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Abstract— Alkali-silica reaction (ASR) deformation causes a random network of crack patterns on the concrete surface and leaching of the 
ASR gel. The rapidity of its expansion in an affected structure causes early deformation to the structure, making the understanding of its 
process a necessity to the engineering field. Factors that affect ASR vary, although it is unanimous that ASR occurs between deleterious 
silica from aggregates and hydroxide ions in the pore solution that result from cement hydration. Other factors include the relative humidity, 
temperature and porosity of the cementitious matrix. Temperature influences the kinetics of silica disintegration. Moisture works as a 
swelling agent for the gel which is hydrophilic in nature. The resultant gel flows into the voids or accumulates on the aggregate surface. 
The gel expands with the availability of moisture, exerting internal pressure onto the surrounding matrix and lowering the concrete stiffness 
to the point of cracking. What sets apart ASR with other concrete damage models is its heterogeneity, occurring at different regions at 
different rates depending on the concrete composition and external influences, making predicting its behaviour difficult. The heterogeneity 
of the process depends on the pore distribution and the rate of water diffusion. ASR is studied at the mesoscale level to gain an explicit 
insight on what happens at the material level. Modeling on this level allows the matrix adjacent to the aggregate surface to be developed. 
This allows us to study the different phases separately, for instance, the effects of ASR gel expansion on the aggregates as well as the bulk 
matrix. Numerical simulation has enabled us to build models for the representation of different physical phenomena in so many engineering 
problems. The potential of ASR simulation in detecting the possibility of expansive pressures due to ASR at a fine scale gives new 
perspective to this phenomenon. 

Index Terms— Alkali-silica reaction, finite element, material modeling, mesoscale, Newton-Raphson, thermo-chemo-hygral simulation, 
two-phased material.  

——————————      —————————— 

1 INTRODUCTION                                                                     
LKALI-SILICA REACTION (ASR) expansion in an af-
fected concrete structure may happen rapidly and cause 
deformation to the structure well before its serviceability 
limit is reached, hence understanding the process is cru-

cial. ASR deformation can be identified by a random network 
of crack patterns on its surface known as map cracking, leach-
ing of the ASR gel and concrete spalling.  

The ASR process occurs when hydroxide ions in the pore 
solution interact with silica from the aggregates. Hydroxide 
ions, being alkaline in nature attack the reactive silica sites at 
the aggregate surface, producing a hydrophilic gel. This gel 
accumulates at the reaction sites and fills into adjacent voids, 
replacing the silica it consumed in producing the gel.  
 When moisture diffuses into the affected concrete, this gel 
expands and migrates into the connecting porous medium 
resulting in an internal build up of tensile stresses in the ma-
trix. This will eventually lower the concrete stiffness. 
 The amount of pressure exerted by the ASR gel expansion 
varies depending on a number of factors which include the 
relative humidity, temperature, the type and proportions of 
reacting materials and gel composition. The most known liter-
atures on ASR are from Dent-Glasser and Kataoka [5], Swamy 
[14] and Larive [8], which are all referred to in this research.  
 Previous works for ASR simulation can be found from the 
works of Capra [3] and Ulm [15], Bazant [2], Bangert [1] and 
Fairbairn [6]. Li and Coussy [9] developed a thermo-hydro-
chemo-mechanical model to study the behavior of ASR affect-
ed concrete based on the Biot-Coussy theory on mechanics of 

reactive porous medium.  
 Moranville-Regourd [11] suggested that the use of thermo-
dynamics as an irreversible process associated with the con-
tinuum damage theory will enable ASR deteriorated zones to 
be identified. Capra [3] suggested that ASR gel composition is 
heterogeneous from one reactive site to another, depending on 
time and the initial content of silica and alkali.  

Numerical simulation of stress anisotropy due to ASR is 
performed by taking into consideration thermoactivation of 
alkali-silica reactivity and its dependency on relative humidi-
ty. The determination of the local ASR reaction extent, ξ is per-
formed with a stable time integration method, for instance, the 
Backward Euler method, taking into account the correspond-
ing moisture and temperature profiles for each time step of the 
numerical procedure. The reaction extent, ξ is determined 
from: 

ξ t( )=
ε
ε∞

=
1− exp −t /τ C( )

1+ exp −t /τ C + τ L /τ C( ).                                              (1) 

Where ε∞ is the asymptotic ASR expansion.  
Ulm [15] defined τL as the latency time as the time needed 

for the initial expansion of the gel in the presence of water. τC  
is the characteristic time that is defined by the intersection of 
the tangent at τL with the asymptotic unit value of the reaction 
extent, ξ. τC and τL are thermally dependent and can be ex-
pressed in terms of absolute temperature (TK=273+T°C) and 
the corresponding activation energies that abide the Arrhenius 
concept: 
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The variables UL and UC are the activation energies which 
represent the minimum energy required to trigger the reaction 
for the time constants and were determined to be UL = 9400 ± 
500K and UC = 5400 ± 500K [2].  
 The time constants, τC and τL tend to have different intensi-
ties for drying, sealed, humid and immersed in water condi-
tions, proving that ASR reaction extent is influenced not only 
by temperature as can be seen in (1), but also by the relative 
humidity. 
 Lund [10] stated that the total thermal strain increment 
could be summed up over the current and history temperature 
range:  

ε ij
th = αT T − T0( )

T0

T

∫











δ ij .           (3) 

 The post-computation of the thermoelastic strain starts 
with the iteration of (3), resulting in thermal strains, εth. The 
numerical solution of the equation for temperature T + dT  can 
be solved using the Backward Euler method: 
ε ij

th T + dT( )= ε ij
th T( )+ αT T + dT( )dTδ ij .                      (4) 

Where αT is a thermal expansion coefficient matrix, T is the 
temperature at a given point and T0 is the temperature at 
which the structure is free of thermally induced strain. 
 ASR strain can be represented in an equation for free linear 
expansion, εa as shown in (5): 
ε a (t) = ε∞ξ(t).               (5) 
Where ε∞ is the asymptotic ASR expansion. Equation (5) 
shows that ASR strain evolution is only governed by the non-
instantaneous kinetics of the chemical reaction. In a stress-free 
condition, the only unknown is the reaction extent, ξ.  
 The stress states from the mechanical response are obtained 
from the rheological modeling adding the effect of thermal 
strain, εth, ASR strain, εa, pore pressure, P f. The constitutive 
equation can be modified into (6):  
σ = C ε − ε a − ε th( )− P f 1 .           (6) 

Where C is the fourth order linear elastic material tensor.  

2 MODELING ASR AT THE MESOSCALE 
Material models at the mesoscopic level help to gain insight 
into the origin and nature of concrete behavior. Previous 
works on ASR by Ulm [15], Larive [8] and Comi [4] model 
concrete as a two-phase material which includes the homoge-
nized skeleton with interstitial pores as a phase and the ASR 
gel as another.  

The model presented in this paper is performed at the 
mesoscale where the model consists of two phases, the aggre-
gates as one phase and the homogenized skeleton with inter-
stitial pores as the other. Although the problems are not exam-
ined in full engineering detail, nor is the porosity of the matrix 
explicitly simulated, the model is sufficient to demonstrate the 
workability of the algorithm applied in this research.  

This has been proven feasible by a series of validation tests 
conducted with benchmark examples in the following section. 
Results from the ASR testing in the Finger-Institut 
Baustoffkunde, Bauhaus-Universität Weimar, Germany will 

be numerically simulated and a comparison will be made by 
means of a mesoscale model of ASR deformation for a hetero-
geneous concrete prism in order to study the effects of ASR on 
concrete at the mesoscale. 

3 METHODOLOGY 
3.1 ASR Performance Test 
There are numerous types of performance tests for alkali-silica 
reactivity in aggregates, but the tests at the Finger-Institut 
Baustoffkunde were conducted using the cyclic climate 
chamber. The performance test by this method is a simplified 
and time-lapsing simulation of different conditions like 
drying, moistening and freeze-thawing and their complex 
interaction [13]. This allows the initiation and acceleration of 
potential damaging processes in the concrete structure by 
intensification of transport and reaction processes. It also 
exposes the tested concrete to in-situ conditions, ensuring 
optimal exposure to reactants for optimum reaction 
conditions.  

The temperature conditions in the chamber can be set 
ranging from -40°C to +90°C. It is also capable of simulating 
freezing, thawing, fogging and drying conditions. The 
temperature changing rate is up to 5 K/min. Moisture 
condition in the chamber ranges from 5% relative humidity to 
100% relative humidity. Moistening at 100% relative humidity 
simulates conditions of fog while drying is simulated at <10% 
relative humidity [13]. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 
Figure 1. ASR climate chamber storage cycle [13]  

Temperature conditions in the climate chamber follows a 
21-day cycle as shown in Fig. 1. Before placing the prisms in 
the climate chamber, the initial length measurements were 
taken at 20°C. Temperature fluctuations from 5°C to 65°C are 
introduced to promote initial cracking. The prisms were then 
exposed to a drying period of 4 days at 60°C and a relative 
humidity of <10%.  

The temperature is then brought down to 20°C and 
measured for length change, after which a fogging 
temperature will be subjected for 18 days at 45°C at 100% 
relative humidity. The prism length change is then measured 
again at 20°C. This stage is followed by a period of freezing 
and thawing for 3 days, at temperature ranging from -20°C to 
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20°C, which is ended by a final measurement of the prism 
length change [13]. 

Usual mix proportions are made from a selected ratio of 
cement/fine reactive aggregate by weight for a specific cement 
content and water/cement ratio. Specimens will be prepared 
for ASR mixes with deicing solutions exposed to the top 
surface, as well as a control mix where just water is exposed to 
the surface. In order to accelerate the effects of ASR process, 
ordinary Portland cement with high alkali content is used.  

Hobbs [7] proved that rapid and drastic variations of 
temperature due to seasonal changes are very small and only 
affect the surface of the structure since change in concrete due 
to temperature is slow and limited. Plus, ASR deformation 
may take a long time to evolve. Hence, investigation of the 
long-term ASR process with a temperature history should be 
considered. However, due to temporal and financial 
constraints, this is not always possible. Therefore, the Finger-
Institut Baustoffkunde mortar bar tests performed in cyclic 
chamber gives a faster outlook to the ASR deformation influ-
enced by temperature and moisture in the long-term for an 
accelerated case.  

Figure 2. ASR expansion (mm/m) over time (days) for 
concrete prism exposed to water [13] 

An example of ASR gel expansion from mortar bar tests is 
shown in Fig. 2. According to Stark [13], the limit of expansion 
for ASR performance test is set to 0.4 mm/m without deicing 
solution. Aggregates that cause expansion over 0.4 mm/m is 
considered as reactive. Bangert [1]  explains that the 
volumetric expansion ε∞ is represented with the height of the 
graph. This parameter is used for an inverse analysis for ASR 
simulation in the next section. 

3.2 Modeling Parameters 
A two-dimensional mesoscale model of a concrete prism was 
used for testing measuring 100 mm x 100 mm. The mesoscale 
model is made up of a two-phased heterogeneous material 
consisting of aggregates as a phase and the cementitious 
matrix with interstitial pores as another phase. The mesoscale 
model is made up of 9651 three-noded plane elements with a 
total of 28953 nodes as shown in Fig. 3. 

The boundary conditions have been set for the effects that 
are taken into consideration are thermal and moisture 
fluctuations. The boundary conditions for temperature and 

relative humidity of the prism vary according to experimental 
setting. The prism is exposed to 8 cycles of the 21-day 
temperature and humidity fluctuations outlined in Section A, 
where the model is subjected to drying, fogging, freezing and 
thawing, and exposed to temperatures ranging from 65°C to -
20°C and humidity ranging from <10% to 100% within one 
cycle [13].  

3.3 Theories and Assumptions  
Since the model is relatively small, the heat and moisture dif-
fusion lengths are found to be constant throughout the prism. 
Therefore the initial latency and characteristic time constants, 
τL and τC throughout the prism can be taken as constant. The 
effect of ASR chemical reaction is implemented by using the 
asymptotic ASR expansion, ε∞ which is determined from in-
verse analysis from Finger-Institut Baustoffkunde experi-
mental results and taken at an average of 0.22. The values for 
the modulus of elasticity, E and Poisson's ratio, ν are estimated 
from experimental results. Other properties were assumed 
accordingly. This research considers exposure of the prism to 
water only and no other deicing solution.  

As a means of studying the orientation of damage in the 
matrix and aggregates until fully damaged, the Newton-
Raphson iterative method was used. Using this method, the 
difference between externally applied nodal point loads vec-
tor, Fn+1 and the internal node point loads that corresponds to 
element stresses, Ri at iteration step i must equal to zero as 
shown in (7):  

   Fn+1 − R i = 0.              (7) 
Where Ri is the vector of internal nodal point loads in the con-
figuration that corresponds to the element stresses at iteration 
step, i and Fn+1 is the vectors of externally applied nodal point 
loads in the configuration at iteration step, i. More on the 
Newton-Raphson iteration can be found in literature. 

Figure 3. Finite element model of the two-dimensional 
three-noded plane elements mesoscale model of a 100 mm x 

100 mm concrete prism 

3.4 Findings from Simulation 
Due to the small prism dimensions with symmetrical results in 
both the x1 and x2 directions, only the x2 results are discussed 
in this section. Fig. 4 shows the vertical stress distributions of 
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the mesoscale models for heterogeneous materials for selective 
dates within one cycle in the climate chamber. Fig. (a) and (b) 
show the vertical stress distributions for thermal fluctuations 
of 60°C and 5°C imposed to promote initial cracking, (c) shows 
the vertical stress distribution after 4 days of drying at 60°C 
and <10% relative humidity, (d) shows the vertical stress dis-
tribution for measurement condition where the temperature in 
the chamber is lowered to 20°C, (e) shows the vertical stress 
distribution at 18 days after fogging at 45°C and 100% relative 
humidity, (f) and (g) show the vertical stress distributions for 
freezing and thawing conditions at temperatures ranging from 
-20°C to 20°C. 

The simulation found that the prisms are subjected to both 
tensile and compressive strains at different regions throughout 
the prisms depending on the thermal and moisture conditions 
in the climate chamber. For example, Fig. (a) and (b) show that 
the prism is subjected to rapid thermal fluctuations ranging 
from 65°C to 5°C within a short duration. Under high 
temperature in (a), the prism shows tensile stresses 
throughout almost the entire prism with the highest values at 
the prism surfaces due to the immediate exposure to the 
extreme conditions. 

 

Figure 4. Vertical stress distributions due to ASR and 

thermal strains of heterogeneous concrete prism for different 
temperature and relative humidity conditions 

The cementitious matrix portrays a lower tensile stress 
with localized regions of compressive stress, probably a 
response to the high tensile stress portrayed by the aggregates 
compressing the matrix that has lower strength. Overall, the 
prism expands outwards. In (b) where the temperature drops 
to 5°C, the prism shrinks, causing compressive stresses along 
the external surfaces. The tensile stress within the prism 
reduces. 

When the prism is subjected to 4 days of drying at 60°C at 
<10% relative humidity as in (c), the prism expands similarly 
to (a), but with higher tensile and compressive stresses since 
the time constraint is longer. Then in (d) where the 
temperature is reduced to 20°C and the prism elongation is 
measured, the prism shrinks slightly due to the temperature 
decrease, causing compressive stresses. 

In (e) where the temperature is increased to 45°C and the 
relative humidity is set to 100% for fogging conditions, after 14 
days, the prism once again expands outwards similar to the 
drying conditions in (c), but with slightly higher stress values. 
Eventhough (c) has a higher temperature than in (e), the 
relative humidity which also plays a major role is ASR is 
higher in (e), subjecting (e) to slightly higher stress values than 
in (c). Freezing and thawing in (f) and (g) also exposes the 
prism to rapid thermal changes ranging from -20°C to 20°C. 

In (f) where the temperature drops to -20°C, the expansion 
decreases but still shows tensile stresses at the outer regions 
due to the rapidity of the thermal fluctuation. The highest 
tensile and compressive stresses are found in the mid-region 
of the prism, where while rapid fluctuations of temperature 
cause the outer regions to have a more transient effect, the 
internal regions behave more constant. In (g) where 
temperature increases to 20°C, the stresses also increase. 

Fig. 5 compares experimental results for the ASR expan-
sion for concrete prism with results from numerical simula-
tion. While experimental results yield a more fluctuating ex-
pansion curve, the numerical simulation results in a smoother 
curve. Testing with numerous material properties revealed 
that the ASR expansion model largely depends on how well 
one can simulate the environmental conditions and many oth-
er variables that are almost impossible to replicate explicitly. 
However, from this simulation it was found that the height of 
the expansion depends largely on the asymptotic volumetric 
strain, ε∞, which is obtained from inverse analysis or can be 
assumed according to Larive [8] to be within the range of 0.1 ± 
0.04% to 0.4 ± 0.15%. 
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Figure 5. Results of ASR expansion (mm/m) over time (days) 
for concrete prism for different values of asymptotic 

volumetric strains, ε∞ from Finger-Institut Baustoffkunde 
experiment compared to numerical simulation 

4 CONCLUSION 
The aim of this research was to determine the effects of tem-
perature and relative humidity on ASR expansivity in a con-
crete structure. This was performed at the mesoscale level in 
order to determine the ASR expansion mechanism at a more 
intricate level allowing us to determine its initiation and orien-
tation.  
 The mesoscale model was developed to have heterogene-
ous material properties for aggregates and the cementitious 
matrix. The determination of ASR expansion with inverse 
analysis from experimental results and application into mod-
eling shows that ASR expansion can be replicated in numeri-
cal simulation, provided with the proper material properties 
and environmental parameters.  
 ASR has an increased effect due to moisture content. A 
higher relative humidity increases the characteristic and laten-
cy time constants, which means that a shorter time is needed 
before expansion occurs. As a benchmark unanimous among 
researchers, a minimum of 60% relative humidity was re-
quired for ASR deformation to occur.  
 Thermal difference leads to tensile or compressive stresses 
in concrete. Temperature, as well as relative humidity influ-
ences the latency and characteristic time constants, which dic-
tate the rapidity of ASR expansion showing its dependency on 
the heat and moisture diffusion lengths into the structure, 
rendering heterogeneous values across the cross-section of the 
structure according to the relative humidity and temperature 
distribution. Hence, a mesoscopic study proves to be more 
suitable to evaluate ASR effects on concrete structures. 
 Therefore it can be concluded that the intensity of alkali-
silica reactivity in a concrete structure due to ASR expansion 
depends on a lot of factors, most importantly the temperature 
and relative humidity. Other external factors that play an in-
fluence on the expansion and orientation of alkali-silica reac-
tivity are the material properties, boundary conditions and if 
applicable, external loading. 
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