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Abstract

Since 1964, the Temple-sur-Lot dam, built in sowtkst France in 1948, has been
subject to continuous AAR induced displacementgpitiedow and relatively constant alkali
content in the concrete and non-significant redidueelling test results. It has been assumed
that a substitution process between alkali andwalin the AAR gel could explain this long-
term behaviour. As the calcium substitution phenooneis very slow, it cannot be detected
using a conventional residual swelling test, smaginal method to assess the AAR kinetics
and the residual swelling capability is proposelisTmethod involves, firstly, a laboratory
test dealing with the silica consumption kinetical,asecondly, a numerical finite element
inverse analysis of the dam, which includes thesooiption kinetics measured in the
laboratory. The final swelling amplitude is thustdd from only one observed structural
displacement rate at a given period. The modeligiied capability is validated through the
comparison between the displacement of instrumeptadts predicted by the calculations
(not used for the fitting) and the variations meaduwon the dam. Finally, calculations have
been performed to predict the displacements anddh&ge fields of the dam for the coming

decades.
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INTRODUCTION

Alkali-aggregate reaction (AAR) causes prematureeril@ation that cannot be corrected in
many civil engineering structures. The expansiah @acking induced can have an effect on
the functional capacity of AAR-damaged bridges ataims. Several hydraulic dams of
Electricité de France (EDF) are concerned by AARheréfore, a behaviour model
implemented in a finite element (FE) code has lasreloped in order to assess the safety
level of the degraded structures [5-7]. The mod tihe particularity of representing AAR
structural effects from the construction of theisture onwards. Several variables describing
the advance of AAR are used, one for each rangggrfegate size in the damaged concrete.
These variables depend on both the degree of satuemnd the temperature in the dam. First,
the paper presents a historical review of the Terspl-Lot dam. The dam was built between
1948 and 1951 and the first cracking appeared ¥ 1%everal remedial work campaigns
have been carried out since 1970. However, receasorements of deformations show that
expansion has continued. In a second part, theculiff of using a conventional residual
expansion test on core samples to fit the modgbisted out, particularly when the swelling
rate is slow because of low alkali content in tbaarete and of large aggregate sizes. Thus,
the authors propose an original approach combiadulitional tests and physical modelling to
assess the chemical AAR-advancement for each agfgrege of the damaged concrete. The
chemical advancement, which is linked to the resideactive silica content, was measured in
the laboratory through expansion measurements. , Tthenpotential residual expansion of
concrete was fitted using an inverse analysis basedn FE structural calculation that
simultaneously takes into account the laboratosgst®n cores drilled from the dam, the
geometry of the dam, the thermo-hydro-mechanicalirenment of the structure, and

measured displacement rates of the dam. A reli@hiley of the model was obtained by the
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combination of chemical analysis performed in thboratory and structural displacement
measurements. Damage and displacements calculatexweral points (not used for the
fitting of the model) of the Temple-sur-Lot dam wdound with an acceptable accuracy. A
prediction of the dam behaviour was then madehfercoming decades.

RESEARCH SIGNIFICANCE

Numerous civil engineering structures such as dant bridges are affected by Alkali-
Aggregate Reaction all over the world. The owndrhe damaged structures need predictive
models in order to assess the consequences ofasuelction on bearing capacity and to
guantify the benefits of repairs. However, if trectlations are to be relevant, the structural
model must be designed in such a way that laboragsts and structural monitoring can be
used together for the model calibration. With thisnind, the first part of the paper points out
the deficiencies in the reliability of usual resallexpansion tests as input data for the
structural model. The second part proposes a netlvatdased on a laboratory test and FE

structural calculations to obtain model parameters.

PRESENTATION OF THE TEMPLE-SUR-LOT DAM

The Temple-sur-Lot dam, located in the south-wés$trance, has been operating since
1951. It includes a gate-structure dam equippel feur double leaf vertical lift gates (20 m
wide, 10 m high) and a power-house with two Kapiarbines (Figure 1 (a) and (b)). It
should be noted that the dam was cast with twostgeoncrete mixtures (Figure 2): C_250
with a cement content of 250 kg rL5.61 Ibs/ ft3) and containing siliceous aggregabf
sizes 0-100 mm (3.94 in), and C_350 with a cencentent of 350 kg/th (21.85 Ibs/ft3)
containing the same aggregate but with sizes 0-80 (18 in ). As early as 1963, an
inspection revealed the existence of cracks omplseream part of dam piers. In the following
years, difficulties in the operation of the bulktegates led to several interventions on the

mechanical parts embedded in the concrete strudaiaforcement of the monitoring system
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provided a better description of the deformationtted piers and laboratory investigations
pointed out the existence of swelling phases ingide concrete. During the period 1983-
1988, extensive works were carried out on the piesh as anchoring, and epoxy and
polyurethane grouting. Recently (2002-2003), thedance system of the gates has been
modified in order to absorb concrete deformatidige effects of the swelling process on the
structure are of several orders: general risinthefpiers (1mm (0,04 in) / year) and tilting of
the lateral piers toward the gates (0.9 mm (0.04 /year). Although the symmetrical
movements of the central piers seem comprehensitddjorizontal movements of the lateral
piers, causing some difficulty in the operatiortted corresponding gates, are more difficult to
understand. Several reasons have been given, iticypar the existence of steel
reinforcements on the external faces of the pteesdissymmetry of the humidity conditions,
or structural effects. In order to explain theseipalarities, make an overall evaluation of the
stability of the dam, and plan its long term mamaget, an analysis has been carried out,
including a reinforcement of the monitoring systé@mstallation of a pendulum line and a
long base extensometer in the drainage gallerlghrédory investigations and FE modelling.
In this respect, one of the main questions to likemded was the estimation of the residual

expansion of the concrete.

METHODOLOGY

Initially, conventional residual expansion testf2][5] were carried out at LMDC for
EDF according to the LPC method [17]. This methodsists of measuring the longitudinal
expansion and the mass variation of core sampesr{ildiameter, 30 cm length) drilled from
the dam and kept in a controlled environment (38E@O°F), relative humidity > 95%). For
each type of concrete in the dam (C_350 and C_R2%tgure 2), three core samples, drilled
from wet and cracked parts of the dam, were instnted by six vertical plot lines between

which longitudinal measurements were made peridigiciklean values and scatter of the
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measurements are shown in Figure 3. After eighkajebe mass was stable. During this first
period, the strain variations were explained by shenkage reversal due to water uptake
(Figure 3). So, even if a fraction of this firstpansion was due to AAR [21], this part of the
curve was difficult to use. After this period, thbBC method attributes the strain variations to
AAR. The swelling trend is represented in Figurby3the dotted lines. The swelling rate is
about 100 um / m (1.2 in/ ft) /year. Accordinghie LPC recommendations, this corresponds
to a negligible AAR phenomenon, which is in disagnent with the in-situ observations on
the dam. Three supplementary samples were drillesh fa dry part of the dam (without
cracks) in order to measure the overall curve oRASpansion, as recommended by Multon
et al. [21]. The same swelling rate was obtained] f®om both wet and dry concretes. This
situation was unexpected considering that the deweént of AAR was not at the same stage
because of the different exposure conditions of th@® concretes. Therefore, the
interpretation of the swelling rates by the LPCoramendations seemed unsuitable for this
dam. Moreover, the tests did not give informatibowt the residual swelling capability of the
concrete since the final swelling had not been detaly reached after one year (no
asymptotic aspect of the curve on Figure 3). Bnaleither the final swelling amplitude nor
realistic swelling kinetics were deduced from théssts. All these observations could be
explained by the following considerations:

- First, the gels formed in the dam and in the lecated tests were not of the same
nature. As shown in Figure 4, products in the daamnewnore crystallized than the one formed
in the accelerated test specimen (SEM picturesgar€ 4). This means that an accelerated
test favours the formation of amorphous alkaliesilgel over more crystallized calco-alkali-
silica products. This had two secondary consequeente “molar volumes” of these two
AAR-products had no reason to be the same sincehbmical composition and the aspect
were different. Thus, for the same quantity of tisacsilica consumed in the dam and in the

accelerated test, swellings could be different. Ehbstitution processné - ca), already
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observed in [3][10][11], could be prevalent in tA&AR mechanism for the dam concrete.

Thus the alkali content would not be the limitiractor for the AAR-expansions and the
stopping of the expansion would be driven by thtaltoonsumption of the reactive silica or

the lack of calcium. However, due to the large amiaf calcium in the cement paste, only
the reactive silica content could be the limitiegtbr. So the swelling capability of the dam
concrete could be deduced by quantifying the redickactive silica in the aggregate.

- Second, core samples contained large aggreggtet® (100 mm (3.93 in) diameter) which

were only superficially affected, both during thecelerated test and in the dam (Figure 5).
This explains the impossibility of reaching a firgalelling (usually detected by the end of
swelling in the accelerated test) in a reasonalmtes teven under the accelerated test
conditions (high temperature and humidity). Hertbe, dependence of the final swelling on

the aggregate size must be considered with attentio

Starting from these ideas, we propose a global odeflbgy for finding the AAR kinetics
independently of the gel nature (Figure 6). As axp@d above, the approach is based on the
assessment of reactive silica consumption. Thetiveacilica consumption kinetics is
determined for each aggregate size range. The tplof final swelling is not measured
from laboratory expansion tests, but assessed &onkE inverse analysis of the affected
structure. The FE modelling used, the details attvlare given in [6] and [7], is summarized
below. It combines the advancement kinetics dedérosd laboratory tests and the final AAR
swelling, which is the only parameter to be fitteith the structural FE inverse analysis. Once
the final swelling has been obtained by curvenfitithe numerical model is tested in order to
compare its results with other expansion measurtsreairied out on the dam and not used
for the determination of the fitted parameter. He tresults are good, calculations can be
carried out to predict the future structural bebavi This global method is summarized in

Figure 6.
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In the following sections, the constitutive equai®f the FE model are briefly summarized
so as to present the main modelling assumptionsn The experimental method used to
assess the consumption kinetics of reactive siicgiven. Finally, the FE inverse analysis
used to fit the final swelling amplitude is illusted and the model response is compared with

the structural monitoring results.

SUMMARY OF THE FINITE ELEMENT (FE) MODELLING

The law describing the mechanical behaviour ofci#f@ concrete assumes that AAR
acts on concrete through a gel pres€gewhich is combined with the water pressie
(Figure 7). As the pressures exist in the congoetesity, the mechanical model is based, as
in [26], on a poro-mechanical formulation describeddetail by Grimal et al. [6], [7] and

summarized by Eq. 1.
o=C(e-¢")-b,P,-h,P, (1)
In concrete damaged by AAR, the total strainis induced by the AAR-gel pressui

acting in the concrete porosity, by the mechamstia@sso due to the structural loading and

by the capillarity pressuf®,. As explained in [6] and [7]P. represents the shrinkage

mechanism. The anelastic straifi’includes both the creep strain and an irreversbiain
associated with crack opening [5]. In EqClis the damaged stiffness tensor [2%]andb,

are parameters giving the influence of pressurah®@woncrete matrix [26].

In accordance with the above observations and @uevivorks [4][23], it is assumed that
large aggregates present lower kinetics of reacsiliea consumption than small ones.
Although hydroxyl, alkali, and calcium ion diffusiacoefficients are nearly the same for large
and small aggregates, the chemical advancemenheofconsumption of reactive silica,
defined as the ratio of the affected zone to thendaones of the aggregate, depends on the
aggregate radius (Figure 8). That is why the sig&idution of aggregates in the concrete

must be discretized into several sizes (supersctipt in Eq 2), and a summation on
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s={1..,N} must be made, N being the number of size rangds.the number of aggregates

of sizes for a given size range. Thus, the gel pressBge i6 linked to the AAR chemical

advancementa® following equation 2.
N b

P, =M, > ns( AF VS -(V+—tr(e) (2)
s=1 n

With < > the positive pary/;’ the volume of one aggregate of sigeand f V.’ the maximal

volume of gel created by the aggregat€is the advancement of the AAR reaction for a
given aggregate sizg'. It is defined as the fraction of the volume oAR-gel produced at a

given time by the maximal volume which can be pastlby the aggregate. It evolves from 0
for the aggregate which has not yet been attacid@tlebreaction to 1 when the reactive silica
of the aggregate has been totally attacked. It edpoesents the fraction of reactive silica

consumed by the reaction. Thereferex*f V2 represents the volume of AAR-gel created by

n°® aggregates at a given time.

V, is the available porosity connected to the agdeets (cf. Eq. 6).bytr() is the additional

connected porosity due to the concrete strain anciudes the AAR cracks through the

anelastic strairfe”"). The positive part symbak) = (xif (x>0),00therwis¢ points out that the

pressuré’y appears when these two porosities are filled bygl. The coefficien¥g in Eq 2
is the bulk coefficient of the gel. The fitting laf andMg, given by Grimal and al [7], requires

free and constrained swelling tests to be carnad2?].

In the FE modelling, the chemical advancemeAtsare computed for each aggregate size
chosen to describe the aggregate size distributiam. this, a numerical step by step

integration of the differential evolution equati¢®) is used. This equation is inspired from

[24] and [6]. It takes into account the “in situiveronmental conditions (temperatuée and

water saturation degree in the pdBes
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ot R\273+8 293)) (-Sr)

a;

With a;,the kinetic constant to be fitte8y the water saturation degree of the porosity and

SP the saturation degree threshold above which tlaeticn occurs (estimated at 40%,
according to Poyet’s experimental results [24])is the temperature in °E&; the activation
energy (usually about 47000 J/M (24.748 Btu/M) [@d R the gas constant ( 8.31 J ( 4.37e
3 Btu ) /M.°K). This differential formulation of thAAR advancement allows environmental
condition variations to be taken into account.nHa Temple-sur-Lot dam, the degree of water
saturation used for the integration of Eq. 3 isegivn Figure 9. It was obtained from the non-
linear equation of mass transfer described in J@]7and solved numerically with the FE
method and boundary conditions imposed from the sorements of in situ degree of
saturation. The measurements of the degree ofad@tuwere performed on nine samples (3
for each of the 3 zones of the dam) taken frondtdra by dry concrete sawing. Just after the
sawing, the samples were sealed in watertight gmegaand the measurements of saturation
degree were carried out as soon as possible. Theasan degrees were 30% in the

superstructure, 45% on the external face of pémd 85% in the galleryrigure 9. Hence, the
AAR relevant parameters to be fitted were: the fkineonstantsa, (one per aggregate size
range,s={1,..N} ) and the AAR-gel raté (related to a mineralogy type, a single one in the

case of Temple sur Lot). In the following sectiottsg kinetic constant assessment from
laboratory tests of the reactive silica consumpi®first explained; then the adjustment of

parametef is presented.

DETERMINATION OF KINETIC CONSTANTS
Based on previous works on the effect of the sfaeactive aggregates on the swelling
capability of mortars [23][20], a procedure is ppepd for assessing chemical advancement

for each aggregate size of the concrete. This peosglits the problem into two phases:

10
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1- Aggregates of the affected concrete are firttaeked by chemical attack and sifted.
Then the residual reactive silica content is assk$sr each reactive aggregate size
using a specific procedure based on a comparatinty of swelling tests of mortars.

Several types of mortar containing only one aggeega&e from the dam concrete are
cast. The aggregates are crushed in order to obtsaime aggregate size distribution in
each mortar. Moreover, a sufficient amount of alisshdded to the mortar cement paste
to be sure that all the residual reactive silicatamed in the crushed aggregates will be
consumed during the tests. Consequently, the swtalling measured for each mortar

depends only on the residual reactive silica coethin the reactive aggregate. Thus the
chemical advancement of the reaction in the ag¢eegfahe dam at the coring date can

be deduced from the tests (Figure 10).
2- The constant representing the kinetics of in-shiemical advancementrfin Eq 3)

is deduced from the chemical advancements measarezhch aggregate sizA'(in
Figure 10) and from the environmental conditionketainto account through the
integration of Eq 3 (between the beginning of cargdion and the current date).
The following subsections successively develop @Has.e. how the chemical advancements
are assessed, and phase 2, i.e. how the kinetistaczda are deduced both from the

advancements and the environmental conditions.

Relationships between the chemical advancementthangsidual expansions measured on

mortar

As mentioned above, the principle of the test sellaon the comparison between:

- residual swelling measured on mortar made witlsloed aggregates extracted from the
affected concrete;

- and residual swelling of mortar made with sougdragates in order to assess the chemical

advancement of the reaction in the aggregate odidne concrete.

11
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The “sound aggregates” can be extracted from saonds of large aggregates (Figure 5) or
can be taken in dry zones of the structure (whageNAR has not occurred). In the Temple-
sur-Lot dam, these zones were the upper partseopilles Eigure 9 where the saturation
degree was lower than 40%.

The relationship between the swelling potential nebrtars and the assessment of the

advancement variables is based on the modellingdyet et al. [23]. If the alkali content is

sufficient, it is assumed that a reactive aggreugétie a volumeV, can create a maximal gel
volumeV, (Eq 4) proportional to its own volume [23]:
v, =f 1V, (4)

Several aggregate sizes can be successively stasliggherical particles. The proportionality
factor f depends on the reactive silica content of the agdgeeand on the gel texture. It is

different for alkali-silica gel and calcium-siligel. As explained by Poyet and al. [23], the
gel volume can lead to swelling only if the porgsibnnected to the reactive aggrega\{g (

in Eq 5) has been filled by the gel. The stress wellinge can be approximated by a linear

relationship (Eq 5):
£=n°(V, -V, ) (5)
with n® the number of reactive aggregates of s&gér nt of concrete and) the “positive

part”, as in EqQ. 3.
The connected porosity is assumed to be propoitimnghe aggregate surface and can be
idealized by a porous crown of thickneks(Eq 6) surrounding the spherical idealized

aggregate.

v, =gl f =T ®

12
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with Rythe average aggregate radius prile porosity of the surrounding material. When the
reactive silica of the aggregate has been totallysamed by the AAR, its contribution to

final stress due to free volumetric swelling is mpqmated by Eq (7).
5°°:n<f V, —Vp> (7)

with n the number of reactive aggregates per unit volommortar. If the aggregate under

consideration has already partly reacted in thectire (before the test, i.e. between t=0, the
time of construction, and t=T , the time of thet)ieits residual swelling potentia™ in the
conditions of the accelerated test (Eq. 8) depardshe chemical advancement of the
AAR at the extraction time T, as indicated in E@rl illustrated in Figure 10.
e==n(fv,[-A)-v,) (8)

If Aris close to 1, the residual swelling will be clased, meaning that the swelling is almost
finished for the concrete corresponding to thisraggte. IfAr is close to 0, the residual
swelling will be maximal.

Assessment of chemical advancement

This part presents the experimental procedureiechaut in the laboratory, that is needed to
assess the residual expansion and thus the advantém for each aggregate size range of

each concrete of the structure. First, as mentiam&igure 11, chemical attacks (HCI 1M for
siliceous aggregates of Temple sur Lot) and siffifigure 12) were carried out for the two
concrete types of the Temple-sur-Lot dam. In ordemeasure the potential for residual
swelling, three mortar bars (2 cm x 2 cm x 16 cyy9 in x 0,79 in x 6,30 in) were cast for
each aggregate size range (each mortar in Figyrd'thé division into two mortar types (N=2
in Eq. 3) for each aggregate size distributiongpreed in Figure 11) was chosen to limit the
number of mortars. Note that a division into moize ganges (N>2) could lead to better
accuracy. Each mortar contained only a single aggeesize range of each concrete. The

corresponding concrete aggregates were crushedifd to retain only sizes between 0.16

13
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and 3.15 mm (0.1240 in) (Figure 1According to previous works [23][9][19][20], snhex

particles lead to smaller swelling and larger pées lead to greater but slower swelling. The

total amount of crushed reactive aggregates, giegr (after crushing) and the alkali content

must be the same for all the mortaks alkali content of 8 kg / 1 (0.5 Ibs/ff) was chosen

to obtain total consumption of the residual reacsilica (above this value, the final swelling
becomes independent of the alkali content for Hggregate), Note that it must be also
possible to ensure this last condition keeping amorh an alkaline solution, this last
procedure is currently tested in our laboratoryisTdhoice is required so that the assumption
associated with Eq 4 (total consumption of residealctive silica) can be verified. Hence
mortars differ from each other only by the residresctive silica content of the aggregates.

Thus, if one mortar presents greater swelling @waother, its residual reactive silica content
is larger and, according to Eq 8, its associateesltiu” chemical advancemer; is smaller.

After 28 days of curing in sealed bags at 20°C(6%:), specimens were put into a
reactor at 95% RH (Relative Humidity) and 60°C (&0 Because of the geometry of the
specimens (small transversal dimensions), the wesations stabilized a few days after the
specimens had been put into the reactor and tluetuations were negligible during the test.
The longitudinal strains measured on the specinagasplotted in Figure 13. This figure

shows that the concrete gravels have a greatetuasswelling capability than the sandis

fact, due to the diffusion mechanism [4], alkaldamydroxyl ion ingress in larger concrete
aggregates concerns only the periphery as shovgiure 5 and symbolized in Figure 8. A
large zone of unaffected silica remains at the obtbe aggregate. When these aggregates are
crushed before being incorporated into the montenst of the crushed aggregates have a low
AAR average advancement. Consequently, they leakhrge residual swelling (G250 in
Figure 13). In contrast, the alkali and hydroxyh imgress concerns a larger relative zone in
the sand from the concrete, where more reactiveads reached by the ions. This leads to a

large advancement in the concrete and a smallétuadsswelling for the corresponding

14
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laboratory mortars (for example S350 in Figure IHpally, residual swelling on mortar
made with crushed aggregates showed that largeegags contained more unaffected silica
and led to greater residual swelling than smalle¥so Moreover, Figure 13 points out that
swelling capability decreases with the cement gundé the concrete. The amounts of alkali
and hydroxyl ions in the concretes of the dam maportional to the cement contents.
Therefore, the aggregate contained in concrete aitement content of 350 kg/n21.8
Ibs/ft®) is more affected than the aggregate of concrétie avcement content of 250 kgim
(15.6lbs/ff). Consequently the latter leads to smaller resisivalling (Figure 13).

It can be concluded that the chemical advancenfahecAAR in each aggregate of the
concrete depends on the cement content of eachreatenand on the aggregate size.
According to Eq 8, the consumption of silica candbaded in two parts: the first part occurs
in the structure and the second part is provoketiendaboratory tests on mortars (Figure 10).
The swelling curves are then used only to assessdliancemery of the reaction before
the beginning of the accelerated test. The thealedivelling of each mortar can be calculated
using Eq 8. In this equation, all the parameteesthe same for the four mortars, except the
value of the initial chemical advancemeft, which depends, as explained above, on the
aggregate size and on the cement content in theret@n In order to assess these
advancementsAt, a least squares method can be used. The globat & (Eq 9)

corresponding to the cumulated squared deviatietsden the final swellings measured on

res(mortar)

specimens £°4™")) and the theoretical values computed with Eq.€8 () can be

exp
written:

E= Y| n(fV, (- Am)-v, ) - ercsmere (9)

exp
mortar

res(mortar)
&in

Minimizing this error leads té¢ andf given in Table 1.
As explained above, the aggregate nunrber each mortar is the same for the formulations

of all four mortars; iis taken to be equal to the sand content of thean500 kg /i (93.5
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Ibs/ft®)) divided by the absolute density of the sand &gdthe elementary volume of
aggregate\(y). For V), a characteristic lengtlt (Eq 3) of 10 um (48 in) was adopted in

accordance with Poyet al.[23].

Calculation of kinetic constant

From the structural point of view and in the FElgsia, “At” results from the integration, of

the differential law of kinetics (Eq. 3) used fohet computation of the chemical

advancements. The temperature-dependent kinetameter a, in Eq. 3 is first assessed
from advancements determined on the mortar tests.the kinetic constant used in the FE

analysis of the dam, is then deduced fmm(Eqg. 3). The relationship between the

advancementAr determined with mortar testsA{A:"°" from Eq 8) and the kinetic
parameter is the result of the integration of Eq(E8. 11), from the construction time
(7 =0in Eq 11) to the time of test =T in Eq 11). It takes the real environmental cowodisi
into account: humidity througl§ (the time-averaged saturation degree) #hgdhe time-

averaged temperature) of the concrete in the pbriee dam where the core samples were

drilled.

Ar ﬂqﬁwdrﬂ.ﬂmdrz 1-ex —aEMT (11)
r=0 ot =0 ot ¢ 1-sr

T is the age of the dam (60 years for the Templd-stidam). A characteristic time"? of

the reaction advancement for each aggregate typalsa be defined (Eqg. 12) from (Eq. 11)

and linked to the “in-situ kinetic constant?; (Eq. 13) used to assess, (Eq 3).

e T (12)
In(l— AT)
1
a; = 13
g TAAR Sr - Sro ( )
1-Sr°
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The characteristic time of the kinetic advancemsmot explicitly used in the modelling but
corresponds to the time required to reach advancefef 63%. It is about 60 years for the
C_350 sand and about 522 years for the C_250 Igrgeel (Table 1). These results are
consistent with the observations made on the spgw@mThe reaction appears to be almost
finished for the sand of the concrete with 350 Kg{21.8 Ibs/ff) of cement but not so
advanced for the largest gravels of the other @iaciThus, if the alkalinity of the cement
matrix is maintained in the dam, the AAR will canie. It should be noted that a reaction of
substitution between the alkali of the initial AAdel and calcium of the cement paste [12]

can maintain the alkalinity condition.

ASSESSMENT OF SWELLING AMPLITUDE USING FINITE ELEME NT INVERSE
ANALYSIS

The fitting between model and reality requires duateation of the constarft (Eq 2). The
constantf obtained from the accelerated tests (Eq 4) cabeaised for analysis of the dam
because of the difference of ASR-gel nature betwidenlong-term reaction in the dam
(calcium-silica gel) and the short-term reactiorthe accelerated tests (alkali-silica gel). In
order to assess this constant, the model was fittetthe observed behaviour of the dam. The
constant was then iteratively assessed to adjestEhmodel response (in terms of structural
displacements) to measurements performed on the ldatme calculations, the final swelling
of concrete containing several ranges of aggregjaes is assumed to be the sum of the final
swelling contributions of each range of aggregae ssummation on N in Eq 2). The FE

model also includes the structural effects of thechanical boundary conditions on the
swelling [13][22][15][18][27]. In Eq. 3, the kinaticonstantsa,, are assessed according to

the stress free expansion of the mortar (Tablendl)the environmental conditions of the dam
(Eq. 11). All the other mechanical parameters néedeise the FE model were measured on

drilled samples. Thus measurements of compressidesplitting tensile strengths, Young’'s
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modulus and creep strains were carried out duhegkperimental study of the dam. Results
are not reported here but are available in GrinfahiP thesis [28].

The variation of the lateral displacement measategbint PC of the dam was used to fit the
parameterf (Figure 14 and Figure 15 (a) direction yy). It whs only measurement on the
dam which was used for the parameter fitting. Thiea,vertical displacements of PC (Figure
15 (a) direction zz) and the horizontal displacenwdrPA (Figure 15 (b)) could be simulated
with good accuracy. The FE structural modellingpmsed in [6][7] is also able to compute
the damage field in the dam due to AAR developn(egtre 1§. The damage variable ranges
from O (dark zones) for undamaged material to gh{lzones) for macroscopic crackgyure

16 shows the good agreement between the computedgedamrad the crack pattern, the
lightest zones corresponding to the observed crdskearing crack between the two
concretes, vertical cracks on the upstream partaaride bottom of the downstream part of
dam piers). The lateral movement of the pile i® &splained by the model with the tilting of
the pier toward the gatesidure 1§. Then a prediction of the pier movements can hderfor
the coming decades (Figure 15 (a) and (b)) Rigate 19. Figure 15 shows that the slope of
the strain tends to decrease but displacement®ood than 0.020 m should be observed in the

next two decades along the direction yy for PA B

CONCLUSION

After the analysis of the usual accelerated residwelling test, this paper has shown
that it is difficult to use the results of suchesttto predict the structural behaviour of an
AAR-damaged dam. Therefore, a new method has be=mrelaped, based on two
complementary fitting processes:
1- The chemical kinetics of the reaction for eaghge of aggregate sizes of the concrete is

determined through a laboratory experimental amalgtthe affected concrete. The method
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used to compute the kinetic parameters of the AABludes environmental conditions
(saturation degree and temperature) of the conofdtee dam.

2- A non-linear finite element analysis of the sture is carried out to fit the final swelling
amplitude of the concrete. This step takes int@actone displacement rate measured on the
structure and the possible heterogeneities of the@mental conditions.

To perform relevant calculations, the mechanicapprties of the concrete in the
structures also have to be precisely known. Measeinés should be made of strength,
modulus and creep characteristic. The method hes beccessfully tested for the Temple-
sur-Lot dam. The results show that the fitting bk tamplitude, using one significant
displacement combined with the laboratory detertionaof the chemical kinetic parameters,
allows other displacements of the dam and a realistimage field to be assessed. Based on
this work, a prediction of the dam’s displacemeartd damage fields has been made for the
coming decades. It shows that, although most ofdisplacement has already occurred,

displacements and damage will continue to occuséeeral decades.

REFERENCES

1] Bérubé, M.A., Smaoui, N., C6té, T., (2004) Expansiests on cores from ASR-
affected structures, Proc. 12th Int. Conf. AAR,jBej, China, 821-832.

2] Fasseu, P. and Mahut, B., eds (2003) Guide méthgiple : Aide a la gestion des
ouvrages atteints de réactions de gonflement iefdt@PC, "techniques et méthodes
des LPC" collection, Paris, France (in French).

3]  French W.J., Maintenance of mobile alkali concdmrain cement paste during alkali-

aggregate reaction, Enclosure to Proc. 8th IntfGoAR, Kyoto, Japan.

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

[10]

Furosawa Y., Ohga H., Uomoto T., 1994, “An anabftistudy concerning prediction of
concrete expansion due to Alkali-Silica ReactioBfd CANMET/ACI International
Conference on Durability of Concrete, Nice, Frarpge,757-779.

Godart, B., Fasseu, P. and Michel, M., (1992) Dasmig and monitoring of concrete
bridges damaged by AAR in Northern France, Proth, Iat. Conf. AAR, London,
England, 368-375.

Grimal E, Sellier A., Le Pape Y., Bourdarot E., &8p shrinkage and anisotropic
damage in AAR swelling mechanism, part |. a constie model”, accepted on 25-Jan-
2008 for publication in the American Concrete ltndgé Material Journal.

Grimal E, Sellier A., Le Pape Y., Bourdarot E., &8p shrinkage and anisotropic
damage in AAR swelling mechanism, part Il : a FEMalgsis” , accepted on 13-Feb-
2008 for publication in the American Concrete ltndgé Material Journal.

Grimal E., Sellier A., Le Pape Y., Bourdarot E.fllience of moisture and cracking on
aar degradation process : impact on concrete staldiehaviour using fem anlysis”, Int
Conference on Concrete under Severe conditions virddinment & Loading,
F.Toulemonde edt, ISSN 1628-4704, pp. 757-765, s€o®7, Tour France, 4-6 June
2007.

Guédon-Dubied J.S., Cadoret G., Durieux V., Madin€&., Fasseu P., van Overbecke
V., Study on Tournai limestone in Antoing CimescQuarry. Petrological, chemical
and alkali reactivity approach, 11th Internatior@nference on Alkali-Aggregate
Reaction in Concrete, Bérubé M.A. Fournier B. Darad®. (Editors), Quebec City,
Canada, 2000, 335-344.

Jensen V., Alkali Aggregate Reaction in Southermviéy, Doctor Technicae Thesis,
Norwegian Institute of Tehcnology, University ofohidheim, Norway, 1993, 262 p.
Lagerblad B., Tragardh J., Slowly reacting aggregah Sweden — Mechanism and

conditions for reactivity in concrete, 9th Interioail Conference on Alkali-Aggregate

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

[12]

[13]

[14]

[15]

[17]

18]

[19]

[20]

Reaction in Concrete, Concrete Society Publicatsh 106, Vol 2, London, Great-
Britain 570-578.

Lombardi J. Perruchot A. Massard P. Larive C., Beticomparée des gels silico-
calciques produits des réactions alcalis-granuats les bétons et de gels synthétiques
types", Cement and Concrete Research, Vol. 2652631, 1996.

Jones A.E., Clark L.A., 1996, “The effects of rastt on ASR expansion of reinforced
concrete”, Magazine of Concrete Research, 48, N°Ajg41-13.

Larive C., Laplaud A., Joly M., 1996, “Behavior oAAR-affected concrete:
Experimental data”, 10th International Conferenae Alkali-Aggregate Reaction,
Melbourne, Australia, pp. 670-677.

Léger P., Cote P., Tinawi R., 1996, “Finite elemamalysis of concrete swelling due to
Alkali-Aggregate Reaction in Dams”, Computer ancu8tures, Vol. 60, pp. 601-611.

Li, K., and Coussy, O., 2002, “Concrete ASR Degtiatia From Material Modeling to
Structure Assessment”, Journal of Concrete SciandeEngineering, V. 4, pp. 35-46.
LPC. 1997 : LPC N°44 "Alcali réaction du béton sasd’expansion résiduelle sur
béton durci, a 38°C et H.R. 95%", Presse des ponts et chaussées, February ih997
French.

Malla S., Wieland M., 1999, "Analysis of an arctagty dam with a horizontal crack",
Computers and Structures 72 (1999) 267-278.

Moisson M., Cyr M., Ringot E., Carles-Gibergues Efficiency of reactive aggregate
powder in controlling the expansion of concreteetiéd by alkali-silica reaction (ASR),
12th International Conference on Alkali-AggregateaBtion in Concrete, Tang M. and
Deng M. (Editors), Beijing, China, 2004, pp.617-624

Multon and al. 2008 : S. Multon, M. Cyr, A. Selli®. Diederich, L. Petit , “Effects of

aggregate size and alkali content on ASR expansguibmitted to ICAAR13.

21



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

23]

[24]

[25]

[20]

28]

Multon and al. 2008 : Multon S., Barin F-X., GodBrf Toutlemonde F., “Estimation of
the Residual Expansion of Concrete Affected by AABRSurnal of Materials in Civil
Engineering, ASCE 0899-1561, Vol. 20, No. 1, Japz&08.

Multon S., Toutlemonde F., 2006, “Effect of Appli&tresses on Alkali-Silica Reaction
Induced Expansions”, Cement and Concrete Resed@oth36, n°5, pp. 912-920.

Poyet and al. 2007 : Poyet S., Sellier A., CaptéBray G., Torrenti J.-M., Cognon H.
& Bourdarot E., "Chemical modelling of Alkali Sikcreaction: Influence of the reactive
aggregate size distribution”, Materials & Structuré&/ol. 40, pp. 229-239, 2007.

Poyet and al. 2006 : Stéphane Poyet - Alain SeHi@8runo Capra - Genevieve
Thévenin-Foray - Jean-Michel Torrenti - Hélene Toer-Cognon - Eric Bourdarot,
“Influence of water on Alkali-Silica Reaction: Exprental study and numerical
simulations”, Journal of Material in Civil Engineeg, 10.1061©ASCE 0899-1561,
Vol. 18 No 4 August 2006.

Sellier A., Bary B. “ Coupled damage tensors an@kest link theory for describing
crack induced orthotropy in concrete ”, Engineerirgcture Mechanics n°1629, May
2002.

Ulm F.-J., Coussy O., Li K., Larive C., 2000, “The-Chemo-Mechanics of ASR
expansion in concrete structures”, J. Eng. MecH, Y26, n°3, pp. 233-242.

Saouma V, Perotti L, and Shimpo T, 2007, "Stressalysis of Concrete Structures
Subjected to Alkali-Aggregate Reactions”, 104(32541.

Grimal.E "Caractérisation des effets du gonflemgmivoqué par la réaction alcali-
silice sur le comportement mécanique d’'une strecaurr béton. Analyse numérique.",

PhD thesis, February 7th 2007, 198 p.

Table 1: gel volume and kinetic constants for ezlahs of aggregate size

AAR
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Figure 2: Downstream and transversal views of thdied pile and definition of concrete types

Residual expansion (10e-6)

800

700

600

500

400

300

200

100

0

-100

-200

A C 250 Gallery

¢ C 350 Pier (External Face)

Il C 250 Supertructure

Time (weeks)

Lo

4
dric

T T T T T T T T T T T 1

12 16 20 24 28 32 36 40 44 48 52 56

Swellifig

Chemical swelling

Figure 3: Longitudinal strain of core samples ungsral residual swelling tests (line: experimenottet line:

trend).

24



1
2

5

AAR product in the dam

Figure 4: AAR-gel texture differences (SEM pictyrbstween accelerated tests and dam

Figure 5: Peripheral zone affected by AAR in adacgncrete aggregate (from a drilled core sample)
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AAR kinetic and swelling amplitude assessment

Affected structure

Core samples drilled in various zones: Structural monitoring:
- Wet, dry, concrete type... - Displacements
- Temperatures

- Moistures...

Laboratory tests:
Assessment of reactive silica consumption kinetic

A

Reactive silica consumption measurement for each
drilling zone and for each aggregate size range

Finite element inverse analysis of the affected structure:
Swelling amplitude assessment

Search for swelling amplitude compatible with:
- environnemental conditions
L - reactive silica consumption kinetics

us

Finite element analysis

- Displacements and damage patterns prediction
- Repair efficiency assessment...

Figure 6: Global methodology summary

External loading

Concrete matrix I ]— Pw : Water Pressure in the pores

skeleton Py | LPw] Pg:AAR Gel Pressure in the pores

Figure 7: One-dimensional idealized view of expa@sioncrete behaviour model
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Figure 8: Difference of chemical advancement betweeemall (1) and a large (2) aggregate s = agtgesize
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2  (*) boundary conditions in agreement with Sr measuents on dry sawed core samples.
3 Figure 9: Saturation degree field (Sr) used forriver left pile calculation.
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Figure 11 : Procedure of mortar fabrication for #fiftected concrete C250 and C350
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Figure 12: Aggregate extraction from a drilled ceagnple
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Figure 13: Swelling of mortar specimens (symbditld curves (dotted lines)
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Figure 15 : (a) Fitting of the swelling amplitude the structural displacements (point PC directipn
prediction for PC directions zz and xx, extrapalatfor the coming decades, (b) PA displacementspenison

with in situ observations and prediction for theniog decades.
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Figure 17 : Tensile damage field evolution on defed mesh
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