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Micro-mechanical modelling of
Alkali-Silica—Reaction—Induced Degradation

Using the Amie Framework

Cyrille F. Dunant, Karen L. Scrivener

October 31, 2008

1 Abstract

2 Amie, a finite element / extended finite element framework, has
3 been designed to provide the tools to run detailed microstructural
4 simulations; this paper demonstrates the possibility of simulating the
5 mechanisms underlying the alkali-silica-reaction (ASR). The numerical
6 model presented provides a better understanding of experimental ob-
7 servations. Macroscopic free expansion and degradation of mechanical
8 properties have been previously linked to the extent of reaction. The
9 connection between microscopic and macroscopic measurements, simu-
10 lated by the model, supports the hypothesis that damage is induced
11 by growing gel pockets in the aggregates.

12 Keywords: ASR, XFEM, Damage, Prediction, Modelling
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1 Introduction

The alkali-silica-reaction (ASR) is characterised by the breakdown of
silanol bonds in poorly crystallised silica found in aggregates in the presence
of alkaline ions. The product of this reaction is an amorphous alkali-silica
“gel” which expands in the presence of moisture, inducing stress in the
microstructure. This causes concrete expansion and mechanical properties
degradation. Prediction of the free expansion, as well as the subsequent
degradation of the stiffness and strength are of great importance for the

owners and managers of affected structures.

Mechanical modelling of ASR at the material level poses significant chal-
lenges both technical and scientific. A model based on physics is necessary to
understand the degradation mechanism and to permit prognosis and life-time
assessment of affected structures. Such a model should be based on a detailed
meso-mechanical representation of the concrete microstructure to capture the

variety of mineralogies found in the field.

In this paper, we present a micro-mechanical model of ASR implemented
using a purpose-developed extended finite element modelling (XFEM) frame-
work capable of a full scale simulation of laboratory-sized samples in two
dimensions. This framework called AMIE (automated mechanics for inte-
grated experiments) was developed to be very flexible to enable study of
various proposed ASR mechanisms at the meso-structural level[l, 2]. Ben
Haha and colleagues proposed a method to measure the advancement of

the reaction using image analysis to quantify the void and crack content
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of the aggregates. Macroscopic free expansion was shown to be linked to
this parameter, independent of the curing conditions[3]. We have extended
this study with a wider range of aggregates, and confirmed the relationship
(Fig. 1). The connection between microscopic observations and macroscopic
measurements, simulated by the model, supports the hypothesis that damage

is induced by growing gel pockets in the aggregates.

2 ASR models in literature

ASR models are frequently formulated at the material level for use in
structure-level codes, and use empirical relationships[4, 5, 6, 7]. Constructing
models from semi-empirical relations requires extensive experimental cam-
paigns such as in the theses of Poyet[5] and Larive[8|, where sufficiently large
datasets are produced which allow robust fitting. The curing conditions, tem-
perature, stress, and relative humidity are varied, and the resulting evolution
of expansion over time is measured as function of those parameters. The
findings from such approaches are extensive and detailed, but are specific to
each aggregate type. Coupling is often introduced between various parameters,
even when these have no direct physical connection, such as aggregate size

and alkali content.

Another approach consists in the development of analytical models. Re-
lationships predicting the damage at the material level are derived from
assumptions on the mode of reaction of the aggregates. These models fre-

quently assume gel formation to occur preferentially at the interface between
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aggregate and paste[9, 10]. The degradation of mechanical properties is
described as coming from the ASR gel which first fills the pores and then

induces expansion and cracks.

Numerical models at the level of the microstructure are rare. For example,
such models focus on the fracture mode of a single aggregate such as in the
work of Copuroglu and colleagues[11], which computes crack propagation in

a single aggregate using a lattice model.

Models can be formulated from phenomenological or mechanistic points of
views. The lack of consensus about the origin of the degradation mechanism
on one hand, and the difficulty of measuring the advance of the reaction
rather than its consequences on the other hand make the formulation of
experimentally based mechanistic models arduous. Nevertheless, there are
some publications which relate macroscopic consequences to a measure of the
reaction. Garcia and colleagues studied the evolution of the pore volume inside
aggregates[12],and measured the evolution of the proportion of the various
types of silica tetrahedra during the swelling. They propose a mechanism
based on a diffuse reaction in the aggregates causing micro-cracking, and note
that the relation between expansion and reaction is strongly influenced by the
degradation state of the aggregates and paste. Ben Haha and colleagues linked
the fraction of the aggregates which reacted to form ASR gel to macroscopic

free expansion.[3].

Whether the models be analytical, semi-empirical or numeric, they rely on
underlying hypotheses about the degradation mechanism. The manifestation

of the reaction has been shown by Ponce and colleagues to depend on the
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mineralogical nature of the aggregates[13]. Aggregates such as opal or vitreous
volcanic rocks react from the surface, with a predominance of gel formation at
the paste-aggregate interface. Mixed mineralogy aggregates, which are more
common in the field, have reactive sites dispersed throughout their volume.
A numerical framework capable of integrating the various microstructural

manifestations of the reaction is therefore necessary to model ASR in general.

3 Experimental observations

Ben Haha monitored the expansion of concrete and mortars cast with
moderately reactive aggregates at different temperatures and alkali levels[3].
This experimental study was extended by the current authors with different
aggregates with more varied mineralogies. Polished sections were prepared

for back-scattered electron microscopy observations at intervals.

The damage state of the aggregates was measured using the image analysis
methodology developed by Ben Haha and co-workers on the images of the
polished sections. The aggregates were first extracted from the image, then
a threshold was applied to determine the area of voids and cracks in each
aggregate. The ratio of aggregate surface to void surface was used as a direct

measure of the reaction progress (Fig. 2).

Ben Haha and colleagues had found a unique relation between expansion
and reacted fraction. They derived a renormalisation function taking into
account the aggregate fraction which allowed the comparison across samples

with varying grain size distributions (Fig. 1). We confirmed this relationship



104

105

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

with the new aggregates.

The reacted zones were found to be distributed throughout the aggregates.
Similar observations were made on both concrete and mortar samples. This
is consistent with what is reported in the work of Ponce and colleagues for
mixed mineralogy aggregates|[13]. These experimental observations served as
a basis for the numerical model with the expansion of randomly distributed
reactive zones randomly in the aggregates, inducing macroscopic expansion

and damage.

4 Model

The microstructural model present here is based on the AMIE framework,
which integrates a set of tools to provide the necessary components for the
simulation of concrete at the microscale: geometry library, mesher, finite and
extended finite element libraries[14], solvers, post-processors. It is optimised
to integrate a number of enrichment sources much larger than that common

in other available software[15, 1].

For the simulation of ASR, a typical simulation is as follows. From a
particle size distribution, aggregates are generated and placed in a sample.
In each aggregate reactive zones are generated and placed. The framework
then generates the discrete representation of the setup (Fig. 3). At each step,
boundary conditions are applied, and the reactive zones are caused to expand.
The damage caused by this expansion is computed, and the macroscopic

properties are extracted. The process then repeats a specified number of
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steps.

To investigate in detail the effects of ASR at the meso-scale, an explicit
numerical representation of many factors is required. This implies large
simulations, namely a finely meshed standard mortar bar cross-section of 40
mm x 40 mm. Such large simulations are necessary as crack-paths within
aggregates spanning the entire particle size distribution will be produced;
direct comparison of the simulations with experimental data is direct and

furthermore features such as the wall effect at mould surface are also simulated.

Spherical aggregates are used for simplicity. Indeed, the PSD is known to
affect the reaction, whereas no particular effect of shape has been identified.
Also, the aggregate shape will have little effect because the reactive zones
grow inside the aggregates. The microstructure is generated using a random
packing algorithm, which allows a packing density of 63% of volume with
aggregates to be achieved in a few seconds. The particle size distributions
of the aggregates is taken from that of the real mortars and corrected for
the three dimension to two dimension slicing effect. The ratio of largest to

smallest aggregate is 50, which is a cut off at 200 pm.

The reactive zones are explicitly positioned within the aggregates. As
these reactive zones are much smaller than the aggregates and growing as the
reaction proceeds, meshing them would yield problems too large to solve in
reasonable time. Therefore an XFEM representation for the growing reactive
zones was chosen to allow their explicit representation, position, size and
evolution. Although the framework is constructed to allow simulation in

three dimensions it is not practical at present to manage the large amount of
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data required for such simulations at this resolution, therefore the current

approach is restricted to two dimensions.

The mechanical properties of paste and aggregates (stiffness, critical stress)
were obtained experimentally. The simulation of the intrinsic variability of
the paste and aggregates is important to stabilise crack propagation, as
well simulate crack initiation at local defects. Aggregates in ASR-affected
structures exhibit variable mineralogies and so their mechanical properties

will vary at the local level.

The influence of the varied nature of the aggregate is simulated by varying
randomly the distribution of the mechanical properties of the elements making
up the aggregates. This local variability is modeled by having the mechanical

properties P of the elements follow a simple statistical law:

P = Prrescribed * (1 = &) + Prprescribed * & - W (1)

In this equation, w is a random Weibull variable and the the randomised
fraction of the property, &, is set at 0.2; this fraction follows a Weibull law of
mode Ppreseribed- Lhis factor was set to reproduce the experimental spread

observed in mechanical tests.

The paste fills the space not occupied by the aggregates and has similarly
randomised properties. Both aggregates and paste are assumed to be linear

elastic, with damage. The finite element formulation for linear elasticity is
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implemented using the usual form (Eq. 2).
K{ = /VhiEthj de (2)

In this equation © marks the element contribution, h; is the i*®

shape function,
K7, the elementary contribution to the global stiffness matrix, for the it" and
4" shape functions, E¢ the element’s Cauchy-Green stress tensor. The per-

shape function formulation makes this formulation equally valid for extended

finite elements.

Once the microstructure has been generated, it is meshed conformantly
using a Delaunay mesher, developed in-house around the core meshing algo-
rithm from Devilier and colleagues [16]. The samples were finely meshed to

capture the fracture pattern within the aggregates and the paste.

4.1 Damage Model

Damage at the meso-scale is induced by a dense network of cracks. Because
of the multiplicity of those cracks, special care must be taken that their
propagation corresponds to a global energy minimum. The algorithm outlined
in Fig. 4 ensures this is the case, even if multiple fracture criteria and damage
mechanisms coexist. This approach leads to simulated fracture patterns which

are qualitatively similar to the experimentally observed ones(Fig. 5).

Also, the more usual method of iterating on the load state to match the

damage is not applicable, as the damage is induced by a load prescribed by
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the setup of the simulation. Thus, the fracture propagation to the point of

equilibrium must be determined a posteriori, after the load has been set.

As both paste and aggregates can be considered quasi-brittle, we have
opted for the following damage evolution law where the damage evolution
parameter 7 is adjusted to the experimentally measured material parameters

and ¢ is an arbitrarily small value.
A = max(d' + e |1 —¢) (3)

Where d is a factor such that the Young’s modulus F is related to the original

modulus by the equation 4.

E=(1-d)E, (4)

The damage is incremented when a failure criterion is reached. The failure
criterion used in our simulations is a modified Mohr-Coulomb criterion. It
is reached when the maximum principal stress is beyond a critical value in

tension or compression.

To ensure that the damage is applied on a non-local basis, a neighbourhood
is defined for each element which defines the density of elements which can
be damaged at each step of the damage computation. A neighbourhood of
the size of the average inter-aggregate distance yielded results closest to the
experiments. To determine which elements should be damaged at each step of

the damage computation loop, we defined a score which allows inter-element

10
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comparison. This score is based on the distance to the fracture surface defined
by the criterion. In those simulations, the score s is calculated as defined in

equation 5.

=1 — Jmax (5)

O crit

4.2 Gel Model

Microscopic observation of a wide range of mineralogically different aggre-

gates consistently revealed the presence of ASR gel pockets in the aggregate.

The originality of our model lies in the fact that the gel pockets are
explicitly considered, so the damage in the aggregates and paste emerges
from the numerical setup of the meso-structure directly. The implementation
of this feature required the use of modern developments in both numerical

theory and numerical methods.

Gel pockets are modelled using a soft-discontinuity type of enrichment.
This type of enrichment simulates a perfect contact between to materials
of distinct mechanical properties. The enrichment function ¢ used was

introduced by Moés and colleagues[15].

¢(x) = 1 — |x — projx| (6)

Fgcl

With I'yy the gel boundary, proj the projection operator, and x coordinates

in the global system.

11
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The integration step is performed by generating a temporary conformant
tessellation of each enriched element. The generated mesh is then refined until
convergence of the domain integral of the enrichment functions is reached.
The final quadrature generated in this way is then used for the integration of
the weak form defining the behaviour, and the temporary mesh is discarded

(Fig. 6).

Using this approach, we can model the gel by taking into account the
spatial distribution of the reactive zones, their size and the interface between
the gel and the aggregates. The gel properties are assumed to be linear elastic
with an imposed strain, as the gel is constrained by its surroundings until
large amounts of damage have occurred. Using XFEM, we can accurately

represent the geometry in each simulation step as illustrated on Fig. 7.

The gel mechanical properties are not well known, and experimental
measures exhibit important variability in terms of the chemical nature of
the gel[17] and its apparent mechanical properties[18, 19, 20]. However, the
chemistry of the ASR gel, is close to that of C-S-H. For this reason, we have
decided to assume that the gel is quasi-incompressible, with a Poisson ratio of
0.49997, that of water, and a stiffness which is a fraction of that of C-S-H[21],

expressed in the figures as a.

The free expansion of the gel is, like the mechanical properties, difficult to
measure experimentally. However, it can be obtained by fitting the early part
of the free expansion-damage curve. In the very early stages of the reaction,
the damage from induced cracks is very little, and the expansion of the sample

can be assumed to be elastic. From this we can obtain the expansive property

12



247

248

249

250

251

252

254

255

256

257

258

259

260

261

262

263

264

265

266

of the gel which would result in this expansion. We found that a 50% volume
expansion fits the experiments. The variability of the image analysis method
at the early age of the reaction makes it difficult to be very precise about this
value. However, the overall result of the simulation is not very sensitive to
the value taken and 50% is also consistent with the stoichiometric volumetric

ratio reported by Garcia and colleagues [12].

The strain of the gel, €y, is imposed as a virtual force on the nodes of the
elements inside or cut by the gel pockets. The integration scheme is generated
such that only the fraction of the element where the swelling takes place is

accounted for (Eq. 7).

fi = / VhiEEimp d(Qgel N 6) (7)

Qgclﬂe
(lge1, the gel surface, e the element surface, h; the shape function associated to
the degree of freedom considered, f; the associated force, E, the Cauchy-Green

stress tensor of the gel.

4.3 Reaction Mechanism Model

The model presented here is at present achronic. The sample expansion is
computed only against the degree of reaction, which is the part of aggregate
which has reacted to form ASR gel. Thus the mechanical model cannot yet
take into account such time-dependent behaviour as gel flow and paste creep
depending on the curing conditions. As reaction could take weeks or years,

creep may be important and we expect our model to predict expansions higher

13
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than the experimentally measured ones at the later stages of the reaction, as

no relaxation mechanism is present other than cracking.

The gel is grown by steps in each aggregate until a preset percentage (3%)
of the considered aggregate has reacted, at which point we stop the reaction
in that aggregate. To verify the influence of gel growth capping per particle,
we ran simulations where all gel pockets grow in the same way, independent
of their location. The gel is principally located in the larger aggregates, as
they form the main fraction of aggregate volume. Thus, stopping the reaction
in the smaller aggregates has little effect on the final expansion. However,

the initial shape of the expansion-reaction curve is slightly affected.

By the end of the run nearly half of all aggregates have exhausted their
expansion potential (Fig. 8). This effect can be simulated explicitely in our

model as the full PSD is represented.

5 Results

5.1 Simulation of the Free Expansion of Mortars

The simulated expansion-reaction curves follow the early part of the
experimental dataset, but reach a plateau at higher expansions. The jitters
observed in the simulated curves start at the onset of paste failure, which
happens at the same reaction level as in the experiments. The higher final
expansion can be explained by the absence of strain relaxation mechanisms

in the paste other than crack propagation: there is no creep (Fig. 9).

14
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As shown in Fig. 10, the measured damage and the actual reaction diverge.
For this reason we have only simulated expansions up to 1% of reaction. At
this level significant damage has occurred (Fig. 11), beyond what would have

been considered critical in a structure.

The expansion-reaction curves obtained from simulation match the exper-
iment well within the observed variability, with no fitting parameters other
than the stiffness and free expansion of the gel. We found that the range
of gel stiffness which could fit the experimental relationship is quite large:

between 0.6 and 0.9 of that of C-S-H.

5.2 Prediction of the loss of mechanical properties

From the average stress and strain of the samples at each time point,
we can compute the apparent stiffness of the sample, and thus link the
advancement of the reaction to the damage level in the sample. These results

are then compared to experimental values reported in the literature (Fig. 11).

The loss in stiffness is mostly due to the aggregates cracking, as the paste
is mostly in compression, with stress levels below the elastic limit. Paste
failure occurs only when cracks from the aggregates reach the paste, thus
increasing the tensile stress locally and initiating failure there. This also
means that the properties of the interfacial transition zone between paste
and aggregate, which we have not at present included in our model will have

negligible impact on the damage evolution.

The loss of stiffness predicted by the simulation is consistent with data

15
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reported in the thesis of Ben Haha[22], but is sensitive to the choice of gel

properties at low reaction values.

5.3 Sensitivity to the Various Parameters

Several simulation campaigns were run to verify that our results are not
sensitive to numerical effects. First we verified sensitivity to mesh size. The
characteristic element size was halved, yielding four times as many elements,
and the same simulation was run. The results are not significantly different
when using a much finer mesh. This verifies both the XFEM model for the
expansive zones and the energy-conservation of the damage model. The
expansion values vary by only 2% at the final degree of reaction (e.g. at 1%

expansion, the error is £ 0.02%).

Another second simulation campaign was run with a microstructure as
dense as the packing algorithm allows. A mortar sample was generated with
a packing density of 71%, larger than the value from the experimental mix
design. The final expansions differed by only a relative amount of 6%, which

is consistent with the increase in reactive material.

Finally we also verified the sensitivity to the variability of the local
mechanical properties. We varied from 0.2 to 0.5 the weight w (See Eq. 1).
Increase in variability lead to earlier cracking, but does not affect measurably

the results.

16
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6 Discussion

6.1 Correlation Between Damage and Reaction

Image analysis cannot distinguish well between reaction (gel or voids)
and damage (cracks): both appear as dark zones in the aggregate. In our
simulations we compared the apparent reaction, as would be measured by
the image analysis and the effective reaction, which is given as an input in
the program. As expected, the apparent damage is larger than the effective
reaction percentage. However they are close, and quasi-linearly related, if
divergent. The cracks do not represent a significantly large volume of damage,

compared to the volume of the gel pockets (Fig. 10).

The apparent expansion-reaction curve is less sensitive to the fit parameters
than the real one (Fig. 12). This is explained by the strong link between
damage and expansion, which is more direct than the link between expansion
and reaction. This further explains the low variation observed experimentally
across aggregate types and curing conditions. The noise apparent in the
simulated damage-expansion curve is due to the healing effect of gel growing
over fractured aggregate matter. This variation is consistent with experimental

variability.

6.2 Expansion Mechanism

The expansion-reaction curve exhibits three regimes: Linear expansion,

aggregate cracking and paste cracking (Fig. 13). The simulation shows that

17
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this is the result of four mechanisms: the expansion caused by the gel, the
relaxation from the damage, the interaction between the gel zones, and the
creep. The growth of the reactive zones can be measured as the reaction
advances, and provides an insight into the expansion mechanism. In the first
stage, as the gel progressively damages the aggregates, the expansion becomes
less and less restrained until a plateau is reached, at this point the gel is
essentially free to expand in the aggregates. This plateau comes to an end
as the paste starts restraining further expansion. This evolution is mostly
governed by the evolution of damage, and is not very sensitive to the gel
stiffness parameter, but rather to gel localisation. It should be noted that
the expansions at the end of the first stage are already well in excess of those
likely to cause structural problems in large unreinforced structures such as

dams.

As expected, the simulated expansion levels off at a higher point than the
experimental ones (Fig. 12). This can be explained by the time-dependent
visco-elastic behaviour of the gel and the creep of the paste not being modelled

in these simulations, which leads to less strain relaxation than in real samples.

6.3 Comparison to Simpler Models

Various simplifications have been proposed for meso-scale modelling of
ASR (Fig. 14). The simplest model applies a pseudo-thermal expansion for
the aggregates as a source for the expansion. We found it possible to calibrate
such model to fit the early part of the curve, using a linear correlation between

the imposed strain and the degree of reaction. However, such a model does not

18
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capture the damage in the aggregates, and thus the loss in physical properties

(Fig. 15).

The predictive nature of such a model is low, as the expansion of the
aggregate must be computed as an empirical function of the degree of reaction.
Such models have been used in the past to predict free expansion, using
reduced particle size distributions. However the simulations demonstrates
that such models are extremely dependent on the PSD of the aggregates,
and exhibit very different damage patterns depending on the accuracy of
the representation of the microstructure. Simplification of the PSD has
consequences on the evolution of damage. A dense packing of aggregates
causes all the paste to be in compression, whereas a reduced packing allows
for higher shear levels in the paste, which then leads to cracking at lower

levels of macroscopic expansion in those simulations.

When the local stress around the aggregates reaches a critical threshold,
the sample undergoes critical failure. We found the critical failure to occur

at the same imposed expansion, independently of the aggregate content.

The expansion-reaction curve observed experimentally exhibits different
regimes: linear expansion, aggregate failure, paste failure(Fig. 13). The
simplified model can capture the first and last regimes. When the local stress
around the aggregates reaches a critical threshold, the sample undergoes
catastrophic failure. The stress imposed by the aggregates needs to be fit
with an empirical model which would include the effect of the damage in the
aggregates. As such, this simplified model is incomplete if using only directly

measured experimental values.
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Another simple model for the reaction which has been proposed is that the
gel is formed as a rim around the aggregate. Such a microstructural makeup
has never been explicitly simulated, but this vision of the reaction is used
as the source of other semi-empirical models, such as the growing aggregate
model described above. This model can be correlated to an advance of the
reaction, as the gel localisation and amount are explicitly defined for each step
of the reaction. To test this model, we implemented an enrichment scheme
which could reproduce the two distinct interfaces between the aggregate and

the gel, and between the gel and the paste.

This model is different from the precedent in that it explicitly affects the

bond properties between aggregates and paste.

The fracture patterns obtained in such a setup show this model is not
a good candidate to explain the ASR degradation: The cracks are located
in the paste, while the aggregates remain largely intact, except for cracks
initiating at the interface. Considerable decohesion between the aggregates

and the paste is also observed (Fig. 16).

The simulations show that the macroscopic expansion and damage are
strongly linked to the microstructural localisation of the reaction. Thus, the
prediction of expansion from the advance of the reaction is only possible in
models which simulated the direct consequences of ASR at the microstructure

level.

20



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

437

438

439

440

7 Conclusion and perspectives

This paper presents a physically-based model of ASR, implemented and
tested in a custom-developed FE framework. The model highlights the pre-
dominant effect of gel formation in the aggregates in the ASR degradation
mechanism, notably damage in the aggregates themselves. The loss of me-
chanical properties can be wholly explained by the damage induced by the gel,
and the model can be used to predict the evolution of mechanical properties.
The model presented here showed robustness to the variation of the single fit

parameter, apparent gel stiffness.

The implemention of simplified models commonly used to explain the
mechanical effects of the reaction shows them to be inadequate to capture the
physics of the phenomenon. The usual simplifications entail the transfer of
the damage from the aggregates to the cement paste, which is experimentally
observed to occur only during the advanced stages of the reaction. We also
find that the shape of the free expansion/reaction curve cannot be captured

by these models, unless it is imposed.

These simulations demonstrate the capacity of our finite element frame-
work to perform well with an extremely high density of enrichments, which

illustrates the robustness of our implementation.

Future work involves coupling the model with a diffusion mechanism for
the alkali ions, and the introduction of time-dependent creep, which would

serve as a base for a kinetic simulation of ASR.
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Figure 1: Experimental relationship between measured free expansion and measured
reacted fraction. Results from Ben Haha [3], as well as from the current study are
reported.
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Figure 2: Image analysis procedure used to extract the degree of reaction. The
aggregates are extracted from the original image (top) as a mask (bottom left), and
the damage in the aggregates is obtained through thresholding (bottom right). Gel
packets are marked with G.
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Figure 3: Simulated concrete (centre) and mortar microstructures (right), compared

to an actual slice (left)
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Figure 4: Flow diagram of the algorithm whic
damaged. This method ensures that at each step
increment minimises the global energy. If the inc
effectively reproduces the damage history whic
minimum.
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Figure 5: Detail of a fracture pattern generated by the ASR model (left). For
comparison, a micrograph at the same scale of an aggregate (right).

Figure 6: Steps in the generation of a quadrature. A conformant mesh is generated
as a function of the geometrical base of the enrichments. This mesh is refined using an
adaptive quad-tree algorithm. The GauB points are kept, and the sub-mesh discarded.
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Figure 8: Fraction of the mass of individual aggregates where the reaction has
been stopped as a function of reaction advancement (left).Fraction of the number of
individual aggregates where the reaction has been stopped as a function of reaction
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Figure 9: Simulated expansion-reaction curve for mortar. The curves are not
prolonged because a state is reached where the samples are not of a single piece
anymore.
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Figure 10: Apparent reaction as a function of effective reaction. The dotted line is
the line of equality.
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Figure 11: Stiffness as a function of the progress of the reaction(left). The loss of
stiffness as a function of expansion is compared tot a range of reported values from
Ben Haha (grey shade).
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Figure 12: Comparison between the real expansion-reaction curve (left) and the
apparent one (right). The point where the expansions reach a plateau is higher than
the experimentally measured values in both cases. This indicates that a relaxation
mechanism is not taken into account in the simulations.
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Figure 13: Mechanism for expansion and degradation. (1) Elastic expansion; (2)
Aggregate failure and gel pressure buildup; (3) Paste cracking.
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Figure 14: Three Models for ASR-induced expansion. Homogenised aggregate
expansion (left), gel rim expansion (centre), gel pockets expansion (right).
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Figure 15: Expansions predicted by a simplistic model, with varying cutoff points
in the PSD (left). Expansions have been renormalised according to the aggregates
content (right).

Figure 16: Crack patterns produced by an expansive ring of gel formed around the
aggregates.
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