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ABSTRACT

Performance-based design in fire engineering ldadsncreasing demand for advanced
temperature-dependent material models for the besding materials used in building structures. €hes
models must be valid in natural fire situationduding cooling down phase and must be sufficiently
robust for complex numerical calculations sucH@sxample, the analysis of tensile membraneatio
composite slabs. Although structural concrete @&lyi used in civil engineering, proper modellingtsf
thermo-mechanical behaviour remains a challengisgg for engineers mainly because of the complexity
of the phenomena that result from the microcrackimgess in this material and because of the niggess
to ensure the numerical robustness of the models.

This paper presents a new multiaxial concrete muaietd on a plastic-damage formulation and develope
to meet the specific requirements of structurad fmgineers and researchers. The model, which
incorporates an explicit term for transient cregpis and encompasses a limited number of material
parameters, has been implemented in a finite eleswtware dedicated to the nonlinear analysis of
structures in fire. The paper presents a seriesiaierical simulations conducted to highlight thedelo
ability to capture the main phenomena that deviel@pncrete under fire (permanent strains, degiaaat

of the elastic properties, unilateral effect) adl aits ability to be used for the fire analysidarge-scale
structural elements. As an example, the new comanetiel is used in the numerical analysis of sstdle

fire test on a composite steel-concrete slab aisghown that the computed and measured resutie.ag

INTRODUCTION

In performance-based analysis, the response atstas subjected to thermo-mechanical loading
is assessed by temperature-dependent calculafitiese calculations require a general stress-strain
relationship for modelling the behaviour of conerat elevated temperatures. The concrete modeldshou
be reliable, accurate and numerically robust. Iddaeecuracy and reliability are required to entuaethe
model captures properly the behaviour of the cdacreaterial in all the situations of stress and
temperature in the applicability domain. In additioumerical robustness is necessary because dtberw
the model cannot be used in complex and large-srajaeering problems. Finally, the model should
contain a limited number of parameters that caidéeatified from elementary tests. The present mesea
aims at developing a multiaxial model able to rejpice the phenomenological behaviour of concrete at
elevated temperature and satisfying to the reqirgsnof structural fire engineers.

The behaviour of concrete at the macroscopic legellts from the initiation and growth of microdtan

the cementitious matrix. The microcracking proeessses softening behaviour, stiffness degradation a
unilateral effect. These observed phenomena canaptred by models within the framework of
continuum damage mechanics. On the other handyetenexhibits inelastic volumetric expansion in
compression, referred to as dilatancy in the liteea Proper modelling of dilatancy is very impoitéor
simulating concrete structures under multiaxiatling'. Dilatancy can be modelled by the development of
plastic strains in concrete. Therefore, combinatibthe elastoplasticity theory with the damageotiie
results in an efficient strategy for modelling thechanical behaviour of concrete.



Constitutive models for concrete at ambient tempegebased on plastic-damage formulation have been
proposed by several authors. Although concreteremes different microcracking in different direais,
models developed for structural applications ugualibine plasticity with isotropic damdgé in order

to avoid the inherent complexities of humericaloaiiipms required by most of the anisotropic damage
modelé”>. In order to capture properly the isotropic stftdamage in concrete, it is necessary to use two
damage scalars and a fourth-order projection tehsdeed, two damage scalars are required becéuse o
the experimentally observed different damage mdshendeveloping in tension and in compression
whereas a projection tensor is required to cagheeinilateral effect.

Stress-based plasticity may be formulated eithethin effective stress spdé@ or in the nominal
(damaged) stress spaéeEffective stress is meant as the average mise-lstress applied to the
undamaged volume of the material whereas homiresisis meant as the macro-level stress and isedefi
as force divided by the total area. Formulatiothefplastic response in the effective stress sgdies on

the assumption that plastic flow occurs in the unalged material micro-bounds by means of effective
quantitie§. This formulation allows for decoupling the plaspart from the damage part in the
computation process; computation of the plastipoase then constitutes a standard elastoplastit=spno

in the effective stress space. As a result, thebaoation of stress-based plasticity formulatedhia t
effective stress space and isotropic damage cotestiin interesting approach for modelling the Yieba

of concrete.

Elevated temperatures are the cause of degradatidhe micro-level that result in loss of stiffaesd
strength of the material. The thermo-mechanicalehfm concrete should incorporate these effents, i
addition with the thermal strains and transiengéprstrains that develop in heated concrete. Phiysiitee
transient creep strain is the difference in stb@itween concrete that is heated under load andetertbat

is loaded at elevated temperature; this strainldpseluring first-time heating and is irrecoverahue to

the high complexity of the many phenomena involved, multiaxial models have been proposed for the
thermo-mechanical behaviour of concrete. An intergsontribution has been proposed by Nechmtch
al.’°, who developed a plastic-damage model in plaresststate for concrete at high temperature.
However, this latter model has several limitatians it has not been applied to practical problefms o
structural fire engineering. Research efforts @illeequired to give further insight into concretedelling

at elevated temperature and to extend the latestafmments of ambient temperature models to eldvate
temperature; this is the purpose of the presedistu

PRESENTATION OF THE MODEL

A general presentation of the new concrete madatésented in this section. For more detailed
information, the reader should report to the tHésis

Assumptions

The mechanical behaviour of concrete at elevatetpagatures is captured by constitutive
relationships between the total strain tensor hrdstress tensor. The total strainis decomposed into
free thermal straiay, transient creep straig, elastic strairze and plastic straig, according to Eq. [1].

‘gtot

= éth +£tr +£el +§p [1]
The sum of the elastic strain and the plasticrsiareferred to as instantaneous stress-relataith st.
Basic creep strain is not taken into account heretlhis term could easily be added to the strain
decomposition.



The characterization of plastic response is fortedlin the effective stress space. The elastingtasor
is related to the effective stress tengoiby means of the fourth-order isotropic linear-tastiffness

tensorc,, see Eq. [2].
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The plastic response accounts for the developmeirraversible strains in the material. Yet, the
degradation of the elastic properties resultingiftbe development of microcracks is not addressihisa
stage; the unloading stiffness in the effectivessirspace remains equal to the isotropic lineatiela
stiffness.

Concrete exhibits different damage mechanismsrigie@ and in compression. In this model, a tensile
damage scalar and a compressive damage scaladapted to capture the phenomenological effects
induced by microcracking in concrete under tensioth compression, respectively. Based on the work by
Wau et al’, these two damage scalars lead to a fourth-oramade tensor employed to characterize the
state of isotropic damage in concrete. The usefoligh-order damage tensor allows for appropriate
description of the unilateral effect inherent tmc@te behaviour. Mapping of the effective strasmto

the nominal stress is performed by this fourth-order isotropic damégiesop according to Eq. [3],
where| is the fourth-order identity tensor.
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It is assumed that the plasticity and damage phenamare coupled and evolve simultaneously in the
material; therefore, the two phenomena are drivetin® same internal variables in the model.

Finally, the new concrete model is a fully-3D cdtasitve model that can be used with solid finitereknts
or with shell finite elements; in the latter catbes plane stress version of the model is used.

Plasticity

A composite yield surface is used for capturingdbiecrete non-symmetrical behaviour in tensioniand
compression; a Rankine yield criterion is usedrutlthe tensile stresses and a Drucker-Praged yiel
contour is used for compression. The equationfi®fcbmposite yield surface are written in terms of
effective stresses, see Eq. [4].

)<o [4]

In EqQ. [4],x andk. are the tensile and compressive hardening parenetspectively.

Plastic flow rules have to be postulated to govbenevolution of plastic flow when the effectiveests
state reaches the yield surfaces. As concretiigdianal material, in which dilatancy occurs wheaded

in compression, a non-associated flow rule is astbph compression. The plastic flow rules, in
combination with the Kuhn-Tucker and consistenayditions, allow for calculation of the accumulated
plastic strains in tension and compression; thesgraulated plastic strains are chosen as inteaniables

in the model. The hardening parameters depend emat¢humulated plastic strains and therefore are
induced by plastic flow; these hardening paramefevern the evolution of the yield surface throtiug
definition of the hardening laws.



Damage

The isotropic state of damage of concrete is addoeby a fourth-order damage tensor which is catiedl
from the tensile damage scathrand the compressive damage scdlaas given by Eq. [5]. In this
equation, the fourth-order projection tensors basethe eigenvalues and eigenvectors of the effecti

stress tensor are noted andp”.
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The projection tensors allow for a decompositiothef effective stress tensor into positive and tiega
components. As a result, the tensile damage soalgraffects the positive part of the effectiveess
tensor whereas the compressive damage scalarftadysathe negative part of the effective streasae.
Hence, the unilateral effect is captured withoettieed for an additional parameter.

By assumption, damage mechanism is coupled tdgtg# the model. Consequently, there is no djeci
threshold for damage and the evolution laws fositerand compressive damage are driven by the
accumulated plastic strains (in tension and consfyes respectively). Once convergence has been
obtained in the plastic return mapping algorithmpdate of the damage variables is thus an explicit
calculation.

Transient Creep Strain

In the numerical calculation process, computatidh@increment in transient creep strain is pentmxf at
the beginning of the time stdp), separately from the computation of elastic arabtid strains. The
Explicit Transient Creep (ETC) Eurocode model, dggved at University of Liege for uniaxial
relationship&*? is extended to the multiaxial case by adoptiegiethodology proposed by de Borst and
Peeter¥, see Eq. [6]. In Eq. [6]«is the compressive strength at 20°C; the funcfiff is the transient
creep function given in Table 1 and the fourth otdasorH is given by Eq. [7]. The material parameter

that appears in Eq. [7] can be taken equal to Qm'iss;atiéo, in accordance with Thelandersson’s
multiaxial daté’.

Accordingly, it is assumed that the process ofdiemt creep does not induce any anisotropy. Thativeg
part of the effective stress tensor is considardgtj. [6] because, on the one hand, transient stesp is
assumed to occur only in compression and, on ther dtand, this mechanism occurs in the undamaged
part of the material.
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Table 1. Transient creep functidiT).

T [°C] 20 100 200 400 600 800
D[] 0.0000 0.0010 0.0018 0.0049 0.0274 0.0733

Computation of the transient creep strain increntekes into account the stress-temperature history.
Between steffs) and (s-1) there is an increment in transient creep stralrich value is computed by
Eq. [6], if and only if the three following conditis are fulfilled: the temperature has increasdgden
step(s) and(s-1) the negative part of the (converged) effectivesst at timgs-1)is non-null, and the
material is in the ascending branch of the corstduelationship. Itis thus assumed that thetpaspart



of the effective stress tensor does not inducesieam creep strain. Besides, the transient creamss
irreversible at both load and temperature decrease.

Model Parameters

The model contains ten material parameters thabeawbtained at ambient temperature by three basic
tests: uniaxial compression test until failure coisipg one unloading-reloading at peak stress,i@liax
compression test until peak stress, and uniaxigida test until failure.

Concrete subjected to elevated temperatures exhifEtmo-mechanical degradation of its properties o
strength and stiffness; this effect is taken intocaint through proper temperature dependency of the
material parameters. The evolution laws of thepatars with temperature are taken from design codes
such as the Eurocode, when available, or from éxyeeital data published in the literature.

VALIDATION OF THE MODEL

The concrete model has been validated against iexgretal data. The ability to capture the
concrete behaviour for simple loading cases, aigwial tension and compression, at both ambiedt an
elevated temperature, is not demonstrated in thjgemp due to the need to be concise. However
experimental tests are simulated here to demoegtratability of the new concrete model to capthee
main phenomena observed in concrete material andttity to be used for the simulation of struatur
members in fire. The numerical simulations haventmmnducted with the software SARR

At Ambient Temperature

A test of uniaxial tension followed by uniaxial cprassion on a concrete sample has been simulated
using the new concrete model and the results anpaed against experimental d4taee Figure 1. The
numerical results obtained with an elastoplastitcoste model are also plotted on Figure 1. The new
concrete model succeeds in capturing the developofipermanent strains, the degradation of theielas
properties and the stiffness recovery due to athxdure (unilateral effect), whereas elastoplastdels
can only capture the development of permanennstrai

Figure 1. Numerical simulation of a uniaxial temstmmpression test.
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Then, the concrete model has been used in the mahsimulation of the double-edge notched (DEN)
specimen experimentally studied by Nooru-Mohatfiékhe specimen of plain concrete, which is a square
plate of 200 mm long and 50 mm thick with two syntmical notches of 25 mm by 5 mm size, is subjected
to a loading path combining shear and tension di@mhtemperature. The left part in Figure 2 shthves
geometry of the specimen and the experimental grattkrn at the end of the test, as reported byiNoo
Mohamed. The dimensions indicated in this figueiarmm.



The loading path consists in the application dfeas force followed by tension under deformatiomticm.

A shear force Pof 5 kN is first applied through the frame alohg teft-hand side of the specimen above
the notch. Then, a tension loading is applied byasing a vertical displacement at the top of the
specimen, while the shear forcgr®mains constant equal to 5 KN. The evolutioreftensile force with
the vertical displacement is recorded and theigesintinued until failure of the specimen.

Due to the small thickness of the specimen, théysisds performed in plane stress condition; tfare

shell finite elements are used in SAFIR. The mésiments size has been taken as 5.0 mm x 5.0 mm. The
specimen is made of normal weight concrete withsuesd compressive and tensile splitting strengths o
respectively 38.4 N/mm? and 3.0 N/mm?2. For the ugeddratic elements, the evaluation of the

characteristic length, using the simple formula proposed by Rieads tol, :A\i/2 =5 mm. Considering
a typical value of 75 N.m/m? for the crack enelrty;einsionc_at , this leads to a value of 15000 N/m? for the

tensile crack energy density = G/, . The values of the other material parameters imsété analysis
have been obtained by calibration on sample'tests

The values of the tensile damage parameter atrttiefethe simulation are plotted in the right pafrt
Figure 2; this yields the computed crack patteéroah be seen that the numerical simulation ¢ty
captures the development of cracking in the sample.

Figure 2. Left — Geometry of the specimen and erpantal crack pattern.
Right — Distribution of tensile damage at the ehthe numerical simulation.
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Figure 3. Measured and computed results for thedamode fracture test on plain concrete
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The relationship between the tensile load andvkeagie normal displacement in the vertical direciso
plotted in Figure 3. The computed results are coetpaith the experimental results. The computddini
stiffness fits almost perfectly the test resultsthe computed peak load is slightly overestimatdigr the
peak load, the specimen exhibits a softening resporhe softening regime is well reproduced, which
tends to validate the value used for the crackggniertension. As a result, the simulation succeerds
capturing the experimental behaviour of the corcsample subjected to shear and tension.

At High Temperature

The concrete model is validated at the structesadllagainst experimental results on a reinforoadete

flat slab in fire. The experimental test has besmied out at BRANZ and is described in a papétitvyet

al?°. The tested slab is 3.30 m wide by 4.30 m lont witlear span between the supports in the long and
the short directions of 4.15 m and 3.15 m, respelgti The slab is simply supported at all four exligih

the edges horizontally unrestrained. The flat #a00 mm thickness and is reinforced by 200 mmz2/m
steel reinforcement in each direction. The yietdrggth of the steel used in the slab is 565 MPae#se

the concrete compressive strength on cylinder iMBa. The concrete cover is 25 mm. The slab was
subjected to ISO fire exposure for 3 hours whileyiiag a constant uniformly distributed live loagLel to

3.0 kPa. The slab, which deformed into double durea survived the 3 h ISO fire exposure without
collapse.

Numerical simulation of this experiment has beerfiguaed with the software SAFIR. First, the thermal
analysis is conducted to determine the temperdisirbution in the concrete slab during fire. Thermal
properties for concrete are taken from EurocodeB9. Siliceous concrete was chosen, with a density
of 2400 kg/m3 and a water content of 72 kg/m3. €hessivity was taken as 0.7 and the coefficient of
convection was 25 W/m2K. Temperatures in the slalewecorded during the test at the heated sudace,
the unheated surface and at 55 mm depth withirslti® Figure 4 gives the comparison between the
temperatures predicted by SAFIR and the measumegeatures at these locations; predicted and
measured temperatures agree well.

Figure 4. Computed and measured temperatures totierete slab.
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Then, the structural analysis is carried out teaeine the structural behaviour of the reinforcedarete
slab in fire. Shell finite elements are used fordelting the slab. Only a quarter of the full slabsw
modelled to take advantage of the symmetrical lad support conditions. The slab is subjected to a
uniformly distributed load of 5.4 kPa which repnatsethe sum of the self-weight, 2.4 kPa, and the [i
load, 3.0 kPa. This applied load of 5.4 kPa cowedp to a load ratio of approximately 0.40 for giah.

The temperature evolution in the slab is given iy SAFIR thermal analysis. The concrete model
presented in this paper is used for the thermo-ar@chl behaviour of concrete whereas the material
model for the steel reinforcement is taken fromd€ode 1992-1-2. The concrete compressive anddensil



strength are 37.0 MPa and 1.0 MPa. The other rahfeiameters of the concrete model are calibmated
elementary tests and no additional calibratiorégiired on the concrete slab.

The predicted and measured vertical deflectioniatgpan of the slab in fire is shown in Figure Br8e
phases can be distinguished in the evolution ofléfkection: 1) a high deflection rate at the begig of
the fire due to significant thermal bowing, 2) thea constant deflection rate during almost 120, iz

3) a high deflection rate again in the final 30 mhire to the heating of the steel rebars and theesulent
decrease in stiffness of these rebars. The simulaticurately captures the slab behaviour duriadth
hours of the fire, including the three distinct pbadiscussed above. The present example illustrade
ability of the new concrete model to be used in erical simulations of structural elements in fire
situation.

Figure 5. Computed (SAFIR) and measured valueleoftid-span vertical deflection.
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Fire Analysis — Ulster Large-Scale Fire Test

A full-scale fire test was conducted in 2010 orteeelsconcrete composite floor in the framework of a
project funded by the Research Fund for Coal aadl 8t which six partners were involved, among Wwhic
the University of Lieg&. The objective of the test was to investigateitheelopment of tensile membrane
action in a large composite structure in whichuhprotected steel beams in the central part dfdbeare
made of cellular beams.

The full-scale composite floor was made of cellsteel beams connected to composite slabs, seeBigu
The compartment covers an area of 15 m by 9 mavftbor to soffit distance of 3 m. The surrounding
walls of the compartment were made of normal weightcrete block works with three 3 x 1.5 m openings
in the front wall. All the columns and solid beaomsthe opening side were protected for a standardff

two hours using 20 mm thick fibre boards. The sumding cellular beams were also protected using
ceramic fibres, but the two central secondary beaete left unprotected. The slab was made of 51 mm
deep profile of the Kingspan Multideck 50 type wéttoncrete cover of 69 mm on the profile, which
makes a total depth of 120 mm. A steel mesh of @Dwith a spacing of 200 mm in each direction made
of S500 steel was used as reinforcement. It wastddcat a vertical distance of 40 mm above thd stee
sheets. The slab was fixed on all steel beams lansef steel studs welded on the upper flangek (ful
connexion).

The structure was tested under natural fire, sger&i7. The fire load of 700 MJ/m2 was achievedgi4b
standard (Im x 1m x 0.5m high) wood cribs, compg$0 mm x 50 mm x 1000 mm wooden battens,
positioned evenly around the compartment, yieldirfiye load of 40 kg of wood per square metre of
ground area. During the fire, the floor was camyém applied mechanical load of 3.25 kK/m



Figure 6. Inside view of the compartment beforetést.
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Figure 7. Fire test (left) and structural elemedtsr the fire (right).
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For the numerical simulation of the test, a blipgmach® has been adopted in order to evaluate the ability
of the concrete model to be used for predictiveudations. According to this approach, the tempeeat
evolution in the compartment has been assessedrbgnital simulation and the computed temperatures
have then been used as input data for the SAFIR#tenalysis. The computation of the temperature
evolution in the compartment is done using thenso Ozon&*> This software calculates the evolution of
the gas temperature in a compartment under firengaoison between computed and measured
temperatures in the compartment showed rather ggaskment.

Then, the temperature evolutions in the beamsratitki slab sections have been determined by 2D non
linear transient thermal analys&®r the steel beams, the material properties &entrom Eurocode
1993-1-2° considering a convection coefficient on hot surface35.0 W/m2K, as recommended for
natural fire situatioff. The concrete slab is modelled in the thermal aisadfghe steel profiles in order to
take into account its capacity of absorbing hefitedus concrete following the material law of Bonde
1992-1-2* has been adopted with a moisture content of 7&1kghd a convection coefficient on hot
surfaces of 35 W/m2K. For the protected sectidresjrisulation material is also taken into acconrhe
thermal analysis.

The finite element model built in SAFIR for the frsés of the mechanical behaviour of the structises
beam elements for the steel profiles and shell egsfor the composite slab, assuming full conoacti
between the slab and the beams. The edge beasimalg supported at the location of the columns and
the slab and beams are axially unrestrained. Hed stofiles are made of 355 N/mma2 yield strentghbls
whereas the siliceous concrete used for the skah bampressive strength of 45 N/mmz2. The new etscr
model is used for the reinforced concrete shellsguhe parameters of Table 2. It was chosen tteoeg
the tensile strength of the concrete because @aortb hand, the structure is assumed to be craeke

the fire starts and, on the other hand, this allmmevoid defining the value of the tensile crankrgy
parameter, which is not easy to define at high tatpre.



Table 2. Parameters of the concrete model usdatiéagsimulation.
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Figure 8. Evolution of the vertical deflection bktcentral beam.
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The computed results of the vertical deflectiothi@ central steel beam are compared with the medisur
results in Figure 8. A good correlation is obtaibetiveen the FEM model and the real behaviouedtst;
the numerical simulation qualitatively capturesetelution of the vertical deflection of the stiuret during
the different phases of the natural fire.

Figure 9 shows the deformed shape and the distiibof membrane forces within the slab at ambient
temperature and after 60 min fire exposure; ingliggires, a different amplification factor hashesed

for plotting the deformed shape at ambient tempeggix20) and at high temperature (x2). It candsns
that the mechanism in the composite slab changesffexural mode to tensile membrane action. After
60 min fire exposure, the unprotected steel beawe Bxperienced web post buckling instabilitiess as
result they have lost their stiffness and cannotigie support to the slab. As a consequence, e s

the slab has changed from 3.0 m to 9.0 m and meralr@haviour develops within the slab. In the e¢ntr
part of the slab, the steel mesh is in tensionthedconcrete is cracked, whereas a compressive ring
develops within the concrete around the perimétigrecslab. The development of tensile membraneract

in the slab is confirmed experimentally by obsdorabf the deformed shape of the structure, sagr&ig,.

The blind numerical simulation was thus able tolitatevely capture the experimental behaviour a th
structure subjected to natural fire. It is noted thbetter correspondence between the measuredrapdted
results of the vertical deflection in Figure 8 abprobably be obtained by adapting the paramefdtseo
finite element model to fit with the measured valugeor instance, the real temperatures measutbe in
sections could be used instead of the temperatansguted by a SAFIR thermal analysis. Howeverag w
deliberately decided to fulfil the blind comparistonditions in order to get closer to the real ¢oois
met by structural engineers who have to perforrdiptiee calculations. Hence the obtained resulis gi
some confidence that this quite simplified modetapable of predicting the fire behaviour of a éarg
structure in fire with a satisfying level of accayan the conditions of a blind comparison.



Figure 9. Deformed shape and membrane forces deatteft) and at high temperature (right)

CONCLUSION

A plastic-damage concrete model has been develmdonplemented in the software SAFIR for
the analysis of structures in fire. The model ie &b capture the phenomenological behaviour ofiia
at ambient and elevated temperature and is sufflgieobust to be used in large-scale fire analysise
model parameters can be identified by three eleangtasts at ambient temperature: uniaxial comjmess
uniaxial tension and biaxial compression. Trans@aep strain is explicitly computed and takes into
account the stress-temperature history in the mahter

Validation of the new model has been performedreggaéxperimental data given in the literature at
ambient and elevated temperature. It has been sthaiviine plastic-damage model accurately capthees
unilateral effect due to the closing of the tensilecks during unloading from tension to compresgsio
whereas elastoplastic models are unable to cattisreffect. At the structural level, the model bagn
validated by comparison against a test carriecabBRANZ on a reinforced concrete flat slab, 3.30 m
wide by 4.30 m long, subjected to ISO fire exposlueng 3 hours. Finally, the ability of the motiebe
used in large-scale structural simulations has blemstrated by presenting the analysis of a fadlle test

on a composite steel-concrete slab subjected toaidire.
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