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Abstract

A numerical procedure for the thermal analysis Gf $tabs at elevated temperatures is the subject
of this study, where the moisture increase duéecsb-called moisture clog occurring in the cooler
parts of reinforced concrete (RC) slabs is intreducas well. Starting from a systematic
investigation on the existing concrete constituteags available in the literature and in the codes,
improved concrete constitutive laws are proposedidscribe concrete thermal and mechanical
properties at elevated temperatures. The propesesi+ called also models - are validated against
well-documented full- and small-scale tests on $sppported RC slabs. Parametric analyses on
the behaviour of RC slabs in fire are carried asitweell, to clarify the role that the different
constitutive laws may have in the numerical predrcbf RC slabs behaviour under fire conditions.
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Highlights:
» Develop a numerical procedure for the thermal aislgf RC slabs in fire;
» Propose concrete constitutive laws for the analysRC slabs in fire;
» Validate the proposed models against previougdses on simply-supported RC slabs;

» Carry out parametric analyses on the behaviour®gRbs in fire.



1. Introduction

In recent years, several full-scale fire tests ehforced concrete (RC) slabs were conducted to
investigate the influence of the tensile membrast®@a on the behaviour of floor slabs. However,
due to the huge costs and complexities associaitdd the full-scale fire tests, a number of
numerical models have been developed by variousarelers to predict the fire response of

concrete slabs [1-5].

When modelling the behaviours of the slabs in firis, very important to accurately and efficiently
determine the temperature distribution within thes. So far, two main calculation methods have
been commonly used to predict the temperatureiloligions of RC slabs: a combined heat and

mass transfer analysis and a heat transfer analysis

In 1998, Hurst and Ahmed [6] developed and numbyicmlved a mathematical model to predict
heat and mass transfer in concrete structuresaljéo fire. The model simulates the changes in
pore pressure, temperature and moisture with quureing changes in concrete properties and has
also been able to predict moisture clog. In 200dnchev et al. [7] proposed a comprehensive
coupled heat-and-mass transfer model to predictptire pressures and the moisture migration
within concrete at elevated temperatures. In 2@@8yin et al. [8] developed one mathematical
model to predict the pore pressure, moisture tegnahd evaporation within concrete at high
temperatures. In 2009, Dwaikat and Kodur [9] depetb one-dimensional numerical model to
predict the fire-induced spalling and pore pressareoncrete structures based on principles of
mechanics and thermodynamics. Although these modeds capable of predicting moisture
concentrations and pore pressures, they are conmaiexexpensive to process. For instance,
moisture evaporation or migration is a complex psscand depends on many material properties,
such as the porosity and permeability of concretbjch are not well known at elevated
temperatures. Thus, very often the use of simfdster models, which are capable of predicting
temperatures with reasonable accuracy, is valids Th especially true if concrete spalling is

unlikely and the moisture can migrate to an unkeateface and escape.

As a matter of fact, under physically realistic dmions, if only the temperatures of slabs are
required for the structural analysis, a simple apph, in which the effect of moisture is treated
explicitly, can be used to predict the temperatistribution of the slabs in fire. For instance,
Wickstrom [10] used a modified enthalpy curve apglyan average slope to take into account the
effect of moisture subjected to evaporation in cetec Huang et al. [11] proposed a model based on
the theoretical heat and mass transfer in concket@mont et al. [12] developed one adaptive heat

transfer program HADAPT and considered moisturepexation by using an enthalpy method.
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However, the predicted temperatures do not shovomopinced plateau at 1 due to neglecting
the localised moisture concentrations. For theramalysis, Bisby and Kodur [13-14] assumed that
moisture begins to evaporate from an element wihenemperature reaches 100 °C, and the
temperature of the element remains 100 °C untilnioésture has evaporated. In 2007, Capua and
Mari [15] proposed that the effect of moisture walsen into account using the concept of enthalpy
by defining a water vapour function to describe é¢velution of the latent heat of evaporation. In
2011, Zhang [16] investigated the weight loss afiacete specimens exposed to various heating
temperatures together with various exposure tinfissults show that weight loss increased
significantly between 15 and 250C due to evaporation of capillary water and gelenan all,

in terms of obtaining temperature data as inpugafstructural analysis, a simple approach including
moisture evaporation but ignoring moisture mignatmmay be well suitable. A slightly conservative
estimate of the real temperatures will be achievmtause the high localised moisture

concentrations, experienced near the dry—wet iterare ignored.

Apart from the thermal analysis, the structural éaebur of RC slabs also depends on the
mechanical properties of concrete at elevated tesyes. Hence, the knowledge of

temperature-dependent properties of concrete iscairifor the assessment of fire-resistant
performance of RC slabs. A review of the literatah®ws that the material laws of concrete are
mainly influenced by the aggregate type [17-19]widw@er, it is interesting to note that there are
different points of view on this issue. For examphe models proposed in Eurocode 2 (EC2) [17]
have the same heat capacity for both siliceous cahchreous aggregate concrete. EC2’s model
provides two limits for the thermal conductivity obncrete without making reference to concrete
types. Meanwhile, EC2’s law distinguishes betwdendoncrete types for thermal elongation only.
In contrast, ASCE code (ASCE) [18, 19] presents difeerent thermal relationships for the

siliceous and calcareous concrete, but without idenisg the effect of concrete types on their

mechanical properties.

Since there are no universally acceptable cons#utlationships available for concrete at high
temperature, several uniaxial laws of concrete lavaded temperatures were proposed in the
literature, particularly the transient strain. 1003, based on the available relationships for the
mechanical behaviour of concrete at elevated teatypess, Li and Purkiss [20] proposed a
stress-strain-temperature law which incorporateddfiect of transient strain implicitly. In 2007,

according to the review of the existing laws foncete at elevated temperatures, two general
stress-strain relationships were proposed by Ydumsg Moftah [21]. In these concrete material

laws the transient strain is modelled by shiftihg strain at maximum stress. However, the two

laws can hardly be used in the structural analysSBC members in fire, due to their complexities.
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In 2008, Law and Gillie [22] reported that considgrthe transient strain implicitly can have an
important influence on the Young’'s modulus caldolatof concrete. In 2012, based on EC2,
Gernay and Franssen [23] proposed a new formulafi@&C?2 concrete material law (ETC law) that
contains an explicit term for transient strain. @amng the different constitutive laws leads to the
conclusion that it is preferable to consider thansient strain explicitly. However, the main
parameters of the ETC law are based on thoseio¢ails concrete at elevated temperatures (EC2
law). In addition, in 2013, Gernay et al. [24] diyed a multiaxial constitutive model for concrete

based on a plastic-damage formulation and considbeeeffect of transient creep strain explicitly.

In 2016, Torelli et al. [25] systemically revieweskperimental and analytical works on the
load-induced thermal strain (LITS) component, dss&a the necessity for explicitly modelling the
LITS component in the numerical simulations as waslits physical mechanism. In 2017, Torelli et
al. [26] presented a novel 3D LITS model to be uged concrete subjected to transient
temperatures up to 250°C and investigated thatdéwelopment of LITS significantly influences
the stress redistribution in the structure. Previaiudies indicated that accurate and robust
constitutive models are crucial for reliably assggshe fire behaviour of concrete structures.
However, the simplified models for practical apgtions in real structural fire engineering design
are urgently required [25-27]. Hence, developirgeaeral-purpose constitutive model for concrete
in fire may still be considered as an open issue.pfesent, very limited research has been
conducted to assess the influence of different acconstitutive models on the analysis of RC

members in fire [27].
Therefore, the main objectives of this paper are to

» Develop a simplified numerical procedure for therthal analysis of RC slabs at elevated
temperatures. In the proposed model the moisturease due to the moisture clog within

the cooler part of cross-section of RC member rscered.

» Conduct a systematic investigation on the existingcrete constitutive laws, which are
proposed by current design codes and literatursed®an this study, some shortcomings of
the existing constitutive models recommended incilveent design codes are revealed and
discussed. Also more accurate concrete constituavwes at elevated temperatures are
proposed, in which the stress-strain relationshimainly based on the model developed by
Anderberg and Thelandersson [28]. The accurachefproposed models is validated by
modelling a series of well-documented full-scalel amall-scale fire tests on the simply
supported RC slabs.

* Conduct a series of parametric studies to undeddtameffects of concrete material laws on
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the fire performance of RC slabs.

2. Development of a simplified thermal analysis model
2.1 Assumptions
In this study, the main assumptions for the develeqt of the thermal analysis models are:

(1) For the calculation of the temperatures of REbs the influence of the steel reinforcement is

ignored.

(2) Evaporation of water within the RC slabs is sidared for predicting temperature distribution.
According to the test results, the temperatureadlirty water inside the concrete ranges from
100°C to 140°C, and a linear evaporation funct®msed to consider the evaporation of the

water.

(3) The moisture content along the thickness oftoete slab is assumed to be a simple function of

the temperature.

(4) Spalling of concrete is not considered intibat transfer analysis.

2.2 Governing equations

Using above assumptions, the energy equation wiki@rconcrete can be expressed as [15]:

Ao I+ % =

0T, 0 oT, 0 oT
ot &(KD&)+6_y(KD6_y)+6_Z(K-§O_Z)+C (1)

where: T is the temperature (°C)t is the time (s)k(T), o(T) and c(T) denote the

temperature-dependent thermal conductivity/r K), density kg/nT) and specific heat capacity

(J/kg K), respectively, Q is the internal heat generatiaj),(in the current model it is assumeg

=0, L, isthe latent heat function due to the evaporationater.

Based on Capua’s model [15], one modified latemtt fienction L, which involves the effect of

the moisture content, is proposed as:
Ly = Dc.20M, (T) Wy kg fwg(T) (2)

where p,,, is the concrete density at 20°ky(n), W, is the initial moisture content by weight
(%), l, is the latent heat of evaporation of watétkg, f,,(T)is the water vapour fraction

function, and m, (T) is the correction function of the initial moisturentent.
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The latent heat of evaporatiol),, is defined as [7, 29]:

®3)

Lo 2.8x10x (374-T §°® T< 374 (
h20 0 T>374C

Egs. (1) and (2) were used by Capua et al. [15jrénlict the temperature of RC columns and the
numerical results were compared with test resejponted in the literature. It was found that the
agreement between the predicted and measured wakgesot good enough, particularly at the
positions of cooler zones of the cross-section.admeason is that a uniform value of moisture was
assumed in the analysis while in reality moistues\Wwigher in the cooler zones of the cross-section
due to moisture clog [6].

Hence, in this study, in order to take into accdaheteffect of the non-uniform moisture content on

the temperature distributions of RC slabs, thetions f, (T) and m,(T) are defined as:

0 T<100 C
fug(T) =1 0ue(T) 100 C< T< 140 (4a)
1 T>140 C

2.0 100 C&T< 140 «
(n{ = (ab)

T>140 C

where g,,(T) is a linear functionm,(T) is the correction function of moisture contenor fhe

slab with large thicknessy,(T) is assumed to be 2.0. For the thin skaf(T) is equal to 0.0. These
assumptions are supported by previous test results.

According to Egs. 4(a) and 4(b), the time derivafteL,, is obtained as:

o, _aL,oT_ T
ot ot ot P (Dgr (5a)
of (T
¢ =D 10+ mp 22D (g gy (5b)

Hence, Eq. (1) can be defined as follows:

aT oL,

oT
pPMAN S+ T—[,O(T)C(Dﬂoc,zoé( N5 (6)



2.3 Boundary conditions

The heat transfer at the exposed and unexposextearbf the slab can be depicted by Eq. (7):

—kg—:]—= h(T-T,)+0e[(T+273)' - (T, + 273} | (7

where n is the outward normal direction of the slab sugfab, is the convective heat transfer
coefficient W/(nf K)), T is the surface temperature of the slaB)( T.is the environment

temperature °C), ois the Stefan-Boltzmann constant (5.67%1W/(nf K?%), and & is the

resultant emissivity between fire and exposed serfaf slab. In this study, the convection
coefficient is assumed to tig= 30W/(nf K) for the exposed surface of the slabz 10W/(nf K)
for the unexposed surface. The resultant emissofityhe exposed surface is assumed te,H@.3,
andeg=0.2 is assumed for the unexposed surface.

2.4 Thermal properties of concrete

The thermal properties of normal strength conceegeavailable in both EC2 (Eurocode 2, 2004)
[17] and ASCE (ASCE, 1992) [19]. In the current rthal analysis procedure, the thermal
properties of concrete are calculated using the lareposed in EC2 [17]. In addition, spalling was

not considered in this paper for simplicity [13-14]

2.5 \Validations

The thermal analysis model developed above has lwenporated into the computer program
developed by the first author [30] for the therrmahlysis of RC slabs under fire conditions. In this
section, the proposed simplified thermal analysigleh is validated by modelling several full-scale
and small-scale fire tests of RC slabs. Two fufllsdlat slabs, named D147 and 661, tested at the
University of Canterbury in New Zealand [31] wersed. One full-scale RC slab, named Slab
4ES-2, tested at Shan Dong Jianzhu University im&F32] was also modelled. In addition, 10
small-scale slab tests, named Slabs MF1-MF10 [88ife also used to validate the present models.
Some main parameters of these tests are summaniseable 1. The details of the tests can be

found in references [31-33]. Note that, spalling "ot occur in these tested slabs.

Figs. 1 to 3 show the comparisons of the predie@ed measured temperatures at the various
locations through the thickness of the slabs fa émtire fire exposure. Generally, reasonable
agreements between the predicted and measured regomee for all slabs were achieved in the

validations. Hence, the proposed simplified therauahlysis model in this paper can be used to



predict the temperatures of RC slabs under firaeltmms. Overall, for the full-scale thick slabs, a
value ofm,, = 2.0 gives reasonable predictions. Unless otlsensiatedm, is assumed to be 2.0 in

the following analysis, and this assumption is cgiest with the theoretical results [6-7]. As shown
in Fig. 3 the influence of the moisture contennat significant due to the small thickness of the

slab. Hence, it is reasonable to assumes O for the slabs with small thickness.
3. Development of robust uniaxial concrete constitutive laws at elevated temperatures

The temperature-dependent material properties érete are critically important for analysing the
fire response of RC slabs. The mechanical propedfeconcrete are degraded considerably at

elevated temperatures.

3.1 Stress-strain relationship

The stress-strain relationship proposed in thisepap mainly based on the law proposed by
Anderberg and Thelandersson [28], which is a madglifon of the conventional stress-strain
eqguation of concrete at ambient temperature. Thpgsed stress-strain relationship is parabolic for
the ascending branch and linear for the descertengch. The ascending branch of the stress-strain

curve can be expressed as:

2 &

O.r = fc,T[__

p.T pT

], e<€,; (8)

where f ;. and &, are respectively the compressive strength andttaé at the peak stress at
temperaturd.

The Young’s modulus of concrete can be calculated a
Ec,T = 2 fc,T /£ pT (9)

According to Egs. (8) and (9), the hardening fumtitan be calculated as:

cepT q'l‘gcep Echc‘l‘; ce’ OSfCT cepT f (10)
where o, ; is the effective stress at temperatlreand ¢, ., is the effective plastic strain at
temperaturd.

Figs. 4(a) to 4(e) show the comparisons of theeturiaw with the laws of EC2 [17] and ASCE [19]

at different temperatures. It is can be seen thiatweer temperatures, there is little differenceozag
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the three laws. However, the three laws vary caraigly when concrete temperature is high (above
400°C). For example, EC2 relationship predicts higlteziis at a given stress level or a higher peak
strain at given temperature. This indicates tha2 E&Qv predicts a higher ductility. In contrast, the
stress-related strains evaluated according to A&@Eare higher than the EC2 and the current
models. The comparisons show that ASCE law exhibédargest stiffness, while EC2 relationship

is characterised by high deformability of concrete.
3.2 Reduction factor of compressive strength

As shown in Fig. 5, a number of material laws existhe literature for estimating the reduction
factor of concrete compressive strength at elevegagberatures. It can be seen that there is a large
variation from the different laws. For instanceg thajor difference between EC2 and ASCE is the
effect of aggregate type on the compressive stherdgt addition, the reduction factor of ASCE
seems to be closer to the upper bound, and tHa€Céafis closer to the lower bound [18]. According
to the available models, one generic law is progdsere with neglecting the effect of aggregate

type (see Table 2 and Fig. 5).
3.3 Peak strain

Fig. 6 presents the peak strains of concrete abtdd temperatures for different laws. Obviously,
the laws of EC2 (2004) [17] and ASCE [19] provitie upper bound for the peak strain, and EC2
(1995) [34] provides the lower bound. It is evidémit up to 508C, the peak strains given in EC2
(2004) and ASCE are close to each other and higien those provided by the other laws.
However, for higher values of temperature, theee cear differences in the peak strains between
ASCE and EC2 laws. It should be mentioned here ith&C2 law, the peak strain includes the
transient strain. Hence, as shown in Fig. 6, a igdpeirpose strain relationship is proposed for the
peak strain as:

2.5x10°%°+ 8.8 10T+ 1.5 10T®> T< 800
ng: (11)

20x10° T > 800 (

3.4 Free thermal strain

Fig. 7 shows the comparison of the free thermalistcurves for the different laws. It is well
known that the effect of aggregate type on thentla¢rstrain is significant. However, only EC2
(2004) [17] distinguishes between the concrete dyfoe thermal strain. On another hand, the
difference gradually increases as temperature asess particularly above 5@ For instance, at
700°C, the thermal strain of Nechnech’s law [36] is8&80°, but that of EC2 law is 13.2xE0the

10



ratio is 1.68. Meanwhile, above 700, the value of the thermal expansion coefficientai
controversial issue. In fact, the previous expentakresults indicate that in the temperature df 70
to 900°C, the free thermal strain does not increase B8], ASCE and Nechnech [36] laws do not
reflect this realistic property of concrete at eld temperatures. Based on the comparisons, a

generic thermal-strain law is proposed here, wiidhe modification of Nechnech’s law. That is:

10x10° T<300 C
a=1(0.029 + 25x 10 300 @ T< 900 (12)
0.0 T>900 C

3.5 Transient strain

As reported in the literature, the transient strafirconcrete is the strain that cannot otherwise be
accounted for due to the decomposition of the cermpaste. It occurs under compressive stress as
temperature increases, and is essentially permanergcoverable, and only occurs under initial
heating. Also it is temperature-dependent and iaddent of time. The experimental results show
that the transient strain is linearly proportiot@mlthe applied stress and nonlinearly increasels wit
temperature [28].

For many researchers the transient strain law megpdy Anderberg and Thelandersson [28] has
been adopted to calculate concrete transient stiithis law the increment of concrete transient
strainAgy is related to the concrete thermal strain as:

:iktrAgth :ik{r%AT

fe 20 fooo = OT (13)

A¢g,

tr

wherek; is a constant ranges between 1.8 and 28kjs the increment of concrete thermal strain;
o is the compressive stresE;is the temperature of concreteyo is concrete strength at room
temperature ane, is concrete thermal straiky (Oen/0T) in Eq. (13) is defined as the transient

strain function, which is related

According to the existing laws [4, 37-39], the tgsimple transient strain relationships are proposed
here to predict the upper and lower limits of tlansient strain as:

Ag,

r,upper =

9 [2.08x10°+ 5.66 10T + 12.27 I8T?4]
fe.20 (14)
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Ag

tr,lower

=fi[9.59>< 10°+ 5.5 10°T + 11.19 I6T2A] (15)

c,20

According to Eq. (13), the concrete transient stiiaiinfluenced by using different thermal stain
laws. Fig. 8 shows the comparison of the transsrain function K, (Cey/OT)) using different
concrete thermal strain laws. It can be seen fram&-that the transient strain functions calcudate
by different concrete thermal strain laws exhibihare limited dispersion when the temperature of
concrete is less than 560. However, there are larger variations in the di@mt strain functions
when the temperature of concrete is above “B00This is partly because fewer test data were
reported for temperatures higher than ®QPrevious research indicates that there are tfferent
points of view about the relationship between thandient strain and free thermal strain,
particularly in the temperature range of 20 to %50or example, for Anderberg’s model [28], the
transient strain is proportional to the free thdresgpansion, and thus the aggregate type has an
important effect on this strain. However, accordinghe test results, Khoury et al. [40] reported
that the transient strain is physically independehtthe free thermal expansion. From the
perspective of numerical analysis, it is reasonéblassume that the transient strain is proportiona

to the thermal strain, due to the same order ofnitade.

3.6 Creep strain

A review of the literature shows that the convemtiocreep strain is generally omitted in the
structural analysis of RC members in fire. The ma&ason is that the creep strain plays a minor

role compared to other strains. Hence, it is nosatered in this paper.

For reinforcing steel, the total strain has thremponents, i.e., thermal strain, stress-relateadnstr
and creep strain. The instantaneous stress-resétaith and thermal strain are evaluated according
to EC2 law [17]. The creep strain is based on tlenEHarmthy relationship. The details of the

steel material laws can be found in Ref. [30].

The concrete constitutive laws developed above baes incorporated into the computer program
developed by the first author [30] for the struatanalysis of RC slabs under fire conditions.

3.7 \Validations

To validate the proposed transient laws two te2& B7] are used here. The details of these

concrete specimens can be found from referencés®B[37].
(a) Test one [37]

Figs. 9(a) and 9(b) show the comparison amongrthmesient strains predicted by the different laws
12



against the test results for two stress levels. dvident that the two specimens were first subpic
to a uniaxial compressive stress and then heated¢@bstant rate. Clearly, the predictions of aurre
laws agree reasonably well with the test data.thertwo cases, the predictions of EC2 thermal
strain law compare well with the test data, andAIBCE thermal strain law generally predicts the

lower values of transient strain.
(b) Test two [28]

For this case, the concrete specimens were heaths two constant stress levels: 22.5% and 35.0%
of the initial compressive strength [28]. The predictions of total strain by the difat laws,
together with the test results are shown in Fig.lL@an be seen that the present laws reasonably
predict the trend of the stress-related strairthtntemperature range of 20 to 800the predicted
results of the current laws agree reasonably wighi the test data. However, when the temperature >
700°C, the stress-related strains are underestimatetieopresent laws. Similar predictions were
provided by ASCE and EC2. It is obvious that thedctions by the present upper law agree better

with the measured results.

4. Modédlingthe RC dlabsfiretests

In this section, 3 full-scale slabs [31-32] andsh@all-scale slabs [33] tested in fire were modelled
using the thermal model and concrete material ldexsloped in this paper. As mentioned above,
the predicted temperatures of the slabs were usethe temperature inputs for the structural

analysis.

Figs. 11 and 12 show the comparisons between ttedtecentral deflections and the current
model’s predictions for the full-scale slabs [32].3igs. 13 to 15 show the comparisons between

the tested central deflections and the current fisopieedictions for the small-scale slabs [33].

Table 3 gives the quantitive comparisons betweenptiedicted and tested results in terms of the
mid-span deflectiod and fire resistance tinteAlso the ratio of predicted(t) and testeddexp texp
were calculated separately for each slab. Cletiteymean values df te,, andod/dex, are 0.88 and
1.04 with the standard deviation of 0.09 for thi-$cale slabs [31, 32]. However, the mean values
of t/ texp @andd/dexp are 0.83 and 0.5 with the standard deviation 26 @or the small-scale slabs [33].

It is evident that the considerable differenceswieen the predicted and tested results for the
small-scale slabs [33] are partly due to the ineateupredictions of the temperatures within the
small-scale slabs. Only one slab’s test temperstuwere reported in Ref. [33]. However, in
comparison with the test results, the predictiorenegated by current models are on the

conservative side. Therefore, the current modefsbmused for the fire resistance design of RC

13



slabs.

5. Parametric studies

In this section, a series of parametric studiethernbehaviour of RC slabs under fire conditions are
presented, including the moisture contamy)( transient strain, different constitutive modalsd

size effect. In this study, spalling of the slatmswot taken into account for simplicity.

5.1 Effect of moisture contenty)

In the paper, for the thermal analysis, a parameigmwas introduced to take into account the
non-uniform distribution of moisture content alotige thickness of slabs due to the influence of
moisture clog. It is assumed that the moistureanalong the thickness of concrete slab is a
simple function of the temperature. However, thetribution of moisture content along the
thickness of slabs with time is extremely diffictdt measure experimentally with a good degree of
accuracy [1-2], and thus the test data is relativate. Therefore how to determinate the value of
m,, for the slab with different thicknesses is noteasy task. In all, the present method is mainly
applicable for the slabs with similar thickness &eating rates to these discussed in the paper. For
other cases, the corresponding tests and numeane#}sis are needed.

Hence, in this section the influence mof, is assessed by modelling of the full-scale slahEA{,
661 and 4ES-2). Four valuesmaf, = 0; 1.0, 2.0, 3.0.were used and the resultslayenis in Figs.16
and 17 which indicate the impactof, on the thermal and structural behaviours of staier fire

conditions.

As shown in Fig.16, the moisture content has aidenable influence on the temperature histories
of the full-scale slab, in which the predicted targiures decrease as the moisture content increases
With the increase of the distance from the fire asqul surface, the influence of the moisture
content becomes more and more significant on timpéeature development within the cooler part
of the slab. Take Slab D147 as an example, aftemiia fire exposure, the predicted temperature at
the fire exposed surface decreased from 964°C 46®5~7henm,, increased from 0 to 3, while the
corresponding temperature at 95mm (away from tleeefkposed surface ) decreased from 241°C to
121°C. In addition, asy, increased from 0 to 3, the duration of the temipeeaplateau of Slab
D147 (at 95mm) increased from 0 to 35 min.

As shown in Fig. 17, the influence of moisture ems$ on the predicted deflection is considerably
significant in the full-scale slabs. This is duethhe impact of moisture content on the temperature
predictions of the slab. For example,mgincreased from 0 to 3.0, the fire resistance ef $itab
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D147 increased from 131 to 155 min (increase rati®.5%), Similarly, the increased ratios of the
Slabs 661 (from 138 to 148 min) and 4ES-2 (from 185213 min) are 7.3% and 15.1%,
respectively.

5.2 Effect of the transient strain

To investigate the effect of the transient strairtiee structural behaviour of RC slabs, one fullksc
slab (Slab D147 [31]) and one small-scale slab($1&3 [33]) were modelled. For each slab, three
analyses were conducted: (1) neglecting the trahsteain, (2) a transient strain modelled usirgy th

current lower bound law, and (3) a transient stragdelled using the current upper bound law.

Figs. 18(a) and 18(b) show the mid-span deflectageinst test time, for the three analyses. It is
evident that the transient strain has a limitethigrice on the structural behaviour of RC slabs unde
fire conditions. This is because the slabs are ipmaunbjected to bending, and the compressive
stresses are mainly distributed within the coabgr part of the slabs. As reported in reference [4],
the effect of transient strain on the behaviouthef simply supported RC beam can be neglected in

the numerical analysis.

5.3 Effect of concrete material laws

To investigate the influence of different concrétermal laws on the predictions of temperatures
within the RC-slabs, a full-scale Slab D147 [31Hansmall-scale slab [33] were modelled using
EC2, ASCE and present thermal laws. The resultstaoe/n in Figs. 19(a) and 19(b).

As shown in Fig. 19(a), the predicted temperatureshe exposed surface are almost identical for
the three different laws. However, at other poiti®re is a considerable deviation between the
three predictions. In addition, at the positionssel to the unexposed surface, EC2 and ASCE laws
cannot predict the temperature plateau (about 10@€shown in Fig. 19(b), in this case there is a

little discrepancy between the three predictionssTs because the thickness of the slab is small.

Overall, the current model gives reasonable priexstist

The comparative analysis shows that since EC2 a®@@EAthermal models do not consider the
moisture clog within the cooler part of the crosst®on of structural members, their models cannot
reasonably predict the temperature plateau, péatigufor the thick slabs. However, according to

the test results there was no clear temperatutegulaexisted within the cross-section of thin slab.
Hence, the moisture clog can be neglected in @me.cThe moisture clog reflects the size effect of
slabs. It is clear that as the slab’s thicknesse@med the influence of the moisture clog effect

become more significant.
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For EC2 model, it is assumed that the initial moistcontent is uniformly distributed along the
cross-section of structural members. Therefore ith#al moisture content is considered by
increasing specific heat of concrete [17]. Howewerthe current developed model it is assumed
that the moisture content is non-uniformly disttdul along the cross-section of slabs due to the
influence of moisture clog which leads to largeristre content values (such as 2 or 3 times the
initial moisture content) at the temperature betw&80°C and 300°C. Similarly, for the ASCE

model [18-19], the effect of moisture content oa kieat capacity of concrete is not considered.

For assessing the influence of the different caecmonstitutive laws on the predictions of
structural behaviour, the previously-mentioned cete slabs (D147 [31] and MF9 [33]) were
modelled using EC2, ASCE, and the concrete comnisituaws developed in this paper. The
comparison of the predicted mid-span deflectiohshe RC-slabs using the different constitutive
laws is shown in Figs. 20(a) and 20(b). It can &éensthat the predictions of different models have
considerable variations. It is evident that ASCHv lgenerally underestimates the mid-span
deflection of the slabs and predicts high fire s&sice time. The predictions of the current model
are relatively closed to the results of EC2 lawefall, compared to the test results the current

model is able to give reasonable predictions amdewative fire resistance (Table 3).

The analysis indicates that compared to the expmariah results, the deflections of the concrete
slabs predicted based on EC2 or ASCE models magvkeestimated or underestimated. This
observation is similar to the results discusseBefh [18]. One main reason is that compared to the
experimental data, the compressive strength restuétictor proposed in ASCE model seems to be
closed to the upper bound, and EC2 model is cltsdbe lower bound. In addition, compared to
EC2 and ASCE models, the major difference is howdosider the effect of aggregate type. As
discussed above, EC2 model does not account foeffieet of aggregate type on the thermal
capacity but considers its effect on the compresstvength and thermal strain. In contrast, ASCE
model accounts for the effect of aggregate typehenthermal capacity and thermal conductivity

but does not consider its effect on the compresstinength and thermal strain.

5.4 Effect of finite element size

The influence of mesh size (3x4 and 6x8) on thectiral response of the RC slabs in fire were
investigated, as shown in Figs. 21(a) and 21(l®afly, a mesh of 3 elements for the short span and
4 elements for the long span can generate reasopaddictions for Slabs D147 and M9. In other
words, the deflection of the slabs was found tonbe-sensitive to the mesh size. This observation

is similar to the numerical results in Referenct [4

Figs. 22(a) and 22(b) show the distributions angknbations of the two principal membrane
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tractions at the Gauss points of Slab M9 (diffemaeshes). The compressive and tensile membrane
tractions are plotted as thick and thin lines, eetipely. The lengths of the lines indicate the
magnitude of the membrane tractions. Clearly, thelar membrane distributions further verifies

the efficiency of the present model.

5. Conclusions

In this paper a numerical procedure for thermalyamms of RC slabs at elevated temperatures has
been proposed. In this model the moisture incrdasego the moisture clog within the cooler part of
the cross-section of a RC member is considerecedBan a systematic investigation of the existing
concrete constitutive laws available from curremsign codes and literature, the concrete
constitutive laws at elevated temperatures areqeeg. The proposed thermal and constitutive laws
of concrete are compared with the laws of the cdirdesign codes and the laws proposed in the
previous literature. The new models are also v&diagainst the well-documented full-scale and
small-scale fire tests on simply supported RC slabseries of parametric studies on the behaviour
of RC slabs under fire conditions are conductedniestigate the effect of moisture content,
transient strain, different concrete material leavgl size effect on the analyses of the RC slabs
under fire conditions. Based on the results geedrat this research the following conclusions can

be drawn:

* The thermal analysis model developed in this paparbe used to predict the temperatures
of RC slabs under fire conditions. The moisture teoh within the RC slabs has a
considerable influence on the temperature distiongt of the slabs in fire. The structural
behaviour of the slabs is also affected by the tamscontent of the concrete. Hence, the
moisture content of RC slabs needs to be accuratpunted for in calculating the fire

resistance of RC slabs.

* There are considerable variations of the preditéedperatures for RC slabs in using the
existing concrete thermal models. The EC2 [11] A8CE [13] laws cannot predict the
temperature plateau (about 100°C) within RC slabs.

* The concrete constitutive laws proposed in thisepape able to predict the fire resistance
times of the slabs with good accuracy. Compardtiddest results the predictions are on the
safe side. Hence, it can be argued that the prdposecrete constitutive laws can be used

for the fire resistance design of RC slabs.

* As slabs are mainly subjected to bending, the cesgive stresses are mostly distributed in

the top fibers, which are the coolest part of tad.sConsequently, in the simply-supported
17



RC slabs, the effect of concrete transient striaimegligible.

* The results obtained from the parametric studieswsthat the predictions by different
concrete constitutive laws have considerable vianat It is evident that the ASCE [13]
laws generally underestimates the mid-span defleadf the slabs and predicts high fire

resistance time.
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Tables

Table 1 Details of tested RC slabs.

Property D147 | 661 4ES-2 MFL | MF2 | MF3 | MF4 | MF5 | MF6 | MF7 | MF8 | MF9 | MF10
Length (mm) 4300 | 4300 6000 1700 | 1100 | 1700 | 1100 | 1700 | 1100 | 1700 | 1100 | 1700 | 1100
Width (mm) 3300 | 3300 4500 1100 | 1100 | 1100 | 1100 | 1100 | 1100 | 1100 | 1100 | 1100 | 1100
Thickness (mm) 100 | 100 120 19.7 | 231 | 190 | 19.8 | 201 | 195 | 188 | 209 | 216 | 21
Applied load (kN/m?) 30 | 30 2.0 528 | 552 | 3.66 | 543 | 528 | 7.90 | 4.46 | 4.65 | 3.70 | 5.49
Compressive
srength (MPa) 37.0 | 37.0 32.0 432 | 433 | 39.1 | 300 | 37.1 | 385 | 438 | 435 | 47.1 | 404
Concrete
Cover thickness
(mm) 25 25 15 5
Diameter (mm) 87 | 75 8.0 243 | 241 | 154 | 154 | 151 | 151 | 085 | 0.85 | 0.71 | 0.71
Reinforci | pow
einiorcing Steel content 198 | 295 913 | 90 | 734 | 734 | 141 | 141 | 447 | 447 | 62.4 | 624
steel (mm*</m) 280 | 250
Y'e'?,\jg:)”gth 565 | 568 435 709 | 732 | 343 | 343 | 435 | 435 | 438 | 438 | 410 | 410

L*: long span direction; W*: short span direction

Table 2 Proposed reduction factor of concrete cesgive strength at elevated temperatures.

T(°C) 20| 100| 200{ 300 40(L 500 600 700 8pO 900 1000 110000

for/f.0 | 10| 0.98 0.9 092 084 070 053 0835 020 0.0940.0.016| 0

Table 3 Predicted and tested mid-span deflectinoddiee resistance times for the slabs.

Slab D147 661 4ES-2 MF1 MF2 MF3 MF4 MF5 MF6 MF7 MF8 MF9 MF10
texp (MiN) 180 180 192 166.6 181.5 176.5 166.6 176.5 190 135 157.0 157 162
Tested
Oexp (MM) 271 208 257 -197.2 -161.6 -200 -147 -200 -170 -160 -117.0 -160 -110
t (min) 144 146 202 149.4 143.7 145.2 139.8 152.1 138.9 125.1 115.1 132.6 137.5
Predicted
o (mm) 231 254 272 -89.7 -70.2 -87.8 -71.3 -91.1 -69.5 -77.4 -71.8 -85.9 -74.0
Predicted/ t/ texp 0.80 0.80 1.05 0.90 0.79 0.82 0.84 0.86 0.73 0.93 0.73 0.85 0.85
Tested 0/exp 0.85 1.22 1.06 0.46 0.43 0.44 0.49 0.46 0.41 0.48 0.61 0.54 0.67
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Fig. 14 Comparison of the tested and predictecededins of the small-scale slabs [33].
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Fig. 15 Comparison of the tested and predictedcedidins of the small-scale slabs [33].
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Fig. 16 The effect of the moisture content on gragerature distributions of the full-scale slab
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Fig. 17 The effect of the moisture content on te#ettions of the full-scale slab tests.
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Fig. 18 Effect of the transient strain on the cinwal behaviour of the slabs.
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Fig. 19 Comparison of the predicted temperaturée@RC-slabs using different concrete thermal
laws.
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Fig. 20 Comparison of the predicted mid-span défles of the RC-slabs using different concrete
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Fig. 21 Comparison of the predicted mid-span dafles of the RC-slabs using different mesh
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