % Diff 

C1 17.3 16.9 0.4 2.36 16.91 17 0.09 -0.52 

C2 15.5 15.55 .05 0.32 16.01 15.95 .06 .38 

C3 16.59 12.6 3.99 31.67 17 14.9 2.1 14.09 

C4 12.13 13.1 0.97 -7.40 11.52 12.8 1.28 -10 

C5 15.36 10.3 5.06 49.12 14.96 11.7 3.26 27.86 

C6 16.78 15.3 1.48 9.67 16.34 16 0.34 2.125 

 Max + Max - 

Test Actual Difference % Diff Test Actual Difference % Diff 

C1 15.83 16.9 1.07 -6.33 16.01 17 0.99 -5.82 

C2 16.75 15.55 1.2 7.7 16.46 15.95 0.51 3.2 

C3 16.85 12.6 4.25 33.7 16.84 14.9 1.94 13.02 

C4 11.66 13.1 1.44 -10.99 12.21 12.8 0.59 -4.6 

C5 9.9 10.3 0.4 -3.88 10.23 11.7 1.47 -12.56 

C6 15.98 15.3 0.68 4.44 15.75 16 0.25 -1.56 
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Table 4.6 Comparison between the experimental results and the determined results obtained 

from Seismostruct models and Eq 7-15(c)  

Name Average (% difference) Average combined % 

Disp 3 

Max- 9.17 

12.96 

Max+ 16.76 

Disp 4 

Max- 6.80 

8.98 

Max+ 11.18 

NZS 
Max- 19.52 

21.56 
Max+ 23.60 

  

Using the data from Table 4.6 above, the average difference between actual test results and the 

displacement-based results, using 4 sections can be seen to be approximately 8.98% 

In Fig 4.11 through to 4.13 below are the vertical displacement results from the computer 

model, and comparing the Walls C1, C4 and C5 to the plotted experimental results with the 3 

node wall models on the left, and 4 node wall models on the right.  

 

Fig 4.11 Measured vertical elongation at wall drift for wall C1 for Lu et al. [17] tests with a) 

the 3-node wall model plot overlaying and b) the 4-node wall model plot overlaying. 
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Fig 4.12 Measured vertical elongation at wall drift for wall C4 for Lu et al. [17] tests with a) 

the 3-node wall model plot overlaying and b) the 4-node wall model plot overlaying. 

 

Fig 4.13 Measured vertical elongation at wall drift for wall C5 for Lu et al. [17] tests with a) 

the 3-node wall model plot overlaying and b) the 4-node wall model plot overlaying. 

The overall maximum displacement values can be seen to approximate the experimental results 

well, however the models do have less recovery than the experimental tests. Since the model 

is designed for looking into maximum vertical displacements, and not recovered displacements 

this is ignored in this work.  

Following from the vertical displacement profiles, the moment at wall base vs displacement 

graphs for all the C walls can be seen below in Fig 4.14 through to 4.18.  
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Fig 4.14 Measured moment at wall drift for wall C1 for Lu et al. [17] tests with a) the 3-node 

wall model plot overlaying and b) the 4-node wall model plot overlaying.  

 

Fig 4.15 Measured vertical elongation at wall drift for wall C2 for Lu et al. [17] tests with a) 

the 3-node wall model plot overlaying and b) the 4-node wall model plot overlaying. 
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Fig 4.16 Measured vertical elongation at wall drift for wall C4 for Lu et al. [17] tests with a) 

the 3-node wall model plot overlaying and b) the 4-node wall model plot overlaying. 

 

Fig 4.17 Measured vertical elongation at wall drift for wall C5 for Lu et al. [17] tests with a) 

the 3-node wall model plot overlaying and b) the 4-node wall model plot overlaying. 
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From these figures it can be seen that the peaks follow the same shape, although there is a lack 

of recovery for some of the models. Due to the peaks being accurate, with the intent of this 

model being used for maximum displacements, the model is therefore considered verified by 

these experimental results. 

4.4) Sensitivity Study 

Changing variables for wall C1 are used for a sensitivity study. The variables that will change 

will be the hysteresis loop for the concrete and steel. From this, there will be changes to within 

the tolerances that have been recommended from Seismostruct manual for automatically set 

values. The results of the adjustments can be seen below in Table 4.7. 

  

Fig 4.18  Measured vertical elongation at wall drift for wall C6 for Lu et al. [17] tests with a) 

the 3-node wall model plot overlaying and b) the 4-node wall model plot overlaying. 
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Table 4.7 Vertical displacement differences when adjusting individual parameters of the model 

to determine effect caused by assumed parameters. 

Name Max

+ 

Max- Difference % Difference Difference from Disp4 

Disp 4 15.83 16.01 1.07 0.99 6.33 5.82 
  

SteelGMP 16.91 16.17 -0.01 0.83 0.059 4.88 6.82 0.999 

Manderetal 14.45 14.47 2.45 2.53 14.49 14.88 -8.71 -9.61 

A1 = 19 15.82 15.82 1.08 1.18 6.39 6.94 -0.063 -1.18 

A1 = 18 15.96 16.15 0.94 0.85 5.56 5 0.821 0.874 

A2 = .05 16.03 16.1 0.87 0.9 5.14 5.29 1.26 0.562 

A2 = .1 16 16.11 0.9 0.89 5.32 5.23 1.07 0.624 

Tcurve=20.

5 

15.97 16.09 0.93 0.91 5.50 5.35 0.884 0.499 

Tcurve=19.

5 

15.76 15.78 1.14 1.22 6.74 7.17 -0.442 -1.43 

 

As can be seen by the values in Table 4.7. the results are within a level of tolerance (+/-1%) 

that means that using the assumed values is sufficient without conducting further analysis as 

they do not cause a major change in the accuracy of the result. This means that the wall design 

used in the methodology using the automatic values from Seismostruct, will be carried forward 

to be used for further modelling. 

4.5) Hollow-Core Slab Verification 

As a next step in assessing the hollow-core units, models of the units are now added to the tops 

of Seismostruct wall models. To accurately assess the floor diaphragm for the fibre-element 

model, the stiffness for hollow-core units needs to be verified to ensure that they behave in a 

manner that agrees with experimental results. To do this, base unit tests need to be compared. 
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To accurately compare the results, a model hollow-core unit of the approximate same 

dimensions will be used as those from a set of single-unit hollow-core experimental shear tests. 

The reason for the approximation is due to the difficulty of accurately creating the hollow cores 

of the unit, and therefore a single hollow section will be used to represent the total hollow core 

area of the unit. The Stahlton [36] 200HC units will be compared to the testing performed on 

200HC units undertaken at the University of Auckland by Sarkis 2020. The setup for the testing 

used 200HC units with ~1000 MPa prestressing strands and a concrete strength of between 

60-100 MPa. The units spanned between two reactions with a span length of 4 m. The testing 

undertaken involved applying an incremental displacement at 300, 500 or 700 mm away from 

the reaction with the forces being measured to determine the shear forces at the reactions.  

To determine the stiffness, the slope of a force-displacement graph corresponding to the 

experimental tests and Seismostruct model will be compared. The stiffness comparison will be 

taken as a midpoint on the linear portion of the graph. Due to hollow-core units having 

pretensioned strands, this will allow the stiffness to become consistent in case of any initial 

settling that may occur. 

To model the units, Seismostruct will be used. The model will be created using a Rectangular 

Hollow Section (RCRHS) with steel reinforcing manually added in the location of the strands. 

The steel is assumed to be ~1000 MPa with a Young’s Modulus of 200 GPa, while the concrete 

is assumed to be between 60-100 MPa, with 80 MPa being used for the purpose of this testing. 

The external dimensions are 1200 mm wide, and a thickness of 200 mm, with an internal 

section width of 1136 mm and 95 mm internal thickness.  

Using this element, a loading protocol is determined from the test data. The results used to 

verify the model have a consistent point of linearity until ~2 mm in deflection, and therefore a 

displacement based incremental load is applied to each of the tests at the loading points of 300, 

500 and 700 mm from the support. 

An example model of the hollow-core unit used for verification purposes can be seen in 

Fig 4.19. below. 
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Fig 4.19 Example of hollow-core unit dimensions used within the Seismostruct model. 

4.5.1) Results 

The results against the tests can be seen in the figures below in Fig 4.20 through to Fig 4.22. 

 

Fig 4.20 Force Displacement figure for shear test on hollow-core unit at 300 mm from support 
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Fig 4.21 Force Displacement figure for shear test on hollow-core unit at 500 mm from support 

 

Fig 4.22 Force Displacement figure for shear testing on hollow-core unit at 700 mm from 

support 
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As can be seen from the figures, the slope of the Seismostruct model fits well with the slope of 

all six of the experimental tests that were performed for the stiffness of the single unit tests. 

Given possible variations between the six tests, this model is therefore considered acceptable 

for use in a multistorey model.  

4.6) Conclusion 

Overall, an average difference of 9.24% between the experimental vertical dislocation and that 

from the model using four elements. This is within the margin for error between experimental 

and numerical testing due to possible natural variations from construction. Therefore, the 

displacement-based model using four elements will be used for the following sections of this 

research. The level of difference between Eq7-15(c) and the experimental and modelled results 

leaves room for improvements in the level of accuracy, it is therefore proposed to further refine 

the equation to improve the results.      
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5) CHAPTER  5 – DEVELOPMENT OF BUILDING SUB-ASSEMBLY 

To develop a model for the expected failure due to the displacement demands imposed by 

walls, a sub-assembly of structural wall-based building with a hollow-core floor running 

parallel to the wall will be modelled in Seismostruct [26] at the maximum span of the hollow-

core floor unit.  The model will be used to investigate the improvements in current design 

recommendations for units running adjacent to structural members and can also help determine 

the expected drift capacity of hollow-core floor units. 

Currently, the New Zealand standard NZS3101:2006 [7], section 18.6.7.2 for designing 

hollow-core floors in buildings require a gap for the alpha hollow-core floor units, which run 

adjacent to beams or other structural members, to have a linking slab width of 600 mm, or 6 

times the thickness of the topping concrete, whichever is larger, linking slab between the 

structural member and the hollow-core unit to attempt to mitigate the likelihood of an 

incompatible displacement failure mechanism. This current design practice is due to the 

differing stiffness of a beam and hollowcore unit and attempts to prevent the unit deforming in 

the same way a beam deforms. This current design practice does not appear to have any specific 

changes for hollow-core unit capacity for hollow-core floor units running parallel to walls. This 

is important due to the expected displacement profile of a unit running parallel to a wall which 

will have a different displacement profile to beams in a seismic event. The modelling of the 

hollow-core floor unit parallel to a wall will attempt to check whether the current practice of 

seismic gap for the units is adequate for running parallel to walls, what the expected 

displacements and shear forces will be along the length of a hollow-core unit at an associated 

drift and from this, what the expected drift capacity of a hollow-core unit next to a wall is 

estimated to be. 

5.1) Methodology 

Using the verified wall and hollow-core units from the previous sections, a building 

sub-assembly is developed to model the vertical uplift of the hollow-core unit running parallel 

to the wall. The sub-assembly will simulate the hollow-core floor of a multistorey RC building 

with a central wall. The wall will be displaced at the top following a loading pattern broadly 

representative of a 2D seismic event. An initial model will be based on a 12 m building using 

a 4 m or 6 m long wall, with the plan to modify wall length and storey height, axial load ratio 

and reinforcing ratio. Following these modifications, tests will be run that have a variable 

stiffness on the connecting units to attempt to model delamination of the topping concrete, and 
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a nonlinear property of the linking slab to determine the effect of this modelling on the vertical 

displacement of the hollow-core unit. 

The dimensions of the floor, and node layout are seen in Fig 5.1-5.4 below, with node spacing 

of 0.5 m, along the length of the hollow-core unit. The spacing starts with the beams at the 

perimeter. The general material properties are f’c of 38.5 MPa, a wall thickness of 0.3 m, 

reinforcing steel strength of 300 MPa, and the hollowcore properties that were verified for the 

verification of the hollow-core. Axial load ratio is a function of area and concrete strength; 

therefore, the loads will remain constant for the varying reinforcing ratios of the units. 

Elastic steel and concrete are initially used for the topping linking unit. This is due to wanting 

to keep the stiffness constant to accurately measure displacements of the hollow-core, rather 

than testing the capacity of topping concrete. This will also save on computational time as it 

will not worry about potential inelastic calculations or cracked stiffness checks. Length of 

hollow-core will be 10 m long and nodes will occur every 0.5 m. Along the top of the wall, 

nodes will be applied every 0.5 m and held with a rotation constraint to the top unit of the wall. 

For the hollow-core running on the top of the wall, constraints will apply to all nodes but the 

final node fixing the rotation to the top of the wall. This most accurately simulates the position 

as the maximum displacement will occur at the wall end, if a unit has a constrained rotation at 

this point the following node will become the maximum which is incorrect. For hollow-cores 

running off the wall, a tie will occur between the constrained nodes on the wall and the hollow-

core which will be an elastic concrete section with reinforcing matching that of topping in 

practice. This is to try accurately simulating the flexible linking slab that would be used in 

practice for the gap between wall and unit. 

The top of the wall will be pushed with the applied load, and a constraint in the direction of 

loading (x) will apply to the central hollow-core unit that corresponds to the same location as 

the top of the wall, along with the two end units of the hollow-core. 

The two end units of the hollow-core will be restrained to simulate a pinned connection at the 

end of the units. This will mean they can move in the x direction, but the z and y direction will 

be fixed. This should reasonably accurately simulate a full-scale frame testing of the unit 

without the computational time. 

There were 10,000 steps applied per cycle, and for higher displacements, two cycles were done 

at the same drift level. This allows for a higher level of stability for the models, although the 

accuracy will not change as shown from the wall sensitivity study done which showed that the 
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result outputs were within a very low tolerance. The loading protocol can be seen in Fig 5.1 

below. 

 

Fig 5.1 Loading protocol for sub-assembly models applied at the top of the wall. 

As per the verification for the wall and hollow-core units are tested as though it is a 2D test, so 

restrained from movement in the transverse direction. Example cross sections are shown in Fig 

5.2 through to 5.6 below. 

 

Fig 5.2 Elevation showing top of wall and of linking slab length for design purposes. 
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Fig 5.3 Elevation showing wall and of linking slab length as a variable for computer model.  

 

Fig 5.4 Example of the wall used for modelling showing the thickness, length, spacing and 

cover distances. 
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Fig 5.5 Example of the nodal layout of the sub-assembly used for computer modelling. 
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Fig 5.6 Example of plan view showing the proper configuration of the hollow-core and linking 

slab interaction with support beams and the structural wall with the linking slab length and 

span detailed. 

To model the interface between the hollow-core units and the topping concrete, concrete links 

are used to link the two nodes. These are designed such that when in compression the units 

move together, while when in tension, separation of the unit and the topping is possible, without 

causing a failure. This is designed to allow a transfer of force, and movement between the 
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hollow-core unit and topping that would be expected. The link unit stiffness profile is 0.5 m x 

1.2 m so that it covers the area shared by the topping and hollow-core at each node. 

It is assumed that the maximum displacement will be caused due to the deflection of the unit, 

plus the rotation of the unit.  

Following the modelling, results will be modelled to show the maximum vertical displacements 

of each node and displaying this with an increased link slab length to highlight how the linking 

slab will reduce the displacement demand on the hollow-core units. Also, the nodes of the 

hollow-core will be plotted with maximum vertical displacement per cycle at the cycles drift, 

against drift to determine when the displacement capacity is reached for the different nodes of 

the unit. 

5.2) Preliminary Results 

The initial results for the hollow-core model used an elastic linking slab to try allowing for the 

movement of the hollow-core without reliance on the linking slab. An elastic linking slab 

wound lead to faster computational time and a simplified analysis. The displacement profile of 

the hollow-core units therefore followed a linear reduction in the deformed shape along the 

length of the unit. The results for this can be seen in Fig 5.7 through to 5.18 below and for the 

linking slabs that use elastic materials, the displacement profiles give an unrealistic profile that 

would not be expected to occur. Therefore, a nonlinear linking slab will be used. For this, the 

lengths of the linking slab used are going to be increased to only look at the 360 mm to 600 

mm linking slabs. 

 

Fig 5.7 Force-displacement response assuming the node at the top of the 4 m long wall. 
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Fig 5.8 Displacement profile along the length of the hollow-core unit at 1.25% wall drift for 

elastic linking slab with different lengths. 

 

Fig 5.9 Displacement profile along the length of the hollow-core unit at 1.25% wall drift for 

non-linear linking slab with different lengths. 
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Fig 5.10 Surface plot of displacement profile for 4 m wall along the length of the hollow-core 

unit at 0.35% wall drift with non-linear linking slabs with different lengths. 

 

Fig 5.11 Surface plot of displacement profile for 4 m wall along the length of the hollow-core 

unit at 0.75% wall drift with non-linear linking slabs with different lengths. 
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Fig 5.12 Surface plot of displacement profile for 4 m wall along the length of the hollow-core 

unit at 1.25% wall drift with non-linear linking slabs with different lengths. 

 

Fig 5.13 Force-displacement response assuming the node at the top of the 6 m long wall. 
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Fig 5.14 Displacement profile along the length of the hollow-core unit at 1.25% wall drift for 

elastic linking slab with different lengths. 

 

Fig 5.15 Displacement profile along the length of the hollow-core unit at 1.25% wall drift for 

non-linear linking slab with different lengths. 
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Fig 5.16 Surface plot of displacement profile of 6 m wall along the length of the hollow-core 

unit at 0.35% wall drift with non-linear linking slabs with different lengths. 

 

Fig 5.17 Surface plot of displacement profile of 6 m wall along the length of the hollow-core 

unit at 0.75% wall drift with non-linear linking slabs with different lengths. 
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Fig 5.18 Surface plot of displacement profile of 6 m wall along the length of the hollow-core 

unit at 1.25% wall drift with non-linear linking slabs with different lengths.  

With the nonlinear linking slab, it can be seen the displacement profile for the hollow-core 

units that use the linking slab flattens out considerably and follows a shape that would be more 

expected given the forces that will be occurring through the units and linking slab. 

The displacement of the hollow-core along the length of the unit will be compared to the 10 

mm maximum allowable vertical offset used for hollow-core units running adjacent to beams 

to determine the drift at which the unit is expected to exceed the displacement and therefore be 

considered failed. Profiles can be seen for the 4 m wall unit in Fig 5.19 to 5.23 below with a 

table of drift capacities given in Table 5.1 below that. 
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Fig 5.19 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 4m wall with no linking slab. 

 

Fig 5.20 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 4m wall with a 360mm linking slab. 
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Fig 5.21 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 4m wall with a 480 mm linking slab. 

 

Fig 5.22 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 4m wall with a 600 mm linking slab. 
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Fig 5.23 Wall drift capacity of a hollow-core with a 10 m span as a function of linking slab 

length when using a centrally located 4 m wall. 

Table 5.1 Drift capacity of hollow-core for the critical node at varying link slab lengths for a 

6 m centrally located wall within a 10 m hollow-core span. 

Link Slab Length (mm) Drift When First Exceeds Capacity (%) Critical Node 

0 0.276 HC6 

360 0.576 HC7 

480 0.639 HC8 

600 0.70 HC8 

800 0.82 HC9 

1000 0.98 HC9 

1200 1.18 HC9 

 

The displacement profiles for the critical length along the hollow-core can be seen in the 

Fig 5.24 below: 
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Fig 5.24 Displacement profile for the critical unit at each linking slab length for the 4 m wall. 

Following from the 4 m wall, the vertical displacement of the hollow-core unit is analysed for 

a centrally located 6m wall within a 10 m hollow-core span with results shown in Fig 5.25 to 

5.28 below. 

 

Fig 5.25 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 6m wall with no linking slab. 
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Fig 5.26 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 6m wall with a 360mm linking slab. 

 

Fig 5.27 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 6m wall with a 480mm linking slab. 
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Fig 5.28 Displacement profile of critical nodes along the 10 m hollow-core span assessed for 

a 6m with a 600mm linking slab. 

 

Fig 5.29 Wall drift capacity of a hollow-core with a 10 m span as a function of linking slab 

length when using a centrally located 4 m wall. 
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Table 5.2 Drift capacity of hollow-core for the critical node at varying link slab lengths for a 

6 m centrally located wall within a 10 m hollow-core span. 

Link Slab Length 

(mm) 

Drift When First Exceeds Capacity 

(%) 

Link Slab Length 

(mm) 

0 0.194 HC5 

360 0.341 HC7 

480 0.398 HC8 

600 0.441 HC8 

 

The displacement profiles for the critical length along the hollow-core can be seen in the 

Fig 5.30 below: 

 

Fig 5.30 Displacement profile for the critical unit at each linking slab length. 

The critical displacement of the hollow-core while using longer linking slab lengths does not 

increase much as shown from the Fig 5.24 and 5.30 above, however comparisons to shear will 

be used in the following chapter to try verifying whether this is correct. 
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5.3) Conclusions 

The wall drift at which a hollow-core unit that runs parallel to a structural wall exceeds the 

10 mm beam incompatible displacement capacity is relatively low, but this wall drift increases 

with the use of a linking slab. The issue with this however is that the 10 mm value chosen is 

based on the capacity that the hollow-core unit fails running parallel to a beam, which will 

occur in the plastic hinge zone. Instead the displacement capacity of a unit running alongside 

a wall depends on where the ends of the wall lie in relation to the ends of the unit. Because of 

this, shear analysis needs to be undertaken to determine the wall drift level that the hollow-core 

units will exceed their shear capacity and compare this to the 10 mm vertical displacement that 

is currently used. 
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6) CHAPTER  6 – SHEAR ANALYSIS OF HOLLOW-CORE UNIT 

RUNNING PARALLEL TO WALL 

As can be seen from the results from Chapter 5, the expected maximum drift at which a 

hollow-core running parallel to a wall unit seems overly conservative due to the limiting 

vertical offset being used as 10 mm for the length of the hollow-core. Given the expected shear 

capacity of the unit, analysis can be undertaken to determine the critical section of the hollow-

core unit in relation to linking slab length, wall length, and wall location to determine the 

expected range of drift capacity for hollow-core units running parallel to a wall.  

The objectives of this analysis will be determining the expected drift capacity of hollow-core 

units running parallel to walls, with or without linking slabs, and aims to give a better 

understanding of the expected displacements at an associated drift of the wall. Ultimately, a 

function is desired that will relate the ultimate drift capacity to the span, wall properties and 

location of wall, along with a separate function for units using linking slabs that is a function 

of the previous drift capacity and link slab parameters. 

6.1) Methodology 

To attempt to accurately determine the vertical displacement capacity of a hollow-core unit 

running parallel to a wall, the shear capacity must be determined. The displacement results 

from the previous section will be carried through for comparisons. 

The shear capacity of the unit is going to be variable along the length of the unit [7], and steps 

for calculation can be found in Section 6.1.1. below. Knowing this shear capacity, the 

maximum displacement values along the length of the hollow-core unit can be calculated. 

The shear capacity of the unit must include the shear forces due to an assumed deadload along 

with the gravity load of the unit. The gravity load is assumed to be 4.6 kPa as given from 

Stahlton [36] while the deadload is obtained from NZS1170.1:2001 [37] and can be taken as 

3.0 kPa. Given a total width a hollow-core floor unit of 1.2 m, the total load can be calculated 

to be 7.6 kN/m. This will give a gravity shear profile as shown below in Fig 6.1, along with a 

shear capacity profile given below in Fig 6.2. This will allow for a calculation of the maximum 

displacement along a given length. 
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6.1.1) Determining Shear Capacity of Hollow-Core Floor Unit 

To determine the shear capacity of a hollow-core floor unit, it is assumed that they are 

considered a one-way slab and section 19.3.11.2.2 of NZS3101:2006 [7]will be used. In this, 

the shear capacity is given as the minimum of the flexural shear cracking force (Vci), or the 

web-shear force at web-shear cracking (Vcw) calculated using equation 19-15 and 19-17 from 

NZS3101:2006 [7]. These can be seen in Eq 6.1 and 6.2 below: 

 
𝑉𝑐𝑖 = 𝑉𝑏 +

𝑉∗𝑀𝑜

𝑀∗
 

Eq 6.1 

Where Vb is the shear for a reinforced concrete beam of equivalent size, Mo is the bending 

moment corresponding to decompression of the extreme tension fibre under applied loading 

and 
𝑉∗

𝑀∗
 is the relationship between the critical combination of design shear force and bending 

moment at the section considered with the design bending moment assumed as a uniformly 

distributed load over a simply supported section. 

 𝑉𝑐𝑤 = 𝑉𝑝 + 0.3(√𝑓𝑐
′ + 𝑓𝑝𝑐 + 𝑓𝑠𝑤)𝐴𝑐𝑣  Eq 6.2 

Where Vp can be conservatively taken as 0 due to only contributing a small amount of shear 

strength, Acv is the effective shear area, given by the thickness of webs and depth of the unit, 

𝑓𝑐
′ is the specified compression strength of concrete, fpc is the average prestress and fsw is the 

stress at the neutral axis due to self-strain action. These values can conservatively be assumed 

to cancel and therefore be zero giving the web shear strength as a function of the web area and 

concrete compressive strength. 

To calculate Vb, section 9.3.9.3.4 of NZS3101:2006 is used to determine the shear capacity of 

the unit given from 9-4 and 9-5 [7] and shown below as Eq 6.3 and 6.4. 

 𝑉𝑐 = 𝑣𝑐𝐴𝑐𝑣 Eq 6.3 

Where using clause e from section 9.3.9.3.4, 

 𝑣𝑐 = 0.17𝑘𝑎√𝑓𝑐
′ ≤ (0.07 + 10𝜌𝑤)𝑘𝑎√𝑓𝑐

′ ≤ 0.2𝑘𝑎√𝑓𝑐
′ Eq 6.4 

With ka assumed as 0.85 and 𝜌𝑤 given below in Eq 6.5. 

 
𝜌𝑤 =

𝐴𝑠

𝑏𝑤𝑑
 

Eq 6.5 



 6-3 

Where: As is the area of steel (mm), bw is the web width and d is the depth from extreme 

compression fibre to centre of tension reinforcement. 

The bending moment corresponding to decompression of the extreme tension fibre under 

applied loading Mo is given below in Eq 6.6. 

 
𝑀𝑜 =

𝐼

𝑦𝑡
(𝑓𝑝𝑒 + 𝑓𝑠𝑠) 

Eq 6.6 

Where I is the second moment area of the hollow-core, yt is the distance to the centre of area, 

fpe is the compressive stress due to prestressing forces and fss is the stress on the extreme tension 

fibre due to self-strain action. The shear and moment profiles are shown in Fig 6.1 a) and b) 

below. 

 

Fig 6.1 a) Shear profile for simply supported hollow-core units with uniformly distributed load 

b) Bending moment profile for simply supported hollow-core units with uniformly distributed 

load. 

Following this, the gravity demand for the hollow-core units must be calculated so that the 

shear capacity that the hollow-core can sustain based on vertical uplift can be calculated. Using 
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the Stahlton 200 Elematic [36] profile as the basis for this analysis, the unit weight can be 

found to be 4.6 kPa including 75 mm of topping concrete, and assuming an imposed gravity 

load of 3 kPa gives a combined distributed load of 9.12 kN/m. 

Following this, the displacement will be calculated from the calculated shear capacity of the 

unit. The shear demand will be output from Seismostruct along with the current drift level and 

the associated vertical displacement of the hollow-core floor unit. From this, the vertical 

displacement capacity of the hollow-core unit can be compared. 

6.2.1) Drift Capacity of Hollow-Core Floor Units 

Following from Chapter 5, the drift capacity will be determined based on comparison between 

the modelled hollow-core units displacement profile at associated drifts, and the shear capacity 

of the hollow-core units at a given point along the span. Linear interpolation will be used to 

get a more accurate approximation for the level of drift that the exceedance of shear capacity 

will occur at. This will be done for the increasing linking slab length to compare the vertical 

displacement capacity with and without the linking slab, which can then be compared to the 

vertical displacement capacity increase from the initial calculations using the 10 mm 

displacement tolerance to see the effects of using the linking slab. 

6.2) Results and Analysis 

6.1.2) Shear Capacity of Hollow-Core Floor Units 

It can be seen from the Eq 6.1 through to 6.5 that the shear capacity of the hollow-core units is 

consistent for web-shear demand, while the flexural shear capacity will vary as a function of 

length along the hollow-core unit. 

The values used for the equations are given in Table 6.1 below. 
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Table 6.1 Values used for determination of shear capacity of hollow-core floor unit. 

Property Value Units 

Vp 0 N 

𝒇𝒄
′  45 MPa 

ka 0.85  

As 886 mm2 

bw 329 mm 

d 200 mm 

I .654 x 109 mm4 

yt 96 mm 

 

This gives a table of calculated values for the calculation of shear capacity given below in 

Table 6.2. 

Table 6.2 Calculated intermediate values used for determination of shear capacity of hollow-

core floor unit. 

Property Value Units 

Vb 75040 N 

𝝆𝒘 45 MPa 

vb 1.14 MPa 

Acv 65800 mm2 

 

6.2.2) Determination of Vertical Displacement Capacity of Hollow-Core Floor 

Using the shear to moment profile above, and assuming looking at the first half length of the 

span of the hollow-core floor unit, the shear capacity in terms of flexural shear and web shear 

can be calculated, and using this, the critical shear mechanism and capacity can be determined. 
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Given the value of web shear is constant along the length of the unit, it was calculated to be 

132.42 kN. The values for flexural shear capacity can be seen in Table 6.3 below and the 

corresponding shear capacity of the unit. 

Table 6.3 Flexural shear capacity and expected shear capacity of hollow-core unit along half 

span length. 

Distance 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

Vci (kN) - 144.90 118.24 107.40 100.51 95.17 90.60 86.45 82.54 78.76 75.04 

Vmax(kN) 132.4 132.42 118.24 107.40 100.51 95.17 90.60 86.45 82.54 78.76 75.04 

 

Knowing the combined self-weight and deadload that will be assumed as on any given hollow-

core unit, the expected force at a given point can be calculated, shown in Table 6.4 below, 

which will then have to be removed from the expected shear capacity of the hollow-core unit. 

Due to symmetry of the models, half of the hollow-core span can be examined, and the 

expected shear capacity of half the hollow-core span can be seen in Fig 6.2 and Table 6.5 below 

to show how the capacity will change as a function of length along the span. 

Table 6.4 Shear force along half-length of hollow-core due to deadload and self-weight. 

Distance 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

Shear Force 45.6 41.04 36.48 31.92 27.36 22.8 18.24 13.68 9.12 4.56 0 

 

Table 6.5 Shear capacity of hollow-core unit while also accounting for self-weight and 

deadload. 

Distance 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

Combined V 29.44 91.38 81.76 75.48 73.15 72.37 72.36 72.77 73.42 74.20 75.04 
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Fig 6.2 Comparison between the calculated capacity of hollow-core floor unit with and without 

loading as a function of length along the half the span of the hollow-core unit. 

After determining the shear capacity, the shear force experienced at critical nodes will be output 

from Seismostruct and then compared to the shear capacity at that point to determine the wall 

drift at which the shear will exceed capacity. The critical point is expected to be at the edge of 

the wall; however, the centre of the wall will also be examined due to having the largest vertical 

displacement for some longer linking slabs. For a 6 m wall the maximum shear at associated 

drift levels can be seen in Fig 6.3 and 6.4 below with the capacity also shown to indicate when 

the hollow-core is likely to exceed capacity at the given node, with results given as a function 

of wall drift and hollow-core vertical displacement. 

  

Fig 6.3 Shear force through the hollow-core unit at the edge of a centrally located 6 m wall 

within 10 m hollow-core span. 
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Fig 6.4 Shear force through the hollow-core unit at the centre of a centrally located 6 m wall 

within 10 m hollow-core span. 

Following this, the same comparisons were done for a 4m wall, with further investigation into 

length of linking slab with the inclusion of 800, 1000 and 1200 mm long linking slabs. 

 
 

Fig 6.5 Shear force through the hollow-core unit at the edge of a centrally located 4 m wall 

within 10 m hollow-core span. 

  

Fig 6.6 Shear force through the hollow-core unit at the centre of a centrally located 4 m wall 

within 10 m hollow-core span. 

When comparing the shear capacity profile from Fig 6.2 to the shear demand, the closer to the 

centre of the wall the lower the shear capacity of the hollow-core unit. However, the edge of 

the wall is expected to have the greatest shear demand and therefore the edge of the wall, and 

centre of the wall will be the two areas of interest. Modifying wall parameters for width of the 
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wall and reinforcing ratio of steel will also be expected to see an increase in shear transfer at 

associated drifts like increasing the length of the wall. Figures for adjustments to these ratios 

can be seen below with the wall width modified from 0.3 m to 0.4 mm and the area of 

reinforcement modified from 20 mm2 bars to 25 mm2. 

Following this, the shear force of the linking slab was examined and can be seen in Fig 6.7 

through to Fig 6.12 below. 

 

Fig 6.7 Shear force through the hollow-core unit at the edge of a centrally located 4 m wall 

within 10 m hollow-core span with increased wall thickness. 

 

Fig 6.8 Shear force through the hollow-core unit at the centre of a centrally located 4 m wall 

within 10 m hollow-core span with increased wall thickness. 
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Fig 6.9 Shear force through the hollow-core unit at the edge of a centrally located 4 m wall 

within 10 m hollow-core span with increased wall reinforcing ratio. 

 

Fig 6.10 Shear force through the hollow-core unit at the centre of a centrally located 4 m wall 

within 10 m hollow-core span and increased wall reinforcing ratio. 

  

Fig 6.11 Shear force through the hollow-core unit at the edge of a centrally located 4 m wall 

within 8 m hollow-core span as a function of wall drift, or hollow-core vertical displacement. 
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Fig 6.12 Shear force through the hollow-core unit at the centre of a centrally located 4 m wall 

within 8 m hollow-core span. 

What can be seen from these adjustments is that while the results have slightly varied from the 

values of the base model, the increase in length, which will also increase ratio of wall length: 

hollow-core span will have a far greater impact on the value of shear experienced from the 

hollow-core unit when using a linking slab. The increase of shear is likely due to the increase 

in elongation of the wall due to the greater wall stiffness, with wall elongation only making a 

small component of the overall displacement of the hollow-core unit, and therefore a simplistic 

method involving the ratio of wall length to hollow-core span could be used as a method of 

determining the minimum linking slab length in a situation when a hollow-core floor system is 

being designed in a building using structural walls. This could be determined for hollow-core 

displacement to simplify the expression further, and further research looking into this would 

be useful. Looking at Fig. 6.3 through to Fig 6.6 when shear is a function of hollow-core 

vertical displacement, it shows that the slope of the graph reduces with a longer linking slab. 

Also, the displacement at which the slope changes is consistent implying a relationship. 

If the drift cycles are extended out to 2.5%, we can see that the shear force experienced by the 

hollow-core units start to plateau at a given drift, and the drift that the plateau occurs will 

increase with longer linking slabs. This suggests that longer linking slabs could be an effective 

means of preventing hollow-core units near walls from sustaining critical damage in a seismic 

event, however the impacts the larger linking slabs could have on the diaphragm action of the 

structure is not looked at within this research. 
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Fig 6.13 Shear force through the hollow-core unit at the edge of a centrally located 4 m wall 

within 10 m hollow-core span looking analysed up to a wall drift percentage of 2.5 %. 

To verify this, the linking slab needs to be looked at to see how it performs with increasing 

wall drift. Shown in Fig 6.14 below the shear plateaus until it sustains a drift level that causes 

it to lose strength, and therefore available shear force that can be transferred. 

 

Fig 6.14 Shear force through the linking slab as a function of wall drift. 

When the x axis is converted to the drift of the linking slab, what can be seen as shown in Fig 

6.16 is that except for Link2’, the drift at which the maximum shear force occurs at is around 
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1% linking slab drift, with a reduction of strength occurring at approximately 2%. The reason 

that Link2’ does not show this is due to the lack of intermediate data point. This suggests that 

being able to design a linking slab length that remains below 1% linking slab drift will reduce 

the forces transferred through to the hollow-core unit. 

 

Fig 6.15 Maximum shear force experienced for sections of the linking slab as a function of the 

linking slab drift %. 

 

Fig 6.16 Shear force of linking slab off centre and central linking slab as a function of wall 

displacement. 
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It can be seen that for the linking slab the force plateaus before eventually dropping which 

would be expected due to the nonlinearity of the material used. Due to the linking slab reducing 

the shear through the hollow-core unit, it can be seen that it greatly increases the expected 

capacity of the hollow-core unit due to shear and the expected capacity profile can be seen 

below in Fig 6.17 and 6.18. 

 

Fig 6.17 Wall drift at hollow-core unit shear capacity as a function of linking slab length for a 

4 m wall length and 10 m hollow-core span. 

 

Fig 6.18 Wall drift at hollow-core unit shear capacity as a function of linking slab length for a 

6 m wall length and 10 m hollow-core span. 
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What can be seen is that the drift capacity of the hollow-core will increase with an increasing 

linking slab length when looking at the shear capacity. Optimising this based on the capacity 

of the linking slab, and the expected drift of the wall will allow for proper design and analysis 

of hollow-core floor units running near and parallel to walls. 

6.3) Conclusions 

The results show that the varying the factors affecting the stiffness of the wall will increase the 

shear force that is transferred through to the hollow-core unit. By increasing the wall’s 

parameters, the elongation of the wall will increase and therefore result in a greater shear force 

that will be transferred through to the hollow-core. For system parameters, increasing the wall 

length, or reducing the span will greatly increase the shear force. Also, the longer the linking 

slab length, the lower the rotation and therefore a reduction of shear force transferred through 

to the hollow-core unit. Since shear capacity governs for the hollow-core units’ capacity for 

incompatible displacements, and longer linking slabs reduce the transferred shear force, it 

would be recommended that more research be done in determining the optimal linking slab 

length. What can be seen though is the greatest impact into the length of linking slab required 

will be the wall length, and the ratio of length to span – while reinforcing ratio and wall width 

have a smaller impact on the shear. Caution should be taken with larger walls and different 

thickness hollow-core units. Larger walls will cause a greater amount of shear will be able to 

be transferred and therefore longer linking slabs would be recommended. Since only 200 mm 

thick hollow-core units have been examined, the analysis may not hold for different thickness 

units. Finally, an equation should be fully developed that will relate the vertical displacement 

of a hollow-core unit, to the shear force that the hollow-core unit experiences. This will allow 

for a more simplistic method of checking the capacity of a hollow-core unit for incompatible 

displacements running by a wall. 
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7) CHAPTER  7 – CONCLUSIONS 

7.1)  Summary of Research 

The objectives of this research were to create fragility functions for precast floor units, and to 

propose a modification factor for incompatible displacements of hollow-core units running as 

alpha units by a structural wall. 

In this research initial fragility functions have been developed based on experimental testing 

of hollow-core units to determine the probability that at a certain storey drift that a hollow-core 

unit would exceed the expected failure parameters. These parameters were for crack width and 

vertical offset.  

Following this a verified a computer model was developed and verified using seismic analysis 

software for a sub-assembly consisting of a hollow-core floor unit running parallel to a wall. 

These components were verified using previous experimental tests to model for stiffness of the 

hollow-core unit and wall elongation. Using this computer model, assessments at which wall 

drift the hollow-core unit would exceed its capacities, using 10 mm vertical displacement as 

set out in Matthews [8] and the shear capacity calculated from NZS3101:2006 using equations 

19-15 through to 19-17. Linking slabs were added to the sub-assembly to further investigate 

the impact on the expected capacity and compare to the current methodology for determining 

length of the linking slab as set out in NZS3101:2006. 

7.2)  Conclusions 

The primary conclusions from the sub-assembly analysis are that changes should be made to 

the method for analysing incompatible displacements for hollow-core units that run parallel to 

walls. Currently incompatible displacements for these hollow-core units are assessed using the 

displacement-based analysis method that is used for hollow-core units that run parallel and 

adjacent to beams, but this assumes the maximum displacement occurs in the plastic hinge 

zone, whereas the maximum displacement for the hollow-core unit running alongside a wall 

will be at the edge of the wall which will not necessarily correspond to the plastic hinge region. 

Secondly, this displacement seems to be based on force transfer, and therefore a more detailed 

shear analysis would be recommended to determine the maximum possible building drift that 

the hollow-core could sustain loads from. 
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The second conclusion is around the design for the length of linking slabs. Currently the length 

of linking slab is a function of the topping thickness or a minimum of 600 mm, with the function 

of topping thickness to be to reduce the shear force that can be transferred through to the 

hollow-core units as a more flexible floor cannot transfer as much force. Additionally, the 

hollow-core floor should also consider the length of the wall, and a function of wall length to 

hollow-core unit span to determine the size of the linking slab that is to be used. Increasing the 

ratio of wall length to hollow-core unit span will greatly increase the forces due to an increase 

in rotation at an associated drift. By increasing the length of wall, and ignoring the change in 

length to span ratio, a greater length of linking slab will be transferring shear force through to 

the hollow-core units increasing the shear force that will be experienced by the units. 

7.3)  Future Recommendations 

There are four recommendations following this for future research which can be seen in a list 

below: 

1. Further develop fragility functions with more available data to differentiate between 

failure mechanisms and probability of failure at an associated drift, 

2. Verify fibre-element model results with use of experimental tests, 

3. Develop a simplified equation for function of linking slab length that can easily be used 

by practicing engineers, 

4. Develop an equation relating critical shear force of a hollow-core unit to displacement. 

The development of an equation for use of practicing engineers would likely require 

verification of results through experimental testing to be accepted within the industry and 

would therefore likely be done alongside the verification of the computer models.
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