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EXECUTIVE SUMMARY 

 

In New Zealand, due to a major building boom in the 1980s, many multi-story commercial buildings 

are of similar concrete construction with precast floors. During the 2016 Kaikōura earthquake, the 

damage sensitivity of this type of construction was highlighted by several buildings with precast floors 

damaged beyond economical repair. While the vulnerability of precast floor construction had been 

studied by past research, engineers lacked reliable assessment procedures that would facilitate the 

estimation of the floor’s residual capacity and a rapid recovery. This motivated this PhD research, 

whose main objective is to improve the understanding of the likely behavior of precast pre-stressed 

hollow-core (PPHC) floors during earthquakes. 

There are many applications in which PPHC slabs are subjected to shear, torsion, or combined shear 

and torsion. Nonetheless, extruded PPHC units contain no transverse reinforcement, being inherently 

vulnerable to brittle failure modes. This research first comprises experimental investigations of the 

properties of extruded concrete and the shear capacity and nonlinear behavior of PPHC units. 

Subsequently, a detailed nonlinear finite element (FE) modelling approach is proposed and calibrated 

against experimental data to represent the behavior of PPHC slabs under shear and torsional actions. 

Results suggest that the FE model can capture the shear and torsional failure mechanisms in PPHC 

slabs with different shear span-to-depth ratios and with and without eccentricity. Finally, the 

numerical results are used to evaluate the simplified assessment methods provided by commonly 

used design standards.  

A methodology to quantify the fragility of PPHC slabs failing in shear is then proposed by making use 

of the FE modelling approach, informed through experimental testing. Three damage states are 

identified through damage analysis, and numerical fragility curves are developed for PPHC typical of 

New Zealand construction practice. The outcomes from this fragility study provide a basis for 

improved reliability assessment of PPHC slabs.  

Finally, this research proposed a mechanics-based modelling approach for the analysis of PPHC slab-

to-beam seating connections. The model has been calibrated against existing test data to predict the 

failure of a PPHC sub-system under negative bending moments. The numerical outcomes allow 

comparison of the moment-drift response, principal tensile stresses, and crack progression during 

loading. This work illustrates the potential value of the FE modelling and analysis approach in gauging 

the impact of retrofit efforts for precast hollow-core flooring systems.  
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MIHI 

AN INTRODUCTION 

 

 

Ko Zurquí te maunga. 

El Cerro Zurquí es mi montaña. 

Zurquí is my mountain 

Cerro Zurquí è la mia montagna. 

 

Ko Caribe te moana. 

El Caribe es mi mar. 

The Caribbean is my sea. 

Il Caribe è il mio mare. 

 

Ko Reventazón te awa. 

El Reventazón es mi río. 

The Reventazón is my river. 

Il Reventazón è il mio fiume. 

 

Nō Costa Rica au. 

Soy de Costa Rica. 

I am from Costa Rica. 

Vengo dalla Costa Rica. 

 

Kei Ōtautahi ahau e noho ana. 

Vivo en Christchurch. 

I live in Christchurch. 

Vivo a Christchurch. 

 

Ko Latinos te iwi.  

Los latinos son mi gente. 

Latinos are my people.  

I latini sono la mia gente. 

 

Ko Sarkis-Fernández taku whānau. 

Los Sarkis Fernández son mi familia. 

The Sarkis-Fernández are my family. 

I Sarkis Fernández sono la mia famiglia. 

 

Te Rāngai Pūkaha taku mahi. 

Mi trabajo es la Ingeniería. 

My job is Engineering. 

L’ingegneria è il mio lavoro. 

 

Ko Ana taku ingoa. 

Mi nombre es Ana. 

My name is Ana. 

Mi chiamo Ana. 

 

Nā reira, tēnā koutou katoa. 

Entonces, los saludo a todos ustedes. 

Therefore, greetings to you all. 

Quindi, saluti a tutti voi.
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1 INTRODUCTION  

1.1 RESEARCH MOTIVATION 

Precast pre-stressed hollow-core (PPHC) units are commonly used products of the precast industry, finding 

wide applications in building construction. Short construction times, high-quality levels and consistent 

reduction of self-weight are achievable, allowing manufacturers to cover spans up to 20 m. Such floors are a 

common feature of New Zealand buildings, being almost ubiquitous during the 1980s and early 1990s, and 

still commonly specified in new buildings. 

Unfortunately, PPHC floors have historically been designed and constructed in ways that make them prone 

to poor performance during earthquakes (Fenwick et al., 2010). While the details for these floor systems 

have been improved in new buildings, support conditions for units in existing ones designed before 2006 are 

likely to lead to significant damage and potentially collapse for design level (500-year return period) ground 

motions (Fenwick et al., 2010). 

Buildings with precast floors comprise a large percentage of the commercial building stock in all New Zealand 

cities. The Department of Building and Housing found in 2007 that between Auckland, Wellington, and 

Christchurch, some 1.5 million square meters of hollow-core floor planks alone were supplied between 1981 

and 2003 (DBH, 2007). Furthermore, anecdotal evidence, based on post-earthquake inspections of buildings, 

suggests that over 60% of commercial floor area in Wellington city falls within this category. Observations 

suggest the proportion in Christchurch would have been similar until the earthquakes of 2010 and 2011, and 

there is no reason to think the situation is different in Auckland and other major centers. 

New Zealand’s extensive use of precast floors in regions of high seismicity is unusual, with in-situ floors more 

commonly used internationally. Consequently, and in contrast to most other deficiencies found in existing 

buildings, limited international research is available regarding the adequacy of existing precast floors. In this 

sense, precast floors are a “New Zealand’s problem”. 

The collapse of precast units in Statistics house (MBIE, 2017) and widespread damage to other precast floors 

during the earthquakes that affected Christchurch and Wellington in recent years has highlighted the risk 

that failure of precast floors can pose to building occupants. These events have also posed emphasis on the 

difficulties of assessing and improving existing precast floors. 

Experimental research into the behavior of precast concrete floors and the improvement of their 

performance have been undertaken during the last 25 years in New Zealand (S. R. Corney et al., 2018; Fenwick 

et al., 2010; Herlihy, 1999; Jensen, 2007; Lindsay, 2004; MacPherson, 2005; Matthews, 2004; Woods, 2008). 
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This research has provided a significant basis of understanding the response of precast floors to earthquake-

induced demands. However, further investigation is required to improve understanding of several aspects of 

precast floor behavior and improvement methods. These topics include those revealed and/or emphasized 

by recent earthquakes and topics identified prior to the earthquakes but not fully investigated. 

It is deemed impractical to exhaustively investigate all aspects of precast floor behavior in laboratory, given 

the expense of physical testing and the difficulty of tightly controlling the properties of reinforced concrete 

test specimens. The research proposed herein aims to validate finite element (FE) models of the PPHC slabs 

against existing test data, and then to undertake parametric studies by varying the dimensions, properties, 

loading conditions, or other aspects of the FE model. Results from the FE models will allow improving the 

understanding of the likely behavior of PPHC floors during earthquakes. 

1.2 REVIEW OF HOLLOW-CORE USE AND PERFORMANCE IN NEW ZEALAND 

1.2.1 Hollow-core Units in New Zealand 

Hollow-core slabs are a type of precast, pre-stressed concrete member. In New Zealand typical units contain 

pre-stressing strands in the bottom of each web and no web shear reinforcement. Units are typically 1200 

mm wide and depths range from 150 to 400 mm (Fenwick et al., 2010). Figure 1-1 and Figure 1-2 show the 

typical hollow-core sections available from the two main producers in the New Zealand market at the 

moment: Stresscrete and Stahlton (Fulton Hogan).  
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Figure 1-1.Stahlton HC sections (Stahlton, n.d.). 
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Figure 1-2. Stresscrete HC sections (Stresscrete, n.d.) 

A timeline of the use of hollow-core floors in New Zealand since their introduction in 1969 until the Kaikōura 

earthquake in 2016 is shown in Figure 1-3. Key research, reports, codes, and standards developed during this 

period are highlighted as well as the significant changes in practice or construction and the main seismic 

events relevant to the practice in hollow-core floors in New Zealand.  

 

 

Figure 1-3. Timeline for the use of HC floors in New Zealand 

Hollow-core units are manufactured by purpose-built extruding machines, where long lengths of HC are 

extruded along special beds and then cut to the required lengths once the concrete has gained sufficient 

strength (Herlihy, 1999). In New Zealand, the first HC units were manufactured in the late 1960s, and since 
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1974, the production of HC units by extruding machines dominated the market. The dimensions of these 

units and the material properties have varied over the years as technology has changed. As a result, there is 

a wide range of different HC sections found in existing New Zealand buildings (Fenwick et al., 2010).  

During the 1980s there was a major building boom in New Zealand. This resulted in a tendency towards multi-

story buildings constructed from precast concrete frame elements. The use of precast concrete flooring 

rapidly became commonplace, leaving cast-in-place floor construction less common and uncompetitive 

(Fenwick et al., 2010). HC flooring offers advantages over other precast flooring systems because it has a flat 

soffit, requires little or no propping and provides a safe and stable working platform while still achieving long 

spans at the optimum economy (Woods, 2008).  

Following the 1994 Northridge earthquake, the New Zealand Society of Earthquake Engineering sent a 

reconnaissance team to learn from the observed failures. The damage observed following this earthquake 

raised concerns about the possible poor performance between the HC floor and the supporting beams as the 

construction methods used in NZ are somehow similar to those used in California. As a consequence, there 

were some changes to practice, with the introduction of the low friction seating being the most relevant. 

More importantly, the first wave of research into HC floors in NZ occurred (Herlihy, 1999; Mejia-McMaster 

& Park, 1994), with the effect of beam elongation as main focus. Subsequently, in the 2000s, a second wave 

of research performed an exhaustive experimental programme to investigate the different vulnerabilities of 

HC floors (Jensen, 2007; Liew, 2004; Lindsay, 2004; MacPherson, 2005; Matthews, 2004; Woods, 2008). This 

research provided a significant basis for understanding the response of precast floors to earthquake-induced 

demands, and led to the recommendations contained in the so called ‘Purple book’ (Fenwick et al., 2010). 

1.2.2 Historical Record of Hollow-core Construction 

Historical records of buildings with PPHC floors were compiled by (Fenwick et al., 2010) and summarized in 

Figure 1-4 to Figure 1-6. Different values for the depth of the HC units, the thickness of the concrete topping, 

seating length and stiffness of the supporting frames are shown in Figure 1-4, together with the frequency in 

which they appear in the building database. It is apparent that around 80% of the buildings presented 200 

mm HC units (Figure 1-4a), with deeper units being uncommon as they did not appear until the 90s. Concrete 

topping present is typically of 65mm thickness (Figure 1-4b) and, at least 70% showed a seating length of no 

more than 50mm (Figure 1-4c). There was more variability in the stiffness of the supporting frames, even 

though flexible frames were more frequent than stiffer alternatives (Figure 1-4d). 

The 58% of the HC floors would span between 7.5 and 10m, with a 15% presenting longer spans (Figure 1-5a). 

Of the total studied database, 70% showed to have single spans with no intermediate columns (Figure 1-5b), 

whereas around 18% had columns interrupting their spans. 
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Most of the external reinforcement starter bars were grade 300 and their length mostly ranged between 300 

and 600mm (Figure 1-6a,c). Seventy percent of the external starter bars were spaced between 200 and 

400mm, overlapped with a ductile 665 mesh in the concrete topping (Figure 1-6b,d).  

 

Figure 1-4. Frequency of HC slabs properties in the building dataset:  (a) depth of HC units; (b) topping thickness; (c) 

seating; (d) stiffness of frames. 

 

 

Figure 1-5. Percentages of buildings in dataset according to their spans: (a) maximum length; (b) type. 
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Figure 1-6. Historical record of external reinforcement present in HC floors: (a) length of external starter bars; (b) 

spacing of external starter bars; (c) grade of external starter bars; (d) mesh type. 

1.2.3 Behavior of Hollow-core Floors During the Past Earthquakes in New Zealand 

2010/2011 Canterbury Earthquake Sequence 

The Canterbury Earthquake Sequence consisted of two main seismic events. Firstly, the September 4th, 2010 

Darfield earthquake with a moment magnitude (Mw) of 7.1, an epicenter located approximately 37 km west 

of Christchurch. This event was followed by the February 22nd, 2011, Christchurch earthquake with Mw 6.3, 

centered 10 km from the Christchurch Central Business District at a depth of 5 km, with a maximum peak 

ground acceleration (PGA) of 2.21g and a duration of the strong shaking of 7s (Bradley & Cubrinovski, 2011). 

In spite of previous research highlighting serious deficiencies in the seismic performance of traditional 

hollow-core floor systems, few cases of severe damage were reported. It is likely that the short duration of 

the strong shaking contributed to this lack of damage (Corney et al., 2014), in particular for the February 22nd 

event. The Mw 7.8 Kaikoura earthquake on 14th November 2016 had a significant duration greater than 25 

seconds (Bradley et al., 2017), the earthquake resulted in repeated cyclic demands on buildings, increasing 

the possibility of beam elongation and damage to precast floor systems (Henry et al., 2017). On the other 

hand, the duration of the strong shaking during the 22 February earthquake was approximately 7s, and it can 



A. I. Sarkis Seismic assessment of PPHC floors  

 

1-8 
 

therefore be considered that the buildings in Christchurch were subjected to short duration GMs of strong 

intensity (Corney & Henry, 2013) with little beam-elongation expected. 

The main issues observed in PPHC units following the earthquakes consisted of positive moment cracking; 

corner cracks in spaced units; displacement incompatibilities; and minor spalling of support ledges. Further 

details in these failure modes are given later in this document. 

2016 Kaikōura Earthquake 

The epicenter of the 14 November Kaikōura earthquake (Mw 7.8) was over 200 km from Wellington. Across 

central Wellington, the strong motion duration ranged between approximately 25 and 30 seconds. Henry et 

al. (2017) reported the inspection of 64 buildings providing an overview of the damage to multi-story 

concrete buildings during the earthquake. Of the inspected buildings 52% showed evidence of at least one 

of the following critical damage states to their precast floors: reduced unit support, cracking of floor 

diaphragms, transverse, and longitudinal cracks in PPHC units. 

The Statistics House building was the only reported case of a collapse of precast floor units (double tee units) 

due to loss of support. This was caused by a mix of seating reduction of about 60mm combined with the 

rotation of the support beam and damage to the precast units (MBIE, 2017). Beam elongation was identified 

in at least another eight buildings, predominantly affecting unrestrained corner columns that were pushed 

out from the building with associated floor corner cracking. As shown in Figure 1-7, corner cracking typically 

takes one of three forms (Corney et al., 2018): (i) localized with only one or two , typically fine, cracks near 

corner columns; (ii) a complex intersection of many, typically wider, cracks; or (iii) a single diagonal crack set 

back from the corner, crossing more than one unit. 

 

Figure 1-7. Plan views of typical corner crack patterns observed in PPHC floor units (Henry et al., 2017). 

The different types of cracks found in PPHC units are shown in Figure 1-8. Transverse cracking close to the 

supports of PPHC units was also observed during the 2010/2011 Canterbury earthquake sequence (Corney 

et al., 2014) but was more prevalent in the Kaikōura earthquake due to the prevalence of 1980s hollow-core 

construction in Wellington and the earthquake characteristics. 
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Concern has been expressed for the possible presence of longitudinal web splitting cracks (Henry et al., 2017), 

which, when accompanied by transverse cracking, can result in life safety hazards from falling portions of the 

PPHC unit. Nonetheless, longitudinal cracks by themselves are not classified as a significant collapse risk as 

they do not significantly compromise the vertical load capacity of the PPHC unit (Henry et al., 2017). 

 

Figure 1-8. Types of cracks found in PPHC units (Henry et al., 2017). 

1.3 REVIEW OF SEISMIC DESIGN AND ASSESSMENT OF HOLLOW-CORE FLOORS 

Performance of hollow-core flooring is complex and cannot be assessed accurately from the projected inter-

story drift alone. Consideration needs to be given to local displacements and structural actions induced into 

the individual floor units, as it is these which are likely to cause a brittle failure. 

Shear deformations are the main impact on slabs next to the supports of a beam (edge slabs) (Fenwick et al., 

2010). Test results have indicated that the shear deformations on edge slabs, caused by a transverse shear 

flow initiate premature failure and, can control the design (Hegger et al., 2009; Pajari & Koukkari, 1998). 

Furthermore, transverse tensile stresses at the soffit of the slabs due to the beam’s curvature may cause 

longitudinal cracks and increase the transfer length of the pre-stressed strands. Bode et al. (1996) attributed 

the decrease in shear capacity of PPHC units to loss of pre-stress and uneven shear load over the webs of the 

slabs because of the beam curvature. However, longitudinal cracks did not affect the slabs’ overall bearing 

capacity in tests when the beam deflection was limited (Hegger et al., 2009). 

The web-shear behavior of 59 simply supported PPHC slabs was investigated in the Technical Research Centre 

of Finland (VTT) by Yang (1994). The web shear strengths obtained from experiments showed considerable 

scatter as compared to those by code prediction. Yang (1994) also observed that the rate at which the pre-

stressing force was transferred to the concrete within the transfer length could significantly affect the web-

shear strength. A second testing program, consisting of 49 tests on PPHC slabs failing in web shear (Pajari, 

2005), was performed by the VTT. Pajari (2005) compared measured strengths with those calculated using 

the Eurocode and the analytical model developed by Yang (1994). The method provided by the Eurocode 

overestimated the mean shear strength for all slab types. While the overestimation was only slight for slabs 
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with circular voids, it was obvious for units with flat webs, cases in which, strengths were in reasonable 

agreement with those calculated using Yang’s model. 

After the Northridge earthquake (1994), the concern for the effects of beam elongation on PPHC floors led 

to three research projects at the University of Canterbury. A number of different reinforcement 

arrangements were examined and in particular, the paper clip and hairpin shaped bars in filled cells (see 

Figure 1-9), were investigated (Herlihy, 1999; Mejia-McMaster & Park, 1994). In these tests, only nominal 

rotation was applied to the PPHC unit, relative to the supporting block of concrete. Subsequent tests, in the 

early 2000s, showed that when tests were carried out applying both elongation and an appropriate 

magnitude of rotation appreciably greater spalling occurred from both the front ledge and back face of the 

PPHC unit that was seen in the earlier (Bull & Matthews, 2003; Jensen, 2007). 

 

Figure 1-9. Detail used where PPHC units are too short for span (Fenwick et al., 2010). 

A large-scale test of an hollow-core floor with an associated ductile moment resisting frame was carried out 

by Matthews (2004). The PPHC units were mounted on mortar on cover concrete to represent practice which 

was used by some designers in New Zealand in the 1980s. It was found that positive moment cracks 

developed close to the supports at drift levels below that required to initiate yielding of reinforcement in the 

beams. As the test progressed, the positive moment cracks together with the web cracking, which was 

induced by differential vertical deflection between the hollow-core floor and the adjacent beams, led to the 

premature collapse of the floor (Matthews, 2004). Incorporating paper clip-shaped reinforcing bars in two 

broken out cells and mounting the PPHC unit on a low friction bearing strip was found to greatly improve the 

performance (Bull & Matthews, 2003). 

Different support details were examined in large-scale tests carried out by Lindsay (2004) and MacPherson 

(2005). This work led to the recommendations contained in the commentary to NZS 3101: 2006, clause 

C18.7.4 (NZS3101, 2006). This commentary also introduced the requirement to provide a flexible linking slab 

between PPHC units and adjacent structural elements with the purpose of allowing relative displacements 

to occur between the two. This enables any differential vertical displacement that may develop between a 
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PPHC unit and other structural elements to be accommodated without the force transfer between the two 

causing excessive web cracking in the HC unit. 

Supplementary research by Liew (2004) and Woods (2008) highlighted the potential problem of flexural and 

shear strengths in negative moment zones close to supports. Experimental and theoretical work showed that 

elongation of plastic hinges and relative rotation of PPHC units from their supports can induce negative 

moments near to supports. This action was shown to lead to a brittle flexural failure in two tests and 

theoretical work indicated that it can also result in a significant loss of shear strength (Woods, 2008). 

1.3.1 Failure Mechanisms of Hollow-core Floor Systems 

A description of the main failure modes observed in PPHC floors, and actions that may lead to them, is 

summarized below. 

i.Loss of Support 

The bearing length between the PPHC unit and the supporting ledge must be such that it is able to 

accommodate (Fenwick et al., 2010): 

− Construction tolerance; 

− Movement of the PPHC unit away from its support due to creep, shrinkage and thermal 

contraction of the unit; 

− Spalling of concrete from the front face of the ledge and the back face of the PPHC unit due to 

the rotation of the unit relative to the supporting structure; 

− Movement of the support away from the PPHC units due to plastic hinge elongation in the beams 

(Figure 1-10). 

 

 

Figure 1-10. Beam elongation and relative rotation between floor units and support. 

Figure 1-11 shows four variations of loss of support failure modes. When the topping concrete does not 

delaminate, the starter bars rupture at the beam-floor interface. If the topping delaminates from the PPHC 
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unit, the strain penetration in the starter bars is increased, distributing the strain demand over a longer 

length, therefore reducing the chance of rupture (Jensen, 2007). 

 

Figure 1-11. Loss of support failure modes: (a) with delamination; (b) without delamination (Jensen, 2007). 

ii.Positive Moment Flexural Failure near a Support 

Building drift can induce positive moments in hollow-core floors near the supports. Figure 1-12 shows two 

possible locations of positive moment flexural cracks: at the back of the PPHC unit, which is shown as at 

position 2, or more critically at the face of in filled concrete in the core that is shown as position 1 (Jensen, 

2007). 

 

Figure 1-12. Positive moment cracking: (a) possible locations of the cracks; (b) failure (Fenwick et al., 2010). 

The flexural strength of section A-A (Figure 1-12) depends on the tensile strength of the precast concrete as 

the pretension strands are too close to the end of the units to be effective in resisting tension (Fenwick et al., 

2010). Positive moment flexural cracks in the critical location are more likely to occur where the units are 
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mounted on mortar and or where the strength of the in-situ concrete is relatively high. Such cracks have 

been observed to form in several tests (Bull & Matthews, 2003; Matthews, 2004) at inter-story drifts of less 

than 0.5%, which is within the range of elastic response of many structures. 

iii.Negative Moment Flexural Failure near a Support 

Negative moment flexural failure in hollow-core floors can occur under seismic conditions where starter or 

continuity reinforcement, which joins the floor to the supporting structure, is terminated too close the 

support (see Figure 1-13a). Negative moment flexural tension failures have been observed in tests reported 

by Jensen (2007), Woods (2008) and Liew (2004). 

 

Figure 1-13. Negative moment failure: (a) mesh fractures; (b) splitting along webs (Woods, 2008). 

iv.Flexural Shear Failure 

Where continuity is established between precast pre-stressed units and the supporting structure axial 

tension, negative moments can be introduced into the region located near the supports causing splitting 

along the webs of the PPHC units (see Figure 1-13b). In this situation, the shear strength is limited by flexural 

shear cracking, which results in the shear strength being appreciably less than the value corresponding to 

web shear cracking strength (Fenwick et al., 2010). 

v.Failure due to Differential Displacements 

Incompatible displacements between the PPHC units and the adjacent members can cause high localized 

forces in the units, possibly leading to web cracking and collapse of all or part of the unit. Any PPHC unit 

seated on any plastic hinge zone of a beam can have incompatible displacement damage in the form of one 

or more of the following: longitudinal flange cracking, transverse flange cracking or web cracking. However, 

there are a number of situations that are particularly critical: where PPHC units are used in a floor in a 

moment resisting frame building that does not have corner columns (Figure 1-14a), or where PPHC units are 

located close to an eccentrically braced bay in a structural steel frame (Figure 1-14b). This type of behavior 
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has been observed in experimental tests (Lau et al., 2007; Lindsay, 2004; MacPherson, 2005; Matthews, 

2004).  

 

Figure 1-14. Major differential displacements between PPHC units and some other structural members (Fenwick et al., 

2010). 

vi.Torsional Failure 

Differential displacements between supports may induce a twist along the hollow-core member causing 

torsional cracking of the PPHC units. Once torsional cracking develops torsional resistance decreases rapidly, 

reducing also the flexural and shear strengths (Fenwick et al., 2010). Analysis by Broo et al. (2005) revealed 

a nonlinear interaction between shear and torsion capacity in PPHC units. The capacities of the PPHC units 

were higher when the shear span was outside the pre-stressing transfer zone, except for loading close to 

pure torsion. As the shear spans influence the capacities, it is hard to predict a shear-torsion capacity that is 

not influenced by the boundaries (Broo et al., 2005). 

1.3.2 Diaphragm actions in floor slabs 

Where beams may form plastic hinges in a major earthquake, elongation within the plastic hinges can create 

wide cracks in the flooring by pushing the beams or other structural components supporting precast floor 

units apart. This can lead to the formation of wide cracks around the perimeter of bays of floor slabs 

containing PPHC units. Wide cracks in the floor disrupt the potential path of any compression strut force 

(Figure 1-15a), which is required from a strut and tie analysis, thus invalidating a basic assumption in the 

design. For example, in cases wherebeam elongation pushes the column out from the floor causing the 

columns to be untied to the floor slab. If this occurs over several floor levels, premature failure may occur in 

the building, and retrofit may be required to prevent this (Fenwick et al., 2010). 
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Figure 1-15. Influence of potential cracks on diaphragm action of floor (Fenwick et al., 2010). 

The formation of the cracks near the columns reduces the stiffness, and this can have two effects, which are 

important to consider in making an assessment of an existing floor (Fenwick et al., 2010): (i) the reduction in 

stiffness can reduce higher mode effects on the floor, which generally significantly reduces the required 

diaphragm shear forces associated with inertial forces; or (ii) loss of stiffness can result in redistribution of 

structural actions, which can also result in a further reduction in the magnitude of design diaphragm forces 

where these actions are associated with shear transfer between lateral force resisting elements. 

It should be noted that some diaphragm action can be maintained by continuity reinforcement close to the 

columns sustaining forces across the cracks by acting in tension, or to a limited extent in compression, as 

shown in Figure 1-15b, and by shear transfer between the floor and beams in zones where the continuity 

reinforcement in the concrete topping does not yield. 

1.4 PRECEDING NUMERICAL MODELLING OF HOLLOW-CORE FLOORS 

The classical beam theory for reinforced and pre-stressed concrete design is mainly based on linear elastic 

models, which assumes that plane sections remain plane throughout the loading history. Linear elastic 

models are not capable of dealing with problems where material or geometric nonlinearity exist, as is the 

case of PPHC floors. The FE method is a powerful numerical technique for the analysis of nonlinear 



A. I. Sarkis Seismic assessment of PPHC floors  

 

1-16 
 

engineering problems and has been applied in past research when studying different aspects related to the 

behavior and performance of PPHC floors. 

Previous studies into the modelling of precast floor units have researched the behavior of the slabs in 

vibration.  Marcos & Carrazedo (2014) presented a parametric study on the vibration sensitivity of PPHC slabs 

and found that the most important parameter for the first natural frequency was the span length. 

Subsequently, Jendzelovsky & Zabakova (2015) studied the dynamic behavior of PPHC slabs and compared 

their natural frequencies to the ones of a solid slab. Fratila & Kiss (2016) undertook a parametric study, 

carried out using FE simulations, to assess the vibration performance of PPHC slab system with large spans, 

and the interaction with the concrete, when it has been poured in different stages. More recently, Liu et al. 

(2018) developed a methodology to implement different finite-shell-element models that can be used to 

analyze the dynamic behavior of PPHC concrete slabs. 

The ultimate strength of PPHC slabs is greatly affected by their post-cracking behavior. The composite action 

between the concrete topping and the PPHC slab adds another level of nonlinearity. Adawi et al. (2016) 

conducted push-off and full-scale tests reproducing the state of stresses at the interface that involves both 

shear and peel stresses by vertically applying a load at mid-span of the slab. Then, using the experimental 

data, they presented a comprehensive FE study to evaluate the nonlinear properties of the interface between 

a PPHC unit and its concrete topping. 

Pachalla & Prakash (2018) evaluated the effects of structural openings on the behavior of PPHC slabs through 

experimental and FE method studies by varying the number of additional strands in adjacent webs, the shear 

span-to-depth ratio, and the opening size. It is common to have openings in the slabs for various structural 

reasons, such as a provision of columns for facilitating the installation of utilities. 

Use of FE analysis to assess the load-bearing behavior of PPHC slabs under different support conditions has 

been thoroughly investigated. Pajari (1998) derived a design model to account for the decrease in shear 

capacity on flexible supports. The model has since been calibrated with an increasing number of available 

tests and adapted by the Federation Internationale du Beton guidelines in 2000 as well as building codes in 

Finland and the Netherlands (Hegger et al., 2010). 

Full-scale tests on slabs supported on different beam types revealed that flexible supports may cause a 

decrease in shear capacity of up to 60% (Pajari & Koukkari, 1998). The observed failure modes and measured 

displacements suggest that the reduction in the shear resistance is attributable to the transverse deformation 

of the slab ends resulting from deflection of the supporting beam. 

Hegger et al. (2010) performed four full-scale tests on PPHC slabs on flexible supports. Additionally, the 

effects of various beam types and stiffness were analyzed by means of nonlinear FE simulations. It was 
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confirmed that premature shear failure of PPHC slabs on flexible supports is mainly attributable to transverse 

shear deformations of the edge slabs and corresponding stresses as described by Pajari & Koukkari (1998).  

Girhammar & Pajari (1995) presented the theoretical principles and procedures, evaluated by using the FE 

method, for determining the shear capacity of notched PPHC slabs with circular voids. They proposed 

methods of analysis, solutions and iteration procedures for the evaluation of different failure mechanisms 

and shear capacities of both notched and un-notched slabs. Afterward, PPHC units subjected to different 

combinations of shear and torsion were successfully simulated by Broo et al. (2005), proving that numerical 

investigations can provide useful insight into the relatively brittle failure mechanism and allow for parametric 

studies. 

The shear strength of PPHC slabs, considering the geometry of the voids, has been numerically assessed by 

Brunesi et al. (2015) for units with thicknesses varying from 200 to 500 mm. The evolution of shear stress 

distributions and crack patterns is predicted by a campaign of detailed nonlinear solid FE analyses, matching 

experimental test data from Pajari (2005). A comparison was provided between experimental results and 

analytical estimates obtained by common design Codes, quantifying the inaccuracy of previous proposals, 

particularly for deep slab sections with flat webs where the shear stress peak is localized below the centroidal 

axis. Numerical observations revealed the sensitivity of the web-shear failure mechanism, and related shear 

capacity to hollow-core shape, non-circularity of the voids, inherent web width variation along depth and 

location of concrete chords with respect to the void (Brunesi et al., 2015; Brunesi & Nascimbene, 2015). 

1.5 RESEARCH OBJECTIVES 

The main aim of this research is to improve the understanding of the likely behavior of PPHC floors during 

earthquakes and to revise and validate methods for assessing their seismic performance. To fulfill this 

purpose, three key objectives were defined: 

1. Assessment of the aspects affecting the nonlinear behavior of PPHC units; 

2. Perform a fragility analysis of PPHC slabs failing in shear; 

3. Investigation of the effect of bending on the seismic performance of hollow-core flooring. 

Objective I 

Three critical goals were defined to achieve this objective: (i) material characterization and shear testing of 

PPHC units; (ii) numerical assessment of the shear capacity of PPHC units; and (iii) evaluation of the torsional 

behavior of PPHC units. To fulfill these goals, the following research tasks were defined: 

i. Material characterization and shear testing of PPHC units  

The following research tasks were defined to achieve this objective: 
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• Perform material characterization testing to determine the compressive strength, modulus of 

rupture and elastic modulus of the extruded hollow-core concrete.  

• Determine the shear capacity 200 mm deep NZ PPHC slabs through full-scale experimental testing.  

• Make use of a detailed instrumentation plan to measure the applied load, displacement profile, 

inward translations at supports, crack widths and slippage of pre-stressing strands.  

• Investigate the effect of the shear span length in the behavior of the PPHC slabs by varying the shear 

span-to-depth ratio, or aspect ratio.  

• Study the effect of initial end slip of the pre-stressing strands on the pre- and post-peak capacity of 

the units.  

• Compare the experimental results against the formulations provided by commonly used design 

standards such as the New Zealand concrete standard NZS3101:2006, the ACI 318-19, the fib Model 

Code 2010 and the BS EN 1168:2005.  

 

ii. Numerical assessment of the shear capacity of PPHC units  

The following research tasks were defined to achieve this objective: 

• Develop a solid 3D FE model to represent the behavior of PPHC slabs under vertical loading until 

shear failure. 

• Calibrate the numerical model against the experimental results obtained previously.  

• Conduct a detailed sensitivity study to determine the relative significance of each parameter in the 

strength and deformation capacity predictions made using the developed FE model.  

• Provide a list of critical recommendations for the FE modelling of PPHC slabs. 

 

iii. Evaluation of the torsional behavior of PPHC units 

The following research tasks were defined to achieve this objective: 

• Extend the applicability of the proposed FE approach to help improve the understanding of the 

torque and twist behavior of PPHC units. 

• Further validate the FE model against experimental data available in the literature. 

• Use the FE model to predict the torsional capacity of New Zealand-specific 200 mm deep PPHC units.  

• Evaluate the performance of available simplified analysis approaches for assessing the torsional 

capacity of PPHC units. 

Objective II 

The following research tasks were defined to achieve this objective:  



A. I. Sarkis Seismic assessment of PPHC floors  

 

1-19 
 

• Propose a methodology for the fragility analysis of PPHC slabs failing in shear. 

• Develop fragility curves as a function of multiple random variables using the FE model developed.  

• For this purpose, identify the relevant damage states through damage analysis and defined the 

engineering demand parameters.  

• Compare the numerical fragility curves against viable alternatives for developing numerical fragilities 

that allow reducing the computing time.  

• Compare the numerical fragility curves against the experimental data on shear testing by means of 

the Kolmogorov-Smirnov test. 

Objective III 

The following research tasks were defined to achieve this objective: 

• Propose a mechanics-based FE modelling approach for the analysis of PPHC slab-to-beam seating 

connections.  

• Calibrate the numerical model against existing test data. 

• Predict the failure of a PPHC slab under negative bending moments.  

• Study the effect of changing the length of the starter bars on the performance of the PPHC floor.  

1.6 THESIS STRUCTURE  

A visual representation of the thesis structure and its objectives is shown in Figure 1-16. This thesis is being 

submitted within the thesis with publications model, therefore, all research results have been presented in 

their published work format in the following chapters. At the beginning of each chapter the details of the 

journal submission are summarized, as well as the key findings.  

Chapter 2 presents an experimental testing programme initiated to investigate the properties of extruded 

concrete and the shear strength of hollow-core units under different shear span-to-depth ratios, also referred 

to as aspect ratios. The 200 mm deep specimens were loaded well beyond the peak shear force to study the 

post-peak behavior of the hollow-core units. Additionally, the effect of initial end slip of the pre-stressing 

strands on the pre and post-peak capacity of the units was evaluated. Detailed intrumentation was placed in 

the specimens allowing a variety of parameters to be measured, such as: the applied load, displacement 

profile, inward translations at supports, crack widths, and slippage of the pre-stressing strands. The results 

obtained were compared against the formulations provided by commonly used design standards such as the 

New Zealand concrete standard NZS3101:2006, the ACI 318-19, as well as the fib Model Code 2010 and the 

BS EN 1168:2005. The results presented in this chapter have been key in the calibration of material models 

and the development of nonlinear finite element models of hollow-core floors, as discussed in the following 

chapters of this document.  
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In Chapter 3 a detailed nonlinear FE modelling approach is proposed to represent the behavior of PPHC slabs 

under vertical loading until shear failure. The developed model has been calibrated against the experimental 

data presented in Chapter 2. Results show that the model can capture the shear failure mechanism and 

related shear capacity of PPHC slabs with different shear spans. In addition, a detailed sensitivity study is 

carried out to determine the relative significance of each parameter on the strength and deformation 

capacity predictions made using the developed FE model of PPHC slabs. To conclude, this chapter presents a 

list of critical recommendation for the modelling of PPHC slabs, which have been used in the subsequent 

modelling phases of this research.  

In Chapter 4, the applicability of the proposed FE modelling approach and recommendations, presented in 

Chapter 3, is extended to the case of PPHC units subjected to twist due to pure torsion or shear-torsion 

interaction. The FE model has been further validated against experimental data available in the literature 

(Pajari, 2004a, 2004b). Subsequently, the refined model is used to predict the torsional capacity of New 

Zealand-specific 200 mm deep PPHC units. Finally, the numerical results were used to evaluate the 

performance of available simplified analysis approaches (Collins & Mitchell, 1980, 1997; Fenwick et al., 2010; 

MBIE, 2017; NZS3101, 2006) for assessing the torsional capacity of PPHC units, which are found to be non-

conservative if used with nominal design material properties. 

Chapter 5 discusses a methodology for the fragility analysis of PPHC slabs failing in shear using the FE 

modelling approach previously developed. Three damage states have been identified through damage 

analysis, and numerical fragility curves have been developed according to two demand parameters: shear 

strength and deflection. The fragility curves are compared against the experimental data presented in 

Chapter 2 through a Kolmogorov-Smirnov test of 5% confidence. Lastly, the numerical fragility curves, first 

derived as a function of multiple random variables, have been compared against viable alternatives for 

developing numerical fragilities that allow reducing the computing time. The outcomes from this fragility 

study provide a basis for a reliability assessment of PPHC slabs. 

Chapter 6 explores the effect of bending moments on the seismic performance of hollow-core flooring. For 

this purpose, a mechanics-based FE modelling approach for the analysis of PPHC slab-to-beam seating 

connections is presented. The development of this analysis tool is discussed alongside the various modelling 

assumptions made. The model has been calibrated against existing test data (Bull & Matthews, 2003) to 

predict the failure of a PPHC slab under negative bending moments. The numerical outcomes allow 

comparison of the moment-drift response, principal tensile stresses, and crack progression during loading. 

The developed modelling approach will allow future studies to exhaustively investigate all aspects of precast 

floor behavior by varying the properties and geometry of the PPHC seating connection. 
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Figure 1-16. Visual representation of the thesis structure and objectives. 
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Finally, in Chapter 7 the key research findings and summary of contributions from each research phase are 

presented. Future research needs are also outlined. Overall, the work presented here is aimed to give the 

reader a new insight into the various aspects that should be considered when undertaking seismic 

assessment of PPHC slabs, with specific consideration of a suitable finite element modelling approach, 

calibration procedure and general considerations that need to be made.  
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ABSTRACT 

Due to the extrusion manufacturing process, hollow-core units in New Zealand do not have transverse shear 

reinforcement. The pre-stressing strands will not be fully developed near the ends of the hollow-core units, 

which significantly affects the shear capacity and makes them prone to transverse and web cracking under 

deformation demands. In addition, initial end slip of the strands caused during cutting of the units in the 

production process may exacerbate this effect. This vulnerability of hollow-core slabs was emphasized during 

the 2016 Kaikōura earthquake, where an estimated 22% of the damaged buildings presented transverse 

cracking to hollow-core units, sometimes accompanied by evident web cracking. The observed damaged, 

produced by earthquake-imposed deformations, highlighted the urgency to advance the understanding of 

the behavior of hollow-core floors.  

Subsequently, an experimental testing programme was initiated to investigate the properties of extruded 

concrete and the shear strength of hollow-core units under different shear span-to-depth or aspect ratios. 

The 200 mm deep specimens were loaded well beyond the peak shear force to study the post-peak behavior 

of the hollow-core units. Additionally, the present study evaluates the effect of initial end slip of the pre-

stressing strands on the pre and post-peak capacity of the units. The results obtained are compared against 

the formulations provided by commonly used design standards such as the New Zealand concrete standard 

NZS3101:2006, the ACI 318-19, as well as the fib Model Code 2010 and the BS EN 1168:2005.  

 

Keywords: hollow-core slab, shear strength, prestressed concrete, precast members, web-shear failure, 

nonlinear behavior 
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2.1 INTRODUCTION 

Precast prestressed hollow-core slabs are commonly used products of the precast industry, finding wide 

applications in building construction. In New Zealand cities, due to a major building boom in the 1980s, many 

of multi-story commercial buildings are of similar concrete construction implementing precast concrete 

floors. Following the 2016 Kaikōura earthquake, post-earthquake inspections found that around 60% of the 

commercial floor area in Wellington falls into this category, and the situation is likely to be similar in other 

New Zealand cities (Henry et al., 2017). 

During the 2016 Kaikōura earthquake, the collapse of double tee floor units in Statistics House (MBIE, 2017) 

together with several other buildings with precast floors damaged beyond economical repair, highlighted the 

vulnerability of relatively modern buildings with precast floors (Cubrinovski et al., 2020). Extensive cracking 

to floor diaphragms was observed, mostly attributed to beam elongations and rotation due to displacement 

incompatibilities (Fenwick et al., 2010).  

Transverse cracking close to the supports of hollow-core units was observed during the 2010/2011 

Canterbury earthquake sequence (Corney et al., 2014). However, it was more predominant during the 

Kaikōura earthquake, in which, an estimated 22% of the damaged buildings presented transverse cracking to 

hollow-core units (Henry et al., 2017). The transverse cracks (Figure 2-1a,b), sometimes accompanied by 

evident web cracking (Figure 2-1a), were observed to develop within 400 mm from the supports. 

Due to the manufacturing process, hollow-core units in New Zealand do not have transverse reinforcement. 

Moreover, the pre-stressing strands will not be fully developed at the end of the units and strand transfer 

length may be affected by poor bond which is indicated by initial strand pull-in. Subsequently, such cracks 

can significantly impact the shear capacity near the ends of the hollow-core units (Fenwick et al., 2010). As 

the investigated hollow-core slabs do not use laps or mechanical couples, the bond between the concrete 

and the pre-stressing strands will consist in the sum of mechanisms acting together to transfer stresses and 

maintain effective pre-stress in a pre-stressed element (Naito et al., 2015). Janney (1954), Fusco (1995) and 

Naito et al., (2015), among others, attribute the bond strength as the sum of four major bonding mechanisms: 

the Hoyer effect, adhesion, mechanical interlock, and surface friction. 

Mechanical interlock is not destroyed after an initial bond slip of the prestressing strands. Hanson & Kaar 

(1959) noted that mechanical interlock can contribute to increased beam strength even after general bond 

slip has occurred. Mechanical interlock is composed by geometric incompatibility, of particular significance 

in seven-wire strands, and by the wedging action of previously adhered broken pieces of concrete (Janney, 

1954). Likewise, after the loss of adhesion, when relative strand-concrete motion occurs, surface friction 

begins to play a part. Frictional resistance functions according to the friction coefficients of the surfaces, 
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profiling on the surface of the reinforcement, shrinkage, and the compressive transverse stress due to 

external loads, mainly close to the supports (Fusco, 1995). 

 

Figure 2-1. Evidence of transverse and web cracking on hollow-core units after the Kaikōura Earthquake, 2016.  

The Kaikōura earthquake highlighted the urgency to advance the understanding of the performance of 

existing buildings with hollow-core floors. While the vulnerability of precast floor construction had been 

studied in past research, engineers lacked reliable assessment procedures and inspection methods that 

would facilitate the detection of damage, the estimation of the residual capacity of the floor, and a rapid 

recovery (Cubrinovski et al., 2020). Subsequently, a research programme named ReCast Floors (Brooke et al., 

2019) was initiated consisting of two streams: in-situ damage (Liu et al., 2020) and lab-based investigations. 

The second stream comprises comprehensive experimental testing of hollow-core floors at the material, 

component, and system levels. Ultimately, experimental results will be used to validate nonlinear numerical 

simulations, permitting investigation of the impact of a wider range of parameters that could practically be 

considered in laboratory testing.  

Previous researchers (Hawkins & Ghosh, 2006; Pajari, 2005) have evaluated the flexural and shear behavior 

of hollow-core slabs under the effect of different variables. The web-shear strength of deep hollow-core units 

has been investigated (El-Sayed et al., 2019; Michelini et al., 2020; Nguyen et al., 2019; Palmer & Schultz, 

2011) and compared against the previsions found in commonly used design standards such as the ACI 318 

(American Concrete Institute, 2019). The height of the unit, the cross-section geometry, the tensile strength 
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of the concrete, the shear span length, and the effective pre-stress, have been identified as the main 

parameters affecting the web-shear capacity of hollow-core units. On the other hand, Araujo et al. (2020) 

conducted an experimental programme to study the shear failure of shallow hollow-core units and analyzed 

the effect of variables such as the transfer length and the pre-stress losses. Additionally, El-Sayed et al. (2019) 

observed that the units with higher initial strand pull-in showed a reduced shear strength, confirming the 

detrimental effect of excessive slip of strands on the web-shear strength of the units.  

Most of past research has focused on the behavior of hollow-core units under gravity loads until flexural or 

shear failure takes place. Less attention has been given to the nonlinear or post-peak behavior of the hollow-

core slabs, which is of high relevance when we consider transversal and diagonal web-cracking provoked by 

earthquake-imposed deformations. In New Zealand, 200 mm deep hollow-core units are the most commonly 

used precast slab in existing buildings (Puranam et al., 2019), nonetheless, there is limited experimental data 

on the shear behavior of locally produced hollow-core units and the properties of extruded concrete. 

The main aim of this study is to experimentally evaluate the shear strength of 200 mm deep units under 

different shear span-to-depth or aspect ratios. The specimens tested have been loaded well beyond the peak 

shear force to study the post-peak behavior of the hollow-core units. Detailed instrumentation has been 

placed to record the deflection along the unit, inward translations at the supports, and slippage of the 

strands. In addition, the effect of the poor bond of the pre-stressing strands due to early cutting of the unit 

after casting the concrete has been tested. The results obtained are compared against the formulations 

provided by commonly used design standards, such as: the New Zealand concrete standard NZS3101:2006 

(NZS3101, 2006), the ACI 318-19, the fib Model Code 2010, and the British Standard EN1168:2005. The 

experimental programme included material characterisation testing of the extruded hollow-core concrete, 

and the mean material properties obtained have been used in the analtical calculations. As part of a broader 

resarch programme, the results from this research will inform future experimental investigations and will be 

key in the calibration of material models and the development of nonlinear finite element models of hollow-

core floor system. 

2.2 EVALUATION OF SHEAR CAPACITY OF HOLLOW-CORE SLABS  

The design equations available in codes allow the shear strength of prestressed hollow-core slabs to be 

estimated as the lesser capacity of the two dominate failure modes, flexure-shear or web-shear. The existing 

code expressions for New Zealand, the United States and the European standards are briefly reviewed here. 

According to the NZS3101:2006, for a member without shear reinforcement, the flexure-shear strength Vci 

at regions cracked due to bending is given by:   



A. I. Sarkis Seismic assessment of PPHC floors  

 

2-6 
 

 
𝑉𝑐𝑖 = 𝑉𝑏 +

𝑉∗𝑀𝑜

𝑀∗
≥ 0.14√𝑓′𝑐𝐴𝑐𝑣 (2-1) 

 𝐴𝑐𝑣 = 𝑑𝑝𝑑𝑤 (2-2) 

where, 

Vb = shear provided by concrete in an equivalent reinforced concrete beam, with units of N 

V*, M* = critical combinations of design shear force and bending moment at the section being considered, 

with units of N and N·m respectively 

Mo = bending moment corresponding to decompression of the extreme tension fibre under the applied load, 

N·m 

f’c = specified compressive strength of concrete, MPa 

Acv = effective shear area, mm2 

𝑑𝑝 = effective depth of the unit, mm 

𝑑𝑤 = effective width of the webs, mm 

In the same way, the American Concrete Institute Standard ACI 318-19 describes the flexure-shear capacity 

as: 

 
𝑉𝑐𝑖 = 0.05𝜆√𝑓′𝑐𝐴𝑐𝑣 + 𝑉𝑑 +

𝑉𝑖𝑀𝑐𝑟𝑒

𝑀𝑚𝑎𝑥
 ≥  0.14𝜆√𝑓′𝑐𝐴𝑐𝑣 (2-3) 

where, 

Vd = shear force at section due to unfactored dead load, N 

Vi = shear force at section due to externally applied loads, N 

Mcre = moment causing flexural cracking due to externally applied loads, N·m 

Mmax = maximum moment due to externally applied loads, N·m 

λ = factor reflecting the reduced mechanical properties of lightweight concrete relative to normal weight 

concrete 

In regions uncracked in flexure, the web-shear strength of concrete limits the shear capacity. The 

NZS3101:2006 recommends the following equation for estimating the tensile shear strength, Vcw, of 

prestressed hollow-core slabs: 
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 𝑉𝑐𝑤 = 0.3 (√𝑓′𝑐 + 𝑓𝑝𝑐 + 𝑓𝑠𝑤) 𝐴𝑐𝑣 (2-4) 

where,  

fsw = self strain stress sustained at the neutral axis, MPa 

fpc = corresponding longitudinal pre-stress at the neutral axis, MPa 

Similarly, according to the ACI 318-19, the web-shear strength of hollow core slabs can be estimated by: 

 𝑉𝑐𝑤 = (0.29𝜆√𝑓′𝑐 + 0.3𝑓𝑝𝑐) 𝐴𝑐𝑣 (2-5) 

Both NZS3101:2006 and ACI 318-19, take the transfer length as 50 diameters for pre-stressing strands. When 

computing the shear capacity, it is assumed that the pre-stress force in the strands increases linearly along 

the transfer length. 

Lastly, the fib Model Code 2010 (Federation internationale du beton, 2013) and the British Standard BS EN 

1168:2005 (BS EN 1168:2005+A3:2011: Precast Concrete Products. Hollow Core Slabs , 2005) present the 

following simplified expression for estimating the design shear resistance 𝑉𝑅𝑑𝑐: 

 
𝑉𝑅𝑑𝑐 = 0.8 

𝐼𝑏𝑤

𝑆
√(𝑓𝑐𝑡𝑑)2 + 𝛽𝛼1𝜎𝑐𝑝𝑓𝑐𝑡𝑑 (2-6) 

where,  

I = second moment of area, mm4 

bw = width of the cross section at the centroidal axis, mm 

S = first moment of area above and about the centroidal axis, mm3 

𝑓𝑐𝑡𝑑 = design value of tensile strength of concrete, MPa 

𝛽 = 0.9, reducing factor referred to transmission length 

𝛼1 = degree of prestressing transmission (𝛼1 ≤ 1.0) 

𝜎𝑐𝑝  = concrete compressive stress at the centroidal axis due to prestressing, in the area where the 

prestressing force is fully introduced, MPa 

2.3 EXPERIMENTAL TESTING OF CONCRETE FROM EXTRUDED PRE-STRESSED SLABS  

The manufacturing process of extruded hollow-core slabs makes use of a dry concrete mix capable of meeting 

specific requirements such as instantaneous ability to maintain the required shape without any formwork, 

and to assure high early strength of the concrete and low rheological strain. The consistency of this dry mix 
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makes it difficult to obtain cylinders to determine the compressive and tensile strength of the extruded 

hollow-core concrete. In past attempts, cylinders obtained were often either honeycombed (Corney et al., 

2018) or over compacted using vibration (Woods, 2008) providing unreliable results for the material 

properties. Furthermore, the presence of thin-walled elements on hollow-core slabs, which at the width of 

their cross-section can include only a few coarse aggregate grains, might cause a significant difference 

between the real strength of concrete and the value given by standards for the corresponding concrete class 

(Flaga et al., 2016).  

The product guidelines, provided by the manufacturer of the hollow-core units used in this programme, 

indicate a nominal design compressive strength of 45 MPa. However, the manufacturer reported an average 

compressive strength at 28 days of 71 MPa, value obtained from the in-situ cylinder tests carried out regularly 

at the production plant in New Zealand. Additionally, as part of this research programme, indirect tensile 

tests, as well as cylinder and non-standard cube compressive tests were undertaken and described below.  

Three cylinders were tested in compression, following the standard C39/C39M (ASTM International, 2021a), 

resulting in a mean compressive strength equal to 50.6 MPa. The cylinders, with a diameter of 100 mm and 

a height of 200 mm (CY100x200), were made with extruded hollow-core concrete and subjected to the same 

curing conditions as the 200 mm hollow-core units tested under shear loads in this experimental programme. 

The tested cylinders presented voids within themselves, meaning that reliable values were unable to be 

determined, especially, considering the reduced number of cylinder samples and the variations in the 

compressive strength of the samples.  

The cross-section dimensions of the 200 mm hollow-core units, did not allow sufficient web height to extract 

a sample of appropriate dimensions for the intended material testing. Therefore, the concrete samples for 

both the indirect tensile tests and non-standard cube compressive tests were sawed from the webs of a 400 

mm deep untested hollow-core unit, instead of taking them from the 200 mm units tested in shear in this 

programme (Figure 2-2). The 400 mm deep units used to extract the samples were manufactured and cured 

under the same conditions than the 200 mm hollow-core units tested and as such, it was deemed reasonable 

to test webs cut from 400 mm deep units to assess the characteristics of concrete for 200 mm deep units.  
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Figure 2-2. Set-up for flexure test of concrete by four-point loading on specimens sawed from 400 mm deep hollow-

core units. Note: 25.4 mm = 1 in.  

The test method adopted covers the determination of the compressive strength of sawed cube specimens of 

non-standard size CU60 (60mm per side) according to C109/C109M (ASTM International, 2020). Likewise, 

the flexural strength of concrete has been estimated using a simple beam with four-point loading in 

accordance with C78/C78M (ASTM International, 2021b) (Figure 2-2). Equal loads are applied at the distance 

of one-third of the span, from both of the beam supports. The specimen, with a cross-section of 60x100 mm 

and a length of 350 mm, was placed so that the tension face corresponds to the top or bottom of the 

specimen as cut from the parent material (Figure 2-2). The load was applied in force control to the specimens 

at a slow constant rate of approximately 23 N/s until the breaking point. A linear variable displacement 

transducer (LVDT) was placed to measure the deflection of the specimen which allowed approximating the 

modulus of elasticity of the concrete.  

The mean value of the modulus of rupture, obtained as the average strength of 24 tensile bending tests, was 

fr = 6.5 MPaplus or minus a standard deviation of 0.7 MPa. Figure 2-3a shows the modulus of rupture 

measured for each specimen and a box plot summarizing the obtained data. A narrow inter-quartile range, 

with 50% of the results ranging between 6.0 and 6.7 MPa, shows congruence in the results. Furthermore, an 

inter-quartile range centered between the plot whiskers indicates that the data-set follows a nearly normal 

distribution.  



A. I. Sarkis Seismic assessment of PPHC floors  

 

2-10 
 

 

Figure 2-3. Scatterplot and boxplot summarizing the test results for: (a) modulus of rupture; (b) cube compressive 

strength. Note: 1 MPa = 145 psi. 

The mean value of the concrete compressive strength, obtained as the average strength of 22 cubes with 60 

mm side, was equal to fc,cube = 81.1 ± 6.2 MPa. In this case, a larger variation can be observed in the inter-

quartile range (Figure 2-3b). Moreover, the inter-quartile range has a negative skew in its distribution, 

towards the top of the plot, confirming an increased variance in the data-set.  

The average compressive strength obtained from the CU60 specimens is then converted into that of an 

equivalent standard cylinder strength, CY150x300 (150mm diameter and 300 mm long). This has been done 

taking into consideration the effect of the size and shape of the specimen (Ospina et al., 2015; Price, 1951). 

A mean compressive strength 𝑓𝑐 = 60.5 𝑀𝑃𝑎 is obtained, indicating a relationship between the compressive 

strength and the modulus of rupture equal to 𝑓𝑟 = 0.84√𝑓′𝑐. 

Past research into the mechanical properties of concrete from extruded slabs in New Zealand reported 

concrete strength values similar to those obtained of sawn specimens (Figure 2-3). Jensen (2007) extracted 

seven 75 mm diameter core samples and sawed six samples for bending tests from the tested hollow-core 

units. The results showed an average compressive strength of 86.0 MPa, and a mean fracture modulus of 7.6 

MPa. This corresponds to an equivalent CY150x300 compressive strength 𝑓𝑐 = 80.5 𝑀𝑃𝑎, which relates to 

the obtained modulus of rupture as 𝑓𝑟 = 0.85√𝑓′𝑐. Similarly, Woods (2008) extracted fourteen core samples 

with a 69.3 mm diameter and an average length of 139 mm, obtaining a mean compressive strength equal 

to 86.2 MPa, from twelve samples, and a mean modulus of rupture of 7.3 MPa, from two tensile splitting 

tests. In this case, the equivalent CY150x300 compressive strength is 𝑓𝑐 = 80.7 𝑀𝑃𝑎 , resulting in the 

following relationship 𝑓𝑟 = 0.81√𝑓′𝑐.  
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2.4 EXPERIMENTAL TESTING OF PRE-CAST PRE-STRESSED HOLLOW-CORE UNITS  

2.4.1 Description of experimental programme  

Seven full-scale tests were conducted in 200 mm deep hollow-core units to obtain their shear capacity. Figure 

2-4 shows the configuration of the untopped hollow-core slab shear test carried out in this experimental 

programme. All specimens were simply supported at their two ends by a bearing system that included steel 

plates and rollers welded to the bottom plate (Figure 2-4). The top plate at the bearing system was allowed 

to rotate at both ends, and the bottom plate was not restrained laterally on the support beam other than by 

friction. A mortar pad using SikaGrout-212 was placed between the steel plate on top of the specimen to 

compensate for unevenness of the surface, and to allow uniform distribution of the load. Furthermore, grout 

was also placed between the surface areas where the soffit of the specimen would sit on the steel plates, to 

evenly transfer load from the hollow-core onto the supports and to prevent sliding of the unit during loading. 

A photography of the test set-up is shown Figure A – 1 (see Appendix A). 

 

Figure 2-4. Three-point bending test set-up for the hollow-core slabs. Note: 25.4 mm = 1 in 

Three 5 m long hollow-core units were used for six of the seven tests performed. It was possible to conduct 

two tests on the same slab by rotating the unit 180 degrees as damage to the unit would occur only along 

the shear span, allowing for enough undamaged length to perform a second test on each specimen. The last 

specimen consisted of an additional unit that was cut early, after only 15.5 hours of curing, compared with 

the other units that were cut about 40 hours after casting. The timing of cutting was representative of the 

practice in New Zealand, and owing to the timing, some units will be more prone to shear failure. As the 

concrete strength at the time of release of the pre-stressing strands was considerably lower for this last unit, 

the strands exhibited an initial pull-in of 3.3 mm on average at the end of the unit that was tested. No 
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conclusive concrete test results were obtained at the time of transfer of pre-stress, as the concrete did not 

develop any significant strength while testing. 

 Each specimen was subjected to a concentrated force applied at a distance equal to the shear span, ‘a’, 

measured from the centre of the north support (see detail in Figure 2-4). The load was applied through a 

1780 kN vertical actuator in displacement control over a spreader beam with a loading rate no larger than 

0.01 mm/s. Shear span varied from 300 to 700 mm, corresponding to an aspect ratio of 1.5 to 3.5 times the 

depth of the unit, respectively, to obtain responses varying from web-shear to flexure-shear failure. The 

hollow-core specimens are designated as 1.5A,B, 2.5A,B and 3.5A,B,C, in which 1.5, 2.5 and 3.5 represent the 

aspect ratio, and A, B and C represent the consecutive tests performed on specimens with the same aspect 

ratio.  

The tests were performed on 200 mm deep hollow-core units fabricated by a local precast company in 

Auckland, New Zealand, using the extrusion method. The cross-section of the units tested is shown in Figure 

2-5. Table 2-1 shows the geometric properties of the specimens, which remained the same across the tests. 

The slabs used seven 12.7 mm diameter pre-stressing strands with an area of 98.6 mm2. All pre-stressing 

strands were seven-wire, low relaxation type with a tensile ultimate capacity of 1860 MPa. Before casting 

the concrete, the strands were stressed to 67% of their ultimate strength, corresponding to a jacking stress 

of 1240 MPa.  

 

Figure 2-5. Cross-section of the PPHC units tested. Note: all dimensions in mm. 

 

 

 

 

 

 

 



A. I. Sarkis Seismic assessment of PPHC floors  

 

2-13 
 

Table 2-1. Geometric and pre-stress properties of the hollow-core specimens.  

Hollow-core section properties Pre-stressing steel 

Cross sectional area, A (mm2) 1.21 x 105 Number of strands, Ns 7 

Unit weight, wt (kg/m) 386 Strands diameter, фps (mm) 12.7 

Total web width, bw  (mm) 232 
Area of pre-stressing steel, Aps 

(mm2) 
690 

Distance from the centroidal axis of 

section to extreme fibre in tension, Yb 

(mm) 

99 Ultimate tensile strength, fpu (MPa) 1860 

Second moment of area, I (mm2) 6.57x108 Modulus of Elasticity, Es (GPa) 195 

Section modulus, Sb (mm3) 6.63x106   

Note: 25.4 mm=1 in; 4.45kN = 1kip; 6.895 kPa = 1psi 

Each specimen was instrumented in order to measure the applied load, displacement profile, inward 

translations at supports, crack widths, and slippage of the pre-stressing strands (Figure 2-6). Actions 

transferred to the spreader beam and to the specimens were monitored using a load cell at the shaft of the 

actuator. Vertical deflections were measured along the unit length using custom-made displacement gauges 

placed on an adjustable aluminium grid along both sides of the unit (see “portal gauges” in Figure 2-6 and 

Figure 2-7). Linear variable displacement transducers (LVDTs) were placed at the end of both supports to 

measure the inward translations in the north-south direction, and at the end of the pre-stressing strands to 

measure the inward slip of the strands during testing. Finally, a grid of displacement gauges was placed on 

the east side of the unit to measure deformations  in different directions across the shear span (Figure 2-7). 

The displacements measured can be compared with the crack patterns observed through basic triangular 

geometry, allowing the crack widths, the diagonal shear crack opening and the elongation at the bottom of 

the PPHC slab (Figure 2-7) to be obtained.  The measurements obtained through this grid of displacements 

gauges have been used to obtain the results reported in Figure 2-15. Appendix A presents photographs of 

the instrumentation placed as well as further details on the instrumentation plan employed.   
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Figure 2-6. Instrumentation arrangement during the tests. 

 

Figure 2-7. Instrumentation layout. 

2.5 TEST RESULTS 

2.5.1 Shear response and failure modes 

Table 2-2 summarizes the main results for each test including shear force, peak deflection, slip of the pre-

stressing strands at failure, and the angle of the compression strut (estimated as the average of the angle 

measured at both faces of the specimen). The slip value has been determined at peak shear force for each 

test and refers to the slip of the strand at the end of unit closest to load application. It can be observed in 
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Table 2-2 that in all tests the slip of the strands can be rounded to zero and, therefore, it can be considered 

negligible up to the moment when the peak shear force is reached.  

The cracking pattern observed at the end of each test has been traced at each face of the PPHC unit, east 

and west, and shown in Figure 2-9. The dominant failure mode observed for specimens 1.5A,B and 2.5A,B 

was web-shear failure. This can be observed in the plots shown inFigure 2-8a,b, where the measured shear 

force increases linearly with the increased applied displacements until reaching the peak shear force, 

followed by a sudden drop in the loading capacity of the slabs. On average, specimens 1.5A,B showed a shear 

capacity of 246.1 kN at 2.2 mm vertical deflection. In the case of specimens 2.5A,B, the shear capacity was 

reduced by 26.6% when compared with the smaller shear span, reaching a peak force of 194.4 kN at 3.4 mm. 

In specimens 3.5A,B, the dominant failure mode observed was flexure-shear failure (Figure 2-8c). Slabs 3.5A 

and 3.5B presented flexural cracking before the peak load, at an average shear force of 179.1 kN at 4.3 mm 

(Figure 2-8c). This was followed by stiffness degradation until reaching the average peak load of 203.7 kN at 

6.8 mm displacement (Figure 2-8c).The failure mechanisms in hollow-core slabs are difficult to characterize, 

as many variables exist close to the supports. For this reason, in the laboratory, failure mechanisms rarely 

appear isolated, and the actual failure would happen due to a combination of different types of failure 

mechanisms (Araujo et al., 2011b). In the case of the tests carried out in this research, the formation of a 

large shear crack was followed by the slip of the strands, nonetheless, the ultimate limit state was still 

considered as either web-shear or flexure-shear.  

Table 2-2. Summary of test results.  

Test 

ID 

Shear span  

Shear span to 

slab depth 

ratio 

Maximum 

shear  

Deflection 

at Vmax 

(mm) 

Failure  mode 
Slip** 

(mm) 

Angle of 

compression 

strut (°) 
a (mm) a/H Vmax (kN) 

1.5A 300 1.5 244.5 2.2 Web-shear 0.125 29.1 

1.5B 300 1.5 247.7 2.2 Web-shear 0.119 30.3 

2.5A 500 2.5 199.1 3.4 Web-shear 0.003 21.2 

2.5B 500 2.5 189.6 3.3 Web-shear 0.032 27.4 

3.5A 700 3.5 203.4 6.5 Flexure-shear 0.001 20.5 

3.5B 700 3.5 203.9 7.1 Flexure-shear 0.018 23.7 

3.5C* 700 3.5 144.8 3.8 Flexure-shear 0.002 34.4 

*    Early-cut specimen with poor bond of strands  
Note: 25.4 mm = 1 in; 4.45 kN = 1 kip.   
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Figure 2-8. Measured shear-displacement compared against the shear strength estimated using different design 

standards. Note: 25.4 mm = 1 in; 4.45 kN = 1kip. 

 

Figure 2-9. Cracking observed in the east and west face of the unit at the end of each test.  

The shear capacity of the hollow-core units tested was computed, following the provisions found in 

NZS3101:2006, ACI 318-19, fib Model Code 2010 and BS EN1168:2005, at a distance from the support equal 

to H/2 or half the depth of the slab. The estimated flexure-shear strength was 272.0 kN and 482.8 kN and the 
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estimated web-shear strength was 101.7 kN and 98.9 kN according to NZS3101:2006 and ACI 318-19, 

respectively. The shear capacity of the slabs is governed by the smaller of these values, which in this case is 

the web-shear strength. Additionally, a shear capacity of 120.0 kN was estimated following the simplified 

expression presented in both the fib Model Code 2010 and the EN1168:2005.  Table 2-3 presents the 

comparison between the experimental results and the shear capacity of the units estimated using the 

different design standards. Some assumptions were made to apply the code expressions and these are 

identified and discussed below.  

Table 2-3. Comparison of experimental and predicted shear strength according to different design standards. 

Test 
ID 

Experimental 
shear force 

Predicted shear capacity Vcw (kN)  Vtest/Vcalculation 

(kN) 
NZS3101:

2006 
ACI 

318-19 

fib 
Model 
Code 
2010 

EN1168:
2005 

NZS3101
:2006 

ACI 
318-19 

fib 
Model 
Code 
2010 

EN1168:
2005 

1.5A 244.5 101.7 98.9 120.0 120.0 2.4 2.47 2.04 2.04 

1.5B 247.7 101.7 98.9 120.0 120.0 2.44 2.5 2.06 2.06 

2.5A 199.1 101.7 98.9 120.0 120.0 1.96 2.01 1.66 1.66 

2.5B 189.6 101.7 98.9 120.0 120.0 1.86 1.92 1.58 1.58 

3.5A 203.4 101.7 98.9 120.0 120.0 2 2.06 1.70 1.70 

3.5B 203.9 101.7 98.9 120.0 120.0 2 2.06 1.70 1.70 

3.5C 144.8 101.7 98.9 120.0 120.0 1.42 1.46 1.21 1.21 

Note: 4.45 kN = 1kip 
    

As the web-shear strength governs the design, shear strengths predicted with the NZS3101:2006 and the ACI 

318-19 are very similar, as the expressions available in the standards differ only slightly. Similarly, the same 

strength was predicted following the Model Code and EN1168 which employ the same simplified expression. 

The actual dimensions of the HC slabs were used to estimate the mean shear strength according to the code 

approaches, as well as the effective pre-stress force considering pre-stress losses. Likewise, it was assumed 

that the pre-stress force in the strands increases linearly along a transfer length equal to 635 mm, 

corresponding to 50 strand diameters. Mean material properties from the material characterization testing 

were used for all calculations. 

The comparisons from Table 2-3  indicate that all standards under-predict the shear strength of the hollow-

core units, providing a conservative estimation of the capacity of the slab under shear loads. The expressions 

found in most design standards have been developed based on nominal concrete properties. The 

NZS3101:2006 and the ACI 318-19 expressions are based on the compressive strength of the concrete, and 
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so, do not allow to use the tensile strength value directly. This may be a main contributor to the over 

conservationism of the design equations, particularly, as the properties of the extruded concrete from 

hollow-core slabs manufactured in New Zealand has proven to have properties very different from normal 

concrete. Further aspects, such as the increased strength due to the contribution of the friction at the 

supports, will also contribute to this difference. Other researchers, such as El-Sayed et al. (2019), also found 

code equations to be conservative for slabs with thicknesses between 200 and 300 mm and noticed a 

decrease of conservationism with the increase of the slab thickness.   

Figure 2-10a shows the variation of the angle of the compression strut with the a/H ratio, or aspect ratio. In 

general, the angle decreases with larger shear spans or a/H ratios. In average, an angle of 29.7°, 24.3° and 

22.1° was measured for specimens 1.5A,B, 2.5A,B and 3.5A,B, respectively. The unit that was cut early, 

specimen 3.5C, presented a larger average compression strut angle of  34.4°. Similarly, Figure 2-10b shows 

how the Vtest/Vcalculation ratio varies with the a/H ratio, for the different design standards considered in this 

study. In all cases, the calculated shear capacity of the units was over-conservative when compared with the 

experimental results and the Vtest/Vcalculation ratio decreased with an increased a/H ratio. The NZS3101:2006 

and the ACI 318-19 proved to be more conservative when compared with the fib Model Code 2010 and the 

BS EN 1168:2005.  

 

Figure 2-10. Influence of the a/H ratio on: (a) the angle of compression strut; and (b) the Vtest/Vcalculation ratio. 

Figure 2-8 shows the shear-displacement curve for each test compared against the code predictions. The 

displacement shown is the average measured by the portal gauges placed below the hollow-core units (Δz,1 

and Δz,2 in Figure 2-7), aligned with the vertical actuator. Tests 1.5A,B and 2.5A,B showed an elastic response 

up to the peak load, followed by a sudden drop of 40-50% of the load. No cracking was observed until the 

peak load, at which time flexural cracking formed simultaneously with web cracking.  
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The behavior differed for tests 3.5A,B in which the dominant failure mode observed was flexure-shear (Figure 

2-8c). In this test, before the peak shear load, flexural cracking was observed outside the shear span, 790 mm 

away from the support, past the applied load. Figure 2-11 shows the shear obtained for specimen 3.5A at 

two locations: H/2 from the support and 790 mm away from the support. After flexural cracking, stiffness 

degradation of the slab was observed, eventually followed by web cracking and a sudden drop of 50-60% of 

the load (Figure 2-9b).  

 

Figure 2-11. Shear strength at H/2 from the support and at the location of flexural cracking for specimen 3.5A and 

related cracking evolution. 

The shear capacity of the hollow-core units was also computed from specimen 3.5A at the location of the 

flexural cracking, about 790 mm away from the support, following the NZS3101:2006 and ACI 318-19 

provisions. In this section, the shear capacity of the hollow-core units is governed by the flexure-shear 

strength, which corresponds to 39.0 kN for both NZS3101:2006 and ACI318-19, as shown in Figure 2-11. In 

this case, the predicted shear capacity is only 2% smaller than the shear at which flexural cracking was 

observed during the test. This margin is considerably smaller compared to the 50-51% difference between 

the observed and predicted shear capacity for web-shear, at H/2 from the support.  
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2.5.2 Inward translation at the supports 

Inward translations at the supports were measured along the longitudinal axis of the units, in the north-south 

direction (Δy,5, Δy,6, Δy,7 and Δy,8 in Figure 2-7). Figure 2-12 shows the measured inward translations at each 

support against the applied vertical displacement, highlighting the displacement at peak load for each test. 

The curves show increasing translations at the beginning of the test ranging from 0.5 to 1.0 mm displacement. 

After this point, the north support, closer to the applied load, shows no significant increment in the 

translation, up until web-splitting takes place in the slab. On the other hand, the south support shows a more 

regular increase in the translation throughout the test, as would be expected of a roller support. Translation 

values in the north support are very small before the peak load is reached, between 0.1 and 0.4 mm, 

indicating that the supports behaved close enough to the pin support idealization.  

As described in Section 2.4.1, the specimen supports consisted of steel rollers welded to the bottom plate, 

which was not restrained laterally other than by friction. The slab was seated on a top plate which was 

allowed to rotate and slide at both supports. Axial compression forces will be developed in the slabs due to 

friction at the supports, which will increase the shear resistance. The steel-to-steel contact between roller 

and top plate will typically have a friction coefficient between 0.2 and 0.4. This will result in an approximate 

friction force, in the support at the far end, between 8 and 16 kN. If we add this contribution in the estimation 

of the shear capacity of the units, the predicted web-shear strength, according to the NZS 3101, will increase 

between 0.15 kN and 0.5 kN. Similarly, following the ACI 318-19 provisions, the additional shear strength due 

to the friction at the supports would be between 0.16 kN and 0.34 kN.  
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Figure 2-12. Inwards translations at the supports, measured in the north-south direction, against the vertical 

deflections in the HC unit at point of loading. Note: 25.4 mm = 1 in.  

2.5.3 Slippage of pre-stressing strands 

In cases where there are high internal action close to the ends of the slab, where flexural cracking occurs, 

bond failure may take place, resulting in strand pull-in as shown in Figure 2-13. When flexural cracking occurs 

within the transfer length, the strands are pulled-in immediately upon the initiation of the flexural cracking, 

which leads to quick drop in shear resistance (Araujo et al., 2011). This situation was observed in tests 1.5A,B 

and 2.5A,B, where flexural cracking was observed within the shear span and occurred simultaneously with 

web cracking, and pull-in of the strands (Figure 2-13a to Figure 2-13d). On the other hand, when the flexural 

cracking starts outside the transfer length, the strands will be pulled-in after additional shear and bending 
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moment has been imposed, when the shear web-cracking occurs, as was the case of tests 3.5A,B (Figure 

2-13e,f).  

After the maximum shear was reached, for all tests, the measured slip of the strands increased at a constant 

rate with increasing displacement. Presumably, after losing the anchorage of the strands, friction between 

the strand and the concrete, as well as mechanical interlock, allowed the slab to withstand increasing 

displacements without significant change in the load, and without completely losing the bond holding the 

slab in place. 

 

Figure 2-13. Comparison between the force-displacement curve and the measured inward slip of the pre-stressing 

strands. Note: 25.4 mm = 1 in; 4.45 kN = 1 kip. 
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2.5.4 Slab deflection and crack opening 

The vertical deflection of the slabs was measured along the unit with a series of displacement gauges (Δz,1 to 

Δz,8 in Figure 2-7). Figure 2-14 shows a comparison of the average deflection profile obtained along the length 

of the unit at peak shear force for the three tested shear spans. Small variation can be observed between the 

1.5 and 2.5 profiles, whereas, for the 3.5 specimens, deflection increased considerably in comparison with 

the other tests.  

 

Figure 2-14. Deflection profile at peak force for all the shear spans. Note: 25.4 mm = 1 in. 

Additionally, a grid of displacement gauges was placed at the east face of the hollow-core units (see Figure 

2-7), across the shear span, to measure crack widths and the elongation at the bottom of the unit as it was 

subjected to vertical deflections. Figure 2-15 shows the average diagonal crack opening and the elongation 

at the bottom of the slab along the transfer length for all tests compared with slip measured in the outermost 

strand (PT 1).  

In tests 1.5A,B and 3.5A,B, the slip of PT 1 and the elongation at the bottom of the transfer length increase 

linearly at the same rate with increasing applied displacements, remaining relatively parallel through the rest 

of the test. In tests 2.5A,B, right after the peak shear force, the slip of PT 1 is smaller than the elongation 

taking place at the bottom of the unit. However, it quickly starts increasing with a higher slope resulting in 

higher slip values.  

Similarly, Figure 2-15 shows the opening of the main diagonal shear crack on each test. The deflection at 

peak load has been emphasized, highlighting the initiation of transverse cracking at the peak shear load for 

each test. It can be observed that for the larger shear spans, 2.5A,B and 3.5A,B, the crack widens at a faster 

rate than for the shorter span.  
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Figure 2-15. Outermost strand slip, elongation at the bottom at the unit and average diagonal crack opening against 

the vertical deflections in the HC unit. Note: 25.4 mm = 1 in; 4.45 kN = 1 kip. 
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2.5.5 Post-peak response 

Across the tests, a similar post-peak behavior was observed in the shear-displacement response (Figure 2-8). 

After the sudden drop in the load, due to the formation of a transverse crack, the shear force stayed at a 

constant residual force value with increasing applied displacement. This residual capacity can be attributed 

to the dowel action of the longitudinal reinforcement and the bond between the pre-stressing strands and 

the concrete due to mechanical interlock and surface friction. Large uncertainty is associated with the extend 

of the contribution of each of these factors to the measured residual strength of the slabs, thus, additional 

research should further investigate the factors affecting the post-peak regime.  

Specimens 1.5A,B showed a residual shear force of 156.9 kN in average, whereas specimens 2.5A,B and 

3.5A,B showed a residual shear force of 90.2 kN and 84.2 kN, respectively. The difference in the angle of the 

compression strut in the shorter shear span, which has a higher vertical component due to the external loads, 

is likely resulting in the higher residual load for tests 1.5A,B. Furthermore, the slope of the slip versus 

displacement curve for tests 1.5A,B is higher (Figure 2-13), which is consistent with these tests showing a 

higher residual shear force. This confirms the influence of the remaining bond between the strand and the 

concrete on the residual capacity of the slabs. It is important to note that in the post-cracking regime the 

friction at the supports may misleadingly appear as an increased pull-out resistance of the strands, affecting 

the post-peak resistance measured in the experiment. The magnitude of the force difference due to this 

effect, and the uncertainty associated to this force difference, has not been estimated in this paper.  

In existing buildings in New Zealand, the seating is typically less than 50 mm (Puranam et al., 2019), hence 

the reaction will be located even closer to the end of the unit. When the reaction is located closer to the end 

of the unit, the transfer length increases and, once the strand slip initiates, the bond transfer due to friction 

will be reduced. It is important to note that in the tests performed in this programme the support reaction is 

150 mm away from the end of the unit and, hence, will act to provide transverse compression stress on the 

strand and likely improve the frictional resistance. Therefore, if the overhang of the slabs was much longer 

than 150 mm, the failure would have probably occurred at higher loads with sliding on the shear cracks. Since 

the friction and mechanical interlock between the strand and the concrete has proven to be the main 

contributor to this residual capacity, further testing is recommended to assess the effect of seating length on 

the residual shear strength and post-peak behavior of hollow-core units under shear and shear-flexure 

actions.  

2.5.6 Investigating the effect of poor bond  

The performance of a prestressed concrete element depends on the bond between the pre-stressing strand 

and the concrete. Poor bond could manifest itself instantaneously through excessive strand pull-in at release 

or by eventual unexpected flexural cracking or premature failure (Naito et al., 2015). Furthermore, with poor 
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bond the transfer length of the strands is longer. While these conditions are clear indicators of deficient pre-

stressed concrete performance, they are not easily used to quantify the actual performance or capacity of 

the compromised element, in this case, hollow-core slabs. For this reason, during this experimental 

programme, a specimen with initial end slip of the strands due to early cut of the unit was tested.  

The failure mode observed in specimen 3.5C was flexure-shear at a maximum shear force of 144.8 kN and a 

corresponding displacement of 3.8 mm (Table 2-2, Figure 2-8c). Compared with the specimens with the same 

shear span, 3.5A,B, it showed a shear capacity 33.8% smaller and a displacement capacity 56.6% smaller, 

confirming the adverse effect of initial poor bond of the strands on the shear strength of the hollow-core 

slabs, and even more so on their displacement capacity. Even if specimen 3.5C showed a reduced shear 

capacity, the NZS3101:2006 and ACI 318-19 design provisions under-predict the shear strength of the slab by 

a factor of 1.42 (Table 2-3).  

Specimen 3.5C showed flexural cracking outside the shear span, just as it was observed for tests 3.5A,B, as 

well as within the shear span. However, it appeared altogether with the transverse cracking, resulting in no 

stiffness degradation on the shear-displacement curve, unlike the other specimens with the same shear span. 

Furthermore, after reaching the peak shear load it presented only a drop of 14% on the shear load to then 

remain at an average constant shear force residual value of 123.2 kN, what is 31.6% higher than for 

specimens 3.5A,B.  

Specimen 3.5C presented an initial end slip of the strands of 3.3 mm on average. Nevertheless, it did not 

show higher inward slip of the strands during loading, when compared with the other tests undertaken 

(Figure 2-13). The inward slip behavior of the strands differed from the other tests in that it did not start 

when the peak shear force was reached, but after the slab had undergone additional displacements.  

2.6 CONCLUSIONS  

Full scale tests of 200 mm deep precast pre-stressed hollow core units manufactured in New Zealand were 

carried out and compared against commonly used design standards. The effect of different shear spans, from 

300 to 700 mm (1.5 to 3.5 aspect ratio), was studied, as well as the post peak behavior of the slabs, and the 

effect of poor bond of the strands due to early cut of the precast units. The main findings of this study can 

be summarized as follows: 

• The test results showed a combination of web-shear failure and flexure-shear failure. The diagonal 

shear cracks in the hollow-core slabs started from the loading point with an average inclination of 

29.7°, 24.3° and 22.1° for the 300, 500 and 700 mm shear spans, respectively. 

• Equations for predicting the shear strength of hollow-core slabs were applied to the tested 

specimens. The simplified equations suggested by the fib Model Code 2010 and the BS EN1168:2006 
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proved to provide the closest approximation. Nonetheless, all considered standards provided over-

conservative predictions.  

• Inward translations of the hollow-core slabs were measured at the supports in the north-south 

direction. Results confirmed that the detailing used in the supports of the test set-up did provide the 

assumed simply supported conditions.  

• In all tests, a post-peak residual capacity was observed, which could be attributed to the dowel 

actions of the longitudinal reinforcement and the bond between the pre-stressing strands and the 

concrete due to mechanical interlock and surface friction.  

• The specimen with poor bond due to early cut of the unit, showed a reduced shear strength, 

confirming the detrimental effect of higher initial end slip of strands on the shear strength of hollow-

core units.  

• In most building applications the seating of the hollow-core slabs will be 50 mm or less, whereas the 

units tested had an overhang of 150 mm at the support closer to the applied load. This increased 

overhang will act to provide transverse compression stress on the strand and likely improve the 

frictional resistance. It is recommended that future research efforts aim for more realistic support 

conditions.  
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ABSTRACT  

A detailed nonlinear finite element (FE) modelling approach is proposed to represent the behavior of precast 

pre-stressed hollow-core (PPHC) slabs under vertical loading until shear failure. Comparisons of the numerical 

predictions with experimental results show that the proposed model is capable of capturing the shear failure 

mechanism and related shear capacity of PPHC slabs with different shear spans. In addition, a detailed 

sensitivity study is conducted to determine the relative significance of each parameter in the strength and 

deformation capacity predictions made using the developed FE model of PPHC slabs. It is observed that the 

modulus of rupture and the crack bandwidth of the concrete and the cross-sectional size of the solid mesh 

element are the most important variables to be considered in reliability studies. In particular, for shorter 

shear spans, the modulus of rupture of the concrete played a dominant role in estimating the strength and 

deformation capacity of the PPHC slabs.  

 

Keywords: finite element analysis, hollow core slab, shear strength, prestressed concrete, precast members, 

fracture mechanics 
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3.1 INTRODUCTION  

Precast pre-stressed hollow-core (PPHC) flooring is used extensively around the world in multi-storey 

buildings, as they are economic, have good acoustic and thermal properties and provide coverage over long 

spans. Even if PPHC slabs show the same efficiency as other pre-stressed members in terms of vertical load 

carrying capacity, span range and deflection control, when considering bending behavior, they are inherently 

vulnerable to brittle failure due to shear stresses. PPHC slabs are typically reinforced only by straight pre-

stressing strands, as the extrusion manufacturing method is not suitable for the use of transverse shear 

reinforcement. As a result, despite the widespread use of these products, there are still some concerns 

regarding their applications. 

In New Zealand, due to a significant construction boom in the 1980s, many of the larger buildings in the 

commercial building district of Wellington are of similar vintage and generally of similar concrete 

construction with precast floors (Cubrinovski et al., 2020). During the 2016 Kaikōura earthquake, the damage 

sensitivity of this type of building was highlighted with damage such as the collapse of precast floor units in 

Statistics House (MBIE, 2017) and damage to PPHC floors in another fourteen buildings to the extent that it 

posed possible local collapse risk. Furthermore, many of these buildings with precast floors had hidden 

damage, such as transverse and web-cracking, only identified through disruptive post-earthquake 

assessments (Cubrinovski et al., 2020).  

Damage to PPHC slabs due to shear typically takes the form of transverse and diagonal web cracking, and, in 

many cases, may be accompanied by flexural cracking. The same damage patterns coincide with the damage 

observations following past earthquakes in New Zealand (Cubrinovski et al., 2020; Henry et al., 2017), and 

the damage observations during recent large scale testing at the University of Canterbury (Brooke et al., 

2019; Bueker et al., 2021). Past research has comprehensively studied the damage to PPHC slabs due to shear 

stresses as part of investigations into the behavior of these slabs under gravity loads (Brunesi & Nascimbene, 

2015; Hawkins & Ghosh, 2006; Michelini et al., 2020; Nguyen et al., 2019; Pajari, 2005; Pisanty, 1992). 

However, the same degree of research has not been completed into the seismic performance of the slabs 

and the damage induced due to the imposed deformation demands.  

Damage assessment of PPHC slabs due to shear generally relies on design approaches included in standard 

codes which are based on determining the shear strength of the slabs and comparing this with the shear 

force demand. However, these approaches provide little information about the deformation capacity of the 

PPHC slabs when subjected to displacement demands during an earthquake. Particularly, knowing that in 

many cases earthquake-induced web-cracking will not be visible (Cubrinovski et al., 2020), there is a need for 

assessment methodologies that allow designers to estimate the deformation capacity of the PPHC slabs as 

well as the shear strength capacity.  
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Several previous studies have provided numerical predictions of the shear and bending behavior of PPHC 

slabs at ultimate conditions based on finite element (FE) approaches, calibrated to experimental test results 

(Brunesi et al., 2015; Brunesi & Nascimbene, 2015; Michelini et al., 2020; Nguyen et al., 2019; Pachalla & 

Prakash, 2018). In most cases, researchers underlined the inadequacy of analytical formulations adopted in 

the design of different slab types. The best means of assessing the shear strength of PPHC slabs remains an 

open issue, highlighting the uncertainty of this important characteristic (Araujo et al., 2011; Michelini et al., 

2020; Pajari, 2005), which still remains the only design parameter that has found its way into design codes.  

The work presented herein aims to build on previous findings to further advance our understanding of the 

shear strength capacity of PPHC slabs and to present the deformation capacity as an alternative to assess 

their structural performance. The main objective of this paper is to propose a finite element modelling 

approach that can be used in the framework of nonlinear analysis to reproduce and predict different cracking 

mechanisms for PPHC slabs. The focus is on 200 mm deep PPHC slabs, which are the most commonly used 

precast flooring element in New Zealand (Puranam et al., 2019).  

This research was structured in three phases. First, a numerical procedure based on nonlinear fracture 

mechanics is developed to model the behavior of PPHC slabs under vertical loading until shear failure. Next, 

the paper presents details of a comprehensive deterministic sensitivity analysis conducted to identify the 

extent by which uncertainties in the major modelling parameters may alter the strength and deformation 

predictions. The finite element model is then validated against experimental data and results are shown on 

the analysis of PPHC slabs with web-shear and flexure-shear failure mechanisms. Finally, critical modelling 

recommendations are presented which may facilitate the accurate estimation of shear and deformation 

demands on PPHC elements and help inform nonlinear analysis approaches for precast flooring systems.  

3.2 FINITE ELEMENT MODELLING APPROACH 

3.2.1 Proposed numerical approach 

A detailed finite element modelling approach has been developed to explore the complex failure mechanisms 

of PPHC slabs. Numerical analyses were performed using the software Midas FEA (MIDAS Information 

Technology, 2016), which allows consideration of both mechanical and geometrical non-linearity. The PPHC 

slabs were modelled as simply supported members and monolithically loaded until failure by imposed 

vertical displacements at different distances from the edge support, expressed as a function of the slab depth 

as 1.5H, 2.5H, and 3.5H. The cross-section and mean material properties were adopted from a 200 mm deep 

unit typically used in New Zealand buildings.  

A solid three-dimensional model was created, modelling the concrete via six-node brick elements. The 

creation of the mesh for the PPHC complex geometry required the following steps: (i) construction of the 
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geometry of the cross-section of the slab in the 2D plane x/z; (ii) discretization of the cross-section into three-

node plane mesh elements; and (iii) extrusion of the two-dimensional mesh along the length of the PPHC 

slab (in the y-direction). An example of the resulting concrete element mesh in the transverse and 

longitudinal directions is shown in Figure 3-1. An alternative to this was to adopt eight-node brick elements, 

which result from extruding four-node plane mesh elements. Due to the complex cross-section of the PPHC 

units, four-node plane mesh elements result in elements that differ greatly in area. For this reason, in the 

present study, three-node plane mesh elements were adopted, which resulted in plane elements with more 

consistent geometry. 

 

Figure 3-1. Example of detailed solid finite element models developed: specimen 2.5H. 

The pre-stressing strands are represented as embedded elements using a truss-like formulation. Each strand 

has been discretized so that the mesh is refined in the slab end regions to allow a more gradual development 

of pre-stressing. The strand stress is represented as an equivalent parabolic pre-stress distribution, according 

to the work presented by Yang (1994), where the strand stress is postulated to be zero at the free ends of 

the slabs and to achieve the full effective stress at the end of the transfer length of the strands. The final pre-

stressing, after losses, has been inserted into the model with a parabolic distribution. The pre-stress has been 

input before any other additional loads were applied, through the use of loading stages, to ensure that the 

pre-stress is fully developed before the slab in loaded under vertical displacements.  



A. I. Sarkis Seismic assessment of PPHC floors  

 

3-6 
 

The final pre-stressing as well as the corresponding transfer length to be used in the finite element model 

have been calculated according to NZS3101:2006 (NZS3101, 2006). The classical Von Mises yielding criterion 

with strain hardening was used for the pre-stressed steel strands. Alternatively, the strands-concrete 

interaction can be represented using interface elements at the strand-concrete interface. Nonetheless, the 

addition of interface elements would increase unnecessarily increase the complexity of the FE model, as such 

interaction is captured by the pre-stress distribution implemented. For this reason, no interface elements 

were introduced to represent the strand-concrete interaction since it is implicitly captured by the equivalent 

parabolic pre-stress distribution.  

The smeared crack model assumes that locally generated cracks are evenly distributed over a wide surface. 

In this work, the total strain crack model, classified under the smeared crack model and developed along the 

lines of the modified compression field theory, has been adopted to model the nonlinear behavior of 

concrete (Selby & Vecchio, 1993; Vecchio & Collins, 1986). The main feature of the total strain crack model, 

developed on the basis of fracture mechanic concepts, is the possibility to realistically describe the 

progressive development of multi-axial cracking in the structural element, by taking into account several 

post-cracking phenomena.  

The smeared crack model can be classified into orthogonal and non-orthogonal crack models depending on 

the assumption of angles of crack development. Since the software Midas FEA only considers the cases of 

perpendicular crack angles, the smeared crack model can be classified as an orthogonal crack model. 

Furthermore, a rotating total strain model was selected, meaning that the directions of the cracks are 

assumed to continuously rotate depending on the changes in the axes of the principal strains. The algorithm 

for the rotating crack model is relatively simple, allowing for reductions in the computation time, as its 

convergence is unrelated to the previous cracking conditions.  

The total strain crack model algorithm requires definition of uniaxial compressive and tensile constitutive 

material behavior of the concrete. The uniaxial compressive behavior of concrete is defined for both pre and 

post-peak stresses by adopting the Thorenfeldt (1987) model. The tensile behavior of concrete up to peak 

tensile stress is assumed linear elastic and obtained as the peak tensile stress divided by the modulus of 

elasticity. The post-peak tensile behavior of concrete is defined using the stress-crack opening relation from 

Hordijk (1992). Past studies (Hillerborg, 1989; van Mier, 1986) have shown that the post-peak tensile 

behavior of concrete is mesh sensitive. For this reason, the tensile behavior of concrete has been defined via 

a stress-crack opening relation to avoid unreasonable mesh sensitivity. 

The confinement effect on the concrete has been neglected, while full shear retention and the lateral crack 

effect (Vecchio & Collins, 1993) are potentially accounted for. The inward slippage, caused when the strands 

are tensioned and released, has been considered in the model, as well as the tension losses at the end of the 
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strands in the vicinity of the anchorages. The length of this slippage has been estimated in accordance with 

the work presented by Brooks et al. (1988). Furthermore, the Newton-Raphson iteration scheme has been 

adopted with an energy normalized convergence criterion.  

3.2.2 Major uncertainties 

The proposed finite element modelling approach has been developed for the prediction of the strength and 

deformation capacity of PPHC units, as well as the damage pattern of PPHC units that fail under shear-flexure 

or web-shear. The reliability of the prediction depends on the modelling assumptions made and the diverse 

user-defined input variables selected.  

While developing the finite element modelling approach, the parameters selected to define the behavior of 

the extruded concrete and pre-stressing strands were identified as the key sources of uncertainty. The shear 

response of PPHC slabs will depend highly on the tensile behavior of the concrete. The post-peak decay curve 

of the tensile behavior of the concrete, based on the model proposed by Hordijk (1992) , is a function of the 

modulus of rupture, the fracture energy, and the crack bandwidth of the concrete. In literature and design 

standards, expressions can be found to estimate these input parameters from other concrete properties, 

such as the compressive strength of the concrete and the maximum aggregate size. However, it is known 

that mechanical properties of concrete thin-walled sections are different from those specified on standard 

cubic samples (Flaga et al., 2016), and large differences may exist for the concrete tensile and compressive 

strength, which are important when determining the actual resistance of the element. 

In addition, it is widely accepted in the design approaches found in commonly used design standards that a 

higher level of pre-stressing force results in a higher shear capacity. Yet, Yang (1994) indicated that this was 

not necessarily true, and this was later confirmed by many other researchers, such as Brunesi et al. (2015) 

and Nguyen et al. (2019). The pre-stressing levels will depend on the pre-stress distribution, the transfer 

length of the strands and the pre-stress losses, and studying these properties will help to get a better 

understanding of their influence on the strength and deformation capacity of PPHC slabs.   

3.3 EXPERIMENTAL TEST DATA 

The numerical modelling approach is developed with reference to a total of six full-scale tests undertaken 

and described by (Sarkis et al., 2022). In each case, a PPHC slab with depth H = 200 mm, whose cross-section 

is reported on Figure 3-2, was tested. All specimens were manufactured using the extrusion method by a 

local precast company in Auckland, New Zealand.  
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Figure 3-2. Conceptual experimental test set-up 

The shear tests were performed on specimens simply supported at both ends, with a total length of 5 m and 

a clear length of 4 m. Linear variable displacement transducers (LVDTs) were placed at the end of both 

supports to measure the inward translations (see Figure A-4, Appendix A). Results indicated that the supports 

behaviour was close to the pin support idealization (Sarkis et al., 2022). 

The specimens were subjected to a concentrated load applied by means of one actuator connected to a rigid 

transverse steel beam, as shown in Figure 3-2. The actuator was displacement controlled with force 

measured via a load cell attached to the actuator. For different tests, six in total, the concentrated load was 

applied at three different shear spans or distances ‘a’ from the support: 300, 500 and 700 mm. This 

corresponds to an aspect ratio a/H equal to 1.5, 2.5 and 3.5, respectively. Each specimen was instrumented 

to measure the applied load, deflection profile, inward translations at the supports, crack widths and slippage 

of the strands.  

The PPHC slabs tested were reinforced, or pre-stressed, with seven seven-wire, low relaxation pre-stressing 

strands. All strands had a nominal diameter φps = 12.7 mm, a nominal area Aps = 98.6 mm2, and were stressed 

to 67% of their ultimate strength, corresponding to a jacking stress of 1240 MPa.  

The concrete compressive strength and modulus of rupture were determined on prism specimens sawed 

from the central webs of PPHC units (Sarkis et al., 2022). The mean value of concrete compressive strength, 

obtained as the average strength of 22 cubes with 60 mm sides, was fc,cube = 81 ± 6.2 MPa. A mean modulus 

of rupture fr = 6.5 ± 0.7 MPa was obtained as the average from 24 three-point bending tests with dimensions 

60x150x350 mm. It is important to highlight that the product guidelines, provided by the manufacturer of 

the hollow-core units used in this programme, indicate a nominal design compressive strength of 45 MPa. 
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The much higher compressive strength values obtained from testing were expected and are considered 

typical for PPHC slabs owing to the construction process and mix designs typically adopted. 

Table 3-1 summarizes the results for each shear test, including the peak shear force, the deflection at 

maximum shear and the observed failure mode. Vertical deflections were measured at five points along the 

unit length using custom-made displacement gauges placed on an adjustable aluminium grid below the slab. 

The deflection at maximum shear has been measured at the bottom of the slab, under the applied load.  Each 

test has been identified by its corresponding aspect ratio a/H and the letters A and B indicating different tests 

with the same shear span. The dominant failure mode observed for specimens 1.5H-A,B and 2.5H-A,B was 

web-shear failure. On average, specimens 1.5A,B showed a shear capacity of 246 kN at 2.2 mm vertical 

deflection. In the case of specimens 2.5A,B, the shear capacity was reduced by 26.6% when compared with 

the smaller shear span, reaching a peak force of 194 kN at 3.4 mm. In specimens 3.5H-A,B, the dominant 

failure mode observed was flexure-shear failure, at an average peak shear force of 204 kN at 6.8 mm 

displacement.  

Table 3-1. Summary of experimental test results (adapted from Sarkis et al.  (2022)) 

Test ID 
Slab depth 

Shear 
span    

Maximum 
shear  

Deflection at 
Vmax  

Failure  mode 
H (mm) a (mm) a/H  Vmax (kN) ∆Vmax (mm) 

1.5H-A 200 300 1.5 245 2.2 Web-shear 

1.5H-B 200 300 1.5 248 2.2 Web-shear 

2.5H-A 200 500 2.5 199 3.4 Web-shear 

2.5H-B 200 500 2.5 190 3.3 Web-shear 

3.5H-A 200 700 3.5 203 6.5 Flexure-shear 

3.5H-B 200 700 3.5 204 7.1 Flexure-shear 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Variability in strength and deformation predictions 

Evaluation of the strength and deformation of PPHC slabs includes various uncertain input parameters. 

Parameter uncertainty causes uncertainty of the response upon which the damage analysis is based. For this 

reason, a deterministic sensitivity analysis is performed to determine the relative significance of each 

uncertain variable in the strength and deformation predictions made using the developed finite element 

model of PPHC slabs. 

In the sensitivity analysis, the output variable – be this strength or deformation – is assumed to be a known 

deterministic function of a set of input variables, developed using the finite element model proposed. For 
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each input variable, two extreme values corresponding to predefined upper and lower bounds of its 

probability distributions are selected. Then, for each input variable, the finite element model is evaluated 

twice, using the two extreme values of the selected input variable while the other input variables are set to 

their best estimates, such as their mean value.  

The following section describes the properties of the input variables selected in the present study. The data 

is based on published literature and design standards for the most part, and engineering judgement when 

data was not available in the literature. The selected uncertain variables can be grouped into three main 

features of the finite element model: the size of the solid element mesh, the material properties and the 

modelling approach. The geometry from the units tested, described in Section 3.3, was employed to conduct 

the model sensitivity study, as well as the test set-up and the shear spans equal to 300 and 700 mm were 

selected for this study with the aim of capturing the variability in the strength and deformation predictions 

given failure mechanisms ranging from a more brittle failure web-shear failure to a flexure-shear failure. 

Selected uncertain variables  

Mesh size 

The effect of the mesh size on the variability of finite element model predictions has been investigated. 

Technically, the concrete mesh size should not be smaller than the strand diameter of 12.7 mm (Nguyen et 

al., 2019). Also, the mesh size should not be larger than the web thickness, of 60 mm. Following these 

restrictions, for the three-node elements in the plane x/z three mesh sizes were selected for evaluation: 15, 

25 and 35 mm. In the longitudinal or extruding direction, y, three mesh sizes were selected as well: 30, 40 

and 50 mm.  

Material properties 

To examine the effect of the concrete definition on the shear strength and deformation capacity of the PPHC 

slabs, the compressive strength, the modulus of rupture, the fracture energy and the crack bandwidth were 

identified as uncertain input parameters. To determine the values of the input variables a normal distribution 

was plotted from the data obtained from the compressive and indirect tensile tests described by (Sarkis et 

al., 2022) and summarized in Section 3.3 (Figure 3-3). A test was carried out on the experimental data to 

verify the normality of the data. Figure 3-3 shows a comparison between the original values and those 

estimated assuming a perfectly normal distribution, using the Z-values. In both cases, it is considered that 

the distribution can be assumed to be normal, and that the skewness of the distribution is not significant.  
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Figure 3-3. Normal distribution, scatterplot and Z-value for normality test for: (a) modulus of rupture; (b) cube 

compressive strength. 

Consequently, the input values for the compressive strength and modulus of rupture have been defined as 

the mean value, and the upper and lower bound as the mean ± 2σ. As a result, the model has been evaluated 

for a compressive strength equal to 66.6 and 95.4 MPa and a modulus of rupture of 4.6 and 8.4 MPa (see 

Table 3-2).   

Table 3-2. Parameters used in deterministic sensitivity analysis 

Parameters Best estimate or mean value Lower bound Upper bound 

Compressive strength, fc (MPa) 81 66.6 95.4 

Modulus of rupture, fr (MPa) 6.5 4.6 8.4 

Tensile fracture energy, Gf (N/mm) 0.16 0.15 0.17 

Crack bandwidth, h (mm) 25 15 35 

Pre-stress losses 12% 5% 15% 

Transfer length strands (mm) 635 508 762 

Cross-sectional size (mm) 25 15 35 

Extrusion size (mm) 40 30 50 
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The tensile fracture energy, Gf, was estimated using the lower and upper bound values of the compressive 

strength, fc. The following expression from the fib Model Code (Federation internationale du beton, 2013) 

was adopted for this, which has been defined for normal weight concrete, in absence of experimental data: 

𝐺𝑓 = 73𝑓𝑐
0.18 

The crack bandwidth, h, best estimate value was selected as 2.1dagg = 25 mm, according to (Malvar & Fourney, 

1990), where dagg is the diameter of the maximum aggregate size. Another way to estimate h according to 

(DIANA FEA, 2017) is by calculating the cubic root of the volume V of one solid element of the three-

dimensional concrete mesh, ℎ =  √𝑉
3

. This criterion has been used to estimate the upper and lower bounds 

according to the maximum and minimum mesh sizes selected, h = 15 mm and h = 35m mm (Table 3-2).  

In the case of the pre-stressing strands, the pre-stress distribution, the transfer length and the pre-stress 

losses were identified as uncertain input parameters. Two pre-stress distributions were imposed along the 

strands to represent the concrete-strand interaction: a simplified linear expression and a parabolic 

distribution proposed by Yang (1994) and experimentally validated by Shahawy et al. (1992).  

The transfer length was deterministically estimated as 50db, where db corresponds to the strand diameter, 

according to NZS3101:2006. The upper and lower bounds, 40db and 60db, were selected such that their value 

differs from the best estimate value by the same quantity. Similarly, two values of pre-stress losses were 

adopted as upper and lower bounds, 5% and 15%, according to the recommendations made by Pajari (2005). 

3.4.2 Modelling approach 

Depending on the reference crack axes, the software Midas FEA provides two methods when using the total 

strain crack model: the fixed crack model and the rotating crack model. The fixed model assumes that once 

the axes of the cracks are first defined, these remain unchanged. On the contrary, the rotating model is a 

method in which the directions of the cracks are assumed to continuously rotate depending on the changes 

in the axes of principal strains. For this analysis, both methods were adopted to test the sensitivity of the 

model’s convergence and results to the selected method.  

The tensile behavior model implemented in the total strain crack model can be defined through different 

constitutive models. These tensile behavior models can be divided into two groups, based on whether the 

tensile behavior has a direct effect on the fracture energy or not. In this study, three models based on the 

softening function are considered: linear softening curve, exponential softening curve, and the nonlinear 

softening curve suggested by Hordijk (1992). These models are related to the crack bandwidth and their 

softening function is based on the fracture energy. Additionally, the brittle model has been considered, in 

which the tensile behavior is unrelated to the fracture energy.  
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3.4.3 Sensitivity analysis results 

The results of the sensitivity studies for the two shear spans a = 300 and a = 700 mm, related to the mesh 

size and material properties’ variables, are summarized in Figure 3-4 and Table 3-3. It should be noted that 

the sensitivity analysis results presented below do not reflect possible correlations among uncertain variables. 

However, the results permit several valuable observations to be made. The results were obtained by varying 

one single parameter at a time, while all other variables were set to their best estimate or mean value (see 

Table 3-2). 

 

Figure 3-4. Deterministic sensitivity analysis results for strength and deformation variation.  
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Table 3-3. Summary of sensitivity analysis results  

Parameters 
Difference between 
min & max values 

modelled 

Resulting variation in predictions 

1.5H model 3.5H model 

Shear 
Force 

Displacement 
Shear 
Force 

Displacement 

Compressive strength, fc 

(MPa) 
35.6% 0.2% 0.0% 2.9% 2.8% 

Modulus of rupture, fr 
(MPa) 

58.5% 41.5% 64.5% 10.9% 11.8% 

Tensile fracture energy, 
Gf (N/mm) 

12.5% 1.0% 2.7% 6.5% 6.4% 

Crack bandwidth, h (mm) 80.0% 6.1% 20.4% 32.5% 30.8% 

Pre-stress losses 100.0% 1.3% 9.4% 6.8% 0.5% 

Transfer length strands 
(mm) 

40.0% 3.3% 11.4% 4.2% 4.5% 

Cross-sectional mesh size 
(mm) 

80.0% 7.7% 1.7% 23.1% 33.2% 

Extrusion mesh size (mm) 28.6% 3.6% 6.1% 0.9% 0.4% 

 

The following remarks summarize the observations and implications of the obtained results on the strength 

capacity predictions for PPHC slabs: 

1. For the shear span a = 300 mm, the uncertainty in the shear strength is more sensitive to the uncertainty 

in the modulus of rupture of the concrete. The percent difference between the selected upper and lower 

bound for the modulus of rupture is 59.9%, which translates into a difference of 41.5% among the 

corresponding shear strength predictions. Changes in the other variables have a much smaller effect on 

the slab’s strength. Among the other variables, the cross-sectional mesh size and the crack bandwidth 

have a larger influence on the results, with the shear strength predictions differing in 7.7% and 6.1%, 

respectively.   

2. For the shear span a = 700 mm, the uncertainty in the strength is more sensitive to the uncertainty in the 

crack bandwidth of the concrete and the cross-sectional mesh size. The percent difference between the 

selected upper and lower bound values for both variables is 80.0%, which turns into a difference of 32.5% 

and 23.1% among the corresponding shear strength predictions, for the crack bandwidth and the cross-

sectional mesh size, respectively. Changes in the other variables have a much smaller effect on the slab’s 

strength, among those, the modulus of rupture of the concrete shows to be the most significant one with 

a difference among shear strength predictions of 10.9%.  
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The deformation capacity of the slabs is defined as displacement at which the peak shear strength is reached 

and the shear failure takes place. The following remarks summarize the observations and implications of the 

obtained results on the deformation capacity predictions for PPHC slabs: 

1. For the shear span a = 300 mm, the uncertainty in the deformation capacity prediction is more sensitive 

to the uncertainty on the modulus of rupture of the concrete than to any other parameter, with a 

difference in the deformation prediction of 64.5%. Changes in the other variables have a much smaller 

effect on the slab deformation, with the crack bandwidth and the transfer length of the strands being 

the most significant among those. The difference between deformation predictions is 20.4% and 11.4% 

for the crack bandwidth and the transfer length, respectively.  

2. For the shear span a = 700 mm, as was the case with the deformation prediction, the uncertainty in the 

strength is more sensitive to the uncertainty in the crack bandwidth of the concrete and the cross-

sectional mesh size. In this case, the difference between deformation predictions is 30.8% and 33.2% for 

the crack bandwidth and the cross-sectional mesh size, respectively. Changes in the other variables have 

a much smaller effect on the slab’s deformation capacity, with the modulus of rupture and the tensile 

fracture energy being the most significant among those, showing a difference among the deformation 

predictions of 11.8% and 6.4%, respectively. 

The use of lower and upper bound values for the compressive strength of the concrete has a negligible effect 

on the strength and deformation predictions of the PPHC slabs. This latter observation states that for a 

successful analysis of PPHC slabs, uncertainty in this parameter does not have a detrimental effect on the 

deformation and strength capacity. Similarly, the mesh extrusion size was found to have a minimal effect on 

the strength and deformation predictions, particularly when compared with the cross-sectional size of the 

mesh. Setting lower and upper bounds for the modulus of rupture, the crack bandwidth, and the cross-

sectional mesh size, were found to have the most significant influence on the model predictions for both 

considered shear spans.  

The deflection profile of the PPHC slabs has been obtained for the different mesh sizes selected for this study. 

The FE analyses have been performed with the best estimate values of the input parameters. Figure 3-5 

shows the numerically predicted deflection profiles compared against the experimentally measured 

deflection profile for both shear spans considered. For the shear span a = 300 mm, the comparison in Figure 

3-5a confirms that the mesh size, both in the x/z and y dimensions, has a trivial effect on the deflection 

predictions. In contrast, for the shear span a = 700 mm, the model deflection predictions have shown to be 

more sensitive to the mesh size. It can be seen in Figure 3-5b that increasing the mesh size in the transverse 

dimension, x/z, provides smaller deflection values when compared to the experimental results. In the case 

of the extruding direction y, the larger mesh size, y = 50 mm, provides a smaller deflection estimate when 

compared with the estimations with y = 30 and y = 40 mm. These results indicate that model predictions are 
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more sensitive to the selected mesh size for larger shear spans, and therefore, for structural responses closer 

to flexural bending rather than to web-shear.   

 

Figure 3-5. Comparison of deflection profile obtained through different mesh sizes, compared against the experimental 

observations 

Figure 3-6 presents the results obtained by studying the sensitivity of the proposed model to the adopted 

uniaxial tensile constitutive law and its input parameters. In the modelling approach described in Section 

3.2.1, the model proposed by Hordijk (1992) has been selected to describe the tensile nonlinear behavior of 

the extruded concrete. Figure 3-6a, Figure 3-6b, and Figure 3-6c show the effect on the tensile model of 

varying the input value for the modulus of rupture, the fracture energy and the crack bandwidth. Since the 

tensile behavior up to peak tensile stress is assumed to be linear elastic, varying the value of the modulus of 

rupture affects mainly the peak stress value attained (Figure 3-6a). On the contrary, the post-peak tensile 

behavior of the concrete is also controlled by the values of the fracture energy, and the crack bandwidth. The 

modulus of rupture impacts not only the strength, but also the post-peak behavior. As shown in Figure 3-6a, 

with the same fracture energy and crack bandwidth, if the strength is increased, a more brittle behavior is 

obtained.  

The uncertainty in the fracture energy of the concrete appears to have a minimal effect on the softening 

decay curve of the tensile model (Figure 3-6b). The fracture energy has been estimated using the lower and 
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upper bound values of the compressive strength and resulted in small variability among the upper and lower 

bond values of the fracture energy what may have affected the impact of this parameter on the analysis 

results. 

The uncertainty in the crack bandwidth value appears to have a larger influence on the post-peak tensile 

behavior of the concrete, as shown in Figure 3-6c. The cack bandwidth has a non-negligible impact as it 

influences the stability of the analysis. This is consistent with the results previously shown in Figure 3-4 where 

smaller crack bandwidth values provided larger strength predictions and smaller deflection predictions for 

both considered shear spans, while the fracture energy upper and lower bounds had a less significant 

influence on the FE model predictions.  

 

Figure 3-6. Tensile behavior or concrete under different parameters 

Figure 3-6d shows the results obtained by evaluating different tensile constitutive models with the same 

values of modulus of rupture, fracture energy and crack bandwidth. The Hordijk (1992) and exponential 

models show a similar decay curve in the stress-strain plot for the tensile behavior. In terms of the capacity 

of the PPHC slabs, when compared with the Hordijk model, the exponential model predicted 1.9% and 8.9% 

more strength capacity, and 4.4% and 12.4% more deformation capacity, for the 300 mm and 700 mm shear 

spans, respectively.  

The linear model shows a more rapid decay than the Hordijk or exponential models (Figure 3-6d), but 

maintaining the same area underneath the decay curve. The linear model is in close agreement with the 

Hordijk model for the 700 mm shear span, with a difference of 2.5% in the shear strength and 2.0% in the 
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deformation predictions. The impact of the decay model was slightly more significant for the 300 mm shear 

span, with a difference with the Hordijk model results of 11.7% in strength and 14.4% in deformation capacity.  

The brittle model function, which does not depend on the fracture energy of the concrete, led to a sudden 

drop after the maximum stress value is reached (Figure 3-6d). In terms of shear strength, the brittle model 

predicted practically the same shear strength for the 300 mm shear span, with a percentage difference with 

the Hordijk model of only 0.4%. This agrees with the experimental observations, as the specimens with 300 

mm shear span, 1.5H-A and 1.5H-B, presented a brittle web-shear failure during the test. On the other hand, 

for the 700 mm shear span, which presented a flexure-shear failure, the brittle model under-predicted the 

shear strength by 75.9%, compared with the Hordijk model. Therefore, this model is deemed unsuitable for 

modelling flexural cracking mechanisms associated with larger shear spans.  

Finally, two methods have been evaluated when using the total strain crack model; the fixed crack model 

and the rotating crack model. For the shear span a = 300 mm, the fixed crack model provided strength and 

deformation predictions 58% and 50% larger than the rotating crack model. Similarly, for the shear span a = 

700 mm, the fixed crack model provided a prediction 15% larger and a deformation prediction 17% smaller 

than the rotating crack model. In all cases, the shear strength and deformation predictions obtained adopting 

the rotating model were in closer agreement with the experimental values presented in Section 3.3.  

3.4.4 Summary of final modelling input parameters selected for the modelling of PPHC slabs 

This sectionError! Reference source not found. provides a final list of modelling recommendations for the 

modelling of 200 mm deep PPHC slabs typical of New Zealand’s construction. The different input parameters 

used in the FE approach described are included, for the material properties, the constitutive model of the 

concrete, the solid element mesh, the support conditions, the loading conditions, and the convergence 

criteria. The set of values shown have been defined according to the results obtained through the 

deterministic sensitivity analysis described in Section 3.4.1, and when pertinent, the reference has been 

included so that further information about the parameter definition can be obtained. The set of modelling 

recommendations presented is specific of the PPHC slabs tested and modelled in this research, nonetheless, 

these recommendations could be considered as a start point for other research efforts into the modelling of 

PPHC slabs. 

 

 

 

 



A. I. Sarkis Seismic assessment of PPHC floors  

 

3-19 
 

 

Table 3-4. Summary of modelling recommendations 

  Parameter Set value Reference 

Material 
properties 

Compressive strength, f'c 
(MPa) 

80 
Mean value from material testing (Sarkis 
et al., 2022) 

Modulus of rupture, fr (MPa) 6.5 
Mean value from material testing (Sarkis 
et al., 2022) 

Tensile fracture energy, Gf 
(N/mm) 

0.16 
𝐺𝑓 = 73𝑓𝑐

0.18 (Federation internationale 

du beton, 2013)  

Crack bandwidth, h (mm) 25 h = 2.1dagg (Malvar & Fourney, 1990) 

Pre-stress losses 12% Estimated according to (NZS3101, 2006) 

Transfer length strands 
(mm) 

635 Estimated as 50db (NZS3101, 2006) 

Anchorage slip (mm) 2 (Brooks et al., 1988) 

Pre-stress distribution Parabolic (Yang, 1994) 

Constitutive 
model 

Smeared crack model Rotating 
(Selby & Vecchio, 1993; Vecchio & Collins, 
1986) 

Tensile behavior Hordijk (Hordijk, 1992; Reinhardt et al., 1986) 

Compressive behavior Thorenfeldt (Thorenfeldt, 1987) 

Mesh 

Element type 
6-node brick 
elements 

  

Cross-sectional size, x/z 
(mm) 

15   

Extrusion size, y (mm) 30   

Support 
conditions 

Type of support Simply supported  

Loading 

Type of vertical loading Displacement  

Loading rate (mm/step) 0.02  

Convergence 
criteria 

Iteration scheme Newton-Raphson   

Energy norm 5x10-3   

 

3.5 MAIN OUTCOMES OF NUMERICAL ANALYSES AND COMPARISONS WITH 

EXPERIMENTAL RESULTS 

The proposed modelling procedure has been validated through the comparison of numerical predictions and 

experimental results from the shear tests described in Section 3.3. The analyses have been carried out with 

the modelling recommendations enlisted in Table 3-4 as input parameters. The main outcomes of the 

numerical analyses are reported in Table 3-5, Figure 3-7, and Figure 3-8, together with the corresponding 

experimental results in terms of displacements, shear stresses, and crack patterns. 
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Table 3-5 presents the FE predictions for the peak shear strength, Vmax,FE, and the displacement at peak shear, 

∆Vmax,FE, and compares them against the experimental results Vmax and ∆Vmax. For the three shear spans, the 

numerical shear strength predictions are in close agreement with the experimental results with an 

overestimation of the peak shear strength of 7%, 9%, and 1% for the 300, 500, and 700 mm shear spans, 

correspondingly. Differences in the displacement at peak shear force predictions are 12%, 22%, and 24% for 

the 300, 500, and 700 mm shear spans, respectively. These differences are larger than for the strength 

predictions; even so, they are still in the narrow range of less than 2 mm. For this reason, and due to the low 

deformability of the PPHC slabs, it is hard to determine how much of this difference comes from the model 

uncertainty and how much comes from the error of the instruments or other sources of error while testing.  

Table 3-5. Comparison of experimental results and predictions. 

a/H  

Shear 
span  

Mean experimental 
results  

Finite element prediction  Comparison of results 

a 
(mm) 

Vmax (kN) 
∆Vmax 
(mm) 

Vmax,FE (kN) 
∆Vmax,FE 
(mm) 

Vmax,FE/Vmax ∆Vmax,FE/∆Vmax  

1.5 300 246 2.2 262 1.9 1.07 0.88 

2.5 500 194 3.4 213 4.1 1.09 1.22 

3.5 700 204 6.8 205 8.4 1.01 1.24 
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Figure 3-7. Shear displacement curves for experimental and numerical results 

Figure 3-7 shows the global response of the specimens, in terms of the maximum shear versus the deflection 

under the point of loading. The numerical curve reveals a good match with the test results and adequately 

simulates the brittle shear failure of the slabs. Numerical failure is assumed to happen in correspondence 

with the attainment of a strain limit value in concrete and a drop on the shear capacity of at least 20% (which 

in many cases was accompanied by non-convergence of the model). In every case, the strain limit on the pre-

stressing steel was far from being reached by the time failure of the PPHC slabs took place. Likewise, the 

overall stiffness of the curves is comparable, except for the largest shear span (Figure 3-7c). In this case, even 

if the peak shear and displacement predictions were adequate, the stiffness degradation observed in the 

experimental tests after the appearance of flexural cracking differed in the numerical results. Nonetheless, 

the same crack propagation was observed in both the FE model and the experiments, with the formation of 

flexural cracking before the initiation of the web-shear failure.  

It can be noted that the shear-displacement plots in Figure 3-7 present two small drops in the shear force at 

earlier displacements than the web-shear failure. The first drop, happening at displacement values of less 

than a centimeter, corresponds to the appearance of crushing in the concrete at the top of the slab, under 

the applied load. This crushing is not reflected in the experimental curves most likely since the actuator’s 

loading beam was placed before the start of the recorded loading. The initiation of the flexural cracking is 

shown as a second drop in the shear force. Flexural cracking was observed both during the tests and the 

numerical analysis. Differences in the impact of this flexural cracking in the shear-displacement plots may be 

due to the differences between the perfectly uncracked initial condition of the modelled slab, versus the 

tested slab, as the specimen had to be manipulated during the manufacturing, transporting, and placing at 

the laboratory. As a final point, the efficiency of the numerical approach has been checked in terms of the 

prediction of the crack pattern at failure. Figure 3-8 presents the comparison between the experimentally 

traced crack patterns and the principaltensile stress distribution obtained from the FE model. Similar to the 

experimental behavior, the numerical failure was characterized by the appearance of a main inclined crack 

spreading from the loaded section to the support. Crack inclination showed a small change passing from 

internal to external webs of the PPHC slabs and propagated into the bottom slab of the unit.  
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Figure 3-8. Experimental crack pattern observed compared against the FE predicted principal tensile stresses at ultimate 

conditions. 

An example of the web-shear mechanism predicted numerically is presented in Figure 3-9 in terms of 

principal tensile strains across the shear span, at the end of the PPHC unit. The failure mode is found to be 

brittle, as the incipient crack suddenly results in a visible shear strain cut-off. Figure 3-9 also presents the 

crack pattern at the ultimate conditions.  

The numerical predictions shown in Table 3-5 and Figure 3-7 have been obtained using the best estimate 

values for the different input variables in the FE model developed. As explained above, the compressive 

strength and modulus of rupture of the concrete were obtained through material testing, and the other 

properties of the concrete were defined deterministically from the experimental results. Typically, in the 

absence of material testing data, the nominal design compressive strength reported by the manufacturer 

would be used for the analysis of the PPHC slabs. For this reason, as a design or assessment exercise, the 

developed model has also been evaluated using the reported nominal design value fc = 45 MPa. The modulus 

of rupture and the fracture energy have been estimated as a function of fc as 4 MPa and 0.14 N/mm.  
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Figure 3-9. Specimen 1.5H: crack pattern and evolution of principal tensile stains at ultimate conditions. 

 

The PPHC slabs were then analyzed assuming the nominal compressive strength specified by the product 

guidelines, provided by the hollow-core manufacturer, and a tensile strength 𝑓𝑐𝑡 = 0.33√𝑓𝑐, as suggested by 

Collins & Mitchell (1997) and Fenwick et al. (2010). The purpose of this design exercise is to compare the 

detailed analysis performed using the results from detailed material testing, with the results that would be 

obtained by designers that rely on nominal properties of the concrete, given by the hollow-core 

manufacturer. Table 3-6 shows the results obtained using the nominal design properties and compares them 

against the experimental results.  For the three shear spans, the shear strength of the PPHC slabs was under-

predicted by the FE model using fc = 45 MPa. The percentage difference varied between 27% for the shortest 

shear span and 12% for the longest shear span. Concerning the displacement at peak shear, the fc = 45 MPa 

model under-predicted the deformation capacity by 49% and 10% for the 300 mm and 500 mm shear spans, 
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respectively, and over-predicted the deformation capacity by 9% for the 700 mm shear span. A larger 

difference for the 300 mm shear span results can be attributed to the variation in the modulus of rupture 

due to a lower compressive strength, given the sensitivity of the strength predictions reported earlier for the 

shorter shear span to the modulus of rupture of the concrete.  

Table 3-6. Comparison of FE predictions obtained using the nominal design properties of the concrete with the 

experimental results. 

a/H  

Shear 
span  

Mean experimental 
results  

Prediction using nominal design 
properties   

(f'c = 45 MPa) 

Comparison against 
experimental results 

a 
(mm) 

Vmax (kN) 
∆Vmax 
(mm) 

Vmax,fc45 (kN) ∆Vmax,fc45 (mm) Vmax,fc45/Vmax ∆Vmax,fc45/∆Vmax  

1.5 300 246 2.2 180 1.1 0.73 0.51 

2.5 500 194 3.35 172 3.0 0.89 0.90 

3.5 700 204 6.8 180 7.4 0.88 1.09 

 

3.6 CONCLUSIONS 

This paper has advanced the understanding of the behavior and critical modelling parameters for simply 

supported PPHC slabs, failing in web-shear and flexure-shear mechanisms. A modelling approach, based on 

nonlinear fracture mechanisms, was proposed to predict the shear response of PPHC slabs. Numerical 

analyses were conducted to investigate the variability of strength and deformation predictions due to the 

uncertainty in the model’s input parameters.  

Results obtained from the modelling and analysis approach were compared with experimental test results. 

The fit with the experimental results was found to be satisfying in terms of shear strength and deformation 

capacity, resulting in accurate and sometimes slightly conservative predictions of the capacity of the PPHC 

slabs.  

The following observations and conclusions were drawn from the numerical study: 

• The developed FE model is capable of capturing the damage patterns associated with the shear-

deflection response of PPHC slabs with different shear spans.  

• Based on energy principles, the fracture mechanics approach is reaffirmed to be a rational technique 

for analyzing the development and propagation of shear cracks in PPHC slabs.  

• The sensitivity analysis results reveal that the modulus of rupture and the crack bandwidth of the 

concrete and cross-sectional size of the solid element mesh, are the most important variables that 

need to be considered in reliability studies of PPHC slabs.  
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• The modulus of rupture of the concrete plays a dominant role in the strength and deformation 

capacity of the PPHC slabs, in particular, for fracture mechanics closer to a pure web-shear failure, 

as was the case of the 300 mm shear span.  

• The compressive strength of the concrete showed to have a negligible effect on the strength and 

deformation predictions for PPHC slabs. This may be an effect of the constitutive model chosen 

(Thorenfeldt, 1987). 

• The proposed modelling approach appears to provide a viable means of assessing the shear strength 

and deformation capacity of PPHC slabs. Future research should look to extend the model to the 

analysis of floor sub-systems and systems.  

Finally, the results from analyzing the PPHC slabs, through the same FE modelling approach, by means of the 

nominal design compressive strength of the PPHC slab (fc = 45 MPa) provided an underestimation of the 

shear capacity of the slabs. It is recommended to undertake a complete characterization testing of the 

concrete, as the concrete properties have proven to have a great impact on the results from the numerical 

analysis, particularly, for PPHC slabs whose properties differ greatly from those of normal concrete members.   
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ABSTRACT  

There are many applications in buildings in which precast pre-stressed hollow-core (PPHC) slabs are subjected 

to shear, torsion, or combined shear and torsion. Nonetheless, extruded PPHC units contain no transverse 

reinforcement, being inherently vulnerable to brittle failure modes due to shear and torsional actions. In 

previous work by the authors, a finite element (FE) modelling approach for PPHC units failing in shear was 

developed and validated against experimental test data. This paper aims to extend the applicability of the 

proposed FE approach to help improve the understanding of the torque and twist behavior of PPHC units. 

For this purpose, the developed model is further validated against experimental data available in the 

literature and then used to predict the torsional capacity of New Zealand-specific 200 mm deep PPHC units. 

Results suggest that the FE model is capable of predicting the capacity of PPHC slabs with and without 

eccentricity in the applied load. Finally, the numerical results are used to evaluate the performance of 

available simplified analysis approaches for assessing the torsional capacity of PPHC units, which are found 

to be non-conservative if used with expected material properties.  

 

Keywords: torsion, hollow-core slab, pre-stressed concrete, finite element, numerical modelling 
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4.1 INTRODUCTION  

Owing to the manufacturing process, extruded precast pre-stressed hollow-core (PPHC) units contain no 

transverse or vertical reinforcement. Furthermore, their cross-section geometry contains large voids to 

reduce weight. This, combined with the lack of shear reinforcement, makes these slabs inherently vulnerable 

to brittle failure modes, such as web cracking. This vulnerability is exacerbated when the slabs are subjected 

to shear and torsional actions (Broo et al., 2005), since, once torsional cracking develops, the torsional 

resistance of the hollow-core unit decreases rapidly (Broo et al., 2005, 2007; Fenwick et al., 2010) affecting 

the shear and flexural capacity of the slabs. Nonetheless, there are many applications in buildings in which 

PPHC slabs are subjected to shear, torsion, or combined shear and torsion. 

A significant amount of research has investigated, experimentally, numerically, and analytically, the shear 

behavior of PPHC slabs. Several researchers (Araújo et al., 2020; El-Sayed et al., 2019; Hawkins & Ghosh, 

2006; Michelini et al., 2020; Nguyen et al., 2019; Pajari, 2005; Palmer & Schultz, 2011; Sarki et al., 2022a) 

evaluated the flexural and shear behavior of hollow-core slabs under the effect of different variables through 

experimental testing. Likewise, previous studies have provided numerical predictions of the shear behavior 

of PPHC slabs (Brunesi et al., 2015; Brunesi & Nascimbene, 2015; Michelini et al., 2020; Nguyen et al., 2019; 

Pachalla & Prakash, 2018; Sarkis et al., 2022b). Frequently, the experimental or numerical results obtained 

were compared against the previsions found in commonly used design standards, and, in most cases, the 

inadequacy of analytical formulations adopted in the design of different PPHC slab types was underlined. 

Therefore, some researchers presented procedures for predicting the shear capacity (Brunesi & Nascimbene, 

2015; Pisanty, 1992; Yang, 1994). 

Whilst the flexural and shear behavior of PPHC slabs has been well studied, the literature related to the 

behavior of PPHC slabs under torsional actions, or shear actions combined with torsion, is less extensive. 

Untopped slabs have been experimentally tested under eccentric loading to assess their behavior under pure 

torsion (Pajari, 2004a) and a combination of shear and torsion (Pajari, 2004b). The experimental results were 

compared with available simplified analysis approaches, finding inconsistencies suggesting that the simplest 

beam theory is too rough to properly model a single PPHC unit subjected to point loads very close to the 

support. Broo et al. (2005, 2007) analysed the shear and torsion interaction in PPHC units through numerical 

modelling and presented the results in the form of shear-torsion interaction diagrams. The numerical models 

developed were able to predict the behavior of the slabs up to the formation of torsional cracking, but not 

at higher displacements. Finally, Jurkowska et al. (2019) presented a technique, based on the processing of 

numerical data obtained using a finite element (FE) approach, for determining the flexural stiffness of hollow-

core slabs with respect to the formation of cracks and the change in the torsional stiffness. 
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In New Zealand, a research programme named ReCast Floors was started in 2018 (Brooke et al., 2019), aimed 

at expanding the current knowledge of the seismic behavior of PPHC floors. To reach this goal, experiments 

are being combined with FE modelling of PPHC units, connections and diaphragms. The research presented 

in this paper is part of this programme, and its main objective is to improve understanding of the torque and 

twist behavior of PPHC units through nonlinear FE modelling. 

In a previous phase of this research programme, a three-dimensional numerical modelling approach, and 

critical modelling criteria, for PPHC slabs failing in shear, were proposed (Sarkis et al., 2022b) . This paper 

tests the applicability of the proposed FE approach to PPHC units subjected to torsional actions. For this 

purpose, this study uses experimental test data available in the literature (Pajari, 2004a, 2004b) to validate 

the FE modelling approach for the failure mechanisms attributed to torsion or, more in general, to a 

combination of shear and torsion. 

The validated model will then be used to numerically predict the torque and twist capacity of New Zealand 

200 mm deep PPHC units. This slab depth is the most commonly used precast flooring element in New 

Zealand (Puranam et al., 2019), and hence is the focus of this research. Finally, the results obtained are 

compared against simplified analysis approaches available in New Zealand (Fenwick et al., 2010; NZS3101, 

2006; SESOC, 2017), which are based on the method proposed by Mitchell & Collins (1978) and Collins & 

Mitchell (1980). The outcomes presented herein are also providing a base for future research into the 

torsional behavior of PPHC floor sub-systems, considering the redistribution of loads to the adjacent precast 

members and the effect of different support conditions. 

4.2 TORSIONAL BEHAVIOR OF PPHC UNITS 

4.2.1 Torsional actions induced in PPHC units 

Torsion has not been seen as a problem for hollow-core floors in buildings when subjected to gravity loading 

unless high concentrated loads are applied. This is due to the floor having a high torsional stiffness in the 

direction along the precast units and low flexural stiffness in the transverse direction, which gives a 

predominant one-way action. However, problems may arise if the slab is supported in a non-uniform way, 

with torsion actions induced due to differential displacements of the supports (see Figure 4-1a). This can be 

particularly critical when combined with seismic loading, where the supports will deform differently as the 

building sways laterally. 
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Figure 4-1. Torsional actions induced in hollow-core slabs (modified from (Fenwick et al., 2010)). 

There are many situations where torsional cracking of PPHC slabs may be induced due to differential 

deflection of the supporting structure. Potential problems may arise in buildings with moment resisting 

frames with no corner columns (Fenwick et al., 2010), where one end of a unit is supported on a beam, which 

remains relatively straight as the building sways in an earthquake, while the other end is supported by a 

cantilever beam (see Figure 4-1b). A similar situation arises when a PPHC slab is supported on a coupling 

beam between two walls, or when it is mounted on the active link of an eccentrically braced frame. In both 

cases, the other end of the slab is assumed to be supported by framing that does not rotate to the same 

extent as inter-story drift occurs. In all the cases described, significant twists are applied to the hollow-core 

units, which can be expected to cause extensive diagonal cracking. In these situations, while the torsional 

strength is not important, Fenwick et al. (2010) argue that it is essential to limit the twist so that the flexural 

and shear capacities of the hollow-core are not destroyed by diagonal cracking associated with torsion.  

4.2.2 Estimation of the torsional capacity 

PPHC slabs under torsional actions are commonly assumed to act in a manner that mimics a box section, and 

their performance is usually assessed by codified criteria up to the load stage where torsional cracking occurs. 

The existing expressions to estimate the torsional cracking capacity, found in Collins & Mitchell (1997) and 

adopted in the New Zealand guidelines and standards (Fenwick et al., 2010; NZS3101, 2006; SESOC, 2017), 

are briefly reviewed herein.  

Torsion in PPHC slabs is predominantly resisted by a shear flow in the outside webs, the soffit of the slab and 

the concrete topping (see Figure 4-2a). The torsional loading causes shear stresses acting mainly in the 

perimetric zone of the cross-section. In the outermost webs and in the flanges, these stresses act together 

with the normal stresses,  𝑓𝑝𝑐 , introduced by the pre-stressing. The actual stress combination and the 
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thickness of the flanges and the outermost webs, 𝑡, determine whether the cracking starts in a web or in one 

of the flanges. The shear stress, 𝜈, caused by the applied torsional moment 𝑇, is given by Eq. (4-1) (Collins & 

Mitchell, 1997): 

 
𝜈 =

𝑇

2𝐴𝑜𝑡
 (4-1) 

where 𝐴𝑜  can be calculated by transforming the cross-section of the hollow-core unit into an equivalent 

tubular cross-section (see Figure 4-2b), as per Eq. (4-2): 

 
𝐴𝑜 = [𝐻 −

(𝑡𝑡𝑜𝑝 + 𝑡𝑏𝑜𝑡𝑡𝑜𝑚)

2
] (𝐵 − 𝑏𝑤,𝑜𝑢𝑡) 

 
 (4-2) 

where, 𝐵 is the width of the section, 𝑏𝑤,𝑜𝑢𝑡 is the outer webs thickness, and 𝑡𝑡𝑜𝑝 and 𝑡𝑏𝑜𝑡𝑡𝑜𝑚 are the top and 

bottom flange thicknesses, respectively. In Eq. (4-1), 𝑡 = 𝑡𝑡𝑜𝑝 in calculations for the top flange, whereas 𝑡 =

𝑏𝑤,𝑜𝑢𝑡 in those for the outermost webs. However, the thickness, 𝑡, may not be larger than 𝑡𝑐, the latter being 

expressed according to Eq. (4-3) (Collins & Mitchell, 1997): 

 
𝑡𝑐 =

3

4

𝐴𝑐

𝑝𝑐
  (4-3) 

where 𝐴𝑐 is the total area enclosed by the total outside perimeter of the concrete cross-section, and 𝑝𝑐  is 

the outer circumference of the transformed cross section. 

 

 

Figure 4-2. Equivalent tube for assessing torsional cracking. 

While the area enclosed by the shear flow path, 𝐴𝑜, could be calculated from the external dimensions and 

wall thicknesses of the equivalent tube, it is a reasonable approximation to take 𝐴𝑜 as 2/3 of 𝐴𝑐 (Collins & 

Mitchell, 1997). Hence, from Eq.(4-1) and Eq. (4-3), 𝜈 can be calculated as reported in Eq. (4-4): 

 
𝜈 =

𝑇𝑝𝑐

𝐴𝑐
2  (4-4) 
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Diagonal torsional cracks will occur when the principal tensile stress reaches the cracking strength of the 

concrete fct. Then, the stress that will cause torsional cracking can be expressed as in Eq. (4-5): 

 

𝜈 = 𝑓𝑐𝑡√1 +
𝑓𝑝𝑐

𝑓𝑐𝑡
  (4-5) 

Combining this expression with Eq. (4-4), the cracking torsional moment, 𝑇𝑐𝑟 , of a pre-stressed concrete 

member is given by Eq. (6) (Collins & Mitchell, 1997): 

 

𝑇𝑐𝑟 =
𝐴𝑐

2

𝑝𝑐
𝑓𝑐𝑡√1 +

𝑓𝑝𝑐

𝑓𝑐𝑡
  (4-6) 

The stiffness of the slab can be estimated by equating the internal strain energy and the work done by the 

external forces. The energy from the external forces is equal to 1 2⁄ 𝑇𝑐𝑟𝜃𝑐𝑟, where 𝜃𝑐𝑟 is the angle of twist 

over the length of slab being considered (Fenwick, et al., 2004). The internal energy, 𝜀𝑖𝑛𝑡, is equal to the strain 

energy associated with the shear deformation around the section. Therefore, 𝜃𝑐𝑟 is given by Eq. (4-7): 

 
𝜃𝑐𝑟 =

1

2

𝜀𝑖𝑛𝑡

𝑇𝑐𝑟
  (4-7) 

Finally, the limiting twist to prevent diagonal cracks from eliminating the flexural strength, 𝜃𝑓𝑙, is taken as 

follows (see Eq. (4-8)): 

 
𝜃𝑓𝑙 =

2.5

∅𝑑𝑓
𝜃𝑐𝑟  (4-8) 

where ∅𝑑𝑓is the deformation factor, and can be taken as 1.25 (Fenwick et al., 2004). 

4.2.3 Experimental testing of PPHC slabs 

Past testing data has been re-examined to bring together an experimental database of six simply supported 

single 200 mm deep PPHC slabs subjected to torsional and shear-torsional actions. Two 200 mm deep PPHC 

units tested under pure torsional actions by Pajari (2004a), and four shear-torsion interaction tests by Pajari 

(2004b) were selected. The testing procedure and results are summarized herein, which will later be used to 

inform the FE approach discussed in Section 4.3 of this paper. 

Figure 4-3 schematically shows the pure torsion test set-up used for the two units tested under pure torsional 

actions (Pajari, 2004a). The active end of the slab is free to rotate around the axis parallel to the longitudinal 

axis of the slab (y-axis). At the passive support, the slab can move longitudinally along the y-axis. The PPHC 

slab was loaded by two equal point loads P at opposite sides of the centreline of the slab. To stabilize the 

specimen, the load at the passive end had a slightly greater eccentricity than that at the active end (see Figure 

4-3). The tests were carried out under displacement control, and the elongation of the actuator at the active 
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end was used to control the applied displacements at both supports. The test specimens were instrumented 

with eight transducers to measure the vertical displacement of the slab at both supports, which allowed the 

angle of twist of the slab to be estimated. 

 

Figure 4-3. Experimental set-up used on the pure torsion tests of hollow-core units (adapted from Pajari, 2004a). 

Table 4-1 provides some characteristics of the pure torsion test specimens, PT200A and PT200B, as well as 

measured resistance against torque and angle of twist before cracking. Both specimens are 5000 mm long, 

with a separation between supports of 4000 mm. 

Table 4-1.Summary of pure torsion tests used for the FE model calibration (Pajari, 2004a). 

Test 
specimen 

Thickness 
Total 

length  
Span length  Eccentricity 

Resistance 
against torque 

Angle of twist 
before cracking 

H LT L e Texp φexp 

 (mm)  (mm)  (mm)  (mm)  (kNm)  (mrad) 

PT200A 200 5000 4000 300 37.5 4.86 

PT200B 200 5000 4000 300 39.4 5.35 

 

Figure 4-4 presents the support conditions and loading arrangements for the four shear-torsion interaction 

tests considered in this study (Pajari, 2004b). Just as in the pure torsion tests, in the shear-torsion interaction 

tests the loaded end of the slab is called the active support, and the opposite end is the passive support. 

There were two-point loads on the webs of the slab unit. The loading was either centric or eccentric with 

respect to the longitudinal centreline of the slab. In every case, the load P was applied at a distance 𝑎 from 

the active support equal to 2.5 times the depth of the unit. All specimens had a total length of 7060 mm and 
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a distance between supports of 7000 mm. The deflection was measured by transducers placed vertically on 

the corners of the slab and at both supports. 

 

Figure 4-4. Experimental set-up used for the shear-torsion interaction testing of hollow-core units (adapted from Pajari, 

2004b) 

The maximum or failure load for each specimen is presented in Table 4-2, as well as the load corresponding 

to the first observed crack. As shown in Figure 4-4b, specimen ST200C had concentric loading and no torsional 

actions. 

Table 4-2. Summary of shear-torsion interaction tests used for the FE model calibration (Pajari, 2004b). 

Test 
specimen 

Thickness Total length  Span length  Eccentricity 
First crack 

load 
Failure load 

H LT L e Fcrack,exp Fmax,exp 

 (mm)  (mm)  (mm) (mm) (kN) (kN) 

ST200C 200 7060 7000 0 135.6 135.6 

ST200E1a 200 7060 7000 187 100.4 100.4 

ST200E1b 200 7060 7000 187 90.5 98.4 

ST200E2 200 7060 7000 384 45.1 64.4 
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4.3 FINITE ELEMENT MODELLING APPROACH 

4.3.1 Proposed numerical approach 

To investigate the behavior of PPHC units, three-dimensional FE models have been created using the 

software Midas FEA (MIDAS Information Technology, 2016). This FE modelling approach had been first 

developed by the authors to study PPHC slabs failing in shear (Sarkis et al., 2022b), and calibrated against 

full-scale three-point bending tests (Sarkis et al., 2022a). The research presented herein investigates what 

extensions of the FE approach are required for the cases of pure torsion and shear-torsion interaction on 

PPHC slabs.  

Figure 4-5 shows the detailed three-dimensional mesh for the solid FE model of the 200 mm deep units under 

pure torsion. The concrete has been modelled using 6-node brick elements. The constitutive model assumed 

for the concrete is the smeared total strain crack model. This model is based on the modified compression 

field theory, originally proposed by Vecchio & Collins (1986), and then extended to the three-dimensional 

case by Selby & Vecchio (1993). Moreover, a rotating cracking constitutive model was selected, in which the 

directions of the cracks are assumed to continuously rotate depending on the changes in the axis of the 

principal strains (Vecchio & Collins, 1986). The constitutive model was assumed to adopt the Hordijk model 

(Hordijk, 1992; Reinhardt, et al., 1986) and the Thorenfeldt (1987) model for uniaxial tensile and compressive 

behavior, respectively. 

 

Figure 4-5. Example of detailed solid finite element models developed. 
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The mean compressive strength 𝑓𝑐, and the modulus of rupture 𝑓𝑟, of the hollow-core extruded concrete 

have been obtained through material characterisation testing carried out by the authors (Sarki et al., 2022a). 

The fracture energy 𝐺𝑓  and the crack bandwidth ℎ, required to define the tensile behavior or the concrete, 

have been deterministically estimated as follows (Federation internationale du beton, 2013; Malvar & 

Fourney, 1990): 

 𝐺𝑓 = 73𝑓𝑐
0.18  (4-9) 

 ℎ = 2.1𝑑𝑎𝑔𝑔 (4-10) 

where, 𝑑𝑎𝑔𝑔 is the maximum aggregate size in mm. 

No interface elements were introduced to represent strands-concrete interaction, since it is implicitly 

captured by an equivalent parabolic pre-stress distribution, as presented by Yang (1994). The classical Von 

Mises yielding criterion with strain hardening was used for the pre-stressed steel strands, represented as 

embedded line elements. The transfer length of the strands and pre-stress losses have been estimated 

according to the New Zealand standard (NZS3101, 2006). 

Rigid steel plates with the same dimensions as those used during the experimental testing have been 

modelled at the top and bottom of the unit at both supports. A transversal row of constraints has been placed 

at the passive support to restrict the translations in the x and z directions (see Figure 4-5). At the active 

support, a pinned constraint was placed in the bottom rigid plate, at the centreline of the slab, to allow 

rotations around the y-axis. For the pure torsion case, displacement has been imposed at a point on the top 

plate of the active support at distance 𝑒 =  300  mm from the slab’s centreline. For the shear-torsion 

interaction case, displacements have been applied at two points at a distance a = 500 mm from the active 

support with an eccentricity as defined in Table 4-2 and shown in Figure 4-4b-d. 

4.3.2 Finite element model validation 

In this section, the accuracy of the FE predictions obtained for the six specimens analysed is quantified via 

comparison with the experimental data. For this purpose, the obtained loads and displacements at failure, 

the crack pattern, and the cross-section deformation from both tests and analyses are presented. 

Pure torsion 

Table 4-3 presents a comparison between the experimentally observed and numerically predicted torsional 

moment and twisting capacity of the specimens tested in pure torsion. Similarly, Figure 4-6 illustrates the 

torque versus rotation relationship observed for specimens PT200A and PT200B. In the experiments, slabs 

PT200A and PT200B showed a resistance against torque of 37.5 and 39.4 kNm respectively, with an average 

torsional moment capacity of 38.4 kNm. The FE model predicted a maximum torsional moment of 38.8 kNm, 
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which differs by 3% and 2% respectively from the experimental torsional moment Texp observed for 

specimens PT200A and PT200B, as shown in Table 4-3. 

In the case of the angle of twist at failure, the difference was more substantial as the numerical model 

predicted an angle of 6.08 mrad, whereas during the experiments an angle of 4.86 and 5.35 mrad was 

observed, leading to differences of 22% and 13%, respectively. Furthermore, in Figure 4-6 it can be observed 

that the FE model provided a reasonable approximation of the torsional stiffness and response of the PPHC 

slabs. 

Table 4-3. Comparison of experimental results and FE predictions for the pure torsion tests. 

Test 
specimen 

Resistance against torque Angle of twist before cracking 

Exp. value FE prediction Percentage of 
difference 

Exp. value FE prediction Percentage of 
difference Texp (kNm) TFE (kNm) φexp (mrad) φFE (mrad) 

PT200A 37.5 38.8 3% 4.86 6.08 22% 

PT200B 39.4 38.8 2% 5.35 6.08 13% 

 

 

Figure 4-6. Comparison of the experimental and numerical torque and relative angle twist relation. 

Figure 4-7 shows the numerically predicted principal tensile stress distribution after failure, overlapped with 

the cracking traced from the experimental testing for specimens PT200A and PT200B. In both the tests and 

the FE simulation, the first cracks appeared transversally at the top of the slab close to the passive support, 

as was expected from a theoretical point of view. The specimen’s failure was brittle and therefore the first 

cracks coincide with the peak torsional moment, which is followed by an abrupt and permanent reduction in 

torque. For the experimental results, the post-cracking torsional resistance is roughly 50% of the maximum 

torque resistance, whereas the post cracking torsional resistance obtained numerically is about 35% of the 

maximum torque resistance. These results show that the proposed FE modelling approach is able to 
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adequately capture the elastic response of the PPHC slabs up to the formation of torsional cracking, as well 

as the nonlinear behavior at higher or even much higher displacements. 

 

Figure 4-7. Comparison of the principal tensile stresses against the experimentally observed cracking after failure. 

Shear-torsion interaction 

Torsion on a PPHC unit generates shear stresses acting upwards in one of the outermost webs and 

downwards in the other. In the case of vertical shear forces, shear stresses will be ideally uniformly 

distributed over all webs. Therefore, when shear and torsion act simultaneously on a PPHC unit, these 

stresses will sum, meaning that one of the outermost webs will receive much higher stresses than the rest of 

the webs. The FE force predictions for the shear-torsion interaction tests are summarized in Table 4-4 and 

compared against the experimental results. The progression of the load over the loading time for both tests, 

as per Pajari (2004b), and FE predictions are shown in Figure 4-8a and Figure 4-8b, respectively. 

Table 4-4. Comparison of experimental results and finite element predictions for the shear-torsion interactions tests. 

Test specimen 
Eccentricity Failure Load FE prediction Percentage of 

difference e Fmax,exp Fmax,FE 
(mm) (kN) (kN)  

ST200C 0 135.6 129.5 5% 

ST200E1a 187 100.4 106.4 6% 

ST200E1b 187 98.4 106.4 8% 

ST200E2 384 64.4 68.5 6% 
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Figure 4-8. Comparison of the experimental and numerical loading for the shear-torsion interaction tests.  

The peak load predicted for specimen ST200C is 129.5 kN, which differs by 5% with the experimental peak 

force of 135.6 kN. As this specimen had no eccentric loading, these results can be used as a baseline to 

determine the influence of the force eccentricity on the behavior of the other specimens. The observed 

failure, in both model and experiment, was brittle due to web shear cracking. 

The load was applied with an eccentricity E1 = 187 mm for specimens ST200E1a and ST200E1b, as shown in 

Figure 4-4c. The maximum load reached by these specimens, experimentally, is 100.4 and 98.4 kN, 

respectively. As shown in Table 4-4, the FE prediction for the specimens with an eccentricity E1=187 mm is 

106.4 kNm, these values are 6% and 8% larger than the peak load obtained experimentally for specimens 

ST200E1a and ST200E1b, respectively. For specimen ST200E2, the load was imposed with a larger eccentricity 

E2 = 384 mm (see Figure 4-4d). The specimen failed at an experimental maximum load of 64.4 kN. Here again, 

the maximum force predicted for specimen ST200E2 is 68.5 kN, which is 6% larger than the maximum force 

obtained for the same specimen experimentally. Furthermore, in Figure 4-8 it can be observed that the FE 

model provided a good approximation of the stiffness of the PPHC slabs in all cases. The comparison between 

the experimental results and the FE prediction for the shear-torsion interaction tests show that the proposed 

FE approach is able to predict the capacity of the PPHC slabs with or without eccentrically applied loads. 

From the experimental results, it should be noted that the specimen with the larger torsional action 

(ST200E2), due to a bigger eccentricity E2, failed at a load that was 52% smaller than the specimen with no 

torsional actions (ST200C). Similarly, the specimens with the 187 mm eccentricity E1 failed at an average load 

27% smaller than the specimen with no torsional actions, confirming the influence that torsional cracking has 

in the shear capacity of simply supported PPHC slabs. The same can be observed from the FE predictions, 

where the maximum load predicted for specimen ST200E2 is 48% smaller than the load predicted for 

specimen ST200C, and 36% smaller than the load predicted for specimens ST200E1a and ST200E1b. 

Therefore, it is confirmed that the model is also capable of predicting the influence that torsional cracking 

has on the shear capacity of the PPHC slabs. 
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During the testing of specimen ST200C, at peak load, the three central webs of the slab developed diagonal 

web-cracks, while the other webs remained intact (Figure 4-9a). In the model, the central web cracked first, 

as shown in the principal tensile stress distribution in Figure 4-9b. This event was followed by the cracking of 

the other internal webs, with the two outermost webs remaining intact. In both cases, the failure was brittle, 

with a complete drop in the resistance once the peak force is reached. 

 

Figure 4-9. Comparison of the principal tensile stresses for specimen ST200C with the experimental observations. 

All specimens eccentrically loaded, and tested in a combination of shear and torsion, exhibited brittle failures 

due to diagonal web cracking. Good consistency between the experimental and numerical crack patterns was 

observed in all cases. To illustrate the comparison of results, Figure 4-10 shows the principal tensile stresses 

at failure obtained for the specimen with eccentricity E1 and compares it against the cracking traced from 

the experimental observations for specimen ST200E1a. During the test, at peak load, the two outermost 

webs on the side of the applied load failed in web shear, as well as the central web. Similar behavior was 

observed in the numerical prediction in Figure 4-10 where cracking has taken place in the outermost and 

central webs, on the side of the applied load. Additionally, there is congruence between the experimental 

and numerical cracking observed at the top of the hollow-core unit, where cracks were observed at the top 

of the outermost void and the two central voids (Figure 4-10).  
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Figure 4-10. Principal tensile stresses for specimen ST200E1 and comparison against the experimental cracking traced 

from ST200E1a. 

4.4 EVALUATING THE PERFORMANCE OF SIMPLIFIED ANALYSIS METHODS 

The proposed FE modelling approach, validated against experimental data, was used to model a 200 mm 

deep unit that is typical in New Zealand, specimen PT200NZ, to numerically assess its torsional moment and 

twist capacity. Additionally, the moment and twist capacity of the PPHC slabs has been estimated following 

the design and assessment provisions found in New Zealand (Fenwick et al., 2004; NZS3101, 2006; SESOC, 

2017), which in turn refer to the method proposed by Collins & Mitchell (1997), which was outlined in Section 

4.2 of this paper. 

Table 4-5 summarizes the results obtained through the FE prediction of the New Zealand-specific unit. The 

PPHC slab reached a maximum moment of 60.3 kNm at an applied twist of 9.5 mrad. The overall torsional 

behavior was similar to that observed for specimens PT200A and PT200B. The relationship between the 

applied twist and the resulting torsional moment is shown in Figure 4-11. It can be observed that the torsional 

moment 𝑇 increases linearly until the first crack appears, which is followed by an immediate and sudden 

drop in the torque capacity. Past the peak moment, the nonlinear behavior of the PPHC slab is characterized 

by a relatively constant residual capacity as the twist increases. 
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Table 4-5. Comparison of the FE-predicted torsional capacity with the simplified analysis method presented in Section 

4.2. 

  
Torsional cracking moment Torsional cracking rotation  

FE prediction  TFE (kNm) 60.3 φFE (mrad) 9.8 

Theoretical 
estimation 1*  

Tt,1 (kNm) 72.2 φt,1 (mrad) 21.4 

TFE/Tt,1 0.8 φFE /φt,1 0.5 

Theoretical 
estimation 2** 

Tt,2 (kNm) 29.6 φt,2 (mrad) 8.8 

TFE/Tt,2 2.0 φFE /φt,2 1.1 

* Estimated using concrete properties obtained from material testing 

** Assuming the nominal compressive strength defined by the manufacturer and a tensile strength of 0.33√fc 

 

 

 

Figure 4-11. Torsional capacity versus applied twist for specimen PT200NZ. 

 

Specimen PT200NZ exhibited greater torsional capacity than the units tested by Pajari (2004a); the torque 

capacity obtained is 43% higher and the twist capacity 47% higher for specimen PT200NZ. For all specimens, 

the length of the unit, the supports and the loading arrangement were the same, with the only differences 

being the concrete properties and the geometry of the cross-section. The results from the material testing 

(Pajari, 2004a; Sarkis et al., 2022a) show that specimen PT200NZ has a 20% higher compressive strength and 

a 44% higher modulus of rupture than specimens PT200A and PT200B. In addition to the concrete properties, 

the different geometries may be influencing the torsional behavior of the specimens studied. Figure 4-12 

shows the cross-section for both specimens. It can be observed that specimens PT200A and PT200B have 

circular voids and in general thinner webs and flanges than specimen PT200NZ. In contrast, specimen 

PT200NZ has a more regular web width and thicker webs with non-fully circular voids. In the past, Brunesi & 

Nascimbene (2015) analysed PPHC units with both circular and non-circular voids and revealed the sensitivity 

of the web-shear failure mechanism, and related shear capacity, to the cross-section shape, non-circularity 
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of the voids, inherent web width variation along the unit’s depth, and number of concrete chords above and 

below the void. Similar studies have not been done on the influence of the hollow-core cross-section 

geometry on the torsional behavior of the slabs, thus motivating further the comparison provided herein.  

 

Figure 4-12. Cross section geometry of the PPHC slabs: (a) tested by (Pajari, 2004a); and (b) manufactured in New 

Zealand. All measurements are in mm.   

Torsional capacity of the PPHC slabs is estimated through the simplified analysis approach for two cases: (1) 

assuming the concrete properties are those obtained from the material testing (Sarkis et al., 2022a); and, (2) 

assuming the nominal compressive strength of the concrete specified by the product guidelines, provided by 

the hollow-core manufacturer, and a tensile strength 𝑓𝑐𝑡 = 0.33√𝑓𝑐 , as suggested by Collins & Mitchell 

(1997) and Fenwick et al. (2010). The first theoretical estimation predicted a torsional moment capacity of 

72.2 kNm and a twist capacity of 21.4 mrad (Table 4-5). These values exceeded by 20% and 50%, respectively, 

the finite element model prediction (see Table 4-5 and Figure 4-11a), despite the fact that this estimation 

made use of the same properties as the FE model. In the same way, the capacity of specimens PT200A and 

PT200B, tested by Pajari (2004a), has been estimated through the first case, using the material properties 

obtained from material testing and employed in the FE model. Again, the simplified analysis approach over-

predicted the capacity of the PPHC slabs when compared to the FE and experimental results (see Figure 4-6). 

This suggests that the current guidelines in New Zealand will be non-conservative if used with expected 

material properties.  

For the second theoretical estimation, it has been assumed that no material testing data was available, and, 

therefore, nominal properties of the concrete are used as expected values. The purpose of comparing the 

results with the simplified approach using nominal material properties is to provide a design or analysis 

example of how a more detailed analysis with more accurate material properties compares to a rough 

analysis carried out with approximate formulas and nominal material properties available in literature. As 

shown in Table 4-5 and Figure 4-11b, the predicted torque capacity is 29.6 kNm and the twist capacity 8.8 
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mrad. When compared to the FE prediction, the second theoretical estimation provided conservative values 

that are 50% and 10% less than the numerical predictions. These results highlight the sensitivity of the 

simplified analysis approach to the properties of the concrete and suggest that even though the simplified 

approach is inaccurate because materials are likely to be stronger than specified, the results error may not 

be huge.  

PPHC slabs are commonly designed as simply supported elements, mainly to resist bending moments due to 

gravity loads. The computational analysis of such a design is normally based on the assumption of the plane 

stress state. Assuming a plane stress state in the cross-section of the slab is justified when the element is 

subjected to uniformly distributed loads over its entire surface and when it is supported on two parallel and 

relatively rigid supports (Derkowski & Surma, 2015; Jurkowska et al., 2019). Nonetheless, the response of 

PPHC slabs under torsional actions is much more complex as the cross-section deformations are three-

dimensional, presenting secondary bending mechanisms at a cross-sectional level. Figure 4-13 illustrates the 

cross-section deformation and principal tensile stress distribution for specimen PT200NZ right before failure 

and at the moment of torsional failure. It can be seen that the cross-section, rather than remaining plane, 

deforms in the y-z plane as the member rotates around the y-axis. Furthermore, the simplified method 

employed for the calculations assumes a uniform flow of shear stresses ν around the perimeter of the cross-

section, whereas the stresses presented in Figure 4-13 show high concentrations of tensile stresses in the 

top-right and bottom-left corners, and low tensile stresses in the opposing corners of the cross-section. The 

non-uniform deformation within the section shown in Figure 4-13 help explain why the simplified approach 

may not be conservative when used with expected properties. 
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Figure 4-13. Principal tensile stresses and cross-section deformations for specimen PT200NZ. 

The simplified method proposed by Collins & Mitchell (1997) is based on the analysis and testing of individual 

members. Hence, it provides little information regarding the interaction of the member under study with 

other surrounding structural members. However, in a floor system, a PPHC unit will interact with the adjacent 

members, which could restrain the rotation and elongation of each individual unit and significantly affect the 

torsional resistance of the individual slabs. Further research is needed to quantify and comprehend the 

influence of this group effect on the assessment of the torsional capacity of PPHC slabs and mitigate torsional 

failures in practice. 

4.5 CONCLUSIONS 

This paper has tested the applicability of a previously proposed FE approach to the modelling of PPHC slabs 

failing in torsion and a combination of shear and torsion, by comparing predictions with observations from 

experimental testing data available in the literature. In addition, the model was used to predict the torsional 

capacity of New Zealand-specific PPHC slabs, and the results were used to evaluate the performance of the 

available simplified analysis method. 

 



A. I. Sarkis Seismic assessment of PPHC floors  

 

4-21 
 

The following observations and conclusions were drawn from this study: 

• The proposed FE modelling approach was able to capture the elastic response of the PPHC slabs and 

torsional cracking, as well as the nonlinear behavior of the slabs at higher displacement demands. 

• The influence that torsional cracking has on the shear capacity of simply supported PPHC slabs was 

well captured in the numerical predictions. And so, the FE model of Sarkis et al. (2022b) can be used 

to predict the shear capacity of PPHC slabs with and without eccentricity in the applied load. 

• The simplified analysis method available in New Zealand Standards for assessing the torsional 

capacity of PPHC units proved to be non-conservative if expected material properties are used, in 

particular, the tensile strength of the concrete. 

• The numerical observations showed that the cross-sectional deformations in PPHC slabs under 

torsion are three-dimensional and that the flow of shear stresses around the perimeter of the cross-

section is non-uniform, which is conflicting with the plane stress state assumption commonly used 

in simplified analysis methods. This helps explain why the simplified assessment approach currently 

used in New Zealand is not accurate.  
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ABSTRACT 

The assessment of precast pre-stressed hollow-core (PPHC) slabs requires due consideration of the 

uncertainty arising from complex structural behavior inherently related to the production and brittle nature 

of these concrete elements. Using a finite element (FE) modelling approach, informed through experimental 

testing, a methodology to quantify the fragility of PPHC slabs failing in shear is proposed. Three damage states 

are identified through damage analysis, and numerical fragility curves are developed for PPHC typical of New 

Zealand construction practice according to two demand parameters: shear strength and deflection. 

Additionally, the numerical fragility curves, first derived as a function of multiple random variables, are 

compared against those obtained with consideration of fewer variables, in order to reduce the computing 

time.  The outcomes from this fragility study provide a basis for improved reliability assessment of PPHC slabs.  

 

Keywords: fragility, modelling uncertainty, hollow-core slabs, shear failure, damage analysis 
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5.1 INTRODUCTION 

The use of precast concrete floor units with a thin cast-in-place topping is a common construction technique 

in New Zealand. In fact, in the 1980s, due to an economic boom and the ease of construction, the use of 

precast pre-stressed hollow-core (PPHC) floors skyrocketed and dominated the construction market (Park, 

2002). However, during this period, PPHC floors were designed and constructed in ways that jeopardized 

their seismic performance. The main reason being that during the 1980s and 1990s there was a lack of 

requirements for the design and detailing of these floor systems. Recent earthquakes in New Zealand have 

prompted increased concern about the seismic performance of PPHC floors, and consequently, few new 

buildings are being constructed with hollow-core floors. Nonetheless, the Wellington city building inventory 

shows that 65% of the commercial building stock in the central business district is still in this category 

(Puranam et al., 2019), and there is no reason to believe that it is any different in other main cities in New 

Zealand.  

Past experimental research efforts in New Zealand have sought to improve the detailing of beam-to-floor 

seating connections and to simulate, via experimental testing, the demands imposed on the floor support 

connections at a component (Bull & Matthews, 2003; Jensen, 2007; Woods, 2008) and system level 

(Matthews, 2004). This research helped identify the vulnerabilities of PPHC floors and lead to improved 

connection details capable of accommodating earthquake demands (Fenwick et al., 2010). Nevertheless, the 

2016 Kaikōura earthquake sparked new concerns, as extensive damage to PPHC floors was observed in 

Wellington; in some cases, to the extent that it posed possible local collapse risk. A number of relatively new 

buildings were damaged beyond economical repair. As such, even if the vulnerabilities of PPHC floors had 

been underlined by previous research efforts and field observations, the Kaikōura earthquake highlighted 

the lack of reliable assessment procedures to determine the drift demands at which gravity load support may 

become unreliable (Cubrinovski et al., 2020). 

PPHC units manufactured through the extrusion process, as is the case in New Zealand, contain no transverse 

or shear reinforcement. Furthermore, the pre-stressing strands, located at the bottom of the unit, will not 

be fully developed near the end of the units and may present initial end slip caused during the cutting of the 

units in the fabrication process (Sarkiset al., 2022a). All these features significantly affect the shear capacity 

of the units and make them prone to transverse and web cracking under deformation demands (Fenwick et 

al., 2010). In fact, 22% of the buildings inspected in Wellington’s city centre after the 2016 Kaikōura 

earthquake presented transverse cracking to PPHC floor units (Henry, et al., 2017). Transverse cracking close 

to the supports of hollow-core units had also been observed during the 2010/2011 Canterbury Earthquake 

Sequence (Corney, et al., 2014), but it was more prevalent in the 2016 Kaikōura Earthquake (Henry et al., 

2017). In some cases, the transverse cracks were accompanied by evident diagonal cracks in the webs of the 

slabs. In this situation, it is considered that the gravity load support has been compromised, as past research 
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has demonstrated that PPHC units exhibiting transverse and diagonal web cracking may be close to a sudden 

brittle failure (Jensen, 2007; Woods, 2008). 

The behavior of PPHC slabs failing in shear has been extensively studied experimentally (Araújo et al., 2020; 

Hawkins & Ghosh, 2006; Michelini et al., 2020; Pajari, 2005), and past numerical studies have revealed the 

feasibility of assessing the behavior of PPHC units through finite element (FE) modelling (Brunesi et al., 2015; 

Brunesi & Nascimbene, 2015; Michelini et al., 2020; Nguyen et al., 2019; Sarkiset al., 2022b). Nonetheless, 

there appears to be little information on the fragility of precast floors. A fragility curve indicates the likelihood 

of observing a specific damage state as a function of an engineering demand parameter (such as shear 

demand). Such curves are essential for probabilistic performance assessments, such as those recommended 

in FEMA P58. As such, given the uncertainty arising from the complex structural behavior that leads to 

different possible failure modes (Fenwick et al., 2010), and to permit the vulnerability of precast floors to be 

quantified in risk assessments, fragility curves for PPHC slabs are required. 

Rekha & Ravindra (2020) analysed PPHC slabs in terms of statistical properties of the concrete and the unit’s 

cross-section and concluded that there is a consistent level of reliability in the design methodology adopted 

in the ACI-318 (American Concrete Institute, 2019). Similarly, Cho et al. (2017) followed a reliability approach 

to investigate the shear design equations for PPHC slabs adopted in ACI-318 and examined the suitability of 

strength reduction factors. They found that the shear strengths of members with depths of more than 315 

mm were too conservatively estimated, whereas some members with lower depths did not satisfy the target 

reliability index. However, no studies appear to have been conducted to quantify the fragility of PPHC slabs 

or the risk implications of the observed damage to hollow-core floors.  

This article aims to provide information on the fragility of 200 mm deep PPHC slabs. First, the methodology 

adopted to develop numerical fragility curves for different defined damage states is outlined. The outputs 

are presented in terms of two engineering demand parameters (EDPs): shear strength and deflection. This is 

done using information about the uncertainty in the different modelling parameters established during the 

recently proposed numerical model for PPHC slabs by the authors(Sarkis et al., 2022b). Subsequently, the 

numerical fragility curves are compared against the experimental fragilities obtained from testing data 

employed to inform the calibration of the numerical models(Sarkis et al., 2022a).  

5.2 PPHC SLABS STUDIED AND NUMERICAL MODELLING 

The study presented herein focuses on 200 mm deep PPHC slabs, adopted from previous numerical and 

experimental studies by the authors(Sarkis, et al., 2022a; Sarkiset al., 2022b). This depth of slab has been 

selected because it is the most commonly used pre-stressed precast concrete floor unit in New Zealand 

(Puranam et al., 2019). The key aspects of these studies, relevant to the fragility analysis, are outlined in this 

section. 
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5.2.1 Experimental testing 

The test specimens consisted of PPHC units fabricated by the extrusion process by a local precast company 

in Auckland, New Zealand. The PPHC slabs have been loaded under a concentrated line loading, 

corresponding to the loading beam of a three-point bending test set-up, as shown in Figure 5-1. The total 

length of the specimens is 5000 mm, and the separation between supports is 4000 mm. The load was applied 

in displacement control at a distance “𝑎” from one of the supports (see Table 5-1). The PPHC slabs tested 

used seven pre-stressing strands, stressed to 67% of their ultimate strength of 1860 MPa. 

The main results from the six tests performed are summarized in Table 5-1 in terms of maximum shear load, 

𝑉𝑚𝑎𝑥, and maximum deflection at peak shear load, 𝛥𝑉𝑚𝑎𝑥. Further details about the testing and experimental 

results can be found in(Sarkis et al., 2022a). Likewise, auxiliary material characterization testing carried out 

by the authors, has been used to inform the numerical modelling and fragility study.  

 

 

Figure 5-1. Illustration of the test set-up and numerical modelling of the PPHC slabs failing in shear. 
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Table 5-1. Summary of experimental and numerical results used for the fragility analysis. 

Test ID 

Slab depth 
Shear 
span  

a/H  

Experimental results  
Finite element 

prediction  

H (mm) a (mm) Vmax (kN) 
∆Vmax 
(mm) 

Vmax,FE (kN) 
∆Vmax,FE 
(mm) 

1.5A 200 300 1.5 245 2.2 262 1.9 

1.5B 200 300 1.5 248 2.2 262 1.9 

2.5A 200 500 2.5 199 3.4 213 4.1 

2.5B 200 500 2.5 190 3.3 213 4.1 

3.5A 200 700 3.5 203 6.5 205 8.4 

3.5B 200 700 3.5 204 7.1 205 8.4 

 

5.2.2 Numerical model 

The FE modelling has been developed using the software Midas FEA (MIDAS Information Technology, 2016) 

and is described in detail by Sarkis et al. (2022b). The units are treated as simply supported solid three-

dimensional members, as shown in Figure 5-1. Table 5-1 summarizes the FE prediction for the shear strength 

and deflection capacity of the units tested. 

The concrete has been modelled using six-node brick elements and the pre-stressing strands using embedded 

one-dimensional elements. Nonlinear static analysis was performed with energy-based convergence criteria. 

Additionally, as part of the testing programme, auxiliary experimental testing of the concrete from extruded 

pre-stressed slabs was performed. The mean value of the concrete compressive strength, obtained as the 

average strength of 22 cubes with 60 mm sides, was equal to fc = 81.1 ± 6.2 MPa with standard deviation 

shown, and the mean value of the modulus of rupture, obtained as the average strength of 24 tensile bending 

tests, was fr = 6.5 ± 0.7 MPa. The concrete constitutive model selected for the FE modelling approach was 

calibrated against these material testing results. For the tensile behaviour, the model proposed by Hordijk 

(1992) was assumed, and for the compressive behaviour, the Thorenfeldt (1987) model was used (see Figure 

5-1). 

5.3 METHODOLOGY 

A schematic representation of the procedure followed to quantify the fragility of PPHC slabs is illustrated in 

Figure 5-2. The different damage states are defined in relation to the damage progression observed in PPHC 

slabs failing in shear. The exceedance of a damage state (DS) is identified using nonlinear static FE analysis 

calibrated against experimental data, as described in Section 5.2. Furthermore, several model realisations 

are generated to account for the variability of the different random variables (RVs) considered. Two EDPs of 

interest have been identified; shear strength and maximum deflection, and the median EDP intensities at 
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which each damage state is exceeded are obtained from the capacity curves extracted from each FE analysis 

and experimental test. Finally, experimental and numerical fragility curves can be developed for each EDP 

and DS identified. More details into each step of this procedure are provided below. 

 

Figure 5-2. Schematic representation of the procedure used herein for the fragility analysis of PPHC slabs. 

5.3.1 Selected random variables and associated distributions 

An extensive sensitivity analysis was carried out to determine the influence of different material properties 

and modelling parameters on the shear strength and displacement capacity of PPHC slabs (Sarkis et al., 

2022b). As an outcome of that sensitivity study, the main sources of uncertainty in the shear response of 

PPHC slabs were outlined and critical modelling recommendations were made. This research refers to those 

sources of uncertainty and modelling recommendations to define the RVs of interest in the fragility analysis. 

Table 5-2 shows the median and standard deviation for each selected RV, as well as the corresponding source 

and reference used to define those bounds.  

The compressive strength and modulus of rupture of the concrete follow a normal distribution, and their 

median and standard deviation have been adopted directly from the material testing presented in (Sarkis et 

al., 2022a) and summarized in Section 5.2. For sources noted in Table 5-2, “computed” refers to how the 

median value was not a fixed value but rather a computed value from the expressions described in the 

outlined references. For example, the tensile fracture energy is dependent on the compressive strength of 

the concrete (beton & Staff, 2013) and therefore the two RVs are correlated in their median. Similarly, the 

crack bandwidth is dependent on the maximum aggregate size (Malvar & Fourney, 1990), and the pre-stress 

losses and the transfer length of pre-stressing strands are computed following the expressions described in 

NZS3101 (NZS3101, 2006), which depend on the pre-stressing strands characteristics. In addition, the shear 

span has been treated as a RV (albeit not reported in Table 5-2), and it can take one of three deterministic 

values: 300, 500, and 700 mm, corresponding to a/H values of 1.5, 2.5, and 3.5 respectively (see Table 5-1).  
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Table 5-2. List of random variables considered for the fragility analysis 

RV Description  Units Source Median 
Standard 
deviation 

Reference 

1 Compressive strength fc  MPa Test data 80 8.5 
(Sarkis et al., 
2022a) 

2 Modulus of rupture fr MPa Test data 6.5 1.1 
(Sarkis et al., 
2022a) 

3 Tensile fracture energy Gf N/mm Computed 0.16 0.007 
(beton & Staff, 
2013)  

4 Crack bandwidth h mm Computed 25.5 5.7 
(Malvar & 
Fourney, 1990) 

5 Pre-stress losses  % Computed 10.3 3.0 (NZS3101, 2006) 

6 Transfer length strands TL mm Computed 633 75 (NZS3101, 2006) 

 

5.3.2 Generation of model realisations  

In order to examine the uncertainty in the response of the PPHC slabs, due to a set number of RVs whose 

distributions are known or can be estimated, a number of model realisations has to be generated. That is, for 

each RV considered, a random sample from its distribution is obtained and input into the FE model to create 

a single model realisation. The RVs crack bandwidth and transfer length of the strands (RV 4 and 6 in Table 

5-2) follow a lognormal distribution, whereas the rest follow a normal distribution. For completeness, a 

model with median values for all RVs is referred to herein as the deterministic or reference model. To 

generate randomly sampled values for each RV, a Latin Hypercube sampling technique has been employed 

(McKay et al., 2000). The process is summarised below. 

Consider 𝐾 number of RVs for which 𝑁 number of realisations are to be generated. The sampling space is 

then 𝐾 -dimensional. Let 𝑃 be a 𝑁 by 𝐾 matrix, in which each of the K columns is a random permutation of 

1 through 𝑁, and a 𝑅 matrix the size 𝑁 by 𝐾, of independent random numbers from a uniform distribution 

between 0 and 1. The basic Latin Hypercube sample is obtained from combining these two matrices 𝑃 and 𝑅 

(Olsson et al., 2003): 

 
𝑺(𝑛, 𝑘) =

1

𝑁
(𝑷(𝑛, 𝑘) − 𝑹(𝑛, 𝑘)) (5-1) 

Using the matrix 𝑆 and the known distribution of each RV, by obtaining the inverse of the target cumulative 

distribution function of each entry 𝑆𝑖𝑗 of 𝑆, sample vectors 𝑋𝑖  can be obtained from each row of the matrix 

𝑆. The vector 𝑋 contains the input data for one deterministic computation, that is the sample value of each 

RV to be used in a single FE simulation. 𝑁 vectors 𝑋 can be generated to complete the 𝑁 realisations required 

to develop the fragility curves. In this study, a total of 𝐾 =  7 random variables, and 𝑁 =  100 samples are 

used. 
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5.3.3 Definition of damage states  

The different damage states of the PPHC slabs failing in shear have been defined based on the observed 

damage and the analysis of the capacity response curves, for each test and model considered. To illustrate 

the damage progression observed across the results, specimen 3.5A (see Table 5-1) has been selected as an 

example. Figure 5-3 shows the shear-displacement relationship and cracking progression experimentally 

obtained. 

 

Figure 5-3. Damage progression observed in tested PPHC units.  

From the capacity curve in Figure 5-3A, it can be observed that the shear fore increases linearly as the applied 

displacement increases, until the appearance of flexural cracking. In all tests performed flexural cracks were 

observed at the soffit of the unit, close to the point where the vertical forces were applied (Figure 5-3B). The 

flexural cracking is followed by a stiffness degradation, shown in the capacity curve, and a further increase in 

the shear strength up to its peak with the formation of diagonal web cracking (Figure 5-3C). The brittle shear 

failure is followed by a sudden drop in the shear strength and after that, as the web cracks widen, a transverse 

crack fully develops at the soffit of the unit, close to the support (Figure 5-3D). At this point, the slab has 

reached a residual strength plateau, being able to withstand further deflections but no additional loads of 

relevance. Unlike specimen 3.5A, in some tests the flexural cracks appeared simultaneously with the diagonal 
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web cracking. Therefore, the separation between point B and C (Figure 5-3) greatly varied, in terms of both 

additional deflection and measured shear force, which can be inherently related to the production process 

and brittle nature of these precast concrete elements. 

Based on the damage progression described above, fragility functions are developed for three damage states 

defined as follows: DS1 - flexural cracking, DS2 – shear failure, and DS3 – fully propagated shear crack. As the 

name suggests, the flexural cracking damage state refers to the onset of the flexural cracking (Figure 5-3B). 

The shear failure damage state refers to the failure of the specimen due to web-cracking which leads to a 

sudden drop in the shear resistance of the unit (Figure 5-3C). Finally, the fully propagated shear crack damage 

state corresponds to the residual load bearing capacity of the units (Figure 5-3D), after failure and once the 

shear crack has fully developed, which has been attributed mainly to the shear resistance offered by the 

remaining bond of the pre-stressing strands (Sarkis et al., 2022a).  

5.3.4 Probabilistic function for the fragility models 

The main aim of this paper is to analyse a range of possible PPHC slabs failing in shear and derive fragility 

functions. As described by (Porter et al., 2007), the input required for damage analysis are the EDPs, in this 

case calculated in the structural FE analysis or obtained through experimental testing, at which the damage 

states identified above are triggered. As mentioned earlier, fragility functions provide analytically, via a 

closed-form expression, the probability that the component of interest reaches or exceeds a DS, given a 

particular EDP value (Equation (5-2)) (Porter et al., 2007). Discrete fragility data are herein idealized by a 

lognormal distribution (Equation (5-3)): 

 𝐹𝑑𝑠(𝑒𝑑𝑝) ≡ 𝑃[𝐷𝑆 ≥ 𝑑𝑠|𝐸𝐷𝑃 = 𝑒𝑑𝑝] (5-2) 

 

𝐹𝑑𝑠(𝑒𝑑𝑝) = 𝛷 (
ln (

𝑒𝑑𝑝
𝑥𝑚

)

𝛽
) (5-3) 

where 𝛷 denotes the Gaussian standard normal cumulative distribution function, 𝑥𝑚 denotes the median 

value of the distribution, and 𝛽 is often referred to as the dispersion and denotes the logarithmic standard 

deviation. 

The probability that the component is in a damage state 𝑑𝑠, given 𝐸𝐷𝑃 =  𝑒𝑑𝑝, is given by Equation (5-4): 

 𝑃[𝐷𝑆 = 𝑑𝑠|𝐸𝐷𝑃 = 𝑒𝑑𝑝] = 1 − 𝐹1(𝑒𝑑𝑝) 

= 𝐹𝑑𝑠(𝑒𝑑𝑝) − 𝐹𝑑𝑠+1(𝑒𝑑𝑝) 

= 𝐹𝑑𝑠(𝑒𝑑𝑝) 

𝑑𝑠 = 0 

1 ≤ 𝑑𝑠 ≤ 𝐽 

𝑑𝑠 = 𝐽 

(5-4) 
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where 𝐽 denotes the number of possible damage states for the component, in addition to the undamaged 

state, and 𝑑𝑠 =  0 denotes the undamaged state.  

For the case where all specimens fail at an observed EDP, the values of 𝑥𝑚  and 𝛽 can be derived from 

Equation (5-5) and Equation (5-6) (Baker, 2015; Porter et al., 2007), respectively: 

 
𝑥𝑚 = exp (

1

𝑀
∑ 𝑙𝑛(𝑟𝑖)

𝑀

𝑖=1

)  (5-5) 

 

𝛽 = √
1

𝑀 − 1
∑ (𝑙𝑛(

𝑟𝑖
𝑥𝑚

⁄ ))
2

𝑀

𝑖=1

 (5-6) 

where, 

M = number of specimens tested to failure 

i = index of specimens, 𝑖 ∈ {1,2, … 𝑀} 

ri = EDP at which damage was observed to occur in specimen i 

 

5.4 ANALYSIS RESULTS 

5.4.1 Numerical fragility curves  

Using the maximum likelihood fitting method, a fragility function for each DS has been computed with 

respect to each model realisation 𝑋 as a function of the defined RVs. The numerically obtained fragilities are 

plotted in Figure 5-4 for both demand parameters considered, namely the shear strength and deflection of 

the slab, where the plot labels correspond to: 

• DS1 – flexural cracking  

• DS2 – shear failure  

• DS3 – fully propagated shear crack  

Since different shear spans are being considered as a RV, each EDP has been normalized, so that its value is 

independent of the shear span length. In this way, the fragility curves developed for the 200 mm deep units 

will be independent of the location of the applied vertical load or displacements, which is more 

representative of a realistic loading scenario in an actual building. For this purpose, the scale factors 𝛼 and 𝛾 

have been defined to account for the impact of the shear span on the shear and deflection. The scale factors 

have been estimated through algebraic manipulation of the maximum shear and maximum deflection 

equations for a simply supported beam with an eccentrically applied point load. The resulting scale factors 𝛼 
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and 𝛾 are dependent on the shear span 𝑎, the total span length 𝐿, and the cross-section moment of inertia 

𝐼, and are reported by Equation (5-7) and Equation (5-8): 

 
𝛼 =  

𝐿 − 𝑎

𝐿
  (5-7) 

 
𝛾 =  

𝐼

𝑎2(𝐿 − 𝑎)2
 (5-8) 

The fully propagated shear crack damage state, DS3, is triggered at larger deflections than the damage states 

DS1 and DS2. However, the residual shear strength capacity will be smaller than the shear failure strength, 

as it is a post-peak capacity. For this reason, only DS1 and DS2 have been considered for the shear strength 

fragility, whereas all three damage states have been considered for the deflection fragility (see Figure 5-4).   

 

Figure 5-4. Numerical fragility curves for 200 mm deep New Zealand units for two different EDPs: shear strength (left) 

and deflection at shear-span location (right), with factors alpha and gamma to account for shear span.  

The median shear failure strength 𝛼𝑉 obtained is 265 kN with a logarithmic standard deviation 𝛽 = 0.12. The 

probability of shear failure starts rising from 184 kN, until reaching a 100% probability of shear failure at 388 

kN. Next, the median flexural cracking strength estimated is 𝛼𝑉 = 164 𝑘𝑁, which is about 38% smaller than 

the median shear failure strength. In this case, a larger standard deviation 𝛽 = 0.34 was observed.  

The median value for shear failure fragility obtained, according to the maximum deflection of the slab, is 𝛾𝛿 

= 1.17mm, with a logarithmic standard deviation of 0.14. The probability of shear failure starts rising at 0.73 

mm until reaching a 100% probability of shear failure at 1.87 mm. Even if these are factored values, it can be 

observed that the deflection that the PPHC slabs can undergo, before reaching a high shear failure probability, 

are very limited. In terms of the flexural cracking damage state, the median deflection is 𝛾𝛿 = 0.47 mm, with 

a logarithmic standard deviation of 0.35. Finally, the median value for the DS3 is 1.74 mm with a logarithmic 

standard deviation of 0.16. 



A. I. Sarkis Seismic assessment of PPHC floors  

 

5-13 
 

The shear strength fragility would be the most useful while analysing a PPHC floor under gravity loads. By 

imposing the gravity loads on the slab, the shear demand can be obtained and compared against the fragility 

curves to revise the probability of trespassing a damage state (be flexural cracking or shear failure). On the 

other hand, deflection fragility would be highly recommended in a seismic analysis scenario. The earthquake 

will impose lateral loads on the structure, and the rotations and deformations of the supporting beams due 

to the building drift will induce deformation demands in the PPHC floors. These demands can be compared 

to the fragility curves to assess the probability of reaching a certain damage state, given an earthquake 

intensity.  

5.4.2 Comparison of numerical fragility curves against experimental results 

Experimental fragilities can be obtained using the mathematical procedure described by Porter et al. (2007) 

for the case in which all specimens fail at an observed EDP, and the fragility formulation outlined in Section 

5.3.4. Figure 5-5 shows the numerical fragility curves for the three identified damage states and compares 

them against the available experimental results. The experimental data employed have been taken from six 

shear tests on PPHC slabs, where three different shear spans were tested, as previously presented in Section 

5.2.1.  
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Figure 5-5.Comparison or numerical fragility curves and experimental testing results for 200 mm deep New Zealand units 

for two EDPs: shear strength (left) and deflection at shear span location (right). 

 

Table 5-3, Table 5-4, and Table 5-5 summarize the median strength and deflection values and total dispersion 

for the flexural cracking, shear failure, and fully propagated shear crack damage states, respectively. The 

label NUM corresponds to the numerical fragility curves obtained from N model realisations and multiple 

random variables. The label EXP in Figure 5-5 and Table 5-3 to Table 5-5 refers to the values obtained from 

the experimental testing. 
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Table 5-3. Median and dispersion values for DS1 - flexural cracking fragility. 

Demand parameter Method  Median value 
Logarithmic standard 

deviation 

    Xm β 

Strength [kN] 
NUM 164 0.34 

EXP 235 0.09 

Deflection [mm] 
NUM 0.47 0.35 

EXP 0.84 0.24 

 

Table 5-4. Median and dispersion values for DS2 - shear failure 

Demand parameter Method  Median value 
Logarithmic standard 

deviation 

    Xm β 

Strength [kN] 
NUM 265 0.12 

EXP 247 0.08 

Deflection [mm] 
NUM 1.17 0.14 

EXP 1.06 0.22 

 

Table 5-5. Median and dispersion values for DS3 – fully propagated shear crack 

Demand parameter Method  Median value 
Logarithmic standard 

deviation 

    Xm β 

Deflection [mm] 
NUM 1.74 0.16 

EXP 1.62 0.27 

 

The strength value for DS2 is found to be 𝛼𝑉 = 247 kN with a logarithmic standard deviation of 0.08. From 

𝛼𝑉 = 190 kN, the probability of shear failure increases, until reaching 100% probability at 324 kN. Table 5-4 

compares the numerical and experimental shear failure fragilities in terms of the median and total dispersion 

values. The mean ratio of NUM to EXP for the median shear failure strength is 1.07, meaning that for the 

slabs examined, the NUM fragility functions tended to overestimate the median shear failure capacity when 

compared with the shear failure fragilities obtained from available experimental data. 

Similarly, the EXP median shear failure deflection obtained is 1.06 mm with a logarithmic dispersion of 0.22. 

The probability of shear failure starts rising from 0.53 mm, until reaching a 100% probability of shear failure 

when 𝛾𝛿 = 2.16 mm. The ratio of NUM to EXP is 1.10, indicating that, in general, the NUM estimation tends 

to be larger than the EXP shear failure deflections. In addition, Table 5-4 indicates that the NUM curves 

showed a larger total dispersion in the shear strength shear failure fragility and a smaller dispersion in the 

deflection shear failure fragility when compared to the EXP results. 
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For the flexural cracking damage state, the EXP median strength is 𝛼𝑉 = 235 kN and the logarithmic standard 

deviation is 𝛽 = 0.09 kN. The probability of reaching this DS starts rising once the slab has reached 176 kN, 

until reaching a 100% probability if 𝛼𝑉 = 314 kN. Alternatively, the experimental median deflection obtained 

for flexural cracking is 0.84 mm with an associated logarithmic dispersion of 0.24 mm. In this case, the 

probability of reaching the DS started by a deflection of 0.39 mm until reaching a 100% probability when the 

deflection is equal to 1.86 mm. Finally, in terms of maximum deflection, the median value obtained for the 

DS3 fragility is 1.62 with a logarithmic dispersion of 0.27.  

The results suggest that, regardless of the engineering demand parameter, the NUM fragilities tend to 

underestimate the values associated with the probability of reaching the flexural cracking damage state. 

During the testing of PPHC with shorter shear spans, the flexural cracks were observed to appear together 

with the web cracking, leaving no margin between the flexural cracking and shear failure damage states. In 

contrast, while analyzing the FE modelling results, the flexural cracking was always observed to appear well 

before web-cracking. This suggests that the numerical predictions are appropriate, as during the experiments 

the very first initiation of flexural cracking may have not been noted. Additionally, however, the NUM 

dispersion values are significantly larger than the EXP values, suggesting that model predictions of flexural 

cracking are quite sensitive to the input parameters.  

The Kolmogorov-Smirnov test of 5% confidence (Massey, 1951) has been used to evaluate how well the 

experimental data points conform to the NUM fragility curves. The largest vertical distance, ∆, between the 

data points and the fragility curve is compared against the critical value obtained from the tables presented 

by Massey (1951) for different confidence levels. In this criterion, if the greatest vertical distance is less than 

the critical value, then the null hypothesis is accepted, and therefore, it is said that the data points could be 

assumed to belong to the distribution against which they are being compared. The critical value, considering 

a significance level of 5%, is 0.52. For DS1, flexural cracking, the null hypothesis is rejected for both EDPs. On 

the other hand, for DS2 and DS3, shear failure and fully propagated shear crack, the null hypothesis is 

accepted, and the data points can be assumed to below to conform part of the fragility curves computed. 

Therefore, it can be concluded that the numerical fragility curves provide an adequate approximation for DS2 

and DS3 but underestimate the shear strength and deflection for DS1. Figure 5-5 graphically shows the results 

of the Kolmogorov-Smirnov test through the 5-95% confidence interval, specified through the critical value, 

and the Delta band, characterized by means of the largest vertical distance or delta value ∆.   

5.4.3 Influence of functional relations among RVs on the fragility of PPHC slabs 

The probability distribution derived from the selected RVs for the fragility analysis is a function of multiple 

random variables, as described above. The development of such fragility curves is computationally 

demanding. First, a simulation needs to be undertaken to obtain the N = 100 realisations through a Latin 
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Hypercube sampling technique. The output variable – be this strength or deformation – is assumed to be a 

known deterministic function of a set of input variables, developed using FE modelling. Then, nonlinear static 

analysis is performed for N three-dimensional FE models, each of which takes up to 24 hours to run on 8-

thread run on an AMD Ryzen 9 3950X 3.49GHz 16-Core workstation/computer. 

As an alternative that requires fewer realisations and saves computing time, analysts may look into 

developing fragility curves as a function of extreme value distributions, or as a function of the most significant 

random variable. Both approaches are discussed in the following sections.  

5.4.3.1 Fragility as a function of extreme value distributions 

The term extreme values here refer to the 5th  and 95th  percentile values from the distribution of each RV. In 

this way, instead of 100 realisations, the number of realisations will be equal to twice the number of RVs (K 

= 6 as shown in Table 5-2). Then, for each input variable, the FE model is evaluated twice, using the two 

extreme values of the selected input variable while the other input variables are set to their best estimates, 

such as their mean value. Likewise, for the extreme value analysis, the two shear spans 𝑎  are being 

considered: 300 mm and 700 mm, and for each shear span 2K realisations were modelled and analysed. 

Figure 5-6 shows the fragility curves developed as a function of extreme value distributions and denoted with 

the label EVD and compares the curves against the numerical fragilities, developed as a function of multiple 

random variables and denoted as MRV, for each DS and EDP. Similarly, Table 5-6 compares the EVD and MRV 

fragilities in terms of the median distribution and dispersion values for each DS and EDP.  

 

Figure 5-6. Numerical fragility curves, for 200 mm deep New Zealand unis, derived as a function of multiple random 

variables versus those derived from extreme value distributions (5th and 95th percentile).  
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Table 5-6. Median distribution and dispersion values for the fragilities derived as a function of multiple random variables 

and extreme value distributions (5th and 95th percentile).   

Damage state 
Demand 

parameter 
Numerical method  Median value 

Logarithmic 
standard 
deviation 

      Xm β 

Flexural cracking 

Strength [kN] 
MRV 164 0.34 

EVD 167 0.40 

Deflection [mm] 
MRV 0.47 0.35 

EVD 0.49 0.40 

Shear failure 

Strength [kN] 
MRV 265 0.12 

EVD 265 0.11 

Deflection [mm] 
MRV 1.17 0.14 

EVD 1.21 0.12 

Fully propagated 
shear crack 

Deflection [mm] 
MRV 1.74 0.16 

EVD 1.82 0.16 

 

In Figure 5-6 it can be observed that the difference between the two curves, MRV and EDV, grows in the 

higher probability region. In the case of the flexural cracking DS, the median strength obtained is 𝛼𝑉 = 167 

kN with a logarithmic standard deviation 𝛽 = 0.40. These, compared with the flexural cracking strength values 

from the MRV fragility, give a median value ratio of 0.98 and a dispersion ratio of 0.87, the latter being again 

indicative of a slightly higher discrepancy in the high-probability region. Even if the difference in this case is 

slightly larger than for the shear failure DS, the said difference is deemed negligibly small, especially when 

bearing in mind the practical purpose these models are meant to address (see Figure 5-6).  

In terms of the deflection of the slabs, the EVD median value at which the shear failure damage state is 

reached is 𝛾𝛿  = 0.49 mm, and the corresponding logarithmic standard deviation is 𝛽 = 0.40. When 

comparing both lognormal fragility model parameters, median and dispersion values, with the MRV shear 

failure fragility case, the ratios obtained are 0.96 and 1.20, respectively. Therefore, in general, the EVD 

fragilities slightly overestimate the deflection values when compared with the MRV fragilities. For the flexural 

cracking DS, the EVD median deflection obtained is 𝛾𝛿 = 0.49 mm and the standard deviation is 0.40 mm. In 

comparison with the MRV values for the same DS, the ratios are 0.95 and 0.87, as shown in Table 5-6. Finally, 

for DS3, the EVD median deflection obtained is 𝛾𝛿 = 1.82 mm with a dispersion 𝛽 = 0.16. In this case, the 

standard deviation obtained is equal to that corresponding to the MRV fragility, but the median value is larger, 

providing a ratio of 0.95.  

Overall, it can be seen that the EVD fragilities tend to overestimate slightly the deflection at which each DS 

is reached, even though it is acknowledged that there are relatively narrow normalized deflection ranges. 

Further, and more importantly, the MRV and EVD fragilities produce strength and deflection values that 
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almost perfectly match with each other as a result of the structural behavior sensitivity to the random 

variables. Considering the reduction on the computation time when developing the fragility curves through 

the EVD method, especially for a case like this involving high-fidelity FE modelling for nonlinear structural 

response analysis at component level, and the small difference between the MRV and EVD outputs for the 

studied PPHC slabs, it is concluded that the latter approach is a viable alternative for the fragility analysis of 

these New Zealand-specific PPHC units, or at least as a valid first step towards a complete MRV-driven fragility 

calculation.  

5.4.3.2 Fragility as a function of the most significant RV 

The most significant random variable, or critical random variable, refers to a variable that would significantly 

influence the uncertainty in the response of the structural element. In the case of the PPHC slabs under study, 

a deterministic sensitivity analysis carried out by the authors (Sarkis et al., 2022b), helped to identity the 

various uncertain input parameters influencing the evaluation of the strength and deformation of the slabs 

under shear actions. The sensitivity analysis revealed that the modulus of rupture of the concrete had the 

highest influence on the capacity predictions and that it is the most important variable that needs to be 

considered in reliability studies of PPHC slabs. For this reason, in the present fragility study, fragility functions 

have been re-developed varying only the modulus of rupture.  

The FE model has been evaluated for the upper and lower bound values (5th and 95th percentile values) of 

the modulus of rupture, obtained from the values shown in Table 5-2 for the three shear spans 𝑎 under 

consideration, as well as for the reference or deterministic models for each shear span using the median 

value of the modulus of rupture. Hence, in this case, instead of 100 realisations, a total of 9 realisations were 

performed. Figure 5-7 shows the fragility curves following this method that employs a single critical RV and 

compares these curves against the MRV fragilities for each DS and EDP. Then, Table 5-7 compares both 

fragilities as well, but in terms of the median distribution and dispersion values for each considered damage 

state and demand parameter. The label SRV refers to the fragility curves developed as a function of the most 

significant random variable and stands for single random variable.  
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Figure 5-7. Numerical fragility curves derived for 200 mm deep New Zealand units, as a function of multiple random 

variables versus derived from varying the most significant RV.  

Table 5-7. Median distribution and dispersion values for the fragilities derived as a function of multiple random variables 

and as a function of the most significant RV.   

Damage state Demand parameter 
Numerical 

method  
Median 

value 
Logarithmic 

standard deviation 

      Xm β 

Flexural cracking 

Strength [kN] 
MRV 164 0.34 

SRV 162 0.39 

Deflection [mm] 
MRV 0.47 0.35 

SRV 0.48 0.39 

Shear failure 

Strength [kN] 
MRV 265 0.12 

SRV 255 0.13 

Deflection [mm] 
MRV 1.17 0.14 

SRV 1.15 0.19 

Fully propagated shear 
crack 

Deflection [mm] 
MRV 1.74 0.16 

SRV 1.74 0.17 

 

The comparison of the SRV and MRV fragility curves in Figure 5-7, as well as the ratios from comparing the 

median strength values in Table 5-7 show that the SRV method tends to slightly underestimate the strength 

of the units for DS2 and DS3 when compared to the curves developed following the MRV method. Likewise, 

the comparison of results shows a small discrepancy between both methods when considering the slab’s 

deflection as a demand parameter. The SRV median deflection values 𝛾𝛿 obtained for the three considered 

damage states are 0.48 mm, 1.15 mm and 1.47 mm, respectively for DS1, DS2 and DS3. When compared with 

the MRV median values, ratios of 0.98, 1.02 and 1.00 are obtained for the same three damage states. These 

comparison confirms that there is a close agreement on the median shear deflection estimated through both 

fragility curves. There is a bigger difference when comparing both curves in terms of dispersion. The SRV 

method, which makes use of fewer model realisations and a single random variable, generates larger 
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dispersion in general than the fragilities obtained through the multiple random variable approach with the N 

realisations obtained through the Latin hypercube simulation.  

In this particular study, focused on New Zealand-specific 200 mm deep units, the SRV method provides curves 

in very close agreement to those obtained through a the more complex MRV fragilities, with the benefit of a 

substantial reduction on the computing time. Nonetheless, the effectiveness of considering a SRV method 

may vary when studying different structural elements, rather than these New Zealand-specific PPHC units.  

5.4.4 Post-earthquake gravity load carrying capacity 

The fully propagated shear crack damage state is conditioned upon reaching shear failure. Past the peak 

shear load, after the sudden drop in the load, due to the formation of a transverse crack, the shear force 

stays at a constant residual force value with increasing applied displacement. This residual capacity can be 

attributed to the dowel action of the longitudinal reinforcement and the bond between the pre-stressing 

strands and the concrete due to mechanical interlock and surface friction (Sarkis et al., 2022a). Large 

uncertainty is associated with the contribution of each of these factors to the measured residual strength of 

the slabs, and additional research should further investigate the factors affecting the post-peak regime and 

the best means of accounting for these factors in the numerical models.  

The median probable residual shear strength capacity could provide an indication of the post-earthquake 

gravity load carrying capacity. Figure 5-8 shows the results obtained for the remaining load-bearing capacity 

left in the slab once the shear crack has fully propagated, estimated through numerical and experimental 

data, and through the different numerical methods explained in Section 5.4.3. In the case of the numerical 

method referred in the text as MRV, the median strength value obtained was 142 kN. The median EXP shear 

strength is 132 kN with a 0.27 dispersion. Within the probability of reaching this residual strength value, the 

shear strength values could vary from 58 kN to 318 kN. 

 

 

Figure 5-8. Post-earthquake gravity load carrying capacity for 200 mm deep New Zealand units: estimated through 

numerical and experimental data (left), and through different numerical methods (right). 
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5.5 CONCLUSIONS 

This paper has presented fragility curves for PPHC slabs, obtained from both experimental and numerical 

data, to characterise the shear strength and deformation capacity of 200 mm deep PPHC slabs. A description 

of the methodology used to generate the model realisations using the various RVs established and the 

fragility curves for the determined damage states has been presented. Moreover, the numerical fragility 

curves firstly derived as a function of multiple random variables have been compared against fragility curves 

developed following two alternative methods that require fewer model realisations and save computing 

time: extreme value distributions and single significant random variable. From this fragility study, the 

following conclusions can be drawn:  

• Based on the damage progression observed numerically and experimentally, three damage states for 

PPHC slabs failing in shear have been identified: flexural cracking, shear failure, and fully propagated 

shear crack.  

• The results show that the numerical fragilities MRV have a tendency to overestimate the median shear 

failure and flexural cracking shear strength when compared with the available experimental results.  

Nonetheless, the Kolmogorov-Smirnov test suggests that the shear and deflection predictions from the 

MRV fragility curves are adequate for DS2 and DS3. 

• MRV fragilities presented a significantly larger dispersion than the EXP values, in particular when taking 

the shear strength as a demand parameter. This can be attributed to the large variability in material 

properties assumed in the numerical analyses as oppossed to the testing campaign which represents only 

a sub-set of what has been emulated numerically.  

• Alternative, simplified means of quantifying fragility have been investigated and it has been found that 

they produce strength and deflection values that almost perfectly match the more complex, time-

consuming, means of quantifying fragility.  

• The EVD and SRV fragilities slightly overestimate the deflection at which each damage state is reached; 

however, the narrow normalized deflection ranges implied notwithstanding. In addition, the SRV 

approach, which makes use of a single RV and fewer model realisations, provides a larger dispersion in 

the results than the fragilities obtained through MRV.  

• Considering the reduction in the computation time when developing fragility curves through the EVD or 

SRV methods, and the small difference in the outputs for the PPHC slabs under study, it is 

recommendable to consider the last two approaches as viable alternatives for the fragility analysis of 

these slabs, or at least as a valid first step towards a more rigorous MRV fragility analysis.  

• To increase the applicability of the developed fragility curves to the risk assessment of floor systems, it 

is recommended to link the slab’s maximum deflection to the total deflection at the support, which in 

turn is related to the structure’s story drift.  
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ABSTRACT 

Even if precast prestressed hollow-core (PPHC) slabs are usually designed as simply supported elements, 

continuity with the supporting beam may exist when constructed together with a reinforced concrete 

topping and continuity reinforcing bars. During an earthquake (and possibly other lateral load), this continuity 

may result in bending moments being induced close to the supports as the buildings sway laterally. The 

response of precast floors to earthquake-induced demands has been addressed by past research. However, 

further investigation is required to improve understanding of several aspects of precast floor behavior either 

revealed or emphasized by recent earthquakes in New Zealand. 

This paper proposes a mechanics-based modelling approach for the analysis of PPHC slab-to-beam seating 

connections. The model has been calibrated against existing test data to predict the failure of a PPHC slab 

under negative bending moments. The numerical outcomes allow comparison of the moment-drift response, 

principal tensile stresses, and crack progression during loading. The developed modelling approach will allow 

future studies to exhaustively investigate all aspects of precast floor behavior by varying the properties and 

geometry of the PPHC seating connection. 

 

Keywords: hollow-core floor, pre-stress concrete, precast concrete, diaphragm behavior, finite element 

method, fracture mechanics, numerical modelling 
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6.1 INTRODUCTION  

Precast pre-stressed hollow-core (PPHC) floors comprise precast floor units with in-situ reinforced concrete 

topping to form a composite floor system that generally also functions as a diaphragm. Compared with other 

precast floor options, PPHC floors are distinguished by typically having longer shear spans and/or supporting 

heavier loads with a reduced self-weight and faster construction time (Brooke et al., 2019). 

Diaphragm action (required for the floor to transfer horizontal inertia forces to walls and frames) is obtained 

by connecting the PPHC units to each other and to the framing beams through cast-in-situ reinforced 

concrete joints. In seismic areas, the upper surface of precast slabs is usually covered with a cast-in-situ 

concrete topping, so as to enhance the strength and stiffness of the floor and its structural performance 

under lateral loads (Fenwick et al., 2010). Nevertheless, an effective composite action can be achieved only 

when the topping has adequate thickness, and when proper shear strength is provided at the interface 

between the topping itself and the slabs (Ueda & Stitmannaithum, 1991). 

Figure 6-1 shows the typical cross-section of a PPHC floor, and Figure 6-7 presents a side view of the PPHC 

floor seating detail. The precast units commonly sit on a beam edge with a cast-in place topping containing 

passive reinforcement. Additionally, continuity reinforcement or ‘starter bars’ will be placed to connect the 

concrete topping to the seating beam. In New Zealand, a wide range of hollow-core sections and seating 

connection detailing have been adopted. This is because the dimensions and material properties of the 

precast units have varied over the years as technology has changed and  because there was  a lack of design 

guidelines during the 1980s and 1990s, when most buildings with PPHC floors were constructed in New 

Zealand. It has been found that about 80% of existing buildings with PPHC floors in Wellington have a 65 mm 

topping slab with welded wire mesh reinforcement, and that over 60% have starter bar lengths not exceeding 

600 mm (Puranam et al., 2019). This information is relevant when assessing the likely impact of bending on 

the floors, as will become evident later in this paper. 

 

Figure 6-1. Typical hollow-core floor cross-section. 
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PPHC slabs are commonly designed as simply supported members. Nonetheless, the presence of the concrete 

topping and reinforcement prompts continuity between the units and the supporting structure. 

Consequently, during an earthquake, significant bending moments can be induced in the PPHC units, close 

to the supports (Fenwick et al., 2010). 

Prior to the 1994 Northridge earthquake, little research had been conducted into the seismic behavior of 

precast concrete floor diaphragms. However, noticeable diaphragm flexibility observed in some structures 

after connections had sustained earthquake damage led engineers to begin questioning the seismic 

performance of precast concrete floor elements (Corney et al., 2021). Experimental investigations into the 

behavior of precast concrete floors and improvements in their performance have been made over the last 

three decades (Corney et al., 2018; Fenwick et al., 2010; Matthews, 2004; Woods, 2008). Such research has 

provided a significant basis for understanding the response of precast floors to earthquake-induced demands. 

While the details for floor systems with PPHC units have been improved in new buildings, support conditions 

for units in existing buildings designed before 2006 are likely to lead to significant damage and potentially 

collapse during design level earthquakes (Brooke et al., 2019). This has been highlighted by the 2010/2011 

Canterbury Earthquake Sequence and the 2016 Kaikōura Earthquake in New Zealand. Further investigation 

is required to improve understanding of several aspects of precast floor behavior either revealed or 

emphasised by recent earthquakes or identified prior to the earthquakes but not fully investigated. 

The expense of physical testing and the difficulty of tightly controlling the properties of reinforced concrete 

test specimens makes it impractical to exhaustively investigate all aspects of precast floor behavior 

experimentally. Therefore, this paper aims to propose a finite element (FE) approach for evaluating the effect 

of bending moments on the seismic performance of PPHC floors. For this purpose, a detailed three-

dimensional model of PPHC floor seating connections, or PPHC sub-systems, has been developed and 

calibrated against past experimental data by Bueker et al. (2021). The developed model, based on nonlinear 

fracture mechanics, is then used to study the effect of the starter bar length on the observed failure mode 

and crack propagation. 

6.2 SEISMIC RESPONSE OF PPHC FLOORS 

In simply supported pre-stressed concrete members without web reinforcement, such as extruded PPHC 

units, the shear strength in the high shear regions close to the supports is limited by web-shear cracking 

(Figure 6-2). However, where continuity is established between the PPHC units and the supporting structure, 

axial tension and bending moments can be introduced into the region near the supports. In this situation, 

the shear strength is limited by flexure-shear cracking (Figure 6-2), which results in the strength being 

significantly less than the value corresponding to web-shear cracking strength. In this situation, bending 

moments will develop at the support under gravity and earthquake movement, which induce local 
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displacements and structural actions into the individual floor units, which in turn are likely to cause a brittle 

shear failure (Woods, 2008). Therefore, the assumption of simple supports can lead to an over-estimate of 

the shear strength in the presence of continuity actions, as the strength cannot be based on analytical 

calculations of simply supported members alone. 

 

Figure 6-2. Flexural and web shear limits on shear strength of concrete (adapted from Fenwick et al. (2010)). 

Negative moment failure (NMF) refers to the failure of a PPHC floor due to the exceedance of the tensile 

strength at the top section, followed by propagation of cracking through the depth of the unit. Such failure 

typically manifests itself at the end of the starter bars, which are provided to connect the floors to the 

supporting structure. The occurrence of a negative moment failure at the end of the starter bars is dependent 

on a number of factors that affect the magnitude of the moment that occurs at that location, including the 

strength of starter bars and the possible presence of other additional sources of strength (Fenwick et al., 

2010). The most vulnerable cases are those with starter bars terminated too close to the support, as there is 

a drop in negative moment capacity at the end of the starter bars, which results in a weak section. After a 

crack forms in the topping it can then propagate through the depth of the section, into the webs of the unit, 

and then horizontally at the bottom flange, as shown in Figure 6-3a (Woods, 2008). This causes loss of gravity 

load-carrying capacity and potential collapse of the floor unit (Figure 6-3b). In contrast, positive moment 

failure (PMF) may happen upon reverse loading, when the starter bars are not terminated too close to the 

support and the beam-floor interface is sufficient to transfer positive moments into the floor unit (Figure 6-2). 
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Figure 6-3. Negative and positive flexural failure in a hollow-core floor system (adapted from Fenwick et al. (2010)). 

 

6.3 FINITE ELEMENT MODELLING APPROACH 

6.3.1 Proposed numerical approach 

To provide improved understanding of the effect of bending moments on the seismic behavior of PPHC floors, 

a FE modelling approach is proposed in this work . The detailed three-dimensional FE model has been 

developed based on nonlinear fracture mechanics using the software Midas FEA (MIDAS Information 

Technology, 2016). The model is calibrated against existing past experimental results by Bueker et al. (2022) 

to capture the NMF cracking mechanism. 

The portion of the diaphragm analysed in this work is highlighted in Figure 6-4, which consists of a single unit 

within a floor area of a concrete frame building. The half span of the slab plus the connection to the seating 

beam is herein referred to as PPHC floor sub-system. 

 

Figure 6-4. PPHC sub-system origin (adapted from Jensen (2007)). 
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Figure 6-5 shows the geometry and mesh of the FE model developed. The concrete (used for the PPHC unit, 

in-situ topping and seating beam) has been modelled using solid six-node brick elements. The complex 

geometry of the sub-system has been modelled via the following steps: (i) box elements were created to 

represent the geometry of the PPHC unit, topping and beam; (ii) neighbouring surfaces were joined such that 

the elements will deform together when loaded; (iii) the box elements were discretized into six-node mesh 

elements assuring that the nodes shared between surfaces are aligned with each other, or shared. The sub-

system model shown includes a total of 235000 elements, approximately. These elements comprise roughly 

225000 brick elements involving about 117000 brick elements composing the PPHC slab, 58000 the concrete 

topping, and 55000 the seating beam. There are about 4100 embedded line elements used to define the 

reinforcement bars and the pre-stressing strands, and about 400 interface elements. The number of 

elements will appreciably vary if the span of the PPHC floor considered is longer or the geometry of the PPHC 

unit or thickness of the concrete topping varies. 

The properties of the extruded hollow-core concrete have been adopted from the modelling 

recommendations by Sarkis et al. (2022b) and material characterization testing(Sarkis  et al., 2022a). The 

rotating total strain crack model has been adopted (Selby & Vecchio, 1993; Vecchio & Collins, 1986) to 

capture the concrete failure mechanism. The stress-strain relationships proposed by Cornelissen et al. (1986) 

and by (Thorenfeldt, 1987) were selected to represent the tensile and compressive behavior of the concrete, 

respectively. The behavior of the cast-in-situ concrete of the seating beam and the topping concrete was 

assumed to be nonlinear, and hence, the same constitutive models were selected.  

Steel mesh was used as topping reinforcement, the transverse and longitudinal reinforcement of the beam 

and the pre-stressing strands were modelled as embedded line elements. The topping reinforcing mesh and 

the starter bars were modelled following the Von Mises yielding criterion, whereas all the reinforcement of 

the beam was assumed to remain elastic. 

The interaction between the pre-stressing strands and the concrete has been represented by a parabolic pre-

stress distribution, as per (Yang, 1994). The pre-stress losses and transfer length of the strands have been 

estimated following the New Zealand concrete standard (NZS3101, 2006), and the end-slip of the strands 

according to (Brooks et al., 1988). 
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Figure 6-5. PPHC seating connection FE model. 

A layer of interface elements was placed between the back face of the PPHC unit and the face of the beam. 

The interface is defined by using a general finite element formulation, with the thickness of the elements 

assumed to be zero, thus keeping model geometry unaltered. Interface elements are used to analyze the 

interface movements at the boundaries between materials, in this case, the crack surface between the two 

concrete materials. These elements are used to analyse the crack surface by relating the relative 

displacement of the two sides of the interface to the forces acting on the interface. The softening model 

proposed by Hordijk (Cornelissen et al., 1986; Hordijk, 1992) is used to describe the nonlinear behavior of 

the structural interface element. 
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Vertical displacements have been applied at the cantilever end of the PPHC slab (Figure 6-5). Positive and 

negative displacements in the z-axis are alternated by using construction stages in the nonlinear analysis. 

This cyclic loading aims to induce rotations at the beam-floor joint, simulating the effect of the building lateral 

sway caused by seismic actions. For the nonlinear analysis, through construction stages, the energy-

controlled Newton-Raphson iteration scheme was employed, with an energy norm of 0.005 and a loading 

rate of 0.17 mm/step. Restraints in three translational directions were placed at the top and bottom of the 

beam, as shown in Figure 6-5, to mimic the test support conditions fixing the beam to the strong floor of the 

laboratory. Lastly, additional gravity load applied to the floor has been considered and modelled as a 

uniformly distributed pressure load acting on the top of the topping.  

6.3.2 Calibration of the FE model 

To calibrate the FE model, a test carried out by Bueker et al. (2022), which presented NMF, was selected. The 

specimen consisted of a 200 mm deep PPHC unit, which is the most commonly found unit depth in existing 

buildings in New Zealand (Puranam et al., 2019). Figure 6-6 shows the general set-up employed during the 

sub-system testing. The seating beam was fixed to the laboratory strong floor through post-tensioned rods. 

A vertical actuator, with displacement control, was positioned at the cantilever end of the slab, to impose 

rotations on the beam-floor connection. Before the loading started, a wood dunnage was placed at the 

bottom of the slab, providing support to the slab and avoiding pre-testing deformations. An additional gravity 

load was placed at 1450 mm from the seating end of the PPHC unit. 

 

Figure 6-6. Sub-assembly experimental test set-up. 
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Table 6-1 summarizes the main features of the tested specimen, including the geometry of the specimen and 

the compressive strength of the beam and topping concrete. The detail of the floor seating connection is 

shown in Figure 6-7. The PPHC unit had a length of 4000 mm, with the actuator located 500 mm away from 

the cantilever end of the unit. The 50 mm seating had a mortar pad as a bearing surface. The measured 

compressive strength of the concrete was 40 and 26 MPa for the seating beam and concrete topping, 

respectively. The starter bars had a diameter of 12 mm and extended 400 mm away from the beam-slab 

interface. The reinforcing welded steel mesh extended all the way to the top of the beam and had a typical 

yielding strength of 500 MPa. 

Table 6-1. Summary of key features of the sub-system 

test used for the calibration of the FE model. 
 

Feature Value 

 

Figure 6-7. Connection detailing of the sub-

system test by Bueker et al. (2022). 

 

Observed failure mode NMF 

Length of the HC unit, LHC (mm) 4000 

Distance from the seating end of the HC 
to the applied load, L (mm) 

3500 

Distance for the seating end of the HC to 
the additional gravity load, LG (mm) 

1450 

Seating length, Ls (mm) 50 

Bearing surface on RC ledge Mortar 

Seating beam compressive strength, 
fc,beam (MPa) 

40 

Concrete topping compressive strength, 
fc,top (MPa) 

26 

 

Figure 6-8a shows the loading protocol employed during the experimental testing by Bueker et al. (2022) 

with the black dashed line. The model was quite sensitive to the loading history. The first half cycle of the 

loading protocol (with the solid red line) corresponds to the lifting of the slab, to about 0.1% drift and back 

to zero, to remove the wooden dunnage from underneath the slab. Figure 6-8b shows the moment-drift 

response of the tested specimen. During the first half cycle down to -1.0% drift, strength degradation took 

place as the flexural cracks evolved into a fully developed negative moment crack. Additional cycles 

contributed to widen this crack until collapse. For the calibration of the FE model in this work, only the first 

loading cycle is examined as most of the cracking first appeared before -1.0% drift. The section of the loading 

protocol considered in the numerical analysis has been highlighted in Figure 6-8(a). 
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Figure 6-8. Connection tested for NMF: (a) loading protocol; (b) moment-drift response. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Negative moment failure 

Figure 6-9 compares the experimental moment-drift relationship with the FE prediction. The moment has 

been estimated at the beam-slab interface and the drift according to the displacements measured at the 

location of the applied load. At the start of the negative cycle, the negative moment at the interface increases 

almost linearly, as the drift casued by the applied displacement increases. Good correlation is seen between 

the model and experiment in the stiffness of the specimen before the maximum negative moment is reached, 

representing the initial stiffness. The negative flexural crack first formed at the end of the starter bars, which 

is shown in the moment-drift plot as a drop in the moment capacity (marked with point A in Figure 6-9). After 

the formation of the first negative flexural crack, both curves, numerical and experimental,  showed 

significant stiffness degradation. The maximum moment obtained during the test was 47.6 kNm at 0.25% 

drift. The FE model predicted a maximum moment of 56.1 kNm at 0.16%, meaning a moment 16% larger 

than the maximum moment obtained experimentally. 
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Figure 6-9. Comparison of the numerical and experimental drift versus moment at the beam-unit interface. 

Figure 6-10 and Figure 6-11 compare the cracking observed during the test with the FE-predicted crack 

pattern and principal tensile stresses, respectively. The same damage progression is marked in the plot, 

shown in Figure 6-9 with the points A to D, and the corresponding moment and drift values are listed in Table 

6-2. After the negative flexural cracks first formed at the top of the slab, at the end of the starter bars (point 

A), the flexural crack extends vertically towards the bottom of the unit as the web cracks (point B). This took 

place in the test approximately at a drift of 0.5% and a moment of 40.3 kNm, whereas the FE model predicted 

a moment of 33.2 kNm at 0.46% drift. Subsequently, the crack starts to propagate horizontally at the top of 

the bottom flange (as shown with point C) at a drift of 0.75% and 0.65%, and a moment of 45.7 kNm and 39.4 

kNm for the test and the FE prediction, respectively. Finally, the horizontal crack fully propagates in both 

directions (point D) forming an inverted ‘T’ shape. This final step of the damage progression was reached in 

both cases before 1% drift, and the moment measured during the test at this drift was 44.2 kNm, while the 

FE predicted a moment of 38.4 kNm. The results suggest that the proposed numerical approach represents 

a rational technique for analysing cracking development and propagation in PPHC sub-systems subjected to 

negative bending moments. 
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Figure 6-10. Comparison of the crack pattern predicted by the FE model and the cracks traced from the experimental 

testing.  

Table 6-2. Negative moment and associated drift values at different instants of the damage progression. 

Damage 

snapshot  
Description 

Experimental results FE prediction 

Moment Drift Moment Drift 

kNm % kNm % 

A Topping and top flange crack 47.6 0.25 56.1 0.16 

B Web cracks 40.3 0.50 33.2 0.46 

C Crack starts to propagate horizontally 45.7 0.75 39.4 0.65 

D Horizontal crack fully propagated 44.2 1.00 38.4 0.90 
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Figure 6-11. Progression of principal tensile stresses in the slab during negative loading, up to -1.0% drift. 

During the early stages of the development of the FE model, the first section of the loading protocol 

corresponding to the removal of the dunnage (Figure 6-8) was not considered, as it corresponds to 

displacements under 3 mm. The model predicted the cracking development rationally at drift levels closely 

comparable to the experimental results. Nonetheless, the initial stiffness of the sub-system and the 

maximum negative moment capacity were greatly overpredicted. This proved the sensitivity of the moment 

predictions to small rotations induced at the beam-slab interface and also suggests that the actual behaviour 

of precast floor slabs may be quite sensitive to loading characteristics, which in turn suggests there may be 

significant uncertainty in the seismic capacity of PPHC floor units. 

6.4.2 Effect of the length of starter bars  

NMF in PPHC floors typically happens when the starter bars are terminated too close to the support, which 

in principle can be remediated by placing longer starter bars. Hence, with the purpose to investigate the 

effect of employing longer starter bars in the seismic response of PPHC floors, the sub-system described in 

Section 6.3.2 has hereinafter been modelled with 600 mm long bars. 
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By extending the length of the continuity reinforcement, the capacity of the sub-system described in Section 

6.3.2 increases, and sufficient positive moment is transferred to the connection. Through the numerical 

analysis, it has been found that the longer starter bars suppressed the NMF. So, instead of triggering a 

negative moment crack at a drift of 0.3%, the system is able to reach a drift of 0.5% in the second positive 

cycle before positive moment cracking occurs.  

The positive moment failure (PMF) damage mechanism on a PPHC floor is illustrated in Figure 6-12. At the 

end of the PPHC units the pre-stressing strands will not be fully developed, and so, the positive moment 

flexural strength will depend predominantly on the tensile strength of the concrete. For this reason, flexural 

cracking at this location is generally initiated at low drift levels, as the PPHC unit will be only capable of 

resisting a very small percentage of their design strength (Fenwick et al., 2010). Once a positive crack has 

formed, a weak section is created, which widens when axial tension is applied to the floor from elongation 

of the beams parallel to the PPHC units. As the crack width increases, gravity load transfer is dependent on a 

dowel action of the strand. At this point, strand slip is expected to result in the collapse of the floor unit 

(Woods, 2008). 

The drift capacity in the (non-critical) negative loading direction is also shown to increase by avoiding the 

NMF but to a lesser extent. Figure 6-12b presents the principal tensile stress distribution obtained 

numerically at failure. A good correlation between the theory and the modelling results is shown, which 

demonstrates further the effectiveness of the proposed FE approach. Moreover, this example illustrates the 

potential value of this modelling and analysis approach in gauging the impact of retrofit efforts (in this case, 

the installation of additional reinforcement in topping slab to avoid NMF). 

 

Figure 6-12. PMF schematic and principal tensile stresses predicted by the FE model with longer starter bars. 
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6.5 CONCLUSIONS 

The present work investigated the seismic performance of PPHC floors under bending moments through FE 

modelling. As a whole, the research met its aim of providing a numerical approach to provide insight into the 

likely seismic performance of PPHC slab-to-beam seating connections. From the results obtained, the 

following conclusions can be drawn: 

• When rotations were induced in the PPHC connection, cracks appeared at the end of the starter bars, 

at the top of the slab, and then propagated vertically down the webs of the hollow-core unit before 

extending horizontally at the top of the bottom flange of the unit, forming a full NMF mechanism at 

less than 1% drift. 

• The finite element modelling approach developed has a tendency to overpredict the initial stiffness 

of the connection and the moment at which the NMF cracking initiates, but proved to be effective at 

predicting the crack propagation and failure mechanism at satisfactory drift levels. 

• The initial stiffness of the PPHC sub-system appeared to be highly affected by the loading protocol 

and in particular, a small rotation demand that was imposed early in the test. This showed that it is 

necessary to include any small displacements undergone, for example, lifting of the slab to remove 

the wooden dunnage before the start of the test. Furthermore, this finding suggests that the actual 

behaviour of precast floor slabs may be quite sensitive to loading characteristics, which in turn 

suggests there may be significant uncertainty in the seismic capacity of PPHC floor units prone to 

NMF. 

• By re-running the FE analyses with a longer starter bar length, it was demonstrated that the length 

of the starter bars affected the anticipated failure mode, as was expected. The use of shorter starter 

bars triggered NMF at a drift of -0.9%, in line with the experimental test used as a reference, whereas 

the longer starter bars avoided NMF and saw the development of a PMF at a drift of 0.3% (on the 

second positive cycle to 0.5% drift). This work also illustrates the potential value of the finite element 

modelling and analysis approach in gauging the impact of retrofit efforts for precast hollow-core 

flooring systems. 
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7 CONCLUSIONS  

 

7.1 GENERAL  

The scope of this research was the investigation of the seismic performance of precast pre-stressed hollow-

core (PPHC) slabs through finite element (FE) modelling. The research investigated three critical actions 

affecting PPHC floors: shear, torsion and bending. For this purpose, three-dimensional solid FE models were 

developed and calibrated against experimental data. What follows provides a summary of the main 

contributions of each section of the research.  

7.2 SUMMARY OF CONTRIBUTIONS 

7.2.1 Aspect affecting the nonlinear behavior of PPHC units failing in shear 

Full-scale tests of 200 mm deep precast pre-stressed hollow core units manufactured in New Zealand were 

carried out and compared against commonly used design standards. The effect of different shear spans, from 

300 to 700 mm (1.5 to 3.5 aspect ratio), was studied, as well as the post-peak behavior of the slabs, and the 

effect of poor bond of the strands due to early cut of the precast units. The main findings of this study can 

be summarized as follows: 

• The test results showed a combination of web-shear failure and flexure-shear failure. The diagonal 

shear cracks in the hollow-core slabs started from the loading point with an average inclination of 

29.7°, 24.3° and 22.1° for the 300, 500 and 700 mm shear spans, respectively. 

• Equations for predicting the shear strength of hollow-core slabs were applied to the tested 

specimens. The simplified equations suggested by the fib Model Code 2010 and the BS EN1168:2006 

proved to provide the closest approximation. Nonetheless, all considered standards provided over-

conservative predictions. 

• Inward translations of the hollow-core slabs were measured at the supports in the north-south 

direction. Results confirmed that the detailing used in the supports of the test set-up did provide the 

assumed simply supported conditions. 

• In all tests, a post-peak residual capacity was observed, which could be attributed to the dowel 

actions of the longitudinal reinforcement and the bond between the pre-stressing strands and the 

concrete due to mechanical interlock and surface friction. 
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• The specimen with poor bond due to early cut of the unit, showed a reduced shear strength, 

confirming the detrimental effect of higher initial end slip of strands on the shear strength of hollow-

core units. 

• In most building applications the seating of the hollow-core slabs will be 50 mm or less, whereas the 

units tested had an overhang of 150 mm at the support closer to the applied load. This increased 

overhang will act to provide transverse compression stress on the strand and likely improve the 

frictional resistance. It is recommended that future research efforts aim for more realistic support 

conditions. 

7.2.2 Critical modelling criteria for PPHC slabs  

This research has aided understanding the behavior and critical modelling parameters for PPHC floor slabs, 

failing in web-shear and flexure-shear mechanisms. A modelling approach, based on nonlinear fracture 

mechanisms, was proposed to predict the shear response of PPHC slabs. Numerical analyses were conducted 

to investigate the variability of strength and deformation predictions due to the uncertainty in the model’s 

input parameters. 

Results obtained from the modelling and analysis approach were compared with experimental test results. 

The fit with the experimental results was found to be satisfactory in terms of shear strength and deformation 

capacity, resulting in accurate and sometimes slightly conservative predictions of the capacity of the PPHC 

slabs. 

The following observations and conclusions were drawn from the numerical study: 

• The developed FE model is capable of capturing the damage patterns associated with the shear-

deflection response of PPHC slabs with different shear spans. 

• Based on energy principles, the fracture mechanics approach is reaffirmed to be a rational technique 

for analyzing the development and propagation of shear cracks in PPHC slabs. 

• The sensitivity analysis results reveal that the modulus of rupture and the crack bandwidth of the 

concrete and cross-sectional size of the solid element mesh are the most important variables that 

need to be considered in reliability studies of PPHC slabs. 

• The modulus of rupture of the concrete plays a dominant role in the strength and deformation 

capacity of the PPHC slabs, in particular, for fracture mechanisms closer to a pure web-shear failure, 

as was the case of the 300 mm shear span. 

• The compressive strength of the concrete showed to have a negligible effect on the strength and 

deformation predictions for PPHC slabs. 
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• The proposed modelling approach appears to provide a viable means of assessing the shear strength 

and deformation capacity of PPHC slabs. Future research should look to extend the model to the 

analysis of floor sub-systems and systems. 

Finally, the results obtained from analyzing the PPHC slabs, through the same FE modelling approach, by 

means of the nominal design compressive strength of the PPHC slab (fc = 45 MPa) provided an 

underestimation of the shear capacity of the slabs. It is recommended complete characterization testing of 

the concrete to be undertaken for assessment, as the concrete properties have proven to have a great impact 

on the results from the numerical analysis, particularly for PPHC slabs whose properties differ greatly from 

those of normal concrete members. 

7.2.3 Assessment of the torsional behavior of PPHC slabs  

The thesis has also tested the applicability of the newly developed FE approach to the modelling of PPHC 

slabs failing in torsion and a combination of shear and torsion, by comparing predictions with observations 

from experimental testing data available in the literature. In addition, the model was used to predict the 

torsional capacity of New Zealand-specific PPHC slabs, and the results were used to evaluate the performance 

of the available simplified analysis method. 

The following observations and conclusions were drawn from this study: 

• The proposed FE modelling approach was able to capture the elastic response of the PPHC slabs and 

torsional cracking, as well as the nonlinear behavior of the slabs at higher displacement demands. 

• The influence that torsional cracking has on the shear capacity of simply supported PPHC slabs was 

well captured in the numerical predictions. AS such, it is concluded that the FE model of Sarkis et al. 

(2022) can be used to predict the shear capacity of PPHC slabs with and without eccentricity. 

• The simplified analysis method available in New Zealand Standards for assessing the torsional 

capacity of PPHC units proved to be non-conservative if expected material properties are used, in 

particular, the tensile strength of the concrete. It was also observed that specified design values of 

concrete strength were significantly lower than those provided in practice.  

• The numerical observations showed that the cross-sectional deformations in PPHC slabs under 

torsion are three-dimensional and that the flow of shear stresses around the perimeter of the cross-

section is non-uniform, which is conflicting with the plane stress state assumption commonly used 

in simplified analysis methods. This helps explain why the simplified assessment approach currently 

used in New Zealand is not accurate. 
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7.2.4 Fragility analysis of PPHC slabs failing in shear  

This thesis has presented numerical fragility curves, compared against experimental data, to characterise the 

shear strength and deformation capacity of 200 mm deep PPHC slabs. A description of the methodology used 

to generate the model realisations using the various RVs established and the fragility curves for the 

determined damage states has been presented. Moreover, the numerical fragility curves firstly derived as a 

function of multiple random variables have been compared against fragility curves developed following two 

alternative methods that require fewer model realisations and save computing time: extreme value 

distributions and single significant random variable. From this fragility study, the following conclusions can 

be drawn:  

• Based on the damage progression observed numerically and experimentally, three damage states for 

PPHC slabs failing in shear have been identified: flexural cracking, shear failure, and fully propagated 

shear crack.  

• The results show that the numerical fragilities MRV have a tendency to overestimate the median 

collapse and flexural cracking shear strength when compared with the available experimental results. 

Nonetheless, the Kolmogorov-Smirnov test suggests that the shear and deflection predictions from 

the MRV fragility curves are adequate for the damge states DS2 – shear failure and DS3 – fully 

developed shear crack. 

• MRV fragilities presented a significantly larger dispersion than the EXP values, in particular when 

taking the shear strength as a demand parameter. This can be attributed to the large variability in 

material properties assumed in the numerical analyses as opposed to the testing campaign which 

represents only a sub-set of what has been emulated numerically. 

• Alternative, simplified means of quantifying fragility have been investigated and it has been found 

that they produce strength and deflection values that almost perfectly match the more complex, 

time-consuming, means of quantifying fragility. 

• The EVD and SRV fragilities slightly overestimate the deflection at which each damage state is 

reached. In addition, the SRV approach, which makes use of a single RV and fewer model realisations, 

provides a larger dispersion in the results than the fragilities obtained through MRV. 

• Considering the reduction in the computation time when developing fragility curves through the EVD 

or SRV methods, and the small difference in the outputs for the PPHC slabs under study, it is 

recommendable to consider the last two approaches as viable alternatives for the fragility analysis 

of these slabs, or at least as a valid first step towards a more rigorous MRV fragility analysis. 

• To increase the applicability of the developed fragility curves to the risk assessment of floor systems, 

it is recommended to link the slab’s maximum deflection to the total deflection at the support, which 

in turn is related to the structure’s story drift. 
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7.2.5 Investigating the effect of bending on the seismic performance of hollow-core flooring  

The work investigated the seismic performance of PPHC floors under bending moments through FE modelling. 

As a whole, the research met its aim of providing a numerical approach to provide insight into the likely 

seismic performance of PPHC slab-to-beam seating connections. From the results obtained, the following 

conclusions can be drawn: 

• When rotations were induced in the PPHC connection, cracks appeared at the end of the 

starter bars, at the top of the slab, and then propagated vertically down the webs of the hollow-core 

unit before extending horizontally at the top of the bottom flange of the unit, forming a full NMF 

mechanism at less than 1% drift. 

• The finite element modelling approach developed has a tendency to overpredict the initial 

stiffness of the connection and the moment at which the NMF cracking initiates, but proved to be 

effective at predicting the crack propagation and failure mechanism at satisfactory drift levels. 

• The initial stiffness of the PPHC sub-system appeared to be highly affected by the loading 

protocol and in particular, a small rotation demand that was imposed early in the test. This showed 

that it is necessary to include any small displacements undergone, for example, lifting of the slab to 

remove the wooden dunnage before the start of the test. Furthermore, this finding suggests that the 

actual behavior of precast floor slabs may be quite sensitive to loading characteristics, which in turn 

suggests there may be significant uncertainty in the seismic capacity of PPHC floor units prone to 

NMF. 

• By re-running the FE analyses with a longer starter bar length, it was demonstrated that the 

length of the starter bars affected the anticipated failure mode, as was expected. The use of shorter 

starter bars triggered NMF during the first loading cycle at a drift of -0.9%, in line with the 

experimental test used as a reference. The longer starter bars permitted to avoid NMF and saw the 

development of a PMF during the second loading cycle, at a drift of + 0.3%. This work also illustrates 

the potential value of the finite element modelling and analysis approach in gauging the impact of 

retrofit efforts for precast hollow-core flooring systems. 

7.3 FUTURE RESEARCH  

As a final remark, some of the limitations of the study outlined in this thesis are noted in addition to 

suggestions of future work: 

• Across the tests, a residual post-peak shear strength capacity was observed in the shear-

displacement response. This residual capacity has been attributed to the dowel action of the 

longitudinal reinforcement and the bond between the pre-stressing strands and the concrete due to 

mechanical interlock and surface friction. Large uncertainty is associated with the extend of the 
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contribution of each of these factors to the measured residual strength and deformation capacity of 

the slabs, and additional research should further investigate the factors affecting the post-peak 

regime. 

• In existing buildings in New Zealand, the seating is typically less than 50 mm (Puranam et al., 2019), 

hence the reaction will be located even closer to the end of the unit. When the reaction is located 

closer to the end of the unit, the transfer length increases and, once the strand slip initiates, the bond 

transfer due to friction will be reduced. It is important to note that in the tests performed in this 

programme (Chapter 2) the support reaction is 150 mm away from the end of the unit and, hence, 

will act to provide transverse compression stress on the strand and likely improve the frictional 

resistance. Since the friction and mechanical interlock between the strand and the concrete has 

proven to be the main contributor to this residual capacity, further testing is recommended to assess 

the effect of seating length on the residual shear strength and post-peak behavior of hollow-core 

units under shear and shear-flexure actions. 

• The FE model, proposed in Chapter 3, can capture the shear failure mechanism and related shear 

capacity of PPHC slabs with different shear spans. Nonetheless, it is unable to fully capture the post-

peak behavior observed during the experimental testing. This post-peak capacity has been attributed 

largely to the bond behavior of the strands. Experimental testing into the bond properties of the pre-

stressing strands would allow further calibration of the model so that the bond and post-peak 

behavior could be capture more adequately. 

• The simplified analysis method available in New Zealand Standards for assessing the torsional 

capacity of PPHC units proved to be non-conservative if expected material properties are used. 

Furthermore, the numerical observations showed that the cross-sectional deformations in PPHC 

slabs under torsion are three-dimensional and that the flow of shear stresses around the perimeter 

of the cross-section is non-uniform, which is conflicting with the plane stress state assumption 

commonly used in simplified analysis methods. Further experimental and numerical research into 

the torsional behavior of PPHC units is recommendable to further refine the analysis methods 

available.  

• The simplified method proposed by Collins & Mitchell (1997), and adopted in the New Zealand 

standards (Fenwick et al., 2010; NZS3101, 2006; SESOC, 2017), is based on the analysis and testing 

of individual members. Hence, it provides little information regarding the interaction of the member 

under study with other surrounding structural members. However, in a floor system, a PPHC unit will 

interact with the adjacent members, which could restrain the rotation and elongation of each 

individual unit and significantly affect the torsional resistance of the individual slabs. Further research 

is needed to quantify and comprehend the influence of this group effect on the assessment of the 

torsional capacity of PPHC slabs and mitigate torsional failures in practice. 
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• Fragility curves of a single structural element will be most useful when used as part of the risk 

assessment of the structural system this element belongs to. The New Zealand assessment guidelines 

provide expressions for estimating the total deformation at the supports as a function of inter-story 

drift ratio (Brooke, 2018), considering the location of the hollow-core unit in the total floor area. 

Future research should investigate means of linking the estimated total deformation at the supports 

to the maximum deflection at the slab so that the deflection-based fragility curves could be used to 

assess the risk of the floor system reaching the different damage states identified. 

• In Chapter 6, a good correlation between the theory and the modelling results was obtained, 

demonstrating the effectiveness of the proposed FE approach for PPHC sub-systems. By extending 

the length of the continuity reinforcement the potential value of this modelling and analysis 

approach in gauging the impact of retrofit efforts (in this case, the installation of additional 

reinforcement in the topping slab to avoid NMF) was illustrated. Further numerical research efforts 

could investigate assessing the vulnerability of different connection detailing and the effectiveness 

of available retrofit strategies. 
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APPENDIX A 

 

 

This appendix provides further details on the set-up and instrumentations used during the shear tests 

conducted in Chapter 2. Table A- 1 enlists the instrumentation used during the tests, which has been 

presented in Figure 2-6 and Figure 2-6. Figure to Figure show photographs from the experiment set-up and 

instrumentation. The experiments were performed at the University of Auckland by the author, with the 

support from of Kongson Zhong and Trent Gawith who assisted in the execution of the shear tests presented 

in this paper, as part of their project requirement for the BE(Hons) degree in Civil Engineering, as well as the 

support of the ReCast Project, via the University of Auckland.   
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Table A- 1. Summary of instrumentation plan employed during the tests. 

Number ID (refer 

to Figure 

2-7) 

Type

* 

Units Measure- 

ment direction  

Measurement  

1 LC1 Load 

cell 

N z Actions transferred to the spreader beam and 

to the specimens  

2 Δy,1 LVDT mm y Inward slip of the strands 

3 Δy,2 LVDT mm y Inward slip of the strands 

4 Δy,3 LVDT mm y Inward slip of the strands 

5 Δy,4 LVDT mm y Inward slip of the strands 

6 Δy,5 LVDT mm y Translations at the support 

7 Δy,6 LVDT mm y Translations at the support 

8 Δy,7 LVDT mm y Translations at the support 

9 Δy,8 LVDT mm y Translations at the support 

10 Δx,1 DG mm x Translations at the support 

11 Δx,2 DG mm x Translations at the support 

12 Δx,3 DG mm x Translations at the support 

13 Δx,4 DG mm x Translations at the support 

14 Δz,1 DG mm z Slab vertical deflection 

15 Δz,2 DG mm z Slab vertical deflection 

16 Δz,3 DG mm z Slab vertical deflection 

17 Δz,4 DG mm z Slab vertical deflection 

18 Δz,5 DG mm z Slab vertical deflection 

19 Δz,6 DG mm z Slab vertical deflection 

20 Δz,7 DG mm z Slab vertical deflection 

21 Δz,8 DG mm z Slab vertical deflection 

22 PG0 DG mm z Face local deformation and crack opening 

23 PG1 DG mm y Face local deformation and crack opening 

24 PG2 DG mm y Face local deformation and crack opening 

25 PG3 DG mm yz Face local deformation and crack opening 
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Number ID (refer 

to Figure 

2-7) 

Type

* 

Units Measure- 

ment direction  

Measurement  

26 PG4 DG mm yz Face local deformation and crack opening 

27 PG5 DG mm z Face local deformation and crack opening 

28 PG6 DG mm y Face local deformation and crack opening 

29 PG7 DG mm y Face local deformation and crack opening 

30 PG8 DG mm yz Face local deformation and crack opening 

31 PG9 DG mm yz Face local deformation and crack opening 

32 PG10 DG mm z Face local deformation and crack opening 

* LVDT stands for linear variable displacement transducer and DG for displacement gauge 

 

 

 

Figure A - 1. Photo of experiment set-up 
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Figure A - 2. LVDTs at the ends of the pre-stressing strands measuring the inward slip of the strands. 

 

Figure A - 3.Displacement gauges at the underneath the slab, mounted on an adjustable aluminum grid. 
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Figure A - 4. LVDT and displacement gauge to measure translations at the supports. 

 

Figure A - 5. Grid of displacement gauges at the east side of the unit. 


