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Highlights:
» A constitutive model has been developed for coecaehigh temperature.
« The model includes plasticity, damage and transiesgp components.
« The model is used in advanced numerical analysesrairete structures in fire.
» Standard values are used for the parameters ohdidlel (no calibration required).
* The results illustrate the applicability and rolmesis of the concrete model.

ABSTRACT

The research aims at developing a new multiaxiaktitutive model for concrete in the fire
situation. In addition to validity at the materialel, a crucial feature of a constitutive model
is the applicability at the structural level; yet toncrete in fire there remains a serious lack
of models combining reliability and robustness. Tieoretical aspects and validation of the
new model, which rely on a plastic-damage formalatihave been the subject of a former
publication; they are briefly summarized here. Tp&per explores the capabilities of the
concrete model for being used in a performanceebasactural fire engineering framework.
Several examples of numerical simulations by noedr finite element method are discussed,
with emphasis on practical applications that arenateding for the material model. In
particular, it is shown that the simulations using new concrete model succeed in capturing,
at ambient temperature, the crack pattern in a glancrete specimen and the influence of the
loading path on reinforced concrete (RC) slabs. Mgh temperature, the presented
applications include a RC slab subjected to furfaeeand a large-scale composite steel-
concrete structure subjected to natural fire. le thumerical analyses, no parameter
calibration was required on the particular conctgpe, except for the uniaxial strengths and
tensile crack energy which are to be defined cgsealse. The results illustrate the reliability
and numerical robustness of the model. Also, theygsst that satisfactory prediction of
structural behavior in fire can be obtained wheradditional data is available on the specific
properties of the particular concrete mix that $&diin the project, as is often the case in
practice, by using standard values of parameters.
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1. Introduction

Advanced computational mechanics is a very powetdol for investigating the
behavior and the performance of structures sulgetdefire. The last decades have seen
significant advances in the development of thesearical methods. Owing to the increase in
computing power and to the development of new qotsceand theoretical tools, the
capabilities of numerical methods have evolved frprescriptive evaluation of simple
structural elements towards performance-based saases$ of the fire behavior of complex
structures. This evolution is necessary to impranederstanding of the behavior of buildings
in fires.

Since a few years, it has appeared that a signtfivew frontier in the development of
the numerical methods lies in the proper modelihghe behavior of concrete material.
Indeed, the numerical analysis of structures ia fequires reliable and robust temperature
dependent constitutive models for the load-beamagderials used in the structure such as, for
instance, steel and concrete. Despite the wideotisencrete material in civil engineering,
modeling of concrete thermo-mechanical behavioraiema challenging issue for engineers.
This is mainly due to the complexity of the coneréiehavior characterization and to the
severe requirements for material models raisedhieydevelopment of performance-based
design. Recurrent issues of concrete models arel#iok of numerical robustness and their
large number of parameters, both limiting the pcattapplicability of the models in real
engineering projects.

Considering this situation, research efforts hasenbdedicated to the development of
an advanced constitutive model for concrete irfiteesituation which meets the requirements
of structural fire engineers. At ambient tempemtuesearch in computational mechanics has
shown that the combination of continuum damage mu@cs (CDM) with plasticity theory
offers a very interesting theoretical framework fefficiently modeling the mechanical
behavior of concrete material [1-9]. Yet, the depahent of concrete plastic-damage models
at high temperature has been hardly treated ititdrature. Nechnech et al. [10] proposed an
interesting contribution which highlighted the irgst of plastic-damage models for concrete
at high temperature, but their model was not agpitepractical examples of structural fire
engineering, except for the very simple case opbisupported reinforced concrete beams.
In the present work, it was decided to adopt tlestpi-damage approach to develop a new
multiaxial constitutive model for concrete in theefsituation. The model includes a number of
original contributions, in particular regarding thdeling of transient creep phenomenon, the
combination of the theories of elastoplasticity addmage at high temperature, the
implementation of temperature-dependent relatigsstior the material parameters and the
numerical integration of the constitutive laws ifirate element code. It has been developed for
normal strength concrete. As the aim of the moslelot to capture spalling, it should be used
carefully when this could be an issue such asgxample, with some high-strength concretes.
Above all, the model has been designed for useem mBpplications of structural fire
engineering; therefore, emphasis has been put wiiotng an advanced constitutive model
with a robust numerical implementation. Also foaebling practical usefulness, the model has
been based on a limited number of physical paramdtecorporation of all these features in a
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model for concrete at high temperature contribtwetulfill the need for robust and reliable
constitutive models in structural fire engineering.

It is noteworthy that advanced concrete modelsnarsgled for modeling of reinforced
concrete structures in fire, both when these strastexhibit failure in concrete (e.g. cracking or
crushing) or in other structural materials. Inde&tining a numerical analysis until failure may
be demanding for the concrete material model wieatide structural failure mode. For instance,
the development of tensile membrane action in caitgalabs in fire has been extensively
studied in the last years. Simulation of this betvavequires accommodating the several
transitions between tension and compression icdinerete slab caused by thermal strains as
well as by transition from a bending load transferde to a tensile membrane action mode. A
robust and reliable concrete model is thereforalegewhether failure eventually occurs in
the steel reinforcement, or by excess of comprassidhe concrete slab, which is a failure
mode that is captured by the model.

The theoretical aspects of the model and its nwalemplementation in finite element
software are presented in another publication [tidy are briefly summarized in Section 2.
The former reference also includes the model vatidabased on experimental results on
concrete samples at both ambient and elevated tatope The present paper focuses on the
model applicability at the structural level. Theas to illustrate the capabilities of the concrete
model in a performance-based framework; this isedoy presenting numerical simulations of
experimental tests on concrete structures, firsingtient temperatures then in the fire situation.
Hence, Section 3 presents applications at ambiemipdrature and Section 4 addresses
applications at high temperatures. These applita@we used as a basis for discussing the model
properties and capabilities. Demonstrating the timacapplicability of a constitutive model
developed at the material scale for structuralyaigis an important step, although it is not so
commonly addressed in the field. Many concrete fiscaie developed with different objectives,
for instance focusing on the proper modeling ofitiiteation and propagation of a single crack in
a simple concrete member, or on the modelling efliigro-thermo-mechanical mechanisms
leading to spalling in heated concrete. Despitehair merits, these models are presently not
intended to be used for more complex structuresggtdeast, their usability to complex structures
is not demonstrated. This usability requires specgroperties in terms of numerical
implementation and parameter identification. Byradging these issues, the present work has
practical significance for researchers and for tragers. It makes available a new model for
concrete that is shown to be reliable and robusonly at the material scale, but also for the
analysis of large structures in fire. It also giessential information about the proper use of the
material parameters for such applications as veelhterpretation of the results. The model is
available in finite element software and can beldseresearch and design projects.

2. Presentation of the model
2.1 Plastic-damage model
In the model, the total strain tengpy is decomposed into elastic strafg, plastic

strain £,,, free thermal strairg,, and transient creep straiy according to Eq. (1) [10, 12].
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The sum of the elastic strain and the plasticrstiareferred to as instantaneous stress-related
strain g, .

Got Ly TEp TEN T & (1)
Considering that the plastic behavior occurs in thedamaged material, the
characterization of plastic response can be fortadlan the effective stress space following
the classical elastoplastic theory. The elastiaisttensor is related to the effective stress
tensorg by means of the fourth-order isotropic linear-gtastiffness tenso€,, see Eq. (2).
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Concrete exhibits damage mechanisms which are reliffein tension and in
compression. In this model, a tensile damage sdaland a compressive damage scdlar

are adopted to capture the phenomenological effadisced by microcracking in concrete
under tension and compression, respectively. Bagetthe work by Wu, et al. [6], these two
damage scalars are applied to fourth-order praedensors to lead to a fourth-order damage
tensoD, which is employed to characterize the state ofrapic damage in concrete, see

Eq. (3). This representation of the state of danadigevs representing the effect of the tensile
cracks closure on the material stiffness, whenstiness state in the material changes from
tension to compression (unilateral effect).

A composite yield surface is used for capturingdbecrete non-symmetrical behavior
in tension and in compression; a Rankine yieldedoh is used to limit the tensile stresses
and a Drucker-Prager yield contour is used for aasgion. The equations of the composite
yield surface are written in terms of effectiveesses, see EqQ. (4) wheteand«. are the
tensile and compressive hardening parameters,aiasgy.

ft(g,/q)so ; fc(g,KC)sO (4)
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By assumption, damage mechanism is coupled to i@tgstin the model.
Consequently, there is no specific threshold fonage and the evolution laws for tensile and
compressive damage are driven by the accumulategtil strains (in tension and
compression, respectively). From a computationaitpaf view, once convergence has been
obtained in the plastic return mapping algorithmpdatie of the damage variables is thus an
explicit calculation.

2.2 At high temperatures

For calculation of the free thermal strain, theatiehship from Eurocode 2 [13] is
adopted and generalized to multiaxial stress stegeg) the assumption of isotropy.

The Explicit Transient Creep (ETC) Eurocode modkdyeloped at University of
Liege for uniaxial relationships [14, 15], is extled to the multiaxial case by assuming that
the process of transient creep does not inducetaos/ [16], see Eq. (5).In this equatiof,
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is the rate of transient creep strai{T) is the rate of the transient creep function [&],is
the negative part of the effective stress tendps, is the compressive strength at 20°C and
H is the fourth order tensor proposed by de BordtReeters [16].

(5)

Concrete subjected to elevated temperatures eshiermo-mechanical degradation
of its properties of strength and stiffness; thifeat is taken into account through proper
temperature dependency of the material parametées.evolution laws of the parameters
with temperature are taken from design codes sscBusocode 2 [13], when available, or
from experimental data published in the literatuFell details about the temperature-
dependent relationships adopted for the materi@rpaters are given in [11].

2.3 Identification of material parameters

The model contains ten material parameters list€lthble 1. These parameters can be
obtained at ambient temperature by three basis:tasiaxial compression test until failure
comprising one unloading-reloading at peak stressial compression test until peak stress,
and uniaxial tension test until failure. Each pastenin the model has a well identified effect
on the computed response of the concrete, i.e. pa@meter has a physical meaning. Based
on experimental tests on concrete samples, itssiple to define standard values at ambient
temperature for seven of these parameters [11jsélkalues have been derived for use with
normal strength concrete, refer to [11] and [17] ¥alidation. They can then be used in
numerical simulations with normal strength concréie a generic model, i.e. when no
additional data is available on the specific prtpsrof the particular concrete mix that is
used in the project. However, they should not bEdusithout further analysis for particular
types of concrete such as light-weight or highrgjtle concrete. Also note that, since the
concrete model does not take into account spaliirgiiould be used carefully in applications
that present significant risk of spalling, for iaste due to the use of high strength mixes or
young age concrete that contains high water confdrg standard values, indicated in Table
1, have been used in the simulations presentddspaper.

For the three remaining parameters, neverthelesaseby-case analysis is necessary.
The uniaxial compressive and tensile strengths mesessarily be specified as a function of
the strength class of the concrete used in thegtro] he tensile crack energy dengjtys the

ratio between the crack energy in tensip and the characteristic length g = G,/ lc.

Evaluation of parametay: is complex because the characteristic lengthrieeah-dependent
parameter and because experimental results of thek cenergy in tension at high
temperatures show a significant scatter dependinthe test specimens and test methods. A
formula has been given by the CEB-FIB [18] for addtion of the crack energy in tension at
ambient temperature, as a function of the mean oessfve strength of concrete and the
maximum size of aggregates. The objective whenldpirgy the CEB empirical formula was
to use only parameters generally known to the desidrhis formula has been found to agree
with experimental results [19] and it has been usdtie literature [5; 20]. For concrete used
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in typical applications, it leads to a crack energytension that ranges between 50 and
150 N.m/m2. Hence, the CEB formula has been addpteel for evaluating the crack energy

in tension at ambient temperature. At high tempeeatdue to the dispersion of the data

available in the literature, it is difficult to ass the evolution of this energy parameter. It is
noted that this crack energy is related to the areker the tensile hardening function curve.

As temperature increases, the tensile strengthedses; when the latter eventually becomes
null, the crack energy is also reduced to zerordfbee, for practical purpose, it was decided

to assume the same temperature relationship focrdek energy in tension as for the tensile

strength.

Table 1: Material parameters in the concrete model.
Standard value at

Parameter Symbol Units room temperature*
Poisson’s ratio v [-] 0.20
Compressive limit of elasticity feo [N/m2] 0.30f,
Biaxial compressive strength fo [N/m?] 1.16f.
Peak stress strain Ec1 [-] 2.510°
Dilatancy parameter g [-] 0.25
Compressive dissipated energy X [-] 0.19
Compressive damage at peak stress ~ d_ [-] 0.30
Uniaxial compressive strength fe [N/m?] (**)
Uniaxial tensile strength fi [N/m?] (**)
Tensile crack energy density Ot [N/m?] (**)

(*) standard values of the parameters are propfmsedodelling a generic concrete
(**) value varying depending on the particular caete that is modeled

The characteristic length is used for regularizatid the material constitutive law.
This characteristic length is model-dependent adepiends on the chosen element type,
element size, element shape and integration scf@bheYet, a very simple formula has been
proposed by Rots for biaxial case [21], based eratiea of the elemeAt and a modification

factor  which is equal to 1 for quadratic elements anobémh/i for linear elementd: =
ai . A?2. This formula gives good approximation for mosiqiical applications and has been
adopted here.

2.4 Numerical implementation

The concrete model has been implemented [11] imtrelinear numerical software
SAFIR [22] developed at University of Liege for teenulation of the behavior of building
structures in fire. The numerical analyses preskemtehis paper have been made using the
software SAFIR.
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3. Applications at ambient temperature

3.1 Mixed-mode fractur e test

The first example deals with the simulation of tmeible-edge notched plain concrete
specimen experimentally studied by Nooru-Mohamel].[Zhis experiment has been used in
the literature to test the efficiency of concrebastitutive models in biaxial stress states [24,
25]. The specimen, a 50 mm thick 200 x 200 mm sgp&te with two symmetrical notches
of 25 mm by 5 mm, see Fig. 1, is subjected to dit@ppath combining shear and tension at
ambient temperature. A shear forgeoP5 kN is first applied through the frame alohg teft-
hand side of the specimen above the notch; thesmsile displacementas applied at the top
of the specimen until failure. The specimen is dixa the bottom and along the right hand
side below the notch. The loading is applied thioagigid loading frame, consisting of two
loading plates at top and left upper parts thatghned to the specimen. The experimental
crack pattern at the end of the test, as reporgeddoru-Mohamed, is also plotted in Fig. 1.

The numerical analysis is performed in plane stoeswlition. Square shell elements
of 5 mm size are used, i.e. one single finite el@nteyer is used on the width of the notch.
The specimen is made of normal weight concrete.sMieal compressive and tensile splitting
strengths of respectively 38.4 N/mm?2 and 3.0 N/nia?e been reported [24]. For the used
quadratic elements, the evaluation of the charatterlength using the simple formula

proposed in [21] leads td; :\/K =5mm. Considering a typical value of 75 N.m/mz for the

crack energy in tensio, at ambient temperature, this leads to a valu&00@ N/m? for the

tensile crack energy density. The values of the other material parameters usethe
analysis are given in Table 1. No calibration oé tharameters is thus required on the
specimen studied here.
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Fig. 1. Left — Geometry of the specimen and expenital crack pattern. Right — Distribution
of tensile damage at the end of the numerical sitran.

The numerical simulation yields the distributiontehsile damage in the specimen,

which can be compared at the failure stage to #pereamental crack pattern (Fig. 1). The
simulation captures the asymmetric crack propagafiem the two notches and the
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concentration of damage in a fracture zone in #mger of the specimen. The simulation also
yields the relationship between the tensile load @@ average displacement in the vertical
direction, see Fig. 2. The computed and measumadtsereasonably agree. In particular, the
softening regime is well reproduced, which tendssatidate the value used for the crack
energy in tension.

In order to investigate the mesh sensitivity of thedel, a new analysis is conducted
using 2.5-mm size square shell elements, i.e. iiefelement layers on the notch width. As
the size of the square elements has been dividéddmynpared with the previous model, the
characteristic length is also divided by 2, le= 2.5 mm. The obtained load-displacement
relationship is plotted in Fig. 2. As can be sdhg,peak tensile load is not dependent on the
mesh size as long as the characteristic lengthoiseply adjusted. However, a model with a
mesh size of 2.5 mm and a characteristic length wim predicts a lower peak tensile load
compared with the previous models. Note that onéhefsimulations using the finer mesh
stopped in the softening regime due to numericalds related to negative stiffness of the
structure. The post-peak behavior appears to patklidependent on the mesh, even after
regularization with the characteristic length. Bmalysis of the displacement evolution in the
specimens shows that the specimen with a 5-mmns&zh andc = 5 mm and the specimen
with a 2.5-mm size mesh ang= 2.5 mm present a similar displacement patterpeatk
tensile load. Yet during softening, slight diffeces appear in the displacement pattern due to
the refinement of the mesh.

This simulation shows that a load transfer modeashthat has not been used for the
determination of the input parameters can nevertisdbe addressed by the model.
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0,000 0,010 0,020 0,030 0,040 0,050
Displacement [mm]

Fig. 2: Measured [23] and computed results for mhized-mode fracture test on plain

concrete.

3.2 RC dabsloaded in two directions

The second example deals with the simulation ofeaperimental test campaign
performed at the University of Alberta [26] for mstigating the behavior of reinforced
concrete slabs subjected to combined in-plane @m$\ersal loads at ambient temperature.
For the ten simulated slabs, Table 2 gives theWoig data: length (L), width (I), average
thickness (t), concrete compressive strenfghand tensile strengtH:), cover of the steel
reinforcement from the compressive face for uppdars (d,d’y) and lower rebars {d),
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applied compressive in-plane loadsy(Ny) respectively in the X- and Y-directions, and
applied transversal loadd). Fig. 3 shows a plan view of the two types ofddspecimens, B
and C, and the orientation of the axes. For altispens, the area of reinforcement is 260
mm2/m at the top and at the bottom of the slabgith directions, except for specimen C4 and
C5 in which the reinforcement is doubled (520 mm¥espectively in the Y-direction and in
the X-direction. The ultimate strength of the steg@hforcement is 620 N/mmz2, with the 0.2%
offset yield at 450 N/mmz. Specimens B1 and C1 wgelgected to transversal loads only; the
other specimens were tested under a combinatidranéversal loads and compressive in-
plane loads.

The reinforced concrete slabs are modeled by mehskell finite elements with a
square mesh of 0.06 m side. Due to the symmettlgeo€onfigurations, only a quarter of the
slab is represented in the models, with symmetynbdary conditions. The support points in
the experimental configuration illustrated in F3gare modeled by vertical supports. The steel
rebars are considered in the shell elements. Foipthe model of Eurocode 2, the stress-
mechanical strain relationship used for steel is-livear until a strain of 0.02, with a
horizontal plateau from 0.02 to 0.15 and a desecenlranch thereafter; unloading is plastic.
The effective yield strength is taken equal to B2Gm?2.
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Fig. 3: Locations (in mm) of the lateral load amgbgort points for series B (left) and series C
(right).

The experimental results and the results of theanioal simulations are plotted in
Fig. 4. For each test, the relationship is givetwken the applied transversal load in KN/m2
and the central vertical deflection in mm. The ntoa simulations succeed in capturing the
initial stiffness of the structure in the differesituations of combined in-plane and transversal
loading. The maximum load is reasonably well presgidoy the simulations. Application of
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the load is simulated by increasing the load owee t(force control) in the model; therefore

failure of the structure is reached at the maxinioad level and it is not possible to capture
the post-peak behavior in the simulations. The Rtman could not be conducted by

increasing the displacement (deformation contr@gduse an equal load must be applied
simultaneously in different points. However in theperiments, the system was controlled
near the maximum load to impose deflection incrasmi@nd consequently the softening
regime could be partly captured.

Table 2: Side dimensions, average measured thisknescrete properties, average locations
of top and bottom reinforcement from compressive fand maximum loads.
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Fig. 4: The numerical results obtained with thearete model agree with the experimental

results by Ghoneim and MacGregor [26] for the ddfe RC slabs tested.
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Fig. 5: Distribution of membrane forces and defalmbape for slab C1 at failure.

Fig. 5 shows the distribution and orientation oé tomputed principal membrane
forces in a quarter of the slab C1 at failure. Cosapive membrane forces are shown as black
arrows whereas tensile membrane forces are repeglsby grey arrows. The lengths of the
arrows indicate the magnitude of the membrane $orEeom the deformed shape and from
the distribution of forces within the shells, itncdbe seen that the slab develops tensile
membrane action to sustain the applied load. A cesgive ring develops in the concrete. In
slab C1, failure eventually occurs by excessivédyng of the steel rebars; the strain in some
bars exceeds 0.15 at failure.

This application shows that the model can, atwctiral level, represent the transition
from bending to tensile membrane action while tlab & subjected to in-plane forces. In this
test, these forces have been applied as extenmtasfovhile, in a fire situation, they may arise
from restraint to thermal expansion.

4. Applications at high temperature

4.1 RC dlab subjected to I SO fire

This example illustrates the ability of the coneratodel to be used in the numerical
analysis of concrete structural members in fireagibns. An experimental fire test carried out
at BRANZ [27] on a reinforced concrete flat slabs Haeen simulated. The tested slab is
3.30 m wide by 4.30 m long and it is simply supedriat all four edges with the edges
horizontally unrestrained. The flat slab is 100 mfwmck and is reinforced by 200 mm2/m steel
reinforcement in each direction with a concreteetoof 25 mm. The vyield strength of the
steel used in the slab is 565 N/mm2. The conchetewas used in the test is a normal weight
concrete with siliceous aggregates. The concretguoessive strength determined by cylinder
crushing test is 37 N/mm2. The slab was subjeatetSO fire exposure for 3 hours while
carrying a constant uniformly distributed load dga3.0 kN/m2. The slab, which deformed
into double curvature, survived the 3 hours IS@ ékposure without collapse.

The transient temperature distribution on the théds of the shell finite elements is
determined here by means of a uniaxial thermalyaigl assuming that the temperature
gradient is perpendicular to the plane of the slabear Conductive elements are used with
temperature dependent thermal properties. At thandaries, convection and radiation heat
transfers are taken into account using the equatfoom Eurocode 1 Part 1-2 [28]. The
thermal properties for siliceous concrete are tdkem Eurocode 2. Temperatures in the slab
were recorded during the test at the heated syr&dcthe unheated surface and at 55 mm
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depth within the slab. Fig. 6 gives the comparibetween the temperatures predicted by
SAFIR and the measured temperatures at thesedosati
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Fig. 6: Measured [27] and computed temperaturdisdrilat slab.
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Fig. 7: Evolution of the vertical deflection witimte.

Shell finite elements are used for the structuralysis. The slab is subjected to a
uniformly distributed load of 5.4 kN/m? which repemts the sum of the self-weight,
2.4 kN/m?, and the applied load, 3.0 kN/m2. Thedof 5.4 kN/m? corresponds to a load ratio
of approximately 0.40 for this slab. The tempemteavolution in the slab is taken from the
thermal analysis performed before the structuralyasis. The concrete model is used for the
thermo-mechanical behavior of concrete whereas iegerial model for the steel
reinforcement is taken from Eurocode 2. The predic@nd measured vertical deflections at
mid-span of the slab in fire are shown in Fig. Aree phases can be distinguished in the
evolution of the deflection. First, a high deflectirate is observed, at the beginning of the fire
and during approximately the first 30 min, due tgndicant thermal bowing. Then, the
deflection rate decreases and remains approximedelgtant during almost 120 min. Finally,
the deflection rate increases again in the finan@® due to the heating of the steel rebars and
the subsequent decrease in stiffness of thesestebae results of the numerical simulation
agree with the experimental results. The distrdoutof membrane forces in the slab and the
deformed shape are typical of the tensile membracteon. Significant deflections are
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observed even though no failure occurs after 3ddwe exposure; the final deflection
reaches 0.25 m, which corresponds to 1/13 of te Shorter span.

4.2 RC wall subjected to fire on oneface

The concrete model notably encompasses a new drdngieep model based on an
explicit formulation. In order to investigate th#eet of the explicit modelling of transient
creep on the structural response, concrete elenastisg mainly in compression must
preferably be analyzed. Analyses on reinforced maccolumns have previously shown the
significance of the transient creep component &edhecessity to model it explicitly in order
to capture accurately the concrete stiffness endondition [15, 29]. However, these analyses
were conducted using the uniaxial formulation o# tmodel. In this section, reinforced
concrete bearing walls are analyzed using the rauitil concrete model.

An experimental test campaign on reinforced coecvedlls subjected to fire on one
side has recently been conducted at Notre Dameelsity, with all details available in [30].
One of these tests is simulated here. The wallisgchad a thickness of 380 mm, a height
of 3.05 m and a length of 1.02 m. It was embeddéid dase and free at the top. The fire was
applied from the base of the specimen over a walht of 1.52 m. The steel reinforcement
consisted in 12 vertical bars of 25.4 mm diametadt &ansverse hoops/ties of 12.7 mm
diameter at 230 mm spacing, with a measured yigkhgth of 435 MPa and 442 MPa,
respectively. The concrete was calcareous withnapcessive strength of 47.1 MPa. An axial
load of 2400 kN was applied at the top of the gpeai at ambient temperature. This was
followed by the application of an initial transvarsoad of 36 kN, pushing the wall toward
the furnace, using an hydraulic actuator conne28dmm below the top at mid-length of the
wall. This transversal load was then stepwise smed by 22 kN at 2-hour intervals during
the course of the fire. The fire followed the ASTBM19 standard time-temperature curve.

The results of the thermal analysis are comparéd the measured average internal
temperatures of the wall at about 25 mm from thetdokface and 25 mm from the unheated
face, see Fig. 8. The comparison is not good ferhtbated face; however, the authors of the
test have reported that the measurements for gasireen were questionable and that the
thermocouples might have shifted away from theddeatirface during concrete casting. They
have also reported the measurements for anotheinsge, with similar conditions of furnace
temperature and wall thickness. These measurenagatsnore in line with the numerical
results; they are labelled as “specimen 0” in Big.

The mechanical analysis was conducted using sinék felements for the wall. The
transversal displacement of the wall at 2794 mnghteand the axial (vertical) displacement
at 1778 mm height are plotted and compared to medswalues in Fig. 9. The thermal
gradient within the wall leads to bowing in theedition opposite to the furnace. Yet, the
transversal load applied at the top of the wallhegsthe wall toward the furnace. During the
first 8 hours of the test, the effect of the thergradient prevails and the resulting transversal
displacement is in the direction opposite to thedige. The curvature reversal occurs after 8
hours of fire exposure, following the additionatiease in transversal load at that time. This
curvature reversal is well captured by the moddterAthat, the computed displacement
increases dramatically, resulting in the collapSthe wall after 8 hours and 50 minutes. The
test also showed an increased rate of transveigghdement after the curvature reversal, but
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no collapse occurred. The test was stopped aftdrol@s and 12 minutes; at that time the
maximum measured transversal displacement was dqudb mm. The measured and
computed axial displacements reasonably agreeuajththe simulation underestimates the
axial expansion. One possible reason for this wudienation is the fact that the part of the
wall located above the furnace was subjected twatded exhaust temperature from an
opening at the top of the furnace. This effectas represented in the numerical simulation,
however it is reasonable to consider that it wdei#d to additional thermal expansion.

An interesting feature of this test was the stepwiskcremental procedure for the
transversal load, because it gives an indicatiooutbbhe evolution of the wall bending
stiffness with temperature increase. Indeed, eamhstersal load increment resulted in a
nearly instantaneous displacement of the wall tdwhe furnace, the magnitude of which is
dependent of the duration of fire exposure anckitsct on the wall stiffness. Hence, it is
interesting to compare the measured and computee v the instantaneous displacement
increase, see Table 3. This comparison gives agaition on the accuracy of the concrete
model for capturing the stiffness degradation widmperature. In particular, proper
evaluation of the high temperature stiffness rexpuirecessarily an explicit computation of the
transient creep. Indeed, implicit formulations du take into account the stress-temperature
history in the material, so that a sudden increasapplied compressive stress at high
temperature results erroneously in a sudden inerefgransient creep [15]. In the present
analysis, the comparison of instantaneous displangsrshows that the wall bending stiffness
is reasonably captured by the concrete model. lldvdhvave been interesting to present
comparison against a similar simulation conductéith \an implicit transient creep model;
however, no appropriate concrete model was availabilconduct this analysis. The former
elasto-plastic concrete model available in SAFIRs waed in an attempt to perform such a
comparison but the analysis stopped prematurely tdu@umerical convergence issues,
making the comparison impossible. Besides, diffecemcrete models would not only differ
on the transient creep component but would generattlude several different features,
which makes it very difficult to isolate the effeadf transient creep only in a comparative
analysis.
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Fig. 8: Comparison between measured and computggketatures in the RC wall.
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Fig. 9: Evolution of transversal displacement jleftd axial displacement (right) in the RC
wall subjected to fire on one face.

Table 3: Increase in transversal displacementtiagurom the stepwise load increments

Time[min] Transversal disp. increase [mm]
Test Model
120 0.9 1.7
240 3.0 2.6
360 4.3 4.7
480 9.4 14.2

4.3 Ulster large-scalefiretest

A full-scale fire test was conducted in 2010 orteelsconcrete composite floor in the
framework of a project funded by the Research Fon€oal and Steel, in which six partners
were involved [31]. The objective of the test wasinvestigate the development of tensile
membrane action in a large composite structurehithvthe unprotected steel beams in the
central part of the floor are made of cellular beam

The full-scale composite floor was made of celluddeel beams connected to a
composite slab. The compartment covered an areld oft by 9 m with a floor to ceiling
distance of 3 m. The surrounding walls of the cormpant were made of normal weight
concrete block works with three 3 x 1.5 m openimmgshe front wall. All the columns and
solid beams on the opening side were protectedguhmm thick fiber boards. The
surrounding cellular beams were also protectedgusegramic fibers, but the two central
secondary beams were left unprotected. The slabmete of 51 mm deep profile of the
Kingspan Multideck 50 type with a concrete cove68fmm on the profile. A steel mesh of
10 mm with a spacing of 200 mm in each directionden@f S500 steel was used as
reinforcement. It was located at a vertical diseaa£40 mm above the steel sheets. The steel
profiles were made of 355 N/mm? yield strength Iste@bereas the siliceous concrete used for
the slab had a compressive strength of 45 N/mmé. sTab was fixed on all steel beams by
means of steel studs welded on the upper flangdisc@innection). The structure was tested
under a wood crib fire. The fire load of 700 MJAwv&s achieved using 45 standard (1m x 1m
x 0.5m high) wood cribs positioned evenly aroune tompartment, yielding a fire load of
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40 kg of wood per square meter of ground area.rutihe fire, the slab was carrying an
applied mechanical load of 3.25 kN/mius dead weight.

The test has been entirely simulated by numerioalyais, from the computation of
the gas temperature evolution in the compartmenhéothermo-mechanical response of the
structure. The objective was to evaluate the abdit the concrete model to be used for
predictive calculations of full scale fire testdieTtemperature evolution in the compartment
has first been assessed by numerical simulatiorttendomputed gas temperatures have then
been used as input data for the SAFIR thermal aisalfhe computation of the temperature
evolution in the compartment was done using théwsoé OZone [32, 33]. This software
calculates the evolution of the gas temperatura compartment under fire based on the
combined use of a two- and a one-zone model. Casgrabetween computed and measured
temperatures in the compartment showed rather ggogement, see Fig. 10. The measured
temperatures have been taken in the four cornersnatne middle of the compartment, with
the openings side of the building referred to asftbnt side. Consequently, the temperatures
computed with OZone can reasonably be used forysisabf the test, even though the
temperatures observed during the test have a cantiplee dimensional distribution due to
the geometry and ventilation conditions that OZoaenot capture. Modeling of these three
dimensional temperature distributions would require use of more advanced numerical
strategies such as computational fluid dynamics, thowever, is out of the scope of this
work. The temperature evolutions in the beams arttle slab sections have been determined
by 2D non-linear transient thermal analyses. Ferstieel beams, the material properties were
taken from Eurocode 3 [34] considering a convectmmefficient on hot surfaces of
35.0 W/m2K, as recommended for natural fire sitmtiFor the concrete slab, siliceous
concrete following the material law of Eurocode 1B][ has been adopted. Following the
method of Eurocode 4 [35], an effective thicknetshe composite concrete slab based on
corrugated steel sheets is calculated for the thleanalysis; it is equal to 110 mm. The
predicted versus measured temperatures withinléitrease plotted in Fig. 11. The measured
temperatures have been taken in the back pareafdmpartment, i.e. on the opposite side to
the openings. The comparison shows good agreemtnihthe slab depth for the flat part of

an effective thickness model with uniaxial heahsfar, the locally higher temperature in the
region just above the flutes (measures A3 and Adnot be captured by this simplified
model. It can be seen that the temperature oftdet miesh, which is approximately located at
the depth of A4-B4 measures, does not exceed 300fi@g the fire.

The structural model built for the analysis of thechanical behavior of the structure
uses beam elements for the steel profiles. Loceklmg and distortion of the beams can thus
not be captured by the model. For the unprotecédidlar beams, it was expected that web
post buckling would occur at a temperature arous@&00 °C, preventing the bottom tee of
the beams from playing any structural function eyahis temperature. Therefore, a
fictitious material has been used for modeling botom tee of the unprotected beams; this
material follows the laws of Eurocode 3 until 50046d then its structural properties are
linearly reduced to zero between 500°C and 600°@Gis Tsimplified approach allows
considering the effect of steel web post bucklintheaut using shell finite elements for the
steel beams, which would considerably increasectimeplexity of the model. Shell elements
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were used for the composite slab, assuming fulheotion between the slab and the beams.
The edge beams are simply supported at the locafitime columns. The concrete model is
used for the reinforced concrete shells. It wassehato neglect the tensile strength of the
concrete. This decision is based on the assumpi@inthe structure is cracked at the time
when the fire starts, due to shrinkage, to theit@pdnd to previous history of temperature
variations in the structure. Although it is not pilde to assess with certainty whether it was
verified everywhere in this specific structure,sttassumption is in line with the design
requirement of Eurocode 2 that states that theléestsength should be ignored [13].
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The computed results of the vertical deflectiortha floor at mid-span of the central
steel beam are compared with the measured reaufig)i 12. A good correlation is obtained
between the FEM model and the real behavior ofakie the numerical simulation qualitatively
captures the evolution of the vertical deflectiéthe structure during the different phases of the
natural fire. Fig. 13 shows the deformed shapethedlistribution of membrane forces within
the slab at ambient temperature and after 60 ménegkposure; in these figures, a different
amplification factor has been used for plotting theformed shape at ambient temperature
(x20) and at high temperature (x2). The mechanisnthe composite slab changes from
flexural mode to tensile membrane action. Aftem@ fire exposure, the unprotected steel
beams have experienced web post buckling instalilitas a result they have lost their
stiffness and cannot provide support to the slabaAonsequence, the span of the slab has
changed from 3.0 m to 9.0 m and membrane behaei@ldps within the slab.
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Fig. 12: Evolution of the vertical deflection oktlfioor at mid-span of the central steel beam.

Fig. 13: Deformed shape and membrane forces ateainfpeft) and high temperature (right).

The numerical simulation was able to qualitativedypture the experimental behavior
of the structure subjected to natural fire. A betlerrespondence between the measured and
computed results in Fig. 12 could probably be oiatdiby adapting the parameters of the
model to fit with the measured values. For instartice real temperatures measured in the
sections could be used instead of the temperataraputed by a numerical thermal analysis.
However, it was deliberately decided to adopt camspa conditions close to a blind
simulation, without any tuning of the parametensprder to get closer to the real conditions
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met by structural engineers. Hence the obtainedltsegive some confidence that this quite
simplified model is capable of predicting the fisehavior of a large structure in fire with a
satisfying level of accuracy, even though the lt@hsfer mechanism completely changes
during the course of the fire.

4.4 Fireanalysis of an arch shell roof structure

In the framework of a concrete building rehabildat the fire resistance of a shell
roof structure was studied on a request by thegdesffice |CB-Luxemburg. The studied roof
structure is made of two shells side by side; thensof one shell is 15.10 m and the height
between the keystone and the support of the she&ld0 m. The length of the building is
27.00 m. The shells are made of reinforced con@etetheir thickness varies from 160 mm
(side) to 100 mm (center). The horizontal forcethatbase of the shells are equilibrated by
steel tie rods of 35 mm diameter distributed eveB0 m. Cupolas of dimensions 1.50 m by
1.00 m are distributed in the roof every 4.50 mthe direction of their length. It was
requested to analyze the fire resistance of thetsire in the situation of ISO fire under one
or both shells.
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Fig.15: Membrane forces in the structure loadetbain te‘mperature around a cupola (left)
and at the anchor of a tie beam (right).

This analysis allows exploring the capabilities tbé concrete model in terms of
practical usefulness and numerical robustness. stheture may present different failure
modes in the concrete at high temperature, suchuafing or instabilities in the shell due to
restrained thermal effects, or local failure duestoess concentrations at the anchor tie
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locations or around the openings. For such a comgtieicture, the fire response must be
assessed by numerical analyses. Hence, a robustléatie concrete model is required to be
able to run the analyses until failure and gaimnarght into the fire response. This example is
of particular interest to demonstrate the capadsliof the model because it deals with a
complex shell structure with discontinuities, ssre®pncentrations and large displacements
and because it is based on a real applicatioradtstal fire engineering.

The finite element model of the structure is shawnFig. 14. Only half of the roof
has been modeled with proper symmetry conditionmsrd at the edge of the model. As the
shell structure has variable thickness, 10 diffesections have been used in the model with a
thickness varying from 160 mm to 100 mm. The stieetods are modeled using beam finite
elements. The concrete shell roof is reinforcedboth directions by means of steel
reinforcement mesh. The concrete compressive straag?0 MPa, the reinforcement steel
yield strength if 400 MPa and the tie rods yielcesgth is 235 MPa. In the structure, the
applied loads are transmitted by the concrete gshedugh compressive forces toward the
supports where the horizontal component is eqaildat by the effect of the steel tie rods.
When loaded until failure at room temperature,dtnacture collapses by yielding of the steel
tie rods. Fig. 15 shows the membrane forces irsthecture loaded at room temperature; the
concentration of the forces at the location ofdte| tie rods is clearly visible.
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Fig. 16: Mid-span deflection of the fire-exposedelshroof as a function of
the thermal protection of the steel tie beams (STB)

Fig. 17. Deformed shape at collapse of a conciet# soof subjected to fire with unprotected
steel tie rods.

The fire analysis of the structure is performedarrgklf-weight loads. During the fire,

the temperature increase in the steel tie rodssl¢adhermal expansion and decrease in
stiffness and strength of these elements. As aeguesice, the concrete shells lose their
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horizontal supports and the structure stiffnessadee. Finally, collapse arises by a snap
through of the concrete shell in the compartmenéretthe fire develops. With thermally
unprotected steel tie rods, the fire resistancehef structure is lower than 15 minutes.
However, by protecting thermally the steel tie raithe failure time can be delayed. Fig. 16
shows the evolution of the vertical displacementhattop of the heated shell roof for these
different configurations. Fig. 17 shows the defodnsbape at collapse in the case where the
tie rods are not thermally protected. Collapseearat a time when the temperature in the steel
tie rods reaches approximately 560°C, so that itjeeln the thermal protection on the tie rods,
the higher the fire resistance. This result mayrsebvious but the numerical analysis was
necessary to verify that, for a high level of thafmrotection of the steel tie rods, no failure
mode is reached in the concrete shell which isdueand subjected to restraint thermal forces.
The structure has been analyzed in the case whergteel tie rods are perfectly protected so
that their temperature remains constantly equ&lOf&C during the course of the fire. Fig. 16
shows that, in the latter case, collapse by exeessimpression in the concrete shell is not to
be feared within 180 minutes of ISO fire exposure.

The analysis has been repeated considering a thaomerete shell, with a uniform
thickness of 80 mm. The steel tie rods have be@sidered as perfectly protected, with a
temperature constantly equal to 20°C. In this caseas expected that a failure mode in the
concrete shell would be observed when the shellisnitted to fire. The results show a fire
resistance lower than 1 hour for this structures Beg. 16. Failure occurs in the heated
concrete shell which is submitted to significardtrained thermal effects. As a conclusion, it
appears that the actual concrete shell design (aithickness varying from 100 mm to
160 mm) is appropriate to avoid any failure in toacrete during fire. The fire resistance can
thus be improved simply by adding thermal protettmthe steel tie rods.

5. Conclusion

A new multiaxial constitutive model for concrete hkigh temperature has been
developed based on a plastic-damage formulatioa.dBtailed theoretical and computational
aspects of the model have been presented in aopepublication [11]. In the present paper,
the concrete model has been used in numerical atirons performed with finite element
software dedicated to the analysis of building cgtrres in fire. The objective was to
demonstrate the capabilities of the concrete miwdalperformance-based framework and to
show that it can be used for practical applicationstructural fire engineering.

The simulations of experimental tests on structetaiments presented in this paper
have highlighted the reliability and accuracy o #toncrete model. In particular, the model
succeeds in capturing the crack pattern in a mamcrete specimen subjected to combined
shear and tensile force, and the development ddileermembrane action in reinforced
concrete slabs. Moreover, the examples of Sectidradd 4.4 were taken from real projects,
which gives some confidence about the ability @f tbncrete model to be used for structural
fire engineering applications.

Although the proposed model is fully three-dimensip no application using solid
finite elements with a three-dimensional stresgedtas been presented in this paper, mainly
because of the difficulty to find experimental datahe fire situation. Practical applications
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based on 3D solid finite elements in the field afilding structures would include, for
instance, the analyses of joints, shear punchingatnslabs, or concrete filled steel tubular
columns. The study of this class of problems ushe new concrete model appears as an
interesting perspective for future works.
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