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reaction model

Guy-de-patience Ftatsi Mbetmi®®!, Stéphane Multon?, Thomas de Larrard?,
Frédéric Duprat?, Daniel Tieudjo®

(a) LMDC, Université de Toulouse, INSA, UPS, 135 Avenue de Rangueil, 31077 Toulouse
cedex 04 France
(b) Laboratoire d'Analyses Simulations et Essais (LASE), Université de Ngaoundéré,
IUT, P.O. Box 455, Ngaoundere, Cameroon
(c) Laboratoire de Mathématiques Expérimentales (LAMEX), Université de
Ngaoundéré, ENSAI, P.O. Box 455, Ngaoundere, Cameroon

Abstract: Alkali-silica reaction (ASR) expansion is due to a combination of chemo-mechanical
mechanisms. To obtain realistic predictions, modelling developed at the material scale has to
consider reactive transport and mechanical issues. Numerous input variables concerning aggregate
and cement paste properties are thus necessary. The uncertainties that affect such variables make
the prediction of the ASR phenomenon random and thus need to be considered in a probabilistic
context. To reduce the stochastic dimension for a further probabilistic analysis, a sensitivity
analysis using the Morris method is conducted here, at different dates, on an ASR model
developed at the material scale. It is illustrated by a combined sensitivity analysis of both the total
volume of ASR products formed over time and the corresponding expansion. The work shows the
relative impact of transport and reactive mechanisms on ASR kinetics. Moreover, the most
significant parameters are not the same for laboratory accelerated expansion tests as for real
structures under low temperatures. This highlights the relative impact of ASR mechanisms

according to temperature.
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Highlights:

- A sensitivity analysis of alkali-silica reaction model parameters is performed,

- A method to compute multiple outputs sensitivity analysis is proposed,

- The method relies on using a cumulative frequency threshold value,

- ASR kinetics can be more sensitive to reactive mechanisms than to transport in old concrete,

- Environmental conditions impact the ranking of significant variables.
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List of abbreviations and symbols

Agg.: Aggregates

ASR: Alkali-Silica Reaction

(B (k+1)xk): Lower triangular matrix

cdfrq: cumulative decreasing frequency

CNAO (C ,cv':l): Initial concentration of alkali in cement paste

COLC (t.): Reaction rim thickness

CONGRA (Cp44): Volumetric concentration of aggregate per m? of concrete
D: Diameter

(Djxx): Diagonal matrix whose diagonal terms randomly take the values 1 or -1
DIFFG (D): Alkali diffusion coefficients

EE: Elementary Effect

(gy(t)): REV ASR expansion over time

(f or Fixna): Coefficient of alkali fixation - taken as the same for all classes
FRAGRAC(i): Fraction of the class i granular material in aggregates

(J (k+1)x1): Matrix of (k + 1) lines and k columns of ones

(k): Number of input variables

Max: Maximum

Min: Minimum

(1;): Means on r of the EE;

(u;): Absolute means on r of the EE;

(p): Number of levels of each variation range (with p > k)
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(¢h4i): Fraction of aggregate of class i

(Prxp): Matrix where each column and each line contain only one element equal to 1 and all the

others are equal to 0

POROG (P,44): Porosity of aggregates
POROMO: Porosity of the cement paste

(r): Number of trajectories

(R): The ideal gas constant

(R,i): Radius of aggregate of class i

REYV: Relative Elementary Volume

RH: Relative Humidity

RNS: Number of mol of Na reacting with 1 mol of Si to form 1 mol of gel
(S7): Global sensitivity indices of each variable
(0;): Standard deviation on r of the EE;
SILSOL: Amount of soluble silica

(8¢ny): Sensitivity threshold value

(T): Temperature
(Ty): Reference temperature of the LPC N° 44 test (311 K)

(V4(p)): Total volume of gel formed over time

VMGEL (VZ‘e"ll): Molar volume of ASR-created gel
(Vn|l)): Levels vector
(Vpor): Rim volume surrounding reactive particles

(X%, 4x): Maximum values of variables X; withi = 1,..,k

(X%,in): Minimum values of variables X; with i = 1,..,k
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1. Introduction

Alkali-aggregate reaction causes significant deleterious degradation in many concrete structures,
especially those where the concrete saturation degree is permanently high, such as dams. The
alkali-aggregate reaction studied here is the alkali-silica reaction (ASR). It takes place between the
poorly crystallized siliceous phases of silica aggregates and the alkaline interstitial solution of
concrete. This reaction results in the formation of a gel and / or crystallized products, which can
pressurize the surrounding concrete, causing cracking and expansion. Modelling ASR at the
material level involves the transport of ionic species in the aggregate, the reactive mechanisms of
dissolution and precipitation, and the conservation of ionic masses. During the reactive processes,
silanol and siloxane interact to create siliceous gels [1-3]. ASR models must take both chemical
and physical aspects into account to obtain relevant predictions of the mechanical responses of

affected structures.

Apart from the approximations associated with the accepted hypothesis, many uncertainties affect
the variables of the model, make the prediction of the ASR phenomenon random, and require
operations to be carried out in a probabilistic context. A recent study proposed by Saouma pointed
out the importance of stochastic analysis for the evaluation of ASR-damaged dams [4]. A similar
situation exists for the determination of the advancement of the reaction according to
environmental conditions in order to obtain accurate assessment of the evolution of damage with
time. For the purpose of probabilistic analysis of the functional reliability of dams, a methodology
based on the use of surrogate models has been planned for further study. The model adopted in the
present work is the one developed at the material scale in LMDC by Multon et al. [5]. It has been
compared with experimental evidence in [6]. To reduce the large number of variables to be
considered as random in a probabilistic context, a one-at-a-time sensitivity analysis is undertaken.
The final number of variables resulting from the reduction process is called the effective
dimension, a concept introduced by Paskov and Traub [7] in finance, then by Caflisch et al. [8] in
engineering. Later on, Kucherenko et al. [9] proposed the use of global sensitivity analysis with
Sobol indices to obtain a model effective dimension. Riahi [10] developed an approach that
consists of calculating the stochastic effective dimension with the Morris method. The present
work extends that approach to multiple outputs and time dependent sensitivity analysis. The
Morris method is used here to reduce the stochastic dimension, and so the computational cost, of
our model rather than enhancing its predictive capabilities as in [11]. Additionally, we combine
the sensitivity analyses performed at different dates to consider the time-dependency of the model

in the present study.
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Before the description of the ASR model used in this paper, a review of ASR modelling is
proposed, followed by a presentation of the variation range of each input variable obtained with
some Monte Carlo simulations to fit the experimental results of the ASR accelerated test LPC N°
44 [12-15], carried out on cores drilled from Song Loulou dam in Cameroon [16] thirty years after
its commissioning. Then, the Morris method is presented and an algorithm proposed to select
variables on the basis of a combined sensitivity analysis. Finally, the sensitivity study is carried
out on the selected model outputs. The most important variables are identified for each of the

outputs, and from the combined sensitivity analysis, for different environmental conditions.

2. Modelling Alkali-Silica Reaction at material scale

2.1. Literature review

Alkali-Silica Reaction is caused by the chemical attack of specific silica aggregates and results in
expansion and cracking of concrete. ASR modelling is thus an ambiguous term as the different
models found in the literature can be centred on different aspects of physics. Some numerical
works focus on mechanical considerations [17-25], some others analyse only the chemical
advancement [26-31], while a third type of works consider the combination of physico-chemical
mechanisms with mechanical considerations [5, 32-38]. To be realistic, ASR modelling should
take into account:

- Transport for ions, water and ASR gels [5,26,28-30,32-38]: Before attacking aggregate,
hydroxyl ions have to come into contact with amorphous silica (diffusion of ions in cement
paste and aggregate). The ion diffusion is only possible if the porosity is sufficiently
saturated in water and, to form, ASR gels absorb water (effect of water diffusion and
permeability in concrete). Once formed, ASR gels under pressure just after their formation
can partially move into the concrete porosity and induce cracking (ASR gel permeation).

- Thermodynamics [27,28,31]: ASR is the result of the aggregate dissolution (reaction
between hydroxyl ions and amorphous silica) and of the precipitation of gels (reaction
between silicic acid and alkali). These chemical reactions can be modelled by
thermodynamic equilibrium [27,28] or by kinetics laws [5,39,40].

- Mechanics [5,17,18,20-25,32,41-43]: The formation of ASR gels in hardened concrete
leads to cracking and expansion. Fracture or damage mechanics is necessary to evaluate
the mechanical properties after degradation. Concrete creep has to be taken into account as
it impacts the development of cracking.

In the literature, ionic or water transports are often considered as the processes controlling ASR
kinetics. Recent works [28,39] have shown the importance of considering both transport and the

6
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kinetics of chemical reactions to obtain realistic representations of rapid and slow reactive
aggregate, e.g. the attack pattern observed in the literature [44]. Therefore, ASR modelling at
material scale should be performed in a reactive transport framework. This leads to modelling with
numerous input data. These data are affected by uncertainties and the prediction of ASR by such
modelling is thus a random phenomenon. A probabilistic context can help to obtain reliable
predictions. Among the few models eligible for the new approach that we intend to develop,
namely the recalculation of ASR-affected structures from a microscopic model based mainly on
measurable physical parameters, we chose the ASR model presented in [5] as it combines

transport and reactive mechanisms.

2.2. Physico-chemical ASR modelling
2.2.1 General modelling

The ASR model used in this work considers the definition of a representative elementary volume
(REV) of concrete that contains both cement paste and aggregate particles, reactive or not, of
different sizes (Fig. 1). The REV is the smallest volume that represents the behaviour of the real
concrete volume. Geometrical parameters thus have a large place in this modelling to characterize
the size of reactive aggregates (minimal diameter of an aggregate class, DMIN and maximal
diameter, DMAX) and the aggregate distribution (volumetric aggregate concentration —
CONGRA, and fractions of each aggregate size — FRAGRA) presented in Table 1. Three granular
classes are considered and the number (a) in Table 1 is associated with the aggregate class (a =
1,2,3).

The model developed at LMDC is based on the following chemical mechanisms:

- the diffusion of alkali into the aggregate particles (Fig. 1). Only one transport mechanism is
considered. It is sufficient to reproduce a large number of experimental tests in saturated
conditions [5,6,39]. For this part, the parameters of the model are the initial alkali
concentration (CNAO), the aggregate porosity (POROG) and the coefficient of diffusion of
alkali in aggregate (DIFFG) in Table 1.

- production of ASR gel (Fig. 1) and decrease of the alkali concentration in the cement paste
relatively to their consumption by the new products to represent the reactive mechanisms.
The maximal number of moles produced by ASR depends on the initial content of reactive
components (the alkali concentration — CNAO and the reactive silica content in aggregate —

SILSOL) and on the ratio Na;0e¢/SiO> in the gel (RNS in Table 1). The gel volume is

7
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proportional to the number of gel moles and to the molar volume of ASR gels (VMGEL).
The kinetics of gel production is driven by the coefficient of alkali fixation (FIXNA), which

quantifies the fixation of alkali by the gel and thus the creation of gel.

permeation of gels around reactive sites in aggregate and paste porosity [32] and formation
of rims around reactive aggregate [45]. For the sake of simplicity, the volume of gels filling
pores and the volume of gels necessary to form the rims are modelled by an equivalent
thickness (COLC) between cement paste and aggregate (Fig. 1). In reality, this volume of
gel is accommodated in all the pores available in the aggregate and surrounding cement
paste. In the rim, the porosity of the cement paste (POROMO) is assumed to be partly filled
by gels. The gel produced once the rim is formed exerts significant pressure on the

surrounding aggregate and cement paste and causes the REV expansion and cracking.
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Table 1. Ranges of variations of the input variables of the model

Concrete Parameters

Description Abbreviation Symbol (3] Initial Final Range Unit
Range
Minimum diameter of the smallest DMIN(1) 0102 0102 nm
granular class
Minimum diameter of the DMIN(Q2) =
intermediate granular class DMAX (1) Ra=123) = 4106 4106 mm
Minimum diameter of the largest  DMIN(3) (DMIN(a) +
inimum diameter of the larges = DMAX(a)) /2
N T s DMAX (2) (@) 10 to 20 10 to 20 mm
Maximum diameter of the largest DMAX(3) 32 to 32 to 125 mm
granular class 125
Volumetric conc3entrat10n of CONGRA Cagyg 0.6 to 06 to 075 )
aggregate per m° of concrete 0.75
Fract.lon of the smallest granular FRAGRA(1) ¢)(a:1_%_3) = 0.25 to 025 t0 055 )
class in aggregates Function of 0.55
Fraction of the medium and large FRAGRA(2) = (FRAGRA(2), 0.05 0 | 005 10 025 )
granular class in aggregates FRAGRA(3) SILSOL(a)) 0.25 : ‘
Physicochemical Parameters
Description Abbreviation Symbol (3] Initial Final Range Unit
Range
o . . cp
Initial concentration of alkali in CNAO Cya 100 to 100 to 250 | mol/m?
cement paste 800
Amount of soluble silica for the ba=123) = 1000 to mol/m?
smallest granular class (Sand) AL Function of 5000 LD 2 S0 of aggr.
ili RAGRA(a),SILSOL
i e sramine e and | S1L30L21= | TR 1m0 1014, 3009 | moti
grant’ SILSOL(3) 5000 of aggr.
average reactivity
. P. 0.1 to
Porosity of the cement paste POROMO 4 03 0.1 to 0.3 -
Porosity of small aggregates POROG(1) Paggr 0'8 B Sto 0.01 to 0.05 -
Porosity of aggregates taken for the |POROG(2) = Pagg23 0.01 to 001 to 0.05 i
other granular classes POROG(3) 0.05 ’ ’
Reaction rim thickness for small COLC(1) tetam) 1 to 15 1 to 10 um
aggregates
Reaction rim thickness for other COLC(2) =
aggregates COLC(3) fe@=22) 1 to 15 1 to 10 wm
s deee . . -13 -13 -
Alkali diffusion coefficients for small DIFFG(1) D(a=1) 2.10 ; 3to 2.10 1t30 7.10 /s
aggregates 7.10
AlKali diffusion coefficients for other | DIFFG(2) = Dg=2,3) 2.1083 to | 2.103 to 7.10° /s
aggregates DIFFG(3) 7.10°13 13
ASR gel parameters
Description Abbreviation Symbol (3] Initial Final Range Unit
Range
ymot 1.10° to 1.10° to 3
Molar volume of ASR-created gel VMGEL ge 10.10°5 1.6.10°5 m>/mol
NELAEI P G NPT Ry Ratio Na20/Si0: | 021008 | 0390059 | -
mol of Si to form 1 mol of gel
Coefficient of alkali fixation taken as -1.107to | -1.107to -1.10° | 5, 5
the same for all classes FIXNA f -1.10° o m*/m’/s

The constitutive equations of the ASR gel expansion model have been presented and explained in

[5]. Both rapid and slow reactive aggregates can be modelled (Fig. 1) through the combination of

10
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diffusion and reactive mechanisms [39]. Only one point has been modified from the initial version
of the model [5]: the existence of a constant threshold alkali concentration above which ASR can
occur is questionable [39,46]. This threshold is probably dependent on chemical conditions, e.g.
calcium concentration [39]. In the present work, no alkali concentration threshold is assumed. All

the alkali ions can participate in gel formation.

The input variables analysed in this paper are all summarized in Fig. 1 and Table 1. The ranges
were derived from our expertise combined with the information available in the literature, as
explained in the next section. It can be deemed that they contain about 95% of the consistent

knowledge of the parameters in question, as justified in part 2.3.

2.2.2 Consideration of environmental conditions

In the model, the temperature impacts both the transport, through the alkali diffusion coefficient in
the aggregate, and the reactive mechanisms (dissolution of silica and ASR-gel formations),
through the single simplified equation of alkali fixation [39]. As shown by the literature, reactive
mechanisms are usually more sensitive to temperature than diffusive transport [27,47,48]. This is

taken into account through the activation energy of each phenomenon, Ef*™* = 78 kJ/mol for the

alkali fixation (Eq. 1), versus Efif 6 = 20 kJ/mol for the alkali diffusion (Eq. 2).

Efl'txna

1 1
Fixna (T) = Fixna, eT(T_T_o) (Eq. 1)
EfiffG 1 1
DiffG (T) = Dif fG, e w ) (Eq.2)

where R =8.31J.K 1. mol™! the ideal gas constant; T (%K), temperature; T, = 311K,
temperature of the expansion test performed on cores (LPC N° 44), test taken as a reference in this

work.

The variation of relative humidity can be considered in the modelling through the variation of the
diffusion coefficient with the saturation degree of the concrete [49]. The impact of the variation of
moisture on the model response has not been evaluated in the paper because the specimens during
the accelerated test (RH 95%) and the concrete of the Song Loulou dam (RH > 80%) [50] were at
very high and quasi-constant relative humidity during ASR expansion. Concerning the alkali
effect on expansion, alkali leaching can occur during the expansion test and can be considered by

the modelling [39]. However, the cores extracted from the concrete of the Song Loulou dam had a

11
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diameter of 140 mm. Therefore, alkali leaching was neglected as Lindgard et al. showed that the

loss of alkali was lower than 10% for specimens with sizes greater than 100 mm [51].

2.3. Independent input variables of the model and range of variation

Following a study commissioned by the dam manager, core specimens were drilled from the Song
Loulou hydropower dam (Fig. 2), to undergo various tests including the accelerated swelling test
LPC N°44 and the petrographic study carried out by the former LCPC (Laboratoire Central des
Ponts et Chaussées) in 2011. LPC N°44 is an expansion test on a core extracted in an ASR-
affected concrete structure. The core had to be equipped with plots for strain measurement and
kept in a 38 °C and 95% RH environment. The evolution of the length had to be noted regularly
over 52 weeks [12]. In order to obtain homogeneous conditions, cores are usually stored in small

containers (28 cm x 23 cm x 40 cm in height) [13].

The cores presented in Fig. 2 were extracted from the following points of the Song Loulou dam: at
the base of buttress 45 (C45-1), on the top of spillway pile 12 (P12-1), on the right bank of the
spillway pile (P12-2).

R S P

g I‘f’Hl (1546 : : f#}i""ﬂ

Sy B

a

Fig. 2. Cores extracted from Song Loulou dam for the LPC N° 44 test, credit to Guedon -
IFSTTAR 2010

For our sensitivity analysis to be relevant using the proposed method, it is necessary to define the
real ranges of the independent input variables. Twenty of them have been identified for the model,
(Table 1), considering that the smallest granular class (sand) has different physicochemical
properties from the middle and large classes (gravel and stones). This hypothesis is based on the

dam construction data and the 2011 petrographic observations. Additionally, in the case of cores

12
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drilled from the structures, aggregates had already been attacked in the structure, before the
laboratory tests. Due to diffusive mechanisms, the chemical advancement in sand is potentially

larger than the advancement in gravel and stones, inducing different physicochemical properties.

The initial ranges of the input variables were defined according to literature and Song Loulou dam
construction reports. The first 7 variables in Table 1 are physical variables whose ranges were
deduced from the concrete formulation of the Song Loulou dam, and also in accordance with [52].
The porosity range was measured on extracted cores. The initial ranges of the twelve other
variables were defined from the literature [5,6,34,53]. In addition to these three references used for
all the variables, we used specific references for some variables: values for the initial alkali
concentration, “CNAO” and the molar volume of ASR gels, “VMGEL” were from [54] and, for

the two coefficients of alkali diffusion in aggregate “DIFFG”, the values were from [47].

These ranges were then refined by using Monte Carlo simulations [55,56], in order to reflect the
reality of our study case. For that purpose, on the basis of the results obtained from tests carried
out on ten cores [16], three reference data were selected: P12-1 and P12-2 were drilled in Pier 12
of the dam and represent the minimum and the average kinetics respectively (Fig. 3), C45-1 was
drilled from the basis of Buttress 45 and represents the maximal ASR kinetics obtained for the
expansion tests performed on the concrete dams. Some 2000 simulations to approach the final
intervals were run by progressively reducing the initial intervals. Then 10 000 simulations were
performed to confirm the ranges which best fit the experimental curves. It is important to note that
the intervals of the variables deduced from Song Loulou construction expansion tests were kept
constant during the process. The aim of the procedure is that the 95% confidence interval should
frame the extreme experimental values (Fig. 3). The final ranges used in the sensitivity analysis
below are shown in Table 1. The statistics computed from the Monte Carlo simulations show that
the experimental values are well within the 95% confidence interval of results from the model
(Fig. 3). The final ranges given in Table 1 can be useful to evaluate the potential expansion of

concrete damaged by ASR with similar characteristics.

13
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Fig. 3. Kinetics of minimal, average and maximal swelling for a quantile of 95% - 10 000

simulations - Final ranges (dots: experimental data, lines: model)

3. Morris method and variable selection algorithm

The Morris method [57-59] allows input variables to be classified according to their importance
with regard to their influence on the response of a model. It is based on the assumption that, by
varying variables of the same relative pitch one at a time, the one that causes the greatest variation,
expressed in statistical terms, on the output is the most important. The process results in the
stochastic dependence between variables not being taken into account. So, to use that method,
variables need to be independent.

3.1. Trajectories and Elementary Effects (EE)

The first step is to construct trajectories that will be used to calculate the elementary effects and
the Morris sensitivity analysis indicators. For that purpose, we divide the variation range of each
of the k input variables into p levels (p > k) from the minimum to the maximum with a pitch (or
perturbation4 = 1/ (p —1). Then, we build r trajectories each consisting of k + 1 points and
their respective responses. The first point is drawn randomly and the other k points are calculated
so that just one of the k variables changes by + 4 from one calculated point to another. Each
trajectory is used to determine an Elementary Effect (EE) of each variable according to the

expression (Eq. 3)

14



EE; = f(Xy, ., Xi + A, . X)) — f(Xy, oo, Xy o Xi) /A (Eq. 3)

298

299  The computation of the Morris indicators requires several elementary effects per variable and
300 therefore the computation of several trajectories. Fig. 4 shows five trajectories for two variables
301 (r = 5,k = 2), with the expressions of some of the resulting elementary effects. The first point
302  of each of these trajectories is drawn randomly and the other two points (k + 1 = 3 points per
303 trajectory) are computed in order to have only one relative variation of = A between two
304  consecutive points.

305  Generally, a trajectory can be constructed by matrix computation according to equations (Eq.4)
306 and (Eq.5), the details of which are given in [59]. However, a clear description of the constitutive

307 elements of these equations is given in the algorithm in Appendix A.

Bl :f(xpz—x)‘f(xm—x) g 7[(1\',,1,5)—[(1",,0,5)
X1 A 2=

A
Xomaz Pon \@/\ P Ps ¥ @
Poa Pis > P25
L ®
\ 4 @ *
oY
Xam V " > X
308 X1Min X1Max
309 Fig. 4. Example of elementary effects fork = 2,7 = 5,p = 6 (A= 0.2)
310

Bikryxk = Jaernyxt - Xixk T+ (A/z) [(@Bs1yxk = Jaernyxk ) - Dixie + Jksnyxk |- P (Eq.4)

311  The points of the trajectory are given by:
312

x/

min

Xl'.j

_ * J J
i=1,2,..,k+1;j=1,2,..k — + Bi.j (Xmax - Xmin) (Eq.S)

313

314  3.2. Sensitivity analysis indicators and selection of variables

315  Sensitivity analysis indicators are computed from elementary effects statistics, equation (Eq.6)
316  from /58], and equation (Eq.7) deduced from /60]. u; and g; are respectively the mean value and
317 standard deviation of the elementary effects. y; is the mean value of the absolute elementary
318  effects. High values of y; reveal a strong sensitivity to the variables considered and o; is related to

319  non-linear aspects. S; is an indicator of global sensitivity. The number of trajectories required is
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that from which these indicators become constant. The larger that number is, the more accurate are

the results, but the calculation cost also increases.

N 1 Eq.6
e = Sja By /o = Syl BB |/ 0 =[x BBy — )2 40

St =+ ad)/Xm(u? + 02) (Eq.7)

3.3. Variables selection algorithm

The selection process used in the present study is summarized in the Algorithm in Appendix A.
For a single output, the variables for which the cumulative decreasing global sensitivity indices are
lower than a threshold value will be selected. For multiple outputs, we sum the global sensitivity
indices of each variable on all outputs and compute the cumulative decreasing frequency of each
sum. Then the variables with a cumulative decreasing frequency less than a threshold value are
selected. Commonly, the threshold values used in sensitivity analysis are either 90%, for a narrow
selection window, or 99%, for a large selection window. In the applications given in the following

parts, a medium sized selection window with a threshold value of 95% is chosen.

4. Sensitivity analysis of the ASR model during accelerated expansion test

The ASR model developed in the LMDC [5] can be used to evaluate the production of gel during
LPC accelerated test N° 44 on a test specimen. Tests are carried out at 38 °C and 100% relative
humidity. Using the Morris method with the parameters k = 20,r = 600,p = 81 (4 = 0.0125),
the respective variation ranges for the input variables on various outputs of interest deduced from
the model (Table 1) are considered. Values of r and p lead to an accurate sensitivity analysis. Let
us recall that we used three granular classes when implementing the model, where digits 1, 2 and 3
are associated with small, medium and large sizes respectively. The sensitivity of the model is first
analysed according to the two main outputs:

- the total volume of gel formed during time t:

3
Ve =) Vyul®)
- and the corresponding ASR expansion evaluated in this work by the following equation:

3 Vit _Vori .
sv(t)zzl_l gi(®) = Vipor_ (Eq.9)

i= VVERi

(Eq.8)

with V,,,, the rim volume surrounding reactive particles [5].
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The first output is related to the chemical aspects of ASR, while the second output is the one that

effectively impacts the mechanical behaviour of the concrete.

4.1. Sensitivity of the total volume of gel formed during time Vg (t)

4.1.1 Sensitivity analysis at different dates

The analysis of the sensitivity of the total volume of gel formed during time (Vg (t)) was
performed for 4 different dates: 10, 100, 180, and 365 days after the beginning of the test, in order
to regularly cover the ASR accelerated test duration. Fig. 5 shows the results obtained at 365 days.
The five variables that can be considered important, since their cumulative decreasing global
sensitivity index is less than or equal to 95% (S¢n, = 95%) are those represented by the dark bars
on the histogram of Fig. 5: the coefficient of alkali fixation (FIXNA), the size of the biggest
aggregate (DMAX(3)), the initial alkali concentration (CNAO), the coefficient of diffusion of the
biggest aggregate (DIFFG(2)=DIFFG(3)) and the molar volume of ASR gels (VMGEL). Fig. 6

shows the ranking of the important variables for each of the four dates.

100%
” 95%
T 9%
2 8%
Z
7 80%
=
-5
2 759
2
S 70%
on
2 65%
5 60%
=
g Q 9
o &« @ xV & o 0 9

Model variables

Fig. 5. Global cumulative sensitivity index of V4(t = 365 days)
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Fig. 6. Global sensitivity index for V; (t) at different times: parameters with high sensitivity (a)
and parameters with sensitivity lower than 0.04 for all times (b)

One remarkable fact is that both the thickness of the reactive rim for medium and large aggregates,
namely “COLC(2)”, and the porosity of the mortar “POROMO”, which appear to be important at
10 days (i.e. at the initialization of the reaction), become less important with time. This highlights
the importance of these two parameters in the latency time of expansion (at the beginning, ASR
gels can migrate in the porosity close to the reactive sites without inducing expansion).
Conversely, the size of the largest aggregate, “DMAX(3)”, is less important at the beginning of
expansion than later. At the beginning of expansion, alkali has not had time to reach the reactive

silica in the largest aggregates and they cannot produce gels.

The global sensitivity index of the alkali fixation coefficient “FIXNA” increases throughout the
period. This can be physically justified by the fact that the alkali diffusion phenomenon, which is
dominant in the beginning of the ASR reaction, gradually decreases, giving way to alkali fixation
by the gel. The two other important variables (“DIFFG(2) ” and “CNAO0”) have almost constant

sensitivity during the test period.
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4.1.2 Global indicator for sensitivity analysis for the whole period

As shown just above, the sensitivity of each parameter varies with time. It can be useful to
combine the sensitivity at the different times in a single, global indicator. Thus, the parameter with

the greatest impact during the whole period of expansion can be highlighted.

For each variable, the indicator is equal to the sum of the Morris global sensitivity at all dates

investigated:

Z Sng(t) _ Slyg(w) N Slyg(mo) N Sivg(wo) N Slyg(ses) (Eq.10)
t

The results are presented in Table 2. A corresponding frequency can be deduced by using the

relative global sensitivity:
(Eq.11)

55"

f rq = 100 —Vg(t)

Zi (Zt S i )

The variables are sorted in decreasing order compared to this last indicator. The fourth column of

Table 2 indicates the cumulative frequency, cdfrq, leading to the selection of the most influential

variable for the whole period of expansion. The most influential variables have a cdfrq < Sy, =

95%. They are highlighted in Fig. 7.
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393

394  Table 2. Cumulative frequency on the sum of global sensitivity index of V; for all dates

N Vg  frq cdfrq
s.7 V.
Description Zt i (%) (%) S.vV
DMIN(1) 0.000 0.000 @ 41.075 FIXNA

DMIN(2) 0.000  0.000  60.215 DMAX(3)
DMIN(3) 0.015 0373 77.708 POROMO
DMAX(3) 0.766  19.140 85.115 CNAO
CONGRA 0.020  0.503 90.273  COLC(2)
FRAGRA(1)  0.020 0505 @ 93.725  DIFFG(2)
FRAGRA(2) 0.005  0.135 95930  VMGEL
CNAO 0.296  7.408  97.838 RNS
SILSOL(1) 0.002  0.038 98.343 FRAGRA(1)
SILSOL(2) 0.000  0.000  98.845 CONGRA
POROMO 0.700  17.493 99.260 POROG(2)
POROG(1)  0.007  0.187 99.633  DMIN(3)
POROG(2)  0.017  0.415 99.820 POROG(1)
coLC(1) 0.000  0.000  99.955 FRAGRA(2)
coLc(2) 0.206  5.158  99.993  SILSOL(1)
DIFFG(1) 0.000  0.007 = 100.000 DIFFG(1)
DIFFG(2) 0.138  3.453 100.000 DMIN(1)

VMGEL 0.088 2.205 100.000 DMIN(2)
RNS 0.076 1.908  100.000  SILSOL(2)
FIXNA 1.643  41.075 100.000 COLC(1)
395
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396

397  Fig. 7. Cumulative frequency for V4 for the whole period
398

399  The most influential variables on ASR gel creation quantified by V; would be: the coefficient of

400  alkali fixation “FIXNA”, the maximum diameter of the largest granular class “DMAX(3)”, the
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418

mortar porosity “POROMO?”, the initial concentration of alkali in cement paste “CNAO0”, the rim
thickness for medium and large sized aggregates “COLC(2)” and the coefficient of alkali diffusion
for medium and large sized aggregates “DIFFG(2)”.

4.2. Results for the corresponding REV expansion during time &y, (t)

4.2.1 Sensitivity analysis at different dates

The same procedure was used for the second output, namely the ASR expansion during time,
ey (t), for the same 4 dates as in the previous section. Fig. 8 summarizes the outcome of the

sensitivity analysis at the four chosen dates.

—%—DMAX@3) % CNA0 —e— POROMO —-DMIN(1) e DMIN22) —B8-DMINQ)
COLC(1) e COLC(2) —A—-VMGEL —6—CONGRA o FRAGRA(1) FRAGRA(2)
—x%—RNS —A— FIXNA —@—SILSOL(1) —@—SILSOL(2) —X—POROG(1)
0.6 ~ —A—POROG(2) DIFFG(1) DIFFG(2)
05 I 0.015
e
= 04 -
E I
= % 0010 +
E 03 E i
2 =
=
3 02 - & -
[ Z 0.005 7
[ 2 -
0.1 T «n r % a %q‘
[ : o~ - /.b
0L > 0.000 ——= = a—
10 100 180 365 10 100 180 365
Date (day) Date (day)
(a) (b)

Fig. 8. Global sensitivity index of ASR expansion, &, (t), at different times: parameters with the
highest sensitivity (a) and parameters with sensitivity lower than 0.015 for all times (b)

We can observe the same result concerning “POROMO” and “FIXNA” as in the previous
paragraph. Given that €, is REV relative data, the fact that small (respectively big) aggregates
have small (respectively big) REV volume as the divisor might explain why the maximum
diameter of the largest granular class DMAX(3), which appears to be important in the analysis of

V,(t), disappears in the analysis of &.
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4.2.2 Global indicator for sensitivity analysis
After using the same procedure as for V;(t) with the data presented in Fig. 8, we obtained the

overall result presented in Fig. 9 for the four dates.
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Fig. 9. Cumulative frequency on the sum of global sensitivity index of ASR expansion for all
dates

The six variables to be considered as having the most influence on the expansion quantified by &y,
would be the coefficient of alkali fixation “FIXNA”, the mortar porosity “POROMO”, the initial
concentration of alkali in cement paste “CNAOQ”, the rim thickness “COLC(1)”, the molar volume

of ASR gel “VMGEL”, and the Na;0e¢/Si02 ratio “RNS”.

4.3. Combined sensitivity analysis

In the previous parts, the sensitivity of the model has been analysed for each output. In this part, a
combined sensitivity analysis is proposed in order to point out the parameters with the greatest
influence on several outputs of interest. To obtain complete and precise analysis, it is based on
five outputs that can, at various times in the course of the phenomenon and at various levels,

impair the functionality of the dam:

- the total volume of gel formed for five time-steps,
- the corresponding ASR expansions,

- the expansion rate at the same five time-steps,
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- the advancement of ASR in terms of expansion (5, 25, 50, 75, 90, 95, 100% of the final
expansion),
- the time to reach the previous advancements.
In the following analysis, only cumulative frequency is presented. Using more outputs gives better

precision in the evaluation. The ranking of input parameters obtained is presented in Fig. 10.
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Fig. 10. Cumulative frequency on the sum of global sensitivity index of all outputs

The increase of cumulative frequency with the number of parameters is more progressive than in
the previous analysis. This can be explained by the number of outputs taken into account here
which, in turn, increases the number of possibly influential parameters, reaching 60% of the

inputs.

The results confirm the prominence of the variable “FIXNA” compared to all the other variables
for expansion tests at 38 °C. The initial concentration of alkali in cement paste, “CNAOQ”, which
controls the attack range of aggregates, is the second most important parameter. This was not the
case in the two first analyses where this parameter was the fourth then the third most influential
parameter. All the other significant parameters of the two first analyses remain important in this

cumulative analysis and only their relative rank can be modified from one output to another.

Fig. 10 shows that most of parameters have some impact on the outputs of the model. This
analysis confirms the necessity to consider all the chemo-mechanical mechanisms quantified by

these parameters. Finally, the parameters with little impact are mainly: the reactive silica content
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(because, in these calculations, the limiting species are the alkali ions), the diffusion coefficient in
the sand (as the sand particles are small, the diffusion is always fast in these particles) and the

smallest size of the reactive particles (DMIN(1)).

5. Sensitivity analysis for ASR under environmental conditions

5.1. Impact of temperature on the sensitivity of the model

Due to the very wet environmental conditions of the Song Loulou dam (external relative humidity
usually above 80%) and to the presence of the water intake, the concrete of the dam is assumed to
be saturated. The aim of this part is thus to analyse the impact of the temperature on the sensitivity

of the model.

5.2. Impact of constant in-field temperature on the sensitivity

The impact of the temperature on the sensitivity of the model is first analysed on expansions
evaluated for a constant temperature of about 29 °C, which corresponds to the highest mean
temperature recorded close to Song Loulou dam from 1975 to 2008 (Fig. 11). This temperature is
lower than the temperature of the expansion test (38 °C) and can thus affect the importance of
each parameter of the model. The cumulative frequency obtained for all the outputs is presented in

Fig. 12.
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Fig. 11. Monthly mean temperature close to Song Loulou dam

The effect of a decrease of about 10 °C in the temperature is small (Fig. 12). The three most
important parameters are the same (the alkali fixation, the initial alkali concentration and the
mortar porosity). It is worth noting that the composition of ASR gels (through RNS, the Na,O /

Si0> ratio) is more important at 29 °C than at 38 °C (it gains two places in the ranking).
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Fig. 12. Cumulative frequency on the sum of global sensitivity index of all outputs for a mean

elevated temperature (29 °C, representative of the structure core)

To be useful for other structures damaged by ASR in other locations in the world, the effect of the
temperature on the sensitivity of the model is secondly analysed on expansions evaluated for a
lower constant temperature of about 10 °C. In this case, the temperature is about 30 °C lower than
in the conditions of the expansion tests. A larger impact on the importance of each parameter can
be expected. Fig. 13 highlights the ranking modification of the parameters. For this low
temperature, the alkali concentration, CNAO, becomes the most important parameter and RNS, the
ratio of Na2O / SiO,, becomes the second most important parameter for the first time in all the

analyses.

The fixation of alkali, FIXNA, is still in fourth place. This confirms the importance of the kinetics
of reactive mechanisms for the modelling of ASR expansion even at low temperature. It is also
very interesting to note that, for low temperature, the reactive silica of the sand, SILSOL(1), is in
sixth place. While it was not a limiting parameter for the laboratory expansion test, the importance

of this parameter increases with decreasing temperature.
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Fig. 13. Cumulative frequency on the sum of global sensitivity index of all outputs for a mean low

temperature (10 °C, representative of the structure core)

5.3. Impact of variable temperature on the sensitivity

In large engineering structures such as dams, the core of the structure is little impacted by
temperature cycles. Core temperature is almost constant. However, this is not the case for the skin
of structures. Expansions induced at the skin are important as they can lead to deformation
gradients and thus to cracking localized at the concrete skin. Such cracking can imply new paths
for water into the structures and can cause new water supply able to accelerate ASR and thus the

degradation of the structure.

Fig. 14 shows the cumulative analysis of the model for concrete subjected to the variable

temperature conditions, representative of the skin of Song Loulou dam.
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Fig. 14. Cumulative frequency on the sum of global sensitivity index of all outputs for variable

temperature conditions (representative of the skin of Song Loulou dam)

As the variation of temperature in the course of the year is small for Song Loulou dam (about 5
°C), the impact on the analysis is small in comparison with the analysis performed for a constant
temperature of 29 °C (Fig. 12). All the 11 important variables are the same for the two analyses.
However, even this small modification can impact the relative ranking of these important
variables. For example, the mortar porosity, POROMO, passes from the third place to the fifth,
while the Na>O / SiO; ratio is more important for temperature cycling between 24 and 29 °C than
for the constant 29 °C. As the modification of kinetics with temperature follows an Arrhenius
exponential law, a small modification of temperature can lead to significant modifications of the

outputs.

6. Discussion

6.1 Lessons learnt for ASR modelling at material scale

For all the sensitivity analyses performed in this work, the parameter, FIXNA, which quantifies
the impact of reactive mechanisms on ASR kinetics is of prime importance, while the coefficients
of diffusion in the aggregate, DIFFG(1), seem to have little effect (except for the volume of gel,
Vg, at 38 °C, Fig. 5 to Fig. 7). For all the situations, FIXNA is the most influential parameter,
except for expansion at low temperature (10 °C, Fig. 13 — but FIXNA is still ranked fourth).
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This may seem surprising as a many models assume ASR kinetics to be controlled by alkali
diffusion in the aggregate. It is known that this assumption is realistic for aggregates with fast
reactivity, but not for certain slowly reacting aggregates, which present attacks distributed
throughout the aggregate and not an attack localized at aggregate edges [18,44,61]. Both transport
and the kinetics of chemical reactions have to be considered to obtain realistic representations of

all types of reactive aggregate (slow or fast reacting particles) [28,39].

To interpret the results of this analysis and, in particular, the impact of the parameter FIXNA, it is
important to note that the present study was carried out for data lying in the ranges found in
existing literature and defined in Table 1. Thus, the coefficient of diffusion in aggregate was about
1013 m?/s. It was measured through thin sections of quartzite aggregate in [47]. However, two
points are open to discussion. Firstly, coefficients of diffusion in aggregate are probably very
different from one rock to another (but few data on this type of measurements are available in the
literature). Secondly, the principle of the diffusion measurement used in [47] is not fully
representative of diffusion in ASR mechanisms: in [47], diffusion was evaluated through the time
necessary for alkali to cross the sample. This crossing can be partly achieved through connecting
paths. It does not mean that the aggregate is totally saturated in alkali. In the case of ASR, alkali
has to reach all the reactive silica in the aggregate. As aggregates come from natural,
heterogeneous material, diffusion is probably very different from one aggregate to another. The
principle of measurement used in [47] evaluates the diffusion at macro-scale but the coefficient of
diffusion in localized parts of the aggregate, representative of diffusion at micro scale, is probably
smaller and very heterogeneous in the particles. This highlights the importance of having reliable
experimental evaluations of all the parameters of the model if relevant sensitivity analysis is to be

obtained.

Moreover, the expansions studied here were obtained on an aged concrete extracted from a thirty-
year-old ASR-affected dam, while most of the ASR modelling in the literature is based on young
concrete cast and kept in laboratory conditions. In our case, the aggregate attack was not
homogeneous in the concrete at the beginning of the LPC N°44 accelerated test. In addition, as
ionic diffusion is first necessary to cause the chemical attack (hydroxyl ions have to move to
reactive silica to allow the dissolution), diffusion was probably more advanced than the chemical
attack of aggregate at the beginning of the test. This could have modified the relative impact
evaluated for the diffusion (DIFFG(i)) and the alkali fixation (FIXNA) on outputs during such

tests, and could thus explain why the parameter FIXNA is so prominent in the present analysis.
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The second fruitful lesson learnt concerning the modelling of ASR at material scale is the
modification of the rank of parameters with the decrease of temperature. In particular, the
increasing influence of RNS, the Na>O / SiO; ratio, with decreasing temperature should be noted.
In this modelling, this ratio was not directly modified by the temperature (but, as temperature acts
on equilibrium constants [27], this modification could improve the predictive capability of the
model); only the kinetics parameters (FIXNA and DIFFG) were impacted by temperature in the
present work. This means that the modification of the rank of RNS is a consequence of the
combination of different equations. At 38 °C, the kinetics of diffusion is very high, thus a large
proportion of the aggregates is rapidly saturated in hydroxyl and alkali. Ions are thus available in a
sufficient number of locations to produce ASR gel and thus expansion. For lower temperatures,
diffusion is slower. ASR gels can only be produced in a reduced number of locations. RNS, the
ratio of Na2O / Si0O;, drives the number of moles of ASR gels that can be produced in a particular
location. One mole of SiO; leads to 1 mole of ASR gel: if the RNS is high, the gel is richer in
alkali. Alkali concentration has to be higher to produce the same quantity of gel. This is a

collateral consequence of the decrease of the kinetics rate by temperature.

In this work, the sensitivity analysis focused on the physico-chemical part of ASR modelling and
its impact of the kinetics of expansion. The mechanism of permeation of ASR gels through cracks
is not considered. At material scale, swelling tests are affected by the loss of ASR gel through
cracks resulting from expansion. Such loss of gels depends on the test temperature [62] but ASR
modelling has to consider the mechanical consequences of ASR, and particularly the cracks, to be
able to propose a reliable evaluation of this mechanism. In our approach, both ASR cracking and

anisotropic effects due to stress would be considered at structural scale in other numerical ways.

6.2 Lessons learnt for reliability ASR modelling at structural scale

Sensitivity analysis can be used to detect the most influential parameters for material modelling
and thus decrease the number of inputs if their impact is minimal. When structural modelling is
employed in a probabilistic context, only the major influential parameters have to be considered
random. The other parameters can be considered as deterministic since they have little influence
on the variability of outputs. This can help to avoid time-consuming calculations. Thus, resources

and efforts can be concentrated on improving the knowledge of leading parameters.

Combined analyses performed in the present paper point out that almost 60% of the parameters of

the model have significant influence on the results considering five outputs. For some particular
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sensitivity analyses (gel volume or expansion), only 30% of the parameters have important effects.
For structural analysis, it is thus important to determine the most prominent outputs in order to

decrease the number of random parameters.

Temperature modifies the relative importance of ASR modelling parameters. For structural
condition assessment, some parameters can be calibrated on laboratory tests performed at 38 °C,
while the damaged structure is usually exposed to lower and fluctuating temperatures.
Consequently, the number of random parameters (the most influential ones) is increased for ASR

modelling for reliability in field conditions.

For the analysis of concrete already damaged by ASR (case of condition assessment of damaged
structures), 3 parameters amongst the most influential ones are the same for all the environmental
conditions: the coefficient of alkali fixation (FIXNA), the initial alkali concentration (CNAO) and
the porosity of the cement paste (POROMO). The molar volume of gel (VMGEL) and the reaction
rim thickness for small aggregates (COLC(1)) have major impacts on the output for laboratory
tests, while the ratio of NaxO / SiO> of ASR gels (RNS) has a major impact in the temperature
conditions of Song Loulou dam. All these six parameters, at least, should be considered as random
for the reliability analysis of Song Loulou dam. For lower temperature, the fraction of the smallest

granular class of aggregates (FRAGRA(1)) also has an important impact (Fig. 13).

7. Conclusion

A sensitivity analysis using the Morris method based on the ASR model developed at the material
scale in LMDC was carried out to reduce the stochastic dimension for a further reliability analysis.
Five outputs of the model were targeted: the total volume of gel, the ASR expansions, the
expansion rate, the advancement of ASR in terms of expansion and the time to reach this
advancement. A method to determine the most important parameters for multiple outputs using the
cumulative frequency of the sum of global sensitivity indices on all the outputs has been proposed
and applied not only time-wise but also over several times. Parameters were selected with a
cumulative frequency using a threshold value of 95%. Whatever the conditions, 60% of the
parameters have a major influence on all the outputs while only 30% of parameters affect a
particular output.

The parameters underlined as the most relevant in this sensitivity analysis are known to affect
ASR kinetics and expansion, even if they are not always taken into account in the models found in
the literature. In particular, the kinetics of reactive mechanisms are often ignored by models at the

material scale. This sensitivity study has shown that this may jeopardize the accuracy of the results
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if they are used to analyse the expansion of cores drilled from damaged structures like the ones
used in the present work (coming from Song Loulou dam). It is also important to note the
dependency of the influential parameters on the temperature. The most significant parameters are
not the same for laboratory expansion tests at 38 °C and for real structures under low
temperatures. This points out the impact of the mechanisms quantified by these parameters and
their relative role according to temperature. A mechanism that is important at 38 °C can be
negligible at 10 °C. This explains why it is often so difficult to translate a conclusion obtained in
laboratory conditions to real structures.

In a probabilistic context, where the reliability analysis of dams exposed to ASR has to be
conducted, only the major parameters should be considered random for structural calculations.
The major parameters have to be determined for both temperatures if the model is calibrated on
laboratory tests and then used for structural assessment in field conditions. Future work should

assess the dam reliability [50].
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Appendix A. Morris method and variable selection algorithm

Input: k, number of input variables ; X,"m-n and X}, ., minimum and
maximum values of variables X; with i = 1,.., k; p with p > k, the number of
levels of each variation range; r, the number of trajectories, S;p,, sensitivity
threshold value.

Output: Important variables

Begin

Initialize the lower triangular matrix B 41)xx

Initialize the matrix J(x41)xx of (k+1) lines and k columns, of ones
Initialize the diagonal matrix Dy ; whose diagonal terms randomly take
the values 1 or -1

Initialize the matrix Py such that each column and each line contain only
one element equal to 1 and the others are equal to 0

Compute A= -
p—1

Construct the levels vector Vn[l] = —,l =1, ...,p

form=1tordo

For each variable, randomly draw a value of Vn ; the setof k values
obtained constitute the vector X;; of the coordinates of the initial
point in the standard space.

Compute B(y 1y using (Eq.4)

Compute X/, i = 1,2,..,k;j = 1,2, ...,k + 1 using (Eq.5)

Compute f (X;) of each of k + 1 points of the trajectory

M, i = 1;27 ’k

Compute the elementary effects, EE; = n

end for
Compute the absolute means on r of the EE;, u;
Compute the means and standard deviation on r of the EE;, y; and g;
Compute the global sensitivity indices of each variable, S; using (Eq.7)
if single output
Order S; decreasingly and cumulate
Select variables with a cumulative S; less than S;y,,
else
For each variable, sum S;" on all outputs
Compute the frequencies on Y} S;, order decreasingly, and cumulate
Select variables with cumulative frequencies less than S;,,,
end if
End
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