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Abstract 

Even if precast pre-stressed 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 continu-
ity 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 earth-
quake-induced demands has been addressed by past research. However, further investigation is required to improve 
understanding of several aspects of precast floor behaviour 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, princi-
pal tensile stresses, and crack progression during loading. The developed modelling approach will allow future studies 
to exhaustively investigate all aspects of precast floor behaviour by varying the properties and geometry of the PPHC 
seating connection.

Keywords  Hollow-core floor, Pre-stress concrete, Precast concrete, Diaphragm behaviour, Finite element method, 
Fracture mechanics, Numerical modelling

1  Introduction
Precast pre-stressed hollow-core (PPHC) floors comprise 
precast floor units with in  situ reinforced concrete top-
ping 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).

Fig. 1 shows the typical cross-section of a PPHC floor. 
The precast units commonly sit on a beam edge with a 
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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 mate-
rial 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 reinforce-
ment, and that over 60% have starter bar lengths not 
exceeding 600 mm (Puranam et al., 2019). This informa-
tion is relevant when assessing the likely impact of bend-
ing on the floors, as will become evident later in this 
paper. A side view of the PPHC floor seating detail can be 
appreciated later in Fig. 7.

PPHC slabs are commonly designed as simply sup-
ported members. Nonetheless, the presence of the con-
crete topping and reinforcement prompts continuity 
between the units and the supporting structure. Con-
sequently, 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 behaviour of pre-
cast concrete floor diaphragms. However, noticeable 
diaphragm flexibility observed in some structures after 
connections had sustained earthquake damage led engi-
neers to begin questioning the seismic performance of 
precast concrete floor elements (Corney et  al., 2021). 
Experimental investigations into the behaviour 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 earth-
quake-induced demands.

While the details for floor systems with PPHC units 
have been improved in new buildings, support condi-
tions 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 Can-
terbury Earthquake Sequence and the 2016 Kaikōura 
Earthquake in New Zealand. Further investigation is 
required to improve understanding of several aspects of 
precast floor behaviour either revealed or emphasized 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 con-
crete test specimens makes it impractical to exhaus-
tively investigate all aspects of precast floor behaviour 
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., (2020). 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.

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 (Fig. 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 (Fig.  2), which results 
in the strength being significantly less than the value cor-
responding to web-shear cracking strength. In this situa-
tion, bending moments will develop at the support under 
gravity and earthquake movement, which induce local 
displacements and structural actions into the individ-
ual 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.

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 fail-
ure typically manifests itself at the end of the starter 

Fig. 1  Typical hollow-core floor cross-section
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bars, which are provided to connect the floors to 
the supporting structure. The occurrence of a nega-
tive moment failure at the end of the starter bars is 
dependent on a number of factors that affect the mag-
nitude of the moment that occurs at that location, 
including the strength of starter bars and the possible 
presence of other additional sources of strength (Fen-
wick 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 propa-
gate through the depth of the section, into the webs of 
the unit, and then horizontally at the bottom flange, 
as shown in Fig. 3a (Woods, 2008). This causes loss of 
gravity load-carrying capacity and potential collapse 
of the floor unit (Fig. 3b). In contrast, positive moment 
failure (PMF) may happen upon reverse loading, when 
the starter bars are not terminated too close to the sup-
port and the beam–floor interface is sufficient to trans-
fer positive moments into the floor unit (Fig. 2).

3 � Finite Element Modelling Approach
3.1 � Proposed Numerical Approach
To provide an improved understanding of the effect of 
bending moments on the seismic behaviour of PPHC 
floors, an FE modelling approach is proposed in this 
work. The detailed three-dimensional FE model has 
been developed based on nonlinear fracture mechan-
ics using the software Midas FEA (MIDAS Information 
Technology, 2016). The model is calibrated against exist-
ing past experimental results from experimental testing 
carried out by Bueker et al., (2020) on simplified hollow-
core seating connections to capture the NMF cracking 
mechanism.

The portion of the diaphragm analysed in this work 
is highlighted in Fig.  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 a PPHC floor sub-system.

Fig. 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 

Fig. 2  Flexural and web-shear limits on shear strength of concrete [adapted from Fenwick et al. (2010)]

Fig. 3  Negative and positive flexural failure in a hollow-core floor system [adapted from Fenwick et al. (2010)]
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Fig. 4  PPHC sub-system origin [adapted from Jensen (2007)]

Fig. 5  PPHC seating connection FE model
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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 dis-
cretized into six-node mesh elements assuring that the 
nodes shared between surfaces are aligned with each 
other, or shared.

The creation of the mesh for the PPHC unit demands 
particular attention. First, the cross-section of the 
PPHC unit was discretized into three-node plane mesh 
elements, and then, the two-dimensional mesh was 
extruded along the length of the unit, resulting in six-
node brick elements. The use of four-node plane mesh 
elements, which extruded result into an eight-node brick 
element, has been considered. However, due to the com-
plex cross-section geometry of the hollow-core units, the 
four-node mesh elements resulted in elements that differ 
greatly in area. Therefore, the authors opted for three-
node plane elements and six-node brick elements, which 
result in elements with more consistent dimensions.

The sub-system model shown includes a total of 
235,000 elements, approximately. These elements com-
prise roughly 225,000 brick elements involving about 
117,000 brick elements composing the PPHC slab, 58,000 
the concrete topping, and 55,000 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 con-
sidered 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)  based on a detailed sensitivity 
analysis and concrete material characterization test-
ing (Sarkis et  al., 2022a). The rotating total strain crack 
model has been adopted (Selby & Vecchio, 1993; Vecchio 
& Collins, 1986) to capture the concrete failure mecha-
nism. The rotating crack model is a method in which 
the directions of the cracks are assumed to continuously 
rotate depending on the changes in the axes of the prin-
cipal strains. The algorithm for the rotating crack model 
is relatively simple when compared to the alternative of 
a fixed model, as so, convergence is superior since this 
model is unrelated to the previous cracking conditions. 
The total strain crack model materializes the softening 
function of the concrete based on fracture energy. In this 
case, the stress–strain relationship by Cornelissen et al., 
(1986) was selected to represent the tensile behaviour 
of the concrete. The compressive behaviour has been 
defined following the stress–strain relationship proposed 
by Thorenfeldt (1987). The behaviour of the cast-in situ 

concrete of the seating beam and the topping concrete 
was assumed to be nonlinear, and hence, the same consti-
tutive models were selected. For simplification purposes, 
the possibility of considering the behaviour of the con-
crete of the seating beam elastic was studied as an alter-
native. Nonetheless, it affected the modelling results as it 
did not allow for any cracking at the seating section and 
at the back of the unit.

Steel mesh was used as topping reinforcement, and the 
transverse and longitudinal reinforcement of the beam 
and the pre-stressing strands were modelled as embed-
ded line elements. The topping reinforcing mesh and 
the starter bars were modelled following the Von Mises 
yielding criterion, whereas all the beam reinforcement 
was assumed to remain elastic. A perfect bond between 
the topping and beam reinforcement and the concrete 
was assumed for simplification.

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 esti-
mated following the New Zealand concrete standard 
(NZS3101, 2006), and the end-slip of the strands accord-
ing to Brooks et  al., (1988). No interface elements were 
introduced to describe the strands–concrete interaction, 
as this has been indirectly accounted for through the 
equivalent pre-stress distribution.

Interface elements are used to study the interface 
movements at the boundaries between materials, in this 
case, the crack surface between the two concrete materi-
als. These elements analyse the crack surface by relating 
the forces acting on the interface to the relative displace-
ment of the two sides of the interface. 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 keep-
ing model geometry unaltered. The softening model pro-
posed by Hordijk (Cornelissen et al., 1986; Hordijk, 1992) 
is used to describe the nonlinear behaviour of the struc-
tural interface element.

Vertical displacements have been applied at the can-
tilever end of the PPHC slab (Fig. 5). Positive and nega-
tive 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’s lateral sway caused 
by seismic actions. For the nonlinear analysis, through 
the construction stages, the energy-controlled New-
ton–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 Fig.  5, 
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to mimic the test support conditions fixing the beam to 
the strong floor of the laboratory. Lastly, the 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.

3.2 � Calibration of the FE Model
The model presented herein followed a two-way vali-
dation process. The PPHC model was first calibrated 
against material testing to identify the properties defin-
ing the behaviour of the extruded concrete. The model 
was then initially validated against experimental data 
(Pajari, 2004a, 2004b; Sarkis et al., 2022a, 2022b) to pre-
dict brittle failure mechanisms due to shear and torsional 
actions. The work presented herein aims to advance the 
previously validated FE model of PPHC units into a more 
complex sub-system model capable of predicting flexural 
moment failure mechanism.

To calibrate the sub-system FE model, a test carried 
out by Bueker et  al., (2020), 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). Fig.  6 shows the general set-up employed 
during the sub-system testing. To create the PPHC sub-
system, a single flooring unit is seated on one end at a 
section of beam. The seating beam was fixed to the lab-
oratory’s strong floor through post-tensioned rods. A 
vertical actuator, with displacement control, was posi-
tioned at the cantilever end of the slab. The actuator was 
able to simulate relative movements between the PPHC 
floor and the seating beam by imposing rotations on the 
beam–floor connection.

The specimen was instrumented to measure the 
applied load, displacements and crack widths. Actions 
transferred to the spreader beam and to the specimen 
were monitored using a load cell at the shaft of the actua-
tor. Additionally, a grid of displacement gauges was 
placed on one of the faces of the PPHC unit to measure 
crack widths near the supporting beam, where failure 
was expected to happen.

Before the loading started, a wood dunnage was placed 
at the bottom of the slab, providing support to the PPHC 
slab and avoiding pre-testing deformations. An addi-
tional gravity load of 500 kg was placed at 1450 mm from 
the seating end of the PPHC unit.

Table  1 summarizes the main features of the tested 
specimen, including the geometry of the specimen and 
the compressive strength of the beam and topping con-
crete. The detail of the floor seating connection is shown 
in Fig.  7. The PPHC unit had a length of 4000  mm, 
with the actuator located 500 mm away from the canti-
lever end of the unit. The 50  mm seating had a mortar 
pad, made of Sika 212 grout, 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 inter-
face. The reinforcing welded steel mesh extended all the 
way to the top of the beam and had a typical yielding 
strength of 500 MPa.

Fig.  8a shows the loading protocol employed during 
the experimental testing by Bueker et al., (2020) with the 
black dashed line. The model proved to be quite sensi-
tive to the loading history. The first half cycle of the load-
ing protocol (with the solid red line) corresponds to the 

Fig. 6  Sub-assembly experimental test set-up
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lifting of the slab, to about 0.1% drift and back to zero, 
to remove the wooden dunnage from underneath the 
slab. Fig.  8b shows the moment–drift response of the 
tested specimen. During the removal of the wooden dun-
nage, the specimen remained in the elastic range. Then, 
through 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 widening 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 crack-
ing first appeared before − 1.0% drift. The section of the 
loading protocol considered in the numerical analysis is 
highlighted in Fig. 8(a).

4 � Results and Discussion
4.1 � Negative Moment Failure
Fig. 9 compares the experimental moment–drift relation-
ship with the FE prediction. The moment has been esti-
mated 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 nega-
tive moment at the interface increases almost linearly, as 
the drift induced by the applied load increases. A good 
correlation is seen between the model and experiment in 
the stiffness of the specimen before the maximum nega-
tive moment is reached, or initial stiffness. The nega-
tive 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 Fig. 9). 
After the formation of the first negative flexural crack, 
both curves, numerical and experimental, showed sig-
nificant stiffness degradation. The maximum moment 

Table 1  Summary of key features of the sub-system test used for the calibration of the FE model

Feature Value

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 Sika 212 grout

Seating beam compressive strength, fc,beam (MPa) 40

Concrete topping compressive strength, fc,top (MPa) 26

Fig. 7  Connection detailing of the sub-system test by Bueker et al. 
(2020)

Fig. 8  Connection tested for NMF.
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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.

Figs. 10 and 11 compare the cracking observed during 
the test with the FE-predicted crack pattern and princi-
pal tensile stresses, respectively. The same damage pro-
gression is marked in the plot, shown in Fig. 9 with the 
points A to D, and the corresponding moment and drift 
values are listed in Table  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 ver-
tically 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, respec-
tively. 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 meas-
ured during the test at this drift was 44.2 kNm, while the 
FE predicted a moment of 38.4  kNm. The results sug-
gest that the proposed numerical approach represents a 
rational technique for analysing cracking development 
and propagation in PPHC sub-systems subjected to nega-
tive bending moments.

During the early stages of the development of the FE 
model, the first section of the loading protocol corre-
sponding to the removal of the dunnage (Fig. 8) was not 
considered, as it corresponds to displacements under 
3  mm, and since the specimen behaved elastic, with no 
noticeable cracking. The resulting 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 neg-
ative moment capacity were greatly overpredicted. Once 
those initial displacements were added, the stiffness and 
moment capacity prediction improved significantly. This 
proved the sensitivity of the moment predictions to small 
rotations induced at the beam–slab interface and also 

Fig. 9  Comparison of the numerical and experimental drift versus 
moment at the beam–unit interface

Fig. 10  Comparison of the crack pattern predicted by the FE model and the cracks traced from the experimental testing
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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. Future attempts 
to predict the capacity of PPHC floors should account for 
the sensitivity of the floors to imposed deformations and 
the fact that failure mechanisms present themselves in a 
brittle manner at early displacement cycles.

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 Sect.  3.2 has 
hereinafter been modelled with 600-mm-long bars.

Fig.  12a illustrates a PMF damage mechanism on a 
PPHC floor. At the end of the PPHC units, the pre-stress-
ing strands will not be fully developed and therefore, the 
unit will be only capable of resisting a very small percent-
age of their design strength as the positive moment flex-
ural strength will depend predominantly on the tensile 
strength of the concrete. For this reason, flexural crack-
ing at this location is generally initiated at low drift levels, 
and any additional deformation is typically concentrated 

Fig. 11  Progression of principal tensile stresses in the slab during negative loading, up to − 1.0% drift

Table 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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in the cracked section (Fenwick et al., 2010). Once a posi-
tive crack has formed, it creates a weak section, which 
widens when axial tension is applied to the floor from the 
elongation of the beams parallel to the PPHC units. As 
the crack width increases, gravity load transfer is depend-
ent 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).

By extending the length of the continuity reinforce-
ment, the capacity of the connection increases, and suf-
ficient positive moment is transferred to the connection, 
so that instead of triggering a NMF at a drift of 0.3%, 
the system can reach a drift of 0.5% in the second posi-
tive cycle before a PMF occurs. The drift capacity in the 
(non-critical) negative loading direction is also shown 
to increase by avoiding the NMF, but to a lesser extent. 
Fig.  12b presents the principal tensile stress distribution 
obtained numerically at the moment of 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 illus-
trates 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). The FE modelling approach 
developed to date should permit future studies to exhaus-
tively investigate all aspects of precast floor behaviour by 
varying the properties and geometry of PPHC seating 
connections.

5 � Conclusions
The present work investigated the seismic performance of 
PPHC floors under bending moments through FE mod-
elling. The research met its aim of providing a numeri-
cal approach to provide insight into the likely seismic 

performance of PPHC slab-to-beam seating connections. 
This work also illustrates the potential value of the FE 
modelling and analysis approach in gauging the impact of 
retrofit efforts for precast hollow-core flooring systems.

From the results obtained, the following conclusions 
can be drawn:

•	 When rotations were induced in the PPHC connec-
tion, cracks appeared at the end of the starter bars, 
at the top of the slab, and then propagated verti-
cally 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 pre-
dicting 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 load-
ing characteristics, which in turn suggests there may 
be significant uncertainty in the seismic capacity of 
PPHC floor units prone to NMF.

•	 It is recommended for future experimental efforts, 
aimed at the calibration of similar sub-system mod-
els, to pay particular attention to the instrumenta-

Fig. 12  PMF schematic and principal tensile stresses predicted by the FE model with longer starter bars
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tion and recording of all aspects of the specimen 
construction, manipulation, and testing. The PPHC 
sub-systems are highly sensitive to imposed deforma-
tions, and so, exhaustive data recording is necessary 
for any further modelling attempts.

•	 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 trig-
gered 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 devel-
opment 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 retro-
fit efforts for precast hollow-core flooring systems.

Acknowledgements
The authors would like to acknowledge the in-kind support provided by CSP 
FEA for the Midas FEA software. This research is being partly funded through 
the BRANZ-funded ReCast Project via the University of Auckland, and their 
support is gratefully acknowledged. In addition, this project was partially sup-
ported by QuakeCoRE, a New Zealand Tertiary Education Commission-funded 
Centre.

Author contributions
The calculations, modelling, analysis and writing of the research presented in 
this paper has been undertaken by the corresponding authors AIS. All authors 
contributed to the conceptual development and research methodology. And 
finally, revision of the final version of the manuscript submitted was carried 
out by the co-authors TRS, RN and EB. All authors read and approved the final 
manuscript.

Author’s information
Ana I. Sarkis Ana Isabel Sarkis is a Design Engineer at RJC Engineers in Van-
couver, Canada. Ana received the BSc (Hons) degree in Civil Engineering from 
the University of Costa Rica (2013), and after solidifying her passion for seismic 
design while working as a design engineer in Costa Rica, she completed the 
recognized international master program in Earthquake Engineering named 
MEEES (Master of Earthquake Engineering and Engineering Seismology). 
She joined the University of Canterbury later in 2016, where completed her 
doctoral degree in Earthquake Engineering. Her PhD research focused in 
improving the understating of the likely behavior of precast pre-stressed 
hollow-core floor systems during earthquakes, to achieve this, she carried 
out a campaign of detailed nonlinear 3D finite element modeling validated 
against experimental testing.
Timothy J. Sullivan Tim Sullivan is an Associate Professor at the University 
of Canterbury, New Zealand. Prior to that he was based in Italy where he 
was head of the Design Methods Section of the European Centre for Train-
ing and Research in Earthquake Engineering, and Assistant Professor at the 
University of Pavia. Tim’s research interests lie mainly in the examination of the 
fundamentals of seismic design and experimental testing techniques. He is 
particularly well recognised for his work in displacement-based seismic design 
and assessment methods, with his PhD supervised by Nigel Priestley and Gian 
Michele Calvi. Tim has more than 100 publications related to seismic design, 
seismic assessment, seismic retrofit and mitigation of seismic risk. Tim is also a 
chartered professional engineer with the UK institute of Civil Engineers, having 
worked in the UK, New Zealand, Germany and Italy on a wide range of build-
ing and bridge projects.
Emanuele Brunesi Emanuele Brunesi is a Researcher at Eucentre – Euro-
pean Centre for Training and Research in Earthquake Engineering. After his 
undergraduate studies at the University of Pavia, where he received his BSc 
degree (magna cum laude – September 2007) in civil engineering and his 

MEng degree (magna cum laude – December 2009) in https://​doi.​org/​10.​
1186/​s40069-​023-​00580-w structural engineering, he started collaborating 
with Eucentre (January 2010) on national and international research projects 
for the European Commission, the Italian Department of Civil Protection and 
private companies. In September 2010, he obtained a scholarship to join the 
School for Advanced Studies of Pavia (IUSS Pavia – ROSE Programme), receiv-
ing his MSc (May 2012) and PhD (December 2014) in earthquake engineering 
and engineering seismology. Since January 2011, Emanuele is a chartered 
professional engineer in Italy. He has authored peer-reviewed journal papers 
focused on computer methods in applied engineering and mechanics, field 
observation of failures and experimental testing of structures and structural 
subassemblies/components. He is a reviewer for several international journals 
and serves as academic editor for Advances in Civil Engineering.
Roberto Nascimbene Structural civil engineer, he is the Head of the Building 
and Infrastructure Department in Eucentre; he is also Adjunct Professor at the 
Faculty of Engineering - Pavia teaching two courses "Design of shells" and 
"Theory and Design of Steel Buildings". He authored/coauthored over than 
one hundred scientific publications indexed in international journals, national 
magazines and conference proceedings; he co-authored three books, the first 
on shell structures, the second on existing precast structures and the third 
on temporary housing; is a member of the technical committee Eurocode 3, 
of the Regional Seismic Commission (Lombardia), of the Council of the Order 
of Engineers (Pavia) and of the Fabbriceria del Duomo of Pavia. He has been 
the coordinator for more than ten years of professional training courses at 
the Eucentre, organizing nearly a hundred seminars. He has been involved, 
both for research but also for professional activities, in seismic vulnerability of 
industrial plants, reinforced concrete, steel, wood and precast buildings, tanks, 
robustness and progressive collapse of structures under extreme actions, 
modeling and advanced nonlinear numerical analyses.

Funding
This research is being partly funded through the BRANZ-funded ReCast Project 
via the University of Auckland, and their support is gratefully acknowledged. 
In addition, this project was partially supported by QuakeCoRE, a New Zealand 
Tertiary Education Commission-funded Centre. The University of Canterbury 
Library Open Access Fund support is greatly appreciated. 

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 14 May 2022   Accepted: 4 January 2023

References
Brooke, N., Elwood, K., Bull, D., Liu, A., Henry, R., Sullivan, T., Hogan, L., & del Rey 

Castillo, E. (2019). ReCast Floors-Seismic assessment and improvement of 
existing precast concrete floors. SESOC Journal, 32(1), 50–59.

Brooks, M. D., Gerstle, K. H., & Logan, D. R. (1988). Effect of initial strand slip on 
the strength of hollow-core slabs. PCI Journal, 33(1), 90–111.

Bueker, F., Elwood, K. J., Bull, D., & Henry, R. S. (2020). Testing of Retrofit Solu-
tions for Vulnerable Hollow-core Floor Connection Details. The 8th 
International Conference on Advances in Experimental Structural Engineering 
(8AESE).

Cornelissen, H. A. W., Hordijk, D. A., & Reinhardt, H. W. (1986). Experimental 
determination of crack softening characteristics of normalweight and 
lightweight. Heron, 31(2), 45.

Corney, S. R., Ingham, J. M., & Henry, R. S. (2018). Seismic testing of support 
connections in deep hollow-core floor units. ACI Structural Journal, 115(3), 
735–748. https://​doi.​org/​10.​14359/​51702​062

https://doi.org/10.1186/s40069-023-00580-w
https://doi.org/10.1186/s40069-023-00580-w
https://doi.org/10.14359/51702062


Page 12 of 12Sarkis et al. Int J Concr Struct Mater           (2023) 17:18 

Corney, S. R., Puranam, A. Y., Elwood, K. J., Henry, R. S., & Bull, D. (2021). Seismic 
performance of precast hollow-core floors: Part 1—experimental data. 
ACI Structural Journal, 118, 49–63. https://​doi.​org/​10.​14359/​51732​821

Fenwick, R., Bull, D., & Gardiner, D. (2010). Assessment of hollow-core floors for 
seismic performance (Vols. 2010-02; 2). Department of Civil and Natural 
Resources Engineering, University of Canterbury

Hordijk, D. A. (1992). Tensile and tensile fatigue behaviour of concrete; experi-
ments, modelling and analyses. Heron, 37(1), 1–79.

Jensen, J. P. (2007). The seismic behaviour of existing hollowcore seating 
connections pre and post retrofit: a thesis submitted in partial fulfilment 
of the requirements for the degree of Master of engineering. In Civil and 
Natural Resources engineering: Vol. Doctoral D. University of Canterbury.

Matthews, J. (2004). Hollow-core floor slab performance following a severe 
earthquake: a thesis submitted in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. In Civil and Natural Resources 
Engineering: Vol. Doctoral D. University of Canterbury.

MIDAS Information Technology. (2016). Midas FEA: Advanced Nonlinear and 
Detail Analysis System (v1.1). https://​www.​cspfea.​net/​prodo​tti/​midas-​fea-​
nx/. https://​globa​lsupp​ort.​midas​user.​com/​helpd​esk/​KB/​View/​32636​105-​
midas-​fea-​nx-​manua​ls-​and-​tutor​ials. Accessed Jan 2019.

NZS3101. (2006). Concrete structures standard. Part 1: The design of concrete 
structures. In New Zeland Standards Executive

Pajari, M. (2004a). Pure torsion tests on single hollow core slabs
Pajari, M. (2004b). Shear-torsion interaction tests on single hollow core slabs
Puranam, A., Filippova, O., Pastor-Paz, J., Stephens, M., Elwood, K. J., Ismail, N., 

Noy, I., & Opabola, E. (2019). A detailed inventory of medium-to high-rise 
buildings in Wellington’s central business district. Bulletin of the New Zea-
land Society for Earthquake Engineering, 52(4), 172–192. https://​doi.​org/​10.​
5459/​BNZSEE.​52.4.​172-​192

Sarkis, A. I., Bueker, F., Sullivan, T. J., Elwood, K. J., Brunesi, E., & Hogan, L. (2022a). 
Aspects affecting the nonlinear behavior of precast pre-stressed hollow-
core units failing in shear. Structural Concrete. https://​doi.​org/​10.​1002/​
suco.​20210​0579

Sarkis, A. I., Sullivan, T. J., Brunesi, E., & Nascimbene, R. (2022b). Critical model-
ling criteria for precast pre-stressed hollow-core slabs. Journal of Building 
Engineering, 54, 104545. https://​doi.​org/​10.​1016/j.​jobe.​2022.​104545

Selby, R. G., & Vecchio, F. J. (1993). 3D constitutive relations for reinforced concrete. 
Tech, Rep. 93-02, Department of Civil Engineering, Toronto, Canada

Thorenfeldt, E. (1987). Mechanical properties of high-strength concrete and 
applications in design. Symposium Proceedings, Utilization of High-Strength 
Concrete, Norway, 1987

Ueda, T., & Stitmannaithum, B. (1991). Shear strength of precast prestressed 
hollow slabs with concrete topping. Structural Journal, 88(4), 402–410.

Vecchio, F. J., & Collins, M. P. (1986). The modified compression-field theory 
for reinforced concrete elements subjected to shear. ACI Journal, 83(2), 
219–231.

Woods, L. J. (2008). The significance of negative bending moments in the 
seismic performance of hollow-core flooring: Vol. Dissertation. University of 
Canterbury

Yang, L. (1994). Design of prestressed hollow core slabs with reference to web 
shear failure. Journal of Structural Engineering, 120(9), 2675–2696.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.14359/51732821
https://www.cspfea.net/prodotti/midas-fea-nx/
https://www.cspfea.net/prodotti/midas-fea-nx/
https://globalsupport.midasuser.com/helpdesk/KB/View/32636105-midas-fea-nx-manuals-and-tutorials
https://globalsupport.midasuser.com/helpdesk/KB/View/32636105-midas-fea-nx-manuals-and-tutorials
https://doi.org/10.5459/BNZSEE.52.4.172-192
https://doi.org/10.5459/BNZSEE.52.4.172-192
https://doi.org/10.1002/suco.202100579
https://doi.org/10.1002/suco.202100579
https://doi.org/10.1016/j.jobe.2022.104545

	Investigating the Effect of Bending on the Seismic Performance of Hollow-Core Flooring
	Abstract 
	1 Introduction
	2 Seismic Response of PPHC Floors
	3 Finite Element Modelling Approach
	3.1 Proposed Numerical Approach
	3.2 Calibration of the FE Model

	4 Results and Discussion
	4.1 Negative Moment Failure
	4.2 Effect of the Length of Starter Bars

	5 Conclusions
	Acknowledgements
	References


