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ABSTRACT: The effects of temperature on the expansion behavior of concrete due to the alkali-silica reaction (ASR) were
assessed through a simplified numerical analysis. Numerical models were constructed based on findings from a literature review. A
simplified damage model was implemented to capture interactions between the viscoelasticity of the ASR gel and microstructural
damage of the aggregate and paste. The parameters of the damage model were identified by fitting the simulated results to the
experimental data. The results indicate that for a given reaction ratio, expansion ability is reduced at higher temperatures during the
early and late stages of expansion. The results demonstrate that explicit modeling of chemo-mechanical interactions is important
to achieve accurate numerical predictions of expansion behavior.
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RESUMEN: Efectos de la temperatura en la expansion del hormigon por la reaccion dlcali-silice: una aproximacion numérica
simplificada. Se evaluaron los efectos de la temperatura en el comportamiento expansivo del hormigén debido a la reaccion alcali-
silice (ASR) mediante un analisis numérico simplificado. Los modelos numéricos se construyeron en base a la revision de la
literatura. Se implement6 un modelo simplificado de dafios para capturar las interacciones entre la viscoelsasticidad del gel (ASR)
y el dafio microestructural del arido y la pasta. Los parametros del modelo de dafios se identificaron mediante el ajuste de los
resultados simulados a los datos experimentales. Los resultados indican que, para una determinada relacion de reaccion, la capacidad
de expansion se reduce a temperaturas mas altas durante las primeras y tltimas etapas de la misma. Los resultados demuestran que
la modelizacion explicita de las interacciones mecano-quimicas es importante para conseguir predicciones numéricas precisas del
comportamiento expansivo.
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1. INTRODUCTION

Environmental conditions significantly affect the
expansion behavior of concrete due to the alkali-sil-
ica reaction (ASR). Environmental factors include
temperature, relative humidity (RH), solar insola-
tion, and rainfall. These can cause temperature and
moisture content to vary within the concrete, re-
sulting in complex ASR expansion. The sensitivity
of ASR expansion to temperature needs to be un-
derstood as temperature is a significant factor. Al-
though several studies have investigated the influ-
ence of temperature on the expansion rate and final
expansion (1-5), the relationship between the rate
and sensitivities of expansion and final expansion to
temperature remain unclear. For instance, according
to Larive (6), temperature does not affect the final
expansion, but it strongly affects expansion kinetics.
Larive also reported that the dependency of ASR ex-
pansion kinetics on temperature conforms to Arrhe-
nius’s law. According to Kim et al. (7), the changes
in the concentrations of alkali metal ions in the pore
solution can be represented by a first order reaction.
Also, expansions at different temperatures followed
similar trends to the corresponding consumption of
available alkalis. These findings indicate that the
rate of ASR expansion is almost equivalent to reac-
tion kinetics, but this was not shown by all studies.
In some experiments, the final expansion was larger
at lower temperatures (3—4), while others showed
the pessimum effect of temperature on the final ex-
pansion (8-10).

It will be beneficial to model these expansion be-
haviors when coupled with the chemical reaction. In
recent years, many chemo-mechanical models for
micro- to mesoscopic ASR expansion have been de-
veloped (11-19). In the model by Dunant (11), ex-
pansion pressure comes from a phase change of the
reactive silica from a dense and stiff mineral to a
less dense and softer gel under confined conditions.
On the other hand, in the model by Multon and Sell-
ier (14), expansion pressure is not induced by the
phase change. Rather, it is exerted after the ASR gel
fills the pores in the paste and is calculated using the
Biot coefficient. It is well known that temperature is
a critical factor for the reaction and expansion, but
its mechanisms are not well understood. The effects
of temperature on ASR expansion may be strongly
related to the mechanisms of pressure exertion by
ASR gel.

In terms of micromechanics, ASR expansion in-
duces microstructural damage on the aggregate and
cement paste. In the early stages, expansion is main-
ly controlled by the reaction. In the later stages of
the reaction, the reaction speed can interact with the
formation of damaged structures. Reaction kinetics
alone may be insufficient for predicting the expan-
sion behavior due to ASR. Mechanical interactions
are critical to the rate of concrete expansion and

have been discussed in (11). Expansion pressure ex-
erted by the ASR gel inside reactive aggregates is a
key factor in the swelling mechanism of concrete.
Microcracks induced by the swelling of the ASR
gel originate from the aggregate and extend to the
cement paste. The crack patterns in the aggregate,
such as onion skin and sharp cracks (20), are strong-
ly dependent on the reactive rock type (19), and the
random distribution of the expansion sites in the
aggregate. The resulting damage to the microstruc-
ture alters mechanical response to expansion pres-
sure (11-12). Creep of the paste also modifies the
microstructural damage, as the degree of reaction
at which the damage propagates from the aggregate
to the paste is smaller with faster reaction kinetics
(12). Therefore, the damage at a given reaction ratio
is typically much greater in laboratory tests than in
real structures due to creep. The activation energy of
cement paste creep is 4.2-25.2 kJ/mol (21), whereas
that of the dissolution rate of quartz glass and Py-
rex glass is 63—84 kJ/mol (22). Therefore, high tem-
peratures accelerate dissolution (almost equivalent
to the reaction) more than creep. However, previous
studies have shown complex behaviors at different
temperatures (3—4, 8§-10).

This paper is an extension of a previous paper (23)
and investigates the effects of temperature on ASR
expansion in concrete using a simplified numerical
analysis. First, a brief literature review on the factors
of the temperature dependence of ASR expansion is
provided. Then, simplified models accounting for
the temperature dependence of ASR expansion are
presented. A damage model is implemented to rep-
resent the nonlinear relationships between reaction
kinetics and expansion behavior. The parameters in
the model are identified by fitting the simulated re-
sults to the experimental data. Finally, the effects of
temperature on ASR expansion are discussed.

2. FACTORS AFFECTING TEMPERATURE
DEPENDENCE OF ASR EXPANSION

Many factors affect the temperature dependence
of ASR expansion, including the alkalinity of pore
solution, internal RH, reactivity of aggregates, ag-
gregate stiffness, strengths of paste and mortar, and
viscosity of ASR gel. Higher temperatures reduce
the pH of the pore solution as ettringite has higher
solubility (24). Also, alkalinity is reduced where the
alkalis leach out from laboratory specimens, which
reduces ASR expansion. Less moisture is available
for ASR expansion because internal RH is higher at
higher temperatures (25). Generally, the temperature
dependence of dissolution kinetics for amorphous
silica in high pH solutions almost conforms to Ar-
rhenius law (26), but this is not the case for some
natural aggregates (27). The texture of the aggregate
can strongly affect dissolution kinetics due to their
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random distribution of silica minerals and paths for
alkali transfer. It was reported that the reaction ki-
netics of some natural aggregates with dense micro-
structures could be changed with the reaction ratio
(26, 27). Aggregate stiffness and paste strength are
relatively important in the mechanical interaction,
especially in the later stages when the reaction is
advanced. If the ASR gel has low viscosity, it can
flow out of the aggregate or concrete, while exerting
reduced expansion pressure under confinement (28).

3. NUMERICAL MODELS

A simplified numerical simulation was proposed
based on existing models (29), with an additional
damage model accounting for the reduced expansion
ability of ASR gel.

3.1 Alkalinity model

In the pore solution, alkali metal ions are gen-
erally balanced with hydroxide ions at a 1:1 ratio,
so the alkalinity represents the alkali metal hydrox-
ide concentration. Therefore, it is sufficient to only
model the alkalinity of the solution. By considering
the system as closed without any supply or leaching
of alkali, the total amount of alkali (Na + K) per unit
volume of mortar C__ can be expressed by the fol-
lowing equation from Kawabata et al. (30):

Cmor‘tar = CcpAcp + CagAag + yNa/Si Vgel’ [1]

where C_ is the total alkali content per unit vol-
ume of cement paste (mol/m?-paste), A, is the ce-
ment paste content in the mortar (m*-paste/m*-mor-
tar), C_ is the alkali content instantaneously con-
sumed %y the aggregate (mol/g-aggregate), A, is
the total reactive aggregate content in the mortar
(g-aggregate/m’-mortar), v, . is the (Na+K)/Si mo-
lar ratio of the ASR gel, and Vi is the total amount
of ASR gel in the mortar (mol/m?*-mortar). Note that
the alkalis supplied from aggregates are not consid-
ered since alkalis do not necessarily increase the pH
of the pore solution (31).

Considering the equilibrium between the solid
C-S-H gel and pore solution in the cement paste sys-
tem, C_ may be written as:

C,=RCoy+ RC,, 2]

cp

where C_, is the amount of C-S-H per unit vol-
ume of cement paste (g/m’-paste), C, is the free wa-
ter per unit volume of cement paste (ml/m>*-paste),
R_ is the alkali content in the solid C-S-H (mol/g),
and R is the alkali concentration in solution (mol/
mL). The distribution ratio, R, (mL/g), may be de-

scribed by the next Equations:

R,=R /R, and [3]
R, = y(Ca/Si), [4]

where Ca/Si is the Ca/Si molar ratio, and y and
0 are experimental constants, which were 2.5 and
—3.1, respectively (30).

3.2 Reaction model

Following the work of Furusawa et al. (26), the
reaction was modeled one-dimensionally from the
surface of the aggregate towards the interior. Assum-
ing that the alkali profile within the reaction layer is
linear, the reaction ratio can be expressed as:

dxldt = (C,, - C,)klx, [5]

where t is the duration of the reaction (hr), x is the
thickness of the reaction layer (cm), k is the reaction
rate constant (cm*/hr), C_ is the concentration of al-
kali metal hydroxide in the paste (mol/L), and C is
the threshold concentration of alkali metal hydrox-
ide (mol/L).

The initial condition in which x is zero when t is
Zero gives:

x = 2k 1 (Copp-Cp. [6]

Assuming that the aggregate particle is spherical
and the particle is in contact with the pore solution,
the reaction ratio of the aggregate i with radius R,
can be formulated as:

o=1-(1-x/R), [7]

where R is the radius of the particle (cm) and o, is
the reaction ratio of the particle with radius R..

After calculating the reaction ratio for each parti-
cle of each particle size, the total amount of ASR gel
is given by Equation [8]:

Vgel = Aag X E ai Bl’ [8]
where B, is the ratio of radius R, to the total aggre-
gate weight.

3.3 Expansion model
The stress o, , imposed on the aggregates due to
ASR gel formation can be described as:

S ¥V x1000, [9]

O-ASR - gel ™ gel

where © ASR

for gel), and S_ is the stiffness per mol of ASR gel
in the mortar (f}Pa/mol/m3—mortar).

is the stress on the aggregates (MPa
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Since the elastic modulus of aggregate is large,
the elastic deformation of aggregate before cracking
is negligible and is thus assumed to be zero for sim-
plification. When the stress is greater than the crit-
ical tensile stress of the aggregate, ASR gel formed
in the aggregates start to expand the mortar, giving:

&€= <O-ASR -Ucr >t % E{/Eagg’ [10]

where ¢ is expansion of the mortar, 6_ is the criti-
cal tensile stress for aggregates to be cracked (MPa),
Eagg is a modulus of the damaged aggregate (GPa),
E, 1s a variable for the conversion of the stress im-
posed on the aggregates to the expansion of the mor-
tar (-), and <X>" is the positive part of X.

Hence, when E, is constant, ASR expansion is
linearly related to the reaction ratio. However, this
expansion is not realistic. Aggregate and paste are
damaged by ASR expansion and this damage simul-
taneously reduces the restraints on the ASR gel with
the increase in expansion. Therefore, the expansion
pressure on the ASR gel is released and reaction ki-
netics no longer control the expansion. A damage
model is introduced as a simplifying assumption that
expresses the microstructural damage and resultant
reduced expansion pressure of the ASR gel as:

E = E, xexp(-0*x<a-0,>"), [11]

where a,, is the threshold expansion above which
the viscoelasticity of the ASR gel dominates the ex-
pansion due to reduced confinement from damage,
E, is the initial value without damage, and o is a pa-
rameter representing the interaction between the rate
of damage evolution and viscosity of ASR gel. Note
that this is a simplified model to represent the above
factors. The model assumes an exponential decline
in the stiffness, although the aggregate or paste will
split apart in reality. This is consistent with com-
monly used damage models.

4. EXPERIMENTS AND NUMERICAL SIMU-
LATION

The models presented in Section 3 contain un-
known parameters including Sgel’ E; 0., ©, and o,
which are critical factors affecting concrete expan-
sion. Therefore, the parameters were determined by
fitting the simulated results to the experimental data
(23, 32, 33). Then, the relationships between the pa-
rameters and temperature were assessed.

4.1 Materials and mix proportions

Ordinary Portland cement with an alkali content
0f 0.55 wt% was used as the reference material. Two
reactive coarse aggregates were used for testing: a

highly reactive andesite (designated “TO”) with try-
dimite reactive phase, and andesite from a different
source (designated “SI””) containing cristobalite and
volcanic glass as the reactive minerals. Both aggre-
gates have caused ASR damage in real structures.
Considering the proportional pessimum effect, the
reactive aggregate proportion was 30 wt% for both
reactive aggregates. For comparison, published data
(highly reactive andesite “NT” from (34)) were also
included. Pure limestone “LSG” was found to be a
non-reactive coarse aggregate by various test meth-
ods such as CPT, the chemical method, mortar bar
method, and field experiences. Non-reactive lime-
stone sand “LSS” was also used. The properties of
the aggregates are summarized in Table 1.

The mix proportions of the concrete specimens are
summarized in Table 2. The water content was 160
kg/m3, water-to-cement ratio was 0.50, and air con-
tent was 4.5 %. This mixture is commonly used in
Japan. The grading of aggregate was in accordance
with JIS but not controlled precisely like RILEM or
CSA. The total alkali content (Na,O_) of concrete
was boosted to 5.50 kg/m? by adding NaOH solution
to the mixing water.

4.2 Expansion test (Alkali-Wrapped Concrete
Prism Test: AW-CPT)

AW-CPT was applied as an expansion test for the
concrete specimens (75 X 75 x 250 mm?). The gen-
eral protocols are nearly identical to those of RILEM
AAR-3 (38 °C) and AAR-4 (60 °C). The only dif-
ference is that concrete specimens are wrapped in a
wet cloth containing an alkaline solution (1.5 mol/L
NaOH). After the concrete specimens were demolded,
they were submerged in water for 30 mins. This short
submersion process was used despite 3—4% of the alka-
li leaching from the concrete during this step (8).

The concrete specimen was then wrapped with a
nonwoven polypropylene cloth containing 50 g of
1.50 mol/L NaOH solution, which approximated
the alkali metal ion concentration of the pore solu-
tion of concrete with 5.50 kg-NazOCq/m3 (30). The
wet cloth was placed on top of a thin plastic film
on a table. Then, the specimen was placed on top
of the cloth, and the cloth and film were wrapped
around the specimen. The cloth was secured by rub-
ber bands to prevent detachment. Plastic film (or a
plastic bag) was used to minimize alkaline solution
losses from the cloth and to prevent it from drying.
Three wrapped specimens were placed over water in
storage containers, which were then placed in tem-
perature-controlled chambers at 20, 40, or 60 °C.

To measure length changes, the storage container
was placed in a room at 20 °C for one day to let the
specimens cool. After cooling and carefully separating
the cloth from the specimens, the length and weight
of the specimens and the weight of the cloth were
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TaBLE 1. Aggregate properties of the test specimens (32).

Density Water Expansion Chemical test
(SSD) absorption at 14 days (JIS A 1145)
(g/em’) (%) (ASTM C 1260, %) Sc (mM) Rc (mM)
TO 2.69 1.52 0.43 637 100
SI 2.62 1.59 0.26 447 170
LSG 2.71 0.22 - - -
LSS 2.63 1.74 - - -
TaBLE 2. Mix proportions of the test specimens (32).
W/C Air s/a Content per unit (kg/m?)
(%) (%) (%) Water Cement LSS TO/SI LSG
TO 309 724
50.0 4.5 45.0 160 320 821
SI 306 724

measured. lon-exchanged water was added after the
measurements to keep the solution mass in the cloth
at 50 g. Note that alkaline solution was not used as an
additional water supply to avoid an excessive supply
of alkali to the concrete specimen. This process was
necessary to supply enough moisture for the ASR. The
same cloths were used throughout the testing process.

4.3 Results

The AW-CPT results for different temperatures
are presented in Figure 1. For the TO aggregate, the
early-stage expansion was higher at a higher tem-
perature. At 60 °C, the expansion appeared to pla-
teau after 50 weeks. At 38 °C, although the initial
expansion onset was later than at 60 °C, the expan-
sion continued over time and exceeded that at 60 °C
after 78 weeks. At 20 °C, the expansion began at 15
weeks and was almost linear with time. For the SI
aggregate, the expansion rates at the early and late
stages were higher at higher temperatures. However,

0.4 @ T0-20°C
@ T0O-38°C
__03 ne ]
g @T0-60°C go8 8 o
c C"Z"
e e
3021 O
a .0y ®
3 @ .o ©
£ o ¢ o
01 1'@ @
4
‘ .
0 i . ;
0 30 60 90 120
Accelerated period (weeks)
(a) TO aggregate

while the early-stage expansion rate at 38 °C was
42% of that at 60 °C, the late-stage expansion rate at
38 °C was 65% of that at 60 °C. Regarding chemical
reaction kinetics, the expansivity of ASR gel reduced
for late-stage expansions at high temperatures. The
early- and late-stage expansion rates are summa-
rized in Figure 2. Note that early-stage expansion
is defined as expansions smaller than 0.15%, since
the expansions showed strong nonlinearity above
approximately 0.15%. Also, the published data from
our previous study are plotted as “NT aggregate” in
the figure. The early-stage expansion rates depended
strongly on temperature, while late-stage rates were
almost constant and irrespective of temperature.
These trends are consistent with the previous study.

The experimental results suggest that the reduction
in the expansivity of ASR gel may be pronounced at
higher temperatures, which could be strongly affect-
ed by the aggregate through the location of gel pock-
ets and aggregate texture. A numerical simulation is
required to separate the chemical reaction from the
expansion.

04 Tgsi3sC
@ SI-60°C o® e °

—~ 0.3 A (o
& 4 o ®
5 g'" o""
g 0.2 4 o® '—'
a ® ®
2 (
i 01 _? ."

o

0 h T T T
0 30 60 90 120

Accelerated period (weeks)
(b) SI aggregate

FiGURE 1. AW-CPT results at different test temperatures (32-33).
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Ficure 2. Temperature dependencies of the expansion rate with NT data from (34). The expansion rates were obtained from the dashed
lines in Figure 1.

4.4 Numerical simulation and parameter
identification

In the previous study (23), the parameters used in the
damage model (o and o, in Eq. 11) were determined by
fitting the numerical results to the experimental data. In
this paper, the early-stage expansion rate was assumed
to be a function of the stiffness of the gel (S, and the
late-stage expansion rate was a nonlinear parameter .
The parameters were determined by fitting the numer-
ical results to the experimental plots while fixing the
other parameters for each aggregate.

The parameters (k, v, ) of the reaction models
and the activation energy of k were determined by
chemical testing. Then, for the expansion models, 6_
was determined from the expansion results for the TO
aggregate at 20 °C. For S <E,, the expansion results
until 0.15% expansion for the TO aggregate at 38 °C
were used. Above 0.15% expansion, ® was obtained
to fit the late-stage expansion while fixing o, for each
aggregate. The same approach was applied to the SI
and NT aggregates. Note that an early-stage expan-
sion threshold of 0.05% was used for NT.

The results of the numerical simulation are pre-
sented in Figure 3. Temperature dependencies of the
parameters are displayed as Arrhenius plots in Fig-
ure 4(a). Below 0.10-0.15% expansion, the calcu-
lated expansion curves were almost consistent with
the experimental results, indicating that early-stage

expansion almost conforms to reaction kinetics. In
contrast, S xE  (representing early-stage expan-
sion) depended strongly on temperature and reduced
with increasing temperature. The activation energy
was different for each aggregate type. This suggests
that the stiffness of ASR gel can be reduced even in
the early stage, and the effect of temperature on the
stiffness varies with aggregate type.

For late-stage expansion, the numerical expan-
sion curves were fitted to the experimental plots
by changing ®. Note that according to our previ-
ous study, there were large discrepancies between
the numerical and experimental results when © was
zero at expansions above 0.10-0.15%. This means
that expansion behavior is not equivalent to reaction
kinetics. Thus, late-stage expansion cannot be simu-
lated by only considering the chemical reaction. Ar-
rhenius plots of ® are shown in Figure 4(b). The pa-
rameter ® depended on temperature for TO and NT,
but not for SI. This indicates that the reduction in
the expansion ability of ASR gel varies for different
aggregate characteristics such as reactive minerals
and texture, which is strongly related to how ASR
gel exerts expansion pressure inside the aggregate.
For TO and NT, higher temperatures increased o.
This may indicate that excessively high tempera-
tures cause considerable amounts of ASR gel to ex-
ude from the reaction site (gel pocket) and lose its
expansion ability in the late stage.

04 TeT020°C 04 Tosiasc
@ T0-38°C )
__ 03 eT0-60°C __ 03 [|@s6e0°C
ES =S
S 5
‘s 0.2 A ‘w 0.2
f = c
© ©
o [« N
& ]
0.1 4 0.1
(]
0 : : : 0 :

02 TeNT-20°C
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, : 0 : : :

0 30 60 90 120 0
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(a) TO aggregate

0
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Ficure 3. Results of the numerical simulation with and without the damage model.
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5. DISCUSSION

The simulation results were consistent with the
experimental data when the damage model was im-
plemented. Although early-stage expansion is main-
ly controlled by reaction kinetics, the damage pro-
cess and viscoelastic behavior of the gel may be crit-
ical for expansion behavior. Reaction kinetics alone
may be insufficient to assess the expansion behavior
due to ASR.

The findings from the present study are consistent
with the previous study (23), but some important
issues are indicated. According to Dunant (11), the
mechanisms of expansion and damage can be cate-
gorized into three stages: elastic expansion, aggre-
gate failure, and paste cracking. Elastic expansion
was assumed to be zero in this study. Therefore, ex-
pansion with quasi-brittle behavior until aggregate
failure is attributed to early-stage expansion, while
cracks in the aggregate extend to the paste during
late-stage expansion.

The previous study reported that there was less
damage and the ASR gel was well restrained in ear-
ly-stage expansion, due to the low reaction ratio of
the aggregate (23). Therefore, early-stage ASR ex-
pansion is less affected by viscoelasticity and mi-
crostructural damage. However, the re-assessment
of the parameters in the present paper indicates that
ASR gel may become less stiff, and a greater amount
of ASR gel may not be responsible for expansion
(possibly because it flows out of the confined sys-
tem) even in the early stage, when the temperature
is higher. Since damage is accumulated in the aggre-
gate in early-stage expansion, some ASR gel may be
lost for expansion. In the late stage, microcracks in
the aggregate extend to the paste, which increases
the complexity of expansion mechanisms. The pa-
rameter-fitting results indicate that the expansion
ability of ASR gel is reduced at high temperatures.
This means the rate of late-stage expansion is higher
at lower temperatures at a given reaction ratio of the
aggregate. Hence, the long-term expansion of con-
crete may be higher at lower temperatures. Previous

studies attributed the reduced expansion at higher
temperatures to reduced alkalinity related to ettring-
ite solubility, enhanced alkali leaching, and less
available moisture. Previous experiments showed
that expansion can be reduced by a reduction in the
expansion ability of ASR gel, due to modified ASR
gel properties, and the interaction between aggregate
and paste at higher temperatures. These findings are
supported by our numerical approach.

According to Figure 4, the activation energy of
SgelXE0 was between 7.7 and 22.8 kJ/mol, and that of
® was between -5.8 and -14.0 kJ/mol. The value of
S, <E, was notably close to that of creep, compared
to the higher value of dissolution. This may indicate
that S,.E, is dominated by creep. The negative ac-
tivation energy of w indicates that this parameter
may be affected by other factors such as flow out of
ASR gel due to microcracking.

The long-term expansion behavior of concrete
with TO aggregate was simulated with different
temperature histories (Figure 5). Long-term expan-
sions at 20-30 °C reached or exceeded the plateaued
expansion at 38 °C. Notably, the expansion for the
case with a cyclic temperature history between 10—
20 °C was slightly larger than that at 20 °C, which
is the average cyclic temperature. Similar results
were obtained in our previous study (35), in which
concrete blocks (0.4 x 0.4 x 0.6 m) manufactured
using the same aggregates at the same proportions
were exposed to field conditions in Fukuoka (18.7 °C
annual mean temperature), Okinawa (24.2 °C), and
Monbetsu (7.6 °C). The onset of expansion occurred
earlier with higher temperatures, as expansion was
first observed in Okinawa, followed by Fukuoka
and Monbetsu. However, the long-term (around 2
years) expansion of the block was about the same in
Fukuoka and Okinawa. These observations may be
explained by the simulated expansions in this paper.
Furthermore, expansion behavior is also affected by
moisture supply in addition to temperature, so mois-
ture supply should be considered (1, 2, 35).

These results indicate that the nonlinear relation-
ship between reaction kinetics and expansion behav-
ior should be considered. Our damage model is a
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Ficure 5. Simulated long-term behavior of concrete with TO aggregate.

simple way to address this, but the parameters differ
between aggregate types. Therefore, further research
is necessary to explore how parameters should be
identified in terms of chemophysics.

6. CONCLUSIONS

The effects of temperature on the ASR expansion
behavior of concrete were investigated using a sim-
plified numerical approach. The parameters identi-
fied at different temperatures were compared. The
conclusions are as follows:

— A simplified numerical simulation that con-
siders chemical reaction kinetics and ASR
gel expansion was presented. A simple dam-
age model was implemented in the numeri-
cal framework to express a reduction in the
expansion ability of ASR gel due to gel dis-
charge from the sites.

— The parameters of the damage model were
fitted to the experimental results. A reduction
in the expansion ability during the early and
late stages at higher temperatures was found.
Therefore, this should be explicitly consid-
ered for more accurate modeling of ASR ex-
pansion at different temperatures.

— The activation energy of the parameters in the
damage model differed between aggregate
types. Although S, <E, and the tested aggre-
gate had similar general trends, the effect of
temperature on o is likely different for differ-
ent aggregate types.
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