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This paper is concerned with the ultimate behaviour of composite floor slabs. Steel/concrete composite structures
are increasingly common in the UK and worldwide, particularly for multi-storey construction. The popularity of
this construction form is mainly due to the excellent efficiency offered in terms of structural behaviour, construc-
tion time and material usage all of which are particularly attractive given the ever-increasing demands for im-
proved sustainability in construction. In this context, the engineering research community has focused
Keywords: considerable effort in recent years towards understanding the response of composite structures during extreme
Composite slabs events, such as fires. In particular, the contribution made by the floor slab system is of crucial importance as its
Fire ability to undergo secondary load-carrying mechanisms (e.g. membrane action) once conventional strength
Numerical modelling limits have been reached may prevent overall collapse of the structure. Researchers have focused on developing
Tensile membrane action the fundamental understanding of the complex behaviour of floor slabs and also improving the methods of anal-
BRE method ysis. Building on this work, the current paper describes the development and validation of a finite element model
which can simulate the response of floor slab systems until failure, both at ambient and elevated temperature.
The model can represent the complexities of the behaviour including the temperature-dependent material and
geometric nonlinearities. It is first developed at ambient temperature and validated using a series of experiments
on isolated slab elements. The most salient parameters are identified and studied. Thereafter, the model is ex-
tended to include the effects of elevated temperature so it can be employed to investigate the behaviour under

these conditions. Comparisons with current design procedures are assessed and discussed.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the last number of years, the performance of buildings with
steel/concrete composite floors during fire conditions has received in-
creasing attention from the structural engineering community (e.g.
[1-3]). This mainly followed observations during real building fires
such as the Broadgate and Basingstoke fires where buildings with com-
posite floors performed much better than expected due to the ability of
the slabs to survive and redistribute loads around the structure. Large-
scale experiments were conducted at Cardington [4] to investigate the
behaviour under more controlled conditions and it was observed that
traditional prescriptive design methods are overly conservative and
steel-framed buildings with composite floors inherently possess suffi-
cient ductility and resistance during extreme events to delay or even
prevent failure. The Cardington experiments led to a surge in interest
from the engineering research community with work focused on devel-
oping a greater understanding of the behaviour through further exper-
imental and numerical analysis.
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The response of a two-way spanning floor slab during a fire is partic-
ularly complex owing to the interrelated material and geometric non-
linearities which develop with increasing levels of deflection and
temperature. Although the slab exhibits significantly lower bending ca-
pacity in a fire due to the degradation of material strength and stiffness,
the development of tensile membrane action can lead to a greater over-
all capacity than predicted by the design codes (e.g. Eurocodes). Howev-
er, before tensile membrane action can be incorporated into design
standards, a detailed and fundamental understanding of the behaviour
of floor slab must be attained.

Towards this end, a limited number of experimental programmes
have studied the large-deflection performance of isolated slab elements
both at ambient and elevated temperature (e.g. [2,5]). However, large-
scale experiments are prohibitively expensive and time-consuming
and so a full examination of the various parameters affecting the behav-
iour is not realistically feasible. Therefore, a number of purpose built nu-
merical models have been developed by the research community to
study the effects influencing the response of structures and floor slabs
in particular under fire loading scenarios (e.g. [6,7]). Although these
models have led to considerable advancement in the understanding of
structures in fire, they are often not suitable for design as they can be
computationally expensive and the scale of the structures may be diffi-
cult to realistically represent. Practical design guidance and software for
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steel framed buildings with composite floor slabs in fire have been pro-
posed, the most well-known of which is the BRE method [8,9], to help
engineers achieve safe and efficient designs. However, several short-
comings of the BRE method have been presented by various researchers
(e.g.3,[10]) including an absence of appropriate failure criteria and also
a lack of consistency in terms of the method providing a conservative or
unconservative assessment of the load carrying capacity, depending on
the aspect and reinforcement ratios of the slab.

The main focus in this paper is the development of a numerical
model that can accurately predict the response of isolated simply-
supported strip and slab elements in both ambient and elevated tem-
perature conditions until failure. This work is part of a larger research
programme which will investigate the effects of various boundary and
geometric properties and also propose analytical solutions. Importantly,
the model considers the highly influential effect of bond strength be-
tween the steel reinforcement and surrounding concrete on the ulti-
mate performance; this has already been shown to be critical for
assessing the level of load and deflection which can be sustained before
failure [2,3]. Accordingly, this paper proceeds with an overview of re-
cent studies carried out to examine the ultimate performance of one-
and two-way spanning lightly reinforced elements, such as composite
floor slabs. A finite element model is developed using the ABAQUS soft-
ware; the model is first described for ambient conditions and validated
against a series of experiments on isolated members. Subsequently, the
results are compared with those obtained utilising the finite element
software VULCAN and the BRE method. This is an essential precursor
to further expansion of the model to incorporate the effects of elevated
temperature, such as those which occur during a fire.

2. Development of the numerical model

A finite element model (FEM) has been developed using the
commercially-available ABAQUS software [11] which is capable of
achieving numerical convergence despite the geometric and material
nonlinearities of the behaviour. Many different finite element packages
can be used for this purpose and have been by other researchers (e.g. [3,
7,12]). However, ABAQUS was selected for this work because great im-
portance is given to being able to readily compare results to those from
other researchers and, more importantly, developing models and proce-
dures which are not reliant on proprietary software.

In order for the FEM to accurately predict the response of slabs with
various combinations of material and geometrical properties and to en-
sure that the model is readily usable by designers, a number of steps
were followed in the modelling procedure. During this process, impor-
tance was given to ensuring that the material and geometric properties
such as concrete/reinforcing steel strength, dimensions and boundary
conditions were realistically represented and yet ensuring that the
model requires knowledge only of the typical properties which are
known by designers. Owing to the complexity of the behaviour of
two-way spanning slabs, the model was developed in three major
steps: (i) one-way spanning slab strips at ambient temperature (ii)
two-way spanning slabs at ambient temperature and (iii) incorporation
of the effects of elevated temperature. The first two stages are very im-
portant and an essential pre-requisite for understanding the mechanical
behaviour of these elements at large deflections, such as those that
occur in a fire. In the following sections, the development of the one-
and two-way spanning models is first described, including the material
representations. The inclusion of elevated temperature effects is
discussed later in Section 4.

2.1. One-way spanning slab strips

The task of creating a FEM that is user-friendly on the one hand and
also able to reliably simulate the behaviour of reinforced concrete ele-
ments on the other is extremely challenging. This is mainly due to the
nature of the material behaviour, particularly the interaction between

the reinforcing steel and the surrounding concrete, a subject that has
been the focus of many researchers (i.e.[13,14]). In the current research
programme, a great deal of importance was given to the representation
of bond between the steel and the concrete in the model and, in partic-
ular, ensuring that it was included in a manner which is appropriate for
designers. This means using methods which only require the typical
material and geometric properties which are known by engineers (e.g.
material strength, stiffness, dimensions, etc.). For this reason, and
since the analysis of slab elements can be based on strip element analy-
sis (particularly of one-way spanning slab members), the FEM described
hereafter was calibrated and validated using a recent series of ambient
temperature tests on isolated slab strips with various geometric and
material properties, including bond strength. For brevity, only a brief ac-
count of the tests is given herein with a more comprehensive descrip-
tion available elsewhere [14].

Fig. 1 shows the general geometry of the specimens and the testing
rig, whilst more specific details of each specimen are described in
Table 1 which gives the half-length (L), width (b) and depth (h) of the
strips, as well as the reinforcement ratio (p), concrete compressive
strength (f;) and concrete tensile strength (f;). The effective depth of
the reinforcement from the compressive face is half the overall depth
(i.e. h/2) in all cases. Four types of reinforcement were considered in
the test programme, namely: (i) plain bars with a diameter of 6 mm
(P6); (ii) deformed bars with a diameter of 6 mm (D6); (iii) deformed
bars of 8 mm diameter (D8); and (iv) A142 welded mesh consisting of
6 mm deformed bars spaced at 200 mm centres (M6).

In the ABAQUS FEM, the concrete elements were modelled using 3D
solid elements with reduced integration from the ABAQUS library
(C3D8R). The model employed a square mesh comprising of 20 mm
cubic elements, based on a mesh sensitivity assessment. Solid elements
were employed because although computationally expensive, they bet-
ter represent damage in the material and the relationship between the
concrete and the embedded reinforcement at elevated temperature,
which is particularly important in this study. The reinforcement was
modelled using linear 3D truss elements (T3D2) which were embedded
in the solid concrete elements. Due to symmetry, only a part of the spec-
imens was modelled such that one reinforcement bar was included in
the concrete at any time (Fig. 2). The strips rest on a fixed rigid frame
and are free to move both rotationally and laterally. The loading ar-
rangement was identical to that in the testing procedure which is
shown in Fig. 1 and the elements were loaded in displacement-
control. Although ABAQUS includes several static analysis methods, in
order to facilitate both the ambient and elevated-temperature loading,
a quasi-static dynamic, implicit analysis was employed in this study.

2.2. Two-way spanning slabs

The one-way spanning strip model described in the previous section
was extended for two-way spanning slabs. The steel decking was not in-
cluded in the analysis because it was observed during real fire tests that
it de-bonded from the concrete slab at an early stage and ceased to con-
tribute to the load-carrying capacity of the slab [8]. Similarly to the one-
way spanning elements, the concrete slab panels were modelled using

ya _/g

Fig. 1. General schematic of strip tests and test rig [14].
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Table 1
Properties of the strip tests [14].

Model L(mm) b(mm) h(mm) Bartype p(%) f.(N/mm?) f.(N/mm?)

UR1 500 600 60 M6 024 299 22
UR2 500 600 60 M6 024 299 22
UR3 500 600 60 P6 024 299 22
UR4 700 600 60 D6 024 319 2.1
UR5 700 600 40 D6 035 319 2.1
URG 700 600 60 P6 024 477 3.1
UR7 700 540 60 P6 052 477 3.1
UR8 700 540 60 D6 052 477 3.1
UR9 700 480 60 D8 052 477 3.1
UR10 700 600 60 M6 024 404 24
UR11 700 500 60 D8 035 404 24
UR12 700 450 90 D8 1.2 40.4 24
UR13 700 600 60 D6 024 404 24
UR14" 700 480 60 D8 052 319 25
UR15* 700 480 90 D8 035 319 25
UR16® 700 480 120 D8 026 319 25

@ Special strip incorporating internally instrumented bars.

3D solid elements with reduced integration (C3D8R) from the ABAQUS
library and the reinforcement using linear 3D truss elements (T3D2)
which were embedded in the solid slab elements. Due to symmetry,
only a quarter of the slab was modelled (Fig. 3). The slab was simply
supported and free to move both rotationally and laterally at the sup-
ports (the slab rests on a fixed rigid frame that restrains only the vertical
movement of the slab whilst rigid anchors prevent the reinforcement to
slip through the concrete once pulled by any resulting deflections of the
slab). The loading arrangement can be varied (e.g. uniformly distribut-
ed, point loads, etc.) and the slabs were loaded in displacement-control.

2.3. Ambient temperature material properties

2.3.1. Concrete

The concrete was modelled using the concrete damaged plasticity
(CDP) model in ABAQUS. There are a number of different constitutive
models available in the ABAQUS software and the CDP model was se-
lected for this analysis because it facilitates all aspects of the work in-
cluding the effects of varying temperature and loading conditions on
the response. In the CDP model, the concrete is represented using the
concept of isotropic damaged elasticity in combination with isotropic
tensile and compressive plasticity to represent the inelastic behaviour
of concrete, and a combination of multi-hardening plasticity and isotro-
pic damaged elasticity to describe the irreversible damage that occurs
during the fracturing process. Accordingly, the material behaviour is de-
fined in terms of the elastic, plastic, compressive and tensile properties.

The elastic properties were represented in accordance with CEB-FIP
Model Code 90 [15]. The Poisson's ratio and density of concrete were
taken as 0.2 and 2400 kg/m?, respectively. In addition to the compres-
sive and tensile constitutive relationships, a number of other parame-
ters are required in the CDP model, including: (i) dilation angle; (ii)
eccentricity; (iii) ratio of the strength in the biaxial state to the strength
in the uniaxial state (fo/fco); (iv) parameter K; and (v) viscosity param-
eter. The dilation angle was assigned a value of 38°, within the common

N / : Fixed support
N Embedded rebar

Plains of symmetry

Fig. 2. One-way model arrangement.

Plains of symmetry

Embedded rebar

Rigid anchors
Fixed support

Fig. 3. Two-way model arrangement.

range used by other researchers [16], whilst the other parameters were
assigned the default ABAQUS values. More detailed discussion on the
simulation of concrete in both compression and tension is presented
in the following sub-sections.

2.3.1.1. Compressive behaviour. The uniaxial compressive response of
concrete was represented in the model using the CEB-FIP Model Code
90 [15] as shown in Fig. 4. In this model, the material behaves in a linear
elastic manner up to an initial yield stress equal to 0.4 times the con-
crete strength (0.4f.). Thereafter, the behaviour becomes inelastic with
some hardening initially until the maximum compressive stress (f;) is
reached before softening behaviour occurs beyond the peak stress. In
the analysis, the average compressive strength of the concrete mea-
sured during the experimental programme (which is discussed in
Section 2.1 and presented in Table 1) is incorporated into the model.

2.3.1.2. Tensile behaviour. There are a number of different approaches
employed by researchers to represent the tensile behaviour of concrete
(e.g. [13,15,18-20]). In this analysis, the Wang and Hsu [21] approach
was employed because it has been well established and validated over
a period of years using a number of similar structural arrangements to
the current work. The model is shown in Fig. 5 and defined by Eqgs.
(1) and (2):

f=Eg& ¢€<eq (1)

Eor 04
f=Fa (?) E>&cr (2)
where fis the concrete stress, E. is the modulus of elasticity of concrete,
fet is the cracking stress of concrete and &, is the cracking strain.

As shown in Fig. 5, the model assumes that the tensile stress in-
creases linearly with tensile strain until the concrete cracking stress
(fer) and strain (&) is reached, as given in Eq. (1). Once cracking occurs,
the tensile stress decays as the concrete softens, in accordance with

0.4 1.

Compressive stress

Compressive strain

Fig. 4. Response of concrete to uniaxial loading in compression.
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Fig. 5. Response of concrete to uniaxial loading in tension.

Eq. (2). The post-peak stress-strain softening behaviour of concrete is
modelled in ABAQUS using the “tension stiffening” property, which al-
lows the user to define the strain-softening response of the cracked con-
crete. The rate of softening, which depends on the exponent in Eq. (2)
denoted as the reduction factor (RF) hereafter, is very influential to
the ultimate performance of the concrete member as it represents the
contribution made by the concrete in tension to the overall response,
post-cracking. In effect, this tension stiffening property inherently ac-
counts for the bond strength between the steel and the concrete. Any
adjustment of the RF in Eq. (2) is effectively changing the bond relation-
ship between the steel and the concrete and hence the contribution
made by the concrete in tension to the overall response after cracking
has occurred. This directly affects the distribution of strain in the rein-
forcing steel across any crack opening, which is critical at failure. The ef-
fect of the RF employed on the response of the model is discussed in
detail later in Section 3.3.1.

2.3.2. Steel reinforcement material properties

The uniaxial tensile response of reinforcing steel was represented in
the model using the bilinear relationship presented in Eurocode 2 Part
1-1[22] which is reproduced in Fig. 6. In this model, the material is lin-
ear up to the yield stress (f,). Thereafter, the behaviour becomes inelas-
tic with hardening until the ultimate stress (f;) is reached. In the
analysis, the corresponding strain values at f, and f, are taken from
the experimental programme described before.

24. Elevated temperature material properties
In order to evaluate the response of the models in elevated temper-

ature the material properties had to be modified in order to consider the
degradation effects of high temperature. Additionally to the degradation

‘
‘
‘
‘
‘
‘

Tensile stress

Tensile strain

Fig. 6. Response of steel to uniaxial loading in tension.

of the material strength, other parameters had to be set up in ABAQUS in
order to establish a realistic scenario of temperature distribution along
the depth of the concrete (and the embedded reinforcement) as well
as the developed stresses resulting from thermal expansion. These pa-
rameters are thermal conductivity, thermal expansion and specific
heat. The values of these variables as set in the numerical model are pro-
vided in this section by Figs. 7-11 (based on EN 1992-1-2 [17]) but
discussed later in Section 4.

3. Ambient temperature response

3.1. Validation of the numerical model at ambient temperature: one-way
elements

This section focuses on comparing and discussing the FEM response
with the results from the tests presented in Table. The majority of these
tests failed by fracture of the reinforcement across a central failure
crack, unless otherwise stated hereafter. Figs. 11-15 illustrate the
load-deflection response of all specimens containing M6, P6, D6, D8
and the instrumented D8 bars, respectively. In this analysis, the reduc-
tion factor RF used to calculate the values for the tension stiffening in
ABAQUS was selected as 0.7 (dimensionless). In terms of the load-
deflection response, it can be seen that the FEM provides a good repre-
sentation of the behaviour in all cases, including the prediction of ulti-
mate load. Fig. 16 depicts the crack patterns which were observed in
the experiments, together with the crack patterns predicted by the
FEM which are also in good agreement.

With reference to the load-displacement responses for M6 bars in
Fig. 11, it is evident that although UR1 and UR2 had identical geometric
and material properties, their experimental responses showed consid-
erable differences at large levels of displacement. This is attributed
mainly to the significant influence of bond strength on the overall be-
haviour and the fact that this property is influenced by numerous fac-
tors (e.g. casting, concrete mix, compacting, aggregate interlocking
etc.). In this context, the FEM response is reasonable compared with
the experimental graph.

Although plain round steel is no longer included in the Eurocodes
and is rarely specified in new buildings, it is still very relevant for
existing structures. The tests containing P6 bars were modelled and
the results are presented in Fig. 12. Due to the high ductility of this rein-
forcement, as well as the relatively low bond strength achieved by plain
bars, it is unsurprising that these specimens failed at significantly higher
displacements compared with the specimens with ribbed reinforce-
ment. Moreover, it is noteworthy that these specimens tended to devel-
op only a single crack in the centre, as shown in Fig. 16(a). As with the
M6 specimens, the FEM is shown to provide a satisfactory simulation
of the load-deflection behaviour, with deviations at higher displace-
ments attributed to the very low bond strength in these members.

1.2
— Steel

- - -Concrete (compression)
— —Concrete (tension)

g
(=)

o
o

Reduction of strength
=} =}
e [=)

o
)

0 200 400 600 800 1000 1200
Temperature (°C)

I
=}

Fig. 7. Reduction rate of material strength with increasing temperature.
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Fig. 8. Thermal conductivity of steel and concrete with increasing temperature.

The specimens containing D6 reinforcement are presented in Fig.
13(a) and (b). The first of these graphs presents the load-deflection re-
sponse for tests UR5 and UR8 in which several cracks developed at low
levels of deflection. Both the experimental and FEM crack pattern are
shown in Fig. 16(d) where it can be clearly seen that the FEM depicts
the crack formation well. There is a considerable deviation between
the experimental and numerical responses for specimen URS8 as the
level of deflection increases; this is attributed to the high strength of
concrete (f- = 47.7 N/mm?) in comparison to the other specimens
(i.e. for UR1 and UR2, f, = 29.9 N/mm?). Fig. 13(b) presents the load-
deflection responses for tests UR4 and UR13 where only two additional
cracks (Fig. 16(c)) to the main failure crack formed. Similarly to URS, the
higher concrete strength affects the results of UR13, although the nu-
merical model generally represents the behaviour reasonably well.

The load-deflection responses for the specimens containing D8 rein-
forcement (i.e. UR9, UR11 and UR12) are presented in Fig. 14. These
specimens behaved differently to those previously discussed in that
they failed by concrete crushing rather than fracture of the reinforce-
ment. There is a detailed discussion on the different failure modes else-
where [14], but of interest in the current study is that the FEM response
indicates similar cracking characteristics. With reference to Fig. 16(e),
longitudinal cracking developed in the region close to the primary fail-
ure crack, in the same location as where the reinforcement was placed.
In the load-deflection response predicted by the FEM (i.e. UR12 in Fig.
14), this phenomenon is distinguished by the stepped load pattern im-
mediately after maximum load capacity is reached. The selection of a bi-
linear material constitutive relationship for the reinforcing steel
without any softening branch (as included in EN 1992-1-1) means
that the softening in the load-deflection response obtained by the FEM
is due to concrete crushing.
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=
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Fig. 9. Thermal elongation of steel and concrete with increasing temperature.
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Fig. 10. Specific heat of Steel and concrete with increasing temperature.

The results from tests UR14, UR15 and UR16 are presented in Fig. 15.
Their representation by the FEM is in good agreement with the experi-
mental behaviour. Each of the three specimens developed different
number of cracks due to the different reinforcement ratios with multi-
ple cracks (>8) forming in UR14, five in UR15 and just three for UR16.
The model was able to predict both the number and the location of
the cracks for all models as shown in Fig. 16(d). These three specimens
will be discussed in more detail later as they were instrumented with
strain gauges in the reinforcement, enabling a closer analysis of the
bond distribution. It is evident from the above discussion and the results
presented that the material models used in the FEM were effectively cal-
ibrated so that the tests were well represented and the model is capable
of predicting the response of one-way lightly reinforced concrete ele-
ments until failure with reasonable accuracy (the failure prediction is
discussed in more detail in Section 3.3.2).

3.2. Validation of the numerical model at ambient temperature: two-way
elements

In this section, the FEM for the two-way spanning slab elements de-
scribed previously is validated using a series of ambient temperature
tests on isolated slab members with various geometric and material
properties. The tests focused on lightly reinforced concrete slab speci-
mens with the main aim of providing a greater insight into the large dis-
placement behaviour of composite floor slab systems. For brevity, only a
brief account of the tests will be given herein with a more comprehen-
sive description available elsewhere [2]. Fig. 17 shows the general ge-
ometry of the two different types of specimens tested (the slabs had
an aspect ratio of either 1 or 1.5), whilst Table 2 provides the relevant
geometric and material properties for all slab specimens. The reference

URI1 Experimental
7 —UR1&UR2 ABAQUS
----- UR10 ABAQUS

UR2 Experimental
UR10 Experimental

0 0.01 0.02 0.03 0.04 0.05
Vertical displacement (m)

Fig. 11. Load-displacement response of members with M6 reinforcing bars.
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Fig. 12. Load-displacement response of members with P6 reinforcing bars.

system adopted in labelling each specimen is kept the same as in the
original work and is as follows: the first parameter denotes a rectangu-
lar (R) or square (S) slab; F40 and F60 represent the depth of the slab in
mm; the third parameter describes the reinforcement used (similarly to
Table 1) whilst A, B, Cand D signify various reinforcement arrangements
used. The table also includes information relating to the depth of the
slab H, the long and short spans L; and L, respectively, and also p,
and p,, which are the reinforcement ratios in the long and short spans.
All specimens have been modelled using the FEM and one typical exper-
iment is selected herein (S-F60-M6-A) for a detailed analysis of the
load-deflection and temperature-deflection performance (see
Section 4).
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Fig. 13. (a) & (b) Load-displacement response of members with D6 reinforcing bars.
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Fig. 14. Load-displacement response of members with D8 reinforcing bars.

Fig. 18(a) shows the crack pattern for specimen S-F60-M6-A whilst
the FEM prediction for the same specimen is given in Fig. 18(b). Clearly,
the model depicts the development of conventional yield line cracks as
well as the additional cracks in the centre of the slab. The experimental
and numerical load-deflection response for slab specimen S-F60-M6-A
is given in Fig. 19. Also presented in the same graph are the results
using the BRE analytical method [8,9] as well as the prediction from an-
other commonly-used finite element model, VULCAN [23]. The BRE sim-
plified design method estimates the load-carrying capacity of a lightly
reinforced concrete slab as a function of the vertical displacement
based on the in-plane stresses (membrane action) in the slab.
VULCAN, on the other hand, is a finite element package which was
first developed at the University of Sheffield to model the 3-
dimensional nonlinear behaviour of composite steel-framed buildings
under fire conditions. It has been extensively validated since its devel-
opment and is used herein to ratify the results obtained from the
ABAQUS FEM.

In the VULCAN model, a 9-noded quadrilateral plate element (as
shown in Fig. 20) is used to model the slab specimens which can capture
both the bending and membrane effects. Each element is divided into 16
layers of which 14 represent the concrete with the remainder used for
the representation of the steel reinforcement. The configuration of the
model is an exact replica of the experimental conditions at ambient
temperature.

The load-deflection response shown in Fig. 19 for the specimen S-
F60-M6-A illustrates that the overall behaviour of the slabs is well de-
scribed by the FEM. First cracking of the concrete, evidenced by the
drop in load at small levels of deflection, is well predicted. Furthermore,
yielding of the reinforcing steel is also well simulated with reasonable
accuracy until failure.
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Fig. 15. Load-displacement response of members with instrumented D8 reinforcing bars.
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Fig. 16. Possible crack patterns: (a) single midspan crack as developed in UR3, UR6 and
UR7, (b) multiple cracks (<4) as developed in UR1, UR2, UR9, UR10 and UR16,
(c) multiple cracks (<6) as developed in UR4, UR13 and UR15, (d) multiple cracks (>8)
as developed in UR5, UR8, UR12 and UR14, and (e) cracking parallel to the
reinforcement as developed in UR11.

The VULCAN model also provides a very good representation of the
nonlinear behaviour of the slabs. Although only one slab is presented
herein owing to brevity, the other slabs in this test programme have
also been studied and show similarly good results. The BRE method pro-
vides a reasonable prediction of the response at small deflections in am-
bient temperatures but this prediction becomes less representative and
overly conservative at large deflections.

In terms of failure, the slab failed by fracturing of the steel reinforce-
ment across a localized through-depth crack across the shorter span.
The ultimate strain of the steel reinforcement in the tests was found

1.5m
2.25m

Fig. 17. Layout of the slab specimens.

through tensile testing to be 0.033%, as indicated in the Fig. 19. Also pre-
sented in the graph using the secondary y-axis is the FEM prediction for
the strain induced in the reinforcement along the failure crack for the
corresponding vertical displacement of the slab.

3.3. Parametric study

In this section, the numerical models previously described for one-
and two-way spanning slab elements are used to investigate the key pa-
rameters which influence the response. As bond strength is so impor-
tant in terms of the ultimate behaviour, both the concrete model
selected and the representation of the bond relationship between the
steel and the concrete are examined.

3.3.1. Effect of concrete tension model on the numerical response

As briefly discussed previously in Section 2.3.2, there are a number of
different approaches for representing the tensile behaviour of concrete
in numerical models; the Wang and Hsu method [21] was selected for
the analysis presented earlier in this paper. As the tensile response is
very important in terms of the failure behaviour of lightly reinforced
concrete specimens, this section investigates the effect that tension stiff-
ening has on the behaviour by comparing the Wang and Hsu model
with the tensile model presented in the CEB-FIP Model Code 90 [15].
The CEB-FIP approach states that since tensile failure of concrete is al-
ways a discrete phenomenon, its tensile behaviour is best described
using a stress-strain diagram for uncracked concrete and a stress-
crack opening diagram for the cracked section. On the other hand, the
most common way to model cracking in a finite element model of a re-
inforced concrete specimen is to assume that the cracks are distributed
over the area of the finite element using the smeared cracking approach
and to include this in the calculations by changing the stress and the
material stiffness associated with the affected elements and nodes dur-
ing the analysis. The CDP model in ABAQUS incorporates a smeared

Table 2

Properties of the slab tests [2].
Model L;(mm) Ly(mm) h(mm) Bartype p;(%) p2(%)
R-F60-M6-A 2250 1500 60 M6 0.24 0.24
R-F60-P6-A 2250 1500 60 P6 0.24 0.24
S-F60-M6-A 1500 1500 60 M6 0.24 0.24
R-F40-D6-B 2250 1500 40 D6 0.35 0.35
R-F60-D6-C 2250 1500 60 D6 0.24 0.48
R-F60-D6-A 2250 1500 60 D6 0.24 0.24
S-F60-D6-A 1500 1500 60 D6 0.24 0.24
S-F60-D6-D 1500 1500 60 D6 0.52 0.52
S-F60-D8-D 1500 1500 60 D8 0.52 0.52
S-F60-P6-A 1500 1500 60 P6 0.24 0.24
R-F60-M6-A 2250 1500 60 M6 0.24 0.24
R-F40-M6-B 2250 1500 40 M6 0.35 0.35
R-F60-D8-A 2250 1500 60 D8 0.28 0.28
R-F60-D8-C 2250 1500 60 D8 0.28 0.56
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Fig. 18. Crack pattern for S-F60-M6-A (a) from the experimental programme [2] and
(b) predicted by ABAQUS.

crack model that requires the specification of the relationship of tensile
stress to cracking strain. In order to adapt the CEB-FIP stress-crack open-
ing diagram to the ABAQUS input requirements, the CEB-FIP crack open-
ing values were divided by a crack band width (w,), ranging from 2d, to
4d, where d, is the maximum aggregate size [19,20].

Fig. 21 shows the resulting stress-strain relationships using both the
Wang and Hsu and the adapted CEB-FIP approaches for reduction fac-
tors (RF) of 0.4, 0.7 and 1.0 and crack band widths of 20, 50, and
100 mm, respectively. In order to evaluate the effect of the tensile mate-
rial representation of concrete, the response of slab strip UR1 from
Table 1 is modelled using both the Wang and Hsu and the CEB-FIP
methods; the results are presented in Fig. 22. It is noteworthy that the
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Fig. 19. Load-displacement response of S-F60-M6-A (primary axis) and strain induced in

the reinforcement along the formed yield line for the corresponding vertical
displacement (secondary axis).
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Fig. 20. 9-noded quadrilateral plate element employed for analysis in VULCAN.

area beneath the Wang and Hsu tensile stress-strain curves when
RF = 1, 0.7 or 0.4 is very similar to the areas under the adapted CEB-
FIP curves with crack widths of 20, 50 or 100 mm, respectively. This cor-
responds to a similar amount of energy released during the fracture pro-
cess therefore the overall response is expected to be similar as well, as
evident in Fig. 22(a) and Fig. 22(b).

As illustrated in these figures, using either of the two modelling ap-
proaches results in to a reasonable approximation of the experimental
response. Using a reduction factor of 0.7 results in the best approxima-
tion of the experimental response for this test, which contained M6 re-
inforcement, as shown in Fig. 22(a). After the formation of the first
crack, a second crack develops when central deflection reaches approx-
imately 5 mm, reducing the capacity of the element considerably. When
this second crack is formed (Fig. 16(b)), the capacity of the element de-
pends mainly on the properties of the reinforcing steel to up to the point
of failure (i.e. the tensile strength of concrete has been exceedingly re-
duced at this level of deflection). This is found to be valid for all cases
of lightly reinforced elements tested with reinforcement to concrete
ratio (p) between 0.24 and 0.52.

3.3.2. Effect of bond strength on the numerical response

It has been shown that the bond strength between the steel rein-
forcement and surrounding concrete is of great importance in the ulti-
mate behaviour of lightly reinforced concrete members at large
displacements [14]. The amount of bond between the steel reinforce-
ment and surrounding concrete affects the development of cracks as
well as the distribution and concentration of strain in the reinforcement.
Hence, it is extremely influential to the ultimate behaviour particularly.

As described earlier, the CDP model in ABAQUS does not explicitly
model the interaction between reinforcing steel and concrete and
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Fig. 21. Comparison of the tensile stress-strain relationships.
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Fig. 22. Model response using the (a) Wang and Hsu, and (b) adapted CEB-FIP tensile
properties.

actually depicts the bond inherently through the tension stiffening pa-
rameter. Once cracking occurs in the concrete, a significant increase in
stress in the reinforcement at the location of the crack occurs, as a result
of the embedment technique. In order to further investigate this stress
and strain distribution in the steel reinforcement, specimen UR14 is
employed herein for detailed analysis. This specimen is selected because
it is one of three from the aforementioned one-way spanning slab strip
test programme (i.e. UR14, UR15 and UR16) that contained reinforcing
bars which were instrumented internally with strain gauges along the
length. All three of these specimens were reinforced with 8 mm bars
in an identical arrangement, although the overall depth varied between
60 and 120 mm to give different reinforcement ratios. In the experimen-
tal programme, the central bar in each of these tests was instrumented
with strain gauges along the length within a specially-milled duct,
whilst the remaining bars were solid. This enabled a direct assessment
of the strain and bond distribution along the member length [14]. The
analysis which follows of UR14 is similar to that which was observed
for UR15 and UR16.

The distribution of strain along the central reinforcing bar for UR14 is
presented in Fig. 23(a) for central deflections at 10 mm intervals be-
tween 10 and 30 mm and Fig. 23(b) for deflections of 40, 50, 60 and
68 mm, respectively. Also presented in the figures are the ABAQUS pre-
dictions for the same strain distributions. It is noteworthy that in the ex-
perimental programme, the strain gauges were only capable of reading
strains up to around 2.5%, after which the measurement became unreli-
able. Fig. 23(a) clearly shows that the strain concentrates in the central
part of the strip once cracking occurs, as expected.

The FEM data are generally in good agreement with the experimen-
tal results. There is a notable absence of local peaks at either end of the
central-crack region in the FEM data, compared with the experiment.
These locations correspond to secondary cracks which occurred in the
test, and are depicted by the FEM (see Fig. 16(b), (c) and (d)) but, the
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Fig. 23. (a) Strain gauge and ABAQUS data at 10-30 mm of deflection, and (b) at 40 mm to
failure.

model does not fully capture the levels of stress transferred from the
concrete to the embedded steel. This is most likely due to the tension
stiffening property discussed earlier. At higher levels of deflection, as
shown in Fig. 23(a), the strain in the reinforcement is well represented
by the FEM both at the primary and the secondary cracks. As the deflec-
tion increases towards the recorded failure value of 68 mm, the strain
gauges fail to provide data for comparison, as explained earlier. Howev-
er, the FEM predicts that the strain in the steel is around 4.4% which is
comparable to the actual failure strain of the reinforcing bars of 4.1%.
The FEM predicts that failure occurs by reinforcement fracture at a de-
flection of 66 mm which is satisfactory compared with the actual failure
displacement of 68 mm. It is noteworthy that in terms of the failure pre-
diction, the FEM is capable of predicting when reinforcement fracture
will occur, once the concrete model has been reliably calibrated. The cal-
ibration process in this study, only considers instantaneous stress-
related strain and thermal strain in the elevated temperature. Creep
strains, although significant when the loading period I relatively long,
are ignored because the assumption is made that the loading period in
this case is not long enough for creep to be significant.

4. Elevated temperature response

In this section, the ABAQUS FEM developed previously for ambient
temperature conditions is extended to consider the effects of elevated
temperature.
4.1. Elevated temperature numerical model

The sequentially coupled thermal-stress analysis procedure in

ABAQUS/Explicit was used to represent the slabs behaviour at elevated
temperature. This approach has been used by other researchers [24] and

http://dx.doi.org/10.1016/j.istruc.2016.10.003

Please cite this article as: Florides MM, Cashell KA, Numerical Modelling of Composite Floor Slabs Subject to Large Deflections, Structures (2016),



http://dx.doi.org/10.1016/j.istruc.2016.10.003

10 M.M. Florides, K.A. Cashell / Structures xxx (2016) xXx-xxx

was employed because the stress/displacement solution is dependent
on a temperature field without any inverse dependency. The sequen-
tially coupled thermal-stress analysis was performed by first
performing a heat transfer analysis to obtain the temperature distribu-
tion through the cross-section of the slab and then importing these
values into the stress analysis.

ABAQUS allows different mesh discretisation to be used between the
two stages of the analysis and so a finer mesh was employed in the heat
transfer stage section, particularly through the depth. This was to ensure
that the nodes at the reinforcement level in the stress analysis are
matched by the nodes at the same locations in the heat transfer analysis
and the temperature of the embedded reinforcement depicted accu-
rately. As in the ambient temperature model, the concrete was
modelled using the concrete damaged plasticity (CDP) model whilst
the reinforcement was modelled as an elastic material with plastic hard-
ening (see Section 2.4).

4.2. Results from the elevated temperature numerical model

The same slab previously modelled at ambient temperature (i.e. S-
F60-M6-A) is again presented in this section to illustrate the results at
elevated temperature. A uniformly distributed load of 15 kN/m? was ap-
plied to the concrete surface; this load level results in an elastic response
at ambient temperature (Fig. 19). The slab was then subjected to the
standard ISO 834 fire curve [25], as included in EN 1991-1-2 [26], for
90 min. The temperature values for the top, bottom and reinforcement
layers are presented in Fig. 24.

Fig. 25 presents the crack pattern simulated by the ABAQUS model
which is observed to be very similar to that presented in Fig. 18 for
the same slab at ambient temperature and also to the pattern predicted
by yield line theory. This indicates that a similar failure mechanism is
likely to occur both at ambient and elevated temperature.

4.3. Validation of the elevated temperature numerical model

In order to verify the results obtained from the ABAQUS numerical
model, a comparison of the behaviour is made with the FE code
VULCAN which has been extensively validated for similar elevated-
temperature applications (e.g. [25]). VULCAN considers the nonlinear
elevated-temperature material behaviour. The model created in
VULCAN has similar material and loading properties to those in the
ABAQUS model. The slab elements are meshed so that the layers are
compatible with the VULCAN layered quadrilateral plate element. The
heat transfer component of the analysis is performed in ABAQUS be-
cause VULCAN does not readily have this capability and then the tem-
perature values in the various layers are imported into the VULCAN
model.
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Fig. 24. Temperatures at key layers for ABAQUS and VULCAN stress analysis.
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Fig. 25. Crack pattern for S-F60-M6-A after the elevated temperature analysis.

As before, during the heat transfer analysis, the slab is subjected to
the standard ISO 834 fire curve for 90 min. It is assumed that there is a
linear distribution of temperature along each layer of the VULCAN
model and therefore the nodal temperatures from the ABAQUS heat
transfer analysis are used to calculate the average temperature in each
layer. There is a minor difference between the ABAQUS nodal tempera-
tures and the VULCAN average layer temperatures although this re-
duces towards the unheated site of the slab. Of particular interest is
the temperature on the reinforcement layer where the difference is
insignificant.

The graph in Fig. 26 presents the results of the ABAQUS and VULCAN
models in solid and dashed lines, respectively. It is observed the two ap-
proaches are in reasonable agreement although discrepancies do occur,
particularly at high temperatures; this is most likely to be due to differ-
ences in the development of cracks.

The BRE simplified design method has also been used to analyse this
slab at elevated temperatures and the results compared to those from
the ABAQUS and VULCAN FE models; these predictions are also present-
ed in Fig. 26. This analytical method estimates the load-carrying capac-
ity of a lightly reinforced concrete slab as a function of the vertical
displacement based on the in-plane stresses (membrane action) in the
slab. By incorporating the thermal effects on the material properties in
the equations the temperature-displacement response of the slab can
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Fig. 26. Temperature-displacement response of S-F60-M6-A.
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be extracted. The exact procedure is described in detail in [5] but the re-
sults demonstrate that the BRE simplified design method is in good
agreement at large deflection levels with the response predicted by
the two models, contrary to the estimated response at ambient temper-
atures. Additionally it is important to note that the estimated response
of the model using this method will vary significantly compared to nu-
merical and experimental results at small deflections before the re-
sponse stabilises as the deflection increases. This can be clearly seen in
Fig. 26 where there is a significant difference in the temperature needed
to develop the equivalent initial deflection between the BRE and the nu-
merical models in VULCAN and ABAQUS.

5. Conclusions

This paper has presented numerical studies into the behaviour and
ultimate response of one-way spanning strip and two-way isolated,
lightly reinforced slab elements such as those encountered in steel-
framed composite structures. Particular attention has been given in cre-
ating a reliable FEM able to predict with good accuracy failure either by
reinforcement rupture or concrete crushing. Towards this end, the re-
sults of an experimental test series consisting of sixteen ambient tests
on one-way and fourteen tests of two-way isolated elements were
utilised to calibrate and validate the model. It was shown that the nu-
merical model which has been developed in the ABAQUS software can
realistically represent the behaviour at large deflections. Importantly,
this model accounts for the relationship with the steel reinforcement
and surrounding concrete.

This, in turn, led to the validation of the model using the previously-
validated VULCAN software, and compared the results to the BRE sim-
plified design method for both ambient and elevated temperature. Im-
portant parameters that influence the outcome of the FEM have been
identified and discussed where appropriate. The work described in
this paper is the first step in a larger research programme and the future
targets include:

— Validating the model against experimental data on isolated slab ele-
ments at elevated temperature;

— Expanding the model to include the influence of neighbouring com-
partments on the overall behaviour in fire;

— Using the validated model to develop an understanding of the most
salient parameters such as boundary conditions, continuity, bond
strength and various other material and geometric properties
under ambient and elevated temperatures on the overall response;
and

— Proposing performance-based expressions which can be used in de-
sign for the ultimate response of floor slabs under fire conditions

The results of this investigation will offer detailed insights into the
key factors that govern the ultimate behaviour of buildings with com-
posite floor systems under extreme loading conditions, and provide

the essential background to enable the development of more
performance-based design expressions.
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