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Abstract: Alkali-aggregate reaction (AAR) is a deleterious reaction that affects a large number of 
concrete structures, among which concrete dams, worldwide. It has been observed on dams built on 
each of the five continents. In France, they are about thirty affected dams, and in Cameroon AAR 
have been noticed on the Song Loulou hydropower dam. AAR produces concrete expansion and 
generally leads to a loss of both strength and stiffness due to the cracking. That creates undesirable 
deformations, disturbances in the equilibrium of internal forces, and affects the operability and 
safety of dams. In this work, we develop the real case of predicting the Song Loulou spillway’s 
gate damage by both modeling a spillway’s pier and implementing a methodology in Cast3M. The 
loss of functionality considered here is jamming of the spillway’s gate due to the deformations 
induced by AAR, which is one of the most dangerous disorder impacting negatively the dam on all 
the other assets. First of all, we present a brief review of chemo-physical processes that control the 
structural behaviour of concrete dams suffering from AAR. In a second step, we make a summary 
of the simplified methodology for recalculating an AAR affected structure proposed by the 
IFSTTAR in the technical guide for internal swelling reaction affecting structures management 
support. It is mainly based on damage law proposed by Larive, works by Ulm and his collaborators, 
and model suggested by Li and Coussy. Thirdly, we indicate the collected and processed data 
(geometry, material properties, loads, temperature and relative humidity) for our case study. 
Computations performed with Cast3M predict the date of occurrence of the spillway’s gate’s 
blocking due to AAR. Although this work might be used as a maintenance management tool of the 
Song Loulou AAR affected hydropower dam, it would be more efficient to consider the effect of 
uncertainties affecting the input data and the model parameters. Probabilistic approaches, reliability 
analysis in particular, will be used to address this problem in a further work. 
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� Materials for Construction (MFC) 

� Innovative Design and Methods in Construction (IDM)  

� Geotechnics for Environment and Energy (GEE) 

1. Introduction 

AAR is a deleterious chemical reaction which occurs in concrete between the highly alkaline 
cement paste and non-crystalline silica (silicon di-oxide), which is found in many common 
aggregates and/or dissolved within aggregates. The reaction produces a hydrophilic gel which Dent 
Glasser & Kataoka (1981) explanation of the formation mechanism, supplemented by Poole (1992) 
was adopted by the majority of the civil engineering scientific community. Concrete expansion 
induced by the gel may cause local micro-cracking with consequent degradation of elastic 
properties and material strength. Many models have been proposed to evaluate the material and 
structure degradation due to AAR. Although there is a considerable number of AAR models and 
even classification of these in the literature, they can be regrouped into two large families: models 
to describe the observations from the aggregate to the core scale and those aiming to address the 
observations at the structure level. The first family, made up of microscopic and mesoscopic 
models, evaluate AAR local effects through the description of chemo-physical mechanisms. 
Unfortunately, they are not yet able to be used for AAR affected structure assessment. For that 
purpose, we can use some of the models of the second family called macroscopic models. They 
evaluate AAR global mechanical effects on affected structures based on macroscopic observations 
and environmental data. Most of them are first calibrated and validated on the basis of experimental 
data provided by accelerated laboratory tests of Larive (1998) and Multon (2004). One of the oldest 
of them, Charlwood (1994) and Thompson et al. (1994) proposed to consider, within the thermal 
equivalence approach, an anisotropic gel expansion, driven in a phenomenological way by the local 
principal stresses. Then from Huang & Pietruszczak (1996), the models of this family have been 
developed considering the adequacy between the couple (ASR kinetics / mechanical constitutive 
law) and the effects of ASR on the structure. In some case, they are strongly coupled (evolution of 
the constitutive law in parallel to the swelling kinetics of gel via the pressure); in others, there is a 
weak coupling (superposition of the mechanical stress to the stress induced by gel expansion). The 
considered mechanical constitutive laws vary from linear elastic hypothesis to isotropic damage, 
even anisotropic damage. 

Most of the applications of macroscopic models intended to assess AAR affected dam damage: 
Léger et al. (1996), Fairbairn et al. (2006), Comi et al. (2009), Bourdarot et al. (2010), Altarejos-
García et al. (2012), Pan et al. (2013). However, none of them assessed the dam behavior for a 
functional failure mode, which is our case here.  

In this study, we develop the real case of predicting the Song Loulou spillway’s gate damage by 
both modeling a spillway’s pier and implementing the LCPC (2003) methodology in Cast3M 
(2014). The loss of functionality considered here is jamming of the spillway’s gate due to the 
deformations induced by AAR, which is one of the most dangerous disorder for that hydropower 
dam since it has a negative impact (overload risk) on all the other assets. Li & Coussy (2002) 
model, a weak coupling macroscopic model, is the one used here. 

2. LCPC ASR affected structure assessment methodology 

Here, we make a summary of the simplified methodology for recalculating an AAR affected 
structure proposed by IFSTTAR, LCPC (2003), in the technical guide for internal swelling reaction 
affected structures management support. 
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2.1. The methodology main steps 

The methodology different phases, steps, and corresponding equations are presented in Table 1. 

Table 1. LCPC (2003) ASR affected structure assessment main steps 

Phases Steps Equations 

a. Data collection 

i. Structure measurement Cracking Index (CI):  

ii. Concrete core expansion Test 
( ) 

 

iii. Thermo-hydrometric 
conditions investigation  

b. Data analysis 

iv. Structure thermo-hydrometric 
computation  

v. Core thermo-hydrometric 
conditions  

c. Model 
calibration 

vi. Core level calibration  (n=10) 

vii. Structure level calibration  /  

d. Study of the 
structure 

viii. Structural numerical 
evaluation 

Li & Coussy (2002) model 

ix. prediction of ASR effects 

Where:  is the cracks opening distance (width),   is a period starting/ending time 

respectively, “s” in lower or upper index indicate something relate to the structure, “c” in lower or 
upper index indicate something relate to the core,  is the AAR expansion coefficient,  is 

the characteristic time at 38 °C,  is latency time at 38 °C. 

The algorithm of this methodology can be found in Li & Coussy (2004) appendix. 

2.2. Li & Coussy (2002) model rewriting for its Cast3M implementation 

Li & Coussy (2002) have proposed a chemo-mechanical approach to characterize ASR process in 
concrete by using a normalized reaction extent , where   represents no formation of 

ASR gel, while   stands for the exhaustion of reactants. It gives both the constitutive relation 

of the affected concrete and the evolution law for ASR gel formation: 

 
where , , and  stand for the components of the material stress, total strain, and 

plastic strain tensors, respectively;  and  are the overall bulk and shear moduli, respectively,  

represents ASR expansion coefficient, and  is the ASR characteristic time.  and  can be 

express in term of Young modulus and Poisson coefficient as :  
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By replacing them in  and after simplification, we have:  

 
The expression of  (the effect of relative humidity can be neglected here) given in 

Saouma (2014) is: 

 
Where are given from Ulm et al. (2000): 

 
With:  (Temperature of the LCP N°44 test),  and                 

 

3. Case study: Song Loulou spillway’s gate damage due to pier swelling 

Before presenting the results we obtained for the prediction of the date of occurrence of the 
spillway’s gate’s blocking due to AAR, we present the geometry of the pier modeled on Cast3M, 
we indicate the collected and processed material and environmental data we used (a few of them 
can be found in Guillemot et al. (2013)), we also point out the maximum AAR expansion’s 
displacement of the pier to avoid the tainter gate blocking. 

3.1. Spillway’s pier modeling in Cast3M 

As we can see from Le Fichou (2011), making a Finite Element Analysis (FEA) with Cast3M 
implies to follow the flowchart on Figure 1. 

 

Figure 1. Flowchart of a Finite Element Analysis with Cast3M 

The geometry of the pier has been divided into basic volumes such that adjacent volumes always 
have an identical common surface. The points used in the construction of these basic volumes were 
defined in the clockwise direction. The number of finite elements and mesh size are parameterized 
in order to tailor precision of the geometry according to the results of AAR modeling. Figure 2 
represent the entire pier built in Cast3M. Meshing has been achieved with cub8 and in way to be 
more refined on the pier lateral skin. 

We made the hypothesis that our pier has an elastic behavior, and by doing an analogy with a 
combination of both the Hooke-Duhamel Law and the Gabriel-Lamé Law, we implement Li & 
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Coussy (2002) model on Cast3M with the model “MECANIQUE ELASTIQUE ISOTROPE” (that 
include thermal expansion) in which the coefficient of thermal expansion is given by : 

 

Figure 2. Song Loulou spillway’s pier Cast3M meshed model 

The data for defining the material characteristics, boundary conditions, and loads are shown below. 

3.2. AAR information and model calibration 

Table 2 present both the collected and processed material and environmental data we used, and the 
model parameters we obtained after calibration. 

Table 2. Thermo-chemo-mechanical parameters for the Song Loulou spillway’s pier assessment 

Parameter Symbol Unit Value 

Young’s modulus of concrete  GPa 16 

Poisson’s ratio of concrete 
 

- 0.2 

Mass density of concrete  Kg/m3 240 

Compressive strength of concrete 
 

MPa 15 

Tensile strength of concrete 
 

MPa 2.5 

Tensile strength of steel 
 

MPa 240 

Young’s modulus of steel 
 

GPa 200 

Characteristic time 
 

d 912 

Latency time 
 

d 1 277 

AAR expansion coefficient  % 4.5.10-3 

Ambient temperature  °C 24.9-28.3 

Humidity of concrete  % 78-94 

Sluicegate load on pier’s console 
 

MPa 3.144 

Hydrostatic load on the front of the pier 
 

MPa 0-0.190 
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Figure 3 shows the monthly minimum, mean, and maximum values of the Song Loulou atmospheric 
temperature for the period from 1975 to 2008. 

 

 

Figure 3. Monthly Song Loulou atmospheric temperature from 1975 to 2008 

3.3. Maximum AAR expansion’s authorized displacement Dmax 

The maximum AAR expansion’s authorized displacement corresponds to the maximum lateral 
clearance Dmax for the spillway’s tainter gate to slide correctly, presented on Figure 4. 

 

Figure 4. Song Loulou spillway’s tainter gate lateral clearance  

Dmax 
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The value indicated by the spillway’s supervisor for the maximum lateral clearance is:                  
Dmax = 40mm. We should point out the fact that this value is true for each of the two piers 
involved regardless of the other one state. 

3.4. Prediction of the date of occurrence of the spillway’s gate’s blocking due to AAR 

We solve our case in Cast3M by implementing the data and model presented above. The principal 
results we obtained are presented below. 

3.4.1. Spillway’s pier behavior evaluation 

The Song Loulou spillway has eight piers for seven tainter gates. We choose the second pier from 
the left to the right with respect to the flow direction for our case study. Figure 5 present the pier 
deformation after 2500 days (in cyan) and 6000 days (in yellow) respectively, with a same 
amplification factor for the two and the initial state in black. 

 

Figure 5. Pier deformation after 2500 days and 6000 days respectively 

As we can see on Figure 5, the pier’s lateral displacement to the left, with respect to the flow 

direction, grows with time. 

3.4.2. Determination of the day of failure Df 

The day of failure corresponds to the time in day when the pier’s maximum lateral displacement is 
equal 40mm, namely: Df = 6947 days. 

4. Conclusion 

Calculations performed with Cast3M predict that the spillway’s gate’s blocks due to AAR after 
6947 days. Although this work might be used as a maintenance management tool of the Song 
Loulou AAR affected hydropower dam, it would be more efficient to consider the effect of 
uncertainties affecting the input data and the model parameters. Probabilistic approaches, reliability 
analysis in particular, will be used to address this problem in a further work. 

5. Acknowledgements 

The financial help of the french government via the « Service de Coopération et d’Action Culturelle 
(SCAC) de l’Ambassade de France au Cameroun », is gratefully acknowledged. 

t = 2500 days t = 6000 days 



 

8 
 

6. References 

Altarejos-García, L., Escuder-Bueno, I., Serrano-Lombillo, A., de Membrillera-Ortuño, M., 2012. 
Methodology for estimating the probability of failure by sliding in concrete gravity dams in the 
context of risk analysis. Structural Safety, Vol. 36-37, 1 – 13. 

Bourdarot, E., Sellier, A., Multon, S., Grimal, E., 2010. A review of continuum damage modelling 
for dam analysis. European Journal of Environmental and Civil Engineering, No. 6-7, 805 – 822. 

Charlwood, R.G., 1994. A review of alkali aggregate in hydro-electric plants and dams. 
Hydropower Dams, No. 5, 31 – 62. 

Cast3M, 2014.Cast3M multipurpose finite element software, CEA, http://www-cast3m.cea.fr.  

Comi, C., Fedele, R., Perego, U., 2009. A chemo-thermo-damage model for the analysis of concrete 
dams affected by alkali-silica reaction. Mechanics of Materials, No. 3, 210 – 230. 

Dent Glasser, L.S., Kataoka, N., 1981. The chemistry of ‘alkali-aggregate’ reaction. Cement and 
Concrete Research, No. 1, 1 – 9. 

Fairbairn, E. M., Ribeiro F. L., Lopes, L. E., Toledo-Filho, R. D., Silvoso, M. M., 2006. Modelling 
the Structural Behaviour of a Dam Affected by Alkali–silica Reaction. Communications in 
Numerical Methods in Engineering, No. 1, 1 – 12. 

Guillemot, T., Lino, L., Nzalli, E., 2013. Diagnostic et mise en sécurité du barrage de Songloulou 
au Cameroun vis-vis des désordres liés à l’alcali-réaction. Colloque technique du Comité Français 
des Barrages et Réservoirs, Chambery (France), 153 – 162. 

Huang, M., Pietruszczak, S., 1996. Numerical Analysis of Concrete Structures Subjected to Alkali-
Aggregate Reaction. Mechanics of Cohesive-Frictional Materials, No. 4, 305 – 3019. 

Larive, C., 1998. Apports combinés de l’expérimentation et de la modélisation à la compréhension 
de l’alcali-réaction et de ses effets mécaniques. Études et recherches des Laboratoires des Ponts et 
Chaussées, OA28. LCPC. Paris. 402 pages. 

LCPC, 2003. Aide à la gestion des ouvrages atteints de réactions de gonflement interne. 
Techniques et méthodes des laboratoires des ponts et chaussées, Guide technique. Les collections 
du LCPC. Paris. 72 pages. 

Le Fichou, E., 2011. Présentation et utilisation de Cast3M. Documentation Cast3M 2011. 
Commissariat à l’Énergie Atomique et aux Énergies Alternatives (CEA). 92 pages. 

Léger, P., Côté, P., Tinawi, R., 1996. Finite element analysis of concrete swelling due to alkali-
aggregate reactions in dams. Computers & Structures, No. 4, 601 – 611. 

Li, K., Coussy, O., 2002. Concrete ASR degradation: from material modelling to structure 
assessment. Concrete Science and Engineering, No. 4, 35 – 46. 

Li, K., Coussy, O., 2004. Numerical assessment and prediction method for the chemico-mechanical 
deterioration of ASR-affected concrete structures. Canadian Journal of Civil Engineering, No. 3, 
432 – 439. 

Multon, S., 2004. Evaluation expérimentale et théorique des effets mécaniques de l’alcali-réaction 
sur des structures modèles. Études et recherches des Laboratoires des Ponts et Chaussées, OA46. 
LCPC. Paris. 424 pages. 

Pan, J., Feng, Y., Xu, Y., Jin, F., Zhang, C., Zhang, B., 2013. Chemo-damage modeling and 
cracking analysis of AAR-affected concrete dams. Science China Technological Sciences, No. 6, 
1449 – 1457. 



 

9 
 

Poole, A. B., 1992. Alkali-silica reactivity mechanisms of gel formation and expansion. In: 
Proceedings of the 9th International Conference on Alkali-Aggregate Reaction, London (England), 
Vol. 104, 782 – 789. 

Saouma, V.E., 2014. Numerical Modeling of AAR. CRC Press. Taylor & Francis Group. London. 
326 pages.  

Thompson, G.A., Charlwood, R.G., Steele, R.R., Curtis, D., 1994. Mactaquac generating station 
intake and spillway remedial measures. In: Proceedings of the 18th International Congress on 
Large Dams, Durban, South Africa, Vol. 1, 347 – 368. 

Ulm, F.J., Coussy, O., Li, K., and Larive, C., 2000. Thermo-chemomechanics of ASR expansion in 
concrete structures. Journal of Engineering Mechanics, No. 3, 233 – 242. 


