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ABSTRACT

The first objective of this paper is to highlighietcapabilities and limitations of concrete
uniaxial constitutive models at elevated tempeestdor thermo-mechanical behavior modeling,
depending on the implicit or explicit consideratiohtransient creep strain in the model. The
characteristics inherent to the two types of modetsdescribed and compared. It appears that one
of the major limitations of implicit models concerthe unloading stiffness. Based on numerical
analysis performed on loaded concrete columns stggj¢o natural fire, it is shown that the stress—
temperature paths experienced by structural camaretvaried and complicated and that concrete
material models cannot handle properly these comgleations of unsteady temperatures and
stresses without explicit consideration of transaraep.

The second objective of the paper is to proposanafarmulation of the Eurocode 2 concrete
material model that contains an explicit term fansient creep. The new model is implemented in
the software SAFIR and validated against experialet#ta of the mechanical strain developed by
concrete cylinders under different unsteady tentpeza and loads. It is shown that the actual
material behavior is better matched with the newliex model than with the current implicit
Eurocode 2 model. Finally, a comparison is givetwben experimental and computed results on
a centrally loaded concrete column submitted tdihgacooling sequence.
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1. INTRODUCTION

Numerical analysis taking into account extreme rtitemechanical loading is now an
accepted tool to assess the performance of buikthugtures in accidental situations such as fire.
For these numerical simulations, temperature deg@ndonstitutive relationships must be
available for the load bearing materials used m structure such as, for example, steel and
concrete.

For linear structural members such as beams amgdmos| steel and concrete uniaxial
constitutive models have been available for mamys/El-5]. In concrete, a particular phenomenon
appears when subjected to high temperatures: dnsiént creep strain. Physically, the transient
creep strain is the difference in strain betwearcoete that is heated under load and concrete that
is loaded at elevated temperature; this strainldpsaluring first-time heating and is irrecoverable
[1,6]. This strain component depends on the tenmipeyand on the stress applied during heating.
The fact that it does not depend on time makesetime “transient creep” quite improper, but this
term has imposed itself in the literature. Sevanaxial models of concrete integrating explicitly
a term for transient creep strain have been prapasehe literature since the first works of
Anderberg and Thelandersson [1] and Schneiderlff§resting state of the art reviews of the
transient creep strain models can be found in teldemature, e.g. Li and Purkiss [7], Law and
Gillie [8] and Youssef and Moftah [9]. In most biese models, the transient creep strain is linearly
proportional to the applied stress and increasdh t@mperature but not linearly [1,2]. In
Anderberg’s model [1], the transient creep termrortional to free thermal expansion. Yet, it
is thought that the origins of transient creepiarthe cement paste [8,10] and free thermal strain
of concrete is dominated by that of the aggreg&teo(ry reported in [11]). Khoury et al.
considered that transient creep strain was phygitalependent of free thermal expansion [12].
Nielsen proposed a modification to the Anderbefgisulation of transient creep strain in which
transient creep strain is linearly proportionatdmperature instead of the free thermal strain. [13]
In Diederichs’ model ([14] reported in [7]) transtereep strain is proportional to the appliedssire
and to a third order function of temperature oldiby experimental data fitting. In Schneider’s
model [2], the transient creep strain is also @fion of the initial stress before heating, in didai
to the applied stress, the temperature and theeanype dependent concrete modulus of elasticity
and strength.

Other authors refer to Load Induced Thermal St(aiiS) instead of transient creep strain.
LITS is the sum of different strain components@ated concrete; it consists of transitional thermal
creep, drying creep, basic creep and changes sticerains that are caused by the change in
elastic modulus as temperature increases [8]. Taansreep refers to the sum of transitional
thermal creep and drying creep, it is by far tligdat component of LITS [11]. Terro [11] used the
experimental results of Khoury et al. [12] to degebn empirical formula by data fitting for the
Load Induced Thermal Strain. In Terro’s empiricahfula, LITS is assumed to be a linear function
of applied stress.
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It is well-admitted in literature that transieneep has to be considered in any fire analysis
involving concrete in compression [7,15]. Howewele necessity of taking it into account by an
explicit term in the strain decomposition has bgeastioned [16] and in the current Eurocode 2
(EC2) model [17], the transient creep has beenrpurated implicitly in the stress—mechanical
strain relationship. Law and Gillie [8] have redgrghown that considering this term implicitly
can have important implications on the Young moslglaiculation of concrete but the implications
on the behavior of a complete structure is stdeading question.

It has been shown [2] that the amount of transiezgp may significantly depend on the type
of concrete. It is possible to determine preciskeé/ properties of a well-defined type of concrete
to be used in well-defined conditions, usuallydorery important project, e.g. the concrete vessel
for a nuclear reactor that will be subjected to @ldefined fire scenario. For more general
applications, generic properties of concrete haveetestablished. Generic properties are used, for
instance, when the mechanical behavior of two sirat systems has to be compared, with no
reference to a particular concrete mix. Generiperties are also needed at the preliminary stage
of a design, when no information is yet availabtetioe particular mix that will be used. Generic
properties are also required for determining the fesistance of an element in a small project,
where the cost to conduct experimental tests wbuléar outweigh the budget allocated for the
design studies of the building.

The constitutive model of Eurocode 2 has imposselfitas one of the most widely used
generic models in the last decade, in Europe ayarak It has been proposed by a draft committee
comprising several European experts, has provegel quite satisfactory results when applied to
structural calculations (although most applicatware under 1SO fire, which means under
constantly increasing temperature) and it is wetlepted by authorities and regulators. It was
estimated that, if there is a chance to see a timealgh in the utilization of explicit models, this
could not be achieved by selecting one of the wararticular models presented up to now, each
with its own characteristics and some requiringipalar tests to characterize different concrete
mixes, but rather by proposing an explicit modaeit thvould yield the same results as the present
Eurocode implicit model when used in the situatbtransient test. This model could then be seen
as a new formulation of the Eurocode model anddled Explicit Transient Creep Eurocode
model (ETC Eurocode model). It should of courseoemgass the most widely accepted
characteristics of transient creep.

The first objective of the study reported here ¥eakighlight the capabilities and limitations
of a uniaxial constitutive model for concrete degiag on its implicit or explicit consideration of
transient creep strain. The models that comprisexgtficit transient creep term are denoted as
“explicit models” whereas the models that consitlee transient creep implicitly, such as the EC2
model, are denoted as “implicit models”.

The second objective was, if this proved to be ssagy, to derive an explicit model that would
encompass the characteristics of most models pgesseip to now in the literature and, for the
reasons explained above, that would be as clogessible to the present Eurocode 2 model.
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2. GENERAL CHARACTERISTICS OF IMPLICIT AND EXPLICIT MO DELS FOR
TRANSIENT CREEP

2.1 Definitions

In implicit models, the total straif, is considered as the sum of free thermal sggain

mechanical straig,,, and possibly basic creep strain:

‘gtot = th +£m (+£cr) (1)

Basic creep, defined as the strain that developsnwdnly time is changing with all other
conditions such as stress and temperature beingiartinis generally omitted for the structural
calculation of building structures in the fire sition [7].

In explicit models, the total strain is split ink@e thermal straig,,, instantaneous stress-

related strai@, and transient creep straip (and possibly basic creep strain):
Etot = Eth + EU + gtr (+£cr ) (2)

The instantaneous stress-related strain can inkeardivided in elastic and plastic strains:
£, =&y T&,. From Eqg. (1) and (2) it is clear that the mecbahstrain is the sum of the

instantaneous stress-related strain and the trargieep strain.
2.2 Implicit models
The stress is directly related to the mechanicairstwithout calculation of the transient creep

strain. In the EC2 model, for instance, the refeglop at a given temperatufeetween the stress
and the mechanical strain is given for the ascendanch by the following equation:

o 3 E:Tn]wplicit

oM e (24 (687 feusec o))

©)

with f. the compressive strength ang:., the peak stress strain (PSS) [17]. In this retatiip,

the value of the peak stress strain accounts étrémsient creep strain. The relationship of BY. (
is represented at 500°C in Fig. 1.

The mechanical strain given by implicit models &ogiven stress-temperature state is the
same, whether concrete has been heated and thika labconstant temperature or loaded and then
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Figure 1. Strain components in implicit and explici models at 500°C.

heated under constant stress and this is knowto motrespond to experimental evidence. Another
major limitation of implicit models is that transtecreep strain is recovered during eventual
unloading. This is because, at a given temperatineeglastic modulus used for unloading is taken

as the initial tangent of the constitutive curvedarms of ¢,,; o) [8], see Fig. 1.

2.3 Explicit models

In explicit models, the stressis directly related to the instantaneous strekseae strairg,, .

This relationship can be obtained experimentallgrat temperature from a steady-state test [2]
and the transient creep strain is obtained asitfexehce in strain between a steady state test and
a transient test.

In the tests conducted to derive the constitutieelahs, either the temperature or the stress is
constant, whereas the other variable is incredsedimportant to note that, in real structurde t
transient creep strain depends not only on temgrerand stress but also on the stress—temperature
path followed by the material. As a result, in @ésipimodels, the relationship between the stress
and the mechanical strain is not univocal at argieenperature as seems to be implied by Fig. 1.
In explicit models, the transient creep strainas nrecovered during unloading and/or cooling and
the modulus for unloading at a given temperatutakien as the initial tangent to the instantaneous
stress—strain curve.

3. POSSIBLE STRESS-TEMPERATURE PATHS IN A STRUCTURAL ELEMENT

The kind of demand that is being imposed on a nateodel may be quite different when it
comes to modeling a structural element when iseduto model experimental tests conducted on
cylinder with a quite simple stress—strain—tempegathistory. Because of transient thermal
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gradients inherent to concrete sections, diffepairits in the structure are expected to experience
different and complex stress—strain—temperaturdofes. The following simple example
illustrates this aspect and will serve as a stgrpnint to establish the demand imposed on a
constitutive model. All simulations have been perfed with the software SAFIR [18] and with
the current thermal and mechanical models of EwWle& i.e. with an implicit model. The results
would of course be quantitatively different withodimer model but the exercise has been performed
to show the trends, not to obtain precise values.

The model is a circular siliceous concrete colurhd en height, with a section of 300 mm
diameter reinforced with four 16 mm diameter relzangered by 40 mm of concrete. The concrete
has a compressive strength of 30MPa and a tersiegth of 3 MPa whereas the steel of the bars
has a yield strength of 500MPa. The ultimate |oiithis column at room temperature is 2309 kN.

The temperature distribution in the sections waterdgned by a 2D nonlinear transient
analysis. The column is first axially loaded witlbad of 462 kN and then subjected to the natural
fire curve shown in Fig. 2. No collapse occurs dgrihe numerical simulation.

The stress—temperature paths observed at diffpogmitis across the section at mid-level of the
column are plotted in Fig. 3 (compression is pesjti Points A to F are regularly distributed on a
radius in the section, with point A at the cented point F at the surface.

It can be observed in Fig. 3 that the stress angéeature evolutions across the section during
the fire are complex and significantly differentpdading on the position in the section. It is
possible to extract five different situations fréiig. 3. For each of these situations, it is disedss
whether explicit or implicit constitutive modelseaable to take into account accurately the trahsien
creep strain.

Situation I: increasing stress and temperaturendieat creep strain develops because the
temperature increases under stress. However ghgi¢nt creep strain is overestimated by implicit
models because these models calculate at any tiengansient creep strain on the base of the
actual value of the stress. On the contrary, ipassible with explicit models to perform an
incremental calculation of transient creep strain.
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Figure 2. Natural fire curve applied to the column.
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Figure 3. Stress-temperature path in different pars of the section.

Situation II: decreasing stress and increasing &satpre. In situations where the stress
decreases, explicit and implicit models lead tg/hkiferent results because the unloading stiffness
considered by both models is different. In implimibdels, the transient creep strain is treated as
reversible, which is in contradiction with its phoa nature. Physically, additional transient creep
strain is assumed to develop in the concrete nahteubmitted to increasing temperature as long
as the stress in the material remains in compnessien if the compressive stress is decreasing [7]
In other words, in explicit models, the transiergeap strain is still incremented in situation II.

Situation Ill: (approximately) constant stress andreasing temperature. This situation
corresponds to transient tests. Implicit and exptimdels give the same mechanical strain for a
given stress—temperature state reached after autievothat matches situation Ill.

Situation 1V: increasing stress and (approximatetghstant temperature. This situation
corresponds to steady-state tests. No transieap aevelops. In explicit models, the mechanical
strain reduces to the instantaneous stress-redaad. However in implicit models, transient creep
strain is still implicitly included, leading to aghly underestimated stiffness.

Situation V: decreasing stress and decreasing tetype. Implicit and explicit models lead
to different material behaviors because the unluaditiffness considered in the two models is
different (see Fig. 1). In explicit models, thensaent creep strain remains constant as it caraot b
recovered and it does not develop under decre&simgerature. In implicit models, the transient
creep strain decreases.
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This example shows that implicit models reprodumeectly the behavior of concrete only in
a very particular situation, when the temperatocedases and the stress is constant (situatign 1l1)
and this situation is not so common, even in a Eefement subjected to the heating phase of a
fire. This is even more the case during the cogtingse of the fire.

It is thus preferable to utilize an explicit modet the sake of precision of the stress and
stiffness calculated at the local level, i.e. irmvpoint of integration considered in the struetur
Whereas the difference between the utilization @hltypes of model will be noticeable in the
global behavior of the structural elements is aaotiuestion.

4. EXPLICIT TRANSIENT CREEP FORMULATION OF THE EUROCOD E MODEL
4.1 Assumptions

1) The new formulation was calibrated to yield s#ane mechanical strain as the EC2 model
for a material first-time heated under constamssir(i.e. transient test). Eqg. (1) and (2) leadsdo
following equation:
gg]nplicit = ggxplicit +€t$xplicit (4)

2) The elastic modulus of the material is takethagnitial tangent to the ENV curve [3] with
the minimum value of the PS&, ;.- Indeed, the ENV relationship with, ... is based [19] on

steady-state tests done by Schneider [20] thatadanelude transient creep strain, see Fig. 4.
Relationships for the evolution of the elastic modwvith temperature presented by Felicetti and
Gamabarova [21] (reported in [22]) are in line witle values given by ENV.

3) Transient creep models have been developedveyadeuthors in literature and, generally,
transient creep strain is proportional to the aggpsitress [1, 2, 11]. Adopting the same assumption,
the formulation was developed according to theofelhg equation:

& = AT)x— (5)

ck

where ¢(T) is a nonlinear function of temperature afyd is the compressive strength at 20°C.

Concrete has a memory and concrete models havedegeloped in the literature to take into
account the effect of the load history before mepti2] and during heating [23,24] on the
deformation response to a change in stress ancetatope increase. This effect has not been taken
into account in the present model because of weio#igs on the hypothesis to be made for
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considering the load history during heating on lthsis of experimental tests in which only the
load level before heating was considered (withidlad level maintained constant during heating).

4.2 Development of the Model

The initial stiffness (i.e. the tangent to the @iat O stress) of the material subjected to steady-
state test must be equal to the ENV elastic modutigten here akgy, (T). In case of transient
test, the new model must be calibrated on the EG@etnso in particular the tangent to the curve
at 0 stress must be the same as that of the E@2,alenoted aE:‘gg”‘ (T). Transient creep strain

is defined as the difference between the “trangesit curve and the “steady-state test” curve. As
transient creep has been assumed linearly strgssident, it is graphically obtained in Fig. 4

between the straight line of sloﬁgg”c“ (T) and that of slopEg,,, (T) . Mathematically, it is given

as follows:
o o 2 (5c1,Ec2_5c1,min) o o
& (T,0) = g~ =2 = ¢(T)_ (6)
[ = 3 f f f
EC2 ENV c f ck ck
ck
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Figure 4. Comparison at 500°C of ENV [3], ETC and E2 [17] models with experimental data from
Schneider [20].
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The instantaneous stress-strain relationship ofitbdel, obtained as the difference between
the EC2 relationship and the transient creep ghweriEq. (6), is not exactly equal to the ENV
relationship because the transient creep has lmesidered as linearly stress dependent. However,
the initial stiffness of the new relationship isaeily equal to the ENV elastic modulus.

The functionq)(T) Is a growing function of temperature that is reMarsible during cooling,
as each of its Components e, ; £y min+ fc/ fu IS irrecoverable (Table 1

). This is in line with the definition of transieateep that is not recovered during the cooling
phase. Fig. 5 compares the transient creep stfdire@resent model with experimental data and
models given in the literature (reported in [9]) fbe particular case of a specimen first subjected

to a uniaxial compressive stress equal to #.38nd then heated at a constant rate. It can be seen

that the present ETC model is reasonably closkamther models and to experimental data, and
that the increase in transient creep strain withpirature is correctly reproduced by the ETC

model. The quantitative discrepancy between experial results and computed results could be
expected since the ETC concrete model is a gemexdiel, for the reasons given in the introduction,

and consequently it cannot be calibrated to camuaetly the behavior of the particular concrete

mix tested in the experiment in Fig. 5.

T(°C) 20  10C  20C  30C  40C  50C  60C  70C  80C

Eamn 0.0025 0.0025 0.0030 0.0040 0.0045 0.0055 0.0068076. 0.0085
Eagc, 0.0025 0.0040 0.0055 0.0070 0.0100 0.0150 0.0250250. 0.0250
f/f, 100 100 095 085 075 060 045 030 0.15
@  0.0000 0.0010 0.0018 0.0024 0.0049 0.0106 0.0278389. 0.0733

Table 1. Phi function and main parameters value fosiliceous concrete at high temperature.
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Figure 5. Comparison between different models of &nsient creep and experimental data.
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In tension, the cracking behavior of concrete iscdbed by a smeared-crack model, which
means that neither the opening of the individuatks nor the spacing between different cracks is
present in the model. The stress—strain relatipnshmade of a second order ascending branch and
a descending branch made of two curves, each of bieéng a third order function of the strain. If
concrete has been loaded in tension and, in adttge, the strain decreases, the unloading is made
according to a damage model. This means that ttreipaa linear decrease from the point of
maximum tensile strain in the loading curve togbet of origin in the stress—strain diagram plane.

4.3 Introduction of Transient Creep into a Finite Hement Code

Let us assume that at tipethe finite element code has converged, which mtsighe local
state of equilibrium of the material is completdifined everywhere in the structure or, in terms
of numerical modeling, at every integration poirg, the values ofstot’i s Epis & ,i} and{ o} are

known. The values of the displacements at the naeslso defined. Then suppose that, from time
t; to timet;,,, the variation of the displacements of the noddsutated by the finite element code

produce an increment in total strain, that is nabeg), . The problem is to update to tintig, the

basic variables describing the local state of tbdybin a manner that is consistent with the
constitutive law. This process should also yielel thngent modulus of the constitutive law, to be
used by the finite element code in the iteratiarcpss.

The total straire,,, ;,, = £ + A& IS calculated straightforwardly (some codes eveae the

ot,i+1
total displacement, and strain, as a primary result

By definition of the free thermal strain, this terscalculated directly as a function of the
temperature at timé,;, eti+1 = f (Tix1).

explicit

This allows deriving the mechanical strain fr@&y;.; = & j+1~ Enjisg -

Next step is the calculation of the transient crstegin. For the step-by-step analysis of the
structure, an incremental form of the transienéprstrain term given by Eq. (6) has to be derived.
Calculating the time derivative of this term wittetchain rule and then applying a backward-Euler
difference scheme yields the following approximatio

XA@ + L

i+1 ck

x Ao (7)
i+1

gtr,i+l = gtr,i +
ck

whereg is a function of temperature.
However, by definition, an increment of stréss# 0 at constant temperaturéA¢=0)

induces no additional transient creep, so thaetieno contribution of the term iAo . Eq. (7)
can be rewritten to yield the following equation:
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Erivt =yt [(ﬂ(Tiu) - ¢(T| )]% (8)
ck

At each step, the transient creep term is increaaeanly if the temperature variation shows
a first-time heating under compressive stress.hes‘mnctionqo(T) is growing with temperature,

the transient creep term can only increase. Trahsieep strain is irreversible at both load and
temperature decrease. At temperature decrease, thero variation of transient creep strain.

However, at load decrease, additional transiergpcetrain is assumed to develop in the concrete
material submitted to increasing temperature ag las the stress in the material remains in
compression. The increase in transient creep dtratrdevelops in the concrete material submitted
to (first-time) increase in temperature and suleditib given compressive stress is the same for
loading and unloading [7]. Once the transient cregm at timet,,; is known by Eq. (8), the

instantaneous stress-related strain can be defreed the mechanical strain according to the
following equation:

explicit — _ cexplicit — _ ~explicit _ 4 explicit
Egi+l T Emi+1 T i+l T Ctotiv1” Etnivt Ciriva )

In the explicit transient creep formulation (ET()the model, the aim is to express the
constitutive relationship in terms of the instamians stress-related strain, in order to treat the

transient creep effects separately from the elastitplastic effects. The relationship betwerp

and £§f{’ﬂ§“ can be obtained by an adaptation of the curretiBlicit relationship. First, it should

be remembered that, by assumption, the mecharie& sonsidered in the EC2 model implicitly
includes the transient creep strain that developsaafmaterial first-time heated under constant
stress, which can be expressed as follows:

gimplicit - gexplicit +¢(Ti+1) Yisl (10)

m,i+1 i+l
ck

lof
f

Then, the relationship between the stress and the instantaneous stress-related sgf{"

is obtained by inserting Eq. (10) into the EC2 iwipkelationship given by Eg. (3). The resulting
relationship is given by Eqg. (11) where the sulpgsri+1 have been omitted to simplify the
notation.
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o . A#emay)

fC (T) - ggxplicit +ﬂT) % 3
ck

g, (M| 2+
ceee Eaec2(T)

(11)

At a given step, knowledge of the instantaneouwsstrelated strain can theoretically give the
stress from Eq. (11). However, it is not straighitfard to extracr from Eq. (11). Two methods

can be applied: either a direct relationship f (.sgxp"°") can be derived that approximates Eq. (11)

at each temperature or an algorithmic strategybeaimplemented to solve Eq. (11) iteratively.
The first method should probably be preferred oeoto allow an easier generalization of the ETC
model in three dimensions. It will be developedettion 4.5.

Fig. 4 shows at 500°C the ETC relationship betwtbenstress and the instantaneous stress-

related strai,, expressed by Eq. (11), next to the EC2 relatignbbtween the stress and the

mechanical straig,,. The difference between the ETC curve and the &@fe is the transient

creep strain given by Eg. (6). The experimentalultssfor the instantaneous stress-strain
relationship obtained by Schneider [20] are plodad can be compared to the ETC constitutive
curve.

4.4 Tangent Modulus of the Instantaneous Stress-%tin Curve

The tangent modulus of the stress—strain relatiprisds to be determined and, if Eq. (11) is
used as constitutive relationship (for the secoethimd mentioned in Section 4.3), the derivation
is not straightforward. The tangent modulus calbofeis performed using the change of variable
of Eq. (12). The tangent modulus can then be exptkas a function of the new variable derivative
of stress

_ . do _do dé _do 1
e dDl) ¢ g T GEd, g e @

fy dé

After inserting the new variabfinto Eq. (11), the termio/d¢ can be calculated. Finally,
the ETC tangent modulus calculation can be perfdramel after a few manipulations, it yields

do _ 6 f. |:1_(§t/£cl,ECZ)3:|
deo gcl,EC2|:2+ (E/‘EclEC 2)3}2 - 64”:C [1_ ({/gc 1EC 2)3}

ck

(13)
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The initial stiffness (elastic modulus), obtaingdrbplacings, ando by zero (thug =0) in
Eq. (13), is equal to the ENV elastic modulus wite minimum value of PSS.

4.5 Development of a direct relationship between thstress and the instantaneous stress-
related strain approximating Eq. (11)

A direct relationshipo = f (£2"") with the same generic form as the current EC2 irzate

be derived as an approximation of Eq. (11) as

o n gexplicit
= 2 14
fc (T) (T) ( 1) é..explicit : ( )
& n-1)+ —%——
e £qerc(T) J

wheren is a parameter to be determined gng. (T) is the PSS for the ETC relationship, given
by the following equation:

2 €y mint E1ec2

3

f
EceTc ~€cipc2” ("f_c = (15)
ck

The ETC tangent modulus and the ETC initial stégelastic modulus) are obtained directly
by derivation of Eq. (14). The parametehas to be chosen to obtain the best possiblelatore
between Eq. (14) and Eqg. (11). A single valua wfas used for all temperatures. A good indication
to calibrate the parameteris to calibrate the ETC initial stiffnesBz . on the ENV elastic

modulus with the minimal value of the PSS. Thidasie using the following equation:

n f __3f __n _ 3&aerc _q4 faec2 (16)
(n _1) gcl,ETC 2‘S‘cl,min (n - ]) 2‘gcl,min 2£C 1,min

EI:_l'C

Good correlation between Eq. (14) and Eqg. (11herange of temperatures from 100°C to
1100°C is obtained using=2. The initial stiffness of the ETC model is clogethe elastic
modulus of the ENV witlg,

cl,min"*

4.6 Characteristics of the ETC model

» The ETC model has the same generic form as therdu&C2 implicit model,
» The ETC initial stiffness is close to the elastiodulus of ENV with minimal value of the
PSS, which leads to an accurate representatidredlastic modulus of the material;
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» The transient creep strain calculated with the Eidtlel is comparable to other models
found in literature (Fig. 5);

*» The instantaneous stress-strain relationships dered in the ETC model are consistent
with experimental data obtained by steady-stats (€sg. 4);

» The mechanical stress-strain relationships obtamwtdthe ETC model for a material first-
time heated under constant stress (transient eagtalibrated to yield the same results as
the present version of EC2.

5. EXPERIMENTAL VALIDATION AT THE MATERIAL LEVEL FOR U NSTEADY
TEMPERATURES AND LOADS

The ETC model is validated by a comparison betveegrerimental results and the computed
values of the mechanical strain developed by ceacspecimens subjected to unsteady
temperatures and loads. The considered experinagattaken from Schneider et al. [24]. The
specimens are axially unrestrained cylinders witlmdn diameter and 300 mm height. In all cases,
the temperature is constantly increasing at a mgaédite of 2 °C/min. The compressive strength at
20°C is 38 MPa. The numerical calculations areqreréd with the software SAFIR [18] where
the ETC model has been implemented.

The concrete cylinders are subjected to differergss—time relationships (which can be
traduced in stress—temperature relationships,istedlumn in Fig. 6, because the temperature is
increasing at constant heating rate). The aim ishighlight the influence of the explicit
consideration of transient creep strain on the raeicial strain calculation. The mechanical strains
computed using the ETC model and the EC2 implicitlet are compared to the measured results,
see second column in Fig. 6. The observationswgna pelation with the theoretical considerations
discussed in Section 3.

The first test corresponds to Situation |, i.e.ldtameously increasing stress and increasing
temperature. The results given by the two modedsvary close to each other, see first row in
Fig. 6.

The second test successively represents Situafinoréasing stress), Situation Il (decreasing
stress) and finally Situation Ill (constant stregs) the beginning and until the peak stress, the
difference between the two models is very sma#, s&cond row in Fig. 6. Then, the stress rate
becomes negative. During this second phase oke#iigdecreasing stress), the mechanical strain
computed by the EC2 implicit model quickly decreadeecause the transient creep strain is being
recovered. On the contrary, the mechanical strampzited by the ETC model keeps on growing,
though more and more slowly, because transienpcseain still develops in the material. The
transient creep strain counterbalances the elastoading due to the stress decrease. During this
phase, the behavior predicted by the ETC modet¢betatches the measured behavior. This tends
to confirm the fact that implicit models are notlealbto capture properly the actual unloading
stiffness at elevated temperatures. At the enteotdst, the stress is kept constant (Situation 111
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Figure 6. Mechanical strain-temperature relationshps: comparison between measured and computed ressilt

and both models predict exactly the same variatiothe mechanical strain. The ETC model is
able to capture qualitatively the experimental oese during the three phases of the test, as
opposite to the EC2 model.

In the third test, the specimen is successivelyested to different constant stress levels while
the temperature is increasing (Situation Il1). Ttasition between two stress levels is made by a
“step”, i.e. a quasi-instantaneous variation frome stress level to another, see third row in&ig.
At each stress step, the corresponding mechaniraat sariations predicted by the two models are
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slightly different. Implicit models such as the E@®&dels amplify the effect of a stress step on the
mechanical strain variation. Indeed, the transt¥aep strain considered in implicit models is
suddenly increased or decreased together witHak&aestrain. On the contrary in explicit models,
transient creep strain does not vary in such simatwhere the stress varies at constant
temperature. It can be seen that the behavior gisetliby the ETC model better matches the
experimental behavior of the specimens, thanks lheteer modeling of the material stiffness at
constant high temperature.

6. COMPARISON WITH EXPERIMENTAL DATA ON A CONCRETE COL UMN
SUBJECTED TO FIRE

An experimental fire test made in Japan on a ciyti@aded concrete column [25] was
simulated using the nonlinear finite element sofeM8AFIR. A comparison between the numerical
results considering different concrete models dral éxperimental data was performed. The
column is 300 mm by 300 mm in cross section witbeatral hole of 100 mm diameter. The
concrete compressive strength is 55 MPa. Four 18angitudinal rebars are present with a cover
of 40 mm. The column, submitted to a load of 677 s exposed to Japanese standard fire
temperature—time curve for 180 min. Then, the efgmas allowed to cool down. The deformation
behavior can be observed in Fig. 7.

= The ENV model (1995) with recommended value offbeak stress strain (PSS) [3] leads to
too large elongations, because of a highly undenagtd transient creep strain. This model had
been found to be far too stiff and has been remewesh transforming the Eurocode from an
ENV to an EN.

= The ETC model and the EC2 model lead to comparasidts during approximately the first
140 min of heating. Beyond 140 min, the behaviedpted by the ETC model tends to differ
from the behavior predicted by the EC2 model; tffece of the explicit consideration of
transient creep strain on the structural behavemomes notable. The ETC model matches
better than the EC2 model the actual behavioretthucture.

» The difference between the behaviors predictedh®yETC and the EC2 models is particularly
significant during the cooling phase. Measured dataved a very important decrease of the
elongation, due to a progressive decrease of thatna@n coupled with a very limited recovery
of mechanical strain. Indeed, mechanical stramastly composed of permanent strain. This
behavior is well represented by the ETC model ovinthe explicit consideration of transient
creep. On the contrary, the EC2 model implicitlyaeers the transient creep strain, leading to
an underestimated final shortening of the column.
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Figure 7. Comparison between numerical simulationand experimental test.

In a real building, restraint forces and momentsdglly appear in the structural elements
subjected to fire due to the connection with thet of the structure. The analysis of rein- forced
concrete elements with axial and/or rotationalre@st has not been performed in this study. It is
expected that the influence of the transient cr&egqin in the explicit model compared to the
implicit model will be even more pronounced fortrased fire-exposed structures than for simply
supported fire-exposed structures. For instancan iaxially restrained concrete column subjected
to fire, the restraint force first increases dughermal expansion and then decreases when the
mechanical strain in compression exceeds the thezloagation strain. During the contraction
phase of the column, when the load is progressivahysferred from the fire-exposed column to
the rest of the structure, the computation of threccete material unloading stiffness is a key issue
for the validity of the simulation of the structutaehavior. The use of a concrete model that
includes an explicit term for transient creep stngi thus necessary for statically indeterminate
structures, also during the heating phase of tiee fi

7. CONCLUSION

Concrete constitutive models that include imphcithe transient creep strain, such as the
current Eurocode 2 model, have inherent limitatihias prevent them from accurately representing
the mechanical strains developed in concrete mesysodjected to fire. Especially, implicit models
are not able to capture properly the actual unlggagitifiness at elevated temperatures. The new
formulation of the generic Eurocode 2 concrete rhatlat contains an explicit term for
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consideration of the transient creep (ETC modeihds a supplementary accuracy without
removing the generic characteristic of the EC2 rhollee ETC model has the same formalism as
the EC2 model and its implementation in finite-edgrn software can be performed by an
adaptation of the current EC2 model. The improvammay be significant as indicated by
comparisons against experimental data performéaeataterial level and for a simple structural
element. The utilization of an ETC model shoulgbeicularly recommended when modeling the
cooling phase of a fire because it is able to aapthe irreversibility of transient creep.

More experimental and numerical comparisons hawetperformed in order to quantify the
consequences of the explicit consideration of tesmiscreep strain on the global behavior of
concrete subjected to fire. Additional researchkW@s been performed on restrained fire-exposed
structural elements [26], as these elements arencory found in real buildings, and the effect of
the transient creep strain model proved to be rpovaounced for restrained elements than for
statically determinate elements.
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Nomenclature

Eot Total strain
& Free thermal strain
En Mechanical strain
Eqy Basic creep strain
&, Instantaneous stress-related strain
Exr Transient creep strain
&y Elastic strain
&p Plastic strain
T Temperature
o Stress
f. Concrete compressive strength at elevated temperatu
EqEc2 Peak stress strain (PSS) given in the EC2 [17]
Ecl min Minimum value of the PSS given in ENV [3]
oT) Function considered for the calculation of the sfant creep
fy Concrete compressive strength at ambient temperatur
Eeny ENV elastic modulus
:;';;C" Tangent at O stress to the EC2 curve [17]
t; tig Time at the beginning and at the end of the consttistep
Eoti o ot i+ Total strain at timg¢ and at timé,,;
Epii€pin Plastic strain at timg and at timé, ,;
Eu i vl Transient creep strain at tirpeand at timé, ;
0,0, Stress at timg and at timé; ,;
JAV. Increment in total strain betwegrandt; ,;
Ag Increment of the functio from timet; to timet;,;
Ao Increment of stress from timeto timet; ,;
‘ Variable considered for the calculation of the &mtg
modulus
n Parameter in the ETC relationship
EqETC Peak stress strain for the ETC relationship

Ecrc ETC initial stiffness (elastic modulus)




