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ABSTRACT

Purpose - The present thesis aims to develop an efficient esldhble
multiaxial concrete model for implementation inittnelements softwares dedicated
to the analysis of structures in fire. The needdaper concrete model remains a
very challenging task in structural (fire) enginegrbecause of the complexity of
the concrete mechanical behavior characterizattmhthe severe requirements for
the material models raised by the development dbpaance-based design.

Methodology - The thesis opted for a phenomenological approach fo
modeling the thermo-mechanical behavior of concrétee specifications of the
model are based on the study of published expetaheata of concrete samples
tests and on the specific needs related to theicapiphs in structural fire
engineering. With these specifications in mindtadesof the art review of concrete
models is conducted in order to choose the getieeaketical framework that best
fits the criteria for the development of the newdmlo The thesis presents the
theoretical development of the model and its nucaérmplementation in a finite
elements software. Numerical simulations of expental tests are then performed
to verify that the model satisfy the specifications

Findings - The combination of elastoplasticity theory and dgenaheory
allows to develop a phenomenological model suitatde concrete behavior
modeling within the pragmatic and robust theorétitamework of continuum
constitutive models based on smeared crack approdod state of damage in
concrete, assumed isotropic, is modeled by meaadairth order damage tensor to
capture the unilateral effect. When complex perBmoe-based situations are
considered, the effect of transient creep stramgit temperature must be taken into
account by an explicit term in the strain decomj@si A generic transient creep
model is therefore developed based on experimdataland the model is calibrated
to yield the same results as the Eurocode impiaiidel in simple prescriptive
situations. The concrete model comprises a limmt@tiber of parameters that can be
identified by three simple tests; besides, a stahdat of values to be used in
predictive calculations is clearly defined for thegparameters. Numerical
simulations can deal with all stress states agrtbdel is developed as fully three-
dimensional. A large number of examples highlidgiat tapabilities of the model that
range from the modeling of sample tests to the hgl®f large scale composite
structures developing membrane action.

Limitations — Due to the assumption that damage and plastiogydaven by
the same internal variables in the model, a linutatappears for capturing the
concrete post-peak behavior in highly confinedsstratates. This assumption allows

Abstract iX



for reducing the number of parameter but it resrahe domain of applicability of

the model; it is suggested to adopt a differentagqgh if the behavior in multiaxial

compression at high confinement level has to beurately captured. Another

limitation of the model is related to the localipat issue, which is only partly

addressed in this work by means of the regulaonatif the crack energy. Further
works should bring a more elaborated response wdolesidering the case of
reinforced concrete structures, in which numeraasks develop. Finally, several
simplifying assumptions have been adopted to restn@ scope of the research; for
instance, the phenomenon of spalling has not beesidered.

Practical implications - The thesis includes implications for the developimen
of advanced numerical tools for the simulation ohaete structures at ambient
temperature and at high temperature. The use &f adeanced tools in the design
may lead to significant reduction in the buildingsts and to improved robustness of
the structures.

Value — The thesis contributes to fulfil an identified netedmake available
proper constitutive concrete model for implemeptatin finite elements softwares
dedicated to the analysis of structures in fireecsd care is given to the numerical
robustness of the model and to the clear definitibthe material parameters as the
model is intended to be used by structural (fireieeers in real applications.
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GENERAL INTRODUCTION

Problem

Elevated temperatures in buildings or other stmastuare the result of accidental
situations such as fire or accident in nuclear ele$sre caused by the terrorist attacks on 9/11
was the cause of collapse of the twin towers of\WWerld Trade Center. This same day, fire
also developed in the 7-World Trade Center towed agsulted in the collapse of the
structure, although the structure had not beenciiralamaged by the attack. Another
example of fire in a skyscraper occurred in the 88or Tower in Madrid, on 12 February
2005. The fire lasted for almost 24 hours but the@nnstructure of the Windsor Tower, in
reinforced concrete, resisted the high temperatwrgwut collapsing. Elevated temperatures
may also arise in nuclear vessel due to accidesitiztion in nuclear power plant. Such a
disaster occurred at the Fukushima Daiichi Nuckawer Plant, following the earthquake
and tsunami on 11 March 2011.

It is the responsibility for the designer of a stwre to take into account the effects of
accidental situations. Elevated temperatures irahge between 100°C and 1000°C affect a
structure because they lead to thermal elongatodsbecause they affect the materials that
make up the structure. Thermal elongations indesg&raint loads in statically indeterminate
structures. Materials subjected to elevated tentpers experience a decrease in their strength
and stiffness properties; in addition, many othbBerppmena may appear and affect fire-
exposed materials, depending on the consideredrialaé@d other conditions. For instance
fire-exposed concrete may experience explosivdisgalWood is a thermally degradable and
combustible material and therefore the behavidirefexposed wood is totally distinct from
the behavior of non-combustible materials. Elevagsdperatures in a structure thus result in
a decrease in the load bearing capacity of thectsirei and possibly in the development of
restraint forces in the structure. As a consequercestructure subjected to elevated
temperatures will collapse under gravity loads the¢ lower than the ultimate loads at
ambient temperature. Combinations of loads thaude elevated temperatures have to be
verified by the designer of a structure. The distgthat aims at assessing the performance
of building structures in accidental fire situasas referred to as structural fire engineering.

Structural concrete is widely used in civil engineg due to its many advantages. The
advantages of structural concrete include the higinability in severe environmental
conditions, the workability and formability into naus structural components, the possible
short duration of works on site due to the develephof precast concrete, the high stiffness
of structural concrete elements compared to steattaral elements. Another important
advantage of structural concrete is its fire rasise. The high fire resistance of concrete
structures is due to the high massivity of the cetecsections that limits the elevation of
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temperature in the core of the section and in tbel sebars. As a result, fire resistance can be
achieved in building structures made of concreteanomic costs. The use of structural
concrete is thus common in applications where tree resistance is an issue or in other
applications where elevated temperature can anige &s in nuclear vessels.

The analysis of the nonlinear behavior of struure fire can be performed by the
numerical finite elements method. The numericalymmof a structure subjected to fire may
be divided into three parts: first, the evolutidntle gas temperature in the compartment is
established; secondly, the thermal analysis is wcted to determine the temperature
distribution in the structural members; thirdlyetmechanical analysis is conducted to assess
the behavior of the structure subjected to elevawdperatures. For these numerical
simulations, temperature dependent constitutivatiogiships are required for the materials
used in the structure such as, for instance, steeglconcrete. The thermal analysis requires
proper modeling of the thermal behavior of the efight materials, whereas the mechanical
analysis requires proper modeling of their mecharbehavior at elevated temperatures. The
constitutive relationships that are used in the ewral analyses of structures in fire have
important implications on the global behavior ok tstructure. Characterization of the
properties at elevated temperatures of the diftenesiterials used in civil engineering has
been the subject of many research efforts in teedacades. However, the development of
reliable and accurate constitutive models remamsi@to-date, very challenging issue for
several load bearing materials.

Constitutive relationships for modeling the meckahbehavior of concrete are highly
needed due to the numerous applications of stricttoncrete. The main criteria that a
constitutive model should fulfill are the relialyli the accuracy and the numerical robustness.
It is also important that the parameters of the eh@@n be identified by elementary tests.
However, concrete is a complex composite matepatposed by aggregates and hydrated
cement paste. The mechanical behavior of conceetdaghly nonlinear and influenced by
microcracking. In tension, concrete has a very kivength and brittle behavior, and it
experiences softening. In compression, concretébighnelastic volumetric expansion. At
elevated temperatures, characteristic phenomenadeagiop such as explosive spalling or
transient creep strain. For all these reasons, epr@onstitutive modeling of concrete,
especially at elevated temperatures, is a diffiantt still unaccomplished task.

Aim

The objective of the present thesis is to develaoftiaxial constitutive relationships for
concrete at elevated temperatures, for applicationsstructural fire engineering. The
relationships have to capture accurately the behadi structural concrete under complex
multiaxial stress states, at ambient and elevaetbératures. The stress-temperature history
has an influence on the material response andsittthde taken into account. Numerical
robustness of the model is required as the modatesded to be implemented in numerical
software to be used for the calculation of struzduin fire. Finally, the developed model is
intended to be used by structural fire engineergah projects; for this reason, it should be a
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generic model with reasonable amount of paramehkats can be identified by elementary
tests.

Presentation of the work

Chapter | aims to define the requirements of aiamilil constitutive model for concrete
at high temperature. Therefore, the thermo-mechambiehavior of concrete material is first
discussed based on experimental tests given iliténature. As this thesis is oriented towards
structural applications, special emphasis is giventhe different phenomena that have
implications at the structural level. Practical mydes of structural applications are then
considered to highlight particular requirements mbdels dedicated to structural fire
engineering.

Chapter Il presents a state-of-the-art review a #xisting models for concrete.
Intensive research has been done in the last de@adeonstitutive modeling of concrete at
ambient temperature. Special care is given to thdefs based on the elastoplasticity theory
and on the damage theory. For concrete at eletatederatures, important research efforts
have been done to develop uniaxial models but thiéarial modeling is still suffering from
a lack of experimental data. Therefore, only fewltraxial models have been reported in the
literature. The phenomenon of transient creeprstsainvestigated in details in this study as it
develops in fire-exposed concrete and has imptinaton the structural behavior; the existing
models for transient creep strain are thus disclusBeyond the review of the concrete
theories, this chapter compares the different apgres with the aim to draw a general
theoretical framework and to adopt the main assiomgtfor the new model developed in the
next chapters.

Chapter 1l presents an original uniaxial consitteitimodel for concrete that includes an
explicit term for transient creep strain. The theaf the model is presented and the
implementation process in the software SAFIR fanlimear calculation of building structures
in fire is described. Then, the validation of thedwal is performed against experimental data
given in the literature. Namely, several tests onccete columns in fire are simulated using
the uniaxial concrete model and the results areudised.

In Chapter IV, an original multiaxial constitutivenodel for concrete at elevated
temperatures is developed. The model is based @rcdhpling of plasticity and damage
theories. The model contains an explicit term fomputation of transient creep strain; this
term is derived by generalization to multiaxialess states of the uniaxial transient creep
strain model developed in Chapter lll. The thegedtaspects and implementation process of
the model in the software SAFIR are given. The raxilal constitutive model for concrete
has been implemented for solid finite elementslyfolultiaxial model) and for shell finite
elements (plane-stress model).

Chapter V presents the validation of the developedltiaxial concrete model.
Experimental tests performed in the literature onccete samples are simulated with SAFIR
to validate the ability of the model to capture bekhavior of concrete subjected to different
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stress and temperature paths. These tests alse fatocalibrating the parameters of the
model. Then, a series of experimental tests peddron structural elements are simulated
with SAFIR. In order to demonstrate the predictbapability of the model, the values of the
parameters used for the structural applicationstlagevalues fixed by calibration on the
sample tests. Finally, numerical simulations ofictures are conducted to validate the ability
of the concrete model to be used for real appboati For instance, a full scale fire test
performed on 27 February 2010 in Ireland on a steetrete composite floor is simulated
with SAFIR using the new concrete model and the enical and experimental results are
compared.
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CHAPTER| —REQUIREMENTS OF
CONCRETEMODELS FOR
STRUCTURAL FIRE ENGINEERING

The objective of this chapter is to examine theuregnents of concrete constitutive
models dedicated to applications in the field ebictural fire engineering. These
requirements are based, on the one hand, on theriexpntally observed concrete
behavior that models should be able to reproduce, am the other hand, on the
specific applications for which models are devetbpBroper definition of these
requirements is the preliminary step for the depsient of a new material model.

In the first part of the chapter, the phenomenatagjbehavior of concrete material
is described based on experimental tests publighéak literature. The behavior is
described at ambient temperature and then at ebev&@mperature. Obviously, an
important requirement for concrete constitutive msds the ability to capture the
phenomenological behavior of the material withisight accuracy.

In the last part of the chapter, specific applica of structural fire engineering are
presented. These applications highlight the faett thevere requirements should
apply to constitutive models intended to be usedhi® simulation of structures in
fire. The numerical analysis by the finite elemmethod of a structure comprises an
important number of finite elements and integratmmints; therefore constitutive
models should be robust. For structures subjectedatural fire, the analysis is
conducted during the heating phase but also dutirggcooling phase of the fire,
when the gas temperatures and, thus, the temp@&starconcrete are cooling down
from maximum to ambient temperature. As a consegyetihe concrete model
should also capture the behavior during coolingndfly, the analysis on concrete
samples may not reproduce the complexity and waoétsituations in the stress-
temperature domain that arise in a structure. Inhaated structure, thermal
gradients induce thermal stresses which createingrgtresses in the cross section
even if the load on the structure is constant dyrihe fire. As a result, the
consideration of the practical applications for whithe model is developed leads to
specific requirements for this model.
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I.1. Mechanical behavior of
concrete at ambient
temperature

In this section, the mechanical behavior of corcegtambient temperature is discussed
based on experimental observations. Different typésloading are explored and the
corresponding stress-strain curves are given. Ang@menological approach is adopted to
describe the different aspects of the material bieha

I.1.1.  Uniaxial compression

Concrete exhibits a highly nonlinear behavior inaMral compression. Results of an
experimental test in uniaxial compression on aaallBpecimen (van Mier, 1984) are plotted
in Fig. 1.1-1. The left part of the figure showstrelationships between the axial and lateral
strainseg, and £, and the stress. The right part of the figure degite relationships between

the volumetric straing,,, and the stress. The concrete response is appr@tymimearly

elastic up to 30% of the maximum compressive sttenBuring this elastic phase, the
material exhibits volumetric contraction. Above 3@¥the maximum compressive strength,
the concrete response becomes more and more remlipgo about 70-90% of the maximum
compressive strength. The rate of volumetric stihanges sign and the volume of the
sample comes back to its initial value. Eventuttiy material reaches the peak stress value
which is the maximum compressive strengfp. The maximum compressive strength

measured on concrete cylinders typically ranges fabout 12 MPa to 90 MPa; by definition
it is referred to normal strength concrete (NSCewlkhe compressive strength is lower than
55 MPa and to high strength concrete (HSC) whers ihigher than 55 MPa (European
Committee for Standardization, 2004b). The axiahist corresponding to this maximum
compressive strength is called strain at peakstrgsand ranges between 1.8 %o and 2.8 %o.

Typically when concrete reaches the peak streseyéte volumetric straia,,, has become

ol
positive which means that the material exhibitsumwétric expansion. This volumetric
expansion under compressive loading is called aiat. Immediately after the peak stress
value, the axial strain-stress curve descends. il€behavior has changed from nonlinear
hardening to nonlinear softening. The axial andridtstrains continue increasing (in absolute
value) whereas the stress decreases. This softesirggsociated with strong dilatancy.
Finally, crushing failure occurs at an ultimateadstraing,, .
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Fig. 1.1-1: Concrete behavior in uniaxial compreasivan Mier, 1984)
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Fig. 1.1-2: Cyclic behavior of concrete in uniax@mpression (from Karsan and Jirsa, 1969)

The main phenomena observed in Fig. .1-1 are: imea hardening, nonlinear
softening and dilatancy. The nonlinear behaviorcoficrete that consists in hardening
followed by softening is the result of the init@ti and growth of microcracks in the
cementitious matrix. Under uniaxial compressionséhenicrocracks propagate mainly in
planes parallel to the direction of loading; thes&rocracks are called splitting cracks
(Jirasek and Bazant, 2002). Concrete is a frictiovaterial in which aggregates, as a granular
material, are capable of undergoing extensive ipldkiw (Ortiz, 1985). Dilatancy is the
result of the inelastic split strains that develogoncrete.

Experimental data for concrete subjected to congprescyclic loading has been given
in the literature, see Fig. 1.1-2 (Karsan and Jil€69). These experimental results show the
degradation of the elastic properties and the dgwveént of inelastic strains in the material.
The former phenomenon is the direct result of thaeoracks. The latter phenomenon is due
to the fact that, to some extent, the opening ofroeracks is irreversible. Hysteretic
unloading loops are also observed. This energyipdisn is probably the result of the
friction between microcrack surfaces and of theawatovement in loaded concrete.
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|.1.2.  Multiaxial compression

Concrete is a pressure-sensitive material. Undeltiarial compression, the axial
splitting phenomenon is inhibited or slowed down llayeral compressive stresses; the
concrete is confined. This phenomenon increasesstileagth and ductility of concrete as
compared to the uniaxial compression case. Expetaheresults of an equibiaxial
compression test, i.e. with applied stress ratjoo, =1 and g, =0, are given in Fig. 1.1-3

(Kupfer, et al., 1969). The maximum compressiveesstrobserved on the graph, called
equibiaxial compressive concrete strength, is higher than the uniaxial compressive

strength f,. As shown by various experimental studies (Pamdadu and Kappos, 2007), the
ratio between equibiaxial and uniaxial concretergith f,/f. decreases with increasing
concrete strengttf, ; this ratio ranges from approximately/ f. =1.20 for f, =20 MPa to
approximately 1.08 forf, =90 MPa.
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Fig. 1.1-3: Concrete behavior in equibiaxial congsige loading (Kupfer, et al., 1969)

Under triaxial compression the confinement effectmore pronounced compared to
biaxial compression. Fig. 1.1-4 shows experimergalilts on the concrete response to triaxial
compression (Imran, 1994). The concrete samples haen subjected to hydrostatic loading
up to certain stress level; then the stress irctiine 3 has been increased until failure of the
specimen whereas the stresses in directions 1 arete?kept constant. The concrete strength
and ductility increase with the confinement levélighly confined concrete exhibits
remarkable ductility. This may be explained by thesing of the pores which results from the
hydrostatic pressure.

Recent experimentations on concrete cylinders havestigated the behavior of
concrete in a very highly confined stress statan@d, et al., 2010). Fig. 1.1-5 shows the
evolution of the deviatoric stress defined as the difference between the axial stvgsand

the confinement (hydrostatic) stregs, versus the axial straig, and the circumferential

strain &, for a concrete sample confined with 200 MPa catfient stresp . The increase in
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strength due to high confinement is dramatic asrihgimum deviatoric stress increases from
40 MPa for the simple compression test to approteima@20 MPa for the test with 200 MPa
confinement. The very brittle behavior observedthe uniaxial compression test is not
reproduced in high confinement tests; concrete uhégh confinement exhibits a plateau
after the peak stress. During the experiment, tdrerete specimen has been subjected to
various unloading-reloading sequences to examire itfluence of confinement on the
degradation of the elastic properties. Comparedhéo response in uniaxial compression
plotted in Fig. 1.1-2, the stiffness degradationnsich less pronounced in case of high
confining pressures as can be seen by observingldpe of the unloading branches in Fig.
l.1-5.
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Fig. 1.1-4: Concrete behavior in triaxial compressat various confinement levels (Imran,
1994)
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Fig. 1.1-5: Triaxial test at 200 MPa confinementifiard, et al., 2010)
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The authors have observed that at low confinemless (than 60 MPa for a concrete
with a compressive strength of 40 MPa), the coectgthavior is cohesive-brittle and
governed by damage phenomena, in the sense ohestff loss, whereas under high
confinement (higher than 150 MPa), the concreteatieh tends toward that of a granular
material governed by plasticity, and the damagenphenon is inhibited. That can be
explained by the fact that at low confining pressuoehavior is governed by the porous and
cohesive cement matrix and the failure is caused byechanism of considerable localized
damage; this failure is characterized by a pea#sstthat reveals the brittle behavior of
concrete. However under high confinement, the cémmatrix is compacted and loses its
cohesion during the hydrostatic phase; the concbetieaves like a granular stacking
arrangement and failure is caused by diffuse damati®ut any loss of strain homogeneity
(Poinard, et al., 2010).

[.1.3. Uniaxial tension

Concrete is characterized by a dramatically loweength in tension than in
compression; the ratio between uniaxial tensilergjth and compressive strength ranges from
0.05 to 0.10 (Hugues and Chapman, 1966). The lmsilee strength of concrete results in
tensile cracking at a very low stress compared watmpressive stresses. The direction of the
tensile cracks is normal to the axis of maximunmgipal stress. This tensile cracking leads to
a degradation of the elastic properties of the rietelhe concrete response under uniaxial
tension is illustrated in Fig. 1.1-6 (Gopalaratnamd Shah, 1985). The response is almost
elastic linear up to the maximum tensile stren@@@yond this point, the behavior is very
brittle and concrete experiences softening. Find#lijure under uniaxial tension occurs at a
very limited ultimate strairg,, compared to compressive loading.
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Fig. 1.1-6: Concrete behavior in uniaxial tensi@opalaratham and Shah, 1985)

The cyclic behavior of concrete in uniaxial tensidras been experimentally
investigated, e.g. by Gopalaratham and Shah (1888)jt is illustrated in Fig. 1.1-7. Analysis
of the concrete response during the unloading-dehgacycles confirms the degradation of
the elastic properties that result from tensileckirag; the slope of the unloading branches
decreases when the maximum strain applied in tensmreases. The hysteretic phenomenon
is less pronounced in uniaxial tension comparetl witiaxial compression. This may be due
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to the fact that the friction between microcrackfaces, which is an important cause of the
energy dissipation in concrete, is much likely ts& during compressive loading compared
with tensile loading.
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Fig. 1.1-7: Cyclic behavior of concrete in uniaxiahsion (Gopalaratham and Shah, 1985)

[.1.4. Failure criterion

Different authors have worked to establish theufailsurface, or strength envelope, of
concrete; this failure surface bounds the domaimakimum admissible stresses in the
material, thus defining the largest possible rasis¢ of the material. Concrete is a composite
material composed by aggregates and a cementitiatisx and failure in concrete is driven
by the cohesive strength of the cement paste aadfribtional adhesion of aggregate
interaction. Therefore, failure surface for coneretust reproduce pressure sensitivity on the
one hand, and tensile strength limiters on therdtfienetrey and Willam, 1995).
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Fig. 1.1-8: Test data of the biaxial strength eopel of concrete (Kupfer and Gerstle, 1973)

Experimental results of the biaxial strength enpel@f concrete are plotted in Fig.
I.1-8. Despite the almost four decades since thesewobtained, these famous experimental
results by Kupfer and Gerstle (1973) are stilld/@nd used in the literature; see for instance
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Jirasek and Bazant (2002). These results indi¢ete dompressive loading in one direction
increases the compressive strength in the perpdadidirection, compared to the uniaxial
compressive strength. However, compressive loadinge direction decreases the maximum
tensile stress that can be transmitted by the mhtarthe perpendicular direction, because it
promotes the development of cracks. This latterlmoation of principal stress corresponds,
for instance, to pure shear.

Under multiaxial loading, the strength envelopetl® principal stress space is a
deformed cone, with three planes of symmetry thantersect at the hydrostatic axis (Jirasek
and Bazant, 2002), see Fig. 1.1-9. By definitidre tnultiaxial stress can be decomposed into
a hydrostatic component, which tends to changevtileme of the stressed body, and a
deviatoric component, which tends to distort thelyoorhe hydrostatic part of the stress is
measured on the hydrostatic axis, which is defimedhe stress space by the relation
o, =0,=0,. The deviatoric planes are perpendicular to thrdstatic axis; they are defined

by the relationo, +o, +0,=constan. The deviatoric part of the stress is measured on

deviatoric plane as the distance between the puaitrepresents the stress and the hydrostatic
axis. The deviatoric sections (octahedral plangeptimns) have the form of a rounded
triangle whose shape changes from almost triangidartensile and low compressive
hydrostatic pressures to almost circular for higmpressive hydrostatic pressures (Launay
and Gachon, 1971). This variable shape of the tmigasections traduces the change from
quasi-brittle to ductile behavior with increasingdhostatic pressure (Grassl, et al., 2002).

The intersections of the strength envelope witlipteies that start from the hydrostatic
axis are called meridians, see Fig. 1.1-9; thesediams are curved for concrete. They can be
used for describing the change of shape of theatlmw@ sections. These meridians are
different for different values of the deviatoricl@oangled, since the deviatoric section of the
strength envelope is not circular.

compression
: Li=01+02+0s - g
- T A
o Ai 6| gy = > (oi- 31)2 Ma shear
E ~ i=1,3 meridian
= \ =
L deviatoric -
<= Q plane ension
meridian
-m/6 "
Oy
dem’atfanc
strength envelope

Fig. 1.1-9: Multiaxial behavior of concrete: strehgnvelope, deviatoric sections and
meridional planes (from Petkovski, 2010)
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1.1.5.  Cyclic behavior in tension-compression

When subjected to uniaxial cyclic tensile-compnessioading, concrete exhibits a
sudden recovery of stiffness during unloading frtre tensile region to the compressive
region. This phenomenon, called unilateral efféxta consequence of closing the tensile
cracks. The response in compression is not affdayeithe previous tensile loading because
the previously opened tensile cracks are perpelagicio the cracks that develop in
compression. Experimental results of the unilatefédct in concrete (Reinhardt, 1984) are
plotted on Fig. 1.1-10; these results have beerainbtl on concrete specimens with a
rectangular cross-section subjected to cyclic tegte the envelope curve in uniaxial tension
and with large compressive lower stress. The softerbehavior in tension and the
degradation of the elastic properties due to tensihcking is clearly visible in the tensile
stress zone (positive values of the stress). Tifiaests changes when the stress state switches
from tension to compression; the material exhilsityirgin compressive stiffness due to
closing of the tensile cracks under compressivessas.

G {N/mm?)

100 120 140

Stotluml

Fig. 1.1-10: Cyclic tensile-compressive loading(fr Reinhardt, 1984)
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I.2. Mechanical behavior of
concrete at high temperature

This section deals with the mechanical behaviarooicrete at elevated temperature. At
the micro-level, elevated temperatures cause thgdiation of concrete (Lin, et al., 1996).
Microcracks may also develop in heated concretetduge difference in thermal dilatation
coefficient between the aggregates and the cemastiep These degradations affect the
mechanical behavior of the material. As was thee dasthe previous section for ambient
temperature, the concrete behavior at elevateddarmanpe is discussed based on experimental
observations. Analysis of the test data at elevéatperature leads to the definition of the
evolution laws of the mechanical properties witmperature. Next, specific phenomena of
heated concrete are presented: the free thermaih,sthe transient creep strain and the
spalling phenomenon.

1.2.1.  Uniaxial compression

The concrete response in uniaxial compression dpeon the temperature.
Experimental stress-strain curves for concrete maxial compression at different
temperatures (Schneider, 1988) are plotted in IR2gl. The curves plotted on the graph are
called instantaneous stress-strain curves bechegerésult from a steady state test; loading
of the concrete sample is performed at constanpéeature. It can be seen that an increase in
temperature results in a degradation of the ssfrend compressive strength of concrete. The
decrease in stiffness and compressive strengthoo€rete due to temperature effects is
irreversible. An increase in temperature also tesalan increase in the material ductility.

20°C

=
o

0.8

0.6

0.4

0.2

Adimensional stress o/ f; ,o

0.0

0.0 -1.5 -3.0 4.5 -6.0 -7.5 9.0
Strain x 10-3

Fig. 1.2-1: Instantaneous uniaxial compressionaasp at high temperature (Schneider, 1988)
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The concrete response in uniaxial compressioneatitdd temperature is influenced by
many factors such as the type of aggregate or #terveontent. More information about the
influence of these factors on the mechanical ptegseof concrete is given in Section 1.2.4. In
addition, the concrete response in uniaxial congioeslargely depends on the applied
compressive stress during heating (Schneider, 198%) this reason, an additional strain
component is defined in heated concrete to makstaaction between concrete that is loaded
at elevated temperature and concrete that is heater load; this strain component is called
transient creep strain. More information aboutdrant creep strain is given in Section 1.2.6.

|.2.2.  Biaxial compression

Experimental tests on the concrete behavior undeib@axial compressive loading at
elevated temperature have been published in thatitre (Ehm and Schneider, 1985). The
obtained stress-strain relationships are presdnté&ig. 1.2-2; during the tests simultaneous
stress increase of the same order was appliedrectitins 1 and 2 whereas direction 3 was
free. It can be seen that the stiffness and thérgual compressive strength decrease with
temperature increase.

The strength envelopes in biaxial compression avatéd temperatures have been
experimentally established by Ehm and Schneide8X)9see Fig. 1.2-3. The equibiaxial
compressive strengtiy decreases with temperature but, at a given teryverahe decrease
in equibiaxial compressive strength is smaller thiae decrease in uniaxial compressive
strengthf.. The confinement effect is more pronounced in dgt@ioncrete because elevated
temperatures cause the degradation of the micuoctate and an increase in porosity. As a
result, the strength envelope shape changes toveanti®re elongated shape at elevated
temperatures.

f.=41 MPa o/fc20 P
L 1.4 —| ol

20°C | 1o 20°C | 2.4

300°C

750°C

&3 £€,.=-8&
r T T T U.G T T T 1
0.008 0.006 0.004 0.002 0.000 -0.002 -0.004 -0.006 -0.008
Strain

Fig. 1.2-2: Equibiaxial compressive loading at higimperatures (Ehm and Schneider, 1985)
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Fig. 1.2-3: Bicompressive strength envelope at heghperatures (Ehm and Schneider, 1985)

[.2.3. Uniaxial tension

The concrete stress-strain response in uniaxigidens affected by temperature. The
response to uniaxial tensile tests at high tempezathas been investigated on high strength
concrete by Felicetti and Gambarova (1999), see IRkgh. It can be seen that the uniaxial
tensile strength and the stiffness decrease withinarease in temperature. At a given
temperature, the reduction in tensile strengthreaigr than in compressive strength. For
instance at 250°C, the tensile strength obtaineBddgetti and Gambarova has already been
reduced by 45% compared with its value at ambiemperature, whereas the diminution in
compressive strength is about 10% at 250°C. Expariah results of the uniaxial tension test
also show that the strain at peak stress remaipso@mately constant when temperature
increases; however, the ductility after peak sties®ases with temperature.

o [MPa]

0.00 0.04 0.08
Al [mm]

Fig. 1.2-4: Uniaxial tension at high temperaturgslicetti and Gambarova, 1999)
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1.2.4.  Evolution of the mechanical properties with
temperature

The analysis of the concrete response in uniaxiapression, biaxial compression and
uniaxial tension has shown that the mechanical\behaf concrete depends on temperature.
This section explores the temperature dependendheotcharacteristic parameters used to
describe the concrete response illustrated in theviqus sections. Although many
experimental tests have been conducted to estabkskemperature-dependency of some of
the concrete material properties, e.g. the uniscoahpressive strength and elastic modulus,
the effect of temperature is still poorly estabdidhfor other concrete properties such as
Poisson’s ratio or fracture energy, due to a lackxperimental data. In addition, intensive
research efforts are still needed in the fieldmiarete modelling at elevated temperatures as
very few models are available for practical applaas.

[.2.4.1. Uniaxial compressive strength

The concrete compressive strength is affected bypéeature. Many authors have
performed experimental tests to characterize thi@tian of concrete compressive strength
with temperature. These tests can be divided ifergifit categories depending on the
employed method. A first category of tests is ies¢ed in the steady-state compressive
strength of concrete at elevated temperature; timerete specimens are first heated to the
pre-specified temperature and then they are loatladcertain load rate (or strain rate) while
the temperature is kept constant. A second categfamsts is interested in the transient-state
compressive strength of concrete at elevated teathyper the concrete specimens are first
loaded and then they are heated at a certain aeatvhile the applied load is kept constant.
Indeed the compressive strength-temperature rekdtip is influenced by the compressive
stress applied on the concrete specimen duringnigeg@chneider, 1985). A third category of
tests is interested in the residual compressivength of concrete after heating to given
temperature and cooling down to room temperatune. aflditional loss of compressive
strength is observed in concrete during cooling mamad to the strength loss at maximum
temperature (Li and Franssen, 2011).

In addition with the dependency on the test methibe compressive strength-
temperature relationship is affected by many factmong which the aggregate/cement ratio
and the type of aggregates are the most signifi&atineider, 1985). The decrease in strength
of siliceous concrete occurs at lower temperatemapared to calcareous and lightweight
concrete. By contrast, the original strength ofarete does not appear to have significant
effect on the decreasing rate of the compressreagth with temperature. When the residual
strength is assessed, the results also depene @oohing regime adopted during the test.

Experimental results on the evolution of the cotereompressive strength with
temperature are plotted in Fig. 1.2-5. These expenital results have been obtained from
steady-state tests performed on concrete withesilis and carbonate aggregates (Abrams,
1971; Schneider, 1985). Typically, concrete expe@s a slight increase in compressive
strength approximately between 90°C and 200°C duthé¢ drying that occurs during this
period. Beyond this point, the compressive strerdghbreases slightly until approximately
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400°C and then it decreases dramatically betweedrClGand 800°C. At 800°C, the
compressive strength of siliceous concrete haspaiapo less than 20% of its value at room
temperature, whereas for calcareous concrete idtoggped to around 30%.

=+ = Schneider (carbonate agg.)
1.2 1 A Abrams (carbonate agg.)
Schneider (siliceous agg.)
O  Abrams (siliceous agg.)
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\
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\
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0 200 400 600 800 1000

Temperature [ °C]

Fig. 1.2-5: Evolution of the concrete compressitrersgth with temperature

[.2.4.2. Elastic modulus

The response in uniaxial compression at differenmperatures shows that the elastic
modulus of concrete decreases with increasing teathye (Fig. 1.2-1). The elastic modulus-
temperature relationship is affected primarily bg same factors influencing the compressive
strength-temperature relationship. The type of egate has a strong influence; lightweight
aggregate concretes indicate the lowest decreasiseimodulus of elasticity and siliceous
aggregate concretes the highest one (Schneide).198e elastic modulus decreases
monotonically as the temperature increases, umltikebehavior of the compressive strength.
Experimental results on the variation of the etastiodulus with temperature (Anderberg,
1976; Felicetti and Gambarova, 1999; Schneider8188 1993 cited in Xiaoa and Konig,
2004) are plotted in Fig. 1.2-6. A significant deatin the experimental results is observed.
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Fig. 1.2-6: Evolution of the concrete elastic maguWwith temperature
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[.2.4.3. Poisson’s ratio

There are few experimental data on the variatioRPaisson’s ratio with temperature.
Experimental results are given by Maréchal (197@dciin Schneider, 1985) and more
recently by Luccioni, et al. (2003). These resalts presented in Fig. 1.2-7. In the tests by
Luccioni, et al., the Poisson’s ratio was evaluat#dr cooling down to ambient temperature
using two different cooling regimes: a slow cooliregime (the specimen was left in the
furnace) and a fast cooling regime (the specimesnnapidly cooled with spurts of cold water
during half an hour). Results show that the Posoatio decrease with temperature increase.
The decrease is greater when the specimen is coagdétly than when it is cooled slowly; the
thermal shock produced by the rapid cooling prop&dds to additional cracking induced by
internal stresses.

1.4 A
= B = Luccioni (air)
1.2 5 —A=— Luccioni (water)
1.0 A Maréchal
0.8 A
>
- 0.6 1 |
0.4 -
N
0.2 1 =
0.0 - ' ' '
0 200 400 600 800

Temperature [ °C]

Fig. 1.2-7: Evolution of Poisson’s ratio with temp&ure

[.2.4.4. Uniaxial tensile strength

Research on the evolution of concrete tensile gthewith temperature is limited. These
tests are usually carried out using the cylindéttsyy test method. It should be distinguished
between the tests performed at high temperaturéstantests performed in the cold state
after exposure to high temperatures and coolings ba@mbient temperatures (tests on the
residual properties). Test data indicate that #wdual tensile strength is somewhat lower
than the tensile strength at elevated temperat{8eBneider, 1985). The main factor that
affects the tensile strength at high temperatugeke type of aggregate. Experimental results
of the tensile strength at high temperatures cariobad in the works by Anderberg and
Thelandersson (1976), Schneider (1985) and LieAtYBese results are presented in Fig.
[.2-8. Tests results on the residual tensile strergfter exposure to high temperatures
obtained by Xu, et al. (2003) are also presenteHign I.2-8. Results show that the tensile
strength is even more affected by high temperatinas the compressive strength.
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Fig. 1.2-8: Evolution of the concrete tensile stygnwith temperature

[.2.4.5. Fracture energy

The fracture energ: is an important material property for concrete millg; it can
be defined as the energy absorbed to create aargat of fracture surface (Menou, et al.,
2006). Experimental results of temperature deperndehthe fracture energy are reported in
the literature (Baker, 1996; Nielsen and Bican@)2 Menou, et al., 2006) but these results
are difficult to compare due to difference in tggécimens and test methods.

Experimental results from the literature are présénn Fig. 1.2-9. All the presented
tests are performed after cooling down to ambiemperature; the presented values are
residual values. The tests performed by Menoul. €2@06) are presented for ordinary (OC)
and high-strength (M75C) concrete with calcareaygregate and for high-strength concrete
with silica-calcareous aggregate (M75SC). The tg®dormed by Nielsen and Bicanic
(2003) are presented for basalt concrete (BC) aadet concrete (GC). Baker (1996) has
investigated the influence on the cooling regimes; desults are presented for fast-cooled
specimens and slow-cooled specimens.

n A Menou (OC)
2.5 1 A Menou (M75C)
" A A Menou (M75SC)
S 2.0 1 A e Nielsen (BC)
(5: O O === Nielsen (GC)
el e " ""‘.- '."\\\\ O Baker (fast-cooled)
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1.0 & []
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Fig. 1.2-9: Evolution of the concrete fracture enewith temperature
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A significant scatter in the experimental resutobserved in Fig. 1.2-9. The fracture
energy seems to increase with increasing tempesatuntil it reaches a maximum at
temperatures near 300°C-400°C; beyond this temyrerdlhe fracture energy has a tendency
to decrease. Experiments by Baker show that théngpoegime has little influence on the
fracture energy for temperatures beyond 300°Cforetower temperatures, the slow-cooled
specimen exhibits much larger increase of the dractnergy compared to other results.

[.2.5. Free thermal strain

The free thermal straisy, (FTS) is the strain that develops in concreterdphieating an
unstressed specimen. The free thermal strain mevasumts include the drying shrinkage
component in addition with the thermal expansioecduse the tests are performed with
unsealed specimen. FTS of concrete is dominatataiyf the aggregate; therefore the main
factors affecting the free thermal strain of cotem@re the aggregate type and content (Terro,
1998). Incompatibilities between the thermal ssanf the aggregate and the cementitious
matrix result in microcracking of concrete. Expegimal data on the FTS (Schneider, 1988)
are plotted in Fig. 1.2-10. It can be seen that B @& non-linear function of temperature.
Beyond 600°C, the FTS rate in most concrete deesgas some cases the concrete shrinks
due to chemical or physical reactions in the agapegy

-3 ]

&n X 10 —8&— quartzite concrete
16 7| =-a-=-pasalt concrete

—X— limestone concrete

12 4| —a—lightweight concrete
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0 -

0 200 400 600 800
Temperature [ °C]

Fig. 1.2-10: Free thermal strain (Schneider, 1988)

The FTS of concrete is partly irreversible (Scheeid1988; Franssen, 1993).
Experimental data on the residual free thermalirstcd quartz and limestone concrete
(Schneider, 1988) are given in Table 1.2-1; these the residual strains measured after
heating to a defined maximum temperature and cgollown to ambient temperatures.
Positive values indicate residual dilatation whera@egative values indicate residual
shrinkage. The residual strains after cooling downambient temperature are positive
(residual dilatation) for concrete heated up toslésan 400°C and negative (residual
contraction) for concrete heated above 400°C.
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Type of concrete max [*C]

200 300 400 500 600 700 800
Quartz -0.3 -0.5 -0.2 +1.0 +2.0 +6.0 +4.0
Limestone -0.6 0.0 +0.5 +1.6 +3.0 +5.5 +6.0

Table 1.2-1: Residual thermal strains in %o of qmamd limestone concrete after cooling

1.2.6.  Transient creep strain

The total straire; that develops in heated concrete strongly dependthe applied
stress during heating. Therefore transient tests tai measure the total strain-temperature
relationship for different load levels. In a traerd test, the concrete specimen is first loaded
up to a given load,; it is then subjected to a camtsheating rate while the applied load is kept
constant. It is recommended that the heating ratm lthe range of 0.1 °C/min to 10 °C/min
(Schneider, 1985). Heating is continued until falwccurs. The total strain is measured
during all the process. Results of transient tdstsderberg and Thelandersson, 1976;
Schneider, 1988) are plotted in Fig. 1.2-11 forfatiént applied stress levets with the
applied stress level defined as the ratio betwéen dpplied stress and the compressive
strength at ambient temperature. These transiasts teave been performed by Schneider
(0 =0.0;0 = 0.10) and by Anderberg and Thelandersson 0.225;a = 0.45;0 = 0.675). It
can be seen that the total strain decreases withcagase of the applied stress level during
heating. Beyond certain level of applied stressnduheating, concrete can be observed to
shrink rather than expand due to thermal expan3ibis. considerable contraction of concrete
heated under stress compared with the free thestreihs cannot be explained only by the
development of “instantaneous stress-related strairthe sense of Fig. 1.2-1.
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Fig. 1.2-11: Total strain response versus tempegdtutransient tests performed at different
applied stress levels (Anderberg and Thelanderd€§; Schneider, 1988)
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The total strairz,; measured in transient tests is composed of fieenidl strairey, and
mechanical straia,,. The mechanical strain-stress relationship awvargtemperature can be
derived from transient tests data. For the conetletemperature, the total strains
corresponding to the different applied stress kvate read on Fig. 1.2-11. Then, by
subtracting the free thermal strain from the tosaftains, the mechanical straing,
corresponding to the different applied stress E\althe considered temperature are found
and the mechanical strain-stress curve can besgdlédr this temperature. The process can be
repeated for the different temperatures. The meachbstrain-stress curves are different from
the instantaneous strain-stress curves of Fidl bBtained from steady-state tests; this results
from the fact that the applied stress during heaéifiects the total strain in concrete or, in
other terms, that the test procedure in termsadiloy-heating history has an influence on the
stress-strain relationship. Therefore the concéptamsient creep strain has been introduced
to account for the additional strain that developsoncrete heated under load, compared to
concrete loaded at elevated temperature.

The concept of transient creep strain is explainedFig. 1.2-12. The variables
temperature, stress and strain are plotted forrebmcpecimens subjected to steady-state test
and transient test. The specimen subjected to ystatk test is first heated uniformly to a
pre-defined temperature and then loaded while ¢hgpéerature is kept constant. The strain
that appears at the end of the heating procestdyiscomposed of free thermal strain, whereas
the strain at the end of the experiment is the sfifRTS and instantaneous stress-related
strain. In the transient test, the specimen ig foaded up to a given load and then heated
while the load is kept constant. The strains atethe of the latter and the former experiment
are different even though the final stress and t¥atpre are the same. The difference in final
strain is denoted as the transient creep straite Nat for more readability in Fig. 1.2-12, the
strain components have been added in absolute svalen though FTS is opposed to the
other strains in compression.
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Fig. 1.2-12: Concept of transient creep strain
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By definition, the transient creep straip can be indirectly determined by comparing
the total strains obtained by transient tests ateaddy-state tests; results derived from
experimental tests on concrete with siliceous agaes (Schneider, 1988) are plotted in Fig.
[.2-13. The results show a nonlinear relationshgtwieen transient creep strain and
temperature; the nonlinearity becomes significaeyond 500°C. On the other hand,
experimental results show that transient creepnstran be linearly related to applied stress
level for levels up to nearly 0.6-0.7 (Terro, 1998)ansient creep strain is irrecoverable and
occurs only on first heating. Based on experimeoitalervations by Khoury, et al. (1985a-b)
and by Schneider (1988), transient creep seeme toelrly independent of time, type of
concrete, moisture and thermal expansion of coacreiowever, it is affected by the
aggregate-cement ratio; it is generally thought tha origins of transient creep are in the
cement paste and that the addition of aggregatams it (Law and Gillie, 2008). According
to different authors, transient creep strain is daetransformations in the chemical
composition of the concrete (probably, in the C-®fHthe cementitious matrix) during first
heating under applied stress (Schrefler, et aD220Qi and Purkiss, 2005). It should be noted
that the fact that it does not depend on time mékederm “transient creep” quite improper,
but this term has imposed itself in the literature.
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Fig. 1.2-13: Relationship between transient creegrs and temperature for different pre-
applied stress levels (derived from transient tegtSchneider, 1988)

According to the previous discussion, the macrosetly measurable strains in heated
concrete (i.e. the total straing,) can be subdivided into individual strain compdsen
according to Eq. 1.2-1:

Eot =Eh T € T E: T E Eq- l.2-1
where &, is the free thermal strairg, is the instantaneous stress-related strajnjs the
transient creep strain argj, is the basic creep strain.

Other authors have adopted another approach taaictar the effect of stress during
heating. They define the Load Induced Thermal 8tfRITS) as the difference between the
free thermal expansion of concrete when it is hteatghout load, and the net thermal
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expansion when it is heated under load (Khouryalet1985b). The net thermal expansion
excludes the initial elasto-plastic strain at ambiemperature. Experimental data of LITS,
derived from transient tests by Schneider (1988) Rarsson (2003) with different levels of
applied stress during heating, are plotted in Fig. 1.2-14. Theref the LITS is a general
term that comprises different strain componentsdated concrete, including transient creep
strain. According to this approach, the macrosallyieneasurable strains in heated concrete
(i.e. the total strains) can be subdivided intoivitiial strain components according to Eq.
1.2-2:

Eop = & HEX CHLITS Eq. 1.2-2

where £29°C is the strain due to the applied stress at ambiemiperature (this is an

instantaneous stress-related strain).

The LITS comprises the following strain componemtansitional thermal creep (ttc),
drying creep, basic creep and changes in elasamsfKhoury, et al., 1985b). Transitional
thermal creep, by far the largest component of LId&velops during, and for a few days
following, heating of sealed concrete under loddislirrecoverable, occurs only on first
heating and probably has its origins in the cenpaste (Law and Gillie, 2008). Drying creep
is the shrinkage that results from the evaporatiowater in unsealed concrete that is heated.
In fact, transient creep strain refers to the stitmamsitional thermal creep and drying creep.
Basic creep is defined as the strain that develdpsn only time is changing with all other
conditions such as stress and temperature beingtardn In fire situation, this basic creep
strain is often very small compared to the otheaiss in concrete due to the short period of
the fire (Li and Purkiss, 2005); it can thus be tbed for structural fire engineering
applications. Changes in elastic strains accounthe elastic components of LITS which
result from the temperature dependency of theielasidulus.
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Fig. 1.2-14: Relationship between LITS and tempa®for different pre-applied stress levels
(experimental data from Schneider (1988) and Per&@03))
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It was noted by Terro (1998) and more recently bgarBe, et al. (2004) that no data
exist on transient creep strain or LITS under fenstate of stress and, to the author’s
knowledge, such information is still missing. Theaim reason is probably the fact that
concrete is usually designed to be used in comipreskloreover, the tensile properties of
concrete are difficult to measure.

1.2.7.  Spalling

Spalling may be observed in fire-exposed concreta gesult of the combined effect of
stresses (mechanical and thermal) and pore pre€Bemehev and Purnell, 2005). It is often
explosive, occurring as a single explosion or aeseof explosions and characterized by
typically loud explosive noises. Concrete layersl80-300 mm in length and 15-20 mm in
depth may be removed by each explosion, whichngel@us for the integrity of the structure
and may cause physical damage on impact (Majoedra,, 2010).

High strength concrete is more prone to spallimgnthormal strength concrete. This can
be explained by the fact that higher strength lHea®d by reducing the water/cement ratio,
which induces lower permeability and therefore elea pore pressure spalling. High heating
rates increase the probability of explosive spgllihecause they generate excessive
temperature gradients in the concrete, thus indusignificant compressive stresses close to
the heated surface and tensile stresses in theoimtegions. Combination of external applied
loads resulting in compressive stresses with thiestnesses due to the temperature gradients
increase the susceptibility of concrete memberssgalling. Other factors influence the
occurrence of spalling such as the section shapeg@ngled corners are critical), moisture
content and permeability (through their effectspmre pressure) or the type of aggregate
(probability of thermal stress spalling is less fmncrete with a low thermal expansion
aggregate), see (Majorana, et al., 2010). Recaefareh has proved that explosive spalling
could be eliminated by adding polypropylene fibg@95-0.1% by weight) in a concrete mix;
the result was very effective even in high strerggthcrete (60-110 MPa).

Chap | — Requirements of concrete models 26



I.3. Performance-based approach
in structural fire engineering

This section reviews a few recent applications tafictural fire engineering. Recent
developments in computational analysis tools suchirate element analysis have allowed
engineers to simulate the behavior of complex #ires. Therefore up-to-date research in
structural fire engineering includes a number opliaations that are of prime practical
importance in the field but bring complex structubehaviors into play. For instance,
modelling the behavior of a structure during anterathe cooling phase of a fire is an
essential yet challenging task for engineers (Rkatcet al., 2007); this calculation may be
particularly important regarding the safety of tine fighters. Modelling the membrane action
in a fire-exposed composite structure has sigmficautcome as it allows for a dramatic
reduction of the costs in insulation material. Hoare the complexity and variability of these
applications lead to the need for constitutive n®ddath specific requirements. Hence the
objective of this section is to investigate the c#fpe requirements for concrete models
intended to be used in finite elements softwardtfersimulation of structures in fire.

1.3.1.  Natural fire and cooling down phase

[.3.1.1. Description of the problem

The analysis of the behavior of a structure in fequires that the evolution of the gas
temperature in the compartment be established. fBstsed on the definition of this
temperature evolution, the thermal analysis maypdr@ormed to determine the temperature
distribution in the structural elements; then thechanical analysis is conducted to assess the
behavior of the structure in fire. In the presavptapproach, the time-temperature curves that
are used are taken from international standard$ @ the ISO fire defined by the
International Standards Office (1975) or the ASTWE designed by the American Society
for Testing and Materials (2007). As the tempemtir these standard fires is continuously
increasing, the temperatures in the element a®@ @stinuously increasing and the load
bearing capacity of the structure is continuouglgrdasing. As a consequence, verification of
the structure at the required fire resistance gu@antees stability at any previous instant in
the fire.

The search for achieving fire safety through aléxe, cost effective solutions has lead
to an increased use of performance-based appraacfird safety design (Meacham and
Custer, 1992; Kodur, 1999). If the behavior ofradure or structural element is assessed in a
performance based environment, a more realistieseptation of the fire will be used that
comprises not only a heating phase but also arapglhase during which the temperature of
the fire is decreasing back to ambient temperat\Wvben a realistic fire scenario is
considered, the required duration of stability nb@ylonger than the duration of the heating
phase; it may even be required that the structur@v@s the total duration of the fire until
complete burnout. In this situation, verificatiohtlbe structure in the load domain at the time
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of maximum gas temperature does not guarantee siganilapse at a later stage. The load
bearing capacity of the structure continues deargaafter the moment of maximum gas
temperature, will reach a minimum value and evdhtuaay recover partially or completely
when the temperatures in the structure are baekitment. For the designer, this implies that
verification must be performed in the time domaynabstep-by-step iterative method (Dimia,
et al., 2011).

The continuation of degradation of the load bearvagacity after the moment of
maximum gas temperature is due to two main reasons.

Firstly, the temperatures in the structure may ioomet increasing while the gas
temperature is decreasing. For an unprotected streeture, this will be the case until the gas
temperature has become lower than the steel tetoperdor a thermally protected steel
structure, the increase of steel temperature wiitioue for a longer time due to the inertia of
the insulation. For a concrete structure, the zafése members that are near the surface will
exhibit a decrease soon after the gas temperatase become lower than the surface
temperature but the central zones may have thegpeeature still increasing for a significant
duration, all the more if the section is massive.

The second reason is to be found in the materiad\er. Steel recovers strength and
stiffness as soon as its temperature decreaseg)atety or partially depending on the type of
steel and the maximum reached temperature (Kirbyal.e 1986), but concrete remains
severely damaged after cooling. Not only doesnitoete recover its strength, but there is an
additional loss of strength during cooling from nmaMm temperature to ambient (Li and
Franssen, 2011). A comprehensive study on the ualsicbmpressive strength of concrete
after exposure to fire has been conducted by Ahii20&0). This study showed that different
parameters influence the residual compressive gitiere.g. the cooling method and the
storage conditions after heating. It was notablynfb that a higher cooling rate leads to a
higher strength loss; the additional strength loas reach 33% in case of thermal shock
caused by immersion in water compared with theduedistrength in case of natural cooling
in the oven. These results have practical sigmfieaas the intervention of the fire fighters
usually leads to quenching of the structure in wated the possible effects of such
intervention on the material mechanical behaviausth be taken into account in the analysis
of the structural behavior during the cooling phase

Due to the delayed increase of temperature inttihetsre, the irrecoverable damage of
heated concrete and the additional loss of conateémgth during cooling, there may be a
risk of delayed collapse for concrete structurdgestied to natural fire. For the fire fighters,
the possibility of collapse occurring after the ¢imf maximum gas temperature, if confirmed,
might be a real threat. The intervention of firghting forces will usually lead to a decrease
of the fire temperatures and, if collapse occuméngdpthis phase, it may be at a time when fire
brigades are in or at near vicinity of the fire gartment and they may be endangered by the
collapse. Collapse during the beginning of the iogophase of a fire occurred, for example,
in a full scale fire test conducted in 2008 by Waldd Kallerova (2009) in the Czech
Republic. The composite steel concrete floor wagkim tensile membrane action collapsed
briefly after the wood based natural fire entemedhie cooling phase and one of the possible
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failure modes that are suspected is by failurehef ¢concrete compression ring that was
established in the slab.

A structural failure that would occur at a lateagd, when the temperatures in the
compartment are back to ambient, may be an evdrehigreat because it would occur at the
time of first inspection, not only by the fire baides but also possibly by other people. Such a
tragic incident occurred in Switzerland in 2004 wiseven members of a fire brigade were
killed by the sudden collapse of the concrete snecin an underground car park in which
they were present after having successfully fotigitfire (Hody, 2004).

These events show that considering the responsgraétures during and after the
cooling phase of a natural fire is a necessary tasstructural fire engineering. The two
reasons that explain why the load bearing capadfitg structural element may continue
decreasing after peak gas temperature indicatectimatrete structures are more prone to this
phenomenon than steel structures. Hence properlimgdef concrete structures subjected to
natural fire is an important, up-to-date issue.réfare the concrete constitutive model must
capture the material behaviour in situations ofeasing and decreasing temperatures. The
material properties must be defined not only atiantband elevated temperatures but also
after heating and cooling back to ambient tempeeat(i.e., the residual properties).

[.3.1.2. Implications for concrete constitutive models

Concrete constitutive models developed for stradtfiure engineering applications may
be employed for assessing the response of constetetures during and after the cooling
phase of a fire; for this reason concrete modelstwapture properly the mechanical behavior
of concrete in these situations. The evolutionhaf taterial properties during and after the
cooling phase must be specified in the model aadetevolution laws should properly reflect
experimental data. This requirement was not consttén prescriptive design because only
the heating phase of the fire was considered; fis teason simplified models have
sometimes been used for concrete at high tempegthut these simplified models are not
adapted to performance-based design.

Special attention is required for the phenomenlaeiated concrete that are irreversible,
e.g. the free thermal strain or the transient cregpin. The transient creep strain is
irrecoverable and occurs only under the first mga{Anderberg and Thelandersson, 1976);
test data indicate that no transient creep occunsngl the cooling of concrete after
temperature exposure (Schneider, 1988). In termscefirements for the concrete model, it is
very important that the transient creep strain top@rly calculated during the heating of the
material and then that this strain component batdck as irreversible during cooling. The
effect of treating transient creep strain as aveble strain would lead to an erroneous
estimation of the unloading stiffness of the maieduring cooling. The consequence on the
structural analysis would be, for instance, anrexous estimation of the load distribution in a
statically indeterminate structure (Gernay, 20IPhe free thermal strain has also been
discussed in the previous section; it has been ghitvat a residual free thermal strain is
experimentally observed in concrete after exposuigigh temperatures. The residual values
of the free thermal strain must be properly caledaas a function of the maximum
temperature reached in the material.
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In conclusion, concrete models used for the simaratf structures subjected to natural
fire must properly capture the evolution of the hedcal properties during and after the
cooling phase of the fire.

1.3.2.  Stress-temperature paths in a structural element

[.3.2.1. Description of the problem

The kind of demand that is being imposed on a nahterodel may be quite different
when it comes to modeling a structural element tvhen it is used to model experimental
tests made on cylinder with a quite simple stréssrstemperature history. Because of
transient thermal gradients inherent to concretéi@es, different points in the structure are
expected to experience different and complex sBam-temperature histories. The
following simple example illustrates this aspectl dherefore can help to establish specific
demands imposed on constitutive models that arelde®d for modeling structural elements.
The example has been numerically analyzed to ddheestress-temperature paths in a
structural element during a natural fire. All simtibns have been performed with the
software SAFIR (Franssen, 2005) and with the cartearmal and mechanical models of
Eurocode 2 (European Committee for Standardizali6@4b). The results would of course be
guantitatively different with another model but teercise has been performed to show the
trends, not to obtain precise values.

The model is a concentrically loaded circular sitias concrete column of 4 m height,
with a section of 300 mm diameter reinforced wiblirf 16 mm diameter rebars covered by
40 mm of concrete. The concrete has a compresssegsh of 30 MPa and a tensile strength
of 3 MPa whereas the steel of the bars has a gteéhgth of 500 MPa. The ultimate load
bearing capacity of this column at room temperaisiZ309 kN.
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Fig. 1.3-1: Evolution of the load and temperatupplaed to the column
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The column is first axially loaded with a load d824kN and then subjected to the
natural fire curve shown in Fig. 1.3-1. The tempera distribution in the sections was
determined by a 2D non linear transient analysis,Fsg. 1.3-2. No collapse occurs during the
numerical simulation and no buckling of the coluimobserved.
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Fig. 1.3-2: Temperature distribution in the coluafter 1 hour exposure to natural fire

The stress-temperature paths observed at diffpnts across the section at mid level
of the column are plotted in Fig. 1.3-3 (compressi® positive). Points A to F are distributed
on a radius in the section, with point A at theteerand point F at the surface.
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Fig. 1.3-3: Evolution of the stress and temperatareifferent parts of the column section
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The stress and temperature evolutions across thierseluring the fire are complex and
significantly different depending on the positiam the section. Before the fire starts, the
entire section is submitted to a compressive swésbout 6 MPa; this stress is the same in
the whole section because the column is axiallgdédaand the temperature is constant across
the section, equal to 20°C. At the beginning of fireg the temperature starts to increase in
the compartment and at the surface of the sectibrihe core of the section still remains at
ambient temperature during a certain period of tichee to the thermal insulation given by
the surrounding concrete material. The resultimgpterature gradients that develop across the
concrete section cause thermal stresses that fasait increase in compressive stresses in
points E and F, which are located near the surfawdeed, thermal extension of this
peripheral part of the section is restrained bydeetral part of the section, which remains
colder. By equilibrium the central part of the sectis unloaded and develops tensile stresses,
see points A and B. During the first minutes of tine, the entire compressive load is thus
transferred to the peripheral part of the sectibengas the central part is totally unloaded.

As the fire develops, the high temperatures inpx@pheral part of the section lead to a
significant decrease in strength and stiffnesshef material in this area; the compressive
stresses thus start to decrease in the peripharagoints F and E) and these stresses are
progressively redistributed to the core of the isecffirst point D, then C, B and A). This
progressive redistribution of compressive stre$ésma the peripheral part to the central part
of the section under increasing temperatures igrgbd until the end of the heating phase,
which is noted by a black square on the curves. érite of the heating phase then leads to
temperature decrease in the section; this decra@ses immediately at the surface of the
section (point F), but the effect is delayed foe ttore of the section, as was the case for
temperature increase. During the cooling phasepbserved redistribution of compressive
stresses from the peripheral part to the central gfathe section continues as the thermal
extension of the peripheral part is partly recodeta the core of the section (points A and
B), the effect of thermal inertia of the sectiorsas significant that the temperature continues
to increase until the end of the simulation, i.80 Iminutes, whereas the maximum gas
temperature is reached after 75 minutes. At theaéride natural fire, this central part of the
section sustains the most part of the load, althotgp temperature has become almost
constant in the section; the reason is the fact thechanical properties (stiffness and
strength) of this central part have not been dachagesignificantly as the properties of the
peripheral part, as the maximum temperature reachéte core has been limited compared
with the maximum temperature at the surface.

From the analysis of the stress-temperature pdtige@ in Fig. 1.3-3, it is possible to
extract five different situations:

I.  increasing stress and increasing temperature;

Il.  decreasing stress and increasing temperature;
[ll.  approximately constant stress and increasing testyre;
IV. increasing stress and approximately constant teatyoe,
V. decreasing stress and decreasing temperature.
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These five different situations in the stress-terapuge space occur for a quite simple
situation in the load-temperature space, i.e. astaom applied load and an increasing-
decreasing temperature (see Fig. 1.3-1). The siuatvould be more complex in a real
structure where the load varies during the firet ¥een the simple situation in the load-
temperature space considered in this example keaals important number of configurations
in the stress-temperature space, due to the dewelapof thermal stresses in the section. This
example shows the variety and complexity of sitragithat a material model must be able to
capture when it is used to model a structural efgme

[.3.2.2. Implications for concrete constitutive models

Tests on concrete have shown that the mechanibalvime depends on the path in the
stress-temperature space; transient creep strdihif& have been introduced to account for
this dependency. The simple example treated in gbition shows that it is essential for
concrete models to take into account this depengddm@cause various situations in the stress-
temperature space arise in structural elements exen simple situations in the load-
temperature space are considered.

The eight possible situations in the stress-temperapace are plotted in Fig. 1.3-4; the
five different situations highlighted by the nunoali example are present on this graph, in
addition with three other possible situations theate not been discussed yet:

VI.  decreasing stress and constant temperature
VIl.  constant stress and decreasing temperature
VIIl.  increasing stress and decreasing temperature

Although they have not been observed in the sineplEmple treated in this section,
these three latter situations could arise in actire subjected to fire.

Stress

4
Vil v

Vil III

Temp.

VI v

Fig. 1.3-4: Different possible stress-temperatuaithp

According to experimental evidence, transient créegs not develop the same way in
the eight situations depicted in Fig. 1.3-4. Cotemaodels must properly handle the different
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situations and their effect on the transient crsipin. These effects are summarized here
below:

- Situation I: transient creep strain develops beedhs temperature increases
under stress.

- Situation II: it is generally assumed (Li and Pagi2005) that transient creep
strain develops in the concrete material submitbeshcreasing temperature as
long as the stress in the material remains in cesgon, even if the
compressive stress is decreasing (in absolute vdtus very important to note
that the transient creep strain is irrecoverabie, thus it is not recovered even
if the compressive stress is decreasing.

- Situation Il corresponds to transient tests, tfwee transient creep strain
develops in the material.

- Situation IV corresponds to steady-state testsetbee no transient creep strain
develops in the material.

- Situation V, VII and VIII: no transient creep stmadevelops under decreasing
temperature.

- Situation VI, as situation IV, is in steady-statnditions; therefore no transient
creep strain develops in the material.

In conclusion, as an implication of the fact thatigus stress-temperature paths develop
in concrete structural members subjected to firepg modelling of transient creep strain is
an important requirement for concrete models ineenid be used for modelling of structural
elements.

1.3.3. A typical behavior of reinforced concrete slabs
in fire: the membrane action

[.3.3.1. Description of the problem

The development of membrane forces in concretesstah significantly enhance their
load-carrying capacity, compared to the load-cagytapacity estimated from considering
only flexural behavior (Bailey, 2001). A seriesfioé tests have been performed in 1995-1996
on full-scale steel concrete composite buildingttee Building Research Establishment
laboratory Cardington, U. K., in which some of tsteel beams supporting the composite
floor system were left unprotected (Bailey, et 4699). Tests results show that the stability
of the building structures was maintained during fire even though the temperatures in the
unprotected steel beams exceeded 1150°C and hrgbavelisplacements of the floor were
observed (Bailey, 2004). The fire resistance of teenposite floor was largely higher
compared to the resistance predicted by design adsthhased on flexural behavior. The
reason of the excellent fire behavior of the conitpdsuilding in Cardington full-scale tests is
the mechanism of membrane action that develop#ueiromposite floor slab (Wang, 1996).
Following the Cardington tests, other full-scalee ftests have confirmed that membrane
action can be efficiently used in composite flotabs to sustain the applied load under fire
(Zhao, et al., 2008; Vassart, et al., 2011).
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Membrane action results from the development gilame forces within the depth of
concrete floor slabs. Tensile membrane action aeldp in two-way spanning floor slabs
that are vertically supported even if they havehngzontal restraint. In this case, the applied
vertical load is sustained by tensile membraneadaccurring in the centre of the slab, which
has to be reinforced accordingly, whereas a ringaohpressive membrane forces develops
around the perimeter of the slab to ensure thezbotal equilibrium. This behavior leads to
large displacements as vertical loads are equiédrdy in-plane forces; therefore tensile
membrane action cannot be used under normal workimgditions. However, under
accidental loads such as fire, this behavior camobilized and lead to certain robustness of
the building structure, provided it is designedreotly (Bailey, 2004).

Compared to the prescriptive approach for the diesign of composite buildings, a
performance-based approach that takes into ac¢bartensile membrane action may allow
for a significant reduction of building costs. Tesigner may ensure the structural stability
of the building in fire by applying thermal protext to only those structural elements within
the building which need to retain their strengtll atiffness for the tensile membrane action
to develop. This approach allows for reducing digantly the thermal protection on the steel
members, leading to important cost-saving in temhsnaterial and fixing time, see the
picture from Franssen, et al. (2010) in Fig. 1.3-5.

Fig. 1.3-5: Building designed to take advantagéeokile membrane action in accidental fire
situation (ArcelorMittal, Belgium)

On the other hand, compressive membrane actiotées used for a long time in the
design of structures using materials with low teEnstrength and comparatively large
compressive strength such as stone, masonry oretendOpposite to tensile membrane
action, compressive membrane action can be usedontrete structures at ambient
temperature, through the design of appropriatecitre shapes such as arches or vaults; see
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for instance the Pantheon’s vaulted roof in Romig, F3-6, dated from i century B.C.
(picture taken from http://arpcl67.epfl.ch/alice/V@2P11 S3/lenherr/archives/2233). The
vertical applied loads are transmitted by the stmacthrough in-plane compressive forces. At
the supports, the horizontal components of thesepoessive forces must be equilibrated;
they can be equilibrated by tie beams acting isiten) or by abutments or flying buttress in
cathedrals. As a result, the designers have oétkentadvantage of compressive membrane
action for buildings in materials such as stonesonay or concrete under normal working
conditions.

However, when exposed to fire, the behavior maygadrom compressive membrane
action to flexural mode in building structures. Tdevelopment of flexion in the structure is
partly due to the thermal gradients that develapsscthe section of the structural members,
but the change from compressive membrane actioflexaral mode mostly arises when
proper horizontal supports are not maintained dutie fire. This is the case, for instance, if
the tie beams designed to equilibrate the horizdatees at the base of the arch structure are
left unprotected; temperature increase in thesbd#mns leads to a lack of horizontal support
for the structure. As a result, the compressive brame action cannot be mobilized anymore;
it is replaced by a flexural behavior, leading to important decrease in the load bearing
capacity of the structure compared to the loadibgarapacity at ambient temperature.

Fire may thus induce a change in the structurab®eh of concrete and composite
buildings, from flexural behavior to tensile memiaaction or from compressive membrane
action to flexural behavior. As a result, the asayof the tensile and the compressive
membrane action behavior in concrete and compbsitdings in accidental fire situations is
an important issue in structural fire engineerimgthe following, an example is provided for
the two types of building structures discussed he¥ea structure in which tensile membrane
action develops in fire and a structure designethte advantage of compressive membrane
action at ambient temperature.

Fig. 1.3-6: Pantheon’s vaulted roof, Rome
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[.3.3.2. Tensile membrane action: Ulster large-scale firgt te

This section presents the experimental behavioa steel-concrete composite floor
subjected to natural fire; it will be shown thatsgde membrane action developed in this floor
during the fire. The full-scale fire test of theatconcrete composite floor was conducted by
the University of Ulster on 27 February 2010 inldrel. The work was supported by the
Research Fund for Coal and Steel and six partners involved in this project, among which
the University of Liege (Vassart, et al., 2011).

The full-scale composite floor, made of cellulagedtbeams connected to composite
slabs, was tested under natural fire, see Figr BBd Fig. 1.3-8. The two central secondary
beams were left unprotected. All the beam sect{pnstected and unprotected) and the slab
were instrumented in order to measure the evolutibriemperatures and displacements
during the fire. The compartment covers an areebah by 9 m with a floor to soffit distance
of 3 m. The surrounding walls of the compartmentemmade of normal weight concrete
block works with three 3 x 1.5 m openings in thenfrwall. The surrounding walls were not
fixed to the composite floor at the top which alemwertical movement of the floor without
interaction with the walls. All the columns and idobeams on the opening side were
protected for a standard fire of two hours using 0 thick fibre boards. The surrounding
cellular beams were also protected using cerarredi

Fig. 1.3-8: Fire test and structural elements atterfire
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The slab was made of 51 mm deep profile of the &pag Multideck 50 type with a
concrete cover of 69 mm on the profile, which ma&estal depth of 120 mm. The average
cube strength was 54.8 N/mm2 at 28 days. A steeshro&10 mm with a spacing of 200 mm
in each direction made of S500 steel was usedia®meement. It was located at a vertical
distance of 40 mm above the steel sheets. Thensdalfixed on all steel beams by means of
steel studs welded on the upper flanges (full crimm@. All connections from secondary
beams to main beams and from beams to columnsnapéesconnections. Horizontal bracing
was provided in 4 positions leaving the slab conebyefree of external horizontal restraint.

The applied load of 3.25 kN/mwas achieved using 44 sandbags of 1 ton evenly
positioned over the floor plate. The fire load &07MJ/m2 was achieved using 45 standard
(Im x 1m x 0.5m high) wood cribs, comprising 50 mm0 mm x 1000 mm wooden battens,
positioned evenly around the compartment, yieldirige load was 40 kg of wood per square
metre of ground area.

The temperature in the compartment was recordadglthe test, see Fig. 1.3-9. As the
central cellular beams were unprotected, their sratpre increased rapidly, leading to an
important decrease in steel strength and stiffréssa result, web post buckling occurred in
these beams due to the vertical shear forces iddbgesach web post combined with the
longitudinal restraint provided by the concretebslksee Fig. 1.3-10. The slab lost the support
made by the central cellular beams, due to web poskling of these beams, and tensile
membrane action began to develop in the compadsite system (Fig. 1.3-11). The central
vertical deflection of the slab reached more thatb On but the structure was able to sustain
the applied load. Although the fire was more ineeagad of longer duration that assumed in
the initial studies, the structure survived thaltouration of the fire until complete burnout.

The numerical analysis of this fire test requiresaalvanced constitutive model for
concrete. The concrete model should be able tousaghe material behavior when the
structural behavior changes from flexural behataakensile membrane action. This change in
the load bearing mode induces significant unloading reloading in different parts of the
structure. Tensile membrane action leads to impbodaflections in the structure as can be
seen in Fig. 1.3-11 and the material models shaelcgufficiently robust. In addition, as the
fire test was conducted under natural fire, thecstiral behavior has to be properly captured
during the cooling phase also. These different@sgdead to severe requirements in terms of
constitutive models. The numerical analysis of Wister fire test will be performed in
Chapter V using the original concrete model deweton the present thesis, in order to
validate the ability of the model to be used istural fire engineering applications.
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Fig. 1.3-9: Measured temperatures in the compartmen

Fig. 1.3-11: Deflection of the slab developing témsnembrane action
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[.3.3.3. Compressive membrane action: a shell roof in fire

This section presents a study case that was ambdyra request biypgénieurs Conseils
en BatimentgICB), Luxemburg, in the framework of a concretelding rehabilitation. This
practical example illustrates the case of a bugdstructure designed to take advantage of
compressive membrane action at ambient temperautrevhich load bearing mode could
change to flexural behavior under fire, if the rsssgy measures are not taken in terms of
thermal protection.

The study case is the fire resistance analysisrobhstructure made of two shells side
by side and shown in Fig. 1.3-12. The span of dredl $s 15.10 m whereas the height between
the keystone and the support of the shell is 2.60hm length of the building is 27.00 m. The
shells are made of reinforced concrete and theokiless varies from 160 mm (side) to
100 mm (center). The horizontal forces at the lzdsthe shells are equilibrated by steel tie
beams distributed every 4.50 m. The tie beamstaet cables of 35 mm diameter. Cupolas of
dimensions 1.50 m by 1.00 m are distributed inrtdoé every 4.50 m in the direction of their
length. It was requested to analyze the fire rasc of the structure in the situation of ISO
fire in one or the two compartments.

HALLE
EXISTANTE

Fig. 1.3-12: Elevation view of the structure

When the structure is loaded at ambient temperatompressive membrane action
develops in the concrete shells and the horizoioales are equilibrated by tensile axial
forces in the tie beams. However in fire situatioeating of these tie beams leads to a change
in the load bearing mode; the structure develoffexairal behavior because the compressive
membrane action cannot be mobilized without théragg brought by the tie beams. As a
result, the fire resistance of the building struetdepicted in Fig. 1.3-12 is very dependent on
the thermal protection applied to the tie beamsnBiucal analysis of this study case requires
an advanced concrete model; this numerical analysisg the original concrete model
developed in this work will be presented in Chaptend this analysis will serve to highlight
the capabilities of the model.

[.3.3.4. Implications for concrete constitutive models

As was shown in this section, membrane actiorvierg efficient load bearing mode for
concrete structures. At elevated temperature, praopsdelling of membrane action is of
prime importance. Indeed, tensile membrane actiam lse mobilized in a fire-exposed
structure that was designed considering flexuralki®or under normal working conditions.
In this case, tensile membrane action can drantigticaprove the fire behavior of the
structure, provide robustness in accidental simati and lead to important cost-saving in
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terms of material and fixing time. At the oppositempressive membrane action is often used
in the design of concrete structures under normatking conditions, because concrete
strength is significantly higher in compressionrtha tension. Yet in fire situation, the
structural behavior can change from compressive lon@ne action to flexural mode if proper
thermal insulation is not applied to the struct@iaiments that sustain the horizontal forces.

The structural behaviors observed in this sectiamehimplications for the concrete
models that are used in structural fire engineeriffgese concrete models must be able to
capture the transitions from flexural behavior tnsile membrane behavior and from
compressive membrane behavior to flexural behaWiat result from exposure to elevated
temperature. These transitions, in terms of glaietngth mode of the structure, imply
transitions from compression to tension, or tensconompression, in terms of stresses in the
material. Therefore the concrete models must plpgendle the unloading stiffness, the
development of permanent strains, and the unilagéiect. In addition, modelling large-scale
structures in fire, as presented in this sectiomplies certain requirements in terms of
numerical robustness of the constitutive models.
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I.4. Conclusion

The purpose of this chapter was to clarify the clijes of this research work, by
establishing the requirements of a concrete catisit model intended to be used for the
simulation of structures in fire. First, the maaéribehavior at ambient and elevated
temperatures has been reviewed based on experirdatdgoublished in the literature. Then,
a few up-to-date applications in the field of stural fire engineering have been presented,
these applications have highlighted important festuthat are required for the material
models to be used in this field.

Based on the review of the concrete behavior atiemhbtemperature, the main
mechanical phenomena that arise in loaded concagtée summarized as follows:

- Non linear behavior in tension and in compression;

- Dramatically lower strength in tension than in coegsion;

- Softening behavior after the peak stress;

- Volumetric expansion under compressive loadingtdiicy);

- Degradation of the elastic properties that appearsg unloading;

- Development of inelastic (permanent) strains tipgiears during unloading;

- Strength and ductility increase under multiaxiahpoession (confinement effect);
- Stiffness recovery after crack closure (unilateféct).

Based on the review of the concrete behavior ava&del temperature, the main
phenomena observed in concrete subjected to appéetperature and load can be
summarized as follows:

- Evolution of the mechanical properties during hegti

- Development of (partly irreversible) free thermaams;

- Influence of the applied stress during heating, (irgluence of the path in the stress-
temperature space) that can be accounted for birahsient creep strain or by the
Load Induced Thermal Strain;

- Spalling phenomenon.

The phenomena listed here above should be propaptured by concrete constitutive
models. The original model developed in this staohgs to capture these phenomena, except
for the spalling phenomenon which is not taken @toount because the mass transfers and
phase changes phenomena, which have to be modet=pture spalling (Majorana, et al.,
2010), are considered beyond the scope of thiystud

Based on the presentation of real applications r@séarch topics in structural fire
engineering, we have insisted on the following resmaents for concrete models:

- In order to allow for analyses of building stru@sirunder natural fire, the evolution
laws for the mechanical properties must also belabla during and after the
cooling phase of the fire (residual propertiesy] #re non-recoverability of transient
creep strain must be captured in the model.

- Due to the development of complex and differergssirstrain-temperature histories
in structural elements subjected to fire, the meadelist properly take into account
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the concrete dependency on the stress-temperadtine Ip particular the transient
creep strain must be adequately captured for esimgation of stress-temperature
history.

- As large-scale structural behaviors may changenduire from flexural mode to
membrane action (or reverse), concrete models properly capture the unloading
features and the unilateral effect that characehe material.

- Finally, concrete models must be sufficiently rabts be used for large-scale
numerical simulations.

As a conclusion, this chapter has allowed to dethree requirements for a concrete
constitutive model intended to be used for strattfire engineering applications. In the next
chapter, a state of the art of the existing corecnebtdels is presented and discussed on basis
of the ability of the models to fulfill the requimeents exposed in the present section. Then, in
the following chapters, an original model is depeld using the present requirements as
guidelines. Constant reference to the phenomendigiiged in this section is made to verify
the ability of the model to capture the concrethaveor and its relevance as regards to the
objectives of this thesis.
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CHAPTERII - STATE OF THEART OF
CONCRETECONSTITUTIVE MODELS

The objective of this chapter is to review theesit the art of constitutive models
developed for concrete. A literature review is tipesformed and several theories
and models are presented. In addition, this chapters to take decisions regarding
the assumptions to adopt for the model that is ldpeel in the next chapters; at the
end of this chapter, the general theoretical frarmdnand the main assumptions of
our model are drawn based on the analysis of tieediure review.

Several research works have been conducted inadtedecades to derive uniaxial
constitutive models for concrete at elevated tewrtpee. Uniaxial models are used
for modelling linear structural members such asrhsaand columns. A significant
part of the research efforts focuses on the phenomef transient creep strain; this
phenomenon, which develops in fire-exposed conctete implications on the
structural behavior and therefore it has to be aetely taken into account in the
constitutive models. In this chapter, the most irrgyd@ models for transient creep
strain are reviewed and compared, and their ability fulfill the requirements

defined in the previous chapter is discussed. To@mclusions are drawn regarding
the assumptions to be used for the developmenmneframodel for transient creep
strain.

Different approaches have been followed in thediire to model the mechanical
behavior of concrete under multiaxial stress stalidsese different approaches are
defined, at ambient temperature, and two of them pnesented in details: the
plasticity theory and the damage theory. The piasgtitheory and the damage
theory offer a theoretical framework to tackle tmcrete modelling issue; yet none
of these theories, used alone, allows for captuatighe phenomena discussed in
the previous chapter. Therefore, recent researcltamcrete modelling at ambient
temperature has focused on models coupling plagteond damage. At elevated
temperature, very few research works have couplastipity and damage theories
and the extension of plasticity-damage models torporate the effects of high

temperature is still a challenging issue. It is@lsoteworthy that, under multiaxial

stress states, the temperature dependency is eatlglestablished for some of the
mechanical properties used to model the concreteavier, due to a lack of

experimental data.
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I1.1. Uniaxial constitutive models
of concrete and transient creep
strain

This section reviews the research works on constitumodelling of concrete under
uniaxial stress states at elevated temperaturee 3ie mid-seventies, different models have
been proposed that incorporate the phenomenon aokiant creep, which develops in
concrete heated under load. As was shown in thaque chapter, proper modelling of this
phenomenon is a critical requirement for concreteles intended to be used in structural fire
engineering. Hence special attention is given ia #ection to the existing transient creep
models.

11.1.1. Introduction on transient creep modelling

The phenomenon of transient creep strain has bestrided in the previous chapter:
the transient creep strain is the difference iaistbetween concrete that is heated under load
and concrete that is loaded at elevated temperattise strain develops during first-time
heating and is irrecoverable (Anderberg and Theleswbn, 1976). The fact that transient
creep does not depend on time makes the term igr@nseep” quite improper, but this term
has imposed itself in the literature.

It is well-admitted in literature that transienteep has to be considered in any fire
analysis involving concrete in compression (Khowetyal., 1985a-b; Li and Purkiss, 2005);
any stress analysis of heated concrete which igntvamsient creep will provide erroneous
results (Schrefler, et al., 2002). For instance,dffect of not including transient creep strain
in a stress-strain model can be shown to produocamenus unsafe results for the behavior of
columns heated on three sides, in fire (Purkis8g19

Since the pioneering works on uniaxial concrete @®dt high temperature (Anderberg
and Thelandersson, 1976; Schneider, 1985), a numbemalytical models capable of
predicting transient creep strain have been deeeloin the literature. Based on these
transient creep models, authors have developedxiahi@oncrete models at elevated
temperature that integrate explicitly a term faangient creep strain; the most important
models are presented in Section 1.1.2.

Another approach consists in including implicithettransient creep strain in the stress-
mechanical strain relationship; this is the casegkample, in the current Eurocode 2 (EC2)
model (European Committee for Standardization, BDO#4 the latter approach, there is no
explicit term for transient creep strain. This pte@non is included but it is implicitly
considered in the mechanical strain term. As tpigr@each was adopted in the current EC2
model, which has proved for many years to yieldegsatisfactory results when modelling
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experimental tests made on concrete structural eslesmin fire, the necessity of taking
transient creep into account by an explicit termtle strain decomposition has been
questioned (Franssen, 2005a). But it should bednibiz these tests mostly consist in simple
structural elements subjected to standard fires ttansidering only the heating phase. The
capability of implicit transient creep model, suah the EC2 model, to accurately represent
the response of concrete elements subjected toahdite, including the cooling phase, has
not been demonstrated to the author’'s knowledgeemeesearch (Law and Gillie, 2008)
have shown that considering the transient creem templicitly can have important
implications on the Young modulus calculation ohcte during cooling. For a simplified
pure concrete column consisting of a single merpbered at both end, which was uniformly
heated and then cooled back down to ambient termyserait was shown by numerical
calculations that the response during cooling vigisfscantly different using an explicit or an
implicit model of transient creep strain. Indeed fbis non loaded and axially restrained
column, implicit models slowly released the stressigring cooling and were only pulled into
tension when the temperature was close to retutoirgnbient, whereas explicit models were
unable to recover the strains and rapidly progees#e tension. However, the implication on
the behavior of a complete structure is still agieg question. The implicit model of EC2 is
presented in Section 11.1.3 and it is discussedtidrean implicit model may fulfill the
requirements for concrete models defined in Chaptezonsidering the applications of
structural fire engineering.

11.1.2. Review of the uniaxial concrete models with an
explicit term for transient creep

[1.1.2.1. Different strain components in heated concrete

As explained in Chapter I, a common approach irceie modelling (Schneider, 1988;
Li and Purkiss, 2005) consists in dividing the nogcopically measurable strains in heated
concrete (i.e. the total strains) into individuas components according to Eq. 11.1-1:
Eot =En T € T E: TE EC]. 1.1-1
where &, is the total straing,, the free thermal strairg, the instantaneous stress-related
strain, &, the transient creep strain a@g the basic creep strain. The instantaneous stress-
related strain can in turn be divided in elastid @fastic strainss, =&, +¢&,, with &, the

elastic strain and, the plastic strain.

Following the approach expressed by Eq. I.1-1,uhmxial constitutive relationships
for concrete at elevated temperature require akptationships for the calculation of free
thermal strain, instantaneous stress-related strainsient creep strain and basic creep strain.
These relationships may depend on the appliedssams temperature, the stress-temperature
history, and a set of material parameters to beroehed.

Basic creep, defined as the additional strain deaelops when only time is changing
with all other conditions such as stress and teatpex being constant, is generally omitted
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for the structural calculation of building struaarin the fire situation. Indeed in fire situation,

this basic creep strain is often very small comghdoethe other strains in concrete due to the
short period of the fire (Li and Purkiss, 2005)efdfore this term is not addressed further in
this work.

Relationships for the calculation of free therm@his are given in the literature. It is
generally admitted that free thermal strain is alinear function of temperature (Schneider,
1982). The nonlinearity results from the differéhérmal response between the aggregates
and the cementitious matrix and from the chemo-ghyschanges of the aggregates at
elevated temperature (Purkiss, 1996).The free thlestrain can be calculated as a function of
the thermal expansion coefficiemt, which depends on the temperature, according to Eq
[I.1-2 (de Borst and Peeters, 1989). Other authaxse proposed formulas that directly give
free thermal strain as a function of temperatuseexpressed by Eq. 11.1-3 (Franssen, 1987;
Schneider, 1988). The latter approach has beentedlop Eurocode 2. As the type of

aggregate has a significant influence on free théstrain, different functionﬂ/(T) have

been adopted for siliceous and calcareous aggegaieC?2. Different coefficients of thermal
expansiona are also defined for concrete with siliceous aboaate aggregates (Youssef
and Moftah, 2007).

&n=a(T)T Eq. 11.1-2

& =(T) Eq. I1.1-3

The response to steady state tests gives expedahdaia of the relationships between
instantaneous stress-related strainand stressr, as shown in Chapter I. The instantaneous

stress-strain curves at elevated temperature az ki modeled based on the test results.
Authors use a set of parameters, such as the cesipgeand tensile strength and the strain at
peak stress, to model the experimental curves; témeperature dependency of these
parameters has been discussed in the previousechapt

As opposite to instantaneous stress-related stte@msient creep strain cannot be
measured directly. Transient creep strain is obthexperimentally as the difference between
the total strains obtained from transient tests faoih steady-state tests. Experimental data
have shown that transient creep strain developgaglfirst-time heating and is irrecoverable;
it was also shown that this strain depends ondhmpérature and on the stress applied during
heating.

[1.1.2.2. General characteristics of transient creep models

Different authors have proposed analytical modaigransient creep strains. In most of
these models, the transient creep strain is lipgarbportional to the applied stress and
increases with temperature but not linearly (Andegband Thelandersson, 1976; Terro,
1998). In Anderberg and Thelandersson’s model,stesuh creep strain was assumed to be
proportional to the applied stress and to freentiarstrain, and to depend on the type of
aggregate (siliceous or carbonate). Yet, it is ¢induhat the origins of transient creep are in
the cement paste (de Borst and Peeters, 1989; hdwsdlie, 2008) and free thermal strain of
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concrete is dominated by that of the aggregate @iKheet al., 1985); therefore transient creep
strain is probably physically independent from frieermal expansion. An additional
evidence of the absence of link between transie#pcstrain and free thermal strain is the
fact that a lightweight concrete with zero freerthal strain develops the same transient creep
strain as a normal weight concrete (Law and GiRi@08). Nielsen, et al. (2002) proposed a
modification to the Anderberg and Thelanderssooisntilation of transient creep strain in
which transient creep strain is linearly proporéibto temperature instead of free thermal
strain. In Diederichs model (1987 cited in Li andriss, 2005), transient creep strain is
proportional to the applied stress and to a thmdeo function of temperature obtained by
experimental data fitting. In Schneider’s model §8p the transient creep strain is also a
function of the initial stress before heating, dd#ion to the applied stress, the temperature
and the temperature dependent concrete moduluastiogty and strength.

Other authors refer to Load Induced Thermal St(aiiS) instead of transient creep
strain. LITS is the sum of different strain competsein heated concrete; it consists of
transitional thermal creep, drying creep, basiegrend changes in elastic strains that are
caused by the change in elastic modulus as tenuperatcreases (Law and Gillie, 2008).
Transient creep refers to the sum of transitiomatrhal creep and drying creep; it is by far the
largest component of LITS (Terro, 1998). Teused the experimental results of Khoury, et
al. (1985) to develop an empirical formula by détang for the Load Induced Thermal
Strain. In Terro’s empirical formula, LITS is asseanto be a linear function of applied stress
and a nonlinear function of the temperature; theleh@lso accounted for the effect of the
volume fraction of aggregates on the transientcetin.

The main features of the transient creep modeési it this section are presented in
Section 11.1.2.3. This state of the art is partlgséd on recent reviews published in the
literature (Li and Purkiss, 2005; Youssef and Miofta007; Law and Gillie, 2008).

[1.1.2.3. Transient creep models in the literature

In Anderberg and Thelandersson’s model (1976),tridwesient creep strain rat, is
proportional to the free thermal strain radg, according to Eq. Il.1-4. This relationship is

valid until temperatures of about 500°C; beyond tte@mperature, Anderberg proposes the
relationship of Eq. II.1-5 to take into account thteserved accelerated temperature effect on
the transient creep strain.

. g .
ftr=sz—€m , T=500°C Eq. I1.1-4

c,20

g, =0.1x10%-2

T : 500C<T< 800C Eq. II.1-5

c,20
In the above equationg; is a (constant) parameter depending on the kirabgfegate
and concrete mixo is the applied stressf.,, is the compressive strength at ambient

temperatureé,, andT are the free thermal strain rate and temperaiee On the basis of
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experimental tests (Anderberg and Thelanderssofg)18, is found to vary from 1.8 to 2.35
for quartzite aggregate concrete.

Anderberg and Thelandersson’s model is thus aivelgtsimple model with only one
parameter and in which the transient creep stglimearly proportional to the applied stress.
An important assumption is that transient creegirstis proportional to free thermal strain,
which seems to be a controversial assumption. Nhatiethe transient creep strain is assumed
to be the same for loading and unloading as longhasstress is in compression (Li and
Purkiss, 2005). In tension, the transient creegqirstnas not been investigated by the authors
due to its unimportance in structural analysis.

The model by Nielsen, et al. (2002) differs fromdénberg and Thelandersson’s by the
fact that the transient creep strain ratg is linearly proportional to temperature rate

instead of free thermal strain rate. Nielsen, etisé a constant parame@= 0.38x 10* and

one single equation for the full temperature rargpe Eq. 11.1-6. This model is a totally
generic model, with no material parameter.

g

& =B—T Eq. 1.1-6

fc,20

However, assuming a linear proportionality of tiant creep strain rate with
temperature rate does not reflect experimentalrgagens of the temperature dependency of
transient creep strain beyond 500°C-600°C. Nietsemddel was further improved (Pierce, et
al., 2004) by using a bi-linear expression 8f thus considering transient creep strain a

nonlinear function of the temperature, see Eq-7l.5imultaneously, three parameters were
introduced in the model for consideration of thgragate type.

2AXT+B - 0<T<T

_ _ - Eq. 1117
2C(T-T)+2 AT+ B ;7= T a

L= 0.01><{

In Eq. 1.1-7,T is the normalized temperature definedlas (T -20)/100, T =4.5is

a dimensionless transition temperature betweertvibeexpressions, which corresponds to a
temperature of 470°C, and, B and C are parameters. Based on comparison with
experimental data, the authors proposed two setsalaés for the parametefs B andC, in
order to describe a lower curvé € 0.06%, B = 0.15%, C = 1.00%) and an upper curve
(A =0.04%, B =0.10%, C =0.70%). The authors state that the use of two bodia
expressions captures the rather abrupt changehewvhoe detected experimentally around the
transition temperature. On the other hand, the iagkps a relative simplicity as the number
of parameters is limited and the dependence iapipdied stress level is proportional.

In Schneider's model (1988), the transient creeg@irstcomponent also includes basic
creep strains, in addition with transitional thelmr@ep and drying creep. The transient creep
strain component depends on the applied stressteangerature. The transient creep also
depends on the elastic modulus at elevated temyperathich depends on the initial stress
applied before heating in Schneider’s model. Findlie transient creep strain depends on the
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moisture content and type of aggregates. Schnsideodel for transient creep strain is given
by Eq. 11.1-8.

()
gtr ,Cr = U
Exox f(T)xg(o,T)

Eq. 11.1-8

In Eqg. 11.1-8, &, ., is the transient creep strain component considbyeBchneider,

E,, Is the elastic modulus at ambient temperatifr@;) is a function that accounts for the
temperature-dependency of the concrete modiggs, T) is a function that accounts for the
increase in elasticity due to the pre-applied strés is an empirical creep function arad is
the applied stress.

The function f(T) is derived from experimental data on the evolutmnelastic
modulus with temperature, as shown in the previthapter. The functiorg(o,T) is given
by Schneider, see Eq. 11.1-9.

1.0+ fO-Ci X(T _20) : fo-ci <0.=
100
9(o.T)= o2 (T-20) o Eq. 1.1-9
1.0+ 0.3% - 9d 503
100 620

The termo in Eq. I.1-9 refers to the initial compressiveess generated by external
forces before the concrete is heated, wheréag refers to the compressive strength at

ambient temperature.

The creep functior® is given by Eq. 11.1-10.

T-20
go+ g x( ) ; g <0.3
fc 20 100 fc 20
¢ = ' (T _20) ’ Eq. 11.1-10
gp+0.3 x .9 503
100 fe 20
where the functiory is given by Eq. 1.1-11.
¢ =C, tanhy, (T- 20+ C, tanly,(T-T)+ G Eq. 1.1-11

The termy,, accounts for the moisture contewt in % by weight, see Eq. 11.1-12,
whereasy,, Ty, C;, C,, C; are constant defined by Schneider for differepesyof concrete.
The values of the constamp, Ty, C;, C,, C; are respectively 0.0075 /°C, 700 °C, 2.60 [],

1.40 [-], 1.40 [-] for quartzite concrete; 0.007&/ 650 °C, 2.60 [-], 2.40 [-], 2.40 [-] for
limestone concrete; 0.0075 /°C, 600 °C, 2.60 [-D03[-], 3.00 [-] for lightweight concrete
(Schneider, 1988). However in more recent publicatiSchneider gives slightly modified
values for these constant based on ongoing reseasthits: 0.0075 /°C, 800 °C, 2.50 [-],
0.70 [-], 0.70 [-] for quartzite concrete; 0.007&/ 700 °C, 2.50 [-], 1.40 [-], 1.40 [-] for
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limestone concrete; 0.0075 /°C, 600 °C, 2.50 [-P03[-], 2.90 [-] for lightweight concrete
(Schneider, et al., 2008).

Y = (03,/\/+ 23)( 10° Eq. 1.1-12

By taking into account the effect of the load twgtbefore heating on the deformation
response to a change in stress and temperaturease;r Schneider (1988) aims at
incorporating the effect of concrete memory inmntedel. In recent research, Schneider has
extended his theory to take into account the efbédhe load history during heating on the
deformation response of concrete (Schneider, €2@08; Schneider and Schneider, 2009).

Schneider's model is more complex and comprisesngortant number of parameters
compared with the other models of transient creegqrs In this model, the relationships
between transient creep strain and both temperatde@pplied stress are non linear.

The predictions of the presented models of tramsiezep strain are compared with
experimental data for quartzite concrete specinsabgected to applied stress ratiosqual to
0.10, 0.30 and 0.45, whegieis defined as the ratio of the stress appliedndunieating on the
compressive strength at ambient temperature, gedlAi-1. Experimental data of transient
creep strain (TCS) are obtained by measuring &itains during first time heating of the
concrete specimens under applied stress satemd by subtracting from the total strains the
free thermal strain and the instantaneous stréatedestrain obtained from steady-state tests
(Schneider, 1988).

In Fig. Il.1-1, the curve related to Anderberg afdelandersson’s model has been
obtained using the value 2.35 for the constgnand the EC2 formula for computing the free

thermal straing,, ; it would have been more consistent to use Anagrbéormula for the free

thermal strain calculation but the author was uaablobtain the expression of this formula.
In Pearce’s model, the values of the three corstanB, C were taken as the upper curve
values. In Schneider's model, the parameters fartgitle concrete were considered with a
moisture content by weightv=3%, and the elastic modulus was computed accordirigeto
formulas given in a recent publication (Schneiéegl., 2008).

The relationship between transient creep straintangberature is nonlinear, especially
beyond temperature of 500°C. Therefore, the limektionship proposed by Nielsen cannot
accurately follow the trend observed in the tesuits beyond this temperature; the other
models are nonlinear with temperature. Schneidaoslel gives lower values compared to
the other models; the predictions of this modekagreasonably with the test results. The
models by Anderberg and by Pearce both consideanaition temperature around which an
accelerated temperature effect on the transierdpcstrain is observed. Although this is
confirmed by experimental data, the model by Peasmns to overestimates this effect for
the tested concrete mix.
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Fig. 1.1-1: Comparison between experimental d&f&@S (Schneider, 1988) and prediction
of different models published in the literature

Terro (1998) developed a model for Load Induced rifia¢ Strain based on the
experimental results obtained at Imperial Collegbaoury, et al., 1985); the LITS model by
Terro is a function of temperature, stress level during heating and percent aggregate
content by volumeV,. It is important to notice that the expressionLbfS given by Terro
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cannot be compared directly with the expressionsrarfsient creep strain given by other
authors, as LITS include additional strain compdsieompared to transient creep strain.

The LITS model by Terro assumes a linear relatigndetween LITS and applied
stress, and a nonlinear dependency on the temperdtbe model is based on a “Master”
LITS curve normalized for values correspondingricapplied stress ratio/ f., Of 0.3, see

Eq. 11.1-13.

LITS(T,0=0.31,)=( A+ AT+ AT+ AT+ A 1)x10°° Eqg. 11.1-13

Eq. 11.1-13 stands for concrete with carbonate lagtitweight aggregates; for concrete
with gravel siliceous aggregate, a different Mastawve was introduced, see Eq. I1.1-14. The
type of aggregate is thus a parameter in TerrolsSuhodel.

Eq. 1.1-14

LITS(T,0=0.3 { 5) = 1.48 106(B°Jr BT+BT j

+B,T°+B, T'+B T

The values of the adimensional parameters are lasvé A, =-43.87, A =2.73
A, =6.35x10%, A, =-2.19x 10", A, =2.77x 10", B, =-1098.5(, B, =39.21, B, =-0.43,
B, =2.44x10°, B, =-6.27x 10°, B, =5.95x 10°.

For stress ratios different from 0.3, LITS is detered using Eq. 11.1-15, which
expresses a linear dependency of LITS on the apptress ratio.

LITS(T,0)= LITY To=0.3 gzo)x£o.032+ 3.2260—j Eqg. I1.1-15
c,20

The Master curves given in Eq. I1.1-13 and Eq.-14l apply for concrete containing
65% aggregate content by volume. For different eggtre content by volume, the LITS is
calculated according to Eqg. 11.1-16. The effecagfregate content on LITS is assumed to be
linear and similar in magnitude to the effect osibareep.

LITS(T,0)

x( Va j Eq. 11.1-16
65% | 0.6

The equations given by Terro for calculation of SlTapply to temperatures up to
590°C; the author gives no indication for tempemedlabove this value.

\, = LITY To)

The predictions of Terro’'s model are compared wattperimental data of LITS
(Persson, 2003) for concrete specimens subjectaedplied stress ratiasof 0.167, 0.33 and
0.50, see Fig. 11.1-2. Experimental data of LIT8 abtained by measuring total strains during
first time heating of the concrete specimens uragigalied stress ratia, and by subtracting
the free thermal strain and the initial elastiaistifrom the total strains. Carbonate aggregates
were considered in Terro’s model with an aggregatgent of 65%.

The experimentally obtained LITS is higher (in dbg® value) than transient creep
strain, which is consistent with the definitiontbese two strain components: LITS includes,
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in addition with transient creep strain, basic pregain and changes in elastic strains. It can
be seen that the model by Terro succeeds in cagttiie LITS experimentally obtained by
Persson.

9 T :
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— — Terro (model) )
6
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Fig. 11.1-2: Comparison between experimental détial®S (Persson, 2003) and prediction of
Terro’'s model
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11.1.3. A concrete model that implicitly incorporates
transient creep: the Eurocode 2 model

In the current Eurocode 2 model (European Commftie&tandardization, 2004b) no
analytical model is given for the calculation cdrisient creep strain. It is stated in section
3.2.1 of EC2 that: “Numerical values on strengtld @eformation properties given in this
section are based on steady state as well asdrarstate tests and sometimes a combination
of both. As creep effects are not explicitly corsatl, the material models in this Eurocode
are applicable for heating rates between 2 and /6irk For heating rates outside the above
range, the reliability of the strength and defoipratproperties shall be demonstrated
explicitly.”

The strength and deformation properties given i Hurocode are partly based on
transient state tests and although the transiemipceffects are not explicitly considered, the
model is applicable to transient situations. Indeéshsient creep effects have been implicitly
incorporated in the Eurocode model. The divisiorihef macroscopically measurable strains
in heated concrete into individual strain composeastdone in the EC2 according to Eq.
1.1-17:

Eot =€ TEMtEq Eq. 1.1-17

where &, is the mechanical strain. From Eq. Il.1-1 and Hd-17 it is clear that the

mechanical strain is the sum of the instantanetresssrelated strain and the transient creep
strain.

In implicit models, the stress is directly related the mechanical strain, without
calculation of the transient creep strain. In tli&Enodel, for instance, the relationship at a
given temperatur@ between the stress and the mechanical strairvéndor the ascending
branch by Eq. 11.1-18.

o _ 3¢,

for &y (2 +(E&m/ ecl)g)

with f.; and &, the temperature-dependent compressive strengthpaakll stress strain

Eq. 11.1-18

(PSS). In this relationship, the value of the pstikss strain accounts for the transient creep
strain. Indeed the peak stress strain given in BE@2 corresponds to the upper limit
(maximum value) of the peak stress strain givethenprevious ENV version of Eurocode 2
(European Committee for Standardization, 1995th# ENV version of EC2, the user had
the choice between a lower limit, an upper limitl @recommended average value; the upper
limit allowed for considering implicitly the traresat creep strain (Franssen, 2005a).

The relationship of Eq. 11.1-18 is plotted at 5007CFig. 11.1-3, next to the relationship
of ENV using the lower limit of the peak stressasir These two models are compared with
experimental data of the instantaneous stressistaationship at 500°C; obtained by
Schneider (1988) as a result of a steady-state Thst ENV model with lower limit of PSS
agrees with the experimental curve of the instadan stress-strain relationship, which
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shows that this model does not include transiesgstrain. As there was no additional strain
component in the ENV model for consideration ofnsiant creep strain, the code was
modified and it was proposed in the current versibBurocode that the upper limit would be
the sole recommended value for the peak stress $trdbe used in the stress strain model,
therefore including implicitly the transient cresfpain in the model. The difference in strain
between the EC2 model and the ENV model with lolveit of PSS aims at capturing the
experimentally observed difference in strain betwiansient tests and steady-state tests, i.e.
the transient creep strain.

0.80 1
£0.60 ==
= -~
3 L~
[9)]
© 0.40
I
E Steady-state test (Schneider)
"E R N ENV model - lower limit PSS
S - =EC2 model

0.00 . :

0.000 0.005 0.010 0.015
Strain

Fig. 11.1-3 : Comparison at 500°C between the EGR2ieh, the ENV model with lower limit
of PSS and experimental data of steady-state (&skseider, 1988)

11.1.4. Discussion on the existing models

[1.1.4.1. Implicit and explicit approaches

A number of research works have been conductecveldp constitutive models for
concrete in the uniaxial situation. In these wokfferent approaches have been adopted to
handle the phenomenon of transient creep strairst k#searchers have proposed models with
an explicit term for transient creep strain in tb&al strain decomposition; however in the
Eurocode 2 and in other published models (Frand€8V; Franssen, 1997) it was decided to
propose a model that incorporates implicitly thesient creep strain in the mechanical strain
term. In order to make a choice between these ppooaches, it is necessary to analyze the
implications of these two types of models on thenarical simulation of the response of a
structure in fire.

The use of an implicit transient creep model doatsatiow for capturing some of the
phenomena described in Chapter |. This is due toihmerent limitations of these implicit
models, compared to explicit models.

Firstly, the mechanical strain given by implicit deds for a given stress-temperature
state is the same, whether concrete has been haatdtien loaded at constant temperature or
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loaded and then heated under constant stress amdsttknown not to correspond to
experimental evidence. In the tests made to deilee constitutive models, either the
temperature or the stress is constant, whereastliee variable is increased. It is important to
notice that, in real structures, the transient greteain depends not only on temperature and
stress but also on the stress-temperature patwked by the material. As a result, in explicit
models, the relationship between the stress andnighanical strain is not univocal at a
given temperature, because the transient creeip $tra is explicitly computed depends on
the stress-temperature path. However in implicitlets, the stress is directly associated to the
mechanical strain, without calculating the transiereep strain; as a consequence the
relationship between the stress and the mechastreah is univocal at a given temperature.

This first limitation of implicit transient creep adels is not compatible with the
requirement established in Chapter | when studyiing stress-temperature paths in a
structural element. Indeed it was shown that thiessttemperature paths in structural
elements are complex and that these paths indifegedit effects in terms of transient creep
strain. Implicit models reproduce correctly the débr of concrete only in a very particular
situation, when the temperature increases andthgsss constant, and this situation is not so
common, even in a simple element subjected to ¢éladéirig phase of a fire. This is even more
the case during the cooling phase of the fires thus preferable to utilize an explicit model
for the sake of precision of the stress and ssinealculated at the local level, i.e. in every
point of integration considered in the structure.

The second limitation of implicit transient creemahels is about the elastic modulus
that is used for unloading at elevated temperatboastitutive models that include implicitly
the transient creep strain recover this transiesgp strain during unloading and/or cooling.
This is because, at a given temperature, the elasidulus used for unloading is taken as the

initial tangent of the constitutive curve in terofs(&,,,; o), see Fig. 11.1-4. In explicit models,

the transient creep strain is not recovered dunimigading and/or cooling and the modulus
for unloading at a given temperature is taken adrthial tangent to the instantaneous stress-
strain curve. This influence of the type of transiereep model on the unloading stiffness was
highlighted by the numerical example of Law andi&{2008) discussed in Section I1.1.1.

This second limitation of implicit transient creemdels has also important implications
on the structural behavior assessed by numeritallations, especially when natural fires are
considered. In this case, the structural respansessessed during the cooling phase of the
fire; however the concrete behavior is not captupedperly by implicit models during
cooling because the transient creep strain is ouiglirecovered in these models. Proper
modelling of the structural response during coolmeguires an explicit computation of
transient creep strain.
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Fig. 1.1-4: The transient creep strain is treaasgermanent strain by explicit models but it is
recovered by implicit models

Despite the limitations of implicit models, the wemt EC2 model, which treats the
transient creep strain implicitly, is widely useddaaccepted by regulators for practical
applications in structural fire engineering. It HBesen used for many years for structural fire
calculations, usually based on prescriptive apgrdmsed on the standard ISO fire. It is a fact
that, as long as concrete columns are checkedréoreisistance during the heating phase only,
or that the calculations concerns structural elémam which the steel reinforcement has
predominant effect compared with the concrete phe, EC2 has proved to yield quite
satisfactory results, which to the author's opinmould partially explain why the explicit
concrete models have not imposed themselves inefedad EC2.

However, performance-based design is now more am@ msed for assessing the fire
resistance of structures. In a performance-baspbagh, the aim is to model the response of
a real structure subjected to a real fire scen&rimore realistic representation of the fire will
be used that comprises not only a heating phasalbata cooling phase during which the
temperature of the fire is decreasing back to amliEmperature, as explained in Chapter I.
The influence of such realistic fire scenarioshe evaluation of the fire resistance is a key
issue in the performance-based approach, as peestmtexample for concrete-filled hollow
structural section columns (Fike and Kodur, 200®though the limitations of implicit
models such as the EC2 model were not considersdj@sicant when following prescriptive
design, these limitations could lead to inapprdpri@sults when a performance-based design
including the cooling phase is performed, for tbasons mentioned in this section.

[1.1.4.2. Parameters influencing the transient creep strain

Among the models that include an explicit term fansient creep strain, different
assumptions have been adopted in the literatuesliig to transient creep models with
various numbers of parameters. The complexity degriea model, and the number of
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parameters involved, is the result of a comprontistveen the requirements in terms of
accuracy and reliability, on the one hand, and itbguirements in terms of practical
applicability for structural fire engineers, on thler hand.

Based on the literature review, it can be conclutlemt the linear relationship of
transient creep strain with applied stress, andtrelinear relationship with temperature, are
recurrent hypothesis. Indeed assuming a lineartioakhip with temperature does not
reproduce the experimental observations, and tessimption was abandoned by Nielsen
when its model was improved (Pearce, et al., 208d)he opposite, the approximately linear
dependency of transient creep strain with applisess has been highlighted by experimental
tests (Khoury, et al., 1985) and this assumptios Ibeen adopted in most of the models
presented in the literature. Another recurrent mgtion that appears in the models is the
influence of the aggregate type. These conclusmnghe assumptions made by different
authors will be considered in the present work, mvtieveloping the original concrete model.

Chap Il — State of the art 60



I1.2. Multiaxial constitutive
models of concrete

This section reviews the research works on constitunodelling of concrete under
multiaxial stress states. Multiaxial models for cate are required for modelling of
structures or structural components such as canstabs, joint elements, pressure vessels or
tunnels. At ambient temperature, different straediave been presented in the literature to
model the multiaxial mechanical behavior of coneret state of the art of these strategies is
presented in this section. The present work isiquaarly interested in two theories: the
plasticity theory and the damage theory. The themmeframework of the plasticity and
damage theories is given and their applicationotacete modelling is discussed. As will be
shown, plasticity models are well adapted for captusome of the phenomena discussed in
the previous chapter, such as concrete dilatantyereas damage models are particularly
suitable for modelling others, such as stiffnesgra@ation and unilateral effect. As a result,
constitutive models coupling plasticity and damagambient temperature have recently been
presented to encompass the advantages of botheieibre main features of these plasticity-
damage models are presented in this section.

Due to the high complexity of the many phenomenaolired, the extension of
plasticity-damage models to incorporate the effe€t®mperature is still a challenging issue.
At elevated temperatures, proper temperature-degmemdlationships for the parameters must
be defined. In addition, the transient creep stnairst be included in the model. This section
presents a state of the art on the plasticity-d@magdels at high temperatures and on the
extension of transient creep models to multiaxi@ss states.

[1.2.1. General review

[1.2.1.1. Introduction

Concrete behavior has been discussed in Chap€oricrete is a non-linear material
which exhibits microcrack growth and plastic flo@r{iz, 1985). From a phenomenological
point of view, in terms of mechanical behavior aete notably presents a non-symmetric
behavior in tension and compression with respedtiftness degradation, strain softening,
pressure sensitivity and volumetric dilatancy.

Different mechanics theories have been adopted dsearchers to capture the
mechanical behavior of concrete, e.g. plasticigotly, continuum damage theory, microplane
theory, fracture mechanics, embedded finite elenmeethod and extended finite element
method. The efficiency of a theory for modellinghceete behavior depends on the objectives
of the model; here, the characteristics of theedgiit class of models are briefly discussed
and confronted with the requirements defined inpiéral.
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[1.2.1.2. Continuum vs. discrete modelling of concrete freetu

Before starting to describe the different theof@smodelling of concrete behavior, an
important distinction must be done between two amentally different approaches for the
description of failure processes in materials: ttmmtinuum modelling and the discrete
modelling (Sluys and Berends, 1998). Discrete cnaddels are intended to simulate the
initiation and propagation of dominant cracks. émizast, continuum models aim at capturing
the deterioration process in concrete through sstdative relationship; these models are
based on the assumption that it is not necessangiadually model the cracks in a concrete
structure because, due to the concrete heterogearaitthe presence of reinforcement, many
small cracks develop in the structure and domimaatks only appear later in the loading
process (de Borst, et al., 2004).

In continuum models the failure process is assutadeke distributed over an area that
belongs to a sampling point in a numerically ingegd finite element; this failure process is
translated into a deterioration of the currentfrséis and strength at that integration point
(Feenstra and de Borst, 1995; de Borst, et al4R0his approach is called “smeared crack”,
because the non-linearities due to cracking areasedeover the integration points; the
damaged material is considered to be a continuumhich the notions of stress and strain
apply. The evolution of cracking is governed bytaierinternal parameters which are updated
in the sampling point upon progressive crackinge T™ell-known consequence of the
“smeared crack” approach for modelling materialthvgioftening behavior is the localization
which results in mesh-dependent solutions; it essary to introduce an internal length scale
in the problem to specify the size of the failur@qgess zone (Sluys and Berendts, 1998).
Different techniques have been proposed to overdhimsassue, such as nonlocal models or
gradient models.

In discrete models, cracking is described as aretiscphenomenon. Different
techniques can be adopted for modelling the failui@ discontinuous manner in the material.
For instance, interface (zero-thickness) elemergpkaced between two adjacent solid finite
elements and the cracks are modeled by disconttngplacements along the interface
elements. Discrete constitutive models are requme@late the cohesive stresses and relative
displacements in the crack zone. However a disddgarof discrete interface models is that
either the localization zone should be predefined, sophisticated automated mesh
regeneration techniques must be employed to upth@emesh topology of the structure
during the cracking process (Oliver, et al., 2008)ese limitations are hardly compatible
with practical applications in structural fire engering. In recent research (Pandolfi and
Ortiz, 2002), it was proposed to use a fixed megh @ohesive interface surfaces surrounding
all the elements to overcome these difficultiest tf@s technique may result in mesh
alignment sensitivity as the cracks are forcedrapagate along element boundaries. Another
type of discrete models has thus been developerder to allow for capturing arbitrary crack
propagation with fixed finite element meshes withlegs of mesh objectivity, resulting in the
so-called Embedded Finite Element Method (E-FEMyqiRin, et al., 1990; Sluys and
Berends, 1998) and the Extended Finite Element Me(X-FEM) (Belytschko, et al., 2001).

In this class of models, the discontinuity thatresents the crack is incorporated in the shape
functions of the finite element, independently die tboundaries of the element. The
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discontinuity may consist in a jump in the displaeat field (strong discontinuity) or it may
be formulated in the displacement gradient fielgtoain field (weak discontinuity).

[1.2.1.3. Review of the principal theories applied to coneret

Fracture mechanics belongs to the discrete cractelivog approach. Linear elastic
fracture mechanics (LEFM) is based on the assumpghat the material, which contains a
singularity (the crack), remains linear elasticreS$ intensity factors are defined in the
neighborhood of the crack to simulate the neasitgularity (Belytschko and Black, 1999).
The stress intensity factors depend on the craattemimode | refers to opening, mode Il to
forward shear and mode Ill to tearing or out-ofnglashear, see Fig. I1.2-1 (Pivonka, et al.,
2004). Linear elastic fracture mechanics is welkhmdd for modelling brittle materials, in
which the response is linear elastic up to the marm stress and then suddenly reaches
failure through the propagation of a dominant cradkwever, concrete is a quasi-brittle
material which exhibits non-linearity before theximaum stress. As LEFM cannot account
for the non-linear behavior of concrete, non-lind@acture mechanics (NLFM) has been
developed. Non-linear fracture mechanics applieddiocrete assumes that an initial crack
begins to propagate at the proportional limit ie 8tress-strain response and continues to
propagate in a stable manner up to the peak sfBssh, et al., 1995). Yet, as fracture
mechanics has been developed in the first placedjoturing the propagation of one dominant
crack, which occurs from a pre-existing crack-lilav, it is not well adapted to describe the
behavior of an entire reinforced concrete structlmea reinforced concrete structure, the
crack propagation is influenced by the heterogesemaracter of concrete and the presence
of steel rebars, leading to crack branching orlcracest followed by crack nucleation and
growth at other locations (de Borst, et al., 20@4irthermore, a lot of smeared micro-cracks
develop in concrete before the appearance of maekks, and the geometry and location of
these microcracks is difficult to predict. As aukesfracture mechanics does not appear as an
adapted theory for modeling concrete mechanicaaWeh in structural applications (Wu, et
al., 2006).

(a) l (b) (c)

Fig. 1.2-1: Crack modes: (a) mode | opening; (lod= Il shear; (c) mode Il tearing (from
Pivonka, et al., 2004)

Continuum damage mechanics (CDM) is commonly usad niodelling concrete
behavior; damage models rely on the assumptionttieatiegradation due to micro-cracking
can be taken into account through the variationghefelastic properties. Therefore damage
models are particularly suitable for descriptiorstifiness degradation and unilateral effect in
concrete (Wu, et al., 2006). Continuum damage nmechacan be formulated within the
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framework of thermodynamics of irreversible proesssvith internal variables, to derive

consistent constitutive models that preserve thmesistency with respect to conservation and
evolution principles and that are suitable for mamgineering problems (Richard, et al.,
2010). Extensive research work has been performetbocrete modelling in the framework
of CDM, in which damage is considered as an isatrgpg. Mazars, 1984; Lee and Fenves,
1998; Wu, et al., 2006; Grassl and Jirasek, 2006hdRd, et al., 2010) or an anisotropic
process (e.g. Ortiz, 1985; Carol, et al., 2001&®bsmorat, et al.,, 2007; Voyiadjis, et al.,
2008; Abu Al-Rub and Voyiadjis, 2009). Although ¢mmum damage mechanics provides
many advantages for modelling concrete, it is notable for capturing some important
observed phenomena such as irreversible defornsafod inelastic volumetric expansion
(dilatancy) in compression. Therefore CDM has besad in combination with plasticity

theory in recent research to encompass the adwemntaigthe two approaches in a single
constitutive model.

Plasticity theory offers a very interesting framek&or modelling concrete because, on
the one hand, this theory is nowadays theoreticalhsolidated and computationally efficient
(Wu, et al.,, 2006) and, on the other hand, it igable for capturing the phenomena of
dilatancy, permanent strain and hardening and rsofjebehavior of the material (Feenstra
and de Borst, 1996; Lee and Fenves, 1998). The dpditrains into elastic and plastic parts
within the plasticity theory allows for conveniemidelling of the inelastic deformations in
concrete. Plasticity models are characterized leydéfinition of a plasticity yield surface,
hardening-softening law and plastic flow rule. Ttasticity yield surface defines the level of
stress from where plastic deformations exist. Tlaedéning-softening law governs the
evolution and changes in yield surface during tlestr deformation. The plastic flow rule
defines the size of the increment of plastic deftram as well as its direction. As continuum
damage mechanics, plasticity theory is formulatetthe continuum level in the framework of
thermodynamics of irreversible processes with imdkvariables. Many researchers have used
plasticity theory alone to model the concrete baraVilliam and Warnke, 1974; Onate, et
al., 1993; Feenstra and de Borst, 1996; Grassgl.et2002; Li and Crouch, 2010). The
published models frequently use non-associatiwg fldes in order to capture the dilatancy in
compression, and work or strain hardening to maddel hardening and softening of the
material. However, plasticity models are unableatllress the process of damage due to
microcracks growth, and therefore they fail to ogjuce some of the phenomena observed in
experiments such as the stiffness degradation aidteral effect (Wu, et al., 2006). To
overcome this limitation, an efficient strategy smts in enriching plasticity theory by
damage components.

Application of the microplane modelling approach doncrete modelling has been
proposed recently (Bazant, et al., 2000) to overdisadvantages of other approaches such
as plasticity models. In plasticity models, the st@ative relationships are formulated directly
in terms of stress and strain tensors and theariants, but this approach leads to difficulties
when applied to concrete because of the variousvbetal characteristics of this material
depending on its stress states. In the microplangeimthe constitutive law is formulated in
terms of vectors rather than tensors; this constéudaw gives a relation between the stress
and strain components on a plane of any orientatidhe material microstructure, called the
microplane. This allows for facilitating physicaitérpretation of stress components. The
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description of the concrete behaviors under vargitsss states is performed by combining
the microscopic stress—strain relations definednuditi-oriented microplanes. However, the
authors recognize (Bazant, et al., 2000) that tiheaplane model induces an increase in
computational work and storage requirements by ciofal0 compared to the classical
plasticity models, due to the need to deal witksstrcomponents on all the microplanes. In
addition, it was noted (Park and Kim, 2005) thatroplane models might not allow for
capturing exactly the specific strength of concestevarious stress—strain relations defined in
the multi-oriented microplanes are used for calooaof the macroscopic stress. These
shortcomings are considered as incompatible wehrelquirements defined in this thesis.

The Embedded Finite Element Method and the Extefkdeite Element Method allow

for incorporating kinematic discontinuities due dracking. The motivation to develop E-
FEM and X-FEM was to overcome the limitations oé ttiiscrete crack approach and the
smeared crack approach. The advantage of thesedsetiver the discrete crack models is
that they do not need continuous change in topotogipllow the crack propagation. The
advantage over the smeared crack models is thatctre deal with distorted mesh without
causing deterioration of the results (Dvorkin, let E990). Nevertheless, it has been noted that
the use of continuum constitutive models, basedroeared crack theory, remains appealing
for applications with large scale concrete struzguand multi-cracked concrete elements
because continuum models, by considering the dadnageerial as a continuum in which the
notions of stress and strain apply, manage to iategocal phenomena in a pragmatic and
robust manner (Feenstra and de Borst, 1996; Rickasad., 2010).

[1.2.1.4. Plastic-damage models for concrete

Based on the present review, it is found that comtimn of the plasticity theory with
the damage theory may result in a very efficiemategy for modeling the mechanical
behavior of concrete. Plastic-damage models offeoravenient framework to capture the
concrete behavior while, in addition, they bendfitm the advantages of continuum
constitutive models. These models can address #ie phenomena observed in experimental
tests on concrete, described in Chapter I. Finallgstic-damage models rely on the well
consolidated theories of plasticity and continuuamdge mechanics, and many research
works have been done to provide efficient compaotedi tools for implementation of these
theories in finite element codes.

Constitutive models for concrete at ambient tempeeabased on plastic-damage
formulation have been proposed by several authidiese models usually combine stress-
based plasticity with either isotropic or anisotoogamage. Models coupling plasticity with
anisotropic damage address the characterizatioth®fconcrete damage behavior with
different microcracking in different directions (BtEhke, et al., 1998; Voyiadjis, et al., 2008).
However, modeling anisotropic damage in concretmiaplex; see for instance the works of
Carol et al. (2001a-b). It has been noted by séweithors that the applicability to structural
analysis of anisotropic damage models for condeet®t straightforward due to the inherent
complexities of the required numerical algorithn@rgssl and Jirasek, 2006; Wu, et al.,
2006). As a consequence, isotropic damage has Wweksly used for concrete (Lee and
Fenves, 1998; Kratzig and Poélling, 2004; Grassl dingsek, 2006). The isotropic damage
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process can be characterized by one scalar, ses@atdrs or a tensor. Yet, the one-scalar
damage models are not adapted for concrete even wioglelling damage as an isotropic
process. The use of different scalars to captweelfimage process in concrete (Mazars, 1984;
Lee and Fenves, 1998) is consistent with the exqarial observation of different damage
mechanisms developing in tension and in compressioninimum of two scalar variables is
necessary to describe these different damage mieaanSome authors have proposed a
fourth-order damage tensor to characterize the sfasotropic damage in concrete (Ju, 1990;
Wu, et al., 2006), showing that a fourth-order tenis required to capture the unilateral
effect. In conclusion, even for isotropic damageper description of the damage state in
concrete requires a fourth-order tensor based orstalar variables.

Among the published plastic-damage models, strassébplasticity is formulated either
in the effective stress space (Lee and Fenves,; 1828 et al., 2006; Grassl and Jirasek,
2006) or in the nominal (damaged) stress spacelifiarb et al., 1989; Kratzig and Pdlling,
2004). Effective stres& is meant as the average micro-level stress apfaigte undamaged
volume of the material whereas nominal stresss meant as the macro-level stress and is
defined as force divided by the total area, seelFR}2.
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Fig. 11.2-2: Schematic representation of nominal affective stress. (a) Virgin material,
(b) Nominal stress; (c) Effective stress appliethioundamaged part of the material

Formulation of the plastic response in the effexBtress space relies on the assumption
that plastic flow occurs in the undamaged matem&ro-bounds by means of effective
guantities (Ju, 1989). It has been shown recehty lbcal uniqueness is always guaranteed
for the plastic-damage models with plasticity fotated in the effective stress space, whereas
local uniqueness requires severe restriction wheastipity is formulated in the nominal stress
space (Grassl and Jirasek, 2006). Besides, othtiorauhave noted that plastic-damage
models formulated in the effective stress spacenaraerically more stable and attractive
compared with models formulated in the nominalssirepace (Abu Al-Rub and Voyiadjis,
2009). Formulation of the plastic response in ttiecéve stress space allows for decoupling
the plastic part from the damage part in the coatput process; computation of the plastic
response then constitutes a standard elastoptastitem in the effective stress space.
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As a conclusion, the approach that has been adoptdide present research is the
combination of stress-based plasticity formulatedhe effective stress space and isotropic
damage. In the following parts of this chapter, theoretical background is given for the
plasticity theory and the damage theory appliedaiecrete modelling. Then, the strategy for
coupling of these two theories is presented forghaeicular case of stress-based plasticity
formulated in the effective stress space and ipatrdamage. Finally, Section 11.2.5 addresses
the extension of plastic-damage models to incotpotiae effects of high temperature and
transient creep.

11.2.2.  Plasticity models

The theoretical background of plasticity theorypresented in this section. First, the
concept of plasticity is introduced, with the thre@nerstones of this theory which are the
initial yield surface, the hardening law and thewflrule; this first part makes recurrent
references to the works of Simo and Hughes (1988n, the application of plasticity theory
to concrete modelling is discussed based on afies review.

[1.2.2.1. General theory in a one-dimensional context

To introduce the concept of plasticity, we exantime mechanical response of the one-
dimensional frictional device presented by Simo &hdjues (1998) and illustrated in Fig.
[1.2-3. It is assumed that the device, which isiatly of unit length and unit area, consists of a

spring, with elastic constare, and a Coulomb friction element, with constant>0. The

applied stress (force) and the total strain (chandength) in the device are noted and &,
respectively.

From Fig. 1.2-3, it can be stated that the totadia £ is the sum of two parts: the

elastic straing, , developed by the spring, and the plastic steaindeveloped by the friction

device; this is expressed by Eq. 11.2-1.

E=Ey*E, Eqg. 11.2-1

\4

° >
O « ® o
Oy

Fig. 11.2-3: One-dimensional frictional device #imating rate-independent plasticity (Simo
and Hugues, 1998)

The applied stress is equilibrated by the strestherspring, see Eq. 11.2-2, with upper
bound corresponding to the constart characterizing the friction device.

0=Eée,=E(e-¢,) ; |oj<oy Eq. 11.2-2
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Fig. 11.2-4: Stress-strain relationship for the a@hmensional elastic-friction model

The mechanical response of the elastic friction ehagl schematized in Fig. 11.2-4. As
the stress on the system cannot be greater inubsadlue thanoy, >0, it results that the
admissible stresses are constrained to lie intaineslosed intervaﬂ—aY;aY] . This condition

on the stress is referred to as the yield conditiod the boundary of the closed interval,
which reduces to two poings-ay; 0y} in the present one-dimensional model, is calle th

yield surface. The yield condition is written in.HGQ2-3.

f(o)=|o]-0y <0 Eqg. 11.2-3

If the absolute valuer of the applied stress is lower than the constarhe friction
device gy, i.e. if the stress is not on the yield surfaaechange in plastic strain takes place;
the instantaneous response of the device is elasticEq. 11.2-4.

f(0)<0=0=E(¢-¢,)=E¢ Eq. 11.2-4

A change in the plastic straif}, arises only if the stress is on the yield surfacdeed

when the applied stresg reaches the constant of the frictional devigg, this device

experiences slip in the direction of the appliedst. The evolution of the plastic strain is
then governed by Eq. 11.2-5, named flow rule, whgee0 is the slip rate.

£, =y sign(o) Eq. I.2-5
The flow rule of Eqg. 11.2-5 can be used to desctite evolution of the plastic strain for

any admissible stress state provided thaty and o satisfy with the physical requirements

that the stress must be admissible and that trstiplow can take place only if the stress is
on the vyield surface. These requirements resuthénconditions of Eq. 11.2-6, which are
referred to as Kuhn-Tucker conditions.

yz0, f(o)<0, yf(o)=0 Eq. 1.2-6
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In addition, a condition is introduced to exprdss physical requirement that a change
in plastic strain (i.e.)y>0) can only arise if the stress poit ~ “persists’tioa yield surface.
This condition, called consistency condition andegi by Eq. 11.2-7, allows for determining
the actual value of the slip raje

yf(o)=0 Eq. 11.2-7

The plasticity model can be further enriched byadticing the concept of hardening. In
strain hardening plasticity, the stress varies #aneously with the plastic strain in the
device; therefore the yield surface varies with #meount of plastic flow in the system.
Depending on the behavior that is representedyithé surface can expand (hardening) or be
reduced (softening) with the amount of plastic flow

Hardening (or softening) is introduced in plasyiginodels by incorporating hardening
variables into the yield condition. The evolutioh these hardening variables during the
plastic deformation process is governed by hardetaws. For instance, a yield condition

with isotropic linear hardening is given by Eq.21B, whereE; 20 is a constant called
plastic modulus and is the internal hardening variable that dependgheramount of plastic
flow. Isotropic linear softening is similarly deszed usingE, <0. The internal variables

can be written for instance in terms of the eq@maplastic strain, see Eq. 11.2-9.
f(o,«) ::|a|—‘a\(+Ep K‘SO, k=0 Eq. 1.2-8

k=g Eq. 1.2-9

In the situation described by Eq. 11.2-8, the lomatof the center of the yield surface
does not vary with the amount of plastic flow; mroduce such variation in the model, an
additional internal variable must be introducedtle equation of the yield condition to
capture kinematic hardening.

[1.2.2.2. General theory in a three-dimensional context

In a three-dimensional context, the strains anessas are represented by second order
symmetric tensors (i.e., symmetric matrixes). Wasuder the standard bas{@l,_ez,g}.

Adopting the assumption of small strains, the sttensor¢ is defined by Eg. 11.2-10, with
. , . , : 0
u Z(Ul, W, u3) the displacement field, which is a first ordersen(i.e., a vector) :Eg

the vector differential operator and the tensorial product.

[ty

1
:E[QDQ+(Q Dg)TJ Eq. 11.2-10

This equation can be rewritten in terms of comptsmen the standard basis. The
displacement field vector is given hy=U € and the strain tensor is given by Eq. 1.2-11,

with i,j =1,2, %
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1| du, . 0u;
E=—|—+—|gle Eq. 11.2-11
= 2|:6xj ax}g s a

The stress tensor is denoted by Eq. 11.2-12.

g=o;ele Eq. 1.2-12
Using these notations, the plasticity theory caméeeralized to the three-dimensional
setting. The total strain tens@ris assumed to be the sum of an elastic straitefys and a
plastic strain tensog,, according tog = &, +&,. The stress tens@ is related to the elastic
strain &, by means of a stored-energy functit¥ according to Eq. 11.2-13 (Simo and
Hugues, 1998).

ow

E Eq. 11.2-13

Q

For linearized elasticity)V is a quadratic form of the elastic strain, thugegiby Eg.
1.2-14 whereG, is the fourth order tensor of elastic moduli, whis assumed constant.

W:%Q :é}): | Eq. 11.2-14

IS

g=C,:(£-¢,) Eq. 11.2-15

The developments above are consistent with thergefiamework of thermodynamics
of irreversible processes with internal variableseed we consider the expression of the rate

of dissipation per unit volumé given by Eq. I1.2-16.

D=g:£-pyY=20 Eq. I1.2-16

In this equation,p is the density (specific mass) agd is the Helmholtz free energy

per unit mass which depends on the internal statahes of the system. For a material that
responds to the plasticity theory with hardeniritg free energy per unit mags can be

written as a function of the elastic strafy and additional internal variables; used to
capture the inelastic strains that develop in tla¢enial. After performing the time derivation
of the free energy per unit mas;s(gel,/q), the rate of dissipation per unit volume is
evaluated by Eq. 11.2-17.

ﬂZ[Q—pa—w}:§e|+g:£p—pg—wki20 Eq. 1.2-17
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Referring to the standard thermodynamic argumebiéefnan and Gurtin, 1967), since
the dissipation must always be non-negative, itiaar for an elastic behaviogf =0 and

K; =0), the stress tensor is given by Eq. 11.2-18.

g oz, Eq. 11.2-18
The expression of Eq. 11.2-18 is similar to Eq2413 where the stored-energy function
W = py is the free energy per unit volume.

The three basic functions that define the plastittieory, i.e. the initial yield surface,
the hardening rule and the plastic flow rule, agspectively defined by Eg. 11.2-19, Eqg.
[1.2-20 and Eq. 11.2-21 in the three dimensionahtext (Simo and Hugues, 1998). In these

equations,q are internal variables which are functions(gL,Ki), Q and r are prescribed

functions which define the type of hardening anel direction of plastic flow, ang¢=0 is

the consistency parameter which is determined usiegKuhn-Tucker conditions and the
consistency condition as established previouslytferone dimensional context.

f (g,g) =0 Eq. 11.2-19
g’=—yg(g,:) Eq. 1.2-20
o =V;(g,g) Eqg. 11.2-21

Finally, the tensor of tangent elastoplastic modugugiven by Eq. 11.2-22.

e

if y=0

f Eq. 11.2-22
if y>0
o

meo
3
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e
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During a numerical calculation by the finite elememethod of a structure made of
plastic material, the numerical integration of doastitutive lawg = C:Ze":g is required. This

integration necessarily requires a step-by-stepritgnic method since the tensgreIO is not

constant, due to the hardening term and the notonthle yield surface ,f which changes

with the stress. The tensor of tangent elastoplastidulus given by Eq. 11.2-22 is generally
nonsymmetric, except in the case for which the floke is given by the expression of Eq.
[1.2-23. This case has special significance arghied an associative flow rule.

L(g,ﬂ):aaf (g,g) Eq. 11.2-23
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Note that the second order symmetric tensors esstand strain can be rewritten as
vectors with six components, as expressed by Ex;24.

T
(gxwgyy’gzz’g xyg x2€ y)

Eq. 11.2-24
(Uxx’ O-yyiazz’J xya x2? yl

é‘:
g:

[1.2.2.3. Plasticity model for concrete — Yield surface

The plasticity theory can be used for modellingcohcrete material provided proper
functions are adopted to describe the yield surfaaslening rule and plastic flow.

The yield surface should capture the experimengilatsior of concrete presented in
Chapter I. Concrete is a pressure-sensitivity madterith a dramatically lower strength in
tension than in compression (Jirasek and Bazar@2)2Qtherefore the yield surface of
concrete should be non-symmetric in tension andpcession and should reflect the increase
in ductility and strength induced by confinementoger description of the effect of
confinement is important as such a situation ayig@sinstance, in concrete columns with a
large amount of transverse reinforcement (stirrufrs)addition, proper yield surface for
concrete material should capture other experimgntdlserved phenomena. For instance, it
should capture the decrease in maximum tensilessthat can be transmitted by the material,
compared with the uniaxial tensile strength, whiee tensile loading in one direction is
combined with compression in one or two perpendicdirections, i.e. in pure shear.

Numerous yield surfaces have been published inliteature to characterize the
behavior of different materials. In this section,few theories are presented and their
application to concrete is discussed. For an ipatrmaterial, the yield criterion must depend

only on the set of the three principal stresdé(saij ) =F (01,02,03) =0, or the three stress

invariants, F(aij ) = F(IJ,II olll 0) =0. As a reminder, the three stress invariants arengi
by Eq. 11.2-25.

I, =0, =Tr(a) ; IIJ:%(JUJ“ -g g ) ; Il ,=detg Eq. 11.2-25

The hydrostatic stress tensop is related to the first stress invariart, by

E:(]/3) I, 1, with 1 the identity tensor. This hydrostatic stress tetiends to change the

volume of the stressed body whereas the deviastméss tensor, given by Eq. 11.2-26, tends
to distort the stressed body.

ézg—%Tr(g)i Eq. 11.2-26

For geometric interpretation, the Haigh-Westergaakdinates are used here, i.e., the
hydrostatic stress invariadt, the deviatoric stress invariapgt, and the deviatoric polar angle
g, see Eq. 11.2-27. The Haigh-Westergaard coordgapan a cylindrical coordinate system
of the stress space, see Fig. 11.2-5.
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Fig. 11.2-5: Haigh-Westergaard coordinates (frona€at, et al., 2002)

a) Von Mises yield surface

The criterion established by Von Mises (1913) isisotropic criterion based on the
second deviatoric stress invariapt. Its physical interpretation is that the behawérthe
material becomes plastic when the elastic sheaggneaches a threshold value. It delimits
the deviatoric stress by the uniaxial compressirength f_ in the form:

f(g):p—\/% f,=0 Eq. 1.2-28

In the space of the principal stresses, the yietthse is represented by a cylinder with
infinite length, see Fig. 11.2-6. When projected thre biaxial stress space, it is an ellipse
symmetric with respect to the origin of the priradigtress plane, see Fig. I1.2-7. This one-
parameter criterion infers that the compressivetandile strength are equal because of lack
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of pressure-sensitivity. So, it cannot be usechdsré envelope for concrete because it would
not properly capture the tensile part of the adciaiftire envelope.

In the compressive quadrant, the Von Mises critermuld be accepted as an
approximation of the failure envelope of concrétewever this criterion, as it includes only
the second deviatoric stress invariant, is interfdedhe description of material in which the
failure is by slip between dislocation planes (mdidef failure). Therefore, it is valid for
many ductile metals but, for concrete, a modeludilg the effect of the hydrostatic
component of stresses should probably be preferredeed in concrete, the cohesive
properties have also a preponderant part, togetitlerslip properties. This hydrostatic effect
can be considered by the introduction of the fitséss tensor invariard within the yield

surface model. An example of model combining béthnd o is the Drucker-Prager model.

7
ety
e
acercllth

Fig. 11.2-6: Von Mises failure surface plotted het3D stress space (left) and in the deviatoric
plane (right) (picture V. Papanikolaou ©)
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Fig. 11.2-7: Biaxial failure envelope resulting frovon Mises yield criterion in the
normalized principal stress plane, compared wighdata (Kupfer and Gerstle, 1973)
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b) Drucker-Prager vield surface

The Drucker-Prager yield surface (1952) is commombed for cohesive granular
material such as soil or concrete. It includeshiydrostatic effect on the yield behavior. In the
principal stress space, it is represented by allairccone with its central axis as the line of
hydrostatic stress, see Fig. 11.2-8. The deviatseictions of the Drucker-Prager criterion have
a circular shape. This criterion delimits the dewmi@ stress by a linear combination of the
cohesive and frictional strength in the form of H®-29, whereA andB denote two material
parameters.

f(g)=p+/6 AE-2B=0 Eq. 11.2-29

The parameters andB can be related to the internal friction angealong a triaxial

compression path and to the internal cohesioWhen projected in the biaxial stress space, it
can be an ellipse, parabola or hyperbola deperahirthe parameters values.

O3

]

Fig. 11.2-8: Drucker-Prager failure surface plotiadhe 3D stress space (left) and in the
deviatoric plane (right) (picture V. Papanikolaoy ©

Owing to the two paramete& and B, it is possible to match the criterion to two
characteristics strength values. For instancebtaio a quite reasonable approximation of the
actual failure envelope in the quadrants that spoad to biaxial tension and to tension-
compression, the two parameters are matched tpetdle stresses under uniaxial compression
f. and uniaxial tensiorf, by choosing the set of values (1) given by EQ-80. In this case,
the intersection of the Drucker-Prager cone withlitaxial stress plane is a hyperbola and the
equibiaxial strength becomes infinite (Jirasek Badant, 2002), see Fig. 11.2-9.

- 1fot . g2 L Eq. 11.2-30
B +f ' J3f 41, a7
On the other hand, a good description in the biag@npression range can be
obtained by matching the uniaxial and equibiax@hpressive strength$, with the set of

A

values (2), see Eq. I1.2-31. Experimental data quileaxial stress tests suggest that the
equibiaxial compressive strengtfy is approximately equal to 1.15-1.20 times the xiala
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compressive strengtlfi, for usual concrete (Feenstra and de Borst, 1996).corresponding

biaxial failure envelope is an ellipse that suceedcapturing the actual failure envelope in
compression, but not in tension. This failure eapel has been used in the literature as the
compressive part of a multi-surface plasticityasin for concrete, in combination with the
Rankine cutoff in tension (Feenstra and de Bo&26).

=—_b ¢ . B=_—__bec_ Eq. 11.2-31
J32f, - f, J32f,— f, a

A disadvantage of the Drucker-Prager yield surfadeat it is not closed along the first
invariant and therefore it does not allow for mdidgl the apparition of plasticity for high
levels of hydrostatic pressures. As a result,¢hterion should not be used for applications in
triaxial tests with high confinement (Jason, et2006).
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Fig. 11.2-9: Biaxial failure envelope resulting froDrucker-Prager yield criterion plotted in
the normalized principal stress plane. 1: withgheameters matched to the peak stresses
under uniaxial compression and uniaxial tensionvith the parameters matched to the
uniaxial and equibiaxial compressive strengths.

¢) Rankine yield surface

The Rankine criterion states that yielding ariségenvthe maximum principal stress
reaches a pre-defined vyield stress; it can be ezpte asf(g):al(g)— f,=0. This

criterion can be used for modelling of smeared ilensracking in concrete (Jirasek and
Bazant, 2002).

Rankine yield surface is represented in the sspase by a pyramid made up of three
distinct planes, see Fig. 11.2-10. The deviatorect®n of Rankine yield surface has a
triangular shape, which approximately correspomdthé concrete experimental behavior at
low compressive hydrostatic pressure (Jirasek amai, 2002).

This criterion is not adapted for capturing the dgbr of concrete in compression;
however it can be used in association with anogtedd surface, to model the tensile behavior
of concrete. Yet, the experiments have shown thatmbaximum tensile stress that can be
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transmitted by the material decreases with redpettte uniaxial tensile strength when tensile
loading in one direction is combined with compressn one or two perpendicular directions;
this effect cannot be taken into account using René&riterion.
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Fig. 11.2-10: Rankine failure surface plotted irtBD stress space (left) and in the deviatoric
plane (right) (picture V. Papanikolaou ©)

d) The Menetrey and Willam triaxial failure criterion

Many other failure criteria have been proposechm literature to capture the behavior
of concrete, with different number of parameterd different degree of complexity, e.g. the
four-parameters criterion by Ottosen (1977) or fike-parameters criterion by Willam and
Warnke (1974). This section presents the triaxadufe criterion by Menetrey and Willam
(1995). While the Von Mises and Drucker-Pragerecid respectively include one and two
parameters, the Menetrey and Willam criterion igemeralized three-parameters criterion.
Owing to the three parameters, the model can hestad] such that it exactly reproduces the
strength in uniaxial tension, uniaxial compressaod biaxial compression, see Fig. 11.2-11.

10 - o2lfc
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Fig. 11.2-11: Biaxial failure envelope resultingpin Menetrey and Willam triaxial failure
criterion, with e = 0.52, plotted in the normalizathcipal stress plane
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The Menetrey and Willam failure criterion can betign in a generalized form that
allows particularizing the criterion to the Von Mg the Drucker-Prager or the Rankine
criteria, for adapted values of the parameters.répeesentations of the Menetrey and Willam
failure criterion in the stress space and in thaaleric plane are plotted in Fig. 11.2-12.

The Menetrey and Willam triaxial failure criteriaffers several advantages. It captures
with a good accuracy the biaxial and triaxial sgtanof concrete. It has only three
parameters: the uniaxial strength data in tensiod aompression, which are easily
determined from experiments, and an eccentricityarpater e, which influences the
hydrostatic compressive region. The criterion canelpressed as a function of the three
stress invariants formulated in terms of the Halgbstergaard coordinates, for easy
geometric representation. The described surfacemsoth and convex in stress space
provided the eccentricity parameter is chosen enringe0.5<e< 1, except for the vertex
located at the point of equitriaxial extension, $eg. 11.2-12. Due to its advantages this
criterion has been used as the yield criterioniffer@nt plastic models for concrete recently
published in the literature (Grassl, et al., 2008rvenka and Papanikolaou, 2008).
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Fig. 11.2-12: Menetrey and Willam failure surfacletbed in the 3D stress space (left) and in
the deviatoric plane (right) (picture V. Papaniknla)

e) Composite yield surface

As concrete presents a highly non symmetric beharitension and in compression, a
multi-surface yield criterion can be used instefd anique yield surface criterion to capture
the behavior of concrete under different load patlhe underlining idea is that different yield
surfaces are used to capture the different meamanaéssociated to tension and compression.
For instance, a criterion which limits the maximymncipal stress, well adapted for the
description of a fragile behavior characteristictié concrete behavior in tension, can be
coupled to a “ductile” criterion limiting the devaic stress, well adapted to capture the
plastic behavior of concrete in compression.

A multi-surface model for concrete combining theu€ker-Prager criterion with the
Rankine cutoff in tension has been proposed by $teeeand de Borst (1996). In this case, the
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two parameter and B in the Drucker-Prager criterion are matched to uhexial and
equibiaxial compressive strengths. The resultingymasite yield surface is plotted in Fig.
[1.2-13, and compared with the Menetrey and Willgigld surface and with biaxial strength
envelope test data by Kupfer and Gerstle. When la-surface yield criterion made of two
yield surfaces is considered, the criterion is gileg Eq. 11.2-32.

f; (g) <0
= Eq. 11.2-32
f, (g) <0
1.0 — Drucker-Prager o2/fc
= Rankine | e
— Menetrey-Willam .=
0.5 B testdata )
ol/fc
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Fig. 11.2-13: Biaxial failure envelopes resultingifn a composite Rankine-Drucker Prager
yield criterion (Feenstra and de Borst, 1996) andthfthe Menetrey-Willam (1995) criterion,
compared with test data from Kupfer and Gerstl&8)9

The main advantage of using multi-surface yielbtifor concrete is the ability to
handle the different physical mechanisms that agwvel tension and in compression with a
dedicated yield surface. However, a disadvantagki®imethod is the difficulty to handle the
“corners” of the composite yield surface, at théengowhere both surfaces intersect: where
the surface is discontinuous (non-smooth), thectdoe of the plastic flow is hard to evaluate.
Multi-surface yield criteria have nevertheless beeopted by numerous authors (Feenstra
and de Borst, 1996; Nechnech, et al., 2002; de rMaBenboudjema, 2011) for concrete
modelling due to their convenience in capturingasafely the tensile and compressive
phenomena.

[1.2.2.4. Plasticity model for concrete — Flow rule and
Hardening/Softening

The evolution of the plastic strain rate is givgnaplastic flow rule as expressed by
Eq. 11.2-33, withy= 0 the consistency parameter that defines the levfgdtastic flow andr

a prescribed function that defines the directiomplaistic flow. The evolution of the plastic
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strain must satisfy with the Kuhn-Tucker conditiagisen by Eq. 11.2-6. The consistency
parametery is often referred to as plastic multiplidrin the literature.

£ =y;(g,g)=/i ;(g,g) Eq. 11.2-33

The consistency parameter can be determined usengansistency condition, given by
Eq. I.1-7, provided the direction and the hardening rules are known.

The value of the directiom is defined as a function of the material statpresented
by the stress statg and the hardening variables. A plastic poterfidépendent on the stress

tensor and the hardening variables is generallgl,usading to Eq. 11.2-34.

Eqg. 1.2-34

The flow rule is said associated whépg is collinear tod . f . In this case, the plastic
flow is normal to the yield surface in the strepace. On the opposite, the flow rule is said
non associated whes, g has a different direction thady, f . Associated flow rules are well

adapted for materials such as metals in which #diaré is due to slip between dislocation
planes (mode Il of failure) and therefore induces volumetric variation. However for
concrete type materials, a non associated flow shlmuld be preferred because the plastic

deformation is accompanied by volumetric variatidm%é‘p) #0 (Lemaitre, et al., 2009).

In case of multi-surface plasticity, a differenagtic potentialg; is introduced for each
yield function f;. The evolution of the plastic strain rate is detieed by Koiter's rule
(Koiter, 1953), which allows for a summation of thkastic strain of each yield function
according to Eqg. 11.2-35. In this equatioﬂ], represents the plastic multiplier associated ¢o th

plastic potentialg; .

¢ =Zn‘,/i-% Eq. 11.2-35
:p = |ag— q .

In the two-surface model proposed by Feenstra anBladst (1996), they suggest to use
an associated flow rule in tension, ig.= f;, and a non associated flow rule in compression,
0. # f.. The suggested plastic potential in compressisuch that the compressive plastic

flow is associated in the deviatoric plane butvidumetric part uses a dilatancy coefficient
different from the coefficient of internal friction

Hardening or softening of the yield surfaces areedr by the internal variables; . In

the model by Feenstra and de Borst, the DruckeydPraurface evolves by isotropic
hardening followed by softening, whereas the Ramkurface evolves by isotropic softening.

The hardening variablg; is introduced in the Drucker-Prager surface egudir modelling
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the behavior in compression, while another hardgeniariable, «,, is introduced in the
Rankine surface equation for modelling the behawidension. The two hardening variables
are defined by Eq. 11.2-36, whekg, and ¢,; are constant parameters describing the coupling
between the two plastic mechanisms. Due to a ldclexperimental data, the authors
recommend to sef;, =¢,,=0, thus decoupling the softening mechanism in tengiom the
hardening-softening mechanism in compression.

K= A+ G Eq. 11.2-36
Ky =6 At A,

Assuming that the mechanisms in tension and corsioresare decoupled, the
hardening variableg; and «, can be interpreted as effective plastic strainth@xsense of
the work hardening hypothesis, adapted for noncestsal flow (Jirasek and Bazant, 2002).
Indeed after setting;;, =¢,,=0 in Eq. 11.2-36, the hardening variables are gi®nEq.
11.2-37, with g, the plastic potential that defines the flow rude the compressive mechanism

and f, the uniaxial tensile yield strength.

P2 Eq. 11.2-37

As a result, under uniaxial tensiot, is equal to the plastic strain in the direction of

applied stress, whereas under uniaxial compressjas proportional to the plastic strain in

the direction of applied stress. Owing to this liptetation of the hardening variables, the
hardening laws may be identified from uniaxial s¢rstrain curves.

11.2.3. Damage models

Concrete subjected to external and/or thermal ladelsgelops microcracking, which
results in a modification of its mechanical prof=t The damage models offer a convenient
framework for taking into account the influencenaitrocracking on the mechanical behavior
of concrete at the macroscopic level. The theaktimackground of damage theory is
presented in the first part of this section. Than,example of its application to concrete
modelling is given in the second part.

[1.2.3.1. Theoretical background of continuum damage meclsanic

The damage theory relies on the consideration tefrnal variables (scalar or tensor)
that describe the state of damage of the matémigihe isotropic case, the micro-crack state of
the material is considered homogeneous in all ioes. The isotropic damage of the material
due to microcracking is modeled in the simplesedasa single scalar internal variable called
damage variabl®, which ranges from O for the undamaged materid for completely
damaged material. However in some cases, propeelimgdof the isotropic state of damage
of the material may require several scalars, fgtance when the material behavior is non
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symmetric in tension and in compression. When @aldgr phenomena have to be captured,
such as the unilateral effect in concrete, propecdption of the isotropic state of damage
may even require the use of a tensor (Ju, 1990).aRcsotropic materials, a tensor is

automatically required for modelling the anisotmpgamage state due to the influence of the
orientation of micro-defects.

In damage theory, a distinction is made betweerd#maged and the undamaged parts
of the material. Before any damage develops imtheerial, the material is in its virgin state
and the damaged and undamaged parts coincide. @asrage progressively growths and it
is considered that this damage reduces the volunteeomaterial that sustains the applied
load, i.e. the undamaged part of the material. d@istinction between the damaged and
undamaged parts of the material leads to the diefiniof the effective stresg, which

applies to the undamaged part of the matefjg|,, see Fig. 11.2-2. Hence, effective stress is
meant as the average micro-level stress appligtheécundamaged volume of the material
whereas nominal stress is meant as the macro-level stress and is defisegkternal force

E.. divided by the total ared,, . These considerations lead to Eq. 11.2-38.

Eext:ngtot:nghnd Eq. 11.2-38

In the undamaged part of the material, the elabgory applies, which leads to the
effective stress-strain relationship of Eq. 11.2-B9this equation, the effective stress tensor is

directly related to the strain tensor by the etastiffness of the undamaged matef@|

It

0 -

LS|
I
e

Eq. 11.2-39

In the simplest isotropic case, the state of danmgdescribed by a single scalar This
damage variabl® may be defined in terms of degradation of the ¥psirmodulus of the
material, see Eq. 11.2-40, whefe is the current material stiffness tensor (Nechpethal.,

2002). Meanwhile, the damage variables also a measure of the ratio between the damaged
surface and the total surface of the material Expdl.2-41.

=(1-D)G Eq. 11.2-40

o

Aung =(1- D) Ay Eq. 11.2-41

As a result, the relationship between the apparedteffective stress tensors is given by
Eq. I1.2-42. This leads to the definition of thenmiaal stress-strain relationship of Eq. 11.2-43.

g=(1-D)g Eq. 11.2-42

O

g=(1-D) Gy Eq. 11.2-43

The damage theory relies on the general framewbthesmodynamics of irreversible
processes with internal variables. We considerfara®ble body under a static loading and
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subjected to progressive damage, and we assumé than isothermal process. The elastic
energy ¢/ per unit volume of the body is a function of tHaséic strain tensog and an

internal damage variabl®, according to Eq. 11.2-44. In this equatioi4, is the elastic
energy of the virgin (undamaged) material; for éineed elasticity, it is given by Eq. 11.2-45.

%(£.D)=(1-D) 4¢) Eq. 11.2-44

£ Eq. 11.2-45

%(e)=5C

The Helmholtz free energy per unit volurnpg/ can be taken equal to the elastic energy

IIIIO

per unit volume? . The rate of dissipation per unit volurd2 is then given by Eq. 11.2-46
(Grassl and Jirasek, 2006).

D=g:£-py=20 Eq. 11.2-46

After performing the time derivation of the freeeegy per unit massl(é, D), the rate

of dissipation per unit volume is evaluated by EQ-47.
oy | . oY .
D=|g-p—|:é-p—=D=0 Eq. 11.2-47
[= p0£]= “m i

The stress tensor is then obtained by Eq. Il.2wll8ereas the non negativity of the
dissipation leads to the condition of Eq. 11.2-49the damage process.

0
g= w =(1-D) G g Eq. 11.2-48
0% B20 Eq. 11.2-49
P

The term -pdy/aD is referred to as the dissipative force conjugatéhe damage

variable, or damage energy release rate (Grasslieamkk, 2006). It represents the amount of
dissipated internal energy required for generating of damage; therefore it is a measure of
damage susceptibility. The physical interpretatddriEq. 11.2-49 is that the damage process
reduces the internal energy of a system. As theadanenergy release rate is always

nonnegative, the condition of Eq. 11.2-49 turnim =0, i.e. the damage variab® cannot
decrease.

The different models developed in the frameworkhef continuum damage theory are
characterized by the number of variables used sordee the state of damage, the definition
of the damage criterion used to describe the Irdbanain of elasticity, and the evolution laws
of these damage variables and damage surface. Wectbon can be made with the theory of
plasticity, as the damage criterion can be integok@s a yield criterion, the evolution law of
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the damage variables as a plastic flow rule andettwdution law of the damage surface as a
hardening law.

The damage criteria can be based on different Masaof the model. For modelling of
concrete, several damage criteria have been prdpodke literature, based on the equivalent
strain (Mazars, 1984), on the stress (Ortiz, 1985)n the damage energy release rate (Ju,
1989; Wu, et al., 2006). Other authors used engliyidefined damage criteria (Faria, et al.,
1998; Comi and Perego, 2001); however these tworaalpmodels fail to reproduce the
concrete behavior under certain stress statesyjemmdover the model by Comi and Perego
requires many parameters with not very clear playsieaning.

As in plasticity theory, when a stress point in finecipal stress space is on the current
damage surface, two configurations are possibkenms of damage evolution. One may be
unloading or neutral loading, thus leading to noletion of damageD =0 . The other is
loading, accompanied by the evolution of damage @efihed asD >0 (Tao and Phillips,
2005).

In the next section, the model by Mazars (1984)piesented as an example of
application of damage theory to concrete.

[1.2.3.2. Mazars model

The stress-strain relationship considered in Mamavdel is given by Eqg. 11.2-50, with
E, the initial Young modulus andthe Poisson’s ratio.

g=(1-D)

O

. _ E v
0 € o 0,=(1- D)1+u0 & * 1o ud Eq. 11.2-50

In Mazars model, the non symmetric behavior of cetgcin tension and compression is
taken into account by the definition of two damageiables; the damage varialdle that
appears in Eq. 11.2-50 is composed of two compaastwill be shown below.

Mazars assumes that microcracking is created bgneiin of the concrete material.
Therefore, the evolution of damage is driven bydheunt of extension experienced by the
material during the mechanical loading. Damage ldg@gein the material when the amount of
extension in one of the principal strain directionerreaches a certain threshold. This amount
of extension is characterized by a variable cadlgdivalent strain and given by Eqg. I1.2-51. In

this equation(x), is the Macauley bracket that refers to the posigiart of x, i.e. (x), =0

+

if x<0 and(x), =x if x=0; and¢ are the principal strains.

3

e=(e): +(&)i+ () = (2 ((8).) Eq. 112-51

i=1

The damage variable and the damage criterion are function of this egjent strain
variable. The main advantage of the concept ofresibe expressed by an equivalent strain is
the characterization of a triaxial state by refeeeto a uniaxial state; this allows for capturing
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the results of uniaxial tension test. The damagerwmn is given by Eq. 11.2-52, Wher/e(D)
is the threshold of damage growth.

f(£,D)=&-«(D) Eq. 11.2-52
The initial threshold of damage can be relatedh® peak stress of the material in
uniaxial tensionf, as follows:k, = f;/E,. In the course of loading (D) takes the

maximum value of the equivalent strainever reached during the loading history.

The damage surface evolution is governed by théusen of the damage threshold
k(D). The damage evolution is also governed by a fanaf #(D); as«(D) is calculated

from &, the evolution of damage is driven by the equinbkdrain £, which is a measure of
the amount of extension.

Because of the differences in the mechanical beha¥iconcrete in compression and in
tension, the description of damage relies on tvabirdit scalars governed by their evolution
law. In tension, the micro-cracks that lead to dgengrowths in concrete are perpendicular to
the applied stress; this first type of damage Ikday Mazargdirect damageand is written

as D, . In compression, the micro-cracks are parallehapplied stress. These micro-cracks
are due to an extension of the material in thestrarsal direction by Poisson effect; this
second type of damage is calkedansmitted damagand is written adD,. The evolution laws
of the damage variablds, and D, with the damage threshol'd(D) are given by Eq. 11.2-53

and Eq. I.2-54. The parametefs, B, A, and B, are characteristics of the material.

_q_Ko(1-A) A
D, =1--2 - .2
p ol B (5 —#3)] Eq. 11.2-53
_ _Ko(l_A:)_ A
D, =1 p ol B (K 13)] Eq. 11.2-54

The damage parametér is defined as a linear combination of ttheect damagen
tension and thetransmitted damagen compression,D =a,D, +a.D,. The weighting

coefficientsa; and a,, that appear in the latter expression, depencherstress state; they

define the relative importance of tension and casgon in the damage process. The
condition a; +a, =1 has to be verified. The expression of these weightoefficients is

given by Mazars as functions of the principal valoéthe strains:?+ andg  due to positive
and negative stresses. In uniaxial tensiop=1, whereas in uniaxial compressian =1.

Hence,D, and D, can be obtained separately from uniaxial tests.

Mazars model contains seven parameters. The YsumgdulusE, and Poisson’s
ratio v can be measured from a uniaxial compression Tést.parameters related to damage
in tension( f,,A,B) can be provided by a direct tensile test or tipeiet bend test. The
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parameters related to damage in compreséngr,]BC) can be fitted from the response of the
material to uniaxial compression.

11.2.4. Coupling plasticity and damage

The last two sections have presented the theordt@zkgrounds of the plasticity and
the damage theories and have given some informatmut their application to concrete
modelling. The present section is interested in ¢bapling between these two theories.
Indeed, models based on a plastic-damage formnlare better adapted to capture the
different phenomena (e.g. permanent strains, dagced of stiffness, etc) exhibited by
concrete material, compared with plasticity moadeld damage models, see Fig. 11.2-14. This
section focuses on the combination of stress-bpkseticity formulated in the effective stress
space and isotropic damage for the reasons medtianthe end of the general review, see
Section 11.2.1.4.

A A A

o (a) o (b) o ©)

¢ £ ¢

Fig. 11.2-14: Uniaxial stress-strain behavior fomadel based on (a) plasticity theory,
(b) damage theory, (c) coupled plastic-damage theor

Several recently published concrete models havetada plastic-damage formulation
with stress-based plasticity in the effective sirgsace and isotropic damage.

The models published in the literature notablyatifby the type of coupling between
plasticity and damage. Indeed, plasticity and damagy be driven by the same internal
variables or the evolution of these two phenomeas be driven separately using different
internal variables. In the latter case, differehtesholds are defined for each of these
phenomena. The choice of governing the evolutidnglasticity and damage with different
internal variables relies on the assumption tha& pihysical mechanisms of interaction
between damage and plastic strains, if they eaigt,too complicated to be modeled by a
single phenomenological approach. In the model by, \t al. (2006), the evolution of
plasticity is driven by the equivalent plastic steaunder uniaxial tension and compression
whereas the evolution of damage is driven by theatge energy release rates (DERRS); in
addition with the yield criteria, two damage cri¢eare defined with their damage thresholds.
This approach gives a lot of flexibility in the nalihg, as for instance it allows for
developing degradation of the elastic propertigbout developing irreversible strains or vice
versa; however, this approach implies a large nunobeparameters. By using the same
internal variables to govern the evolution of pglast and damage, and consequently the same
threshold for the two phenomena, the number ofrpaters can be reduced. The models that
use a single set of internal variables for driviplgsticity and damage make the implicit

Chap Il — State of the art 86



assumption that the two phenomena are caused bgaime physical mechanisms at the
microscopic level. These physical mechanisms at riieroscopic level can thus be
represented by a single set of macroscopic vasabMhich are used to model all the
phenomenological aspects of the behavior (irrebkrsstrains, degradation of the elastic
properties, unilateral effect, etc). Although tradidity of this assumption may be questioned
for concrete, it has been adopted in several moplelposed in the literature (Grassl and
Jirasek, 2006; Nechnech, et al., 2002; Matallah laandBorderie, 2009) due to the resulting
simplicity of the model and the limited number arameters. In these models, damage is
linked to the evolution of the plastic strains.

Different formulations of the stress-strain relaships have been used in the plastic-
damage models. An interesting approach is baseth@riormulation of Eq. I1.2-55. This
formulation has been adopted by different reseasc{t&assl and Jirasek, 2006; Nechnech, et
al., 2002; Wu, et al., 2006), although these retmms have used different formulations to
represent the isotropic damage: the t&nm Eq. 11.2-55 has a different signification incka
of these models. In the model of Grassl and Jiré2@86), the ternb is a single scalar. In the
model of Nechnech, et al. (2002), the tebms a single scalar calculated from two scalar
damage variables (one for tension and one for cesspyn), and a third scalar parameter is
used to capture the unilateral effect. In the madé&Nu, et al. (2006), the terl is a fourth-
order tensor based on two scalar damage variablésurth-order tensor is indeed required
for representing the state of isotropic damageoinceete; the cost for not using a tensor is an
additional scalar parameter necessary for the septation of the unilateral effect.

g=(1-D) G :(e-¢&,) Eq. I1.2-55

The formulation of Eg. 1.2-55 can be derived frahermodynamic considerations
using the Helmholtz free energy per unit volumeegi\by Eq. 11.2-56 (Grassl and Jirasek,
2006).

py =(1-D) %(g—gp):coz(g—gp) Eq. 11.2-56

Other authors have suggested different formulatadribe stress-strain relationship. For
instance, the damage variable can be taken astgheulof the plastic strain tensor (Matallah
and La Borderie, 2009), as expressed by Eq. 1.2-B7is formulation relies on the
assumption that the stresses cannot be affectqaalsyic strains if damage is not activated

and inversely; therefore the stress expressioanistion of the combined variable £, . This

assumption is consistent with the assumption madehb authors in terms of coupling
between plasticity and damage, as discussed hereaimdeed they assume that damage is
linked to the evolution of plastic strains. Thetispic damage is represented by a single
scalar and an additional parameter to describeuthiateral effect. An advantage of the
formulation by Matallah and La Borderie is the fHtat the anisotropy of the plastic strain
tensor naturally induces damage anisotropy, dukedact that the isotropic damage variable
is multiplied by the plastic strains tensor. Howevéhis formulation contains several
disadvantages. The physical interpretation of fifeceve stresses, as stresses applied to the
undamaged part of material, is not valid in thisecavlore important, the degradation of the
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elastic properties of the material is not represgérduring unloading of the material, as the
damage term is not applied to the elastic stiffriessor.

g=C,:(6-Dg,) Eq. 11.2-57

[ll@]

In the model by Richard, et al. (2010), the totahia tensor is decomposed in
deviatoric and hydrostatic parts. The underlinidgai is that the cracked behavior in concrete
can be separated into frictional sliding, modelgdtioe deviatoric part of the model, and
cracks opening and closing, modeled by the hydtiostrain part. The scalar damage
variable affects the deviatoric total strain tenand the positive part of the hydrostatic total
strain tensor; this decomposition allows for caipiyipartially the unilateral effect. In this
model, damage evolution is driven by total strambkjch induces difficulties when stress
passes from compression to tension: damage isamtiyated when the total strain becomes
positive again. Another inconvenient of the modelrelated to the formulation of yield
criterion in nominal stresses, which implies conapiohal difficulties. In order to avoid a
double iteration process, the authors proposerturmivent this difficulty by computing the
damage variable based on the trial elastic strstead of the nominal (converged) stress.

Different yield criteria have been used in the fitadamage models. Several authors
used a unique yield function, e.g. the model bys8lrand Jirasek (2006) uses a yield function
based on the failure criterion by Menetrey and &il(1995), whereas the model by Wu, et
al. (2006) uses the yield function proposed by hed Fenves (1998). Other authors have
adopted multi-surface yield criteria, e.g. Nechnesthal. (2002) uses a criterion combining
Rankine and Drucker Prager yield functions.

As a conclusion, the development of a constitutivedel for concrete based on a
plastic-damage formulation is based on a set afrapsons and strategic choices. It has been
said that isotropic damage is preferred to anipotrdamage in this work, for reasons related
to the applicability to structural analysis. In tpeesent work, stress-based plasticity is
formulated in the effective stress space rathen ihathe nominal stress space, as several
authors have shown that this former option is nsbable and attractive (Grassl and Jirasek,
2006; Abu Al-Rub and Voyiadjis, 2009); computatiointhe plastic response then constitutes
a standard elastoplastic problem in the effectivess space. Then, strategic assumptions are
to be made about other important points, such esyibe of coupling between plasticity and
damage, the internal variables that are used tergahe evolution equations, the formulation
of the relationship between nominal stress and sttain, the variables used to represent the
isotropic state of damage, the yield criteria.

Based on the review presented in this chaptes decided to use the same internal
variables for the plastic and damage phenomenradier to limit the number of parameters in
the model; these internal variables are based astiplquantities. Therefore, there is no
specific threshold for damage: this phenomenornsstardevelop simultaneously with plastic
strains. The model is developed following the stigtsain relationship of Eqg. 11.2-55, adopted
by many other researchers for its convenience agdigal interpretation in terms of effective
and nominal stresses. This approach is very coauefor solving the plastic problem in the
effective stress space using, for instance, amanapping algorithm (implicit scheme), and

Chap Il — State of the art 88



then updating the damage variables using the vabfethe internal plastic variables
determined at the end of the plastic problem (eXpiicheme). In the model, the isotropic
state of damage is represented by a fourth-oraeotebased on two scalars, as a tensor is
needed for proper representation of the asymmeéiavior in tension-compression and the
unilateral effect. Owing to this tensor, modelliofythe unilateral effect does not require an
additional parameter, as is the case for instanche model of Nechnech, et al. (2002).
Finally, in the present work, it was decided to @@d®m multi-surface yield function because the
underlining concept of this theory is justified fooncrete, in which different mechanisms
develop in tension and in compression. In additibis, approach offers more flexibility in the
modelling of the hardening laws compared with glgiryield criterion, in which the choice of
the hardening variables is more complex. The nsuliface criteria based on Rankine and
Drucker Prager functions seem a good choice appbcability for modelling of concrete has
been well established and computationally efficedgbrithms have been developed (Feenstra
and de Borst, 1996).

The different assumptions have been summarizedabieTll.2-1. Once these strategic
choices have been made, it remains to develop doatiens of the model; this work is
presented in Chapters Ill and IV.
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Options Decision Justification

Damage: | ic d Simplifying assumption for easier
Iso.t ropic \_/S sotropic damage applicability to structural analysis
Anisotropic
Local uniqueness, numerical
Plasticity formulation: - _ stability, formulation of a standard
. . Plasticity formulated in the .

Effective VS Nominal troct ‘ elastoplastic problem (Grassl and
stress space Eliective SIess Space  jirasek, 2006; Abu Al-Rub and

Voyiadjis, 2009)

Coupling between Plasticity and damage
plasticity and damage: driven by the same internal ~ Limitation of the number of
Same VS Different variables; no specific parameters in the model
internal variables threshold for damage

. ., , Convenience in the numerical
Stress-strain (1-D)" formulation process, physical interpretation of
relationship (Eq. 11.2-55)

effective and nominal quantities

Necessary for capturing isotropic

(Isotropic) damage th . damage in concrete including
variables: 4 o;der tensor V:”th two asymmetry tension-compression
Scalar(s) VS Tensor amage scaiars and unilateral effect (Ju, 1990;

Wu, et al., 2006)

_ o Multi-surface yield criteria ~ Flexibility and consistency for
Yield criteria:

: _ (Rankine in tension and concrete in which different
Smgle VS Multiple Drucker-Prager in mechanisms develop in tension
yield surface compression) and compression

Table 11.2-1: Main assumptions for the plastic-dgmanodel developed in the thesis
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11.2.5. Extension to high temperatures

[1.2.5.1. General overview

Different authors have worked on the developmentcohcrete models at high
temperatures. A model based on the plasticity théas been developed by Khennane and
Baker (1992); the proposed thermo-plasticity madeintended for modelling of concrete
under biaxial stress states but it does not inclinde effect of degradation of the elastic
properties. Another example of concrete model basethermo-plasticity theory has been
proposed by Heinfling (1998). This latter contribat notably takes into account the
increasing temperature sensitivity of compressitrength to hydrostatic pressure and it
introduces in the constitutive model a characterishgth depending on the size of the finite
elements for regularization of the model, adoptiitierborg’s method (Hillerborg, et al.,
1976). Other authors have developed concrete madeligh temperatures based on the
damage theory (Gawin, et al., 2004; Baker and destB8005). These two damage models
use a thermal damage parameter to capture the ddgigma of Young modulus with
temperature; this thermal damage parameter carfireed by Eq. 11.2-58. The interpretation
of this degradation as damage is justified by #w that it is irreversible.

Eq. I1.2-58
EZO A

The first application of plastic-damage model foncrete at high temperatures, to the
author's knowledge, is due to Nechnech (2000; Nechn et al., 2002). Nechnech
incorporated the effect of transient creep in halel using Anderberg’s formula. The notion
of thermal damage is also introduced to accountHertemperature variation of the elastic
modulus. Plasticity is formulated in the effectisgess space and the isotropic state of
damage is modeled by means of two damage scalais.contribution has highlighted the
interest of plastic-damage models for concretagit temperature. However, the modeling of
damage by two scalars did not allow for capturing tinilateral effect; the author had to
introduce an additional parameter in his model @ @&ound this limitation. Besides, the
model was only developed in two dimensions andpidicability for practical applications of
structural fire engineering has not been demorestrefince then, plastic-damage models for
concrete at high temperatures have been proposkddayoni, et al. (2003) and by de Sa and
Benboudjema (2011). In the former, a thermal dangegameter measures the deterioration
produced by high temperatures and this thermal danmintroduced in the expressions of
the plastic threshold and the mechanical damageshbtd to incorporate the temperature
effects. In the latter, the influence of differemodeling assumptions for the concrete
mechanical model is investigated, such as the deration of the transient creep or the use of
isotropic or orthotropic damage. de Sa and Benlamodj do not use a thermal damage
parameter but they directly incorporate the tempeeadependency of Young modulus

through a temperature-dependent expressioE(dlf) to be considered in the expression of

the stiffness tensor.
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The analyses at ambient temperature presente iprévious sections have lead to the
choice of a plastic-damage model for modeling treemanical behavior of concrete. In the
following, we will thus give an insight into the widopments to introduce in plastic-damage
models for generalization to high temperatures.

At high temperatures, the plastic-damage modelse havbe modified to take into
account the thermal strains, the transient creegpnstand the evolution of the mechanical
properties with temperature. As for the uniaxidauaiion, the macroscopically measurable
strains in heated concrete (i.e. the total straamg)divided into individual strain components
according to Eq. 11.2-59.

Eot =EntEn tEs Eq. 11.2-59
In this equation,g, is the total strain tensorg,, the free thermal strain tensog, the
transient creep strain tensor aggthe instantaneous stress-related strain tensos. [atter
term can in turn be divided in elastic and plasti@ins tensorsg, = &, +¢,, with &, the

elastic strain tensor ang, the plastic strain tensor.

The expressions of the free thermal strain andrtresient creep strain, established for
the uniaxial situation, have to be extended torthdtiaxial situation. Then, the constitutive
relationship between the instantaneous stresecehitain tensog, and the stress tensor

has to be derived by extension of the plastic-damagpdel for accounting for the
temperature-dependency of the mechanical properties

[1.2.5.2. Multiaxial model for free thermal strain

In the multiaxial situation, several authors haveppsed to extend the expression of the
free thermal strain as a function of the tempeeatependent thermal expansion coefficient
a according to Eq. 11.2-60 (de Borst and Peeter891%hennane and Baker, 1992; de Sa
and Benboudjema, 2011). In this equatidnis the second order identity tensor; free thermal

strain is thus assumed to be isotropic.

&n=a(T)xTx1 Eq. 11.2-60

The other approach for modelling of free thermahiat which consists in using an
expression directly depending on the temperatame be extended to high temperatures based
on a similar assumption; this leads to Eq. 11.2-6his latter approach has been followed in
the Eurocode (European Committee for Standardizafl604b), in which different functions

w(T) are given for siliceous and calcareous aggregates.

& =w(T)x1 Eq. 11.2-61
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[1.2.5.3. Multiaxial model for transient creep strain

In a one-dimensional context, the literature revieas shown that the transient creep
strain rate is assumed by most researchers asrpor@b to the applied stress. Generalization
of the transient creep strain formula to a mulahsiress state has been proposed based on the
assumption that the linear proportionality betw#entransient creep strain rate and the stress
Is maintained, and assuming that the process $igat creep does not induce anisotropy (de
Borst and Peeters, 1989; Khennane and Baker, 18@#)ce, the transient creep strain rate

tensor is given by Eq. 11.2-62 (de Borst and Peet&889), withk(T) a parameter used to

model the non linear relationship between the testicreep strain rate and temperature rate
and a fourth-order tensor.

=z

& =(k(T)xT)

==

g Eq. 11.2-62

As the process of transient creep is assumed @oirde Borst and Peeters proposed
that the tensoH be given by Eq. 11.2-63. In this expressiofi], is the Kronecker symbol and

y an additional material parameter. Based on theiawidl data from Thelandersson (1987),
it is suggested thay has approximately the same value as Poissont vatiThe strategy

described by Eg. 11.2-62 and Eq. 1.2-63 has bedopted by many researchers for
generalizing the transient creep strain calculatm@a multiaxial stress state (Khennane and
Baker, 1992; Nechnech, 2000; Gawin, et al., 20@4Sd and Benboudjema, 2011).

Hiw = _Va_ij o} "'0-5(1"‘ V)(a._k 5j| +4 a,_k ) Eq. 1.2-63

When damage is considered in the model, it is gdiyeassumed that the transient
creep strain calculation, given by Eq. 11.2-62, siders the effective stress tensor and not the
nominal stress tensor, since the mechanism ofigainsreep occurs only in the undamaged
part of the material (Nechnech, et al., 2002; darfghBenboudjema, 2011).

Another formulation has been proposed by Thelasdarg1987) for extending its
transient creep strain formula to a multiaxial aiton. This formulation is based on a
decomposition of the transient creep strain rate andeviatoric part and a volumetric part.
However, it was noted by de Borst and Peeters (L88% it is possible to relate their
formulation with Thelandersson’s by adopting giweues for the parameters that appear in
the two formulas.

[1.2.5.4. Temperature-dependency of the plastic-damage model

Based on the considerations at ambient temperatuseadmitted that the instantaneous
stress-related strain tensgy is related to the stress tensgr by means of the constitutive

relationship of Eq. 11.2-64.

g=(1-D) G:(& - 55) Eq. I1.2-64
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However, this latter expression has to be exteridedke into account the effects of
high temperatures. Generalization of the consttutinodel to high temperatures requires
proper description of the temperature-dependency th@d material properties. This
temperature-dependency has been discussed in Chapte instance, the elastic modulus is
reduced by exposure to high temperatures (Schnei@8b); this elastic modulus is used for
calculation of the fourth order initial stiffnesensor C, that appears in Eq. I.2-64. The

evolutions of the mechanical properties with terapee have to be incorporated within the
equations that describe the plastic part and theada part of the constitutive model.

The plastic part of the constitutive relationshypressed by Eqg. 11.2-64 is modified by
incorporating the temperature-dependency of thehar@cal properties into the expressions
of the yield criteria and the hardening functioBensidering for instance the Rankine yield

surface given by Eq. 1.2-65, it is clear that #agiation of the uniaxial tensile strengfh(T)

with temperature induces a modification of the acef The expression of a multi-surface
yield criterion at high temperatures is thus giygn Eqg. 11.2-66, in which hardening is

considered through the set of internal varialslefsinctions of(ép,/(i) :

f(g)=0,(g)-f(T)=0 Eqg. 1.2-65
fl(g,g,T) <0

= Eq. 11.2-66
f,(g.aT)<0

The damage part of the model is also affected impé&zature. In general, the effects of
elevated temperatures induce a modification ofdésmage threshold and a modification of
the evolution laws of the damage variables. Yethm plastic-damage model considered in
this work, the evolution of damage is driven by sia@ne internal variables as plasticity. As a
result, the effects of high temperatures on the atpampart of the model only affect the
evolution laws of the damage variables, as then® ispecific damage threshold.

The models thus require proper temperature-depér@tution laws for the material
properties. However, it was said in the previousptar that the experimental data for some of
these properties at high temperatures is scarpeesents a significant scatter, e.g. Poisson’s
ratio and the crack energy. As a result of thig lacexperimental data, these parameters are
sometimes considered as independent of tempereturamerical applications (Nechnech,
2000; Nechnech, et al., 2002).
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I1.3. Conclusion

The present chapter aims to review the models dpedlin the literature for capturing
the mechanical behavior of concrete at ambientadrelevated temperature. The first part of
the chapter dealt with the modelling of the coreratiaxial behavior at elevated temperature;
this study allowed for introducing the strain degasition in heated concrete and to discuss
on the modelling of transient creep phenomenon. Sdwend part of the chapter focused on
the representation of the concrete behavior undstiarial stress states; it presented different
modelling approaches and studied two of them inendetails, the plasticity and damage

theories.

The objective of this state of the art was to pnesdbe theoretical frameworks, the
assumptions and the modelling techniques that sed hy researchers in the field of concrete
modelling. These modelling tools have been con&dnwith the requirements, defined in
Chapter I, which have to be met by the original glqatesented in this thesis. This analysis
has lead to the conclusions described here below.

Based on the review of the uniaxial concrete modelslevated temperature, the
following conclusions are drawn:

It is convenient to divide the total strain intaividual strain components.

Transient creep strain should be one of thesenst@nponents. Indeed, concrete
models that incorporate implicitly the effects ddrtsient creep into another strain
component, e.g. in a mechanical strain term, taitapture the dependency in the
stress-temperature path and the unloading stiffiElsese limitations of implicit
models are incompatible with the requirements fotoacrete model used in a
performance-based environment. As a result, iesessary to use an explicit term
for transient creep in the model.

The instantaneous stress-related strain (ISRShathar strain component. The
relationship between ISRS and stress is experirigotatained by steady-state test;
this relationship is thus univocal at a given terapge.

The transient creep strain calculation should dementhe stress-temperature path.
The transient creep strain term should be irre@bler at both temperature and
stress decrease.

The transient creep strain rate can be assumedeasly proportional to the applied
stress.

The transient creep strain rate can be assumeeégend on temperature but not
linearly.

For practical applications, the number of paranseteithe model should be limited
to a minimum; however it is generally assumed thatisient creep strain depends
on the type of aggregate (siliceous or calcareous).
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Based on the review of the multiaxial models fonaete, the following conclusions
are drawn:

Among the different theories that have been appbetthe modelling of concrete in
multiaxial stress states, the continuum constieutivodels based on smeared crack
approach offer a pragmatic and robust frameworkafgplications with large scale
concrete structures and multi-cracked concrete exésn

Models based on the plasticity theory are well éeldyfor capturing the phenomena
of dilatancy, permanent strain and hardening arftersiog behavior in concrete.
Models based on the damage theory are particukaritable for description of
stiffness degradation and unilateral effect. Iis thiesis, it is decided to combine the
capabilities of the two theories by developing apted plastic-damage model.

The non linear behavior of concrete, which is dodhte development of plastic
strains and damage, is assumed to be completelgriged by the plastic internal
variables. Therefore the evolution of damage ikdthto the development of plastic
strains; the model does not require any damageshblé and the number of
parameters is thus limited.

Assuming that plastic flow occurs in the undamageaterial micro-bounds by
means of effective quantities, stress-based pisie formulated in the effective
stress space rather than the nominal stress space.

Isotropic damage is chosen rather than anisotiagmecage.

The isotropic state of damage is described by gHearder tensor that contains two
damage scalar variables.

As concrete exhibits different failure mechanismsteénsion and in compression,
modelling of these behaviors with different yielch€tions is consistent. Therefore a
multi-surface yield criterion is preferred to ag surface criterion. Combination
of a Drucker-Prager yield surface in compressiod arRankine yield surface in
tension has been successfully adopted for modetlirgpncrete.

Non associated plasticity should be considered ha plastic flow rule in
compression in order to capture the dilatancy &ffec

The conclusions made at the end of this chapterused as guidelines in the
development of the original model that is preseinetie two following chapters.
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CHAPTERIIl - TRANSIENT CREEPSTRAIN
IN A UNIAXIAL CONSTITUTIVE MODEL

In this chapter, an original model is developed ¢apturing the concrete thermo-
mechanical behavior in uniaxial stress state. Triizdel includes an explicit term
for transient creep strain; hence, the concrete ehddkes into account the stress-
temperature path. The transient creep model thdeieloped encompasses the most
widely accepted characteristics of transient creepich have been summarized at
the end of the previous chapter. The uniaxial cetemodel is based on the present
implicit model of Eurocode 2 and it is calibratea yield the same results in the
situation of transient test; therefore it can beerseas a new formulation of the
present Eurocode 2 concrete model that incorporate®xplicit term for transient
creep.

The development of the model and its implementatiafinite elements software
are presented in the first part of this chapterefihthe model is validated against
experimental data to validate its ability to caputhe concrete behavior at high
temperatures and to meet the requirements defiméki previous chapters.
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III.1. Objectives and
assumptions

In the former chapter, the comparative discussibout the explicit and implicit
approaches for modelling transient creep straicdncrete has led to the conclusion that
explicit models must be employed, in line with terformance-based design requirements.
Concrete models that include implicitly the tramsiereep strain, such as the current
Eurocode 2 model (European Committee for Standatidiz, 2004b), have inherent
limitations that prevent them from accurately reeraging the mechanical strains that develop
in concrete members subjected to fire. Namely, igitpmodels are not able to capture
properly the actual unloading stiffness at elevattperatures and they fail to take into
account the dependency of the strain on the steesperature path.

It has been shown (Schneider, 1988, Khoury, etl8B5a) that the amount of transient
creep may depend significantly on the type of cetec{mostly, the type and relative content
of aggregates). It is possible to determine précidee properties of a well defined type of
concrete to be used in well defined conditions allgufor a very important project, e.g. the
concrete vessel for a nuclear reactor that wilkbiejected to a well defined fire scenario. For
more general applications, generic properties ofcoete have to be established. Generic
properties are used in research projects, for mestawhen the mechanical behavior of two
structural systems has to be compared, with noeeée to a particular concrete mix. Generic
properties are also needed at the preliminary sthge design, when no information is yet
available on the particular mix that will be uségeneric properties are also required for
determining the fire resistance of an element small project, where the cost to conduct
experimental tests would be by far outweigh thegetidllocated for the design studies of the
building (Gernay and Franssen, 2012).

The constitutive model of Eurocode 2 has impossglfias one of the most widely used
generic models in the last decade, in Europe aydnuk It has been proposed by a draft
committee comprising several European expertsphaged to yield quite satisfactory results
when applied to structural calculations (althougbsmapplications where under ISO fire,
which means under constantly increasing tempenaané it is well accepted by authorities
and regulators. It was estimated that, if thereaishance to see a breakthrough in the
utilization of explicit models, this could not behgeved by selecting one of the various
particular models presented up to now, each witovtn characteristics and some requiring
particular tests to characterize different concreiges, but rather by proposing an explicit
model that would yield the same results as theeptelSurocode implicit model when used in
the situation of transient test. This model colldnt be seen as a new formulation of the
Eurocode model and be called Explicit Transiente@r&urocode model (ETC Eurocode
model). It should of course encompass the mostlwidecepted characteristics of transient
creep, and capture properly the transient cre@msbbserved in experimental tests.
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In agreement with the assumptions adopted by mbshe presented models, the
transient creep strain rate in the ETC model wdddlinearly proportional to the applied
stress and nonlinearly proportional to the tempeeaincrease rate. The ETC model would
not contain any material parameter, except fortifpee of aggregate. The objective is to
capture the phenomenon of transient creep straim the minimum number of parameter;
generic models should be preferred in structural éingineering for the reasons explained
previously. However, the current Eurocode 2 comcrebdel has already introduced the type
of aggregate as a parameter, since the relationsbipreen compressive strength and
temperature is different for siliceous and calcaseooncrete in the Eurocode. Considering
that the ETC model is based on the present Euracadiel, and that the transient creep strain
dependence on the type of aggregate has beendtgdi by most of the authors in the
literature, it seems justified to incorporate thégsameter in the ETC model.

Concrete has a memory and concrete models havedasefoped in the literature to
take into account the effect of the load historjobe heating (Schneider, 1988) and during
heating (Schneider, et al., 2008; Schneider anaé&dar, 2009) on the deformation response
to a change in stress and temperature increaseeWowthis effect has not been taken into
account in the present thesis because of unceesion the hypothesis to be made for
considering the load history during heating on lhlasis of experimental tests in which only
the load level before heating was considered (téhload level maintained constant during
heating). In a real section subjected to fire,tdmaperature starts to increase in the peripheral
part of the section before any temperature vanaiiothe central part of the section. As a
result, thermal stresses develop and the applieds&s on the central part of the section vary
before heating of this central part, see Secti@®2l. The time that corresponds to the
beginning of heating is different for each pointloé section and the applied stress is affected
by the thermal gradients. Therefore, the conceptoall level applied before heating is
difficultly applicable to structural application#t is noted that this effect has also been
neglected by many other authors, as shown in Chépte
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I11.2. Explicit Transient Creep
Model

11.2.1. Development of the model

For the development of the uniaxial concrete motihd, total strain is assumed to be
made of individual strain components according ¢p H.2-1. In this equationg,, is the

total strain,&,, the free thermal strairg, the instantaneous stress-related strain gndhe

transient creep strain. The instantaneous stréast®destrain can in turn be divided in elastic
and plastic strainse, =&, +&,.

ot =& T E; T Ey Eq. I11.2-1

[11.2.1.1. Transient creep strain

Adopting the assumptions of linear proportionality applied stress and nonlinear
proportionality to temperature rate, the transiergep strain rate can be expressed by an
expression of the form of Eqg. lll.2-2. The functigoT) is a nonlinear function of
temperature that expresses the transient creepndepey in temperature; this function
depends on the type of aggregate (siliceous oades). The material parametgr,, is the

uniaxial compressive strength at ambient tempezando denotes the applied stress.

. : o
&y = @T)x

: Eq. I11.2-2
c,20

The transient creep strain rate given by Eq. [B.Ras to be integrated over a finite time
(or temperature) step. The stress at the beginamd) at the end of the time step are

respectively denoted bg® and o*"9 . The development in Taylor’s series of the stiass
the neighborhood of the stress® is given by Eq. ll.2-3, where the variable tingenoted

by 7. In this equation, the notatio@(A T)2 denotes the terms that are at least of the second

order inAr.

o=0® +(;—UAT+O(AT)2 Eq. 111.2-3
T

The rate form of the transient creep strain equat@an be rewritten according to Eq.
[11.2-4, where the second order terms have beeteotegl in the development of the stress.
Due to this latter assumption, the precision ofdhkulation depends on the size of the time
step. In this equation, the total derivatilz has been employed for the functig(T) as this

function is an implicit function of time : ¢(T(7)).
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D, _ DoAT), 1 (0(3)+O—UATJ Eq. I11.2-4
0

Dr Dr  f, or

In fact, the value of the functio@(T) is known at every time step as the temperature

evolution is considered as a data in the mechapicdllem. Therefore, while incrementing
from time steps to time steps+ As, the increment in the functio@T) can be computed

exactly by:A@g(T) = (TS2%) - T9) .

The evaluation of the term in parenthesis in Bl during the increment from time
step s to time steps+As depends on the strategy that is adopted for theenaal
integration. In an explicit numerical scheme, tlress is taken at the beginning of the time
step, thus neglecting the variation of the stregssnd the time step. Accordingly, it is
assumed thabg/dr =0. On the opposite, in an implicit numerical scherhe, stress is
taken at the end of the time step. This impliegenative process as the (converged) stress at
the end of the time step is not known when thesteart creep strain is evaluated. In such
implicit scheme, the tem(aa/ar)Ar is thus computed to converge to the value of the

increment in stresf\g, defined asAog = o9 — g9 In this case, the increment in

transient creep strain only depends on the streseeaend of the time step. Finally, an
intermediate strategy would consider the stre$§79 at an intermediate tims+ BAs,

with 0< B <1 and witha**#9 given by Eq. 111.2-5.

oA = 509 1 NG Eq. IIl.2-5

The linearized expression of the stress betweentitwe steps can thus be rewritten
according to Eq. 11.2-5 (de Borst and Peeters,9)98his equation corresponds to an explicit
numerical scheme fof =0 and an implicit numerical scheme fr=1.

Finally, the increment in transient creep straitwleen time steps and s+ As can be
evaluated using Eq. Ill.2-6. As the stress has lieearized, the precision of this formulation
depends on the size of the time step. Besidesdditianal assumption has to be made in
order to chose the value of the parameter This assumption will be discussed when

presenting the numerical implementation of the rhode

1
Mg, =ApT)x——(0" + pno) Eq. 111.2-6
c,20
The transient creep strain is thus computed aaogrth the incremental expression
of Eq. Ill.2-6. In this equation, it remains to ohef the expression of the nonlinear
function ¢(T); the developments made to derive this functiordatailed here below.

An important assumption of the new concrete mosl¢hat it is calibrated to give the
same response as the current Eurocode 2 modeleirsithation of transient test. In the
Eurocode 2 model, the total strain is divided ifree thermal strain and mechanical strain:
Eot = & T Em- By comparing this latter expression with Eq. 2L, it is clear that the
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mechanical strain is the sum of the instantanetresssrelated strain and the transient creep
strain. According to our assumption, the equaldap ©e written in the situation of transient
test, see Eq. 1l.2-7; this equation expresseseiipgality between, on the one hand, the

mechanical strain of the Eurocode 2 modgf and, on the other hand, the sum of the
instantaneous stress-related strain and the transieep strain of the ETC model in the
situation of transient test (T8’ ande, ' .

gl +el =52 Eq. 111.2-7
By definition, a transient test corresponds to gheation in which the temperature is
increased from ambient temperatufg until final temperaturel; under constant applied

compressive stress . Therefore the transient creep strain tertﬁi in Eq. llIl.2-7, written in
the situation of transient test, is given by E§21B:

*

e =T~ To) x>

Eq. 111.2-8
c,20

The instantaneous stress-related strain tegmis experimentally obtained by steady-
state test, as was shown in the Chapter Il. I'HRh€ model, the instantaneous stress-strain
relationshipo —&, is thus calibrated on the experimental responsiefconcrete material
subjected to steady-state test. In particulartdhgent to the instantaneous stress-strain curve
at zero stress is calibrated on the initial stéfef the material subjected to steady-state test.

A good indication of values of this initial stiffeg is given by the initial tangent to the ENV
curves in the prestandard of Eurocode 2 (Europeammdttee for Standardization, 1995)

using the lower limit of the peak stress strain§R&, ., since the ENV relationship with

& is based (Franssen, 1987) on steady-state tests byaSchneider (1982). This initial

cl,min

cl,min

tangent to the ENV curves is given by, = (3fC’T )/(2£ ) with f_; the temperature-

dependent compressive strength.

The instantaneous stress-strain relationship id teseharacterize the concrete behavior
under steady-state conditions and therefore inigacal at a given temperature; indeed the
dependency in the stress-temperature path is tabgl¢he transient creep strain term in the
ETC model. As a result, the instantaneous strdagetestrain in the transient test situation

g;T, which appears in Eq. 1ll.2-7, is known once thstantaneous stress-strain relationship

o-&, is defined.

The mechanical strain in the Eurocode 2 modelvsrgby Eq. I11.2-9. In this equation,

&4 eco IS the PSS given by the Eurocode 2 (which cornedpdo the upper limit in the

C.

previous ENV version of Eurocode). The initial tangto the Eurocode 2 curve is given by:
Eeco = (3 for )/(chl,EC 2) .
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Based on the developments above, it is now possiblderive the functiong(T).
Assuming that the functiog(T) is null at 20°C and replacing Eq. II1.2-8 into BY.2-7
which expresses the equality in the situation afisrent test, it holds:

gEC2 _ 1T
(D(Tf):—r;_*/f = Eq. 111.2-10
c,20

Eq. Il1.2-10 denotes the fact that, at a given terature, the difference between the
mechanical strain and the instantaneous stresedetdrain, i.e. the transient creep strain,
linearly increases with the applied stress; thegrtonality factor being the functiog(T).

This function only depends on temperature; it idejpendent on the applied stress. In
particular, Eq. 111.2-10 can thus be expressed dowvery small value of the applied

compressive stresg . When the applied compressive stresstends to zero, the concrete
behavior is linear elastic; the mechanical straid the instantaneous stress-related strain are
then given by Eq. I1l.2-11.

o o
EC2 — . gTT —

m ! g
EECZ

&

Eq. IIl.2-11
EENV

After inserting Eq. 111.2-11 into Eq. I11.2-10, an@placing Ec., and Eg,,, by their
expressions, the functiop(T) is finally obtained, see Eq. 111.2-12.

2 E.ec2 ™ €cimin
T)==-%= ' i
@(T) 3 fr/ T Eq. 11.2-12

The function (p(T) is a growing function of temperature that is netarsible during

cooling, as each of its COmponerds cc, ; £ min s fer/ fco0 IS irrecoverable. This is in line

with the definition of transient creep that is metovered during the cooling phase. The
components of the functiorp(T) are all given in the EC2 and ENV. As the valuethad

temperature-dependent compressive strenigth given in the Eurocode 2 depends on the
type of aggregate (siliceous or calcareous), thetfan ¢(T) and consequently the transient

creep straing, also depend on the type of aggregate. The valuidsedunction ¢(T) are
given in Table 111.2-1, with the values of the @ifént parameters of Eq. I11.2-12.
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. Siliceous aggregates Calcareous aggregates
TCC)  Famn ez for/ fozo 4 for/ fea 4
20 0.0025 0.0025 1.00 0.0000 1.00 0.0000
100 0.0025 0.0040 1.00 0.0010 1.00 0.0010
200 0.0030 0.0055 0.95 0.0018 0.97 0.0017
300 0.0040 0.0070 0.85 0.0024 0.91 0.0022
400 0.0045 0.0100 0.75 0.0049 0.85 0.0043
500 0.0055 0.0150 0.60 0.0106 0.74 0.0086
600 0.0065 0.0250 0.45 0.0274 0.60 0.0206
700 0.0075 0.0250 0.30 0.0389 043 0.0271
800 0.0085 0.0250 0.15 0.0733 0.27 0.0407
900 0.0100 0.0250 0.08 0.1250 0.15 0.0667
1000 0.0100 0.0250 0.04 0.2500 0.06 0.1667

Table I11.2-1: Functionp(T) and parameters used for its calculation

Fig. lll.2-1 compares the transient creep straithef present model with experimental
data of transient creep strain and with differentals given in the literature and discussed in
Chapter Il. The transient tests have been condustediliceous concrete specimens first

subjected to uniaxial compressive stresses equal1ox f_,,, 0.30x f_,, and 0.45x f_,,

and then heated at a constant rate. The experimdata include results published by
Schneider (1988) and more recently by Annerel (20IKis latter author provides results up
to 400°C for traditional vibrated concrete withic®bus aggregates under a compressive load
level of 0.30. Note that the vertical scale is timé same on the three graphs for more
readability of the results obtained under a congivesstress level of 0.10. It can be seen that
the present ETC model is reasonably close to therahodels and to experimental data, and
that the increase in transient creep strain withpierature is correctly reproduced by the ETC
model. The quantitative discrepancy between experal results and the model could be
expected since the ETC concrete model is a gemeddel, for the reasons explained
previously, and consequently it cannot be calilordte capture exactly the behavior of the
particular concrete mixes used in the experimehEg II1.2-1.
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Fig. 111.2-1: Comparison of the ETC transient creapdel with different published models

and with experimental data
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[11.2.1.2. Instantaneous stress-related strain in compression

The instantaneous stress-strain relationship ofrtbdel, i.e. the curver = f(&,,T), is

derived to capture the experimental behavior instheation of steady-state test. On the other
hand, this relationship can be obtained from thevaldevelopments by inserting Eq. 111.2-8

into the expression of Eq. Ill.2-7 characterizihg transient test situation; this leads to Eq.
[11.2-13. As mentioned previously, the instantargeastress-strain relationship is independent
of the stress-temperature path; therefore the egpme written in the situation of transient test

can be extended to every situation ajd has been replaced kzy, in Eq. I11.2-13.

£, (T,0) = 5% (T,0) - pT)x -2

Eq. 11.2-13
c,20

The instantaneous stress-strain relationship ofribdel, given by Eq. 111.2-13, is not
exactly equal to the ENV relationship because thasient creep has been considered as
linearly stress dependent. However, the initidifretss of the new relationship is exactly
equal to the ENV elastic modulus, see Fig. .22 Fig. Ill.2-2, the instantaneous stress-
strain relationship of the ETC model is plottedb@0°C next to the relationship of ENV with
lower limit of PSS and the relationship of Euroc@&jeexperimental data of steady-state test
at 500°C (Schneider, 1985) are also given on thplgr

0.80
Etr
o . ngcz
N 0.60 e
© -
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Fig. 111.2-2: Comparison at 500°C of ENV, ETC an@ZE models with experimental data of
steady-state tests from Schneider (1985)

It can be seen in Fig. 111.2-2 that the instantargestress-strain relationship of the ETC
model and the relationship of the ENV model arended to capture the concrete behavior in
steady-state test; the initial stiffness of the ariat in steady-state conditions is accurately
captured by these models. On the contrary, the Egl&tionship aims at capturing the
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concrete behavior in transient test. The differdoewsveen the ETC curve and the EC2 curve
is the transient creep strain that develops irsthition of transient test, and is given by Eq.
11.2-8.

In the explicit transient creep formulation (ETCJ the model, the constitutive
relationship is thus expressed in terms of theaimtsineous stress-related strain, in order to
treat the transient creep effects separately flaretastic and plastic effects. The relationship
between the instantaneous stress-related straihanstress is given by Eq. 111.2-13. Using
Eq. 111.2-9 to eliminate the mechanical strain fr&g. 111.2-13, the instantaneous stress-strain
relationship can be rewritten as Eq. 11l.2-14. Thadter equation theoretically allows for
computing the stress once the instantaneous setded straine,, is known; however it is

not straightforward to extract the stragsfrom Eq. 111.2-14.

g _ 3(£U+ﬂT)X(U/fC’20))
for = s, e, + M0/ T.0) | Eq. 111.2-14
cl,EC2 £c1’ Eco

An algorithmic strategy can be implemented to sdive instantaneous stress-strain
relationship of Eq. 1ll.2-14 iteratively. To derivhe tangent modulus of the stress-strain
relationship of Eq. 111.2-14, a change of varialdeyerformed, see Eq. 111.2-15. The tangent
modulus can then be expressed as a function afawwevariable derivative of stress.

_ . do _do & do 1
£=6,+dT)*(0/ T00) de, d¢ dg, df ,_AT) do Eq. 11.2-15
fc,20 dg

After inserting the new variablé into Eq. 111.2-14, the terndg/dé can be calculated.
Finally, the tangent modulus is found after a feanipulations, see Eg. Ill.2-16. It can be
verified that the ETC initial stiffness (elastic dwus) E.;., obtained by replacing, and
o by zero (and thus =0) in Eq. lll.2-16, is equal to the ENV elastic maaki with the
minimum value of PSS, see Eq. 111.2-17.

3
do _ 61 [1_({/‘901,E02) J
de, ak f ; Eq. IIl.2-16
c,20
E = 6 fer _3f.q
ETC — =
f , ]
gcl,EC2x4_6§0i 2 €¢t.min Eq. l.2-17

c,20
Eq. lll.2-14 and Eq. 11.2-16 can be used in thededoto calculate the stress and the

tangent modulus, once the instantaneous stredededtrain is known. However for the sake
of convenience, it is chosen to derive a direc@tr@hshipo = f (EU,T) that approximates the
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instantaneous stress-strain relationship of EQR-IIK, rather than solving this latter equation
iteratively. This decision was partly taken to alltor an easier generalization of the model in
three dimensions. Another reason for this decissothe will to keep the simplicity of the
formulation of the Eurocode model. It is found thias possible to fit reasonably the implicit
relationship of Eq. 11l.2-14 using a direct relatship of the same form as the current
Eurocode model, provided proper values are usedtHer parameters and coefficients.
Therefore, the direct relationship is developedsatiag to Eg. 111.2-18, which has the same
generic form as the current EC2 model given bylE@-9.
o n e

— ag

ch "
; & Eq. 111.2-18
EuETC (n—l)+( z J a

EcLETC

In the latter equatiom is a coefficient to be determined ang:(T) is the PSS for
the ETC relationship, given by Eq. I11.2-19.
for _ 28 mintEaece

€aetc = €crec2” @ : = 3 Eq. 111.2-19
c,20

The parameten is chosen to obtain the best possible correldtetween Eqg. 111.2-18
and Eq. 1ll.2-14 which describes the curve obtaiasdthe difference between the EC2
relationship and the transient creep strain instheation of transient test. It was chosen to use
a single value oh for all temperatures. Good correlation in the ef temperatures from
100°C and 1100°C is obtained usimg=2. In Fig. 1l.2-3, the instantaneous stress-strain
relationships of Eq. lll.2-14 and Eq. 111.2-18 aetted for three different temperatures using
n=2 and it can be seen that the direct form of Eq2418 is a good approximation of the
implicit form of Eq. 111.2-14. In the present mogdd#he instantaneous stress-strain relationship
is thus taken as the relationship of Eq. 1ll.2-lighw =2.

100°C

1.00 1 e~ T T e ETC implicit

— ETC direct

0.80

0.60

0.40 700°C

Normalized stress  o/f. 59

0.20

0.00 T . T T .

0.000 0.003 0.006 0.009 0.012 0.015
Instantaneous stress-related strain

Fig. 111.2-3: A direct instantaneous stress-stralationship (Eq. I11.2-18) is used instead of
the implicit relationship of Eqg. 11.2-14
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The ETC tangent modulus and the ETC initial stéméelastic modulus) are obtained
directly by derivation of Eq. Ill.2-18. Using =2, the ETC tangent modulus is given by Eq.
[11.2-20 whereas the ETC initial stiffness is givien Eq. 111.2-21.

2
do 2f. 1 [l_(ga/gcl,ETC) }
SRk = Eq. 11.2-20
7 gcl,ETC[l+(£a/€cl,ETC) }

2 fc,T

EETC = Eq .2-21

€a,ETC
The evolution of the ETC initial stiffness (i.eetelastic modulus) of Eq. I11.2-21 with

temperature is compared with the experimental degaented in Chapter |, see Fig. Ill.2-4.
The evolution of the EC2 initial stiffness with tparature is also plotted on the graph. The
results of the ETC model reasonably agree with exyatal results, although the decrease in
the initial stiffness with temperature is a bit m&imated by the model for temperatures
between 300 °C and 500 °C. However, the EC2 maiisl o capture the actual degradation
of stiffness due to temperature; the decreaseennikial stiffness with temperature is largely
overestimated by the EC2 model, due to the imptioitsideration of transient creep strain in
the EC2 model.

1.20 :
+ Schneider (test)
A Anderberg (test)
1.00 O Felicetti (test)
\ A @ LiW. (test)
— 0.80 \ — ETC (model)
g — — EC2 (model)
o
w 0.60
i
Ll
0.40
0.20
0.00
0 200 400 600 800
T(°C)

Fig. 111.2-4: Evolution of the concrete elastic nubas with temperature: comparison between
ETC model, EC2 model and experimental data

The descending branch of the instantaneous stiess-selationship is needed for
numerical reasons when modelling structures. thisle of two % order polynomials from

point (£C1,ETC; fC,T) until point (£cO’ETC;O) (Franssen, 1987). The relationship between the
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ultimate strain at O stress of the ETC concreteeheg, .- and the ultimate strain at O stress

of the Eurocode 2 concrete moagj, .., is given by Eq. 111.2-22.

‘9co,ETc:5co,Ecz_(‘9c 1ecT €¢ 1,ET} Eq. I11.2-22

The values of the PSS for the ETC relationshipz(T) and the ultimate strain at O

stress of the ETC concrete modg) 1(T) are given in Table I11.2-2.

T(°C) 20 100 200 300 400 500 600 700 800 900

Eqagre 0.0025 0.0030 0.0038 0.0050 0.0063 0.0087 0.012013@. 0.0140 0.0150

Eoere 0.0200 0.0215 0.0233 0.0255 0.0263 0.0263 0.0220258. 0.0290 0.0325

Table IIl.2-2: PSS and ultimate strain for the EfB(ationship

The slope of the descending branch at the poirtrevthe sign of the concavity of the
curve changes is noteld, . This is the slope at the point of transition freme first to the

second % order polynomial. The value df,, is given by Eq. 111.2-23.

ch
Edscn =2 : Eq. 11.2-23
€ec0,eTCc T €CLETC

The stresy and the tangent modulus in the descending branch are calculated using
Eq. 111.2-24 to Eq. IIl.2-27. Note that these edoias are presented here below &r>0 in
compression. In the implementation of the modelhas been assumed thaf <0 in
compression and the sign of the equations have ddggoted accordingly.

£ =& ~Eqprc for/Basch 0 = Egoaf Eq. 111.2-24

P P A
2 2f 1

Ife <0; \ Eq. 11.2-25
g
Et = _Edscb[f_-'_l]
c,T
o=ltad [ 2]
f0<& < for/Beep; N Eq. 111.2-26
g
Et = Edscb[f__ J
c,T
1o /B <€ ; E::Oo Eq. 111.2-27
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The instantaneous stress-strain relationship of ER€ model in compression is
illustrated in Fig. 111.2-5.

fer

Eo

v

Ec1ETC & ECOETC

Fig. 111.2-5: ETC instantaneous stress-strain retethip in compression

If concrete has been loaded in compression and, later stage, the instantaneous
stress-related strain decreases, the unloadingade mccording to a plasticity model. This
means that the path is a linear decrease fromdim pf maximum compressive strain in the

loading curve parallel to the tangent at the origian &, —o plane, see Fig. 111.2-6.

A 0

Eo

>
»

Fig. 111.2-6: Unloading in compression with a piagly model

[11.2.1.3. Instantaneous stress-related strain in tension

In tension, the cracking behaviour of concreteasatibed by a smeared-crack model,
which means that neither the opening of the indialdcracks nor the spacing between
different cracks is present in the model. The ststmin relationship is made of a second
order ascending branch and a descending branch ofdd® curves, each of them being a
third order function of the strain (Franssen, 198He ascending branch is characterized by

the tensile strengtif, -, and the modulus at the orighgc. The strain at peak stress is noted

Exerc and is given by, g1 =21 1 /Egrc. The streser and the tangent modulus; are
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given by Eq. 111.2-28 and Eq. 111.2-29, fof, < &; g1 Note that the equations here below

are presented fag, >0 in tension.

Ecre &
O=Egrc &y 1-—E2 Eq. 11.2-28
4 ft,T
Ecre &
E = Egqo| 1-—E2 Eq. 11.2-29
2 ft,T

The descending branch is characterized by thet Féel!{,]ETC; ft’T) and the slope of the

descending branch at the point where the sign efctincavity of the curve changés,.
The value ofEy, in tension is the same as the value in compresSioa stress and the
tangent moduluds, in the descending branch are calculated usindlE2:30 to Eq. 111.2-33.

£ =& ~&uprc fir/Bosco 0 =Egf Eq. 111.2-30
. - 2
Ife <0; Eq. 111.2-31
o
Et :_Edscb{f_ J
SR A
. 2 2,
It 0<€ < fi1/Egacp; \ Eq. 111.2-32
o
E = B f__l
t,T
1,1 /By <€ E::oo Eq. I11.2-33

The instantaneous stress-strain relationship oEfh€ model in tension is illustrated in
Fig. 111.2-7.

The PSS in tension is given b g =2 ft,T/EETC:( fir/ fc,T)xgclETC' Therefore

the PSS in tension is proportional to the PSS mpession, the proportionality factor being
the ratio between the tensile and the compressigagth at high temperature. Similarly, after

a few developments the ultimate strain at O stiedgnsion &, ¢ can be obtained as a
function of the ultimate strain at O stress in coesgioné, ¢, See Eq. 111.2-34.

ft,T - ftT

EoETC ™ Etl,ETC+2—E :
dscb c,T

XE o ETc Eqg. I1.2-34
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Fig. 11.2-7: ETC instantaneous stress-strain retethip in tension

If concrete has been loaded in tension and, intex ktage, the strain decreases, the
unloading is made according to a damage model. Mb@Ens that the path is a linear decrease
from the point of maximum tensile strain in thedo® curve to the point of origin in the
stress-strain diagram plane, see Fig. 111.2-8.

A 0

Eo

>
»

Fig. 111.2-8: Unloading in tension with a damageadgb

[11.2.1.4. Free thermal strain

The free thermal strain is determined accordingumcode 2 (European Committee for
Standardization, 2004b). The formula depends onyjhe of aggregate: siliceous aggregates
(Eq. 111.2-35) or calcareous aggregates (Eg. [8&)-

£n(T)=-18x10%+ % 10°T+ 2.3 1THT® ;2@C<T< 70C Eq. I1.2-35
£n(T)=14x10" 1700C <T < 1200C g. I1l.2-
£, (T)=-1.2x10% + 6< 10°T+ 1.4 10'T® ;20C< T< 80K

£n(T)=12x10° .805C<T< 1200c o 11236
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This formula expresses the free thermal strain aerdinear function of temperature,
see Fig. 1l1.2-9. The free thermal strain of conens partly irreversible; a residual dilatation
or residual contraction is observed after cooliogvd to ambient temperature depending on
the maximum temperature reached in the materiad Vdue of the residual free thermal
strain as a function of the maximum temperatureaken from experimental tests made by
Schneider and presented in Table 1.2-1.

€4, X 103 N
th Siliceous aggregates
14
""" Calcareous aggregates /
12 ,
/)
10 o
II’
8 S
/ g
6 et
S
4 ot
2 _/4
0 =
0 200 400 600 800 1000

Temperature [ °C]

Fig. 111.2-9: Free thermal strain

111.2.2. Implementation in a finite elements software

This section presents the procedure for implemiemtaif the Explicit Transient Creep
uniaxial concrete model in a finite elements cdds.us assume that at time steghe finite
element code has converged, which means that ¢taédtate of equilibrium of the material is
completely defined everywhere in the structureioterms of numerical modeling, at every
integration point, i.e. the value $£5);(9;£(%; (%} and{c} is known. The values of the

displacements at the nodes are also defined. Tigwose that, from time stepto time step
s+1, the variation of the nodes displacements caledlély the finite element code produce
an increment in total strain, that is notAd, ;. The problem is to update to time stepl the
basic variables describing the local state of tlaéenml in a manner that is consistent with the
constitutive law. This process should also yiele tdingent modulus of the constitutive law, to
be used by the finite element code in the iterapimtess. It is assumed that the temperatures
are known, as a result of a thermal analysis tlet been performed previous to the
mechanical analysis.

The total straingS™ = £l +Ag,, is calculated straightforwardly (some codes even

give the total displacement, and strain, as a pgimesult).

The free thermal strain is a direct function of temperatures{®™" = f (T“‘*”). For all

points of integration, computation of the free thal strain at time steps+1 is thus
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performed primarily, apart from the iterative regan of the equilibrium at this time step.
When entering into the material law during thedt®e resolution of the equilibrium, the free
thermal strain is subtracted from the total straihich allows writing the material law in term
of the mechanical strain.

In the ETC model, it was decided to extract thadient creep strain computation from
the iterative resolution of the equilibrium in ang step. For all points of integration, the
transient creep strain is thus evaluated at theestime as the free thermal strain, before
entering into the material law. This assumptiowadl for treating the transient creep effects
separately from the elastic and plastic effects,the transient creep calculation is decoupled
from the integration of the constitutive law of theaterial. The aim is to obtain a direct
constitutive relationship in terms of the instamtams stress-related strain instead of the
mechanical strain.

At the beginning of the time step, the stress a& #guilibrium is not known.
Consequently, it was decided to calculate the teahsreep strain as a function of the stress
at the previous time step® (explicit numerical scheme). This assumption iguieed to
avoid an additional iterative process for the caliton of the transient creep strain. It was
considered by the author that this assumption vedisl Yor the structural applications for
which the model is developed, and that the additi@omplexity and CPU time required to
include the transient creep calculation into theegnation of the material law were not
justified for these applications. According to tlissumption, using Eq. I11.2-6 witj# =0,

the transient creep strain at time sgepl is computed by Eq. 111.2-37.

(s)

gt(rs+1) - ‘gt$S) +|:¢(T(§1))_¢(T(3)J o

Eq. I11.2-37
fC,ZO

However, certain conditions are applied to the agi@on of transient creep strain
using Eq. 1ll.2-37, in order to take into accounbpgerly the influence of the stress-
temperature path on the transient creep strainuledion. Between time step and time step
s+1, there is an increment in transient creep stralnutated by Eq. 111.2-37 if and only if
the three following conditions are fulfilled:

i.  The temperature at time stept+1l exceeds the maximum temperature reached
previously in the history of the material (firstae temperature increase);
ii.  The converged stress at time s&[s a compressive stress;
lii.  The tangent modulus of the material at time sdeig positive, i.e., the material
Is in the ascending branch of the stress-straatiogiship.
The first condition is consistent with the physidaffinition of transient creep, as this

phenomenon only develops in concrete that is finse heated under stress; if the
temperature has decreased or remained constargdretune steps and s+1, there cannot

be any variation of transient creep strain. Asftheetion ¢(T) is growing with temperature,
the transient creep term can only increase. Issumed that no transient creep develops in

tension; this assumption, expressed by the seconditon, is based on the fact that no
experimental data is available on this phenomemumleutensile stress state. This assumption
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should be confirmed by future research; howevas itlear that the concrete behavior in
tension is less important than in compression. Iinghe third condition expresses the
assumption that there is no increment in transtesgp strain in the material which exhibits
its softening behavior after the peak stress ingression. This assumption is also based on a
lack of experimental data, due to the incompatiblbetween the transient test procedure and
the characterization of post-peak behavior. Indeshsient tests are stress-controlled by
definition, as the applied stress has to remairstao during the test.

Transient creep strain is irreversible at bothsstrand temperature decrease. It is very
clear that, at temperature decrease, there is natiea of transient creep strain; however,
there can be an increment in transient creep sw@histress decrease. Using the three
conditions explained here above, no distinctioméle between the situation of heating under
increasing compressive stress and the situatioheating under decreasing compressive
stress. At stress decrease, additional transiesgpcstrain is assumed to develop in the
material submitted to increasing temperature ag Esthe stress in the material remains in
compression. This assumption is confirmed by expental results that will be presented in
Section I11.3.1 (Fig. lll.3-2). By assumption, thecrease in transient creep strain that
develops in the concrete material submitted tosttfime) increase in temperature and
submitted to given compressive stress is the samedding and unloading. As noted by Li
and Purkiss (2005), this assumption was also adoptey Anderberg and
Thelandersson (1976).

As the thermal strain and the transient creeprstrave been calculated at the beginning
of the time step, the material law is written imteof the instantaneous stress-related strain in
the ETC model. The instantaneous stress-relatathsit time stes+1 is computed by Eq.
[11.2-38.

£ = g5 _ g (31) _ g (51 Eq. 111.2-38

g tot

The stresso®™ at time steps+1 can then be computed using the ETC constitutive
relationship (written in instantaneous stress-eelatrain) of Eq. 111.2-18.

Actually, solving the equilibrium of the structuie an iterative process and the
increment in total strain produced by the finitereént code is updated several times at each

time step. Namely, the code produces an increnretatal strainAgt((i,tﬂ) at every iteration

during a time step. The total strain at iteratiohl of time steps+1 is then given by
g0 =8+ A | As a consequence, the value of the instantansioess-related strain at
time steps+1 has also to be updated at every iteration, acegrai Eq. I11.2-39. However,
the values of the free thermal strain and the ieamsreep strain do not change during the
iteration process; these two strain componentsoahg computed once at the beginning of
each time step.

ggﬂ) — g(i +1) (s+1)

1D _ g+ _ g+ D) Eq. 111.2-39
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Finally, the streser"™V at iterationi +1 of time steps+1 is computed as a function
of the instantaneous stress-related st@lﬁl) and the temperature at time step1, using
Eq. 111.2-40.

(s+1) (i+1)
o+ = 2x fC'T (T ) X &5

2
£ Eq. I11.2-40
€aETC (T(s+l))

The implementation procedure for the ETC concretdenal law in the non linear
software SAFIR (Franssen, 2005b) is schematizétgnlll.2-10. The following notation has

been used:f,, is the vector of the external nodal forcéd, is a given increment of force

EcETC (T(s+1)) x| 1+

between time steg and time stes+1, T is the temperature (which has been calculated for
every time step before the beginning of the me(madmialculation),ﬂ”l) is the residual
force afteri+1 iterations, f,; is the vector of the internal forcedu is the increment of

displacement corresponding ﬂ{ Ié(”l) is the stiffness matrixB is the matrix linking

deformations and nodal displacements &hds the tangent stiffness matrix of the non linear
material law.

[11.2.3. Characteristics of the ETC model

The Explicit Transient Creep concrete model devedom this chapter presents the
following characteristics:

» The ETC model has the same generic form as therduC2 implicit model;

= All the parameters in the ETC model derive fromapaeters of the EC2 or the ENV
standard codes;

» The ETC initial stiffness is close to the elastiodulus of ENV with lower limit of
the PSS, which leads to an accurate representafidthe elastic modulus of the
material;

» The transient creep strain calculated with the Ei@lel reasonably agrees with
experimental data and other models found in tleeditire;

» The instantaneous stress-strain relationship ceresidin the ETC model agrees
with experimental data obtained by steady-stats;tes

= The mechanical stress-strain relationship obtaingth the ETC model for a
material first-time heated under constant stresmgient tests) is calibrated to yield
the same results as the present version of EC2.

Therefore, the ETC model can be seen as a new fatiom of the EC2 model that
includes an explicit term for transient creep.
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Fig. 111.2-10: Implementation of the ETC concretedrl! in a finite elements software
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II1.3. Validation of
the ETC model

111.3.1. Experimental validation at the material level for
unsteady temperatures and loads

The ETC model is validated at the material levekcbynparison between experimental
results and computed values of the mechanicalnstrdeveloped by concrete specimens
subjected to unsteady temperatures and loads. dh&idered experiments are taken from
Schneider, et al. (2008). The specimens are axiatisestrained cylinders with 80 mm
diameter and 300 mm height, made of siliceous @&tacrn all cases, the temperature is
constantly increasing at a rate of 2°C/min. The p@ssive strength at 20°C is 38 MPa. The
numerical calculations are performed with the safevSAFIR (Franssen, 2005b) where the
ETC model has been implemented. Beam finite elesneme used for modeling the
specimens.

The concrete cylinders are subjected to differ&ness-time relationships, which can be
expressed as stress-temperature relationshipsdeet@itemperature is increasing at constant
heating rate. The stress-temperature relationgbipthe three considered tests are plotted in
the left part of Fig. 111.3-1 to Fig. Ill.3-3. Tha&m of these tests is to highlight the influence of
the explicit consideration of transient creep stran the mechanical strain calculation. The
mechanical strains computed using the ETC modeklam@&C2 implicit model are compared
to the measured results, see the right part of IRi§-1 to Fig. 111.3-3. The observations are
put in relation with the theoretical consideratioggoressed in Chapter I, Section 1.3.2.2,
about the different stress-temperature paths iiitestt in Fig. 111.3-4.

The test of Fig. 111.3-1 corresponds to SituatioonflFig. 111.3-4, i.e. simultaneously
increasing stress and increasing temperature. fifbistest is close to a transient test, as the
specimen is heated under compressive stress, ghhauhis case the compressive stress is
not constant but it is slowly increasing. As theZE@odel has been developed based on
transient test results, the results obtained vhth EC2 model agree with the experimental
results. It can also be seen that the resultsreddanith the ETC model almost coincide with
the results obtained with the EC2 model. Therefthvig, first test allows verifying that, in the
situations where the EC2 model was able to capitoperly the concrete behavior, the ETC
model yields the same results as the EC2 model.
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The test of Fig. Ill.3-2 successively representsi&ion | (increasing stress), Situation
Il (decreasing stress) and finally Situation llbstant stress) of Fig. 111.3-4. At the beginning
and until the peak stress, the difference betwkernvio models is very small. Then, the stress
rate becomes negative. During this second phase¢heftest (decreasing stress), the
mechanical strain computed by the EC2 implicit modeickly decreases, because the
transient creep strain is being recovered. On timtrary, the mechanical strain computed by
the ETC model keeps on growing, though more andenstowly, because transient creep
strain still develops in the material. The transiengep strain that continues to develop under
increasing temperature and decreasing compressiassscounterbalances the elastic
unloading due to the stress decrease. This incieabe mechanical strain under decreasing
stress is also observed experimentally, which wa#disl the assumption made in the model.
The behavior predicted by the ETC model matchesoresbly the measured behavior during
this phase, whereas the EC2 model fails to caphisebehavior. This confirms the fact that
implicit models are not able to capture properlg @ictual unloading stiffness at elevated
temperatures. At the end of the test, the strekgpgsconstant (Situation Ill) and both models
predict exactly the same variation of the mechdmstain. The ETC model is able to capture
gualitatively the experimental response during ttiree phases of the test, which is not the
case for the EC2 model.

In the third test (Fig. 111.3-3), the specimen igceessively subjected to different
constant stress levels while the temperature ise@asing (Situation Ill). The transition
between two stress levels is made by a “step”,al.quasi-instantaneous variation from one
stress level to another. As these variations iasstrare quasi-instantaneous, they occur at
constant temperature; therefore they corresponfitteations IV and VI in Fig. 111.3-4. At
each stress step, the corresponding mechanical staaations predicted by the two models
are different. Implicit models such as the EC2 ni®denplify the effect of a stress step on the
mechanical strain variation. Indeed, the transteeép strain considered in implicit models is
suddenly increased or decreased together with IHgtiee strain. In explicit models, on the
contrary, transient creep strain does not varyuechssituations where the stress varies at
constant temperature. It can be seen that the mhpredicted by the ETC model better
matches the experimental behavior of the specimewsg to a better modeling of the
material stiffness at constant high temperature.

111.3.2. Unrestrained concrete column subjected to fire

An experimental fire test made in Japan on a ckyntiaaded concrete column
(Schneider, et al., 1994) is simulated using thalinear finite element software SAFIR.
Beam finite elements are used in the numerical lsinom. A comparison between numerical
results considering different concrete models aqueemental data is performed. The column
is 300 mm by 300 mm in cross section with a cerfi@de of 100 mm diameter, see Fig.
[11.3-5. The siliceous concrete has a compressitrength of 55 MPa. Four 16 mm
longitudinal rebars with 375 MPa yield strengthetst@re present with a cover of 40 mm. The
simply supported column is submitted to a load @7 BN and then exposed to Japanese
standard fire temperature-time curve (Japanese stndu Standards, 1969) during
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180 minutes. Then, the element was allowed to cmeln. The deformation behavior is
presented in Fig. 111.3-6.
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Fig. I11.3-6: Comparison between measured and caetpresults on a concrete column
subjected to natural fire

Based on the results plotted in Fig. 111.3-6, thkdwing observations can be made:

= The ENV model (European Committee for Standardirati 1995) with
recommended value of the peak stress strain (R&8} Ito too large elongations,
because of a highly underestimated transient cstegpn. This model had been
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found to be by far too stiff and has been removedmtransforming the Eurocode
from an ENV to an EN.

» The ETC model and the EC2 model lead to comparakekults during
approximately the first 140 minutes of heating. @&y 140 minutes, the behavior
predicted by the ETC model tends to differ from biedavior predicted by the EC2
model; the effects of the explicit consideration tcdnsient creep strain on the
structural behavior become notable. The ETC modskches better than the EC2
model the actual behavior of the structure.

» The difference between the behaviors predictechbyETC and the EC2 models is
particularly significant during the cooling phaskleasured data showed an
important decrease of the elongation, due to arpesive decrease of thermal strain
coupled with a very limited recovery of mechanist@hin. Indeed, mechanical strain
is mostly composed of permanent strain. This befasiwell represented with the
ETC model owing to the explicit consideration adrtsient creep. The EC2 model,
on the contrary, implicitly recovers the transietreep strain, leading to an
underestimated final shortening of the column.

111.3.3. Axially restrained concrete columns subjected
to heating and cooling

In a real building, restraint forces and momentgiciglly appear in the structural
elements subjected to fire due to the connectidh thie rest of the structure. It is expected
that the influence of the transient creep straithm explicit model compared to the implicit
model will be even more pronounced for restraineeldxposed structures than for simply
supported fire-exposed structures. For instanceaninaxially restrained concrete column
subjected to fire, the restraint force first in@es due to thermal expansion and then
decreases when the mechanical strain in compresgimeeds (in absolute value) the thermal
elongation strain. During the contraction phaséhefcolumn, when the load is progressively
transferred from the fire-exposed column to thé oéshe structure, the computation of the
concrete material unloading stiffness is a keyeaskur the validity of the simulation of the
structural behavior. The use of a concrete modal itircludes an explicit term for transient
creep strain is thus necessary for statically iwheinate structures, also during the heating
phase of the fire. To illustrate these assertidhs, following example deals with the
numerical analysis of reinforced concrete columithk axial restraint.

[11.3.3.1. Numerical simulation of the tests

A series of experimental tests made at South Qimeersity of Technology on axially
restrained concrete columns (Wu, et al., 2010nmulated using the nonlinear finite element
software SAFIR. The experimental data are compariga the computed results obtained
respectively with the EC2 concrete model and th€ Edncrete model. The columns are all
2340 mm length, see Fig. Il1.3-7, but only theintal part is exposed to fire on a length of
1650 mm. Two different cross sections are usedhentésts, either T-shape or L-shape cross
sections, see Fig. 111.3-8; these sections are @0 wide and 250 mm deep. The C30
siliceous concrete cross sections are reinforced ®2 longitudinal steel bars of HRB400
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(hot rolled ribbed bar of 400 MPa grade) with antiééer of 10 mm and a concrete cover of
25 mm. The columns are axially restrained usingsé&raining beam. The columns are initially
concentrically loaded and then subjected to thedstal 1ISO-834 fire on all sides. Two
different levels of axial restraint and two diffatdevels of load are considered for each shape
of cross section, which leads to eight differergesa see Table 111.3-1. The fire was stopped
when approximately 50% of the working load was dfarred from the column to the
restraining beam, i.e. after a time varying betw86rand 105 min depending on the case,
followed by a cooling phase.

& | ¥

A

Fig. 111.3-7: Schematic elevation view of the colamnd the restraining beam
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Column no. Load [KkN] Axial restraint [MN/m]

RCT11 271 34.5
RCT12 272 51.9
RCT21 375 34.5
RCT22 377 51.9
RCL11 292 34.5
RCL12 285 51.9
RCL21 382 34.5
RCL22 380 51.9

Table I11.3-1: Applied load and axial restraint tbe fire tests

Thermal parameters for concrete and steel recometebyg EC2 were used in the heat
transfer analysis by SAFIR. Note that, in the ovajipaper by Wu, et al. (2010) presenting
the tests, the thermal analysis of the tests has heen performed using the thermal
parameters from the EC2 and the software SAFIR #ed simulations showed good
agreement with the measured temperatures in theomsed-or the structural analysis
performed for this thesis, initial eccentricity ®mm was introduced as it is the same value
used by Wu, et al. to perform the numerical simafatof their tests. No buckling
phenomenon was observed during the tests. Aftdiirtheests, minor spalling of concrete was
observed for several columns; however, accidenpallisg was not considered in the
numerical simulations. The mechanical law for theek reinforcement was taken from
Eurocode. It should be noted that no creep is eitigliconsidered in the relationships for
steel reinforcement, which is an important assuompéis the creep of the steel reinforcement
iIs known to have an effect on stress and straite stareinforced concrete frames when
temperature in reinforcement bars exceeds 400°Qigwis-Leir, 1983; Bratina, et al., 2007),
as is the case here. The axial restraint is mod®}eal linear elastic spring connected to the
top of the beam in the numerical simulations. Tiiféngess of the spring remains unchanged
during the simulations, which can be justified b fact that the maximum displacement at
the center of the restraining beam is only abouiniB (Wu, et al., 2010) and therefore the
axial restraint stiffness can be considered astaohsThe deformation behavior and the
evolution of the axial load for the eight experintgems presented in Fig. 111.3-9 and Fig.
[11.3-10.
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Axial displacement-time relationships

Axial force-time relationships
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Fig. I11.3-9: Comparison between measured and caetpresults — T-shape
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Axial displacement-time relationships

Axial force-time relationships
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The ETC model and the EC2 model lead to companadselts during the expanding
phase of the column. Then during the contractingsphthe behavior predicted by the ETC
model tends to differ from the behavior predictgdtie EC2 model; the effect of the explicit
consideration of transient creep on the structir@havior becomes notable. In these
experiments, the contracting phase (decrease ptadmment) is associated with unloading of
the column (decrease in axial load) because ofakial restraint. It has been shown
previously at the material level that the ETC madébetter than the EC2 model to capture
the concrete behavior under stress (or load) dserese Fig. 111.3-2 and Fig. I11.3-3. This is
confirmed at the structural level by the experisenft Fig. 111.3-9 and Fig. 111.3-10, as it can
be seen that the ETC model matches better thak@® model the actual behavior of the
structure for all eight experiments.

In the last part of the experiments, the fire ispped and the temperatures are thus
decreasing in the compartment. During this coofihgse, the vertical displacement at the top
of the column decreases (shortening) because ptre ahermal elongation is recovered due
to the cooling of the column and because the ctmadees not recover its mechanical
properties. As a consequence, the axial load coesino decrease during the cooling phase.
Because of the combination of two effects, the ldadrease and the temperature decrease,
the difference between the behaviors predictechbyEHTC and the EC2 models is particularly
significant during this cooling phase. In the EC®dal, the transient creep strain that is
implicitly considered is recovered during unloadiagd cooling, whereas the ETC model
allows for a better modeling of the column behavimrunloading and cooling situations
owing to the explicit term for transient creep stra

[11.3.3.2. Practical significance of the results

It is interesting to give a further insight intoetlpractical significance of the results
presented here. It has been shown that the effettiectransient creep strain model on the
global behavior of the columns is significant as #stimation of the residual axial load
sustained by the columns at the end of the fireditier by up to 25% of the initial applied
load depending on the transient creep strain mtdl is used for the calculatioin the
following, it is explained how the results given the Eurocode model are unconservative,
due to the overestimation of the residual axiadllteat are sustained by the columns.

In a prescriptive approach, the columns are chetiefire resistance when subjected
to standard fire (such as the I1SO fire), in whidkydhe heating phase is considered. However
in a performance-based approach, it can be vergritapt to model the cooling phase of the
fire too as explained in Section 1.3.1.

Similarly in a prescriptive approach, the struckureember should be given a failure
criterion beyond which it is considered that thdagse has been reached. In such approach,
one cannot accept the levels of load decreasengatan the simulations plotted in Fig. 111.3-9
and Fig. ll1.3-10, in which load decrease of up9@% are observed, because the failure
criterion would have been reached much before.iivet performance-based approach, the
structural fire engineers do not consider the stinat members as isolated of the rest of the
structure but aim to model the actual behavioheféntire structure. Indeed, if the structure is
properly design, it may have a certain robustneasdllows for a redistribution of the forces
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during the fire. In a robust structure, the fa@ttbne of the structural elements is not able to
sustain the applied load any more does not autoalgtiimply the collapse of the entire
structure.

In the experiment presented here, the column igllgxiestrained and it is considered
that the applied vertical load can shift to the rbers that provide axial restraint after the
column displacement goes back to the initial equiim state and the column experiences
shortening. In a real building, this would correspgdo a situation where the structure is able
to redistribute the load initially supported by thelumn to the other columns through
horizontal elements. For instance, let us consilderhypothetical structure of Fig. 111.3-11
and let us assume that a localized fire is attackire central column. If the structure is
sufficiently robust, the load that was supportedhsy central column can be redistributed to
the other columns through the beam. In this cdmecollapse of the central column, that can
be considered as the time when the column is rlettabsupport the initial applied load any
more, does not automatically imply the collapséhef entire structure. The discussion would
be the same for instance if the fire had developethe entire compartment but that the
central column, that had less strength in resehael reached collapse before the other
columns.

It is clear that if the evolution of the axial loaud the central column is not properly
evaluated, the additional load redistributed torést of the structure could be underestimated
or overestimated. Finally, this could lead to ang@stimation of the global fire resistance of
the structure. The constitutive model that is usedhe concrete material, and especially the
type of transient creep strain model, could thugehan implication on the estimation of the
global fire resistance of a structure. It has b&®mwn, based on the experiments presented in
Fig. 1l.3-9 and Fig. 111.3-10, that the numericetsults obtained using the EC2 model
systematically underestimate the decrease in tied bbad for axially restrained columns
subjected to natural fire. Therefore, the resulisergby the EC2 model are unconservative as
they lead to the underestimation of the additidnatl redistributed to the structure, which
obviously has an impact on the fire resistancéefstructure.
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Fig. 111.3-11: Redistribution of forces in a robwstucture subjected to localized fire. Left: at
the beginning of the fire; Right: at the end of fine.
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Simplified models such as Eurocode 2 are well agthpdr prescriptive approaches in
which isolated structural members are consideredfaor analyzing the behavior of statically
determinate structural members subjected to théngephase of a fire. However, the fire
engineer should be careful when using such sineglifconstitutive models in analyses
including statically indeterminate structural memsber including the cooling phase of a fire,
as these simplified models have not been valididethese applications. When it comes to
performance-based design, more accurate modelddshewsed, and notably the transient
creep strain should be properly modeled with ardiexperm.

II1.4. Conclusion

This chapter has presented a new model for the anéxdd behavior of concrete at high
temperature and under uniaxial stress state. T@visaoncrete model is a generic model with
an explicit term for transient creep strain. It uegs no additional material parameter
compared with the current implicit model of Euroed?land it yields the same results as the
Eurocode 2 model in the situation where the tempegas increasing under constant applied
stress. This calibration on the current Eurocoded?lel is an important aspect of the new
model as the Eurocode 2 model has been widely inséek last decade and is well accepted
by authorities and regulators for real buildingigesHowever, the current Eurocode 2 model
includes implicitly the transient creep strain ais has been shown to lead to several
limitations for capturing the concrete behaviorsituations characteristic of a performance-
based design. Owing to its explicit consideratibriransient creep strain, the new concrete
model succeeds in capturing the concrete behawitinase complex situations. Namely, the
new model is able to capture the dependency istiiess-temperature path and the unloading
stiffness at high temperature. The new concrete eingdn thus be seen as an explicit
formulation of the Eurocode 2 model, developedeitending the domain of applicability of
the Eurocode model from prescriptive design togrethnce-based design.

The next chapter deals with the development ofr&crede model for multiaxial stress
state; the uniaxial transient creep strain modesgnted in this chapter will be extended to
multiaxial stress state for incorporation in theltraxial model.
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CHAPTERIV - DEVELOPMENT OF A
MULTIAXIAL CONSTITUTIVE MODEL FOR
CONCRETE AT ELEVATED TEMPERATURE

This chapter presents a new constitutive modeltiier mechanical behavior of

concrete at high temperature under multiaxial sfregate. This model is based on
the assumptions adopted as a result of the liteeateview analysis presented in
Chapter Il. Namely, the model is developed wittia theoretical framework of

continuum constitutive models based on smearedk@pproach and it relies on a

coupled plastic-damage theory. The plastic-damagastitutive model that is

derived is a full three dimensional model; it cam Wsed for any multiaxial stress
state. At high temperature, the multiaxial modeludes the generalization of the
uniaxial transient creep model presented in thevjanes chapter.

The development of the model is described in thet part of the chapter,
considering ambient temperature. Then, the extensiothe model to take into
account high temperatures is presented, with spemighasis on the multiaxial
transient creep strain model and the evolution loé imaterial properties with
temperature. Finally, the last part of this chaptgves an insight into the numerical
implementation of the model in a finite elementwsoe. The validation of the
model and its application to practical examples presented in the next chapter.
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IV.1. Plastic-damage model

IV.1.1. Constitutive law

Following the strain decomposition principle, tloéat strain is assumed to be made of
individual strain components according to Eq. NL.1in this equationg,, is the total strain

tensor, &, the free thermal strain tensag, the instantaneous stress-related strain tensor and

&, the transient creep strain tensor.

Erot = &h +£J +£tr Eg. IV.1-1

In the concrete constitutive model developed héne, free thermal strain and the
transient creep strain are thus treated separftaty the instantaneous stress-related strain.
The constitutive model that expresses the relatipnsetween the instantaneous stress-related
strain and the stress is presented first. The gémation of the transient creep strain and free
thermal strain models to multiaxial stress statidldoe described in Section IV.2.

It has been shown in the previous chapters thahg@eent strains develop in concrete
subjected to stress upon a certain stress leveljn$tantaneous stress-related strain is thus

divided into an elastic part and a plastic parbaging to Eqg. IV.1-2. In this equatios,, is

the elastic strain tensor aj is the plastic strain tensor.

=g, +e Eq. IV.1-2

Another important property of concrete that hadeoreproduced by the model is the
degradation of the elastic properties of the maltesinen it is subjected to stress upon a
certain stress level. Therefore, isotropic damagmtroduced in the model using a fourth-
order isotropic damage tens@. Accordingly with the assumptions retained at ¢mel of

Chapter Il, the instantaneous stress-related sieasore, is related to the stress tensprby

means of the constitutive relationship of Eq. I\3.1in this equation| is the fourth-order

identity tensor andC, is the fourth-order isotropic linear-elastic stés tensor.

g=(|_—[_)):c5:0:(§a—g) Eqg. IV.1-3

The stress tensor that appears in Eqg. 1V.1-3 isthminal (i.e. apparent) stress tensor;
the nominal stress is meant as the macro-levedst@ad is defined as force divided by the
total area. However, it has been assumed that hiaeacterization of plastic response of
concrete can be formulated in the effective stsgsmce with no reference to any damage.
Defining the effective stress tensar as the tensor of the average micro-level strepbeap
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to the undamaged volume of the material and corisgi¢hat the plastic behavior occurs in
the undamaged material, the constitutive relatignsh the effective stress space can be
written following the classical elastoplastic beioaysee Eq. IV.1-4.

gzcgzo:(ga—gp) Eq. IV.1-4

Computation of the plastic response using Eq. W dan be performed following the
standard approach for elastoplasticity in the ¢iffecstress space; this computation yields the
effective stress tensor and plastic internal végbThen, the fourth-order damage tensor is
used to map the effective stress tengointo the nominal stress tensar according to Eq.

IV.1-5.

IS

g:(|=—[=)): Eq. IV.1-5

The fourth-order damage tensor allows for a praj@scription of the isotropic state of
damage in concrete. The use of such tensor isregtjtor modeling the stiffness recovery in
concrete when the situation changes from tensi@ongpression. As the damage mechanisms
that develop in concrete are different in tensind e compression, a damage scalar internal
variable d, is considered for modelling of tensile damage andamage scalar internal

variable d, is considered for modeling of compressive damagee damage tensor is

calculated from these two damage scalars using\Efj-6, which is based on the research
works by Wu, et al. (2006).

D=d P'+q P Eq. IV.1-6
In this latter equationP” and P~ are the fourth-order projection tensors calculated
according to Eq. IV.1-7:
P=YH(@)(non) P=1-P Eq. IV.L7

where H (g;) is the Heaviside function computed for title eigenvalued, of @, see Eq.
IV.1-8, and the second-order tenspy is defined by Eq. IV.1-9, witm theith normalized

eigenvector corresponding @ .

0 if g <0
H(g )= ! ) -
1
B = By :E(_’i‘ On+mn D_i_n) Eq. IV.1-9
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The fourth-order projection tensors are built téowl for a decomposition of the
effective stress tens@ into positive and negative components accordiriggolV.1-10.

IIQL
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Eq. IV.1-10

Consequently, the tensile damage scdlaonly affects the positive part of the effective
stress tensor whereas the compressive damage sicabtanly affects the negative part of the
effective stress tensor, see Eq. 1V.1-11. Whensthess state in the material changes from
tension to compression, the effect of the tenséenage scalard, on the macroscopic
behavior disappear, which corresponds physicallyh& closure of the tensile cracks. This
representation of the state of damage allows fptuceng properly the unilateral effect in

concrete, as can be seen in Fig. IV.1-1; in tigark, the model response to a unilateral test is
compared with experimental data given by Ramta®9Q).

g=(1-d)g" +(1-d.) & Eg. IV.1-11

In the following, the equations of the model aréaded. First, the equations are given
for defining the plastic response in the effectsteess space; then, the evolution laws of
damage variables are defined.
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Fig. IV.1-1: Unilateral effect in concrete

Chap. IV — Multiaxial constitutive model 134



IV.1.2. Plastic theory

The equations defining the plastic response asbksied in the effective stress space,
i.e. in terms of effective quantities.

IV.1.2.1.Multi-surface vield criterion

As was established at the end of Chapter Il, tet\griterion that is adopted consists in
a multi-surface yield criterion based on a RanKpréncipal stress) yield function to limit the
tensile stresses and a Drucker-Prager yield corftoucompression. This assumption relies
on the experimental observation that, in concrdiferent failure mechanisms develop in
tension and in compression.

The Rankine yield functiorfy; is given by Eq. 1V.1-12, wher@, is the maximum
principal effective stress ang is the tensile hardening function depending ontérsile
hardening parametet,. Hardening in tension is assumed to be driven dylythe tensile
hardening parametex, ; therefore the dependency of the Rankine yielcttion F, in the
internal variablesq simply comes down to a dependency in a singleasoadriable that

characterize the evolution of plasticity in tension

H(Q,g)=5'| -7 (&) Eq. IV.1-12

The Drucker-Prager yield functioR, is given by Eq. IV.1-13:

F.(2.9) =33, +a - @-a)7, (x,) Eq. IV.1-13

In this latter equationl, is the trace (first invariant) of the effectiveests tensor,), is
the second invariant of the deviatoric effectivess tensor7, is the compressive hardening
function depending on the compressive hardeningrpeter x. and a is a material
parameter (coefficient of internal friction) defchby Eq. IV.1-14. In Eq. IV.1-14f_ and f,
respectively represent the uniaxial and biaxial passive strength of the material.

_ f,-f

a=—2—< -
26 -1 Eq. IV.1-14

The invariantsl, and J, are given by Eq. IV.1-15.

I} =01, + 0t 033

= _1

_ _ _ . Eq. IV.1-15
276 [(011_022)2 (00 +(T o0 ,) +6(a% +0123+053)}

Similarly to the tensile case, hardening of theudBer-Prager yield surface in
compression is assumed to be driven only by thepcessive hardening parameteyr.
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The multi-surface yield criterion is then given by. IV.1-16:

F (Q,Kt ) <0
B Eq. IV.1-16
F. (Q,KC) <0
The multi-surface yield criterion that results frahe combination of Rankine yield
function and Drucker-Prager yield function is pottin the two-dimensional stress space, i.e.
assuming thav,,, =0, in Fig. IV.1-2. The limit yield function is obtaed for the maximum

values of the hardening functiong and 7_; this limit yield function agrees with

experimental data of the biaxial failure envelopeeg by Kupfer and Gerstle (1973) and
presented in Chapter I. The yield function experésnisotropic hardening/softening driven by
the hardening functiong, and7,; the value of the yield function for a currentwealof these

hardening functions is also plotted in Fig. IV.1-2.

— Limit yield function

. . (o)
=== Current yield function I
B Biaxial failure envelope [test]
ft
fc _ - o

\-I---‘

Fig. IV.1-2: Multi-surface yield criterion plottad the two-dimensional principal stress space
(assumingo,, =0)

IV.1.2.2.Plastic flow rules

The yield conditions, in general written &(g,/(t) =0 and/or FC(Q,KC) =0, define

the stress states for which the material exhibigstie flow. Plastic flow rules have to be
postulated to govern the evolution of plastic flasen the effective stress state reaches the
yield surfaces.

In tension, an associated flow rule is used, winigans that the plastic flow is normal
to the yield surface in the effective stress spae® Eqg. IV.1-17. Therefore, the plastic

potential in tensiorG is equal to the plastic yield function. In thisuatjon, gtp denotes the
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tensile plastic strain rate tensor whereas thenpetier /, is called plastic multiplier in tension
and defines the length of the tensile plastic flow.

ot —A. a&:jtﬁ

& -
oz Mog Eq. IV.1-17

p T
In compression, a non-associated flow rule is abbpto capture the dilatancy
phenomenon that develops in concrete. Indeed, etsngs a frictional material in which
plastic deformation in compression is accompanigddiumetric variation. As a result, the
plastic flow is not normal to the yield surfacetive effective stress space; it is given by Eq.
IV.1-18. In this equation/, is the plastic multiplier in compression a@ is the plastic

potential in compression.

0G

-C — 3
gy = A Eq. IV.1-18

The plastic potentials; is given by Eqg. IV.1-19, where is a dilatancy parameter.

The physical interpretation of Eq. IV.1-19 is thié compressive flow is associated in the
deviatoric plane but its volumetric part uses atdiicy coefficienta, different from the

coefficient of internal frictionr (Feenstra and de Borst, 1996).

G.=+3), +ay | Eqg. IV.1-19

According to Koiter’s rule (1953), the total plasttrain rate tensor can be obtained as
the sum of the tensile and the compressive plagdtain rate tensors, according to Eq.
IV.1-20.

. 0F . G
Ep=A ot A Eq. IV.1-20

0o

The plastic multipliersi, and A, can be determined using the Kuhn-Tucker conditions
expressed by Eq. IV.1-21.

4,20, F(gk)<0, AF(zk)=0 | j=tc Eq. IV.1-21

In addition, A4, and A, also satisfy with the consistency requirementqf I£.1-22.
A F(a.x)=0 | j=tc Eq. IV.1-22

IVV.1.2.3.Hardening variables

The hardening variables, and «, respectively govern the evolution of the Rankine

and the Drucker-Prager vyield surfaces; this ewvofutiis made by isotropic
hardening/softening. In fact, the hardening vagabare the plastic internal variables that
characterize the plastic state of the materialy ttem be considered as indicators of the degree
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of yielding in the material and therefore are ahllaccumulated plastic strains. These
hardening variables can be related to the plastittipliers. In their composite plasticity
model, Feenstra and de Borst (1996) have suggestesk the rate equations of Eq. 1V.1-23
to assess the evolution of the hardening variafileese relationships are based on a work-
hardening hypothesis, which means that the hardemariables are determined by the
inelastic work rate for the corresponding yield dtions. In Eq. 1V.1-23,¢;, and ¢,, are
constant parameters describing the coupling betweztensile and the compressive yielding
mechanisms.

K =A TG A Eq. IV.1-23

kc = 4-21 /1t +/]c

Due to a lack of experimental data, it is gengraksumed that the yielding

mechanisms in tension and in compression are démhuthus settingg;, = ¢,,;=0 in the
applications (Feenstra and de Borst, 1996). Inrotloeds, if only one yielding mechanism is
active, the other yield surface does not evolvee fiardening variables are thus given by Eq.
IV.1-24.

K =A20, K.=A.20 Eq. IV.1-24

Application of the work-hardening hypothesig/{ =g :£,) with the assumption of
decoupling between the tensile and the compresgeieling mechanisms leads to EQ.
IV.1-25 for yielding in tension. In this equatiom, is the normalized eigenvector
corresponding tag, . As a result, the hardening variabte can be defined by Eq. 1V.1-26.

The interpretation of Eq. 1V.1-26 is that this hemthg variable can be seen as the effective
plastic strain in the sense of work-hardening higpsis (Jirasek and Bazant, 2002).

Wp:g:g):)itg:E:)itg:(_r] On)=Ag =AT, Eq. IV.1-25
, _ 04
K== Eq. IV.1-26
t

Similar developments in compression lead to Eql4®7 and Eqg. IV.1-28 (Jirasek and
Bazant, 2002). As in tension, the hardening vaeiablcompression given by Eq. 1V.1-28 can
be interpreted as the effective plastic strain etiog to the work-hardening hypothesis,
although the formula in compression is adaptedhfor associated flow.

¢ =4 G, Eq. IV.1-27

C
P Eq. IV.1-28
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The rate equations of the hardening variables eaexpressed in the uniaxial case to
give a more direct interpretation of these variablénder uniaxial tension in direction the

Rankine yield function is given b, =0, — T; (Kt) , with &, the effective applied stress. We
haved, =T, (Kt) during the yielding process under uniaxial tensiad the tensile hardening

function 7; has thus the meaning of current uniaxial tensaédystress in the effective stress

space. The rate equation Eq. IV.1-26 for calcuhabbthe tensile hardening parameter turns
into Eqg. 1V.1-29. In the uniaxial case, the tengiBrdening parameter is thus equal to the
plastic strain in the direction of applied strefs. a result, it is possible to identify the
hardening law in tension from the stress-straiveum uniaxial tension.

ST

R — .
&, Oy E

K, = PX =gl Eq. IV.1-29

Tt Tt
Under uniaxial compression in directianthe Drucker-Prager yield function is given
by Eq. IV.1-30. As a result, we have,| =7, («,) during the yielding process, witix, <0
the effective stress in uniaxial compression. Tleeesthe compressive hardening functign
stands for the current uniaxial compressive yi#less in the effective stress space.

Fo(2.9)=\33, +a - -a)7. () =|7,|-al - @-a)T (k) Eq.V.1-30

Under uniaxial compression in direction the plastic potentialG, is given by
G, = (1— ag)|5x|. As a result, the rate equation Eq. 1V.1-28 fdcalation of the compressive

hardening parameter turns into Eq. IV.1-31. In tinéaxial case, the compressive hardening
parameter is thus proportional to the plastic stiai the direction of applied stress. As a
result, it is possible to identify the hardening/ len compression from the stress-strain curve
in uniaxial compression.

_ ledes _ ehs

. (1—ag)|ﬁx| - a,-1

IS}

-C
€

- =P

K. = G

Eq. IV.1-31

IV.1.2.4 . Hardening laws

It remains to determine the hardening laws in tifecgve stress space for calculation
of 7, and 7, as a function of the hardening variables. It hasnbshown that the hardening

functions 7, and 7, have the meaning of current uniaxial tensile amugressive strength of

the material. However, these functions are writtethe effective stress space and therefore
they cannot be determined by direct identificatidgth the experimental uniaxial stress-strain
curves, which are in the nominal (apparent) stregace. Based on Eq. IV.1-11, the
relationship between the effective and the nominaatlening functions in uniaxial tension is
obtained according to Eq. 1V.1-32. In this equatignis the tensile hardening function in the

nominal stress space; therefore this function @uikectly identified to the current uniaxial
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tensile strength of the material. Similarly, in axial compression the relationship is given by
Eqg. IV.1-33.

Iy (Kt) = (1_ dt)Tt (Kt) Eq. IV.1-32

7. (k.) =(1-d,) T(4 ) Eqg. IV.1-33

In uniaxial tension, the response in nominal (@pparent) stress is elastic until peak
stress, followed by a material softening until dedl. It is assumed here that the tensile
behavior of concrete is driven by the damage mdsharin other words, it is assumed that
the softening response of the material in tenssatuie to the development of microcracks that
progressively reduce the volume of the undamagdedriah Although plastic strains develop
in tension, it is assumed that they do not leadoftening of the material. Consequently, the
tensile hardening law in the effective stress spa@sents a horizontal plateau, see Eq.
IV.1-34, and the apparent softening that is obskesgerimentally in concrete is only driven
by the evolution of the tensile damage paramdfernn Eq. IV.1-34, the parametef; is the
uniaxial tensile strength (i.e. peak stress). bt,fthe meaning of Eq. IV.1-34 is that there is
no variation of the Rankine yield surface in thieetive stress space. This definition of the
effective and the nominal tensile hardening lavesi$eto the uniaxial tensile responses in the
nominal and in the effective stress space plotideig. IV.1-3.

T (k)= f, Eq. IV.1-34

A | deeeee i
stress Effective stress

Nominal stress

»
|

strain

Fig. IV.1-3: Uniaxial tensile response in the effee and nominal stress spaces

In uniaxial compression, the concrete behaviorgesfirst an elastic domain until the
compressive limit of elasticityf.,, followed by a hardening branch until the stressches

the compressive strength and finally a softening branch until failure. Thardening law in

nominal stress should reflect this behavior. Tatesistent with the developments presented
in the previous chapter for concrete under unissti@ss state, the compressive hardening law
in the nominal stress space is expressed followliegsame formulation as the ascending
branch of the instantaneous stress-strain reldtipnsf the Explicit Transient Creep (ETC)
Eurocode model, see Eqg. 1V.1-35. The compressivaemeng law of Eq. IV.1-35 adequately
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captures the experimental response of concretaiaxial compression. In this equatiok,

is the accumulated plastic strain in compressiqreak stress, such that(« ) = f..

C

2(f.—f. )k i
T 2 TS Eq. IV.1-35
Kcl 1+(ch q il
Kcl

The apparent softening law is calibrated on expemtal data. The mathematical
expression is derived in order to ensure continutitferentiability between the hardening
and softening branches at peak stress. Finally,reétaionship in apparent stress for the
softening branch is given by Eq. IV.1-36, whéxeis a model parameter to be determined.

Tc (Kc) = ch +

1. (k)= fc(1+ bc(/(c—/(cl)) exp(—bc(/(c—/(cl)) if kK 2Ky Eq. IV.1-36

The expression of the compressive hardening fumdticthe effective stress spacg
can be determined by inserting Eq. 1V.1-35 and BGl-36 into Eq. 1V.1-33, once the
expression of the compressive damage parantetéias been established. The expressions of
the compressive hardening laws in the nomima(£.)) and in the effective®( («.)) stress

space lead to the uniaxial compressive responserninal and effective stress plotted in Fig.
V.1-4.

stress | *°°°°° Effective stress
A

Nominal stress

.
"""
o

»
»

strain

Fig. IV.1-4: Uniaxial compressive response in tffective and nominal stress spaces

IV.1.3. Damage theory

An important assumption concerns the selectiorhefimternal variables that are used
for driving the damage mechanism. In this modehais been assumed that the evolution of
damage in concrete is driven by the plastic intevadables. This assumption implies that the
physical mechanisms that lead to the developmenirrelersible strains and to the
degradation of the elastic properties are relatsich can be controversial. Recent
investigations by Poinard, et al. (2010), presemte@hapter I, have shown that the concrete
behavior can change from a cohesive-brittle belmagoeerned by damage phenomena at low
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confinement to that of a granular material goverbgdplasticity at high confinement; this
observation tends to demonstrate that the damagiglastic mechanisms in concrete have
different physical origins. Yet, the level of camdiment reached in the experiment of Poinard,
et al. (higher than 150 MPa) is beyond the scophisfresearch and, for stress levels typical
of structural fire engineering applications, thea®te behavior can be captured by models in
which plasticity and damage are driven by the samteynal variables (Grassl and Jirasek,
2006; Nechnech, et al., 2002; Matallah and La Buede®009). The use of same internal
variables for driving plasticity and damage in aabe constitutive models is convenient
because it reduces the number of parameters imadiel.

The plastic internal variables that drive the yiddv and the hardening process are the
accumulated plastic straing and «; these plastic internal variables are also usedtite

the evolution of damage as it is assumed thatipiysand damage phenomena are coupled.
Accordingly, damage is initiated at the same tirmegparmanent strains, and the process of
material non-linearity in concrete consists in bathmage and plasticity developing
simultaneously. Evolution laws are postulated for tamage variables in order to describe
the growth of microcracks in the material. Seveaathors have noted that the damage
evolution as a function of the plastic strain isaof exponential form (Lee and Fenves, 1998;
Matallah and La Borderie, 2009; de Sa and Benbouaje2011); therefore an exponential
formulation is adopted here. The evolution laws teemsile and compressive damage are
calibrated on the experimental uniaxial stress¥sitarves in tension and compression using
Eq. IV.1-37 and Eq. IV.1-38.

5, (k) =(1-d (x)) 7 (x) Eq. IV.1-37

1. (Ke) = (1=dq (o)) Te(x o) Eq. IV.1-38

In tension, the evolution law for tensile damageesived to yield the proper softening
response of concrete in tension, see Fig. IV.143 ®volution law is thus given by a
combination of exponentials according to Eqg. IV%-3his combination of exponentials
results from a numerical calibration on experimemtata. In this equationg, is a non

dimensional model parameter to be determined.

d, () :1—[% exp(-4 Kt)+—; exy{~ 64 Kt)} Eq. IV.1-39

In compression, the hardening law has directly Emived in nominal stress based on
the apparent behavior of concrete in uniaxial casgion, see Eg. 1V.1-35 and Eg. 1V.1-36.
Therefore the evolution law for compressive damiagealibrated to yield the degradation of
the elastic stiffness experimentally observed dyutiniaxial compression test with unloading-
reloading, see Fig. IV.1-4. The evolution law fosngpressive damage is given by Eq.
IV.1-40, with a, a non dimensional model parameter to be determined

d. («.) =1-exp(-a, «.) Eq. IV.1-40
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IV.1.4. Identification of the parameters

IV.1.4.1.Model parameters

The evolution laws of the model contain a seriesasf dimensional model parameters:
a., b,, a and k. In the following, these model parameters are tdated in terms of

material parameters that can be identified by erpartal tests.

Model parametei,

The parametek,, is the accumulated plastic strain in compressigeak stress. Under
uniaxial compression, the accumulated plasticrstkai is proportional to the plastic strain in
the direction of applied stress, see Eq. 1V.1-3Iiti\ this equation at peak stress leads to
the expression of Eq. 1V.1-41, Witﬁg <0 the plastic strain at peak stress under uniaxial

compression.

K = €5 /(ay-1) Eq. IV.1-41

The parameterfg can be expressed as a function of the (instantsnsivess-related)
strain at peak stress under uniaxial compressiprwhich is a material parameter often given

in absolute value g, >0), and the elastic strain at peak stress undexiahiaompression

&, <0: éf):—(gcl—|£‘el|). After introducing the damage at peak stress undeaxial

compressiorﬂC as an additional material parameter, the paranﬁtés finally given by Eq.

IV.1-42. In this equationE =2 f /&, is the initial stiffness (elastic modulus) accoglito
the ETC constitutive relationship, which is geneed here to the multiaxial situation.

f - ~

& =—e,~——=~|=-€4((1-2d.)/( 2- 2d Eq. IV.1-42

=g el (- 2) :
After inserting Eq. 1V.1-42 into Eq. IV.1-41, the&mession of the model parametey,

is obtained as a function of the strain and danageeak stress under uniaxial compression

&, andd,, and the dilatancy parametey, see Eq. IV.1-43.

K, = £a(1-2d;) Eq. IV.1-43
7 (2-2d,)(1-ay) a- v

The accumulated plastic strain is always nonnegative. The dilatancy parametgis

lower than 1; experimental evidence such as thdiamidl compression tests (Kupfer, et al.,
1969) suggest that this parameter has a value ¢eedpbetween 0.20 and 0.30. Therefore,
the non negativity ofx, implies that the stiffness degradation of concrieteuniaxial
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compression is lower than 0.50 at peak streEs; 0.50. This condition is in line with the

experimental observations, as identification froyslic compression tests (Karsan and Jirsa,
1969) indicates values around 0.25.

Model parametera,

A non dimensional parameteg appears in the evolution law for compressive damag

This parameter can be expressed as a functioneofmisterial parameters that have been
introduced here above; indeed rewriting Eq. IV.1lad(peak stress for uniaxial compression
leads to the expression of Eq. 1V.1-44 for the pwtera, .

n(1-4,) (2, 1) 2- ) o 4
! W

=-In(1-d,)/x, =
R Ay PP

Model parameterg,

The model parametep, that appears in the evolution law for tensile dgenas

determined based on energetic considerations. Asetlolution laws for the hardening

variables rely on a work-hardening hypothesis, tthtal plastic work can be related to the
energy dissipation of the material (Feenstra and@aist, 1996). In tension, the concept of
crack energy is often introduced in the constitiliaws for regularization of the model with
regards to the mesh sensitivity on the global stmat response (Hillerborg, et al., 1976). The
concept of equivalent length is also introducedléfine a representative dimension of the
mesh size in which it is assumed that the crackgsgnis uniformly dissipated. The total

(apparent) plastic work in tension can thus be esged by Eq. 1V.1-45, wherét is the
crack energy in tension in N.m/n, is the characteristic length in m also referre@gsahe
localization zone size and, is the crack energy density per unit volume in i The

crack energy and the characteristic length arenasduas material properties; these material
properties ensure the objectivity of the numerstadulation at the structural level.

00

[ (x) d, :%: g Eq. IV.1-45

0 c

Based on Eq. IV.1-45, the adimensional model pat@ma, that appears in the
expression of the tensile damage evolution law lwamalibrated on the material parameters

G, and|l.. Indeed, calculation of the first term in the diydeads to the expression of Eq.
IV.1-46.

e f
I (k)dk, =Lt —+—— |= Eqg. IV.1-46
Jrls)a 2( J 123
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1 °C

The model parametes, is thus obtained as a function of the materiahpeatersG,
and f, according to Eq. IV.1-47.

g = Eq. IV.1-47

126 1)

Model parametet,

Similar energetic considerations are made in cosgwe for calculation of the
parameter of the hardening law. The crack energy in compressi@, in N.m/m2, and the
internal lengthl,, in m, are introduced in the constitutive law;\tlage considered as material

properties. The total (apparent) plastic work impoession is expressed by Eq. 1V.1-48, with
0. the crack energy density per unit volume in N.m/m3

9]

K

=g Eq. IV.1-48

Kel Kc
j 7. (k) dk + j T.(k¢) dk =
0

Ke1 Cc

The left term of the sum in Eq. IV.1-48 refers ke tcrack energy density dissipated
before the peak stress, during hardening of theemast whereas the right term of the sum
represents the crack energy density dissipated thigepeak stress, during softening of the
material. After integration of Eq. IV.1-48, the egpsion of the parametég as a function of

the material parameters is obtained, see Eq. 19.1-4

_ 2 f,
‘ (éc/lc)_ feo Kcl_( fe- ch) Kyln2

In the latter equation, the model parameberis thus expressed as a function of the

Eq. IV.1-49

|, and k. However, the crack energy,

c? 'C

material parameters in compressidn, f.,, G
and internal length, can be difficult to derive for practical appliaats. It can be more
convenient to define an adimensional paramejethat represents, in uniaxial compression,
the ratio between the crack energy dissipated beafar peak stress and the total crack energy
dissipated at failure. This adimensional materiatameter, that ranges between 0 and 1,
should then be seen as a direct measure of thdityuat concrete in compression; variation
of this parameter from 0O to 1 allows for modelinfjedent material behaviors from infinitely
ductile behavior (horizontal plateau far =0) to perfectly brittle behavior (sudden failure at

peak stress forx =1). The interpretation of this adimensional parameig thus

straightforward and the advantage of using an adémeal parameter for practical

applications is that no mistake can be made withdimensions. The disadvantage of this
approach is that, by replacing two parameters &y same information is lost; namely in this
case, the characteristic length is not addressezbimpression. The adimensional material
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parameterx, is related to the other material parameters byfallewing relationship of Eq.
IV.1-50.

Ke1

j 7. (k) dk,

x =0 _ feo ke +(fe = fo) KaIn 2 Eq. IV.1-50

G/l Ge/l

For practical applicationss, is considered as a material parameter and noereferare

made any more to the crack ener@y and internal lengtH_ in compression. Finally, the
expression of the model paramekeras a function of. and the other material parameters is
given by Eq. IV.1-51.

_ 2 f. X,
’ (1_Xc)[ ch Kcl+( fc_ ch) Kclln 2]

Eq. IV.1-51

IV.1.4.2 . Material parameters and their phenomenological @ffe

The model contains ten material parameters thaswarenarized in Table 1V.1-1. These
parameters can be obtained by three tests: uniearapression test until failure comprising
one unloading-reloading at peak stress, biaxialpression test until peak stress, and uniaxial
tension test until failure.

Parameter Name Units Required test

Vv Poisson’s ratio [-] Uniaxial compression
fo Compr. limit of elasticity ~ [MPa] Uniaxial compression
f. Uniaxial compr. strength  [MPa] Uniaxial compression
£, Peak stress strain [-] Uniaxial compression
a, Dilatancy parameter -] Uniaxial compression
X, Compr. dissipated energy  [-] Uniaxial compression
d, Compr. damage at peak stress [-] Uniax. compr. + unloading
f, Biaxial compr. strength [MPa] Biaxial compression
f, Uniaxial tensile strength  [MPa] Uniaxial tension

g, Tensile crack energy density [MPa] Uniaxial tension

Table IV.1-1: Material parameters
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Parameters obtained from uniaxial tension tekt:and g,

In tension, the uniaxial tensile strength corresponds to the peak stress in a uniaxial

tension test, whereas the tensile crack energyitgegs is a measure of the ductility of the
softening branch.

The tensile crack energy density is the ratio between the crack energy in tension
and the characteristic length. A formula has been given by the CEB-FIB (1990) fo
calculation of the crack energy in tension, in Nm#)/from the mean compressive strength of
concrete f_, = f_+8 MPa and the maximum size of aggregatésseeEq. IV.1-52. The
coefficient a; is given in Table IV.1-2 for different maximum eiof aggregates. The

objective when developing the empirical formulakaf. 1V.1-52 was to use only parameters
generally known to the designer. This formula hasrbfound to agree with experimental
results (Hilsdorf and Brameshuber, 1991) and it been widely used in literature (Feenstra
and de Borst, 1996; Grassl and Jirasek, 2006)céocrete used in typical applications, Eq.

IV.1-52 leads to a crack energy in tensi@nthat ranges between 50 and 150 N.m/m2,

G =g Eq. IV.1-52
d [mm] ad
8 4
16 6
32 10

Table IV.1-2: Coefficienty for consideration of the effect of the maximum raggte size on
the tensile crack energ$,

The characteristic length in the model dependshenchosen element type, element
size, element shape and integration scheme (Faeastt de Borst, 1996). A very simple
formula has been proposed for biaxial case (R&88). see Eq. IV.1-53. In this equatiofy,

is the area of the element amgl is a modification factor which is equal to 1 faragiratic

elements and equal tg2 for linear elements. This formula gives good appration for
most practical applications.

. =a, /A Eq. IV.1-53
Fig. IV.1-5 presents the computed results obtaimednodeling a uniaxial tension test
with different values of the tensile crack energsnsity g,, next to experimental data

(Gopalaratnam and Shah, 1985). It can be seendthidie macroscopic level, the tensile crack
energy density allows for properly capturing thepsl of the softening branch in tension.

Identification of this parameter should be madecbsputing the values of, and |, using
Eq. IV.1-52 and Eq. 1V.1-53, which allows for regtizing the constitutive law by means of a
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characteristic length. For a given meshing, thesitencrack energy density can also be
identified by calibration on the macroscopic resggof the material as shown in Fig. IV.1-5.
This latter method eliminates the dependency omthgimum aggregate size and it avoids
the necessity of defining a characteristic lengdpint, it does not allow for dealing with the
issue of mesh sensitivity. Yet, the problem of mesihsitivity has to be addressed in a way or
another in constitutive models; this very complewlgem requires specific and intensive
investigation and it is only partly treated herecéuse it is considered beyond the scope of
the present work. In the following, an example iseg to illustrate the problem of
localization and the regularization technique ushgcharacteristic length parameter.

4.0 7 O Gopalaratnam [test]
fe A === Model gt=15.0E-4 MPa
30 A :‘\ Model gt=4.50E-4 MPa
**+++ Model gt=1.50E-4 MPa
‘< Qg
S 20 1 fa Sso
o . -~
® 1.0 A ) SSe——— .
.. T
0.0 : IALLITT TP o .
0.00 0.02 0.03 0.05 0.06
Strain [%]

Fig. IV.1-5: Identification of the model parametarsa uniaxial tension test

To give a further understanding of the parametgrs |, and g,, the problem of

localization of the deformations in the numeriggkegration process is illustrated here by an
academic example. We consider a 1.0 m side cupkiof concrete that is modeled using two
different meshing: in the first case, a single eabaped three-dimensionnal finite element of
1.0 m side, see Fig. IV.1-6 left; in the secondeg¢asght cube-shaped three-dimensionnal
finite element of 0.5 m side, see Fig. IV.1-7 right order to provoke the localization of
deformations in the second numerical model, theevalf the tensile strength of the upper
layer finite elements is defined as slightly diéet (-3%) to the value of the tensile strength
of the lower layer finite elements.

Fig. IV.1-6: Two different meshing for the 1.0 nadsicube
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The two cubes are subjected to uniaxial tensiledif@g the force-displacement
diagrams are plotted in Fig. IV.1-7. Three simwas have been performed:

- Simulation with the meshing of 1.0 m side and thki® of the tensile crack energy
density g, = g, =4.50% 10* MPz obtained by calibration on the experimental data;

- Simulation with the meshing 0.5 m side and the saalae of the tensile crack
energy densityg, = g, as in the previous simulation;

- Simulation with the meshing of 0.5 m side and aigadf the tensile crack energy
density g, = g,, modified for regularization of the force-displacemhresponse. The

value of g, , is equal tal3.50x 10* MPx.

4,000 1
Mesh 1.0 m, gtl

3,500 -
A Mesh0.5 m, gtl

3,000 -
2,500 A === Mesh0.5 m, gt2

2,000 A

Force [kN]

1,500
1,000 A

500 A

0.00 0.10 0.20 0.30 0.40 0.50
Total displ. [mm]

Fig. IV.1-7: Effect of localization on the numericasponse and regularization with

parametergt
“07 Mesh 1.0 m, gtl
A Mesh0.5m,gtl-FE4
3.0 - . A Mesh0.5 m, gtl - FE 8
\\ O Mesh0.5 m, gt2 - FE 4
\\ === Mesh0.5 m, gt2 - FE 8
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=
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-
-
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-
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Fig. IV.1-8: The stress-strain responses highligbtlocalization of deformations in certain
integration points and the unloading in others
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The results show that the meshing has an influencthe post-peak response in terms
of force-displacement. The numerical response onétawith the meshing of 0.5 m side is
more brittle than the response obtained with thehimg of 1.0 m side when the material
parameters are kept unchanged. However, it is lpless eliminate this mesh-dependency by
modifying the tensile crack energy density parameje In fact, the parameteg, must be

adapated to the meshing to ensure that the cramigein tensionG, remains constant, as
this latter parameter depends on the material vutdependent of the numerical model. As
the parameteq, is evaluated ag, = G /|, it is the role of the characteristic lengdthto take
into account the effect of meshing to regularizeriodel.

The analysis of the paths in the stress-strainespallowed by different integration
points gives a better understanding of the locatimaphenomenon. In Fig. 1V.1-8, the
evolution of stresses and strains are plottedhfeitiiree simulations discussed here. When the
mesh of 1.0 m side is used, the model compriseg onk finite element and all the
integration points have the same response in thesssstrain space. However with the
meshing of 0.5 m side, different integration poisteow different responses in the stress-
strain space; for this meshing, the stress-stempanse is given in one integration point of the
upper layer (FE 8), which has a slightly lower tenstrength compared with the lower layer,
and in one integration point of the lower layer @EIt can be seen that the integration point
of the upper layer exhibits a softening behaviothwarge strains whereas the integration
point of the lower layer exhibits elastic unloadirg the simulation withg, =g ,, the

unloading in the lower layer integration points slo@t appear directly after the peak stress; it
arises when the applied force on the cube hasfeeleiced by approximately 50% of the peak
force. This bifurcation in the stress-strain resg@nf certain integration points in the model
explains the sudden change in the force-displacemiagram for this simulation. In the
simulation with g, = ¢, ,, the unloading of the lower layer integration geiarise directly

after the peak stress, whereas the upper layagratten points exhibit a softening response
that is more ductile compared with the simulationhwl.0 m size meshing. This higher
ductility in the stress-strain space is due to thet that g ,> g ,, sincel ,<I . As a

conclusion, due to the localization of the defoliora in certain integration points, it was
necessary to use a higher value of the tensil&k@aergy densityg, for the lower meshing

size to eventually obtain the same response ifotise-displacement space.

Parameters obtained from uniaxial compression testf_, f, ande,

Poisson’s ratiov, the uniaxial compressive strengfp and the peak stress strain in
uniaxial compressiorz,, are material parameters commonly used in cononetgels, which
have been discussed in Chapter I.

In uniaxial compression, the concrete responsmeésily elastic up to the compressive
limit of elasticity f_,. Experimental results presented in Chapter | sti@vthis compressive

limit of elasticity has a value of approximatel\B0x f..
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Parameter obtained from uniaxial compression tegt:

The compressive dissipated enengyis used for calibration of the softening response
of concrete in compression. Fig. 1V.1-9 presenésabmputed results obtained by modeling a
uniaxial compression test with different values tbe material parametek, , next to
experimental data (Karsan and Jirsa, 1969). Thenpeterx_ allows for capturing the proper

softening response; increasing this parameter leada more brittle behavior whereas
decreasing this parameter leads to a more duefianor.

30 7 O Karsan [test 1969]
N === Model xc=0.15
AN Model xc=0.19
T .20 : AN =+++++ Model xc=0.30
. \
=, . N
w .
o : \\
o -10 r : AN
. \\
B o
L) S
’.. \s~~
0 i 1 *%04s0a. Io L =
0.0 -0.2 -0.4 -0.6 -0.8 -1.0
Strain [%]

Fig. IV.1-9: Identification of the model parameterin a uniaxial compression test

Parameter obtained from uniaxial compression tekt:

The compressive damage at peak stré§sis used for calibration of the stiffness
degradation of concrete in compression.

40 - O Karsan [test 1969]
*e***+ Model dc=0.10
30 | — Model dc=0.30
rf A === Model dc=0.35
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Fig. IV.1-10: Identification of the model parameti;r in a uniaxial compression test
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The parameteﬂC is determined by means of a uniaxial compresgsewith unloading

at peak stress. Modification of the value of thasgmeter allows for an increase or a decrease
in the relative importance of the damage procesb wispect to the plastic process in the
model. For low values of this parameter, the ptastocess prevails over the damage process
in compression, which results in a significant depeent of plastic strains and relatively
limited degradation of the elastic properties; loa tontrary, for high values of this parameter
(but lower than 0.50) the response is mostly dribgnthe damage process. Fig. 1V.1-10
presents the computed results obtained by modalimgaxial compression test with different

values for the material parametég, next to experimental data (Karsan and Jirsa, 1969

Based on these experimental data, the value fordh®ressive damage at peak stress can be
set to 0.30.

Parameter obtained from uniaxial compression test:

The dilatancy parameten, allows capturing the dilatancy behavior of coneret
subjected to compression. The value of this parantn be established by measuring the
volumetric strain developed by a concrete samplgested to uniaxial compression. In
uniaxial compression, the plastic strains in theehprincipal directions calculated using the
compressive flow rule are given by Eq. IV.1-54.

Epx :(ag—l)/lC  Ehy=ES Z:(a g+],/2)/1 ) Eq. IV.1-54

The plastic volumetric strain is thus given by Bg1-55.

c
p,vol

c

Epvol =EpxtEpytEL, =30 A Eq. IV.1-55

From this latter equation, it is clear that thetéihcy parameters, governs the plastic
change of volume; the plastic volumetric strainnigl for a, =0, whereas the material
exhibits a plastic dilatancy far, >0 and a plastic contractancy far; <0. The situation of
a4 =0 corresponds to a purely deviatoric flow, i.e. ghastic deformation is exclusively due

to slip and the material exhibits no plastic chaofierzolume. As concrete experiences an
increase of volume during plastic flow because hedf &sperities at the slip interface, the
dilatancy parametem, is positive.

The (instantaneous stress related) volumetricrstsaihe sum of the elastic and plastic
parts, see Eq. IV.1-56.

(1-d)

From elasticity theory, the elastic volumetric sirégs null for a Poisson’s coefficient
equal to 0.5. For concrete, Poisson’s coefficisnioiver than 0.5, leading to a reduction of
volume of the specimen subjected to uniaxial cosgon in the elastic field. In uniaxial

1-2v
g\(/:ol = g,vol+£%volza'x [E—]+3ag Ac Eqg. IV.1-56
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compression, the elastic part of the volumetriaistis always negative and linearly increases,
in absolute value, with the effective stress. Hosvein the nominal stress space, the
relationship between the elastic part of volumestrain and the nominal stress is not linear
due to the damage component. The plastic parteofdfumetric strain is always positive and
linearly increases with the plastic multiplidg. As the total volumetric strain is the sum of

the elastic and plastic parts, the sign of thel tdéumetric strain depends on the respective
importance of the two parts. The volumetric strigimegative, dominated by the elastic part,
for moderated stress levels, for which the behaisoalmost linear elastic. Then, plastic
strains start to develop which results in a de@edgshe volumetric strain in absolute value.
Finally for higher stress levels, the plastic ga@tomes dominant and the volumetric strain
changes sign from negative to positive.

Fig. IV.1-11 presents the computed results obtail®d modeling a uniaxial
compression test with different values of the matgrarametera,, and comparison with

experimental data (van Mier, 1984).

-60

O Van Mier [test]
S0 g Rt g | e Model ag=0.2
40 Model ag=0.4

Stress [MPa]
&
o
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. Volumetric
strain

-10 «° strain

0 1 72 1 1 1

0.25 0.00 -0.25 -0.50 -0.75 -1.00
Strain [%]

Fig. IV.1-11: Identification of the model parametgy in a uniaxial compression test

Parameter obtained from biaxial compression tefgt:

Finally, the biaxial compressive strength is used for capturing properly the positive

effect of compressive confinement on the concrétength. Based on experimental data
(Kupfer, et al., 1969), a strength increase of I8%iaxial compression compared to uniaxial
compression is generally considered (Grassl amakselr, 2006; Wu, et al., 2006), thus
f, =1.16x f_.
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IV.1.5. Thermodynamic aspects

In the present model, the evolution laws for thenmal variables have been postulated
and not derived from a dissipation potential. Tisighe usual procedure for non standard
material models, such as the models with non aaatilow rule (Grassl and Jirasek, 2006).
Still, it has to be verified that the resulting nebs thermodynamically admissible. Therefore
the dissipation inequality has to be checked fae flresent model; the condition of
nonnegative dissipation may lead to certain comg@n the model parameters.

IVV.1.5.1.Condition of nonnegative dissipation

For the present type of damage-plastic model, tleémHoltz free energy per unit
volume is given by Eq. IV.1-57.

P‘/’(i’ép’dt 'dc):%(—_ ) [( | _g)

In this equation,p is the density (specific mass) agd is the Helmholtz free energy

per unit mass which depends on the internal stateables of the system. In this part,
isothermal processes are considered so that thpetatnre remains constant and is not
explicitly listed among the state variables.

}:(g—gp) Eq. IV.1-57

The rate of dissipation per unit volumi2 is then evaluated according to Eq. IV.1-58.

g oy W, WG,
D=gié-py=|o- % d, - V-
g:£-py (g 05} “Pog it Pog dPa G a5

_p

Referring to the standard thermodynamics argum@ueman and Gurtin, 1967), the
stress-strain equation is obtained by Eq. IV.1-59.

0
g:pa—f:(lz—g)cz:o(é_ép) Eq IV.1-59

The rate of dissipation per unit volume is thenegisby Eq. IV.1-60. To obtain the
expression of Eqg. IV.1-60, it must be noted thag thssipative thermodynamic force
conjugate to the plastic strain is equal to the inaim stress, since we have:
—paw/agp :(Iz—[z)):gO :(g—gp) =g . The dissipative forces conjugate to the tensilé a

compressive damage variables are the tensile amgressive damage energy release rates
(DERR), given by Eq. IV.1-61.

oy . oy . oy
D=-pTig, d, d =
Pog, = Pod, " Pad,

ot Y d+ Y d Eq. IV.1-60
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The tensile and compressive damage energy relateseyr andY, can be related to the

specific free energy of the undamaged material utitee same elastic strain as the material
which free energy is given by Eq. IV.1-57, as thendge variables do not affect these DERR.

The terms g:¢,, Y, dand Y, d. can be interpreted respectively as the plastic

dissipation, the damage dissipation in tensiontheddlamage dissipation in compression. Eg.
IV.1-60 requires that the total dissipation be regative. As the evolution of damage is in the
present model related to the plastic flow, it i$ mecessarily required that the individual parts
of dissipation are all nonnegative provided thaimgs nonnegative. In the following, each of
these terms is analyzed separately for more coameaj however it should be remembered
that ensuring the non negativity of each of thenters a sufficient but non-necessary
condition for thermodynamic admissibility.

IV.1.5.2.Damage dissipation

The physical interpretation of the damage dissipatermsy, d and Y, d, is that the
damage process reduces the internal energy ofystens. From Eq. IV.1-61 it is clear that
the DERRY; andY, are always nonnegative. Therefore, the conditionom negativity of
the damage dissipation terms results in a condaionon negativity of the damage variable
rates: d,,d, = 0. It is a physical requirement that the damageades cannot decrease. This

condition is satisfied using the damage evolutiawd of Eq. IV.1-39 and Eq. 1V.1-40
provided the accumulated plastic strains in tenaimh compression do not decrease, which is
ensured by the Kuhn-Tucker condition (Eqg. IV.1-2A3%. a result, the non negativity of the
damage dissipation is satisfied in the model.

IV.1.5.3.Plastic dissipation

The plastic dissipation term can be rewritten usiiog IV.1-62. Sincel,, A, > 0and all

the terms of the ten5(€r|:—D) are non negative, the condition of non negatigityhe plastic

dissipation is satisfied if the products of theeefive stress and the tensile (resp. compressive)
plastic flow direction are nonnegative.

Ok

°=/it(|_—t_>):(_7.—_+ﬁc(l_—tz):(z:aG

C
00
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; Eq. IV.1-62
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In tension, the product of the effective stress Hmaltensile plastic flow direction is
given by Eq. 1V.1-63.
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OF -
.a—g_t_g.(g, On)=g Eq. IV.1-63

ST

For all states that satisfy the yield conditiE{(g;Kt) =0, -7, (k) =0, the product of

Eqg. IV.1-63 is thus equal to the effective tensisgdening functiort; (/q) As a result, non

negativity of the plastic dissipation in tension @asured provided the effective tensile
hardening functionr; (Kt) is nonnegative. This latter condition is autonatcsatisfied in

the present model, see Eq. IV.1-34.

The product of the effective stress and the conspreslastic flow direction is given
by Eq. IV.1-64.

3G,
d

=y3J, +ay ;=G Eq. IV.1-64

1nQ

nql

In case of plastic dissipation in compression, \eéd condition is satisfiedfF, =0.

Therefore, the condition of non negativity of thiagbic dissipation in compression can be
rewritten according to Eq. IV.1-65.

3], +ay | >[33, +a T, - 1-a)7, (k,) Eq. IV.1-65
It can be seen that, in case of associated plgsiici compression ¢, =a), the
condition of Eq. IV.1-65 simplifies t§l-a) 7, («.)= 0 and, asa <1 for f, = f /2 and thus
for concrete wheref, > f_, it remains to verify the non negativity of thefeefive

compressive hardening functiom; (k.)=0. This condition on the hardening function for

associated plasticity in compression is equivaierihe condition found previously in tension.
Thus, in case of associated plasticity, the nonatmty of the plastic dissipation in
compression would have been satisfied in the mddi@ivever, the present model considers

non associated plasticity in compressiary ¢ a ); as a result analytical verification of Eq.

IV.1-65 is not straightforward.

The condition of non negativity of the plastic disgion in compression can be verified
in particular cases. For instance in uniaxial caspion, the scalar product of the effective

stress and the compressive plastic flow directivesy,/3J, +a, 1 :(1— ag) |0,|2 0. The
condition is satisfied provided that the dilatarparametera, <1. For more complex load

cases, it should be verified numerically that thialtdissipation, comprising both the plastic
and the damage dissipations, is nonnegative.
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IV.2. Extension to high
temperature

The division of the total strain tensor into indiwal strain components
Sot —&n TE, T & has been adopted in the present model. In thequesection, a plastic-

damage model has been developed for capturingetagonship between the instantaneous
stress related strain tensgy and the stress tensar at ambient temperature. The present

section presents the relationships for the calaulatf the free thermal strain tensgy, and
the transient creep strain tensgy under multiaxial stress states and the extensfothen

plastic damage model to high temperature.

IV.2.1. Multiaxial free thermal strain model

It has been said in Chapter Il that the free tredratrain in uniaxial stress state was
computed using the formula of Eurocode 2. This eggion is generalized to the multiaxial
stress state using the assumption of isotropyEsedV.2-1. In this equation] is the second

order identity tensor and, (T) is the free thermal strain given by Eurocode 2jctvh
formula has been presented in Chapter Il (EqR485 and Eq. 111.2-36).

&n(T)=6n(T)x1 Eq. IV.2-1

IVV.2.2. Multiaxial transient creep strain model

The uniaxial transient creep strain model developigdin the Explicit Transient Creep
(ETC) model presented in Chapter Il is generalimedultiaxial stress state. As a reminder,
the transient creep strain rate in the ETC modgiven by Eq. I1V.2-2.

g

&, = ¢T)x Eq. IV.2-2

1:(:,20

Generalization of the transient creep strain foartol a multiaxial stress state is based

on the assumption that the process of transiergpcioes not induce anisotropy. The

formulation proposed by de Borst and Peeters (1988ich has been widely accepted in the

literature (Khennane and Baker, 1992; Nechnechl.g2002; Gawin, et al., 2004; de Sa and
Benboudjema, 2011), is adopted in the present vea Eq. IV.2-3.

Eqg. IV.2-3
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The tensorH is given by Eq. IV.2-4, whereiu- is the Kronecker symbol and the

material parametey is taken equal to Poisson’s ratro. The functiong(T) that appears in
Eq. IV.2-3 has been defined in Chapter Ill.

Hyq ==y Jq +0.5(1+ V)(q-k o) +q 9 ) Eq. IV.2-4

The particularity of the formulation of Eq. 1V.2i8 that the calculation of the transient
creep strain rate tensor is based on the negadntepthe effective stress tensor. In models in
which damage develops, it is consistent to useeffextive stress rather than the nominal
stress for calculation of transient creep straicabise it can be assumed that the mechanism of
transient creep occurs in the undamaged part afnélterial. In addition, it has been assumed
in the ETC model that transient creep only develapger compressive stress; for this reason
only the negative part of the effective stressdemsconsidered in Eq. 1V.2-3.

After integration over a finite time step, and atilog an explicit numerical scheme, the
transient creep strain tensor can be computed &ingyv.2-5.

.\
:@ Eq. IV.2-5

= gt [ofr)-ofr#)] | : 2 L

iy
=

IV.2.3. Material parameters

The constitutive relationship between the instagtais stress-related strain tengpr
and the stress tensar presented in the previous section is generaliaetigh temperature

by incorporating in the model the temperature-ddpany of the mechanical properties. In
the plastic-damage model developed in the presemk,whe mechanical properties are
captured by means of ten material parameters, séée TV.1-1. Temperature-dependent
evolution laws have to be derived for these mdtgr@ameters to account for the thermo-
mechanical degradation of concrete properties ngth and stiffness observed at high
temperature and described in Chapter I.

IV.2.3.1.Temperature dependency of the material parameters

Uniaxial tensile strength

The evolution of the uniaxial tensile strength. with temperature is taken from

Eurocode 2 (European Committee for Standardiza@@@4b). Evolution of this parameter

with temperature results in a modification of th@nRine yield surface. This surface

experiences isotropic contraction at high tempeeatdue to the decrease of the tensile
hardening functiorT, , which is equal tof, ;- , see Eq. IV.1-34.
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Uniaxial compressive strength

The evolution of the uniaxial compressive strength with temperature is taken from

Eurocode 2. Comparison between the Eurocode 2 namdkkexperimental data presented in
Chapter | (Abrams, 1971; Schneider, 1985) for edics concrete is presented in Fig. IV.2-1.

Compressive strength of concrete does not recoweingl cooling. According to
Eurocode 4 part 1-2 (European Committee for Statiziaion, 2004c), an additional loss of
10% in compressive strength is considered duringlimp from maximum to ambient
temperature. This assumption prescribed by the dogie has been recently confirmed by an
analysis based on hundreds of experimental resptsted in the literature (Li and Franssen,
2011); in this analysis, it was shown that the &olioial reduction during cooling may be even
higher than the 10% reduction considered in EurecédIn fact, the residual strength of
concrete after fire exposure depends on many paeasnéAnnerel, 2010) and its proper
evaluation would probably require a more advancedehtaking into account the effect of
the different parameters, but the Eurocode fornhda been adopted here because of its
simplicity and its generic form and because it ties advantage of being a standard code
formula. Consideration of the additional loss imgwessive strength during cooling is of
prime importance in the analysis of structuresettiegd to natural fire. Recent research based
on numerical simulations have highlighted the gubsi of collapse during or even after the
cooling phase of a fire and one of the main medmsithat lead to this type of failure is the
additional loss of concrete strength during theliogophase of the fire (Dimia, et al., 2011,
Gernay and Dimia, 2011).

1.0 4'

S
< A i
~ 0.4 A Schneider (test)
w 0O Abrams (test)
0.2
— Eurocode 2 (model) A
OO T T T T 1
0 200 400 600 800 1000

Temperature [ °C]

Fig. IV.2-1: Evolution of uniaxial compressive stgth with temperature:
comparison between model and experimental dateg@us aggregates)

Peak stress strain

The peak stress strain in uniaxial compressignis calculated from parameters of the
Eurocode, according to the formula derived in ti€Enodel, see Eq. IV.2-6.

- 2 Ecl, min + £c1, EC2

€a =€ ETC™ 3 Eg. IV.2-6
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The evolution laws fok ., and &, g, wWith temperature are given respectively in the

,min

ENV version of Eurocode (European Committee fon8gadization, 1995) and in the present
version. During cooling, the peak-stress straipn is considered as fixed to the value that

prevailed at the maximum temperature, accordirigu@code 4.
Knowing the temperature-dependent relationshipshieicompressive strength + and

the peak stress straigy, the Young modulusE is calculated asE=2 f /&, . In

Chapter I, it has been shown that the Young maslghlculated by this formula agrees with
experimental data, see Fig. Ill.2-4.

Poisson’s ratio

It is experimentally observed that Poisson’s ratépends on temperature (Maréchal,
1970; Luccioni, et al., 2003). The concept of tharolamage has been proposed (Luccioni, et
al., 2003) to take into account the deterioratibthe concrete elastic properties due to high
temperatures. By expressing the Young modulus amdsén’s ratio as functions of this
thermal damage, it is possible to account for #raperature-dependency of these material
parameters. However, the approach followed in thesgnt model is different. Explicit
temperature-dependent relationships have beenetioptthe material properties because, to
the author’s opinion, this latter approach givesranibexibility compared with the thermal
damage approach as it allows, for instance, adppte relationships prescribed in the
Eurocode for some of the material parameters. Ehgeérature-dependent relationship for
calculation of Young modulus has been presentedegldollowing the same approach, it is
thus necessary to take into account explicitlytdmaperature dependency of Poisson’s ratio.
Based on the experimental results presented int€hhm bilinear relationship is adopted,

see Eq. IV.2-7 and Fig. IV.2-2. The transition temgtureT, is equal to 500°C.

T,-T
= 2+ 0. i N -
V(T) VZO[OZ O&TV—ZOJ T, Eq. IV.2-7
V(T)=0.2xv,, C T>T,
1.4 -
= B = Luccioni (air)
1.2 A

—A— Luccioni (water)

1.0 ® Maréchal

Q0.8 Model
T 0.6 A
>
0.4 1
0.2 1 = A
0.0 T T T )
0 200 400 600 800

Temperature [ °C]

Fig. IV.2-2: Evolution of Poisson’s ratio with te@ature:
comparison between model and experimental data
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Biaxial compressive strength

Experimental results indicate that the equibiak@ipressive strengthi, ; decreases

with temperature but, at a given temperature, g#@eahse in equibiaxial compressive strength
is smaller than the decrease in uniaxial compresstrengthf_ . (Ehm and Schneider, 1985);

the ratio between these two parameters, equallt dt. ambient temperature, should thus be
adapted at high temperature. Adopting the notatids f, ;. /f_ ., the ratio between the

coefficient 8 at high temperature and,, at ambient temperature can be calculated using Eq.
IV.2-8, where the transitions temperatufg and T,, are respectively equal to 350°C and
750°C.

B(T) =L  T<Ty

_ T_Tﬁl .
/B(T)—,Bzo 1+0.6x ﬁ ; T <T<Ts Eq. IV.2-8
B(T)=1.60x B, ; Tpo<T

However, it should be noted that this relationsbipthe calculation of the ratid, / f,

at high temperature is based on a single set afrexpntal data. The proposed relationship
suggests limiting the ratio by an horizontal platdaeyond 750°C as this temperature
corresponds to the maximum temperature investigdteithg the experiments and the results
should not be extrapolated beyond this limit, see IV.2-3.

1.8 1
O Ehmet al. (test)
1.6 1
— Model
o 14 T
o) O
=~ -
o 12
1.0 ~
08 T T T T
0 200 400 600 800

Temperature [ °C]

Fig. IV.2-3: Evolution of the ratio between equikied strength and uniaxial strength in
compression with temperature: comparison betweetteirand experimental data

Compressive limit of elasticity

In uniaxial compression at ambient temperature ctinerete response is approximately
linearly elastic up to a certain level and the cogspive limit of elasticityf.,, has been
introduced to model the limit of this elastic regpe. It is assumed that the approximately

linear elastic concrete response in uniaxial cosgom for low stress levels remains
proportionally unchanged at high temperature,the.compressive limit of elasticity at high
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temperature is always equal to 30% of the uniacoahpressive strength at high temperature:
for =0.30x f ..

Dilatancy parameter

The dilatancy parameter, that appears in the expression of the plasticrypiadein

compressionG, is used to capture the volumetric dilatancy @& thaterial. In the present

model, it is assumed that the plastic potential compression experiences isotropic

contraction at high temperature with no modificatio its shape; therefore it is assumed that
the dilatancy parameter does not vary with tempegatThis assumption is required because
of a lack of experimental data on the evolutiohi§ parameter with temperature.

Compressive damage at peak stress

The compressive damage at peak str@tssis calibrated from a uniaxial compression

test with unloading at peak stress; it allows faptaring properly the degradation process in
concrete under compression. This parameter deé#istia process of mechanical damage in
the material, as the degradation of elastic proggedue to temperature, sometimes referred to
as thermal damage, is already taken into accoumdnns of the temperature-dependency of
Young modulus and Poisson’s ratio. As experimedé#ah of cyclic tests in concrete at high
temperature are very scarce, it is difficult toemssa possible temperature dependency in the

process of mechanical damage. For this reasos,assumed that the parameﬂ@rdoes not
vary with temperature.

Compressive dissipated energy

The adimensional parameter of compressive dissigtergyx, represents, in uniaxial

compression, the ratio between the crack energypdited before the peak stress and the total
crack energy dissipated at failure. There is a latlexperimental data on the total crack

energy dissipated at failur@, for concrete in compression at high temperaturéhabit is
difficult to assess the value of at high temperature. In the present model, is@imed that
the parameterx, is constant with temperature. This assumption sdhat, although the

concrete response in uniaxial compression is megtlifiith temperature, the ratio between the
crack energy dissipated before the peak stresshentbtal crack energy dissipated at failure
remains constant.

Tensile crack energy density

The tensile crack energy density can be calculated from the tensile crack energy

G (T) and the characteristic length Experimental results on the variation &f(T) with
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temperature show a significant scatter dependintheriest specimens and test methods, see
Chapter 1, so that it is difficult to derive a edlie model for the temperature dependency of
this parameter based on the experimental datarntlyravailable. As a result, in the present
model, the temperature-dependencygpfvas assumed based on mathematical considerations
rather than on a physical basis. The tensile ceaekgy densityg, can be interpreted in terms

of total plastic work, see Eq. 1V.2-9; thereforecé#n be seen as the area under the tensile
hardening function curve. At temperature increése uniaxial tensile strength ; decreases
according to the law of Eurocode 2. In particular femperatures beyond 600°G,; is

equal to 0. At these temperatures, it seems censigi assume that the tensile crack energy
density g, is also equal to 0 as is implied by Eq. IV.2-Qiarpther words, as the area under
the tensile hardening curve has become null. Theleecrack energy density must therefore
vary with temperature and this variation is linkedthe variation of the uniaxial tensile
strength. By convenience, it was assumed thatethgle crack energy density follows the

same temperature dependency as the uniaxial tetislegth f, . for every temperature.

@ &
9. (T)=[7 (k) di; = 122 Eq. IV.2-9
0

IV.2.3.2.Effect of temperature on the model parameters

The variations of the material parameters with terafure affect the model parameters
a., b., a andk that are used in the equations of the model.

The model parameteg,, given by Eq. IV.1-44 and used in the calculatioh
compressive damage, depends on the material th, a, and &4. Due to the
dependency ing4, the model parametes, thus depends on temperature. This model
parameter allows for imposing that, under isothérooaditions at a given temperature, the
compressive damage under uniaxial compression sl e dc at peak stress. As the
parametera, varies with temperature during the calculationcess, the evolution law for
damage in compression must necessarily be rewiittercremental form, see Eq. 1V.2-10.

al* (K£S+1)) =1- exp( In( +d ) — g4 AKC) Eq. IV.2-10

In this equations ands+1 refer to the previous and current time step incitrputation
process and the increment in accumulated plasti@instin compression is:
Ak, =k -9 >0, Using Eq. IV.2-10 it can be seen that, althougthvaaiation in
temperature from time stepto s+1 leads to a variation in the paramet&r, there is no
variation in the compressive damage paramdgeif the accumulated plastic strain has not
varied from time steptos+1 (Ax, = 0). This is consistent with the fact thd} represents a

mechanical damage; the concept of thermal damage bean handled separately by
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introducing temperature-dependent relationshipstli@ mechanical properties. Using the
incremental form of the evolution law for damageampression, the physical requirement of
non negativity of the compressive damage increnseatitomatically satisfied.

The model parameterlg, and «, also depend on temperature. These parameters are
used in the hardening law in compression; theywalfor capturing the temperature-
dependency of the concrete response in compressionodifying the hardening law with
temperature.

Finally, the model parametes, that appears in Eq. 1V.2-9 does not depend on
temperature as it has been assumed that the nhateréanetersg, and f,; have the same
temperature dependency. The crack energy denggjpdied in tensiory, decreases with
temperature following a relationship similar tottle& f,;. The model parametes, allows
for imposing that, under isothermal conditions agieen temperature, the crack energy
dissipated in tension is equal tg (T) As the model parametes, is constant with

temperature, application of Eq. IV.1-39 in totatnfofor the calculation of tensile damage
ensures that the two conditions explained abovectimpressive damage are fulfilled.
Namely, it ensures that an increment in temperastireonstant value of the accumulated
plastic strain in tension{k, = 0) does not lead to any variation of tensile damaggthat the

tensile damage rate is always positive or null.
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IV.3. Numerical
implementation

IV.3.1. General process

The present constitutive model has been implemenignin the framework of the
nonlinear finite element method. In the followirtlge Voigt notation has been used so that the
second order symmetric tensors of stress and saenrewritten as vectors with six
components according to Eq. IV.3-1. Using this tiota the fourth order symmetric tensors
are rewritten as second order tensors, i.e. intdgisix-components matrix.

T
(gxwgyy’gzz’g xyg x2€ y)

T Eq. IV.3-1
(Uxx’o—yyiazz’J ><yJ x2? yl

£=
Q’:
Let us assume that at time steghe finite element code has converged, i.e. tiheega
of the strains, stresses and internal variable&moe/n at every integration point. The values
of the displacements at the nodes are also defieeh suppose that, from time stspto
time steps+1, the variation of the displacements of the noddsutated by the finite element

code produce an increment in total strain, thabted Ag,,,. Knowing the total strain at time

steps+1 5 = £l + Ag,,, the problem is to update the basic variablesritésg the local

state of the material in a manner that is condistéth the constitutive law. This process
should also yield the tangent modulus of the ctutste law, to be used by the finite element
code in the iteration process. It is assumed thateémperatures are known, as a result of a
thermal analysis that has been performed beforentt@hanical analysis. The general method
presented in Chapter Il for the uniaxial ETC maada$ been adapted to the multiaxial model.

First, for all integration points, one computes echanical properties, the free thermal
strain and the transient creep strain at time step. The free thermal strain vectgfﬁﬂ) and

the transient creep strain vectgf*l) at time steps+1 are computed separately from the
instantaneous stress-related strain.

The free thermal strain vector is computed usingl#@-2. The transient creep strain
vector is computed using Eq. IV.3-3; however, tame conditions derived in Chapter Il for
the uniaxial case apply for computation of the ¢rant creep strain in the multiaxial case. The
first condition for having an increase in transiergep strain impose that the temperature at
time steps+1 exceeds the maximum temperature reached previauglye history of the
material. The second condition is related to theveoged stress at time stap which has to
be a compressive stress. This condition is autaadati fulfilled in the multiaxial case by
considering only the negative part (compressionthefeffective stress vector at time step
in the computation of the transient creep stratre third condition can be expressed in terms
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of the accumulated plastic strain in compressi@mely, transient creep strain is assumed to
develop only ifx, < k.

The matrixH that appears in Eq. IV.3-3 is given in Eq. IV.3#here the coefficieny

has been replaced by Poisson’s ratioThe free thermal strain and transient creeprstes
thus computed explicitly before entering into tterative resolution of the equilibrium at the
considered time step.

é(rfﬂ):fm(T(S“))Xl . 1={1,1,1,0,0p Eq. IV.3-2
5-)(5)
£ = §£S)+|:¢(T(s+l)) ¢,(T(s))} HE- Eq. IV.3-3
c,20
(1 v -y 0 0 0 ]
1 v 0 0 0
H= . ° ° ° Eq. IV.3-4
= 0.5(1+v) 0 0 q- Ve
0.5(1+v) 0
i 0.5(1+v)

Then, one enters into the iterative process to fimel state of equilibrium of the
structure at time step+1. Resolution of the equilibrium in the structureaagiven time step
IS an iterative process and the increment in &ttain produced by the finite element code is
updated several times at each time step. The irmrem total strain from converged time

step s to iterationi +1 of time steps+1 is notedAg&,,; and the total strain at iteratiant 1
of time steps+1 is given by: £l =) +Ag, .. Yet, the free thermal strain and the

transient creep strain do not vary during the iteraprocess; they are only computed once at
the beginning of the procedure. At iterationl, the instantaneous stress-related strain vector
can thus be computed using Eq. IV.3-5.

i+1) _ .(i+1 1 1
§g+ ) —§tgt+ )_§t§+ )_§tr(s+ ) Eq. IV.3-5

At each iteration, it is necessary to find the updavalues of the stresses, the updated
values of the internal variables and the tangendutus corresponding to the instantaneous
stress-related strain vector of Eqg. IV.3-5, for mitegration points. For the multiaxial
constitutive model presented in this work, thisraien requires an iterative process, so that
there is a second level of iterations in the gdragorithm. This second level of iterations,
which deals with the material constitutive lawcadled “internal iterations”.

The general scheme of the numerical algorithm beestihe equilibrium of the structure
at time steps+1 is illustrated in Fig. IV.3-1. The symbols thapaar in this figure have been
explained in Section 111.2.2 when discussing thenatical implementation of the uniaxial
concrete model.
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Fig. IV.3-1: General scheme of the numerical akioni for the structure
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In the following, we focus on the resolution of timernal iteration process, i.e. the
update of the variables that describe the locaé sihthe material. The problem consists in
the integration of the constitutive relationshipterms of the instantaneous stress-related

strain, given by Eq. IV.3-6. In this equation, thecond-order tensog(”l) represents the

damage tensor at iteratiant1, rewritten into a six-by-six-components matrix ngsivoigt
notation.

= = Sp

Q.(i+1) :(I__D(i+1)) [[::0 [q§(g+1)_g(+1)) Eq. IV.3-6

The differentiation with respect to time of the sbtutive relationship leads to the
derivative form of Eq. IV.3-7 (Wu, et al., 2006 filne calculation of the stress rate

o =(1-w)rg, fe, -,)~(2"d +o7 &) Eq. IV.3-7

In Eqg. IV.3-7, the second order tensaeris obtained by applying the Voigt notation to
the symmetric fourth-order tens@/ given by Eq. IV.3-8.

=4Q+dQ _Q==F’+2_i@_pﬂ_ip ; Q=_F Q Eq.IV.3-8
= = = = i=1,] > i i = =

nms

The tangent modulus of the constitutive relatiopsifiEq. 1V.3-6 is required to be used
by the finite element code in the (global equilifon)) iteration process. The derivative form of
Eq. IV.3-7 is used for the calculation of the noatialgorithmic consistent tangent modulus

D =(dg/de,)"™. This calculation is detailed in Section IV.3.4.

The computation of the stress from the instantasesitess-related strain using EQ.
IV.3-6 is decomposed into three parts in the nucaealgorithm (Wu, et al., 2006) according
to the concept of operator split (Simo and HuguE398). The general scheme of the
numerical algorithm is given in Table IV.3-1.

First, an elastic predictor is computed assumirad the step is purely elastic. In this
case, there is no variation in the plastic intenaalables. As these internal variables govern
the evolution laws of the model, there is no vasmatin the plastic strains neither in the
damage variables. This elastic predictor stress sanly acceptable if it does not violate the
Kuhn-Tucker conditions; if it does, a plastic catge has to be computed to return on the
yield surface. Computation of the plastic corredperformed in the second part of the
algorithm; an iterative procedure is necessaryrid the increments in the plastic multipliers
A, and AA; that satisfies the Kuhn-Tucker conditions. Onaséhplastic multipliers have

been found, it is possible to derive the plastraiss and the plastic corrector. Finally, the
new damage variables can be computed in the tlaird Phis latter operation is an explicit
operation as the damage variables are driven byléstic internal variables, which have been
found previously.
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Elastic predictor

Plastic corrector (iterative)

Damage corrector (explicit)

(i+1) _ LG+ _ .6+ _ L (s+D)
{éa =gl M- g

{Agp =0
(i+) _ . (s)
& T4

{Aktzo;AKc=O

(i+1) _ (s) . (i+1) _  (s)
Kt _Kt ’Kc _Kc

AT =C, e,
g_(iﬂ) =G, é‘£i+1) é,’()s))

{Adt =0;Ad, =0
(i+1) _ () . 4(i+D) ()
dtl _dtS : dcl d S

A0 =(1 -w) T, B,
ol = (1_ dt(s)) g
+ (1_ déS)) g_—(i+1)

AA a G if F F=O
otherwise

=g s)+A£

'*l) )+ AA

Ao = —C mg

i+1) C[q (i+1) )

{
s

{Adt =0;Ad, =0
(i+1) _ () . q(i+D) ()
dtl _dtS : dcl d S

Ag=- (I= )[(D ms
(n+l (1 d(s))—+n+1)
+(1 d(s))g—(lﬂ)

Ag, =0
Ag, =0

Ak, =0; Ak, =0

(i+1)\; e
A f(/(j )lf F,=F,=0
J 0 otherwise
d"=q® + Ad
J J ]

Ao =- (U Ad +T Ad)
(n+l (1 d(|+1)) =+(i+1)
+(1 d(|+1)) g (i+1)

Table 1V.3-1: Numerical algorithm scheme for the@stitutive law

As the damage variables are fixed during the elgstdictor and the plastic corrector
steps, solving of these two steps constitutes redatd elastoplastic problem in the effective
stress space. The algorithm used to solve thigoplastic problem is described in Section
IV.3.2. Then, update of the damage variables anplping of the effective stress vector into
the nominal stress vector are explicitly perfornmethe damage-corrector step.

In this work, the resolution of the internal iteosit process is presented in total form,
which means that at each iteration the updateditsneous stress related strafi™” and

the total form of the constitutive relationship (EKy.3-6) are used. Another possible
approach consists in using the incremental formefconstitutive relationship; the derivative

form of Eq. IV.3-7 is used to compute the incremargtressAg

=g - g®) petween time
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step s and iterationi +1 of time steps+1 that corresponds to an increment in instantaneous
stress related straifig,, .

IVV.3.2. Elastic predictor and plasticity part

In this section, the algorithm corresponding to #lastic predictor and the plastic
corrector steps in Table 1V.3-1 is detailed.

It is assumed that we start from a state of equulib at time steps. The instantaneous
stress-related strains, the plastic strains and itibernal variables are known, that is

{ gc(,s) ; gl(ﬁ ;Kt(s ;K£ $} . The elastic strain vector and the effective stresctor are regarded as

dependent variables which are always obtained fiteenbasic variables through the elastic
stress-strain relationships in the effective spaee,Eq. 1V.3-9.

EaTE,-5, ,» T=GlE Eq. IV.3-9

=0 Zel

The instantaneous stress-related strain at iteratid of time steps+1 is given by Eq.
IV.3-5; the basic problem is then to update thenamkns in a manner consistent with the
elastoplastic constitutive equations of the moblemely, the effective stresg, the plastic

strain £, and the plastic hardening variableg, <, (equivalent to the plastic multipliers

A,A.) must satisfy the stress-strain equation of Eq3410, the incremental Kuhn-Tucker

conditions of Eq. IV.3-11 and the discretized fasfithe evolution laws (Eg. 1V.3-12 and Eq.
IV.3-13).

g =G, [l -£4"Y) Eq. IV.3-10

M 20, F(g.k)<0, B F(gk)=0 | j=t¢ Eq. IV.3-11
| 9 0G;

éS )= E) +AA G‘ 35 Eq. IV.3-12

(i+1)

kY=, enr 20, kI =kl¥4n1 20 Eq. IV.3-13

Update of the effective stress and the plasticabdes at iteration +1 of time step
s+1 is based on the standard split into an elastidipi@r and a plastic corrector using a
return-mapping algorithm (Simo and Hugues, 1998%tFthe trial elastic effective stress is
easily computed from the instantaneous stresseckktain increment using Eqg. 1V.3-14.

() =G, [(] (i+) _ ) 9+Comg Eq. IV.3-14

In this latter equation, the following notationadopted: the superscri(jt+1) refers to

iterationi +1 of time steps+1, the superscrip(s) refers to the converged value at time step
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s, " is the trial effective stress anfig, :ggﬂ) - §((f) is the increment in instantaneous
stress-related strain.

The trial elastic effective stress corresponds e tase where the increment of
instantaneous stress-related straig), is purely elastic. In this case, the plastic sgaand

internal variables are kept constant between ti®e s and iterationi +1 of time steps+1
as the step is elastic, i.&AA, =0,AA, =0. In order to comply with the Kuhn-Tucker

conditions of Eg. IV.3-11, it remains to verify ththe stress state is not outside the yields
surfaces. The yield functions are computed usiegttial elastic effective stress vector and
the corresponding internal variables, see Eq. M 3-

,:t(gtr(iﬂ) ())<o F( i+ (s))so Eq. IV.3-15

If Eq. IV.3-15 is satisfied, i.e. if the trial si® is not outside the yield surfaces, the
Kuhn-Tucker conditions and the consistency conditwe satisfied and the stress state is
acceptable. In this case, the step is elastic lamdipdated variables at iteratiom1 of time
steps+1 are given by Eq. IV.3-16. The tangent matrix is@do the elastic stiffness matrix,
D =G

égﬂ) _ég)s)

Kt(i+1) _Kt(S)

e Eq. IV.3-16
Q_(i+1) g_tr (i+)

Yet, if EQ. IV.3-15 is not satisfied, the trial stec effective stress vector is outside the
yield surface and plastic strains develop in théen between time stepand (iteration+1
of) time steps+1. The effective stress vector has to be correatedrding to Eq. IV.3-17 to
satisfy with the Kuhn-Tucker conditions.

() =g"" —c me, Eq. IV.3-17

1Q

The plastic strain incremerig, can be eliminated from the problem by substituting
Eq. IV.3-12 in Eq. IV.3-17, which leads to the exgsion of Eq. IV.3-18.

aGt(O_(iﬂ)) 3G, ( (.+1))

00

(i +1) _tr (| +)

g ~Co AN +AA, Eq. IV.3-18

The first derivative of the compressive plasticgmbtal G, can be expressed as an
explicit function of the effective stress using manhotations, see Eq. 1V.3-19 to Eq. IV.3-21.
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_ 1T
G, =437, +ay th@ [g} +a, 1 Eqg. IV.3-19
G, _B
== +a, 1l Eqg. IV.3-20
oc 2y, °° |

%
glp, Bjj Eq. IV.3-21

N |

; 1" ={1;1;1;0;0;0 ;lﬂ2=(

o

0O 0 O O 6 O

0 0 0 0 0 6

However, the first derivative of the tensile plaspotential G cannot be expressed
explicitly as a function of the effective stressairgeneralized multiaxial stress state. Indeed,
this derivative depends om , the normalized eigenvector corresponding to itis¢ frincipal

effective stress; in tensorial notation, this dafive is given byoG, /og=n 0O n .

As a consequence, the expression of the updatedtigd stress at (iteratiorl of)
time steps+1 is an implicit function of the plastic muItipIiel{mt,A/lC} , see Eq. IV.3-22; it

is not possible to derive explicitly the expressilfrlg(i+l) = i(A)It,A)IC) in the general case
because the normalized eigenvectgr of the first principal effective stress has to be

computed. Therefore an iterative procedure ha tonplemented for solving Eq. 1V.3-22 for
a given value of the plastic muItipIiel{th,A/lC}. Yet, this operation is needed at each

internal iteration in the plastic corrector stepce the effective stress has to be evaluated
each time that the plastic multipliers are corrécte order to check the Kuhn-Tucker
conditions. This operation introduces thus a thiedel of iterations in the numerical
algorithm. As an alternative, a simplified schenam e applied to evaluate the effective

stress for a given value of the plastic multipli{atsdt,A/lc} . For instance, it can be decided to

compute the expression 05, /dg in the trial effective stress sta@”(”l)

equation is solved by an iterative procedure ugimgNewton method. Although this choice
leads to a third level of iterations in the aldgomit and therefore has a cost in terms of CPU
time, it has been preferred to the simplified schebecause it gives a more accurate
evaluation of the effective stress for a given eadii the plastic multipliers and therefore it
can improve the convergence of the return mappmggss, with consequences in terms of
numerical robustness.

. In this work, the

aG, (i+1)) p. ")
——+AA Z = _ +qg 1 Eqg. IV.3-22
0 (i+1) g
'z

S|

0__(i+1) - g_tr (i+) cz:o A/]t

I
N
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The set of nonlinear equations can finally be rdami as a function of the plastic
multipliers {Mt,AAC} using Eqg. 1V.3-13 for the hardening parameters BgdIV.3-22 for

the effective stress. By applying an implicit baekd/Euler difference scheme, the problem is
transformed into a constrained-optimization problgoverned by discrete Kuhn-Tucker

conditions, with the plastic multipliel{sM,A/lc} as the two unknowns, see Eq. IV.3-23.

{Mt 20, R(AA.01)<0, DA F (A4 AA)=0 Eq. IV.3-23

M 20, F (AA,0A)<0, DA F (A AM)=C

An additional complexity in the present model is=do the fact that a multi-surface
yield criterion is used. In multi-surface plastcithe fact that a yield surface is ultimately
active (at convergence) cannot be guaranteed iarmdvbased on the trial elastic state. By

definition, a yield surfaceR; is termed active ifA4; >0. In the trial elastic state, as Eq.

IV.3-15 is not satisfied, it is necessary to adgvaither the tensile yield surface, or the
compressive yield surface, or both simultaneouslyeturn to an admissible stress state. The
initial set of active yield surfaces is determinedthe trial elastic state by the condition

F, (Q"(”l),/(fs)) > 0. However, this initial configuration cannot progi@ sufficient criterion

for determining which surface is active at the ehthe time step, as the final location of the
yield surfaces and the final location of their istection are unknown at the beginning of the
time step. Therefore, the set of active yield steéahas to be updated during the iterative
resolution of Eq. IV.3-23. In Simo and Hugues (1998n algorithm is proposed for
determining the set of active yield surfaces dutimg iterative solution procedure for multi-
surface plasticity. Yet, it is assumed that the banof active yield surfaces in the final stress
state is less than or equal to the number of agtiglel surfaces in the trial elastic state;
therefore a yield surface that was inactive inttied elastic state cannot be activated during
the return-mapping. This assumption is not valid $oftening plasticity (Pramono and
Willam, 1989) and therefore it cannot be adopted doncrete. In their concrete model,
Feenstra and de Borst (1996) allow for the actwabf a yield surface during the return-
mapping. This latter assumption has been adoptéueipresent work for determining the set
of active yield surfaces in the final stress state.

The constraintg; are introduced to indicate the current status\vated or not) of the
yield function F;. These constraints are initialized in the triglstic state according to Eq.
IV.3-24.

1 if Ft(g"(‘*l),;(t<5>)>o 1 if FC(Q—"(”l) x> 0
| G = Eq. IV.3-24
0 if Ft(a”('“),/q(s))so

During the iterative resolution of Eq. IV.3-23, tlset of active yield functions is
updated using conditions of Eq. I1V.3-25.
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Eq. IV.3-25

1if AL>0 _|1if AA >0
0 if Al<0 0if AL <C

Using these constraints, it is possible to rewtite nonlinear equations in the two
unknowns{A4, A} by Eq. IV.3-26.

F (B4, AQ)+(1-¢ )AL =0
{Cr : (A4 )+(1-G)aA Eq. IV.3-26

c. Fo(AA,8,)+(1-¢c.)AA.=0
The solution of this system of equations is obtainsing a Newton iterative process.
We write X the vector of the unknown = (M WiV R )T and we writen the index of internal

iterations performed during iteration+1 of time steps+1; as a reminder, these internal
iterations are required to solve the system of lnwear equations of Eq. 1V.3-26 for a given

instantaneous stress-related strafi™ at iterationi +1 of time steps+1. The initial vector
of the unknowns corresponds to the trial elasttestwhere the plastic multipliers are null:
x®=(0,0)". At each iteration, the increment in the unknowds =(a@k,d\,)" is

computed by Eqg. 1V.3-27. In this equatiog(,”) is the Jacobian matrix at iteration and

.
F :(thi”jl, Fc(,ir:)-l) is the vector of the yield functions evaluatedraernal iterationn of

(global) iterationi +1. The plastic multipliers at iteration+1 are then computed using Eq.
IV.3-28.

ox" =-(3™ )_l RS Eq. IV.3-27
(n+3) ) (n)
o :{M} _ {Mt} ( g(n))_lg{ﬁ (Mt’Mc)} =XV 45X Eq.IV.3-28
A/]C MC - FC (MtyMc)

The Jacobian matrixg(”) is calculated by Eg. IV.3-29 (Hansoulle, 2008). this

expression, the diagonal ter :(f}z are not multiplied by the constraints; of the

corresponding yield surface. This allows for rehaating a yield surface during the iterative
process Wheer(”*l) becomes positive. At the opposite, the out of alezd termsg}f‘k) are

multiplied by the product of the constrairgsx ¢, . Therefore, if one of the yield surface is not

activated at iteratiom, it has no influence on the increment of plastidtiplier of the other
yield surface at this iteration as the out of dizaderms are null.

R O

Jo | 9BA GAYR

I = o aEm Eq. IV.3-29
c Ct aFc,i+1 c,i+1

© oA 0AA

(o
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In the situation where the two yield surfaces wartve at iterationn but one of the
yield surface is deactivated at iterationt1, becauseA/lj(”ﬂ) has become negative, the

influence of this yield surface on the computatainthe updated plastic multiplier for the
other yield surface has to be cancelled. In thsec#he increment in the plastic multiplier

A" for the yield surface that remains the only actjield surface at iteratiom+1 is
recomputed agh A" =-F, /J{) .
The iterative process for solving the non lineastemn of Eq. IV.3-26 is described in

Table 1V.3-2 and Table IV.3-3; this numerical scleem based on the work by Hansoulle
(2008).

Initialization

70 _7 (40
Oijn Z-t(/(t,i+1)

= r© J: =0 —© — (0
Fam) | (839, +a T, - @-a)7, (k2,)

1 it Fy (" k9)>0

c =

o oit F(a")<0
R R

Joo| 9 an,

o o e OFGh
=%onk, oad

(%

Table IV.3-2: Plastic-corrector algorithm: initizdition
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Iterative solver

Do while 101- F{y|ztol forj=t, d

A _
ox" {JA ‘ j?(g(’“) "xE(D

= 6m/]c(n)
Dg =t, c
At = DA j(n) +a i(n)
If A< 0 andc; =1]
Dok=t,c
If =1 andk# j] @A™ =-F, /3¢
End do
End if
End do
Dg =t, c

A = AR+ NA

A = max( 0AA j(””))
¢, =1 if (AaA"™>0)
=0 Otherwise

End do

(n+1) 1
Kt,?+1 _ Kt,s N A/]t(n+ )
K((;::_]EE KC’ s A/‘én+l)

g = £ (", AA"D,000Y)

F+) _ = [«
Oiiva T (Kt,i+1)

wpe] — _
(n+1) (n+1) _ (1 _ = (n+1)
Y3y ta 1yl —( a)Tc(Kc,i+1)

n+1) n+1)
F (n+l) _—

ORLD . OREY
) 0AA 0AA,
R PP
¢ 0NN, 0NN,
n=n+1
End do

Table IV.3-3: Plastic-corrector algorithm: iteraigolver
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To compute the Jacobian matrgénﬂ), the derivatives of the yield functiorf§ and

F. are calculated using the chain rule, see Eq. B0.3e Eq. 1V.3-33. In these equations, the
functions are all evaluated using the values ofviréables at internal iteratiom+1.

0F(2.%) _OF 407 ,OF 0T _0F 07 _ 0%,

. E t Eq. IV.3-30
oMY, 00 OB, 0T, 0M, 0T OA, OAA
oF, (a7, " r " r
0%) _OF, j00 | OF, 01, _OF. 00 ) ;) 0% Eq. IV.3-31
00), 0T 0D, 07,00, 9T OAM, oM,
oF, (0.7, " 7 "
O (o.n)_OF jog  OF on _OR 00 Eq. IV.3-32
00l, 0T OMA, 0T, 0D, 0T OMA,
oF, (a7, " 7 "
Q%) _0F 00 | OF, 07, _0F, 00 Eq. IV.3-33

00N\, 0T OAA  OT, 0AA, 0T O0AA,

The derivative of the tensile yield function witbspect to the effective stress is given

by Eqg. 1V.3-34 in the tensorial form. In this eqoat n, is the normalized eigenvector
corresponding tag, . The symmetric second-order tensor of Eq. IV.384 be transformed

into a vector of six components using the Voigtation. The derivative of the compressive
yield function with respect to the effective streas be computed using Eq. 1V.3-35.

oF,

—Lt=n0 .

o ™ n Eq. IV.3-34
oF PRI

<=2 = 401 Eq. IV.3-35
g 2¢,

The derivative of the tensile effective hardeningdtion with respect to the increment
in the tensile plastic multiplier is nulld7,/dAA =0. The derivative of the compressive
effective hardening function with respect to ther@ment in the compressive plastic
multiplier is given by Eq. 1V.3-36 ik, <k, and by Eq. IV.3-37 ik, >k, .

£ - 1_(KC/KC1)2)
s f 2 o) ( Eq. IV.3-36
0AA, Pl ko) & ot Ka (1+(KC/KC1)2) et (1+(KC/K01)2) q
o
aATjC =exp((a, - ) K¢ + bora ) fox (2 B & B)(k k) Eq. IV.3-37

To compute the Jacobian matrg(”ﬂ), it remains to determine the values of the

derivative of the stress with respect to the in@emin the plastic multipliers. The terms
ag/amj are developed using Eq. 1V.3-38 to Eq. IV.3-4(dfHly, the Jacobian matrig(”ﬂ)

Chap. IV — Multiaxial constitutive model 177



is computed using the equations in Table 1V.3-4e Tunctions that appear in these equations
are evaluated at internal iteratior+1 of iterationi +1 of time steps+1.

- 3G, G
g=o" -C, [1A) —L ¢ L IV.3-
og=0 =0Eﬁ og "ag——j Eq. IV.3-38
_ 2 _
=-C, 0°G o7 N A LI
aA)l GJDGJ 0AA dogUag 0AA
i B Eq. IV.3-39
gGaL_ McgiqmcomaG pud
= 0z 00T G005 | oA,

— 2 — 2 —
bloj :—Otﬁm 0°G, 00 +[6GC+M 9°G, Dagﬂ

AN, = "9g00F oA, |0 S0 00T O0AA,
) ° Eq. IV.3-40
=-C, GaL M, Gy 976+A/] e 0°G, |g0g
07005 07 00T | 0AA,
_ _ (n+1)
OF 97 _on OF 07
0T 0AL,  OAA 0T 0NN,
300 = aFt a—t N o Eq. IV.3-41
GG ol TEOfE -(1-a)
0T 0A, 0T O0AA, 0AA,
_ r 2 2 11t
97 _ | sarc,52C +ar 528 | g, Eq. IV.3-42
any |= 1= oghoT = oJglog| = odg
_ r 2 2 1
00 __ L+MthG?Gt_+AAcQOG& [T, cic Eq. IV.3-43
AN, | "= odghog — odghog| = dg

Table IV.3-4: Jacobian matrix used to find the ftasorrector

The equations given in Table 1V.3-4 allow for cortipg the Jacobian at each (internal)
iteration. In these equations, the first and seaterivatives of the plastic potential functions
G, and G, are required. The first derivative of the plagtatential in tension is given by Eq.

IV.3-34, whereas the first derivative of the plagtiotential in compression is given by EQ.
IV.3-35 in which the terma is replaced bya . The second derivative of the compressive

plastic potential is given by Eq. 1V.3-44.

= - Eq. IV.3-44
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The second derivative of the tensile plastic pasénhowever, cannot be computed
analytically in the generalized multiaxial case.efidfore, a numerical differentiation is
implemented using a finite difference approachsThimerical differentiation is based on the
evaluation of the first derivative of the tensillgiic potential in slightly perturbed stress
states; th&" column of the matrix is obtained by perturbing @) component of the stress,
see Eq. IV.3-45. In this equatiog, is the stress at internal iterationt+1 of iterationi +1 of

time steps+1 and ¢ is a small perturbation applied to tiécomponent o

0°G, | [aGt(U+‘E?<) aq(é_CQ)] L Eq. IV.3-45

0z00g|, 0T 0T )2x¢

The process of computing the Jacobian using thet éaem of Table 1V.3-4, that has to
be performed at each internal iteration, is quiéay because of the computation of the
second derivative of the tensile plastic potenfldlerefore, it can be chosen to neglect the
second order terms in the evaluation of the Jaoolmathis case, the Jacobian given by Eq.
IV.3-41 simplifies into the expression of Eq. I\V48-

OF, ¢ G _ 07, OF, . 4G ()
__tl:(l: t _ t _ Tt c
07 =0 0T O0AA C‘Ccag@)

Jmy = E@ ok 96, _ o Eq. IV.3-46

o7,
aA)l

In fact, this latter expression can also be obthiog developing the yield functions in
Taylor’s series and keeping only the first ordemtg, as is shown here below. Decomposition

of the yield functionsk; ;,; and F;,; at iterationi +1 of time steps+1 in Taylor’s series at

the neighbourhood of the predictor stregs' ™) leads to the expressions of Eq. IV.3-47.

Fiiv = I:ttJr+1 aF_t [qg+1_g1:1) 2 (’q i+1” Kt ) + g/lj (’Q i+1 Kej )
C
) Eq. IV.3-47

FCI+1_FCtrI+1 ZFJ Tivq Q|1r+l) /F((Kti,+1_Kt,i)+%(KC|+l Km)

t C

After inserting Eq. IV.3-18 into Eq. IV.3-47, ongentually obtains the expressions of
Eq. IV.3-48.

|:t,i+1_Fttjr+1:(_a_|:_t[([_:o Gt_ +EJM +( % — G & GF jAA

00 = 00 Ok, =" 00 6/(
E‘?G oF, D‘?G oF, Eq. IV.3-48
Foin—Foin=| - L+ A +| - C+ Ly
il ot { aa Lo 0T axtj ( - o 0T axj ¢

By identification, it can be verified that the Ja@m in the neighbourhood of the
predictor stress is given by Eq. IV.3-46, after imgt that 07, /0AA; =07, /0k; .

Consequently, this verification confirms that thm@ified form of the Jacobian given by Eq.
IV.3-46 corresponds to a first order approximatafnthe exact Jacobian. The decision of
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using the simplified form rather than the exactnfofor computing the Jacobian at each
internal iteration results from a compromise betwége number of iterations required for
convergence and the number of operations requimeddmputation of the Jacobian, with the
aim to minimize the total CPU time during the imigriteration process. In the present work,
it was chosen to use the exact form given by Talhlg-4. That decision is based on the will
to limit the number of internal iterations becaasthird level of iterations is required at each
of the internal iteration for computation of theesss.

Finally, application of the algorithm of Table I¥3leads to the updated values of the
plastic multipliersA4, and AA. at iterationi +1 of time steps+1. As a result, the effective
stress, the plastic strain and the plastic intevaghbles can be updated following the plastic-
corrector step described in Table IV.3-1. The nepération deals with the update of the
damage variables.

IV.3.3. Damage part

The computation of the tensile and the compresdaraage variables at iteratior1
of time steps+1 is an explicit operation as these variables depmndhe plastic internal

variables /™ and x{*", which have been determined in the plastic pathefalgorithm.
The tensile damage variable is computed using ¥@-49. The model parametex, that

appears in this equation is given by Eq. IV.1-43 this parameter does not depend on
temperature, it remains constant at each timeateptherefore the superscrigt-1) has not
been applied to this parameter.

i 1 1
(i+D) —q1— - (i+1) - (+1)
d =1 [2 exp( a K; )+ 5 exp( 6q K, )} Eq. IV.3-49

The compressive damage variable is computed usingM=3-50. The model parameter
a**M that appears in this equation is calculated uBinglV.1-44; as this parameter depends
on temperature, it is calculated at each time stdgen the mechanical properties at
temperaturel © are evaluated, see Fig. IV.3-1.

di* =1- exp( In( - dgs))— & (K(Ci+1) —K(ﬁ)) Eq. IV.3-50

The updated damage tensor can then be computegl EgirlV.1-6 where the projection
tensors apply to the effective streg8™ at iterationi +1 of time steps+1. Finally, the
nominal stress is calculated using Eq. IV.3-51.

Q.(i+1) :(I _Q(i+1)) [[::0 [qégﬂ)_égu)) Eq. IV.3-51
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IVV.3.4. Consistent tangent matrix

The Newton-Raphson method is used in the globghtiten process for solving the
equilibrium of the structure. This method is basedthe estimation of a tangent stiffness
matrix, which is built for the structure from thperators linking the increment of stress to the
linearized increment in strain at each integrapomt. These operators are computed once the
processes of plastic-corrector and damage-corréctoe been performed, i.e. at the end of
the process of internal iterations in Fig. IV.3At a given integration point, the operator
D« linking the increment of stress to the linearizedrement in strain computed at

iterationi +1 of time steps+1 is defined by Eq. 1V.3-52. This operator, whichaigtten in
the nominal stress space and is derived consigtevith the algorithm for updating the
nominal stress, is called the nominal algorithnuosistent tangent modulus.

dgi,, =Dy, Mg, 4 Eq. IV.3-52

The developments leading to the expression of thmimal algorithmic consistent
tangent modulus are detailed herein. In the foltmyihe subscrip(i +1) has been omitted to

simplify the notation; however it is noted that @lé variables are evaluated at iteratierl
of time steps+1.

Based on the rate form of the constitutive equatieo 1V.3-7), the total differential of
the constitutive law can be written according to B43-53.

do = (1-w)0G, f dg, — dg, ) ~(@" d( d)+a~ d( d)) Eq. IV.3-53

The term G, [nga - dgp) that appears in Eq. IV.3-53 represents the dififiseform

of the effective stresdg .

Evaluation of the tangent modulus in the nominaksst space requires first the
evaluation of the tangent modulus in the effecstess space; this effective elastoplastic
consistent tangent modul@ is defined asdg =C, EngU - dgp) = Q [tle,,. To determine

this tangent modulus, the discretized form of tloevfrule is differentiated according to Eq.
IV.3-54.

0°G, 0°G _ 0G 0G
de. =| AA +AA ¢ |@g+dAd, —t + dAd, —F L IV.3-
=P ( ‘9g 0o Cagmagj = ‘o ¢og Eq. IV.3-54

In this equation, fiA, and d\A, represent the differentials of the incrementshe t

plastic multipliers at iteratiom+1. The first and second derivatives of the plastiteptials
are evaluated af =g, .
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IV.3-54 to replace the expression @f,, the effective algorithmic

Using Eqg.
is the effective algorithmic modulus

relationship is defined by Eq. 1V.3-55, in whidzﬁa
given by Eq. 1V.3-56.

— 0G,
dg =D, 1 dg, — dAA, —- Eq. IV.3-
° ﬂtﬁ ‘oo ag] f IV:55
_ %G, 0%, |
D,=| Gt +A) ———+A) ——o— Eq. IV.3-56
= = ocg oo og oo

It remains to express the term&Al and d\A, as a function ofdg, to obtain the

expression of the effective elastoplastic conststemgent modulus. The consistency
condition of Eqg. IV.3-26 is differentiated, whiokdds to Eq. IV.3-57.

oF, R,
[dg,,, +—L dAA 1-g)dA\A4 =0
| S+ 97 e [+(1-) e
oF. _,_ . OF
{acm - aKC dMC}(l—cc)dMC:O
Cc
From Eq. IV.3-57, it is possible to expres&Ad and d\A. as functions oflg,, . After a

few operations, the relationships of Eq. IV.3-5& &v. I1V.3-59 are obtained. The notations
0G,, 0G,, ¢ ande, that appear in these relationships are given in\Eg-60.

Eq. IV.3-57

oF,, dF,
%)(6 FtDPa) de Eq.

- ~(oF, ™, 3G, ) (9F, D, ) +(0F,[D, @G~
' (oF, D, 0G,-¢)(0F D,BG,- ¢)-(d KODD G)(a KODB G) ~ 1V.3-58
- (oF, ™, 3G, -¢)(0F.OD,)-(dF,D,@G)(d FD,) - Eq
° " (oF. (D, @G, - ¢ )(0F (D,0G,- ¢)-(0 FUD @ G)(a FIR@ G) * IV.3-59
_OR(g.) oF, (a.,) 0G(G.1) .. _9G(T.y)
aFt_C[—aq oF, =c. 0z ,0G = 07 ,0G, = 0z -
IV.3-60

t
The expressions of the plastic multipliers as action of ds, are inserted in Eq

IV.3-55 and Eq. IV.3-56. The incremental relatiopshetween the effective stress and the
instantaneous stress-related strain can finallgdpeessed by Eq. 1V.3-61, where the effective

elastoplastic consistent tangent modL@sis given by Eq. 1V.3-62.

0T, oT.
=1-g|1+—L |, g=1-¢| ¢
AR

o =D, [dle, -(D, G, ) A, - (D, [G,) d = D,k V361
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L ~{oR(5.6)(5,6) (0% (D) +[3F.(B, 06~ <) (B,3.G) (o FD)
= = (oF, (D, 3G, - ¢ )(9F. (D, 3G, - ¢)-(3 FOD,D G) (0 FIDD G)
EqQ.
(oF, (B, @G, -¢)(D, @G )0(aF D) -(eFOD,@G)(D@G)0(oFID)  1V-3-62
~ (or D, 06 -¢)(ar D, @G, - ¢)-(6 FODD G) (6 FIDRG,)

Once the effective elastoplastic consistent tangeodulus IZ=_)t has been derived, the
nominal algorithmic consistent tangent modulscan be calculated. The total differential of
the constitutive law in the nominal stress spacevugitten in Eq. IV.3-63.

dg =(1-w)0D, (e, -(g" d(d)+a d( ) Eq. IV.3-63

The differentials of the tensile and the compressiamage variables are calculated by
Eq. IV.3-64 and Eq. IV.3-65 respectively.

d(d,) :(% exp(-3 /(t)+67at exy{- 63 Kt)j A, Eq. IV.3-64

d(d.) = a,exp(-a, k) A4, Eq. IV.3-65

The differentials of the increment in plastic mpliers that appear in these expressions
have to be eliminated using Eq. 1V.3-58 and Eq34¥9. For convenience, the expressions of

the increment in plastic multipliers are rewrittean: dAA =y, (s, and dAA. =y, [de,,
where the vectors; andyv, are used to replace the large expressions of\E§-38 and Eq.
IV.3-59. Finally, the nominal algorithmic consisteangent modulu®, is obtained, see Eq.
IV.3-66.

(1w [ el x)+ 2 e 1) (o 0)

~a.exp(-a, k) (2 O v)

Eq. IV.3-66

IV.3.5. Plane stress model

The constitutive model presented in this chapter been developed as a fully three-
dimensional multiaxial model, so that it can be legghin the most general case for any
multiaxial stress state. However in many applicagiof structural engineering, it can be
considered in the models that the structural elésnelevelop stresses only in particular
directions and therefore it is not necessary tosican three-dimensional stress states. For
instance, it is usually assumed that the stredd fre linear members such as beams and
columns is unidirectional following the axis of teé&ement, whereas a plane stress state is
often considered in plane elements such as slabsatis. Accordingly, the constitutive
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models can be simplified when they are associatedinite elements that model these
structural elements.

For linear members, a uniaxial concrete model heenldeveloped in Chapter Ill. Its
applicability to be used with beam finite elemehés been highlighted in several numerical
simulations.

The model developed in the present chapter is dategrio be used with elements that
develop three-dimensional stress states. Ther¢f@aenodel can be applied to solid three-
dimensional elements. So, it remains to treat #se of plane structural elements for which a
plane stress state can be assumed.

Two strategies can be adopted to obtain a plaessstronstitutive model from a fully
three-dimensional model. First, the model can beiten considering a plane stress state.
The advantage of this method is that several sfioglions can be made in the equations of
the model and its numerical implementation dueht donsideration of a plane stress state.
For instance, the first principal stress and itevdéives can be written analytically, which
allows for simplifying considerably some parts loé numerical implementation. Namely, the
effective stress can be expressed as an expliwtin of the increment in plastic multipliers
in plane stress state, which was not the caseeigé¢neral three-dimensional case. However,
the disadvantage of this method is that the entiveel has to be rewritten and implemented
separately in the numerical code. This represert:aiderable amount of work and it leads
to the necessity for the developer to handle twsiirdit models in parallel. The second
strategy consists in implementing an additionat@ief numerical code in the algorithm of
the fully three-dimensional model to deal with th&ticular case of plane stress (Charras,
2010 implemented in CAST3M, 2003). The advantagthisf method is its consistency as a
single material model is used for the three-dimamali stress states and plane stress states; the
plane stress state is indeed considered as a yarticase of the most general three-
dimensional stress state. The disadvantage ofrtbikod is the fact that no benefit is taken in
terms of CPU time from the fact that the stresgegtasimplified to a plane stress state. In the
present work, it was chosen to use this secontegiran order to avoid rewriting a different
model for plane stress states.

The numerical solution to particularize the fullyg¢e-dimensional model to plane stress
state is schematized in Table IV.3-5. In case ahelstructural elements, the elastic predictor
effective stress is computed using the plane stiesar-elastic stiffness matri PS see Eq.

IV.3-67 and Eq. IV.3-68.

Q__tr(i+1) - Cz:éas é}(fiﬂ) _éés)) Eq. IV.3-67
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1 v 0 0 0 0
10 0 0 O
E 0 0 0O
CP= Eqg. IV.3-68
=0 1-p? 1-v 0 0 g
00
- O_

Then, an additional condition is implemented in pitestic corrector step to ensure that
the process of return mapping leads to a planessstséate. In the plastic corrector step,
internal iterations are performed to find the imeemt of the plastic multipliers that allow for
returning on the yield surface (Table IV.3-2 andl€alV.3-3). In plane stress, an additional
loop is implemented in the internal iteration prexéo ensure that, for each correction in the

increment of plastic multipliershA{" that is computed during the plastic corrector steg
out-of-plane component of the effective stressare@mains null:asT;; = 0. This additional

loop is detailed in Table IV.3-5.
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Initialization

Iterationn =0
Trial effective stress in plane stres*,é?) =g,

Initialize test,, to enter in the looptest,, =10x tol

lterative solver

Do while Ilc F

>tol forj=t,
Save the effective stress at intetteabtionn: g®" =g}

Additional plane stress loop

Do while fest,, > tol ]

Calculate the Jacobia jf{)

Calculate the correction in the increment of ptastultipliers &/lj(”)

Calculate the increment in effeestressAg ™ = cﬁ/lj(”) C,[0,G,

— 1
est, =[aofyd + o))

o = ool
o1 =05 -pglx(v/(1-v)

0—-;|0 Ucnln Ag—-éjftll)x(v/(]_—v))

gn=a"'
End do

1) — 1 1) —
o’ =g+aglyY  (o§i)=0)

Update the internal varlablﬁg‘”l)

Calculate the yield functiorfi ( (“+1))

n=n+1

End do

Table IV.3-5: Algorithm for return mapping in plasgess
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IV.4. Conclusion

In this chapter, a constitutive model has been Idpeel for the mechanical behavior of
concrete under multiaxial stress states. This moaelbe applied at ambient temperature and
in the fire situation. A numerical algorithm haseheproposed for implementation of the
model in a finite element software.

As the concrete model developed in the present wedrks on a coupled elastoplastic-
damage theory, it is well adapted to capture tfferént phenomena exhibited by concrete at
the macroscopic level. The development of permasiains in the material is treated in the
plastic part of the model whereas the degradatfaime elastic properties is handled in the
damage part of the model. We used the concept fettefe stress to derive the plastic
response following the standard approach for ghdessticity in the effective stress space.
Then, we used a fourth-order damage tensor to mepetfective stress into the nominal
stress. This latter development allows for captupnoperly the isotropic state of damage in
concrete, including the stiffness recovery when #teess changes from tension to
compression due to the closure of tensile cracks.

The number of parameters has been limited to téineinmodel and all these parameters
can be obtained using three simple tests. Thiscasp&s an important requirement for the
practical applicability of the model. However, thwgce to limit the number of parameters was
notably the adoption of one assumption that carcdsgroversial in certain cases, i.e. the
decision to link damage to the plastic internalialales in the model. Recent research has
shown that concrete can develop plasticity withaegradation of its elastic properties at very
high confinement. It was decided to exclude theregmé stress states considered in the
research mentioned above from the domain of agplitaof the present model, considering
that these stress states are very unusual instali¢tire) engineering.

An important contribution of the present modelhe tonsideration of the temperature
effects. The original model presented in ChaptefioH transient creep strain in uniaxial stress
state has been generalized to multiaxial strede $tased on the assumption of isotropy
generally adopted in the literature. As the tramisaeep strain is computed explicitly in the
new model, the dependency in the stress-temperpaitheand the irreversibility of this strain
component are taken into account. Following ther@ggh that has been adopted in uniaxial
situation, the evolution laws that have been pastdl in the multiaxial model allow for
reproducing the response of the Eurocode 2 conanetdel in a situation of uniaxial stress
state and transient test. Besides, proper temperdependent relationships have been
adopted for the material parameters. When availdbése relationships were adopted from
the literature, for instance the relationships giwe the Eurocode for the evolution of the
uniaxial compressive and tensile strength. Howenergels are scarce for the temperature-
dependency of some concrete parameters and theréfowas necessary to develop
relationships for the evolution with temperatureRafisson’s ratio and for the ratio between
the equibiaxial and uniaxial compressive strengifieese relationships were developed to
capture the experimental results given in thediiene and presented in Chapter | but it is

Chap. IV — Multiaxial constitutive model 187



noted that more experimental data are needed fableshing the temperature-dependency of
some of the concrete parameters.

A significant part of this chapter has focused ba humerical implementation of the
model. The numerical integration of the constitetirelationship has been decomposed into
the computation of an elastic predictor, a plasbcrector and finally a damage corrector,
according to the concept of operator split. Amongse three parts, the computation of the
plastic corrector is the most complex as it is @plicit process. The use of multi-surface
plasticity has lead to the necessity to updates#teof active yield surfaces during the return-
mapping in order to determine which surface isvacét the end of the time step. A solution
has been implemented taking into account the Feattd yield surface that was inactive in the
trial elastic state can be activated during tharretnapping in softening plasticity. Another
difficulty is related to the fact that the modelwsitten in the most general multiaxial case.
Accordingly, some analytical developments were tiahj for instance for the first principal
effective stress, whereas these developments camdme in plane stress and lead to
simplifications in the numerical computation praxels the present work, the application of
the multiaxial model to plane stress elements le& lmade possible by an adaptation of the
plastic corrector algorithm, which allows for usiagsingle model for the three-dimensional
stress state and the plane stress state.

Due to the softening behavior of concrete, the settarack approach that has been
adopted in this work may result in a mesh sensjtiof the solution due to the localization of
the deformations in the numerical integration pssceThe regularization of continuum
models to avoid such mesh-dependency of the glstoattural response is a challenging
issue that has been studied by researchers for yeang; promising solutions include the
development of nonlocal models or gradient modelvas considered that the development
of such elaborated solutions was beyond the scbpgkeopresent work as it could be the
subject of an entire research. Therefore in thiskythe issue of mesh sensitivity was only
partly treated through the consideration of craclkergy and the introduction of a
characteristic length. This characteristic lengtlcomputed as a function of the size of the
finite element and allows for specifying the sifettte failure process zone. However, this
solution is probably adapted when a single crackeldgs in the structure but its validity may
be questioned when numerous cracks develop, a®nergly the case with reinforced
concrete structures. Therefore, future works shéodds on this mesh-dependency issue in
order to enhance the understanding of the phenamand probably implement a more
elaborated solution. To the author’s opinion, itwebbe very interesting to give an insight
into the implications of the different strategiet localization limiters on the results of
numerical simulations for structural members imi@iced concrete. Besides, the effects
related to high temperatures should be furtheryaedt notably, the temperature-dependency
of the crack energy in tension and in compressatiil poorly documented in the literature.
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CHAPTERYV - NUMERICAL SIMULATIONS
AND EXPERIMENTAL VALIDATION
OF THE MODEL

This chapter presents the results of numerical Etrans conducted with a finite
element software using the concrete model developéus thesis. The numerical
simulations deal with the mechanical behavior aia@ete samples and (reinforced)
concrete structures at ambient and at high tempeest The objective is to validate
the concrete model and to show that it can be deegractical applications in
structural fire engineering.

The chapter is divided into three parts. First, exmental tests performed in the
literature on concrete samples are simulated ineorth validate the ability of the
concrete model to capture properly the mechanieddavior of concrete. Different
tests have been selected to cover a significargeaf situations in terms of loads
and temperature states in the material. This fpatt allows us to calibrate the
parameters of the model. In the second part, erparntal tests performed on
structural elements are simulated using the valoéshe material parameters
previously established. These analyses validataliigy of the model to predict the
behavior of structural elements at ambient and a&hhtemperature. Finally,

numerical simulations of large structures are prasé in the third part of the
chapter. These latter simulations apply to the dtites presented in the first
chapter in which membrane action develop, theretoréerlining that the concrete
model can be applied to real applications of stauat fire engineering.

Chap. V — Numerical simulations and validation 189



V.1. Simulation of experimental
tests on concrete samples

In this section, the behavior of concrete samptemodeled in various situations of
applied stress and/or temperature. The reponsénedtasing the multiaxial concrete model
developed in Chapter IV is compared to the expartaiestress-strain response published in
the literature for these sample tests. To focustlm concrete constitutive model, the
numerical simulations are conducted using a sifigiee element; this finite element is a
cube-shaped three-dimensional element made of eigiés. During the simulations, it is
verified that all the integration points in thisife element have the same stress-strain
response. The numerical simulations are performél the software SAFIR (Franssen,
2005b), which allows to verify the correct implertegion of the concrete model in this
software.

The simulations of the tests presented in this@eellow calibrating the parameters of
the model. For each test, the material parametersalibrated to fit the experimental results.
Then, at the end of this section, the differentpaed values are summarized and discussed.
The objective is to establish the typical valueshd parameters based on simple tests on
concrete samples. Then, numerical simulationsratatral elements will be presented in the
following section with the values of the materiargmeters defined on basis of the simple
tests. For the numerical simulation of structudalreents, no calibration of the parameters
will thus be made.

V.1.1. At ambient temperature

V.1.1.1. Uniaxial compression

The concrete model is first tested in uniaxial cogspion. In the test, one side of the
concrete sample is subjected to increasing negdismacement in one direction whereas the
two perpendicular directions are free.

The following material parameters can be calibratedhe model based on uniaxial
compression test: the uniaxial compressive strerigtithe uniaxial peak-stress stradg , the
compressive limit of elasticityf,,, the compressive damage at peak-strélss the
compressive dissipated energy paramegerPoisson’s ratiov and the dilatancy parameter
a4. The uniaxial compressive strength and the unigpéak-stress strain are determined

based on the concrete behavior at peak stress.coh®ressive limit of elasticity is

determined as the stress beyond which the respstops being linear. The compressive
damage at peak-stress is calibrated based on aialnieading-unloading sequence in a
compression test to capture the proper degradafidhe elastic properties in compression.
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The compressive dissipated energy at peak-stresalilgated to fit the softening branch in
compression as this parameter affects the ductlfitthe response. Finally, Poisson’s ratio
and the dilatancy parameter are calibrated to tiiggoroper volumetric strain response.

Four uniaxial compression tests have been simulaied of the tests include
experimental data of the volumetric strains (vareMil984; Kupfer, et al., 1969), whereas

two others include several loading-unloading seqgeernn uniaxial compression (Karsan and
Jirsa, 1969; Poinard, et al., 2010).

After proper calibration of the material parametdlee model is able to capture the
experimental response in uniaxial compression, Bge V.1-1. The numerical results
obtained with the multiaxial model agree with theperimental results. The volumetric
behavior of the concrete samples, characterizedvddymetric contraction followed by
volumetric expansion (dilatancy), is reproduceditliy model as highlighted in the two first
simulations of Fig. V.1-1. The degradation of th&sgc properties in compression is clearly
visible when unloading-reloading sequences areopedd. The numerical simulations
highlight the fact that the multiaxial concrete rebdccounts for this degradation owing to

the damage component. The set of material parasntiat has been used for the different
tests is given in Table V.1-1.

TEST t[MPa]  fo/f.[-] ea[%] d[] x[-] o] al]

Comp.(VM) 50 0.30 0.25 0.20 0.17 0.22 0.31
Comp. (Ku) 33 0.30 0.21 025 016 018 0.25
Comp. (Ka) 28 0.30 0.20 0.30 0.19 0.20 0.25
Comp. (P) 40 0.30 0.21 0.29 0.19 0.20 0.25

Table V.1-1: Material parameters used for the nucaésimulation of the compression tests
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Fig. V.1-1: Measured and computed results for aetecin uniaxial compression
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V.1.1.2. Uniaxial tension

This test deals with the behavior of concrete iraxial tension. The numerical results
obtained with the new concrete model are compareth wxperimental results by
Gopalaratham and Shah (1985) in Fig. V.1-2.

The model includes two parameters that have to dirated on the behavior in
uniaxial tension: the uniaxial tensile strengthand the tensile crack energy density The
uniaxial tensile strength corresponds to the pé&ass in uniaxial tension, whereas the tensile
crack energy density affects the softening respontension. The computed results plotted in
Fig. V.1-2 have been obtained usirig=3.5MPa and g, =450 N/m2. As shown in Section
IV.1.3.2, the value of the tensile crack energysitgng, is not an intrinsic property of the

material as it depends on the meshing; this meglerdiency is dealed with through the
dependency in the characteristic length. Howevas, mot easy to evaluate this characteristic
length. It can be noted that the application of @E€B formula (CEB-FIB, 1990) for the

evaluation of the crack energy in tensidp typically leads to values between 50-
150 N.m/m?; accordingly, the value of found here corresponds to a characteristic lehgth

comprised between 0.11 m and 0.33 m, which is &}fyicthe order of magnitude of a
concrete sample.

‘fl'o | O Gopalaratnam [test]
. 4
— Model

3.0 T
< O
a
S 2.0 A o
[}
[%]
= ]
1.0 1 o

= O
m}
00 H = T =) L= T 1
0.00 0.02 0.03 0.05 0.06
Strain [%0]

Fig. V.1-2: Measured and computed results for ogtiecin uniaxial tension

V.1.1.3. Unilateral effect

It has been shown in the previous chapter thabtbeel is able to capture the stiffness
recovery associated with the closure of tensileksavhen the stress changes from tension to
compression. As shown in Fig. V.1-3, the new comcraodel succeeds in capturing the
degradation of the elastic properties due to terdaimage and then the stiffness recovery due
to the unilateral effect, whereas the elastoplasticcrete model previously implemented in
SAFIR was unable to capture these phenomena.
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Fig. V.1-3: Measured (Ramtani, 1990) and compuésdlts for concrete in tension-
compression test

Proper modelling of the unilateral effect is an ortant asset of the new model as
stresses variations from tension to compressiommaueh likely to arise in concrete elements
subjected to high temperatures, due to the thegredients that develop in the section.
Indeed at the beginning of the fire, severe themgnatlients typically appear in the concrete
section and these gradients cause tensile thetreakss in the central part of the section. The
concrete in the central part of the section carsudgected to tension due to these thermal
stresses, see Chapter | Section 1.3.2. Then, tmbiced effects of the progressive decrease of
the thermal gradients and the stiffness decreas¢h@fperipheral concrete, due to its
temperature, lead to a decrease in the tensilentiestresses in the central part of the section.
The stress state in the central concrete thusmrdturcompression and it is important to
properly model the closure of the tensile crackhiatstage.

Besides, it is noteworthy than the new concrete ehddes not require any material
parameter to capture the unilateral effect; thisatfis automatically treated owing to the use
of the fourth order damage tensor.

The set of material parameters used for the undbtest is given in Table V.1-2.

TEST | f.[MPa] ff—°c°[-] f[MPa] &4[%] d.[-] x[-] vo[-] a,[-] o[Pd

Unilateral 19 0.30 1.2 025 030 019 0.20 0.25 130

Table V.1-2: Material parameters used for the nuzaksimulation of the unilateral test

The values of the parameters obtained from caldorabn the uniaxial compressive
tests have been adopted for the relative compeesbimit of elasticity f,/f,, the

compressive damage at peak-strdgs the compressive dissipated energy paramgter
Poisson’s ratiav and the dilatancy parametey, . For the tensile crack energy densgy, a
value of 130 N/mz2 allows for a better calibratiom thhe softening response in tension in the
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unilateral test, compared with the value of 450 Naéiotained in the uniaxial tension test. This
value of 130 N/m? corresponds to a characteristngth |. comprised between 0.38 m and

1.15 m, considering that the crack energy in tan§pis comprised between 50-150 N.m/m2.

V.1.1.4. Biaxial compression

The multiaxial concrete model has been testedaridi compression; in such test, the
concrete sample is subjected to compression indinections (referred as x and y in Fig.
V.1-4) whereas the third direction (z) is free. Tdifferent situations have been considered:
in the first one, the applied compressive loadhésgame in the two directions, whereas in the
second situation the compressive load in the xctoe increases twice faster than the
compressive load in the y-direction. The resultsthed numerical simulations have been
plotted in Fig. V.1-4 and can be compared with ékperimental results given by Kupfer, et
al. (1969).

The biaxial compression tests are used to calibtfaebiaxial compressive strength
parameterf,, = f,/f.. It is found that a value of 1.16 for this latfarameter allows for a

proper estimation of the increase in strength duwethie confinement effect in biaxial
compression; this value is typically found in titerature as was said in Chapter IV.

Table V.1-3 gives the value of the parameters usélde numerical simulations of Fig.
V.1-4. The value adopted for the compressive dssihenergy parametey is lower for the

biaxial compression tests (0.12) compared with thexial compression tests (0.17-0.19).
Indeed, an increase in ductility is observed ixialacompression compared with uniaxial
compression. For the experiments simulated heis, dfiect is partially captured by the
model when the same values are adopted for thene#ees as in uniaxial compression, but
the effect is still underestimated compared witle texperimental response. A better
calibration is obtained after decreasing the valuthe parametex..
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o/fc
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——A —— -1/-1 Model
— . - TZAY A -1/-0.5 [Kupfer test]
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.01
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Fig. V.1-4: Measured and computed results for cetiecin biaxial compression test
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fC [Mpa] ch/ fc [_] 1:b/fc[-] gcl [%] dc[_] XC[_] U[_] ag [_]
Bi-comp. ‘ 30 0.30 1.16 0.25 0.30 0.12 0.20 0.25

TEST

Table V.1-3: Material parameters used for the satioih of the biaxial compression tests

V.1.1.5. Triaxial compression

Experimental tests of triaxial compression on cetersamples have been simulated
using the new concrete model. The considered kests been presented in Chapter I. In the
first series of tests, concrete samples are swgdct three levels of confinement and then to
increasing deviatoric stress in one direction ufailure (Imran, 1994). The second test is
interested in the behavior of concrete at very lighfinement level (Poinard, et al., 2010).
The values of the material parameters used fosithalation of these tests are given in Table
V.1-4.

TEST foMPa] fo/f [ R/f[] eal%] d[-] x[] o[-] ay[-]
Tri-comp. (1) 28.6 0.30 1.16 0.25 0.30 0.10 0.20 250.
Tri-comp. (P) 40 0.30 1.16 0.25 030 0.19 0.20 0.25

Table V.1-4: Material parameters used for the satioih of the triaxial compression tests

Fig. V.1-5 presents the comparison between the otedpesults obtained with the new
concrete model and the experimental data from Imfé® concrete, which has a uniaxial
compressive strength of 28.6 MPa, was subjectdd/doostatic stress of 2.1 MPa, 8.4 MPa
and 21 MPa. It is observed that the concrete stinegagd ductility increase with confinement;
for significant confinement the behavior becomeghlyi ductile. The model qualitatively
captures the increase of strength with increasawgllof confinement but this increase of
strength is underestimated by the model. SimilaHg, model predicts an increase in ductility
with increasing level of confinement but this efféx not as pronounced as experimentally
observed.

In fact, a closer look at the results of Fig. V.sHows that the model is relatively good
at capturing the experimental response until iclhhea the model peak stress. The increase in
stiffness at the different levels of confinementjiste accurately modeled, as well as the pre-
peak evolution of the transversal strathginde,. The relationship between the stress and the
strain in the direction of the applied deviatorteess is also relatively well assessed until
approximately e, =¢,,. Then, the model reaches a peak stress and theutednresults
beyond this level of strain significantly differofn the experimental results. The experimental
results show that the post-peak behavior of coacceanges from softening to hardening
behavior with increasing level of confinement, wdas this effect is not represented in the
model and the post-peak behavior remains a sofjdmehavior in the simulations of the three
tests. At 2.1 MPa confinement (=0X%7,), the experimental response exhibits softening and

the computed response reasonably agree with trexiengntal response. However at 8.4 MPa
confinement € 0.28 f.), the experimental response exhibits hardening asdhe model
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fails at reproducing this effect, the computed oese stops being accurate beyond a strain of
approximately ¢, =2x¢,. Modeling of the concrete post-peak behavior imextal

compression thus constitutes a limitation of thedatan case of significant confinement. The
following example will help to give a further insiginto this limitation.

o3 [MPa] Experimental
r -120 === Model
- -100 0,=05= 21
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=£2 1 fal ] 1 )

0.005 0.000 -0.005 -0.010 -0.015
Strain

Fig. V.1-5: Measured (Imran, 1994) and computedItedor concrete in triaxial compression
under three levels of confinement

Fig. V.1-6 presents the comparison between the otedpesults obtained with the new
concrete model and the experimental data from Pajret al. The test was conducted on a
concrete cylinder of 40 MPa uniaxial compressiveergjth subjected to 200 MPa
confinement. The sample was then subjected to asecrg axial deviatoric stress. The
computed response agree with the experimentaltsegulthe first part of the test, until
reaching a deviatoric stress of approximately 1FaMind an axial strain equal Bxe, .

However, the computed response beyond this levedtrelss completely differs from the
experimental response, because the computed resploas presents a softening behavior
whereas the experimental results clearly indicateaedening behavior. Very interesting
information can be obtained from Poinard’s testrmvio the fact that several unloading-
reloading sequences have been applied to the samgéed, the analysis of the slope of the
unloading branches indicates that no damage dewalogoncrete under such very high
confinement level, as these unloading branchesirepeaallel to the initial stiffness of the
material. This conclusion was underlined by théhard of the experiments (Poinard, et al.,
2010) and has been discussed in the previous chapitehis thesis. On the contrary, the
model assumes that damage starts to develop roti@ete as soon as plasticity develops, as
these two phenomena have been linked in the m&misequently, significant damage
develops during the numerical simulation of thetal test; this is confirmed by the
degradation of the elastic properties that can lbeewed on the computed curves in Fig.
V.1-6. The fact that damage develops in the modelcbncrete under high confinement
contributes to explain why the model is not abl@raperly capture the post-peak behavior of
concrete in these situations. In order to enhaheenodeling in case of important triaxial
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compressive stress states, it would be necessagpvern the evolutions of plasticity and
damage with distinct internal variables.
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Fig. V.1-6: Measured (Poinard, et al., 2010) anchjgoted results for concrete in triaxial
compression at 200 MPa confinement

V.1.2. At high temperature

V.1.2.1. Transient tests

The transient tests conducted by Anderberg andandelsson (1976) and presented in
Chapter | have been simulated using the new canonedel. The numerical simulation was
performed with the software SAFIR and the samelsifigite element model as used at
ambient temperature. In the transient tests, cadeer concrete samples have been subjected
to constant applied stress and increasing temperailree levels of applied stressvere
considered, witho defined as the ratio between the applied stresstha compressive
strength at ambient temperature. The values ofmtierial parameters used for the simulation
of these tests are given in Table V.1-5.

fc.[MPa] fco/fc[_] fb/fc['] gcl[%] ac[_] XC[_] U[_] ag[_]
Transient ‘ 30 0.30 1.16 0.25 0.30 0.19 0.20 0.25

TEST

Table V.1-5: Material parameters used for the satoih of the transient tests

Fig. V.1-7 gives the evolution of the axial strai a function of the temperature for the
three samples. The measured and computed resalksnably agree. The temperature at
which the failure arises is well predicted by thed®l, as well as the decrease in total strain
with increasing applied stress level during heatifige development of transient creep strain
is thus accurately taken into account by the model.

The computed results show rather abrupt changdiseirslope of the curves at every
100°C. This is due to the fact that the temperatiegendent laws of some parameters of the
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concrete model are defined as linear interpolatibesveen discrete values defined every
100°C. This is the case, for instance, for the a@sgive strength the temperature-dependent
law of which has been adopted from Eurocode. #l$® the case for the peak-stress strain.
These laws are continuous functions of the tempexdiut their derivative is not continuous.
The most visible abrupt change is observed at 6@0f @he curve with applied stress level of
0.225. This change in the slope is directly relatedhe temperature-dependent law for the
peak-stress strain, as in the Eurocode model thak-ptress strain varies from 0.0150 to
0.0250 between 500°C and 600°C and then remainstaidnbeyond 600°C. As the new
concrete model has been calibrated to yield theesasthanical strain as the Eurocode model
in the situation of transient test, this abruptiaton in the derivative of the temperature-
dependent law of the peak-stress strain is refliectethe results of Fig. V.1-7. This effect is
usually not perceived in numerical simulations ohaete elements because the model

usually comprises an important number of integratpmints which reach the transition
temperatures at different times.
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Fig. V.1-7: Measured (Anderberg and Thelanders$8i6) and computed results for
concrete in transient tests for different applizdss levels

V.1.2.2. Biaxial compression test

The behavior of concrete in biaxial compressiorhigh temperature is investigated
here. The experiments on siliceous concrete san(igles and Schneider, 1985) presented in
Chapter | have been simulated and the comparisoveba measured and computed results is
plotted in Fig. V.1-8. In these steady-state testg, samples are first heated and then
subjected to stress increase in directions 1 asidhBltaneously and of the same magnitude,

whereas direction 3 is free. The material paramsetised in the numerical simulations are
given in Table V.1-6.

The concrete model qualitatively captures the desgein stiffness and equibiaxial
compressive strength with temperature. Besides, rimlel takes into account the
experimentally observed increase in the confinenedféct with increasing temperature;
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namely, the decrease in equibiaxial compressiength is less pronounced than the decrease
in uniaxial compressive strength at a given tempeega

The maximum relative stress/f_,, yield by the numerical simulations does not fit

perfectly with the experimental results at high pematures. This is due to the fact that the
concrete tested by Ehm and Schneider does notfolie Eurocode model for the decrease in
the uniaxial compressive strength. For instanceuthaxial compressive strength of the tested
concrete was equal @610x f_,, at 450°C, as indicated by the results presenté&hapter |,

whereas the relationship of Eurocode yields a uaiaompressive strength @.675x f_,,

for siliceous concrete at 450°C. In the model, ¢l@ibiaxial compressive strength at high
temperature depends on the uniaxial compressieagtr at high temperature. As this latter
parameter is taken from Eurocode in the model, mfaimum relative stress reached in
equibiaxial compression at 450°C is slightly ovémeated by the model due to the
overestimation of the uniaxial compressive strerqgtihis temperature.

Experimental o/f. 20
= = Model
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300°C ' 300°C
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Fig. V.1-8: Measured (Ehm and Schneider, 1985)camiputed results for concrete in
equibiaxial compressive loading at elevated tentpega

TEST  |folMPal fo/f[-]  f/f[] eul%] d[-] x[-] o[-] al]
Bicomp. | 41 0.30 116 025 0.30 0.19 0.200.25

Table V.1-6: Material parameters used for the satioih of the biaxial compression tests
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V.1.2.3. Uniaxial tension

The uniaxial tension tests performed at high tewapee (Felicetti and Gambarova,
1999) have been simulated using the new concret@eindhe results of the numerical
simulations are plotted in Fig. V.1-9, next to gxperimental results.

The siliceous high strength concrete used in teehas a 5.5 MPa tensile strength at
ambient temperature. For the tensile crack eneeggity g,, calibration on the experimental

results leads to a value of 3000 N/mz2. It can lem dkat the softening branch of the computed
and experimental results at 20°C agree very walgushis value ofg,. This value of

3000 N/mz2is significantly higher than the values of 130 N/amtd 450 N/m2 found in the
simulations of the previous tests. Yet, it is ies#ing to note that the CEB formula for
evaluation of the crack energy in tension takes axtcount the mean compressive strength

and therefore leads to higher valuesGffor high strength concrete than for normal coreret

As the concrete tested by Felicetti and Gambareva high strength concrete, this could
partly explain the high value dj; that is obtained here.

The response to uniaxial tension at high tempezaisirqualitatively captured by the
model. As shown by the experiment, high temperatigad to a decrease in tensile strength
and a relative increase in ductility after peakesdr in the model. Yet, a quantitative
discrepancy is observed in Fig. V.1-9 between traputed and experimental values of the
tensile strength at high temperature. It must béedahat the temperature-dependent
relationship for the evolution of tensile strengttihe model has been adopted from Eurocode
and thus it has not been calibrated on the paati¢abts of Fig. V.1-9.

Experimental
5 = = Model

o [MPa]

€[%]

Fig. V.1-9: Measured (Felicetti and Gambarova, )%8f computed results for concrete in
uniaxial tension at high temperatures
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V.1.3. Calibration of the material parameters

In the numerical simulations of the experimentatsepresented above, the material
parameters have been calibrated in order to fiettperimental response. It has been shown
that the model was able to reproduce the resultsxperimental tests in a large range of
situations of applied stress and temperature. Hewatvis also important for the model to be
available for predictive calculations in which nalibration of the parameters can be
performed. Therefore, typical values of the matgy@mameters must be indicated to the user
of the model in order to provide him with a stamtiset of parameters that can be used when
the objective is to perform a predictive calculatio

Based on the simulations performed in this secttemdard values are established for
seven of the parameters in the model, see Table7 VIhese values have been found by
calibration on the experimental response in unlaxmna biaxial compression tests and they
have been successfully used in the numerical sttonkof other tests on concrete samples.
Some of these parameters varied a bit betweenr@iffexumerical simulations presented in
this section. The peak-stress strain had been fegodl to 0.20%, 0.21% and 0.25% in the
uniaxial compression tests but the value of 0.2%% lbeen adopted because it is the value
given in the Eurocode. The dilatancy parameter lhexeh calibrated to 0.25 and 0.31 in the
uniaxial compression tests where the volumetriairstwvas recorded; the value of 0.25 has
been arbitrarily chosen as recommended standargk wahen no additional information is
available. For the compressive dissipated energgnpeter x., values of 0.10 and 0.12 had
been adopted in some of the multiaxial comprestasts for better modeling of the post-peak

behavior in highly confined stress states. Howethez,inability of the model to capture this
behavior is an inherent limitation that has beestuksed in Section V.1.1.5. The modification

in the value ofx, only allows for improving slightly the model pgs¢ak response in highly

confined stress states but the transition from dgmmaittle behavior to ductile behavior
cannot be reproduced by the model. Accordinglyas decided to consider the calibration on
the uniaxial compression tests for defining thedtad value ofx, and the value of 0.19 was

chosen; meanwhile, it should be remembered thatibeel is limited in case of very high
confinement level.

o/t 6/ e lw] dl] x[] o] al]
Predictive | 0.30 116 025 030 019 0.200.25

Table V.1-7: Standard values for the parametethetoncrete model

The model contains three additional parameterschwlre the uniaxial compressive
strength, the uniaxial tensile strength and thesikencrack energy density. The uniaxial
compressive and tensile strengths must necessarippecified by the user of the model as a
function of the strength class of the concrete usdbe project, so that no standard value can
be given for these parameters. Finally, the lasarpater is the tensile crack energy density.
For this parameter, the calibration on the expemnialeests presented in this section has lead
to values that ranges from 130 N/m2 to 3000 N/nfte Bifferent values were obtained by
calibration of the softening response in uniaxamsion tests conducted at 20°C by different

Chap. V — Numerical simulations and validation 202



researchers. Due to the significant scatter irotftained results, it is not possible to provide a
standard value for the parametgr. Meanwhile, it is noted that this parameter is aot
intrinsic property of the material but depends loa parameterss, and |, which are directly
related to the localization issue. The localizatissue is only partly treated in the present
thesis; future works should give a further insigio the problem of localization and, as part
of this study, they should probably conduct furthealyses of the paramete®s, I, and g,

at ambient and at high temperature if these paemneare kept in the model for
regularization. In this thesis, the recommendafion calculations at ambient temperature
using plane stress elements is to evaluate theewafllg, using the formulag, = G/I., in

which the value of the crack energy in tensi@nis adopted in the range of typical values
given by the CEB formula (50-150 N.m/m?) and thdugaof the characteristic length is
evaluated by the formulg :\/E for quadratic finite elements. At high temperasyrg is

difficult to give a recommendation as the uncetiaion these parameters is even more
pronounced; see for instance the scatter in therewpntal data reported in Chapter | about
the temperature-dependency of the tensile crackggndBesides, the integration of the
material law may be difficult during the numeri@alalysis of large structures in fire and it
has been observed that the numerical convergemcsaraetimes be improved by modifying
the parameteq,, due to the fact that this parameter affects titdebbehavior of concrete in
tension. Therefore, it may be helpful for the useinave a certain freedom in the definition of
the parameterg, for numerical reasons, but of course it shoulchtbe ensured that the
concrete tensile properties defined in the modehaloinfluence the response of the studied

structure. An alternative to avoid defining thiggraeter consists in using a tensile strength
equal to 0 in the simulation.
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V.2. Simulation of experimental
tests on structural elements

V.2.1. Mixed-mode fracture of plain concrete

The test simulated in this section has been exeatatly studied by Nooru-Mohamed
(1992); since then, it has been widely used inliteeature to test the efficiency of concrete
constitutive models in biaxial stress states (@der, et al., 2000; Nechnech, 2000; Abu Al-
Rub and Kim, 2010). The test consists in a doubdpeenotched (DEN) specimen of plain
concrete subjected to a loading path combiningrsiiea tension at ambient temperature. The
specimen is a square plate of 200 mm long and 5Ghigk with two symmetrical notches of
25 mm by 5 mm size. During the experiment, the ispexc was fixed at the bottom and along
the right hand side below the notch and the loadiag applied through a loading frame that
was glued to the specimen, see Fig. V.2-1. The nsoes indicated in this figure are in mm.
The loading frame that was used in the experimesglip consists of two loading plates at
top and left upper parts, but a right upper pars wdded in the numerical simulation to
prevent the numerical failure of the upper rightnes of the specimen due to stress
concentration; this approach was also adopted hy MbRub and Kim (2010) for the same
reason.

100

65

P’ | 1100

Fig. V.2-1: Geometry of the specimen (from di Poiset al., 2000) and FE model in SAFIR

The loading path consists in the application oheas force followed by tension under
deformation control. A shear force & 5 kN is first applied through the frame alohg teft-
hand side of the specimen above the notch. Th&msion loading is applied by imposing a
vertical displacement at the top of the specimem)eathe shear forcesRemains constant
equal to 5 kN. The test is continued until failofethe specimen. The vertical deformation of
the specimen in the fracture zone was assesse@HKnygtthe average of the measured
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displacements between the points M and M’ on tlteale well as between N and N’ on the
right.

Due to the small thickness of the specimen, thdysaisais performed in plane stress
condition; therefore, shell finite elements areduse SAFIR. The size of the mesh elements
has been taken as 5.0 mm x 5.0 mm, see Fig. VI&-Xeproduce the experimental support
conditions, all the nodes located at the bottoneealyd the lower part of the right edge are
fixed (vertical and lateral displacement = 0). Ag toading frame is glued to the specimen
and is very stiff compared with the specimen, i@ thodel the lines of nodes located at the
top edge and the upper part of the left edge ameedboto remain horizontal and vertical
respectively. This condition is realized by impgsidentical displacements to the nodes in
the corresponding directions.

The specimen was made of normal weight concretashted compressive and tensile
splitting strengths of respectively 38.4 MPa ar@iNPa have been reported (di Prisco, et al.,
2000). For the used quadratic elements of sizentn® x 5.0 mm, the evaluation of the

characteristic lengtlh, leads to:l, :\/E =5mm. Considering a typical value of 75 N.m/m?
for the crack energy in tensioB,, this leads to a value of 15 kN/m?2 for the tensitack

energy densityg, = G/|, . The values of the other material parameters urstite analysis are

given in Table V.1-7; these values correspond ®uhlues obtained by calibration on the
simple tests presented in the first part of thigptlr. No calibration of the parameters is thus
required on the specimen studied here.

The final shape of the crack pattern obtained endkperiment has been reported by di
Prisco, et al. (2000) and can be seen in Fig. V.ZHs experimental crack pattern can be
compared with the numerical results; the computegplacement isolines and membrane
forces in the specimen have been represented in\ER32. In the representation of the
membrane forces, the color blue is used for comspresforces whereas the color red
represents tensile forces. The numerical resufttuoa the cracks propagation from the two
notches and the concentration of the displacenarddorces in a fracture zone in the center
of the specimen. The trajectories of the crack caralitatively captured by the numerical
simulation.

The relationship between the tensile load and tfeeage normal displacement in the
direction of U is plotted in Fig. V.2-3. The compdt results are compared with the
experimental results. The computed initial stiftnéits almost perfectly the test results but the
computed peak load is slightly overestimated. lateworthy that this overestimation of the
computed peak load has been observed by otherrcbses when modelling the same
experimental test (di Prisco, et al., 2000). Aftee peak load, the specimen exhibits a
softening response. The softening regime is welta@uced, which tends to validate the
value used for the crack energy in tension.
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Fig. V.2-2: Crack pattern experimentally obtaingd\Nmoru-Mohamed (upper left),
displacement pattern computed with SAFIR (uppértjignd membrane forces computed
with SAFIR (lower)
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Fig. V.2-3: Measured (Nooru-Mohamed, 1992) and aatexb results for the mixed-mode
fracture test on plain concrete
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V.2.2.

temperature

Reinforced

V.2.2.1. General data

The following simulations deal with the behaviorreinforced concrete slabs subjected
to combined inplane and transversal loads at arhbeemperature. The experimental tests that
are modeled have been performed at University bk (Ghoneim and MacGregor, 1992).
A series of tests have been conducted to analytezett configurations in terms of specimen
dimensions and loading paths. Very detailed infairomaabout the tests can be found in the
technical report from Ghoneim and MacGregor; thenmiaformation has been reproduced
here for the eleven tests that have been consid€atde V.2-1 gives the length (L), width (1)
and average thickness (t) of the specimens asaseihe concrete compressive strendgh (
and tensile strengthiX. The length and width are considered as distahedseen supports,
see Fig. V.2-4. Table V.2-2 and Table V.2-3 provitie information about the area and
location of the steel reinforcement in the concetés; the locations indicated in Table V.2-3
must be read as indicated in Fig. V.2-5. The ultersirength of the steel reinforcement was
620 MPa. No yield point was clearly defined; th2%.offset yield was 450 MPa.

concrete

slabs

at

ambient

specimen| L [mm] | [mm] t [mm] f,[MPa] | f [MPd]
B1l 2745 1829 68.2 18.70 1.60
B2 2745 1829 66.8 19.27 1.65
B3 2745 1829 66.7 19.53 1.67
B4 2745 1829 65.3 20.82 1.78
C1 1829 1829 67.8 25.21 2.08
C2 1829 1829 67.6 25.27 2.10
C3 1829 1829 68.5 25.30 2.10
C4 1829 1829 70.0 25.35 2.10
C5 1829 1829 70.1 25.81 2.30
C6 1829 1829 67.4 25.44 2.11
C7 1829 1829 66.5 25.56 2.12

Table V.2-1 : Side dimensions, average measureflrtbss and concrete properties
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Fig. V.2-4: Locations of the lateral load and suppwoints for series B (left) and series C
(right) (from Ghoneim and MacGregor, 1992)

X-direction Y-direction
specimen | Areaoftop | Areaofbottom| Areaoftop | Area of bottom
rebar [mm2/m] | rebar [nm2/m] | rebar [mm2/m] | rebar [mm?2/m]
Bl 260 260 260 260
B2 260 260 260 260
B3 260 260 260 260
B4 260 260 260 260
C1 260 260 260 260
C2 260 260 260 260
C3 260 260 260 260
C4 260 260 520 520
C5 520 520 260 260
C6 260 260 260 260
C7 260 260 260 260

Table V.2-2 : Area of Reinforcement in X- and Y-8gdtions
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) X-direction Y-direction
SPecimen g tmmy d'x [mm] dy [mm] dy [mm]
B1 55.0 223 48.7 16.0
B2 53.5 205 47.2 14.2
B3 53.3 20.2 47.0 13.9
B4 50.3 19.7 44.0 13.4
c1 56.8 21.9 505 15.6
c2 57.6 19.7 51.3 13.4
c3 57.6 19.9 51.3 13.6
C4 58.5 20.9 52.2 14.6
cs5 52.5 14.4 58.8 20.7
c6 56.1 18.1 49.8 11.8
c7 55.3 17.9 49.0 116

Table V.2-3 : Average locations of top and bott@imiorcement from compressive face

Fig. V.2-5: Location of the reinforcement from comgsive face (Ghoneim and
MacGregor, 1992)
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V.2.2.2. Loading

The maximum applied loads are given in Table Vid#the eleven tests. In this table,

y/4 —_— X

the loadsN, and N, are compressive inplane loads in KN/m respectivelyhe x and y
directions (see Fig. V.2-4 for the orientation tietaxes), whereas the loag is the
transversal load in kKN/m2.

The specimens were subjected to different loaditpgp Specimens B1 and C1 were
subjected to transversal loads only; the transVéosa was increased until failure of these
specimens. The other specimens were tested undemhbination of transversal loads and
compressive inplane loads. For these latter spesneacept C3, the full inplane load was
applied first, then the transversal load was insmedauntil failure whereas the inplane load

remained constant; see for instance the loading p&t specimen C2 in Fig. V.2-6. In
specimen C3, the inplane and transversal loads ayked proportionally until failure at the

rate: “inplane loads : transversal loads = 14.8kN/A.0 KN/m?”. The three different types of

loading paths are illustrated in Fig. V.2-6.
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specimen  a/b Ny [kN/m] Ny [KN/m] Qu [KN/mZ]
Bl 1.50 0.0 0.0 4591
B2 1.50 0.0 514.0 23.27
B3 1.50 0.0 353.8 25.52
B4 1.50 516.0 0.0 19.51
C1 1.00 0.0 0.0 73.88
C2 1.00 0.0 653.9 52.59
C3 1.00 0.0 647.0 51.56
C4 1.00 0.0 656.5 59.47
C5 1.00 0.0 652.5 67.83
C6 1.00 657.8 657.8 69.16
C7 1.00 362.5 362.5 60.03

Table V.2-4 : Maximum loads for the eleven slabs
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Fig. V.2-6: Different loading paths followed in tBkab tests

V.2.2.3. Numerical model

Numerical simulations of the tests have been peraor using the finite elements
software SAFIR. The reinforced concrete slabs avdeted by means of shell finite elements.
Due to the symmetry of the configurations, onlyummer of the slab is represented in the
models, see Fig. V.2-7. Vertical supports are atersid at the location of the support points
in the experimental configuration illustrated irgFVv.2-4. The application of transversal and
inplane loads in the numerical model follows thiéedlent loading paths discussed here above.

Application of the load is simulated by increasthg load over time (force control) in
the model; therefore failure of the structure &cteed at the maximum load level and it is not
possible to increase further the displacement é dimulations. The simulation cannot be
conducted by increasing the displacement (defoomationtrol) because the load must be
applied simultaneously in different points. Howeuethe experiments, the specimen can be
unloaded after reaching the maximum load as ittased by the authors in their report
(Ghoneim and MacGregor, 1992): “In all tests, thading system was initially controlled by
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load increments but near the maximum load, thénéurtoading was controlled by imposing
deflection increments”. Consequently the experirlergsults of the applied transversal load
versus vertical deflection include part of the spihg regime after the maximum load level,
whereas this post-peak behavior is not handledhé@ytmerical simulations in this case.

Fig. V.2-7: Numerical model of the slabs

The concrete model developed in the present thesissed for the concrete shell
elements. The mesh used in the numerical mod@psoaimately 0.06 m side. Considering a

crack energy in tensio, of 75 N.m/m2 in the simulations, the tensile craclergy density

g, is equal tog, = G /I, =1250 N/m= The compressive and tensile strengths are tateal e

to the measured values given in Table V.2-1. Theromaterial parameters of the concrete
model have been calibrated on the elementary peetented in the first part of this chapter
and no additional calibration is done here for nliodeof the considered experiments; the
values listed in Table V.1-7 have thus been usedl ithhe simulations.

The steel rebars are considered in the shell elesm€&he uniaxial mechanical properties
of steel follow the model of Eurocode 2; the stregschanical strain relationship is non-linear
until 2%, with a horizontal plateau from 2 to 15%daa descending branch thereafter;
unloading is plastic. The effective yield strengthiaken equal to 620 MPa.
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V.2.2.4. Numerical results

The experimental results and the results of thearical simulations performed with
SAFIR are plotted in Fig. V.2-8. For each test, tleationship between the applied
transversal load in kN/m2 and the central vertabeflection in mm is given. The numerical
simulations succeed at capturing the initial séffa of the structure in the different situations
of combined inplane and transversal loading. Theimam load is reasonably well predicted
by the simulations except for tests B2 and B3, wltae computed maximum load exceeds
the value that is experimentally observed.

The distribution of the membrane forces in the €ldbat failure is plotted in Fig. V.2-9;
the color blue represents compressive forces wherzhrepresents tensile forces. It can be
seen that the slab develops tensile membrane aiicnstain the applied load. Important
tensile forces develop in the steel mesh locatethéncentral part of the slab whereas a
compressive ring develops in the concrete. Inglab, failure eventually occurs by excessive
yielding of the steel rebars; the strain in parthef steel rebars exceeds 15% at failure.

The deformed shape of specimen Bl at failure istgdoin Fig. V.2-10. The central
vertical deflection exceeds 100 mm, which corresisoapproximately to L/27 and /18 for
this slab. This important deflection is due to thet that the slab behaves as a membrane;
important vertical deflections are therefore regdito equilibrate the vertical applied forces
by means of tensile forces in the (originally horital) steel mesh.
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Fig. V.2-8: The results of the numerical simulatiavith the new concrete model agree with
the experimental results by Ghoneim and MacGret@®%) for the different RC slabs tested
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Diamond 2011.a.2 for SAFIR

NODES: 256

BEAMS: 0
N1-N2 MEMBRANE FORCE PLOT

I - Vembrane Force
I + Membrane Force

FILE: c1_2
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TIME: 220 sec

Fig. V.2-9: Distribution of membrane forces in slab at failure
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Fig. V.2-10: Deformed shape in slab B1 at failure

Reinforced concrete slab in fire

V.2.3.

An experimental fire test carried out at Buildingdearch Association of New Zealand

(Lim and Wade, 2002; Lim, et al., 2004) on a reioéal concrete flat slab in fire is modeled
in this section. The numerical analysis of the fest is performed with the software SAFIR

using the new concrete model, in order to validate ability of the model to predict the

behavior of a structural element in fire situation.

The tested slab is 3.30 m wide by 4.30 m long w&itllear span between the supports in
the long and the short directions of 4.15 m and 311, respectively. The slab is simply
supported at all four edges with the edges horabnunrestrained. The flat slab is 100 mm

thick and is reinforced by 200 mm2/m steel reindonent in each direction with a concrete

cover of 25 mm. The yield strength of the steedusethe slab is 565 MPa. The concrete that
was used in the test is a normal weight concreté giliceous aggregates. The concrete

214
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compressive strength determined by cylinder crigshast is 37 MPa (Lim and Wade, 2002).
The slab was subjected to ISO fire exposure foodfwhile carrying a constant uniformly
distributed load equal to 3.0 kN/m2. The slab, wWwhieformed into double curvature, survived
the 3 h ISO fire exposure without collapse.

The numerical simulation of this experiment is parfed in two steps in the software
SAFIR. First, the thermal analysis is conductedlétermine the temperature distribution in
the concrete slab during fire. Then, the structaradlysis is carried out to determine the
structural behavior of the reinforced concrete sfetire.

The transient temperature distribution on the théds of the shell finite elements is
determined by means of a 2D thermal analysis, assuthat the temperature gradient is
perpendicular to the slab. Quadrangular conducéidenents are used with temperature
dependent thermal properties. The evaporation oftome is implicitly considered by a
modification of the specific heat of the materiat.the boundaries, convection and radiation
heat transfer are taken into account. The thermapbesties for concrete are taken from
Eurocode 2. Siliceous concrete was chosen, witbnaity of 2400 kg/m? and a water content
of 72 kg/m3. The emissivity was taken as 0.7 and tloefficient of convection was
25 W/m2K. Temperatures in the slab were recordeohduhe test at the heated surface, at the
unheated surface and at 55 mm depth within the. $tah V.2-11 gives the comparison
between the temperatures predicted by SAFIR andntbasured temperatures at these
locations; predicted and measured temperatures aggk.

1200
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1000 . --';é::j/v —&— 55 mm depth
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Fig. V.2-11: The measured (Lim, et al., 2004) aochputed
temperatures in the flat slab agree

For the structural analysis, shell finite elemeats used for modelling the slab. Only a
quarter of the full slab is modeled to take advgataf the symmetrical load and support
conditions, see Fig. V.2-12. The model includes tinbeated edge of the slab which is
located over the line of vertical support. The slBubjected to a uniformly distributed load
of 5.4 KN/m2 which represents the sum of the saight, 2.4 kN/m2, and the applied load,
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3.0 kN/m2, This load of 5.4 kN/m?2 corresponds tload ratio of approximately 0.40 for this
slab. The temperature evolution in the slab isrnakem the SAFIR thermal analysis. The
concrete model presented in this thesis is usethéothermo-mechanical behavior of concrete
whereas the material model for the steel reinfoer@ms taken from Eurocode 2. The
concrete compressive and tensile strength areNdP#® and 1.0 MPa. A tensile crack energy
density g, of 5000 N/m? is adopted for the simulation. Basedthe adopted mesh, the

characteristic length is equal tpa/E =0.09 m and therefore the crack energy in tension

G, is taken equal to 450 N.m/m. The reason for ugfiighigher value of5, compared with

the value used in the two previous simulationshat thumerical issues arose during the
simulation when a value of 75 N.m/m2 was used au¢hé severe softening behavior in

tension. The value of 450 N.m/m2 allows for avogdihese numerical issues. The values of
the other material parameters are taken from T&lble7 and no calibration on the slab is

required for these parameters.
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Fig. V.2-12: Finite elements model of the flat slab

The predicted and measured vertical deflectionmigtspan of the slab in fire are
shown in Fig. V.2-13. Three phases can be distsimgd in the evolution of the deflection.
First, a high deflection rate is observed at thgirb@ng of the fire during approximately the
first 30 min due to significant thermal bowing. Thethe deflection rate decreases and
remains approximately constant during almost 12@ rfRinally, the deflection rate increases
again in the final 30 min due to the heating of shexl rebars and the subsequent decrease in
stiffness of these rebars. The results of the nigalesimulation using the new concrete
model agree with the experimental results; paridyl the three phases are reproduced in the
numerical simulation. The simulation is able totcag with accuracy the behavior of the slab
during the 3 hours of the fire. The present exaniplstrates the ability of the new concrete
model to be used in numerical simulations of strradtelements in fire situation.
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Fig. V.2-13: The concrete model is successfullydusghe numerical simulation of a
reinforced concrete slab subjected to ISO fire

The distribution of membrane forces in the slab teddeformed shape are plotted after
90 minutes of fire exposure in Fig. V.2-14. The poessive membrane forces are drawn in
blue whereas the tensile membrane forces are egesk in red. The compression ring
typical of tensile membrane action is developedtha slab. Significant deflections are
observed even though no failure occurs after 3due exposure; the final deflection
reaches 0.25 m, which corresponds to L/16.6 ardd/1
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Fig. V.2-14: Distribution of membrane forces andodeed shape after 90 minutes
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V.3. Application to structures
in fire

V.3.1. Ulster large-scale fire test

This section presents the numerical simulatiorhefWlster full scale fire test. The test,
conducted on a steel-concrete composite floor stdgeto natural fire, has been presented in
Chapter [I; see Section 1.3.3.2 for its descripti®his test investigates the development of
tensile membrane action in a large composite strachade of cellular steel beams connected
to composite slabs. The experimental behavior legs lwecorded until complete burnout of
the fire, including the cooling down phase. Therefothis large-scale fire test is
representative of the challenging applications wittich structural fire engineers have to deal
nowadays and it represents a very interesting egapin for testing the capabilities of the
concrete model.

Numerical simulation of the test is performed usihg software SAFIR. This section
gives the main information about the numerical niodeof the test and the obtained results;
yet for more information, a comprehensive desaipbf the numerical simulations has been
given in a technical report (Gernay and FranssehQR

As the objective is to evaluate the ability of tmcrete model to be used for predictive
calculations in the field of structural fire engemng, a blind approach (Beard, 2000) has been
adopted for the simulations. This blind approactcharacterized by the three conditions
defined by Beard:

1. “The test results from an experiment of the vaadi®ing used for a comparison
between prediction and experiment have not beea lng¢he modeler.”

2. “Some data from the experiment being used for cosga have been used.”

3. “No adjustment of input parameter values has taitece.”

According to this approach, the temperature evatuin the compartment has been
assessed by numerical simulation using the softfene (Cadorin and Franssen, 2003;
Cadorin, et al., 2003). The numerical code OZomtudes a single compartment fire model
that combines a two-zone model and a one-zone mimiehssessing the temperature
evolution in a compartment. The computed tempegathave then been used as input data for
the SAFIR thermal analysis. The choice of using dbmputed temperatures rather than the
temperatures measured during the experiment fondneerical analysis is based on the first
condition of blind comparison. The parameters asiaptions used for the OZone analysis are
as follows (Vassart, et al., 2011):

* The fire load density: 700 MJ/m? » Combustion heat of fuel:
» Combustion model: extended fire 17.5 MJ/kg
duration * Fire growth: medium
* Fuel height: 0.5 m » Combustion efficiency: 0.8

*  RHR: 1250 kW/m?2
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The comparison between the measured temperatutiee compartment and the OZone
predictions is given in Fig. V.3-1. The experimeriige was slightly more intense than the
predicted fire. The maximum computed temperatur®2%°C and it arises after 76 min,
whereas the maximum recorded temperature in thgpadment is 1074°C after 64 min.
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Fig. V.3-1: Comparison between measured tempemsatnréne compartment and
OZone predictions

The temperature evolutions in the beams and isldiesections have be determined by
2D non linear transient thermal analyses using Addftware.

For the steel beams, the material properties &entdrom Eurocode 3 (European
Committee for Standardization, 2005). As a natuna is considered, the convection
coefficient on hot surfaces is 35.0 W/m2K. For tmgprotected central steel beams, the
shadow factor is equal to 0.716. The cellular bgawofiles are modeled as beam finite
elements in SAFIR. The section that is conside@dtliese beam finite elements is the
section passing through the center of a circulanom, see Fig. V.3-2 left, because the
longitudinal stresses of a beam model cannot “Enteithe web posts that separate two
openings.

The concrete slab is modeled in the thermal arsbfsihe steel profiles in order to take
into account its capacity of absorbing heat. Siliceeconcrete following the material law of
Eurocode 2 has been adopted with a moisture com@erit2 kg/m3 and a convection
coefficient on hot surfaces of 35 W/m2K. For thetpcted sections, the insulation material is
also taken into account in the thermal analysie pitotected steel sections are affected by the
fire on one side and on the bottom flange, whikedther side of the profile, in front of a wall,
is supposed to be an adiabatic boundary, see F3g2 Vight.
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Fig. V.3-2: Double tee section considered for tekutar beam profiles; central unprotected
(left) and peripheral protected (right) sections.

The slab used in the Ulster fire test is a composiéel-concrete slab made of a steel
deck and a concrete cover. For the thermal analgsisquivalent height of concrete has been
defined for this slab using the effective thicknessdel of Eurocode 4 (European Committee
for Standardization, 2004c). This equivalent heightconcrete is used for assessing the
thermal response of the composite slab, wheregstlbalconcrete cover is considered for the
mechanical response. In the present case, theth#fighe concrete cover is 69 mm and the
additional height of thermal concrete to considerthe thermal analysis is 41 mm.

The finite element model built in SAFIR for the &rsés of the mechanical behavior of
the structure is presented in Fig. V.3-3. The magels beam elements for the steel profiles
and shell elements for the composite slab, assufnihgonnection between the slab and the
beams. The edge beams are simply supported ab¢hedn of the columns as indicated in
the figure. The slab and beams are axially unnestda
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Fig. V.3-3: Finite element model of the Ulster fiest
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The beam finite elements used for modeling thautz@llbeams cannot take into account
the web post buckling instabilities. Yet, web pbstkling has been observed experimentally
in the two central steel beams, due to the highpeeatures reached in these unprotected
beams. Therefore, considering the double tee septaited in Fig. V.3-2 for the model of the
central steel beams would lead to unsafe resulis ssality the web post buckling prevents
the bottom tee of these beams from playing anystral function. To take into account in a
simplified way this instability phenomenon, a spécnaterial has been implemented for the
bottom flange of the unprotected beams. This natieas the same mechanical properties as the
steel from Eurocode 3 for temperatures below 5083Cit loses entirely and irreversibly its
material properties between 500°C and 600°C. Témge of temperature has been chosen
because it is representative of the critical terapge at which a cellular steel beam develops
web post buckling. It is important to note that gietegy adopted here to take into account
the web post buckling phenomenon did not requirg eaibration on the experimental
results; web post buckling of the unprotected bewas foreseen in the Ulster fire test and
the measured critical temperatures of these beaere wot incorporated in the special
material model. Therefore, the use of this spetiaterial model for the bottom tee of the
central steel beams is not contradictory to thedosipproach followed in this simulation.

As the temperatures in the protected steel beaohsiali reach 500°C, no web post
buckling instabilities developed in these beamse Taterial model from Eurocode 3 could
then be used for the steel of the protected beams.

The steel profiles are made of 355 MPa yield stitesteel. The siliceous concrete used
for the slab had a measured average cube strefdh.® N/mm2 at 28 days; therefore the
cylinder compressive strength is estimated equdbtdl/mm?2 based on the recommendation
of Eurocode. The compressive strength in the comenedel is taken equal to this latter value
of 45 N/mm? according to the second condition defiby Beard. The new concrete model is
used for the reinforced concrete shells using #w@armpeters of Table V.1-7. Regarding the
value of the parameters in tension, i.e. the tensitength and the tensile crack energy
density, it is found that these parameters havefarence on the numerical robustness of the
analysis. When using a non-null tensile strengththe model, for instance a value of
1.0 N/mmzZ, it is necessary to use a large valu¢hiercrack energy density to avoid numerical
issues and to be able to run the simulation uméilend. In this case, the crack energy density
is taken equal to 10 kN/m?. As the size of the &gldbnesh is 0.30 m x 0.30 m, this leads to a

characteristic length of 0.30 m and a crack enérggnsionG, of 3000 N.m/m2. This value

of the crack energy is larger than the values recended at ambient temperature. In order to
check whether this value of the tensile crack enatfjects the structural response, the
simulation is run again assuming that the conchet® no tensile strength. In this case, the
value adopted for the crack energy has no influeiscine concrete cannot develop any tensile
stress. The numerical simulation considerifjg=0 is able to run during the 180 minutes of

the fire, although the CPU time for this simulatisnsignificantly larger (11h14) than the
CPU time for the simulation with a tensile strengtii N/mm? (7h52).

The computed results obtained with the two valuéghe tensile parameters are
compared with the measured results=ig. V.3-4. The comparison is about the evolutién o
the vertical deflection in the central steel be@good correlation is obtained between the
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FEM models and the real behavior of the test; thearical simulations qualitatively capture the
evolution of the vertical deflection of the struetwuring the different phases of the natural fire.
Besides, it can be seen that the values adopteldedensile parameters do not have a significant
influence on the computed structural behavior f& tonsidered analysis, which gives some
confidence that the increased value adopted forenigat reasons for the tensile crack energy
density did not lead to erroneous results in tmeukition with a tensile strength equal to
1.0 N/mm2,
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Fig. V.3-4: Evolution of the deflection of the cealtbeam

Fig. V.3-5 shows the deformed shape at ambient ¢eatyre and after 60 min fire
exposure; in this figure, a different amplificatidactor has been used for plotting the
deformed shape at ambient temperature (x20) ah@jattemperature (x2). Fig. V.3-6 shows
the distribution of membrane forces within the stlelevated temperature and after 60 min
fire exposure. It can be seen that the mechanistineitomposite slab changes from flexural
mode to tensile membrane action. After 60 min &wgposure, the unprotected steel beams
have experienced web post buckling; as a resuit e lost their stiffness and cannot
provide support to the slab. As a consequencesphe of the slab has changed from 3.0 m to
9.0 m. Due to this excessive span, the slab casusiain the applied loads by flexural mode
strength. Nevertheless, by developing a membradmavi@ the slab finds equilibrium.
Tensile membrane forces develop in the central gfatthe slab; the steel mesh is in tension
and the concrete is cracked. On the other handyngpessive ring develops within the
concrete around the perimeter of the slab, see Wig:6, to equilibrate the horizontal
components of the in-plane forces developed withim slab. The development of tensile
membrane action in the slab is confirmed experiaignby observation of the deformed
shape of the structure, see the picture in Fig-A/.Besides, the picture also highlights the
instabilities that appear in the central steel beam
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Fig. V.3-7: Picture of the Ulster building struatuat the end of the fire showing the deflected
membrane shape of the slab and the web post bgdkktabilities in the central steel beams.

It is interesting to note that the numerical siriatawas able to qualitatively capture the
experimental behavior of a complete structure siie to natural fire although a blind
comparison was performed. Indeed, a better comegmee between the measured and
computed results of the vertical deflection in Afg3-4 could probably be obtained by adapting
the variables of the finite element model to fitwihe measured values. For instance, the real
temperatures measured in the sections could beinsteadd of the temperatures computed by
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a SAFIR thermal analysis. However, it was delibdyatdecided to fulfill the blind
comparison conditions in order to put ourselvese@ldo the real conditions met by structural
engineers. A second factor that can explain thatifative difference in the results is related
to the simplifications adopted in the model. Exagspf simplifications are the modelling of the
instability phenomenon of the unprotected beamsthadnodelling of the columns as perfect
vertical supports. The reason for which these sfitgions are adopted is the will to limit the
complexity of the numerical model. For instance, steel cellular beams could be modeled with
shell elements in order to take into account te&alwility, but such model would be too large for
practical applications. Hence the obtained resgli® some confidence that this quite
simplified model is capable of predicting the flsehavior of a large scale structure in fire
with a satisfying level of accuracy in the conditcof a blind comparison.

V.3.2. Fire resistance of an arch shell roof structure

The last example presented in this thesis dealb tié arch shell roof structure
discussed in Chapter I. The fire resistance ofdloé structure depicted in Fig. V.3-8 has been
numerically analyzed in the framework of the builglirefurbishment project. This study was
funded bylngénieurs Conseils en Batimeift€B), Luxemburg. A comprehensive description
of the numerical analyses is available in a tecdmeport (Gernay and Franssen, 2011). The
building studied in this project is an industriallHocated in Luxemburg; however, this type
of arch shell roof structure is used in many otl#uctures, see for instance the
Amphithéatres de I'Europat University of Liege by architect D. Dethier dFV.3-9, picture
taken from ULg-Globalview).

HALLE
EXISTANTE

Fig. V.3-9: TheAmphithéatres de 'Europ@ Liege are another example of structure
designed with concrete bent roofs (© ULg-GlobalJiew
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The dimensions of the structure have been detaiedhapter I, Section 1.3.3.3. The
objective is to assess the fire resistance of thetsire in the situation of 1ISO fire in one or
the two compartments and eventually propose mesagaranprove this fire resistance. The
fire analysis of the structure is performed undgf-weight loads. The numerical simulations
presented in this section are conducted with tiftevace SAFIR.

First, the temperature distribution in the shehisl ghe tie beams is determined by 2D
transient thermal analyses. For these analyseshénmal properties of steel and concrete are
taken from Eurocode 2. Different thermal analyses @nducted for the tie beams using
different thermal protections, with the aim to detme the minimum amount of thermal
protection that will eventually lead to a globalefiresistance of 30 minutes for the roof
structure. The temperature evolution in the tieneaubjected to ISO fire depends on their
thermal protection, see Fig. V.3-10.
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Fig. V.3-10: Temperature evolution in the tie beas® function of the thermal protection
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Fig. V.3-11: Finite element model of the shell rgtiucture
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Then, the finite element model for the mechanigalysis is built in SAFIR. This
model uses shell elements to model the shell rodfteam elements for the tie beams. Only
half of the roof has been modeled, thus a length3c60 m comprising three entire tie beams
plus half of a tie beam at one extremity, with mopymmetry conditions imposed at the edge
of the model (Fig. V.3-11). The cupolas have beadeled as openings in the roof. The
supports are indicated on the figure; the structsrdree to expand in both horizontal
directions. As the shell structure has variablekiness, 10 different sections have been used
in the model with a thickness varying from 160 non100 mm. The concrete shell roof is
reinforced in both directions by means of steeifm@cement mesh.

For the material behavior of the steel of the #ars, the model of Eurocode 3 has
been adopted. For the concrete shells, the newetenmodel has been employed with the
standard values of the material parameters givehalsle V.1-7. The concrete compressive
strength is 20 MPa, the concrete tensile strength.0 MPa, the reinforcement steel yield
strength if 400 MPa and the tie beams yield stiemg®?35 MPa. The characteristic length is

evaluated equal to 0.65 m and a crack energy siderG, of 3000 N.m/m2 has been used in

the simulation.

The mechanical analysis is first performed at amtbiemperature to analyze the
structural behavior and the failure mode. Incregasiniformly distributed loads are applied on
the structure until failure. Failure arises foira foad multiplication factor of 1.87, where the
fire load corresponds to the self-weight of theisture. The deformed shape at failure is
shown in Fig. V.3-12. The evolutions of the mid4skeflection of the shell and the tie beam
axial force are plotted in Fig. V.3-13. Failuresas due to yielding of the tie beams; for a
yield force of 211 kN the tie beams lose theirfségs and therefore their ability to sustain the
horizontal arch force, and the structure collapses.

Fig. V.3-12: Deformed shape at failure (x3) at aambitemperature

The membrane forces in the roof under self-weigatl$ are shown in Fig. V.3-14 and
Fig. V.3-15. The distribution of the membrane fare¢ ambient temperature indicates that the
structural behavior is compressive membrane aclibe.applied loads are transmitted by the
concrete shell through compressive forces towaedstipports and the steel tie beams. The
convergence of the compressive in-plane forcesinvitie shell toward the tie beams anchors
is clearly visible in Fig. V.3-15. As a conclusiat,ambient temperature, the structure carries
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the applied load by compressive membrane actionthen reinforced concrete shells
equilibrated by tension in the steel tie beamsfaiidre arises when the applied load is such

that excessive tensile forces develop in the siebleams.
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Fig. V.3-13: Loading of the structure at ambiembperature

\ \
T e N e | \\ \ /%«QR\‘\; \(
1
- — = - ‘ i — \5/\\‘
B e T
= X K~ i ! =7
1 % X o - ] k‘ ifgf\ﬁ\ \/\\(
e e o - | \3\\\ RS V!
— e — “ > ;\r\\ -
— = — ‘L‘ Iy \“\\%
— | =

Fig. V.3-15: Membrane forces in the vicinity of @pening (left) and at the anchor of a
tie beam (right)
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At elevated temperature, the temperature increatieei steel tie beams leads to thermal
expansion and decrease in stiffness and strengtihesie beams. Based on the observed
behavior at ambient temperature, the expectedréaitnode at elevated temperature is the
collapse of the shells due to lack of horizontaltnant by the heated tie beams. A second
failure mode could theoretically be observed avatled temperature if the temperature in the
tie beams was maintained sufficiently low during fine, as the restrained thermal bowing of
the shells could lead to failure by excessive c@sgive forces in the concrete.

Numerical simulations are performed for the différ¢ghermal protection of the tie
beams. The evolutions of the vertical deflectionmatl-span of the shell are plotted as a
function of time in Fig. V.3-16. It can be seenttliz fire resistance of the structure highly
depends on the temperature evolution in the tiense&esults indicate that failure arises by
collapse of the concrete shells (Fig. V.3-17), wtrentemperature increase in the tie beams is
such that the tie beams cannot provide sufficiemizbntal restraint to the concrete shells and
consequently the compressive membrane action cdmnahobilized in the structure. The
critical temperature of the tie beams at whichaqmdke arises is approximately 550°C. Thus,
an efficient way to improve the fire resistancetloé structure is to delay the temperature
increase in the steel tie beams by providing thepraection.

It is interesting to note that, if the temperatiuré¢he tie beam is maintained at 20°C, no
collapse occurs in the structure during the 3 hdivesexposure, which was the duration of
the simulation. Temperature elevation in the camecrghells leads to important thermal
bowing, and the maximum upward shell roof deflattieaches about 10 cm after 3 hours fire
exposure. Yet, no collapse occurs by excess ofarastl forces in the shell as could be
expected. As a conclusion, the more thermal prnatedf the tie beams, the better is the fire
performance for this structure.
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Fig. V.3-16: Mid-span deflection of the fire-expdshell roof as a function of
the thermal protection of the tie beams
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Fig. V.3-17: Deformed shape at collapse under Ilig© f
This practical example, taken from a real projdttstrates the ability of the concrete

model to be used for structural fire engineeringliaptions. The robustness of the multiaxial
concrete model is highlighted by this example awat possible to simulate the structural

behavior of a large structure in fire until collap§he consistency of the concrete model for
Chap. V — Numerical simulations and validation

capturing the behavior of a complex structure ghlghted by the analysis of the membrane

forces distribution in Fig. V.3-14 and Fig. V.3-15.




V.4. Conclusion

This last chapter has presented a significant numibb@umerical simulations performed
with a finite elements software using the concretedel developed in this thesis. The
objective was to validate the concrete model andhimw that this model can be used for
practical applications in structural fire enginegri The analysis of the numerical results has
also allowed clarifying the validity domain of theodel.

The numerical simulations of experimental testsconcrete samples have shown that
the concrete model is able to capture properlyctrerete behavior in numerous situations of
stress and temperature states. Yet, a limitatioth@fimodel has appeared in highly confined
stress states; the concrete model is not adaptednéaleling the post-peak behavior of
concrete subjected to multiaxial compression beyancertain level of confinement. This
limitation is related to the assumptions in the eladating that concrete continues to develop
damage phenomena and softening behavior in highifireed stress states, which is refuted
by the experiments. However, this limitation of thedel has a marginal effect on the
objectives of this work as it appears for very highels of triaxial confinement, which are
unusual stress states in structural concrete usledilding applications.

The simulations of concrete samples tests hawktleahe definition of a standard set
of values for the parameters of the model. In msityations, it is not possible to get the
values of the parameters for the particular coecneix that will be used in the project at the
time of the calculation. The standard values cam the used when a predictive calculation
has to be performed using the concrete model. Mieihod was applied successfully except
for the tensile crack energy density parametemnfbich it was not possible to give a clear
recommendation. This latter parameter is relatedhto localization issue and should be
further studied in future works.

The simulations of experimental tests on struct@w@ments have highlighted the
reliability and accuracy of the concrete model. Tinedel succeeded in capturing the crack
pattern in a plain concrete specimen and the inflaeof the loading path on reinforced
concrete slabs, as well as the effect of fire. these numerical simulations, the previously
defined standard set of values was used for theehqmatameters in order to reproduce the
conditions of a predictive calculation; no calilwat process was required on the structural
elements.

Finally, the behavior of two large structures irefivas analyzed with a finite elements
software using the concrete model. The fire analysfethese structures made part of real
projects and therefore the numerical simulatiores@nted in this chapter were challenging
practical applications for the concrete model. Bhearticular structures were chosen because
they develop tensile or compressive membrane aclibe numerical results highlight the
ability of the concrete model to be used for suatge-scale applications of structural fire
engineering, which notably implies interesting pdjes in terms of numerical robustness.
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GENERAL CONCLUSION

Summary

The aim of this thesis is to develop a model foarebterization of the mechanical
behavior of concrete under multiaxial stress stateshigh temperatures, with the purpose of
using the model in practical applications of stmual fire engineering. To clarify the
objectives of the work, the research gives an hisigto the requirements of a concrete
model, based on the analysis of the experimenta\ber of the material and on the study of
the specific needs related to the type of appbeatifor which the model is developed.

Combination of the elastoplastic and the damagerige is found to be an efficient
strategy for the development of a concrete modslrieets the defined requirements. Indeed,
the elastoplasticity theory is well adapted for toapg the phenomena of dilatancy and
permanent strains whereas the damage theory abkufor modeling of stiffness degradation
and unilateral effect. In addition, these theores included in the general framework of
continuum constitutive models based on a smearadkcapproach, which remains very
appealing for applications with large scale corerstructures and multi-cracked concrete
elements.

The generalization of the multiaxial concrete moetake into account the effect of
high temperatures is done by incorporating intontfeglel the free thermal strain, the transient
creep strain and proper relationships for the teatpee-dependency of the material
parameters. For the transient creep strain, amatigiodel is developed to capture accurately
this phenomenon while making the link with the wima&concrete model of Eurocode.

The multiaxial concrete model is implemented in tinge elements software SAFIR
dedicated to the analysis of structures in firee lumerical integration of the constitutive
model relies on the concept of operator split itk computation of an elastic predictor and
then a plastic and a damage corrector. The modeluBy three-dimensional model; therefore
it can be used for any stress state. The partizaléon to plane stress states is treated in order
to provide a proper model for shell finite elemem®ssides, a model in uniaxial stress states is
also derived in this work for beam finite elements.

A significant number of numerical simulations highit the capabilities of the model.
The concrete model was used successfully to simtitet behavior of concrete samples and
structural elements at ambient and at high tempegst The thesis also gives an insight into
the practical implications of the transient cretpia model on the structural behavior based
on experimental tests simulations on reinforcedcoete columns subjected to natural fire.
Finally, the simulations of two real structures jegted to fire are presented to demonstrate
the applicability of the model to real applicati@mfsstructural fire engineering.
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Contributions to the field

This thesis proposes a new multiaxial constituthn@del for concrete in fire situations.
Although the model relies on the well-accepted taeeal backgrounds of elastoplasticity
and damage theories and incorporates several geweltus presented by researchers in the
literature, the thesis introduces a number of nabdevelopments. The main contributions of
the study to the research field are summarized thedicav.

Plastic-damage model at high temperature

- Although the theoretical framework of plastic-damagrmulation has been found
appealing by many researchers for modeling conaetambient temperature, the
development of a concrete plastic-damage modeigattemperature has been hardly
treated in the literature. The pioneer work by Nwdh, et al. (2002) was promising
but presented a series of limitations. For instatice modeling of damage by two
scalars did not allow for capturing the unilateztiect, the model was only developed
in plane stress state and its applicability forcpcal applications of structural fire
engineering has not been demonstrated. In thiseggnthe present thesis gives a
further insight into the development of plastic-da® models for concrete at high
temperature and it confirms the assets of the iptdaimage theoretical framework
when the concrete model is intended to be usettuntaral applications.

- The thesis adopted the fourth-order tensor reptasen of isotropic damage
proposed by Wu, et al. (2006) at ambient tempesatmd extended its application to
high temperatures. This representation by a foortler damage tensor that contains
two damage scalar variables is required for propedeling of the isotropic state of
damage in concrete because of the different damagehanisms that develop in
tension and compression and because of the uil&ect.

Transient creep strain

- The transient creep phenomenon is investigatedetaild in this thesis due to its
importance in heated concrete. Transient creep Imodave been proposed by
different authors but none of these models has segoitself for practical
applications. The models present different degfesomplexity and there exists
some confusion about the phenomena that are treste@dheir nomenclature. The
study clarifies this situation with a structuralemted mind. It shows that the concrete
models that account for the phenomenon of transiegp can be divided into two
types depending on the presence or not of an éxjdren for this phenomenon in the
strain decomposition. Yet, it is demonstrated trdy explicit models can capture the
irreversibility of the phenomenon and its depengendhe stress-temperature path. It
is also found that the lowest common denominatbwéen all explicit transient creep
models in the literature is the dependency on é¢neperature, the applied stress and
the type of aggregate.
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- Despite the existence of several transient creegetaon the literature, it was decided
to develop a new model in this study. The reasothas it is found interesting to
propose a uniaxial model for concrete that inclualegxplicit term for transient creep
strain and that is built as a generalization of ¢herent Eurocode concrete model.
Whereas the Eurocode implicit model had been deeeldor prescriptive design, the
new model is able to compute accurately the trahsieeep strain that develops in
performance-based situations, which may include limgo phases or load
redistributions. Meanwhile, the new model can bensas a generalization of the
Eurocode model since it remains generic and itdgighe same results as the Eurocode
model in the simple prescriptive situations. Theviobs advantage is that the
Eurocode model has been widely used in the lashd#ecand is well accepted by
authorities and regulators for building design.

- The improvements of the new model compared with Ehvewocode model are
illustrated by several simulations. The resultsvshioat the new model gives a more
accurate description of the structural responsetlaaidthe Eurocode model could lead
to unsafe results in performance-based designtising

- The new model for transient creep strain has tle@m lgeneralized to multiaxial stress
state for incorporation in the multiaxial plastiardage model.

Numerical implementation

- The thesis presents the numerical implementatioth®fmodel in a finite elements
software dedicated to the analysis of structurdsentherefore the model can be used
by researchers in the field.

- The numerical implementation of the model raiseseis# difficulties that have been
treated in the work. Perhaps the main difficultyswalated to the process of return
mapping because of the use of multi-surface plastand softening behavior. The
solution that is implemented allows for the reaation of the yield surfaces during the
return mapping according to a technique developeddnsoulle (2008).

- The model is developed as a fully three-dimensionadlel. As many of the models
presented in the literature are developed in pkiness state, it was of particular
interest to make available a model for applicatiatith solid three-dimensional finite
elements. In addition, this allows us discussingliagtions in triaxial stress states
such as the recent tests by Poinard, et al. (204Bijch have raised interesting
conclusions about the validity domain of the model.

- The application of the multiaxial model to planeess elements is treated in the work
by implementing an additional loop in the plastiorrector algorithm using a
technique developed by Charras (2010), which allfmv&eeping the same model for
three-dimensional and plane stress states. Besidesiaxial model is also developed
in the work for use with linear members such asriseand columns and the response
of the multiaxial model in uniaxial stress stateansistent with the response of the
uniaxial model.
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Applicability for structural fire engineers

- The thesis contributes to clarify the requiremenfts constitutive model intended to
be used in structural fire engineering, taking iatwount the new challenges in the
field and the increased use of performance-bassidréestead of prescriptive design.
Among others, the work underlines the importancehef clear identification of the
parameters, the numerical robustness and the goglfiases.

- Itis shown that the concrete behavior can be neabeith sufficient accuracy using a
limited number of parameters, as the model contamg ten parameters that can be
calibrated from three simple tests. The parametens be calibrated when the
objective is to reproduce the results of a testloen the concrete properties are well
defined in the case of a very large project. Howewemany cases, no calibration of
the material parameters can be performed in the cédspredictive calculations;
therefore a standard set of values of the param&tealearly defined in this work and
it is shown that predictive calculations can susfidly be performed using these
parameters.

- The thesis presents numerical simulations of latgectures in fire, in which complex
behaviors develop such as the transition from figkenode to membrane action. Such
examples of applications are particularly demandorgthe constitutive models but
they are rarely considered in the literature fgtitg) concrete models.

- Performance-based design in structural fire engingeaises the need for considering
natural fire scenarios including cooling phaseswdaer, the issues related to the
behavior of concrete members during the coolingselae still poorly documented in
the literature. The thesis gives some insight ithte possible risk of collapse for
concrete structures during or after the coolingsphaf a fire. As the practical
significance of studying the cooling phase is d&hbd for concrete structures, the
concrete constitutive models have to be valid alsdang cooling. Following this
requirement, the model developed in the thesisstake account the irreversibility of
transient creep strain and the additional losoatmete strength when cooling.

- The work incorporates some features of the Euro@dhe model; for instance the
response in uniaxial compression under constaess®@nd increasing temperature is
calibrated on the Eurocode model, and the temperaependency of the compressive
strength is taken from the Eurocode. This refereioca widely used international
standard is an asset of the model with a viewg@adoption by practitioners in the
field.
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Perspectives

The scope of the research was defined in orderetet the predefine objectives and this
definition implied a series of simplifying assungots. To conclude this thesis, it is useful to
draw a non exhaustive list of the topics that cdadcelaborated in future research.

Spalling

The phenomenon of spalling, which may be observedfine-exposed concrete
structures, has not been studied in this reseashité its possible influence on the structural
response. The reason of this simplification is ,ttet this phenomenon depends on the
combined effect of stresses and pore pressura)atieling requires the consideration of the
mass transfers and phase changes phenomena inatedainmodel. In the future, further
developments of the model to render it able to iptegpalling could be an interesting step
forward, although it is noteworthy that currente@sh is making significant progress in
finding design solutions for eliminating this phemenon, for instance by adding
polypropylene fibers in the concrete mixes.

Structural applications with three-dimensional sdiinite elements

One important asset of the model is the fact thist written in fully three-dimensional
stress state; therefore the model can be appli¢det@nalysis of structural elements with a
real three-dimensional behavior. Practical appbeet in the field of building structures
include, for instance, the analyses of joints, slpmching in flat slabs, or concrete filled
steel tubular columns. However, no structural agpion using the three-dimensional version
of the model is presented in this thesis becausheotifficulty to find experimental data.
Consequently, the study of this class of problesiaguthe concrete model appears as a very
interesting perspective for future works and thisgdg should probably include the carrying
out of experimental tests to validate the threeedisional model at the structural level.

Internal variables driving the damage phenomenon

An important assumption of the model consists mkifig the phenomena of damage
and plasticity in the equations, by using plastiteinal variables to drive the evolution of
damage. This assumption allows for simplifying tme@del and reducing the number of
parameters, but it also results in a limitatiorthed validity domain as it prevents an accurate
modeling of the post-peak behavior in highly coaflrstress states. Recent investigations by
Poinard, et al. (2010) improve the understandingthed concrete behavior in triaxial
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compression notably by showing that concrete d@gefdasticity without degradation of its
elastic properties at high level of confinement.efdiore, further developments could
incorporate this knowledge into the model by usiiigctinct internal variables to drive the
evolution of plasticity and damage in the materdt, it is noted that the high level of
triaxial confinement considered in this discussienvery unusual in buildings; it only
concerns very specific applications such as thdystf impact loading in the design of
nuclear vessels.

Localization

The adoption of a smeared-crack model for modeliegconcrete behavior may result
in a mesh-sensitivity of the numerical solution doelocalization issues. In this research
work, this well-known challenge in the field of cwate modeling has only been partly
tackled by the introduction in the model of the en@l crack energies and the mesh-
dependent characteristic length. Although this $fred model allows to regularize the
numerical solution when a single crack develops iconcrete element, a more elaborated
solution should probably be implemented to avoie@ tmesh-dependency in structural
applications with reinforced concrete, in which rarous cracks develop. When tackling this
issue, it it the author’s opinion that the study ba consider the specificity of the concrete
structures applications simultaneously with thectete material behavior; for instance, the
implemented solution should consider the effectghef steel reinforcement, it should not
increase the computational time too much and itkhbe numerically robust.
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