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The macroscopic effects of ASR are linked to the damage state at the microstructure level. In this paper we
used a combination of experiments and modelling to study the effect of aggregate size on the manifestation
of ASR. There are two main ways in which the size of the aggregates can affect damage evolution: the prop-
agation of cracks in aggregates of different sizes and the interactions between expanding and non-expanding
aggregates in a densely packed microstructure. To assess these effects, concretes were cast with the same PSD
but each with a different size class of reactive aggregates. Numerical simulations were used to model the me-
chanical interactions in single aggregates and in complete microstructures at the mesoscopic level. From the
simulations a mechanism is proposed to explain the experimental observations. This suggests that: the ex-
pansion rate of ASR affected concrete depends on the fracture behaviour of individual aggregates in the

early stage, and on the fracture behaviour of the paste in the later stages.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Due to constraints in terms of storage and faster kinetics, laborato-
ry samples made for the purpose of testing cementitious materials af-
fected by ASR are mortars or concrete mixes with a fairly small
maximum aggregate size. However, it has been observed that the
PSD of the aggregates has an influence on the kinetics and amount
of expansion. Therefore extrapolation to real PSDs is required to use
the laboratory results for field prediction. Such extrapolation is
made difficult because the effects of the PSD are complex. In this
study, experiments and numerical simulations are combined to better
understand the impact of aggregate size on the manifestation of ASR.

2. Literature background

The effect of aggregate size and amount has been previously stud-
ied and this has led to recommendations which specify correction fac-
tors to extrapolate from laboratory specimens to field structures. The
size effect can be understood as the effect of the partial contributions
of the different size fractions. Both parameters have been reported to
either increase or decrease the expansion, and no satisfactory mech-
anism has been proposed to explain the experimental observations.

Experimental work on different size fractions has mostly been
done in mortars, which encompass a relatively narrow range of
sizes. Poyet studied the effect of different reactive size fractions [1].
He found that very fine fractions do not cause expansion. His results
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mirror that of the landmark paper from Stanton in 1940 [24]. Cyr
and colleagues performed a similar study with finely ground reactive
aggregates of various types, and found they all reduced the expansion
[2]. The aggregate used by Poyet was a very reactive flint, and the results
could be explained by a pozzolanic reaction of the fine reactive particles,
as also proposed by Cyr and colleagues, who performed a similar study
on mortar. They tried to determine the effect of angularity as well as
size, but their “natural” and crushed aggregates are of a different miner-
alogical nature. The fractions with the least expansive effect were the
smallest and largest, namely 0.125-0.25 and 2-4 mm |[3].

Zhang and co-workers studied the influence of the large aggregate
content in a concrete mix where all the aggregates were reactive [4].
They found that depending on the reactivity of the aggregate the
overall effect of larger aggregates could be either a reduction or an in-
crease of the measured macroscopic expansion. This confirmed earli-
er reports by French [5] who found that the most deleterious fraction
in terms of expansion was the 4-10 mm fraction. The general trend
however is that the presence of larger aggregates reduces expansion
at early age, and increases it later. For example, in the Norwegian rec-
ommendations [6], the expansion from large aggregates in accelerat-
ed tests is multiplied by a factor greater than one to account for the
enhanced expansion potential at later ages.

Wiggum and colleagues first considered the role of grading by
comparing the relative surface of model fully reactive aggregates
[7]. However, in discussing accelerated tests, they found that varia-
tions of the amount of reactive material in each class have a relatively
small effect on the total expansion [8]. This observation is incompat-
ible with the theory that ASR occurs mainly at the surface of aggre-
gates as the surface of differently sized aggregates in contact with
the paste varies considerably.
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An analytical model, based on the development of reaction rims was
published by BaA3ant [9], which takes into account the interactions be-
tween aggregates to explain the shape of the expansion curve. Attempts
to integrate the effect of individual fractions in ASR models have been
made. Notably, Multon has proposed an ASR model which considers
the expansion of the aggregate classes separately [10]. However, these
models assume that aggregates react on the surface. As the aggregate
content to aggregate surface ratio is highly dependent on the grading,
different reactivities for each class need to be assumed.

Mechanical explanations for size-dependant factors have been
proposed: Dunant, in his thesis, reproduced the expansion curves of
concretes produced with different particle size distribution. This ap-
proach, which is the same one as in this paper, is based on micro-
mechanical modelling of the damage in numerical microstructures
[11]. It has been suggested that the splitting of individual aggregates
is a driving mechanism behind the differences in expansion kinetics
when different gradations are used: in a recent analytical analysis,
Reinhardt and Mielich calculated the critical crack length for aggre-
gate failure, which is size dependant, but do not consider the crack
network formed in the aggregates [12].

In general, the observed effected of aggregate size on the ASR-
induced expansion could be due to various causes of either chemical
or mechanical origin:

Different mineralogy of aggregates at different sizes. Different ag-
gregates could be assumed to have different reactivities and frac-
ture properties. However, size effects can be observed even when
all aggregates have the same mineralogy. Furthermore, in the stud-
ies cited above, when a single class of aggregate is reactive, it is usu-
ally obtained by crushing a single aggregate type. Ramyar et al.
studied whether differences came from the process of crushing,
but found that it only increased dispersion between the samples [3].
Diffusion process of the alkalies or water to the core of larger aggre-
gates. For example, in his model, BaZant uses the diffusion of water
as a controlling kinetic parameter — alkali ions are very mobile, and
should reach the reactive sites too fast for this to have a significant
effect. However, size effects have been observed even for aggregates
with significant initial cracking [11].

Fracture mechanics effects of the forces exerted by aggregates on
their neighbours and the different crack propagation lengths in ag-
gregates as a function of their size, such as described by Reinhardt
and Mielich. This is the mechanism which is expected to be domi-
nant, and which is explored in more details in this paper.

All these effects are not necessarily mutually exclusive and could
also happen simultaneously. This paper focuses on the fracture
mechanics-based size effects at the aggregate level, and how they
can explain the different expansive properties of different size frac-
tions of aggregates.

3. Methods and numerical model

In this study, two aggregates were used. The first was an aggregate
known to be reactive and used in the previously reported work Ben
Haha and colleague [13]. The other was non-reactive. Both aggregates
are mixed-mineralogy alpine aggregates, but the reactive aggregate
consists mostly of chloritic schist, the mineralogy of which is de-
scribed in Ben Haha's thesis. Both aggregates were crushed sieved
and then separated into different size fractions as listed in Table 1.

All mixes prepared in this study follow the Bolomey reference
curves [14], composed from the fractions prepared. The aggregates
for all mixes were well homogenised prior to mixing to ensure a ho-
mogeneous blend. Approximately 72% of the volume of the concrete
was aggregates.

All mixes were prepared with CEM I cement coming from a single
batch to which was added 0.8wt.% of NaOH dissolved in the mix

Table 1

List of sieves used for the separation of the reactive aggregates. The separations indi-
cate the cut-off points for the general classes used. The percentages reported are for
the classes of the control aggregate.

Opening in mm 0-2 2-4 4-8 8-16
0.053 5.5 1.5 1.2
0.063 7.3 1.5 1.2
0.10 15.6 15 1.2
0.16 10.0 1.5 1.2
0.25 22.0 1.5 1.2
0.40 343 15 1.2
0.63 53.0 15 1.2
1.0 76.3 1.5 1.2
1.6 100.0 2.8 1.2
2.5 48.5 44 1.2
4.0 93.8 143 1.2
5.0 100.0 40.6 1.2
6.3 66.7 15
8.0 91.3 3.6
10.0 99.7 20.9
125 100.0 66.3
16.0 97.2
20.0 100.0
25.0

water. A water to cement ratio of 0.43 was used. The mix designs
are reported in Table 2.

3.1. Methods

Prismatic concrete samples of 7x7x28 cm were prepared with
embedded stainless steel studs. Three samples were prepared for
each experimental condition. The experiments designed to study
the effect of the individual fractions required preparation of the reac-
tive aggregates. To ensure that the reactive and non-reactive mixes
had the same PSD the sub-fractions were recomposed to match
those of the non-reactive control as described above. As all reactive
fractions were prepared from aggregates originally from the same
class, the fraction of reactive material in each class is constant. A
table of all samples cast for this purpose is provided below (Table 3).

All samples were cast using the following protocol: aggregates and
cement were mixed together at low speed for 1 min. During the next
minute, water and sodium hydroxide were added to the mix. Mixing
was continued for 2 min at high speed. Moulds were filled in two stages
with intermediate vibration. The concrete surface was smoothed and
the samples were immediately placed in humid conditions. At 24 h, all
samples were demoulded and placed in a fog room for a further 28A
day cure. After this initial cure, the samples were placed in 0.150 mol/I
alkaline solutions at 38 °C. Regular measures were performed at 20 °C,
each after a 24 h cool-down period.

Rather than storage in 100% relative humidity conditions, the sam-
ples were stored in simulated pore solutions. In 100% relative humid-
ity conditions it is difficult to avoid leaching due to condensation and
the results may show variability due to difficulties in controlling the
saturation state.

Even when the samples are kept in small quantities of water, it is
not possible to prevent leaching from occurring. Therefore NaOH was

Table 2
Mix design for the mortars and concretes. The aggregates were all prepared so the
0-0.0125 mm class had been removed.

Material Note Concrete batch
Cement Holcim Pur 4 11,700 g
Water Tap water 5000 g
Aggregate 48,000 g

Sodium hydroxide  Mixed with water to reach 0.8 wt.% alkali 46 g
cement mass

Superplasticizer Rheobuild 5550 92¢g
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Table 3

Mixes from partly reactive aggregates.
Fraction 0-2 2-4 4-8 8-16 wt.%
Reactive Yes No No No 32
Reactive No Yes No No 16
Reactive No No Yes No 29
Reactive No No No Yes 21

added to the cure water to reflect the concentration in the cement pore
solution (0.150 mol/1). The concentration in Na* in cement pore solu-
tions has been measured in the literature between 50 mmol/l and
100 mmol/l, and the concentration of K* at around 550 mmol/l [15].
To minimise leaching, whether from the paste to the curing solution
or in the other direction, the solutions should have the same composi-
tion. However, using too much alkalis can induce non-linear effects on
the expansion. As a compromise, the curing solution was a concentra-
tion at the low end of what is described in the literature, so that leaching
is minimised, but the reaction is not otherwise affected.

3.2. Numerical model

3.2.1. Geometrical setup

AMIE [16-18] was used to simulate ASR-affected concrete. Simula-
tions were made with single aggregates and with complete microstruc-
tures taking into account all the grains in a slice [19,20]. To reproduce
the interactions between the different aggregate classes in the 2D sim-
ulations, each aggregate in a generated PSD is transformed to its
expected diameter in a slice. This produce a slice with the same PSD
as a slice from a 3D microstructure, but with better control of the
inter-aggregate spacing. This way, the PSD in the 2D setup is equivalent
to the one in the 3D in terms of neighbourhoods of differently sized ag-
gregates. Furthermore, the same proportion of expansion comes from
the same aggregate class, as the proportions of the different fractions
are kept, and the effects of size and in-aggregate crack propagation
are reproduced in the sections (Fig. 1). In the simulations, the sample
size was 70 x 70 mm for the concretes. This size is sufficient for the nu-
merical samples to be representative. As the samples are the same size
as the experimental samples, the boundary conditions were not set to
be periodic: only a pin and a roller inhibit the free body movement of
the samples, which is otherwise free to deform.

As previously described in [17], and consistent with microstructural
observations [11,13], ASR gel production is modelled as expanding in-
clusions homogeneously dispersed in the aggregates. The individual

Fig. 1. Simulated slices for 0-16 aggregate size.

gel pockets are introduced using XFEM soft discontinuities which
model the bi-material interface between the gel and the un-reacted ag-
gregate. The geometry of the gel pockets is updated at each step of the
simulation, and the enrichment of the mesh recalculated.

3.2.2. Kinetic model

The micro-mechanical model relates expansion to gel amount; the
reaction rate, and thus the production of gel was assumed to occur at
a fixed rate, which was fit to experimental results. This simplification
is justified by the observation of Ben Haha who found that the amount
of “reaction”, measured by image analysis was roughly linear with time
(Fig. 2a). Although the simulations model gel creation, which is differ-
ent from the “reaction” measured using image analysis, which is more
a measure of damage, it was shown that these were linearly related
[11] (Fig. 2b). This further implies that any effect of the diffusion of alka-
li ions in the aggregates is neglected.

3.2.3. Mechanical model

The elastic properties of the gel are assumed to be similar to that of
C-S-H. The values of the modulus and the fitting process are described
in [16]. The mechanical property of the gel is the only fitting parameter
of this model. The expansion of the gel pockets is modelled as a homo-
geneous strain imposed by forces on appropriate degrees of freedom.
This model is a simplification from reality, where the gel is probably
visco-elastic. It is however sufficiently detailed to capture the effects
of gel localisation. The stress imposed is calculated by assuming that 1
volume of aggregate which reacts is replaced by 2 volumes of gel. This
value is obtained by comparing the density of SiO, and that of a mineral
equivalent of the ASR gel:kanemite, following the work of Kirkpatrick
and colleagues [21]. At each step of the simulation, the radius of the
gel pockets is increased, and the resulting damage is computed. The
stress imposed by the swelling of the gel on a node of the mesh to
which is attached the shape function h is, with E, the Cauchy-Green
stress tensor of the gel and emp the force from the imposed strain of
the gel:

[ V' hEgeieim dV. (1)

gel volume

To perform the integration over the gel volume, a quadrature is gen-
erated by producing a mesh of the gel pocket (radius R and centre xg, o)
and the element containing it. The shape functions of the enriched ele-
ments are the linear shape functions:

{& n 1-§—n} (2)
The enrichment shape functions are:
{&IR—r], nR—r],(1=§—m)[R—T[} 3)

with r the distance to the centre of the gel pocket.

The behaviour of the materials other than gel (paste and aggregate)
is assumed to be elastic-plastic, with a threshold damage which causes
the failure of the elements. The area under the stress-strain curves is
chosen to match the experimental fracture energy of the paste and
the aggregates (from [22]). The discrete weak form of elasticity used
to form the stiffness matrix of the problem is per pair of shape functions
i,j in an element with d the damage:

|V hiBterian (1=d(0,€)) VI V. )
Ve

The damage is calculated using a globally energy-minimising algo-
rithm which attributes damage locally. The algorithm works by pro-
gressively softening the elements, in the order which is prescribed
by their fracture criterion. More details can be found in [23]. This
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Fig. 2. On the left, damage with time for mortars, adapted from Ben Haha [22]. The drop in damage for the later points is probably due to leaching in Ben Haha's experimental setup.
The line is the linear regression line passing through the origin. On the right, correlation between damage and gel production in a mortar simulation.

Fig. 3. Detail of a fracture pattern generated by the ASR model (left). For comparison, a micrograph at the same scale of an aggregate (right).

algorithm is designed to capture the damage patterns, which can be
compared to experimental observations (Fig. 3): the algorithm exhibits
little sensitivity to the loading step. This property is essential as the
loading of the sample is caused by the growth of the gel pockets,
which is stepped in the simulation, and can amount to large increases
in the load between two steps. The mechanical properties used for the
simulation are reported in Table 4.

4. Results and discussion
4.1. Experimental results

Expansion results for samples with a single fraction of reactive ag-
gregate are reported in Fig. 4. All mixes have a similar shape of expan-
sion curve: a period in which the expansion accelerates, lasting about
150 days, then a constant expansion rate, and finally a slow-down of
the expansion. These different periods can be better discriminated by

Table 4

Mechanical properties of the different materials in the simulation. dg; is the maximum
value of the damage before failure, p the characteristic distance of the material.

Eo v Oyield, ¢ Oyield, t derit p

GPa - MPa MPa - mm
Paste 12 0.3 —23.2 29 0.95 0.5
Agg. 59 0.3 —45.6 5.7 0.95 0.5
Gel 21.7 0.5 - - - -

plotting the rate of expansion, which, although noisy, shows the peri-
od of constant expansion quite clearly (grey area).

All mixes seem to both accelerate and start decelerating their ex-
pansions at the same time (Fig. 5). The rates of expansion between
150 and 300 days vary with the fraction which is reactive: the
4-8 mm expand the fastest, followed by the 8-16 mm. The 0-2 mm
and the 2-4 mm fractions behave identically (Fig. 5). The early
phase of the expansion is consistent with results reported by French

Expansion (mm/m)

05 —

| I 1 | |
400 500 600 700 800

t (days)

0 100

200 300

Fig. 4. Expansions of concretes with a single reactive fraction as a function of time.
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Fig. 5. Expansion rates of concretes with a single reactive fraction as a function of time.
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Fig. 6. Expansion rates of concretes with a single reactive fraction as a function of time,
normalised for the fraction of reactive material.

and colleagues [5] and Zhang and colleagues [4], with the 4-8 mm
giving rise to the most expansion, followed by the 8-16 mm.

The slow-down of the expansions occurs at the same time. As the
samples were cured in sodium hydroxide solutions, the only limita-
tion to the reaction should be the reactive material provided by the
aggregates. When the expansions are normalised for the weight frac-
tion of reactive material, it appears that the expansions are signifi-
cantly different only in the early stages of the reaction. In the longer

w >

term, the extent of the expansion is identical for all reactive fractions
considered (Fig. 6). Microscopic observations show ASR gel forms in
pockets dispersed throughout the aggregate volume: although the
number of pockets vary with the aggregate volume, their individual
size is relatively constant as it depends on mineralogy. Therefore, it
is reasonable to assume that all gel pockets react at the same rate.

These observations suggest a complex relation between the de-
gree of reaction in the aggregates and the cracking and expansion of
the material. To study these links, a numerical modelling approach
was used.

4.2. Numerical modelling

Previous experimental studies using BSE microscopy of slow-
reacting aggregates found relatively few cracks in the cement paste
when the aggregates were already significantly cracked [13].

The first approach was to use single aggregates embedded in a
cement-like matrix (Fig. 7). The simulations were performed in
non-periodic boundary conditions, with only a pin and a roller used
to inhibit free body movements. The results showed that without ex-
ternal loads, the expansion happens in two phases: first, the damage
is confined within the aggregates, and the deformation of the sur-
rounding paste is essentially elastic. In the second phase, cracks prop-
agate in the paste, and much larger expansions are observed. The
expansions of the single aggregate samples before the onset of paste
cracking (normalised for the amount of gel per aggregate) are plotted
in Fig. 9 and compared to the experimental observations (normalised
for the fraction of reactive aggregate).

Fig. 8 shows the expansion versus reaction curve normalised to
the volume of single aggregates up to the point where cracks pene-
trate the paste. At that point, as there is no restraint, the cracks
grow uncontrollably. The rate used in Fig. 9 is the rate observed on
the step preceding the penetration of the crack into the paste. The
same trends are observed in simulations and experiments, with the
rate depending on the aggregate size.

The expansions recorded are very low because they concern a sin-
gle aggregate and not a complete microstructure. In a complete mi-
crostructure the paste is under compression from all the aggregates
expanding, and the softening of the aggregates translates into a mac-
roscopic slow-down of the expansion. No such mechanism exists in
single aggregate simulations. However, the crack propagation within
the aggregate is little affected by the compression of the paste, which
is in the order of megaPascals, because it is driven by the stress in-
duced by gel pockets, which is in the order of gigaPascals.

Simulations of full samples were also performed for selected frac-
tions. The simulations were run until the damage reached the paste as
the available memory on the computers used did not allow for very

Fig. 7. Montage of the progressive formation of a crack network in a single inclusion. States at the bottom right show cracked paste.
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fine meshing of both the paste and the aggregates. The samples sim-
ulated were those with the reactive 0-2 mm and 2-4 fractions, as
there is twice as much reactive material in the 0-2 mm fraction as
in the 2-4 mm fraction, but the expansions are almost the same.
The resulting expansion curves are plotted in Fig. 10.

The two samples exhibit very similar expansions despite the
0-2 mm having twice the number of expansive gel pockets. The effect
of more reactive material is almost perfectly compensated by the
fracture mechanics of the aggregates. Damage also reaches the paste
at almost the same time in both samples (Fig. 11). The contrast in
the figure has been adjusted to highlight the damage in the paste.
The dark zones in the aggregates are also damaged, which occurred
at earlier steps of the simulation. It can be seen that only aggregates
with diameters between 2 and 4 mm are damaged, and that damage
in the paste occurs preferentially where they form clusters. The loca-
tion of the damage in the paste may be the consequence of the 2D na-
ture of the simulation.

This numerical study and previous microscopic observations show
that the failure is caused by the development of a network of cracks.
The difference in expansion rates measured and reproduced through
numerical simulation indicate that the macroscopic expansion during
that period is dependant on the size-dependant cracking behaviour of
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Fig. 10. Simulated and real expansions of the 0-2 and 2-4 fractions.

aggregates. This is consistent with the analytic study by Reinhardt
and colleagues which showed that there is a size-dependent critical
crack length which causes the failure of the individual aggregate
[12]. When the cracks reach the paste, however, their propagation de-
pends only on the fracture properties of the latter. The macroscopic
rate of expansion then does not depend on the size of the reactive ag-
gregates, but only on the global PSD.

5. Conclusion and perspectives

The ASR micro-mechanical model was found to be a useful tool to
gain insights in the mechanisms of ASR induced degradation in the
case of single reactive fractions. The effects of individual size fractions
were related to the failure behaviour of individual aggregates. This sug-
gests that the expansion curves of ASR affected concretes are the prod-
uct of three different causes. First, the expansion is caused by the
cracking of the aggregates and the elastic deformation of the paste.
Then during a transition period, both aggregate and paste cracking
drive the expansion. Finally, the expansion is driven by paste cracking
and the exhaustion of reactive materials. Laboratory studies on slowly-

Fig. 11. Damage patterns in the paste at the end of the simulation. The black boxes mark
some of the damaged zones. Dark spots in the paste and aggregates mark the location of
damage.
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reactive aggregates exhibit typically low expansions, as only the first
and second phases occur within the time-frame of the experiment. Stud-
ies on rapidly-expanding aggregates may on the contrary miss the first
phases, and result in expansion curves which depend mostly on the me-
chanical properties of the cement.
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