
1. INTRODUCTION
Alkali-silica reaction (ASR), which is the most com-
mon form of alkali-aggregate reaction (AAR), is
caused by the reaction between the reactive forms of
silica in the aggregate and ions from the alkaline solu-
tion. Assuming appropriate conditions for the reaction

development (high alkali content in the cement, avail-
ability of siliceous materials in aggregates and suffi-
cient water content) an amorphous gel is created in
the material pores. In presence of water the gel swells
and, after filling up the pores, it induces additional
stress in the skeleton.
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A b s t r a c t
A mathematical model of combined action of hygro-thermal, chemical and mechanical loads is proposed to describe chem-
ical degradation of concrete due to ASR. The model is based on mechanics of multiphase reactive porous media. The mass-,
energy- and momentum balance equations, as well as constitutive and physical relationships necessary for modelling the
ASR in variable environmental conditions, are presented. A method for their numerical solution with the finite element and
finite differences methods is described. The proposed mathematical model is validated by comparing the simulation results
with some published experimental data concerning hygro-thermal processes and ASR expansion of concrete specimens in
different hygro-thermal conditions, both constant and variable in time.

S t r e s z c z e n i e
Zaproponowano model matematyczny równoczesnego oddziaływania czynników cieplno-wilgotnościowych, chemicznych
i mechanicznych do opisu degradacji chemicznej betonu, wywołanej reakcją alkalia-krzemionka. Model ten bazuje na
mechanice wielofazowych reaktywnych ośrodków porowatych. Przedstawiono równania bilansu masy, energii i pędu oraz
związki konstytutywne i fizyczne, które są niezbędne do modelowania przebiegu reakcji alkalia-krzemionka w zmiennych
warunkach środowiskowych. Opisano metodę numerycznego rozwiązania równań modelu za pomocą metod różnic skoń-
czonych i elementu skończonego. Zaproponowany model matematyczny został zwalidowany przez porównanie wyników symu-
lacji komputerowych z opublikowanymi danymi doświadczalnymi, które dotyczą przebiegu procesów cieplno-wilgotnoś-
ciowych i pęcznienia próbek betonowych w różnych warunkach higro-termicznych, zarówno stałych, jak i zmiennych w czasie.

K e y w o r d s : Alkali-silica reaction; Cement based materials; Chemical degradation; Hygro-thermal phenomena; Porous
media mechanics.
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The first notice about ASR dates back to November
1940, when Stanton, while analysing cracking of
structures in Monterey County, suggested reaction
occurring between alkalis in cement and silica in
aggregates to be a reason of the deterioration.
Henceforth many research studies have been con-
ducted in order to get a better understanding of this
phenomenon, being highly influenced by hygral and
thermal conditions [1, 2, 3], as well as by the stress
state [4]. Then, ASR causes a significant material
deterioration [5], influencing the material transport
properties [6] and strains induced by the reaction [4].
In the present work a novel mathematical model
describing the ASR evolution, as well as the resulting
strains and material degradation in variable hygro-
thermal conditions, is proposed. The model is based
on mechanics of multiphase porous media and its
equations are solved numerically with finite element
method. The results of some published experimental
studies, concerning the ASR strains evolution, are
compared with the numerical solution to validate the
proposed model.

2. MATHEMATICAL MODEL
The balance equations are written by considering
multiphase nature of cement based materials, which
are assumed to be in hygro-thermal equilibrium state
locally. The solid skeleton voids are filled partly by
liquid water and partly by a gas phase. The liquid
phase consists of physically bound water (which is
present in the whole range of moisture content) and
capillary water, which appears when the degree of
water saturation exceeds the upper limit of the hygro-
scopic region. The gas phase in the whole tempera-
ture range is a mixture of dry air and water vapour,
which is a condensable gas constituent.
The present model is an extension of the previous
hygro-thermo-chemical model of concrete at early
ages and beyond [7]. For the sake of brevity, only the
final form of the model equations is given here. The
full development of the model equations is presented
in [8].
In the following, subscripts mean physical quantities
related to the whole volume of medium and super-
script their intrinsic values related to a single phase
or constituent only. By constituent we indicate a mat-
ter which is uniform throughout in chemical compo-
sition, while phase means here different physical
state of a matter (solid, liquid or gaseous). Symbols s,
w, g, gw and ga denote solid skeleton, liquid water,
gas phase in general, vapour and dry air, respectively.

The solid phase is assumed to be in contact with all
fluids in the pores.

2.1. Governing equations
The small deformation theory is assumed. The gov-
erning equations, written at macroscopic level in
terms of the primary variables, i.e. gas pressure, cap-
illary pressure, temperature and displacement vector
(pg, pc, T, u), take the following form:
– Dry air mass balance equation (including the solid

skeleton mass balance) takes into account both
diffusive and advective air flow, as well as varia-
tions of solid density caused by ASR and deforma-
tions of the skeleton. It has the following form [7]:

where n is porosity, Sw and Sg= (1 - Sw) are the
water and the gas saturation degree, βs is the ther-
mal expansion coefficient of the solid phase, α the
Biot coefficient, T the temperature, vs the velocity
of solid skeleton, vgs the relative velocity of gas
phase respect to the skeleton, ρ ga and ρ s the dry
air and the solid skeleton density, m� ASR the skele-
ton mass source due to alkali-silica reaction and
Jg
ga the diffusive flux of dry air.

– Water species (liquid + vapour) mass balance equa-
tion (including the solid skeleton mass balance)
considers diffusive and advective flow of water
vapour, mass sources related to ASR and to phase
changes of vapour (evaporation /condensation and
physical adsorption / desorption), and variations of
solid density caused by ASR and deformations of
the skeleton, resulting in the following equation
[7]:

where ρ w and ρ gw are the liquid water and water
vapour densities, vws and vgs the water and the gas
relative velocities respect to the skeleton, Jg

gw the
water vapour diffusive flux and βswg the thermal
expansion coefficient of the multiphase system,
given by [7]:
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with βs and βw are the thermal expansion coeffi-
cients of the solid and the water phase.

– Energy balance equation (for the whole system)
accounting for the conductive and convective heat
flow and heat effects of phase changes can be writ-
ten as [7]:

where χeff is the effective thermal conductivity,
(ρCp)eff the thermal capacity of the multiphase sys-
tem, ΔHvap the enthalpy of water vaporization, Cw

p

and Cg
p are the specific heats of the water and gas

phase, while the mass source of vapour due to
vaporization is determined from the water mass
balance equation and takes the following form [7]:

– Linear momentum balance equation (for the multi-
phase system) in the rate form is as follows [7]:

where χws
ASR is the solid surface fraction, ρ the

apparent density of the multiphase material, g the
vector of gravity acceleration, and the effective
stress tensor tef is discussed in the next section.

2.2. Effective stress principle
Cement based materials are multi-phase porous
media, hence while analysing the stresses and strains
of the material it is necessary to consider not only
the action of an external load, but also the pressure
exerted on the skeleton by fluids present in its voids.
The total stress tensor, ttot, acting in any point of the
porous medium may be split into the effective stress,
tef, which accounts for stress effects due to changes in
porosity, spatial variation of porosity and the defor-
mations of the solid matrix, and a part accounting for
the solid phase pressure exerted by the pore fluids,
Ps, [7],

where I is the second order unit tensor, α the Biot
coefficient, and χws

s the fraction of skeleton area in
contact with water.

In equation (7) capillary pressure is defined in such a
way that it has physical meaning also in the hygro-
scopic range of moisture content, [7],

In this region it takes also into account the effect of
disjoining pressure, Πf, besides the curvature and
surface tension of the water/gas interface, Jwwg and γwg.
At higher relative humidity, in the capillary moisture
range, the effect of disjoining pressure is neglected
(Πf=0).

2.3. Alkali-silica reaction evolution and strains
induced by it
When we deal with ASR reaction at variable humidi-
ty and temperature, then ASR strains are not linear-
ly proportional to the reaction advancement, in
opposite to what happens during the reaction at con-
stant hygro-thermal conditions [9]. Then, the final
value of ASR strain εASR,∞ is not unique and it
depends on the evolution of temperature and mois-
ture content in the pores (see e.g. Figures 3-5).
Hence, the reaction extent ΓASR is defined here
according to thermodynamics of chemical reactions,
see [12], similarly as by Steffens et al. [9].
The progress of ASR reaction is described by the fol-
lowing rate type evolution equation written in terms
of the ASR reaction extent (ΓASR), which is an inter-
nal variable:

where characteristic time of the reaction, tR, is depen-
dent on both the temperature and the reaction extent
in the way described by the equation [1,3]:

with T0 being the reference temperature andλ(T, ΓASR) the parameter describing effect of temper-
ature defined in the following way:

Latency time τL is associated with the dissolution of
reactive silica from the aggregates, while reaction
time τR with the reaction leading to the formation of
the ASR gel. The abovementioned constants are
affected by temperature and, as the experimental
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data presented in [1] showed, the moisture content.
Steffens proposed the following linear relations:

where Sw is the saturation degree of pores with liquid
water, τR0 and τL0 are the values at the reference
temperature T0, the material parameters are AR, BR,
AL and BL which should be determined experimental-
ly, R – universal gas constant, while EL and ER are the
activation energies for latency and reaction, respec-
tively. According to [3], EL /R = 9400 � 500 [K] and
ER /R = 5400 � 500 [K]. However, during the model
calibration (section 4) by comparison with the exper-
imental data [1, 2], application of these values did not
result in a good agreement with the data. Therefore,
the other activation energy values have been found.
Following [1] and [3], the expansions arising as a
result of the ASR are considered as imposed strains.
At constant temperature and humidity they are
directly proportional to the reaction extent [1, 3]:

where βASR = εASR,∞ /3 is the asymptotic linear expan-
sion due to ASR for a material in a stress free state
and I denotes the unit tensor of the second order.
Parameter βASR is moisture dependent, according to
the following exponential relation [9]:

where CASR is the material parameter obtained exper-
imentally.
Larive’s experiments [1] show that due to some
intrinsic physicochemical processes a loss of swelling
potential of already formed gel is observed. The
process can be considered as a material ageing, see
e.g. [9]. Taking into account this effect on the evolu-
tion of ASR strains, Steffens et al. [9] proposed an
additional material parameter, called the characteris-
tic time of ageing ta, affecting both the ASR expan-
sion rate and the final, asymptotic value of the ASR
strains. This parameter characterizes the water-com-
bination process of the already formed gel due to
ASR reaction. Steffens et al. [9] proposed a kinetic
law for the ageing in an analogous way to the first
order chemical reaction:

where Γa is the ageing reaction extent and ta the age-
ing time.
Therefore, the ASR strain evolution law (13) for the
case of variable hygro-thermal conditions can be
rewritten in the following form [8]:

where α is chemo-elastic dilatation coefficient, ρASR

the density of gel formed, MASR (Sw) means the water
combination coefficient at water saturation degreeSw, describing the unit water-combination capacity of
amorphous gel without ageing. MASR (Sw) may be
described by the following relation [9]:

with C͠ ASR and D͠ASR being the material parameters,MASR,0 ≡MASR (Sw =1).
For constant temperature and humidity, Steffens et
al. [9] obtained the following relation:

We assume that relation (18) is also valid in variable
conditions and the coefficient β is not affected by
humidity and temperature. This allows us writing the
ASR strain evolution law (16) in the following rate
form:

where ASR(Sw) is a material function,
parameters of which should be determined experi-
mentally.
Considering that ASR is irreversible, i.e
it is obvious from (16) that the ASR induced expan-
sive strains cannot decrease. However, during the
experiments concerning the evolution of ASR expan-
sion of concrete specimens exposed to variable ambi-
ent humidity conditions Poyet [2] observed that dur-
ing drying the total specimen strains were rapidly
decreasing, and during rewetting they were increas-
ing again (see Fig. 5). These phenomena are mod-
elled here using the effective stress principle (see sec-
tion 2.2), i.e. they are treated as “normal” elastic
strains of already formed gel due to a change of the
capillary pressure value: shrinkage strains during
material drying, S�w � 0, or swelling ones during mate-
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rial wetting, S� w � 0 (see Fig. 7). Hence, in the pro-
posed mathematical model no change of the ASR
strain of already formed gel is caused by a change of
the saturation degree value [8], as can be for example
observed in Fig. 7.

2.4. Constitutive relationships
In our model we assume that during the second stage
of the ASR certain amount of pore water is combined
with the products of the first stage of the reaction,
what produces an amorphous gel in pores and causes
expansion strains of a cement based material, there-
upon the mass of solid skeleton gradually increases
(see section 2). In stress free state and homogeneous,
constant hygro-thermal conditions, the volume of
skeleton and that of the pores increase to the similar
extent, i.e. – times (assuming that volume
of arising micro-cracks is negligibly small), thus one
observes almost no variation of the total material
porosity, is the actual
value of volumetric strain due to ASR.
The only result of the ASR is an alteration of its inner
structure (finer pores volume increases), hence it
causes changes of the sorption isotherm and material
permeability.
Density of the ASR reacted material is defined by the
following relation:

where ρ s0 means the density of unreacted skeleton.

The values of and ε vol
ASR are

obtained by numerical integration in time of equation
(19).
During evolution of the ASR, porosity of damaged
material, n, remains constant, but due to the reaction
induced increase of the material total volume,

the pore volume increases [ 1+ ε vol
ASR (t)]- times caus-

ing a decrease of the water saturation degree Sw

(assuming that volume of arising micro-cracks is neg-
ligibly small).
It is assumed that variation of the material
microstructure due to ASR can be described by evo-
lution of the material sorption isotherms. An “inter-
mediate” sorption curve between those of the unre-
acted and fully ASR reacted material is proportional
to the actual volume of produced gel. The volume is

approximately proportional to the mass of water
mASR combined with the gel during the second stage
of the ASR reaction. Hence, the following equation
describing evolution of the sorption isotherms during
ASR is proposed [8]:

where Sw(pc,mASR,∞) and Sw(pc, 0) are the sorption
isotherms of fully ASR reacted and unreacted mater-
ial, accordingly, and mASR,∞ is the final mass of com-
bined water during gel formation in a material fully
saturated with water during the whole ASR, i.e. in
conditions when the ASR strain is the largest.
Dependence of the sorption isotherms on the tem-
perature can be neglected for the range of tempera-
ture analysed here.
Effect of the ASR reaction on the material intrinsic
permeability is described here similarly as that
caused by hydration of cement based materials,
which also results in a gradual development of finer
pore structure [7]. The hydration degree in the afore-
mentioned relation will be substituted with
mASR/mASR,∞ , describing a relative increase of the ASR
gel pores’ volume. Then, cracking of concrete due to
an external load and/or an increase of the effective
skeleton stresses (e.g. during material drying), causes
an additional increase of the intrinsic permeability k
which may be described through its dependence upon
the mechanical damage, d (see eq. 26), similarly as in
[13]. Finally, we have assumed that the two afore-
mentioned effects are independent one upon anoth-
er and taken into account by the following equation:

where ko means the intrinsic permeability of ASR
unreacted material, Ak and Ad are the experimentally
determined material parameters. The value of the Ak

parameter is equal to log(kASR,∞/ko) , where kASR,∞ is
the final value of experimentally determined intrinsic
permeability of mechanically undamaged
(uncracked) material, fully saturated with water dur-
ing the whole ASR reaction. The value of the Ad

parameter is equal to log[k(mASR,∞= 0, d=1)/ ko],
where k(mASR,∞= 0, d=1) is the value for unreacted
(ΓASR = 0), but fully mechanically damaged (d=1)
material.
Assuming infinitesimal deformations, the constitu-
tive relationship, describing the stress-strain behav-
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iour of concrete deteriorated by the ASR at non-
isothermal conditions, takes the following form,

where D is the tangent matrix, while εεtot, εεc and εεt are
the tensors of total-, creep- and thermal strain,
accordingly. 
The total damage parameter D is defined by the fol-
lowing equation,

where d is the mechanical damage parameter, and V
the chemical damage parameter induced by the ASR.
Concrete cracking due to external load and internal
one (i.e. solid pressure, see section 2.2) is modelled
by means of the non-local isotropic damage theory
[14]. Advancement of material cracking is described
by the mechanical damage variable d, which is
defined as, [14] :

where E0 is the Young’s modulus of elasticity for a
sound material ( ε volASR=0, d=0), and E – for mechan-
ically degraded material due to cracking.
Additionally, to take into account the effects of
micro-cracking processes due to degradation of con-
crete strength properties caused by the ASR, a scalar
chemical damage parameter, V, is applied, similarly
to what was done in [13] for concrete at high temper-
ature, and in [15] for concrete exposed to calcium
leaching. Here chemical damage parameter is
defined as follows, 

where  E (ε vol
ASR , 0) is the Young’s modulus of elastici-

ty for the material deteriorated chemically due to
ASR, but with no mechanical damage (d= 0). Some
experimental data concerning cement composites,
e.g. [16, 17], show that process of chemical deteriora-
tion due to ASR for this material starts above certain
threshold volumetric strain ε volASR,lim . For the cement
mortars tested in [16] this threshold value was equal
to   ε vol

ASR,lim� 0.8‰÷1.0‰, and the maximal value of
chemical damage parameter Vmax � 0.15÷0.2, as can
be seen in Fig. 1. From Fig. 1 it is clear, that the rela-
tion V(ε vol

ASR) can be approximately described by
means of a linear function of the following form,

where ε vol
ASR,max means the maximum value of volumet-

ric strain due to ASR in a material fully saturated
with water (Sw= 1).
For concrete a linear relationship also holds, but with
slightly higher maximal value of chemical damage para-
meter Vmax, which reaches values up to 0.3÷0.4 [17].

3. NUMERICAL MODEL
The model equations are discretized in space by
means of the finite element method. The unknown
variables are expressed in terms of their nodal values
and shape functions Nκ (κ = g, c, t, u) as

The discretized form of the model equations was
obtained by means of Galerkin’s method, similarly as
done for maturing concrete by Gawin et al. [7]. The
equations can be written in the following concise
matrix form:

where the non-linear matrix coefficients C ij(x), K ij(x)
and fi(x) are defined in detail in [8]. The time dis-
cretization is accomplished through a fully implicit
finite difference scheme,

where n is the time step number and �Δt the time step
length.
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Figure 1.
Dependence of the chemical damage parameter upon the vol-
umetric expansion for a cement mortars deteriorated due to
the ASR, determined using the experimental data from [16]
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The equation set (31) is solved by means of a mono-
lithic Newton-Raphson type iterative procedure
using a frontal solver, [7, 13].
The reaction extent and mass of combined water by
the ASR gel at (n+1) time step and (k+1) iteration,

and, are calculated separately
using the implicit Euler method:

4. NUMERICAL EXAMPLES
The following three problems, based on the laborato-
ry tests performed by Larive [1] and Poyet [2], are
numerically solved in order to validate the present
model by comparison with the experimental results.
The simulations were performed by means of the
computer code developed by the Authors on basis of
the finite element model of concrete COMES-GEO
[7], which was appropriately modified in order to
take into consideration ASR.
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Table 1.
Material parameters assumed in the simulations of Larive’s and Poyet’s experiment

Material parameter Larive test Poyet test

Water / cement ratio, w/c [-] 0.48 0.50

Initial value of the latency time, τ�L0 [days] 40.1 37.0

Initial value of the reaction time, �τ�R0 [days] 16.9 67.0

Activation energy for the latency, EL /R [K] 6000 10000

Activation energy for the reaction, ER /R [K] 2500 6000

Coeff. for the water content dependency in the latency period, AL [-] -8.7 -1.0

Coeff. for the water content dependency in the latency period, BL [-] 9.7 2.0

Coeff. for the water content dependency during the reaction, AR [-] -6.94 -1.00

Coeff. for the water content dependency during the reaction, BR [-] 7.94 2.00

Ageing time, �τ�A [days] 145.3 200.0

Coeff. for the β� function in the ASR strain rate formula,   β�ASR [-] 0.0037 0.0043

Coeff. for the β� function in the ASR strain rate formula,  C�ASR0 [-] 3.56 1.10

Porosity, n [%] 10 17

Intrinsic permeability of unreacted material, k0 [m2] 0.5·10-19 0.5·10-20
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Figure 2.
FE mesh assumed in the simulations of Larive’s (a) and Poyet’s (b) experiments
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4.1. Larive’s experiment
The laboratory tests by Larive [1] took particular
interest in influence of water content and tempera-
ture on ASR. The cylindrical specimens (16cm in
radius, 32cm in height) were exposed to various
thermal and hygral conditions. After casting and
curing they were either kept in ambient humidity
and three different temperatures: 296.15K, 311.15K
and 333.15K (23°C, 38°C and 60°C), or at tempera-
ture of  311.15 K (38°C) and constant relative
humidity levels corresponding to the water satura-
tion degrees Sw equal to 73%, 87.5%, 92.5% and
100% (in water). More details about this experi-
ment can be found in [1].
The main parameters defining physical properties of
the material assumed in the simulations are summa-
rized in Table 1. Due to lack of sufficient material
data, chemical damage was not considered in the
computations. The specimens were modelled with
the mesh of 40 (40 x 1) 8-noded finite elements of
equal size (2mm x 5mm), Fig. 2a. Convective bound-
ary conditions for heat and water exchange were
assumed at the external specimen surface (side D in
Fig. 2a). The time step length increasing from 1 hour
up to 1 day, depending on the stage of the process
evolution, was used in the computations.
As can be noticed (Fig. 3), the results obtained by
means of the simulations are in a good agreement
with the experimental data. The presented model
reflects influence of temperature and relative humid-
ity on the final values and development of strains
caused by ASR.

4.2. Poyet’s experiment
The experiments conducted by Poyet [2] were simulat-
ed in order to check the capability of the model to pre-
dict strains caused by ASR in various relative humidi-
ty conditions. Two series of tests were performed. In
the first series, after maturing at 82 %RH, the speci-
mens were exposed to ambient air with constant rela-
tive humidity, which was kept at six different levels: 59,
76, 80, 82, 96 and 100 [%RH]. For all the considered
cases air temperature was kept constant at 333.15 K
(60°C). We focus our attention on the results for four
levels of RH only, omitting those concerning 80%RH
(it is very close to the reference relative humidity cho-
sen by Poyet as equal to 82%RH) and 100%RH (the
strains measured for that case were considerably
smaller than those for 96%RH, probably due to some
problems during the measurements [2]).
In the second series of experiments relative humidity

was cyclically changed between the two levels:
96%RH and 59%RH, either in 14-days (short) or 28-
days (long) cycles (at the beginning the specimens
were kept at 96%RH for 3 days and later moved to
59%RH, then to 96%RH, etc.). All the time the air
temperature was kept constant at 333.15 K (60°C).
Calculations were made for one fourth of the speci-
men cross-section, modelled with 160 (5 x 32) 
8-noded (2 mm x 2.5 mm) finite elements (see
Fig. 2b). The main material parameters assumed for
concrete in the simulations are given in Table 1. Due
to lack of sufficient material data, chemical damage
was not considered in the computations.
Convective boundary conditions for heat and water
exchange were assumed at the external specimen sur-
faces (sides C and D in Fig. 2b). For the cases with
constant ambient humidity, the increasing time step
length, from 3 s up to 80 min, was used in the com-
putations. For the cases with cyclically changing
ambient humidity, the variable time step length, from
3 s to 30 s, depending on the stage of the process evo-
lution, was applied.
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Figure 3.
Comparison of the experimental [1] and numerical results of
ASR expansion for the specimens stored in different relative
humidity (a) and temperature (b)
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The ASR expansion strains, both during the experi-
ments and the simulations, were determined with
respect to the reference specimen, made of nonreac-
tive aggregate and exposed to the same hygro-ther-
mal conditions as the considered one. As can be seen
in Figures 4-6, the set of parameters calibrated for
the series at constant relative humidity assured a
good agreement for the series at variable humidity as
well. For the latter series the ASR strains agreement
with the experimental data (Fig. 5) is better than for
the mass variation (Fig. 6), what was caused by lack
of several moisture related material parameters. At
the latter conditions, the agreement for the ASR
strains (Fig. 5) is visibly better than for the mass vari-
ation (Fig. 6), what was caused by lack of most of the
moisture related material parameters, hence some of
them were assumed from literature [18]. Part of
material parameters, describing changes of inner
structure and related physical properties (sorption
isotherm, intrinsic permeability, solid surface frac-
tion) due to ASR, were determined by means of the
inverse solution technique. Additionally, the tempo-

ral evolutions of ASR reaction extent and ASR
strains are presented in Fig. 5, showing a consider-
able effect of relative humidity on their development.
Figure 7 shows the temporal evolutions of different
components of concrete strains for the series with
long cycle variation of relative humidity. As can be
observed, the ASR strain is always monotonically
increasing, while the oscillations of total strain are
caused by changes of shrinkage strain, following vari-
ations of the material relative humidity.
In Fig. 8 one can notice the effect already mentioned
in [2], i.e. during cyclically variable relative humidity
ASR expansion does not reach the same final value
as in the conditions of constant relative humidity.
According to the laboratory tests data, the final val-
ues of strain at constant environmental conditions
are approximately equal to 0.28% for 96%RH and
0.07% for 59%RH, while in the case of variable rela-
tive humidity those strains are equal to about 0.21%
and 0.18%, respectively. Similar effect can be
observed for the numerical results, see Fig. 8. The
variation of ASR strains at different stages of the
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Figure 4.
Comparison of the experimental and numerical results for
the ASR expansion strains (a) and water mass variation (b)
at three constant relative humidity levels

Figure 5.
Comparison of the experimental and numerical results for
the variation of ASR expansion strains at variable relative
humidity for the long (a) and short (b) cycles. Additionally,
the temporal  evolutions of ASR reaction extent and ASR
strain are presented

a

b

a

b

c
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reaction advancement, for all analysed cases of con-
stant and variable relative humidity, are shown in
Fig. 9. One can observe that variable hygral condi-
tions have a small influence on the progress of ASR
reaction (compare Figures 5a and 5b) and quite sig-
nificant effect on the concrete strains due to the ASR
at all stages of the reaction development, in particu-
lar at the advanced ones, Fig. 9.
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Figure 6.
Comparison of the experimental and numerical results for
the variation of mass of water at variable relative humidity
for the long (a) and short (b) cycles 

Figure 7.
Numerical results for the temporal evolution of different
components of strains at variable relative humidity for the
long cycle. Additionally variations of the relative humidity
are shown

Figure 8.
Comparison of the numerical results concerning the tempo-
ral evolution of the ASR expansion development for constant
and variable relative humidity

Figure 9.
Comparison of the numerical results concerning the evolu-
tion of ASR expansion in function of the reaction extent for
constant and variable relative humidity

a

b
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5. CONCLUSIONS
A novel mathematical model of hygro-thermal
behaviour of cement based materials subjected to the
degradation due to ASR has been presented. The
reaction has been described by a rate type model.
Thanks to that it is possible to take into account the
influence of variable moisture content and tempera-
ture upon the development of ASR. The model is
thermo-dynamically consistent and it has been devel-
oped within framework of mechanics of multi-phase
porous media. The experimental studies of ASR indi-
cate a considerable effect of the concrete tempera-
ture and moisture state on the evolution of the mate-
rial strains, what is properly described by the pro-
posed model. The simulation results show that the
present model allows for prediction of a cement-
based material performance, and in particular,
strains evolution, with a reasonable accuracy. Further
developments of the model to take into account
effect of external load and the ASR strains
anisotropy are in progress. 
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