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Coupled Mechanical and Chemical Damage in Calcium
Leached Cementitious Structures

Caroline Le Bellego®; Gilles Pijaudier-Cabot®; Bruno Gérard®; Jean-Francois Dubé*; and Laurent Molez®

Abstract: Long-term durability of concrete structures must be faced both from the point of view of cracking and physical degradations.
In this paper, the relevance and the sensitivity of an existing constitutive relation aimed at modeling mechanical and chemical damage i
examined. This constitutive relation is based on a scalar continuum damage model. The chemical degradation mechanism is calciul
leaching. It is observed that the model predictions, i.e., the lifetime of cement-based beams subjected to leaching, are very sensitive on tl
tensile strength and fracture energy of the sound material. The existing model predicts the response of bending beams subjected to vario
states of leaching prior to any mechanical loading. The simulation of the size effect tests shows that the mechanical internal length and th
damage threshold of the material cannot be considered to be constant. The internal length ought to decrease and the damage thresh
should increase.

keywords: ConcretestructuresCracking; DegradationDamage;Simulation.

Introduction cois 1997). It is this decrease of the mechanical properties that is
addressed more specifically in this paper. The main reason is that

The long-term behavior of concrete structures subjected to envi-for lifetime assessments, chemical degradation mechanisms must
ronmental damage is a topic of the utmost importance for wastebe superimposed to mechanical loads so that cracking may be
containment disposals, for instance. In the case of long-life wastespredicted.
(such as radioactive wastes), the models cannot rely on experi- As leaching is a very slow process, accelerated experimental
mental data over the entire service life of the disposal, which procedures are needed in order to calibrate models, and to vali-
spans over several hundred years. Assessing such structures anghte them subsequently. Goncalves and Rodrigd891) and
comparing several possible designs prior to their construction Schneider and Che{1998, 1999among others, have studied the
have to rely on robust and accurate computational tools, in which influence of calcium leaching on the residual strength of beams
the knowledge of the various degradation mechanisms at the mafor different cements subjected to different aggressive solutions.
terial level must be incorporated. In this paper, the mechanism of Carde (1996) used ammonium nitrate as an aggressive solution
degradation considered is leaching due to water, and particularlyfor accelerated leaching. Le Bejje et al.(2000)have carried out
calcium leaching as calcium is the most important element in the sjze effect tests on leached specimens for different degradation
hydrated cement paste. The consequences of calcium leaching argates, and more recently, UIm and cowork&2801)used a simi-
an increase of porosity, a decrease of the elastic stiffness, and 3ar method in order to accelerate leaching.
decrease of strengtiCarde 1996; Gard 1996; Carde and Fran- Various models have been developed to describe calcium
leaching, its effect on the mechanical properties of the leached
material, and mechanical damage as well. Ulm and coworkers
(1999, 2001 used a chemoplastic approach based on the mechan-
ics of porous materials. Kuhl et al2000) devised a continuum
damage model on the same basiSraBe(1996)proposed a non-
local damage model coupled with leaching effects. It is based on
the definition of two damage variables: One is due to mechanical
loads and the other one, which could be called a chemical ageing
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etal. 1993). Therefore, it is capable of a proper modeling of d=damage variableE andv =initial Young’s modulus and Pois-

failure (Gerard et al. 1998). son’s ratio, respectively. For the purpose of defining damage
In the next section, we present briefly the constitutive relations growth, the equivalent strain is introduced first

used in this paper. The computer implementation of this model is

recalled and the sensitivity of the model parameters on the re- _ ° )

sidual strength and lifetime of leached beams is investigated. Fi- &= &~ ((&i)+) ®)

nally, the model response is compared to size effect experiments.

Examined with the help of the size effect law, which contains a where(.), =Macauley bracket and, = principal strains. In order

definition of brittleness as the transition of a strength of material to avoid ill-posedness due to strain softening, the mechanical

criterion to a linear elastic fracture mechanics @Bazant and model is enriched with an internal lengtRijaudier-Cabot and

Planas 1998), the model fails to describe the increase of brittle-Bazant 1987). The nonlocal variabdeis defined
ness of the specimens during leaching. Such an increase may be

represented by a decrease of the internal length and by an increases—(x): 1 J U(x—9)3(s)ds with V (X):j B(x—s)ds
of the damage threshold essentially. New model parameters for Vi(X) Ja ' Q
the leached material are obtained. 4
where() = volume of the structurey,(x) =representative volume
Constitutive Relation at pointx; andis(x—s) =weight function
We are going to describe chemical damage very briefly only, and 4|x—s|?
to see how it can be coupled with a scalar mechanical damage q;(x—s):exp( — I—Z) (5)
model. Full details on the chemical damage model can be found c
in Gerard (1996). where |.=internal length of the nonlocal continuume
) =variable that controls the growth of damage according to the
Chemical Damage following conditions:
Concrete is a reactive porous material. Hydrates and water are the F(8)=8—« (6a)
main components. Solid phases are in thermodynamic equilib-
rium with the surrounding pore solution chemistry and calcium is if F(¢)=0 andé>0
the main chemical component of the binder. The hydrates leach-
ing process is caused by the difference of composition and chemi- d=h(k) . L
cal activity between water in contact with concrete and the pore then [ K=¢ with the condition d=0
solution inside concrete. The difference between the pore solution _
and the external solution causes the motion of ions out of the d=0
cement paste. This overall motion of ions breaks the thermody- else[ k=0 (6)

namic equilibrium established between the pore solution and the ) _
hydration products, and favors the dissolution of solid phases. < =Softéning parameter and takes the largest value @ver
The present simplified approach avoids considering all the el- "¢ached during the previous loading history at a given time and at
ementary chemical mechanisms and focuses on the evolution oftN® considered point in the medium. Initially=«o, wherexk, is

one variable only, the amount of calcium ions in the liquid phase e threshold of damage. The damage evolutionigw) in Eq.

of the hardened cement pag@&rard et al. 1999). It is obtained (6b), is defined inan integrated form. In particular, the tensile
by solving a nonlinear diffusion equation damage growth is

9Cq0iid 9C . . ko(1-Ay A
ac"‘5=d|v[D(C)gréd(C)] 1) =l B —xo)] @)

where Cg,q=amount of calcium in the solid phase; and Wwhere constant®, B;=model parameters which must be ob-
C=amount of calcium ions in the liquid phase. A mathematical tained from a fit of experimental data.g., bending beams).
relationship for the calcium solid-liquid equilibrium can be found
in Gerard (1996). It is a function of the cement chemistry and of
the water-to-cement ratio. The diffusion coefficiéhis not con-

sthant. It 'lslt.reI:ateg tq tht;:hvollumtra].fractlon of th.? d|fferert1)t ;‘:’O“d The influence of chemical damage on the mechanical properties
ph asefshlnl 1ally. uring | edez:]c éng p_rocess,ffl_ _vanei el\_/veen of the material may be introduced in the stress-strain relations
that of the virgin material and the diffusion coefficient of calcium following at least two methods. In the first one, which is inspired

ions in water(when the material is totally cracked).

Chemomechanical Coupling

from the works of Ulm and Couss§1996), the chemical degra-
dation enters in the plastic yield function and, at the same time,
Mechanical Damage changes the elastic stiffness of the solid skeleton of the material.
Accordingly and within the context of continuum damage me-
chanics, the evolution of damage can be rewritten in a generic
form as

Microcracking due to mechanical loads is captured with a scalar
damage model due to MazaiE984), described completely, e.g.,
in Mazars and Pijaudier-Cab@t996). It is briefly recalled in the
following. The stress-strain relation is d=F(3)+G(C) @)

o= (1= d)Ajj e @ For the sake of simplicity, a single phase material is considered
whereoj; and &;;=components of the stress and strain tensors, only. The contribution to the growth of damage of each separate
respectively, (,j,k,1 €[1,3]); Ajj, =initial stiffness moduli; and mechanism appears explicitly: Damage growth due to mechanical
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loads isF(¢) [e.g., as defined by Egs. 46 and (&)] and dam-
age growth due to leaching is defined by the func®(C). One Fig. 2. Dissipation due to mechanical damage after chemical damage
has to check, however, that the damage variable ranges between O the case of additive chemomechanical coupliapand multiplica-
and 1, which means that the functiofiés) andG(C) cannot be  tive chemomechanical couplirity)
independent.

A second method consists of adding a new chemical damage
variableV on top of the mechanical one. This chemically induced . (1-V) . (1—d) .
damage variable is an independent contribution to the weakening b= 5 ij jAijigd+ Tsiinjk,sk,V (12)
of the material. It is a new internal variable. This method has been
chosen by Geard (1996), Saetta et a(1999), Kuhl et al(2000), At constant values o¥/ (V=0), the mechanical damage energy
Meftah et al.(2000), and Stabler and Baké&2000) for environ- dissipation is decreased by the multiplicative term-(\). If the
mental (chemical and thermalgamage modeling. The corre- material is in an initial(homogeneousstate of chemically in-

sponding stress-strain relation reads duced damage, the mechanical damage dissipation measured dur-
= (1—d)(1=V)A. 9 ing a proportional loading should be proportional to that of the
_ =t X _ MAijew © sound materia[see Fig. 2(b)]. Hence, for a monotonically in-
V=chemical damage, a function of the concentratmwf cal- creasing load, the fracture energy density of a leached material,

cium ions in the pore solution/=g(C). g=experimentally de-  which is the integral of Eq(10) up to complete failurgor the
termined function shown in Fig. 1. It may be also related to the area under the stress-strain curve), should be\(1 times that of
porosity of the material in the case of a cement pasten et al. the sound material. Assuming that the internal length does not
1999).d=the mechanical damage variable, same as in the previ-change upon leaching, the same holds for the fracture er@rgy
ous section. Here, the two evolutions of damage, chemical, andcomputed with the approximate formula due to Mazars and
mechanical, are completely independent. Pijaudier-Cabot1996).

In order to appreciate the differences between those two for- |t seems, for now, difficult to discriminate these two chemo-
mulations, it is interesting to compare intrinsic mechanical dissi- mechanical models on the basis of the above differences. A major
pations. This dissipation is defined as the absolute value of thereason is that these are point-wise considerations. During fracture,
amount of mechanical internal energy that cannot be recoveredthe shape of the process zoffPZ) controls the total amount of

upon unloading, when damage is constant mechanically dissipated energy. The energy dissipation densities
. d/1 in Egs. (11) and (12) have to be integrated over the FPZ and
b= dt( 0'”8”) (0ij&i}) constant damage (20) without an accurate description of how the FPZ evolves during
chemomechanical loads, it is hard to draw any conclusion. In the

In the first approach, the energy dissipated due to damage is  remaining part of this paper, we will focus attention on the second
formulation and examine its predictive capabilities.

o1 1 1
b=5eiA iikied= 5 gijAijenF(e)+ 5 8ijAijaeaG(C)

(1) Sensitivity Analysis
The thermodynamic force associated to damage is the same for
the two components, the mechanical and the chemical ones. It isThe chemomechanical damage model has been implemented in a
the prefactor to the damage growth functidhge) and G(C). finite-element code according to a staggered scheme. The diffu-
The entire material dissipation, which is the integration of the sion problen{Eq.(1)]is solved first over a time step, considering
dissipation for damage values ranging between zero and one ighat mechanical damage is constant, then the mechanical problem
split into two terms: One is mechanical, and a second one isis solved assuming that the chemical damage is constant. The
chemical. For instance, if the material has already suffered chemi-time integration scheme in the diffusion problem is uncondition-
cal damage without any applied mechanical load, the strain en-ally stable and the mechanical solver uses a secant stiffness algo-
ergy that can be converted into dissipation due to mechanicalrithm that provides robust results with such a damage model
loads alongduring a proportional loading$ the strain energy of ~ (Rodriguez-Ferran and Huerta 2000). More details on the finite-
the sound material decreased by the amount already consumed ielement implementation can be also found in Molez e{1#198).
the chemical proceg&ig. 2(a)]. The energy dissipation rate in the It should be stated here that both the diffusion problem and the
second formulation is different mechanical problem are nonlinear. They are coupled, although the



fixed displacement l Table 2. Model Parameters for Analysis of Influence of Tensile

Strength
Fracture energy and
g constant parameters 2.53X70N/m A=1 l.=1cm
[=] .
g
‘\ chemical attack B Ko f(MPa)
< 1908 > 3,500 3.25X10° 3.53
6,000 1.5x104 4.52
Fig. 3. Three-point bend beam subjected to chemical attack and 19,000 2.39%10% 7.10

constant deflection

the fracture energy. A 100% increase of the fracture en&gy
results in a 600% increase of the time to failure.

These results demonstrate that the lifetime of the beam is ex-
jtremely sensitive to the material strength and to the fracture en-
ergy. Both computations show also that f@tatically determi-

influence of mechanical damage on the diffusion problem is quite
small. For good accuracy, the finite-element grid and the time
steps needed to solve the diffusion problem are rather smal
(smaller than what is needed for the damage prohldimese are . ) - .
two reasongbesides simplicity of implementationyhy a stag- nate) bending beams and Mode | failure, an u_nderestlmatlon of
gered scheme has been preferred to a fully coupled computationaf€ fracture energy and of the strength may yield a large under-

approach as it provides a sufficient accuracy. Note also that it is €Stimation of the lifetime. Small errors in the calibration may
possible to control the accuracy of the time integration in the yield a great lack of accuracy of numerical predictions, on bend-
diffusion procesgDiez et al. 2002). ing beams at least. These results underline also the need to cali-

Let us perform first a sensitivity analysis and consider in this brate accurately the model from experiments especially designed

section a three-point bending beam subjected to an external confor obtaining the internal length of the material, such as size effect

stant deflection and a chemical attack by pure water on the tensilg€Sts discussed in the next section.
bottom face(Fig. 3). This is a plane stress calculation. Vertical
displacements are prevented at the bottom supports, and fixed ah
midspan on the upper part of the beam under the load. Horizontal

displacement is prevented at the left-side support. The central half, : . .
. . . - We are now going to compare the model predictions to experi-
of the beam is treated with the damage model while the rest is going P P P

dt in elastic. The diffusi Hicient i dt mental results. The experimental data have been taken from Le
assumed to remain elastic. The diffusion coefficient is assume OBeIIégo et al.(2000)and Le Bellgo (2001).

remain constantTable 1). All the computations have been per-
formed with the same mesh of four nodded square elements of _
size 2.5 mm. Initially, the tensile stress at the bottom is 80% of Size Effect Tests on Leached Specimens

the tensile strength. Due to leaching, chemical damage propagate§ e experimental program performed consists of residual strength
from the bottom to the upper faces of the beam. The strain in- ogts: The residual behavior of mortar beams was obtained after
creases and mechanical damage is trlggered_ in the central part ‘?feaching in an aggressive solutiGammonium nitrate). The speci-
the beam. As a consequence, the beam carries less load and faily,ong are mortar beams of rectangular cross section. In order to
ure occurs eventually. The time to failure is the lifetime of the study the size effect, geometrically similar specimens of various
beam. o o o heightD =80, 160, and 320 mm, of length=4 D, and of thick-

For a Mode | crack propagating in an infinite body, it is pos-  hessh=40 mm kept constant for all the specimens have been
sible to show that the fracture energy is roughly proportional t0 (acted. The length-to-height ratio l¥D=4 and the span-to-

the area under the stress-strain curve and to the internal Iengﬂheight ratio is 1/D=3. The beams were immersed into the aggres-
(Mazars and Pijaudier-Cabot 1996). The tensile strength of con-g; & selution during different periods of tim@8, 56, and 98

crete has been varied first. In order to keep constanF the fracturedays)_ Only the two lateral sides were exposed in order to have a
energy, a_nd therefore the area under the stress-strain curve for & ijirectional leaching front. The leaching depth was mea-
constant internal lengtt, andx, [Eq. (7)] were changed accord-  greq at the end of each time period. It helped at defining the
ing to Table 2. Fig. 4 shows the evolution of the carrying load |e5ching rate ;= 2X; /b which is the ratio of the leached cross
with time. When the tensile strength is increased, the threshold of ;o +tion to the initial cross section of the beam. For 28, 56, and 98
damage_ increases too. Therefore, the chemical _degradatiorhays of leaching, the leaching rates are 45, 62, and 84%, respec-
needed in order to reach the threshold of mechanical damage;ely. After the chemical degradation tests, the residual mechani-

must increase and the time to failure is also increased. Note thatca| behavior of the beams was obtained from three-point bending

an increase of 30% of the strength provides an increase of 100%aqts A notch of deptB/10 and thickness 3 mm was sawed just
of the time to fa|'lure. . , before the mechanical test. The notch thickness was kept the same
Because the internal length is proportional to the fracture en- ¢, o)) specimens. Its size is approximately that of the sand par-
ergy, it is sufficient to change this parameter in order to change yicjes and the notch could be seen as a local initial defect in the
the fracture energy without changing the tensile strength. We canpeam The response of bending beams entirely leached was also
observe in Fig. 5 that the time to failure is extremely sensitive to extrapolated from these data following the method described in
Le Bellego et al.(2000).

esidual Strength of Leached Beams

Table 1. Model Parameters for Evolution of Damage
E At Bt Ko Ic v D
35000 MPa 1 6,000 15104 1cm 0.27x10 °m%s

Response of Leached Beams

The parameters controlling chemical damage have been fitted in-
dependently, including the diffusion coefficient in EG) whose




Load (N) Table 3. Set of Model Parameter in Size Effect Computations
I Ko A B, E v
40 mm 3x10° 0,95 9,000 38,500 MPa 0.24

-16000

f=3.53 MPa f,=7.10 MPa

-14000 no failure at 2000 days

damage within the beam thickness in order to capture three-
dimensional effects. The interaction between the sound and
leached parts of the beam could be captured more accurately too.
,_ fh=452MPa. i X . :
-12000 ¥ y ’ It would require a full three-dimensional computation and a much
0 200 400 600 greater computer effort, for a result that is not very different as
Time (days) observed by Le Bellgo (2001).

Finally, note also that the influence of the mechanical damage
on the diffusion of calcium ions does not enter in the experiments
because during the mechanical test leaching is stopped. Therefore,
variation depends on the type of accelerated leaching used in thdt is not necessary to carry out coupled chemical-mechanical com-
experiments. Since the chemical model and its adaptation to ac-Jputations, similar to those in the previous section. Since there is
celerated leaching are rather complex, and considering the factno calibration of model parameters involved in these calculations,
that they are not central in the present paper, they will not be they can be regarded as an evaluation of the capabilities of the
detailed here. Note however that the diffusion coefficient in Eq. present model. Recall, however, that the evaluation is incomplete
(1) depends on damage hefeomplete data are available in Le because the coupling effect of damage on leaching is not consid-
Bellego 2001). The parameters entering in the mechanical modelered.
are provided in Table 3. These parameters result from a manual
(trial and _er_ror)fit of the si_ze e_ffect test _data on sound bear_ns. A prediction of Size Effect
full description of the calibration technique can be found in Le
Bellego et al.(2003). In order to examine the accuracy of the above computations, it is

It is now possible to compute the responses of beams at dif- helpful to consider them on a size effect plot since it is an ex-
ferent leaching rates and to compare with the experiments. A one-trapolation of the model predictions for different sizes of speci-
dimensional diffusion problem is solved first within the beam mens. Asimple version of Bazant's size effect law is udgazant
thickness in order to compute the calcium concentration. Then,and Planas 1998). The nominal strengthPa) is obtained with
the distribution of calcium ions is converted into a distribution of the formula
chemical damage according to the function plotted in Fig. 1. It is
averaged over the thickness of the beam, the average chemical

Fig. 4. Influence of tensile stress on lifetime predictions

damage is inserted into the mechanical modéécrease of 1000 rioad (kN)
Young’s modulus). Then, the load-deflection curves of the beams (a)
are computed. Within the fracture process zone the finite element 800 -
should be smaller than the internal length. The finite-element 660 L
meshes of geometrically similar beams should not be geometri- e ———
cally similar (unless the above requirement is met for each size). 400 = = NUMERICAL
In the present computations, the finite elements placed in the frac-
ture process zongonstant strain triangle$lave a size of 1/3 of 200
the internal length approximately. Fig. 6 shows the numerical
predictions for leaching rates of 45 and 64%. Due to chemical 0
damage, the average Young’s moduli of the beams have been 0 0.1 0.2 0.3 04
decreased by 25 and 40% in the mechanical computations, re- deflection (mm)
spectively. These comparisons can be considered to be quite sat-
isfactory. The softening response for large beams is not very well 1000 1 |oad (kN)
described but the peak loads are predicted correctly. A better
method might be to describe the exact variation of the chemical 800 | (b)
600 | —EXPERIMENTAL
Load (N) ~ = NUMERICAL
G=0.62 10-2 N/'m 400
-16000
200
-14000 B
1 G=1.27 10-2 N/m G =2.5310-2 N/m 0 . - . 0.4
deflection (mm)
-12000 ' Fig. 6. Prediction of the response of leached beams for two leaching
10 ZIOTime (dayéio 610 rates(a) 45% and(b) 64%. Thin lines correspond to experimental
lower and upper bounds for each size and thick lines correspond to
Fig. 5. Variation of lifetime predictions with fracture energy computations.




Table 4. Material Characteristics from Size Effect Regression on
Experimental Data

Bf{ (MPa) G (N/mm) Dy (mm)
Sound 5.25 89 416
Leached 3.04 26.9 123
3 Fl 13
7= 3 b(0.9D)2 (13)

where b=thickness of the beam;D=height (mm); |
=span(mm); andF=maximal load(N). The size effect law reads

Bf{
0= — (14)
J1+D/Dg

f{ =tensile strength of the materidb,= characteristic size which
corresponds to a change of failure mechanism between strength of
materials and linear elastic fracture mechanics; aBd
=geometry related paramet&/D, can be considered as a mea-
sure of the structural brittleness. The larger it is, the more brittle
the structure which tends to fail according to linear elastic frac-
ture mechanicsBf{ andD are obtained from a linear regression
(see Bazant and Plans 1998). The fracture en&gis also ob-
tained with this regression. Table 4 shows these parameters for
sound and entirely leached beams. Note that they are slightly
different from the results by Le Bély® et al.(2000). Additional

c/Bft' | ¢ sound
o 45%
= 62%
— "size effect law"
0_1 i i A b 2 231 i i P |
0.1 1 10
D/DO
1
L]
(b)
o
L] e 0
ol/Bft 3
01 - o
¢ Sound
m 45%
o 64%
0.01 L L 1
01 1 10 100
D/DO

Fig. 7. (a) Prediction of andb) experimental size effect at several

experiments on the largest beams, not available at the time Ofleaching rates

publication of this paper and reported (be Bellego 2001; Le
Bellego et al. 2003have been used. The data interpretation ac-

counts also for the notch in the resisting ligament of the beam 2

whose depttD is decreased according(yhich was not the case
in the original paper).

Fig. 7(a) shows the size effect plots for the computations of
sound beams and of leached beams at different leaching rates.
Fig. 7(b)shows the experimental results, which are quite different
from the computations. These plots have been obtained assuming
that the beams are made of a homogeneous material equivalent to
the leached and sound material in the cross section. For each
stage of leaching, new values Bf; and ofD are obtained from
the regression and used to normalize the data in Figsaid b).

The tensile strengtli; , the parameteD,, and the fracture en-
ergy which results from these fits of E(L4) should not be re-

D, is a measure of the extend of the fracture process zone, at
least it is proportional to Irwin’s length

EG
(f7
According to the constitutive relations, the tensile strength of
the leached material is (1V) times the strength of the
sound material. The same relationship holds for the Young’s
modulus and for the fracture enerdy; approximately. It
follows from Eq.(15) thatD is the same for the sound and
leached materials at any stage of chemical danthgee, at

any stage of leaching rate since the partially leached beams
are assumed to be made of a homogeneous material).

Do (15)

garded as intrinsic material properties as they depend on theThe variation of the mechanical properties that the chemome-
leaching rate in the cross section of the beam. It is their initial chanical model should yield from numerical analyses is summa-
values(sound materialand their asymptotic valudgeaching rate rized in Fig. 8. Again, let us emphasize that we have considered
of 100%)which have a sense in terms of constitutive modeling for this plot that at any leaching rate, the beams are made of an
and therefore are intrinsic, since in these cases the beams arequivalent homogeneous material for which the size effect for-
made of a homogeneous material indeed. mula applies with different normalizing parameters for each
Fig. 7(a)shows that the model cannot reproduce the shift of leaching rate. It is not the values of the parameters that are im-
the experimental results to the right on the horizontal axis of the portant, but their variation as leaching progresses over the beam
size effect plot, as the leaching rate increases in the beams. Thigross section. Similar trends ought to be reproduced with the nu-
shift, observed on Fig. 7(b), corresponds to an increase of brittle- merical model. It is observed on this plot that experimentBly
ness of the beams upon leaching. For such a shift to be capturedshould decrease but does not in the model. For the completely
D, should change with the leaching rate at least. One may explainleached materia{leaching rate of 100% extrapolated from test
the discrepancy between numerical and experimental results fol-data following the method by Le Bétie et al. 2000), the tensile
lowing at least two considerations: strength decreases by 42%. The fracture energy and the Young's
1. Computations performed by Le Bdie et al. (2003) have modulus of the beam decrease by 68 and 66%, respectively. Upon
shown thatD is proportional to the internal length which inserting these variations in E¢L5) the decrease dD, (and of
does not depend on chemical damage here. Hdhgeloes the internal length)s 68% compared to the sound material. It is
not depend on the leaching rate and a shift to the right or left consistent with the variation dd, obtained experimentallgFig.
of the data points on the horizontal axis of the size effect plot 8). From rough estimates and E45) as well, an increase of the
cannot be described. internal length and of the fracture process zone size has been
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Fig. 9. Size effect experiments—comparison between experimental

Fig. 8. Experimentally observed variation of tensile strength, frac- results(dotted curvespnd numerical resultélain curves)obtained
ture energy, and normalizing fact@, as function of leaching rate.  after calibration of model for degraded material

Data points corresponding to a leaching rate of 100% are extrapola-

tion of test dataLe Bellego et al. 2000).

given in Table 3 and provides more accurate predictions, in the

softening regimes of the beam responses, especially. Table 5
computed by Heukamp et af2001). According to the present  shows also the model parameters obtained for the leached mate-
experiments, this result would be correct if there is a sudden ria| and Fig. 9 shows the comparison between the experimental
decrease of the material tensile strength only upon reaching adata and numerical model. The internal length decreases by 24%
leaching rate of 100%, which is difficult to expect from the test and the damage threshold is multiplied by 2.5 as the material is
data. leached. There is no doubt that such variations are the result of

As indicated by the size effect plots, the present model fails to the microstructural changes occurring inside the cement paste
represent correctly the response of leached specimens of sizegpon leaching.

very different from those used for the calibration of the mechani- Fig. 10(a)collects on the same normalized size effect plot the

cal damage model alone. Developing a new constitutive relation experimenta| and the new numerical res@ttm norma]izing pa-
which would encompass the response of the sound and leachegameters Bf; ,D,) are those of the experimentSable 4), and
materials at the same time is outside the scope of this contribu-gifferent for leached and sound materials]. The extrapolation to
tion. It is possible, however, to perform a new calibration of the completely leached beams is again considered here, same as in Le
mechanical damage model assuming that it describes the responsgellego et al.(2000). A good agreement is now reached in both
of the leached material only. An automatic calibration technique cases. The shift to the right of the size effect data is achieved with
has been used for this purpose. It optimizes the model parametergn increase of the damage threshelg and a decrease of the
S0 as to minimize the errors on the load-deflection curves for the jhternal lengthl, simultaneously. The increase of the damage
three sizes of three-point bending beams simultaneously. This authreshold also provides a variation of the tensile strength that is
tomatic procedure has been implemented on the sound and on thgmaller than the decrease of Young's modulus. Fig. 16kmws
100% degraded beam responses in order to obtain intrinsic con-the resulting uniaxial tension curves for the sound and degraded
stitutive parameters corresponding to the sound and totally materials. According to the model in the section “Constitutive
leached homogeneous materials. Values lying in between theserelation,” the tensile strength of the leached material should be
two stages are hardly accessible because experimentally it is dif-apout 0.34 times the strength of the sound material. Due to the
ficult to obtain a homogeneous state of leaching due to the diffu- jncrease of damage threshold it is now 0.57 times this strength,
sion process at any arbitrary stage of leaching. This prevents anysame as the ratio obtained from the experiments in Fig. 8.
experimental evidence of the variation of the model parameters  The computations considered in this paper could be performed
betWeen the |n|t|al a.nd f|na| Stages Of Ieach|ng The |n|t|a| pal’am- W|th any Other Constitutive model aimed at describing Chemome_
eters in the iterative optimization process are those given in Tablechanical damage due to calcium leaching. It is found here that the
3 for the sound beams and the optimum of the same beams for thenechanical consequences of leaching are better described if the
leached ones. Note that there is a sensitivity of the optimization to model parameters in the damage evolution laws are changed.
the set of initial data, which results for instance into variations of With the model due to Gard (1996), the results show that
the internal length in optimal fits of about 10%. For the sound predictions with a good accuracy can be achieved provided that
beams, the result obtained by Le Belteet al.(2003)is recalled  structures of similar sizes and similar geometries are considered.
in Table 5. Itis Sllghtly different from the set of model parameters Design of more Complex structures, which may not fail due to
Mode | fracture only, would require as a first step a mechanical
model that is better suited for this purpdseg., a damage model
Table 5. Set of Model Parameters for Sound and Leached Materials coupled to plasticity with damage-induced anisotrdfjchant

Resulting from Optimized Fits et al. 1999)]. Leaching could be incorporated in such a model
I E following the same idea as in the section “chemomechanical cou-
(mm) Ko At Bt (MPa) v pling,” with an independent ageing variable that induces an iso-

tropic change of the stiffness upon chemical degradation.
For structures which fail due to Mode | fracture, of sizes very
different from the experiments which served for calibration, a

Sound 45.9 2.92x1® 0.72 10,000 38,500 0.24
Leached 35.3 7.41x10 0.88 10500 13,052 0.24




sponse of totally leached beams. We find that the internal length
should decrease and that the damage threshold should increase.
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