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Aggregates in cementitious composites subject to drying lead to mechanical restraint of the matrix shrinkage,
which under certain conditions may lead to internal microcracking. In the present work this phenomenon is in-
vestigated using a two-dimensional (2D) numerical model and an approximate 2D experimental approach. Ex-
perimental and simulated samples with simplified and matching spatial aggregate distributions were produced
to make a quantitative comparison between experiments and model predictions. In particular, the effects of ag-
gregate size and volume fraction on the degree of internal microcracking are assessed. The main challenges of
performing a quantitative comparison are highlighted and discussed. These are related to: (i) the difficulty of de-
signing experiments without moisture gradient effects; (ii) the experimental crack detection limit; and (iii) the
role of the creep response of the matrix phase in the model. The results suggest the existence of a critical aggre-
gate size below which aggregate-restraint does not cause detectable microcracking.
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1. Introduction

Concrete subject to drying, autogenous or thermal shrinkage
develops stresses when the shrinkage strains are internally or ex-
ternally restrained. If the stress exceeds the tensile strength, cracks
may develop. This paper focuses on quantifying internal stress and
microcrack development that occurs due to the restraining effect of stiff
aggregates on the shrinkage of the cement paste matrix. Aggregate-
restraint is beneficial, as it reduces the shrinkage of concrete compared
to plain hardened cement paste [1–3]. However, the tangential tensile
stresses that develop in the shrinking matrix around aggregate particles
may exceed the matrix strength and cause microcracks around aggre-
gates [4]. Distributed microcracking may affect concrete durability as it
potentially results in a loss of concrete stiffness and strength [5–7] and
especially in an increase of permeability to aggressive substances such
as sulfates and chlorides [8–12].

The combinations of material properties and environmental condi-
tions under which aggregate-restraint leads to microcracking of drying
concrete are not well known. Drying-induced microcracking depends
on, among other factors, the stiffness of the inclusions and matrix, the
creep properties and tensile strength of the cement paste, and the
strength of the bond between inclusions and cement paste. A reason
why the effect of these parameters is not well known is the limitation
of microcrack detection techniques. Direct imaging of microcracks inside
concrete using optical or scanning electron microscopy is very problem-
atic due to sample preparation effects: (i) cutting of internally stressed
concrete can easily introduce new microcracks near the cut surface
[13]; (ii) shrinkage microcracks close upon rewetting during wet cutting
or polishing and thus may become invisible [14,15]; (iii) dry cutting and
polishing, on the other hand, will lead to the introduction of newdesicca-
tion cracks on the freshly sectioned surface [13,16]; and (iv) the random
orientation of aggregate-restraint microcracks also poses a detection
problem. Microcracks making a small angle (b45°) with the sample sur-
face are generally not visible in SEM because their edges are smoothened
out by polishing and they therefore do not cause a shadow effect [15].
Non-destructive techniques such as X-ray tomography lack the required
resolution or contrast for a reliable quantitative (sub)microcrack detec-
tion or are limited to very small sample sizes.

The detection and analysis of aggregate-restraint (micro)cracking are
facilitated inmodel composites containing a small number of large aggre-
gates, eitherwith no size grading or a simplified one. In a number of stud-
ies, plate-like specimens with large cylindrical inclusions have been used
[17–21]. In such experiments, aggregate-induced desiccation cracks ap-
pear on the specimen surface and the abovementioned crack-detection
problems are not relevant in that case. In bulk samples with spherical in-
clusions, shrinkage cracks should form an interconnected network such
that they can be impregnated with a fluorescent resin before sectioning
to avoid recording artificial microcracks [13,22]. The following conclu-
sions can be drawn from the abovementioned experimental studies: ra-
dial as well as bond cracks form around the aggregate particles;
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Table 1
Sample catalog.

Sample Aggr. size
(mm)

Aggr. fract.
(%)

Sample size
(mm)

Ave. thickness±
st. dev. (mm)

n

2 mm–10% 1.98 10 21.5×21.5 1.61±0.080 3
3 mm–10% 2.97 10 32.4×32.4 1.96±0.030 3
4 mm–10% 3.98 10 43.3×43.3 1.96±0.014 3
4 mm–35% 3.98 35 43.3×43.3 2.03±0.003 3
6 mm–10% 5.97 10 65.0×65.0 2.00±0.027 3
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shrinkage cracks typically occur along the shortest line connecting aggre-
gate centers; and the amount of cracks increases with size and volume
fraction of aggregates. It has also been observed that below a certain ag-
gregate size (between 2 and 4 mm), stiff aggregates did not cause detect-
able radial microcracks upon drying [22,23].

In recent years, mesostructural numerical models with different
levels of sophistication have been used to study the effect of aggre-
gates on drying-induced microcracking [24–29]. Moon [25] carried
out two-dimensional (2D) numerical analyses to model cracking in
materials composed of non-shrinking aggregates of different shapes
embedded in a shrinking cement paste matrix, and found that dam-
age (microcracking) tends to localize around the largest aggregates.
Idiart [29,30] studied the effect of aggregate size and volume fraction
on drying-induced microcracking, and qualitatively compared the nu-
merical simulations with experimental results. The hygro-mechanical
model results showed larger degrees of internal microcracking for
higher levels of drying as well as for increasing aggregate volume
fraction and size. Grassl et al [28] studied internal microcracking by
means of a lattice model on 2D composites with circular aggregates.
They found that the average crack width increased with increasing
aggregate size and decreased with increasing aggregate volume frac-
tion, whereas the crack density showed opposite trends.

A more realistic modeling approach would be to perform simula-
tions and experiments in three dimensions (3D), explicitly consider-
ing the effects of non-uniform drying. However, a deterministic
simulation of such 3D experimental tests would require a precise
3D spatial distribution of the aggregates in the model, which is diffi-
cult to obtain (see e.g., [31]). Furthermore, the 3D model must then
be considerably more sophisticated than the 2D one proposed here,
since it needs to consider moisture transport coupled to shrinkage,
and the computational cost is considerably higher [32]. Alternatively,
aggregate-induced microcracking due to uniform autogenous shrink-
age of the matrix can be studied as in [20,33]. However, since in this
case the (micro)cracking occurs during the (early) hydration process,
the numerical simulations need to take into account the development
of shrinkage, mechanical properties and creep as function of the de-
gree of hydration [33].

Since detection of (sub-)microcracks inside real concrete is cum-
bersome, numerical modeling potentially offers an effective way to
investigate and predict aggregate-induced desiccation microcracking.
In this paper a procedure is described to quantitatively calibrate
hygro-mechanical concrete models by using experimental samples
with simplified and approximately matching spatial aggregate distri-
butions. It is noted that the principles and challenges of making a
quantitative numerical–experimental comparison, which is the main
aim of this paper, are expected to be largely similar for the 2D and
3D cases. As an example, the numerical model calibrated in this
work is used to predict, for specific conditions, the critical aggregate
size below which aggregate-restraint does not cause detectable
microcracking.

2. Experimental methods

2.1. Sample preparation

The experiment was designed to produce 2D crack-patterns in
order to facilitate comparison with the 2D numerical simulations. By
preparing thin samples and applying a relatively slow drying rate, it
was attempted to avoid or minimize the formation of cracks due to
non-uniform drying [34,35]. Furthermore, the real and simulated 2D
composites contained approximately matchingmono-sized aggregate
spatial distributions. Two aggregate distributions were numerically
generated (as described in Section 3.1) with 10 and 35% aggregate
volume fractions, corresponding to 15 and 53 aggregates per sample,
respectively. Four different aggregate sizes were studied: 2, 3, 4, and
6 mm diameter (see exact dimensions in Table 1). It is noted that
the size of the samples is scaled so that the geometry (and thus the
number of aggregates) is identical in samples with the same volume
fraction and different aggregate sizes. The aggregates were 2.2 mm-
thick slices cut from stainless steel rods. Before being sliced, the
rods were roughened by grit-120 grinding paper to increase the
bond with the cement paste. The inclusions were glued onto a trans-
parency with a print of the random aggregate distribution with a size
scaled to aggregate size (see Section 3.1) and then placed in molds.
Three samples per case were tested.

Experimental and simulated samples were compared to deter-
mine the spatial mismatch of the aggregate distributions. To this
end, binary images of the aggregates in the experimental samples
were produced, and the coordinates of the aggregate center were
compared with the simulated ones. In this way, the average mismatch
was found to be between 200 and 300 μm in all samples, correspond-
ing to a relative mismatch (normalized with aggregate size) of around
10% to 5% in samples with 2 to 6 mm aggregates, respectively.

The matrix consisted of b63 μm filtered Portland cement (CEM I
52.5 R) with an added w/c ratio of 0.5. The paste was poured into
the molds to a height of about 1 cm and vibrated briefly. The samples
were taken out of the molds after 24 hours of sealed-curing and
placed in a Ca-saturated solution for another 27 days. After 1 week
of wet-curing the samples were wet-ground from their top surfaces
to a thickness of about 2.2 mm. At an age of 27 days the samples
were further fine-ground in lime-saturated water to a thickness of
around 2 mm (see Table 1). Additional samples (8×8×20 mm3) of
the same cement paste were prepared for measuring compressive
strength and Young's modulus of the saturated matrix material in
the composites at an age of 28 days.

The drying tests were started at a sample age of 28 days and were
carried out in a climate chamber (Vötsch VC4060) at 20±0.2 °C.
Samples were placed on a grid and dried from the two faces, while
the 2 mm-thick sample edges were covered with layers of adhesive
tape. All samples were ultimately dried to 60% relative humidity
(RH), i.e., until they reached a constant sample mass. In order to re-
duce the development of sharp moisture gradients, the following
stepwise drying procedure was used: 1 day at 95% RH; 3 days at
80% RH; 3 days at 70% RH; and 31 days at 60% RH. The attempts to
completely avoid surface cracking induced by non-uniform drying
were not successful in this study (see next section).

2.2. Crack-pattern analyses

After drying, the samples were removed from the climate chamber
and directly submerged in an epoxy-resin bath containing a fluorescent
dye. The low-viscosity resin entered the cracks by capillary suction, i.e.,
no vacuum-suction was applied to avoid additional shrinkage cracking
in the samples. In a previous study, ‘passive’ capillary suction led to a re-
duction of impregnatedmicrocracks of 20% in 4 cm-thick samples com-
pared to vacuum-impregnation [22]. However, for the 2 mm-thick
specimens used in this study it is not expected that the amount of the
cracks impregnated by capillary suction differs significantly from the
one under vacuum impregnation. After 20 min, the samples were
taken out from the resin bath and placed on aluminum foil with some
excess resin poured over the samples. After hardening of the epoxy,
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Fig. 1. Crack-patterns of top, middle, and bottom sections in 6 mm–10% sample (65×65mm2). Top and bottom surfaces show a significant amount of cracks induced by non-uniform drying.
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Fig. 2. Example of crack-maps in 6 mm–10% samples: (a) experimental middle-section
crack-pattern (romannumbers indicate cracks shown in Fig. 5); (b) simulated crack-pattern
at corresponding sample position (crack width threshold 0.8 μm); and (c) same simulation
as in (b) but no crackwidth threshold applied. The gray (blue) scale in (b) and (c) show the
crack width ranging from 0.8 μm and 0.7 nm (darkest), respectively, to 10 μm (brightest).
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the excess epoxy on both drying surfaceswas removed by grinding. The
surfaces were finished by fine grinding on grit-1000 paper. The crack-
patterns on both sides of the sampleswere photographed in fluorescent
light with long exposure times using an 8 Mpix digital camera (Fig. 1).
Subsequently, one side of the samples was strengthened by a thick
layer of araldite glue and ~1 mm of material was ground away from
the other sample side to expose the crack-pattern in the sample center,
which was then photographed (Fig. 1).

Experimental and simulated crack-patterns were analyzed in exactly
the same manner. First, the images were resized to 2500×2500 pixels.
Then, cracks and aggregates were traced manually to obtain binary
crack-maps with one-pixel wide cracks (Fig. 2). Debonding cracks be-
tween aggregates and matrix were not mapped, because their occur-
rence in experiments is hard to judge for a number of reasons [22]. Top
and bottom surfaces showed a significant amount of cracks caused by
non-uniform drying (Fig. 1), forming cellular patterns away from aggre-
gates andwith a penetration depth of less than 500 μm. To exclude these
cracks, two types of experimental crack-patterns were analyzed: (i)
crack-patterns as observed in the middle-section of samples (Fig. 1);
and (ii) patterns of cracks penetrating the complete sample from top to
bottom surface, from now on denoted as through-going cracks. The
through-going crack-patterns were obtained by stacking the binary
crack-pattern images of the bottom, top and middle-section surfaces
and deleting all non-overlapping cracks. This stacking procedure also
revealed that all cracks are approximately perpendicular to the drying
surface and that crack-branching with depth did not occur.

Three different crack-pattern measures were used to quantitatively
compare the experimental and simulated results: (i) crack length per
unit area (cm/cm2); (ii) average number of radial cracks per inclusion
perimeter length; and (iii) overall crack orientations. The crack length
wasmeasuredwithMatlab as the length of line segments going through
the middle points of crack pixels. These are approximate lengths be-
cause the cracks were traced on low resolution images, thus ignoring
microscale roughness (see Fig. 2), and there is a (maximum) digitaliza-
tion error of 5% associated with the used method [22]. The crack orien-
tation was measured in Matlab using the function regionprops. In order
to use this function, curved cracks were subdivided into straight seg-
ments by removing crack-pixels, resulting in a reduction of total crack
length by 2–5%. The orientation of all crack segments were plotted in
radar diagrams using a bin size of 30°.

3. Description of the numerical model

3.1. Random geometry and mesh generation

The numerical model considers a 2-phase composite with circular
mono-sized aggregates embedded in a homogeneous matrix. Two ran-
dom geometries containing 10% and 35% aggregate volume fraction
were generated. The position of each inclusion was determined by a
pseudo-random number for each coordinate of the inclusion center
(Ci

x, Ci
y) as:

Ci
x ¼ Ranx⋅L; Ci

y ¼ Rany⋅L ð1Þ



Table 2
Model parameters used in simulations.

Continuum elements

Et-28d Aging Maxwell chain
E28d (GPa); νhcp (−) 12.5; 0.2
Esteel (GPa); νsteel (−) 200; 0.3
Interface elements matrix–matrix Inclusion–matrix

χ (MPa) 7.0 1.5
c (MPa) 24.0 5.0
tanϕ 0.6 0.4
tanϕr 0.2 0.2
GF
I (N/mm) 0.01 0.001

GF
IIa (N/mm) 0.1 0.01

σdil (MPa) 40 40
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where Ranj is the pseudo-random number (j=x,y), and L is the dimen-
sion of the sample. To avoid aggregate overlapping and establish a min-
imum distance between aggregate and sample boundaries, two
geometrical restrictions were applied:

λx ¼ λy≥0:5⋅γ⋅dagg; λagg≥γ⋅dagg ð2Þ

where λagg is the distance between aggregates centers, λx, λy are the
distances between the aggregate perimeter and the sample boundaries,
dagg is the aggregate diameter, and γ is a proximity control parameter
(in this study, γ varies from 1.05 to 1.25).

The geometry obtained in this way is meshed with a standard un-
structured mesh generation method, considering linear triangular
continuum elements. The two meshes finally chosen for this study
are depicted in Fig. 3. The same meshes have been used in all the sim-
ulations, by considering a rescaling factor depending on the size of
the sample. In order to represent cracking, two families of linear
zero-thickness interface elements are inserted in the FE mesh: the
first one between all the matrix–matrix element contacts, while the
other one along all the aggregate–matrix contacts. Steel inclusions
did not crack in the experiments, and thus no interface elements
were inserted inside the inclusions. Linear elasticity was considered
for steel inclusions, with standard elastic properties (see Table 2).

3.2. Modeling of shrinkage and creep

Drying shrinkage of the matrix phase in the 2D-model is assumed
uniform, andmoisture transport processes that are associatedwith dry-
ing shrinkage in reality are not considered here. Shrinkage of thematrix
phase is linked to the moisture state through the shrinkage coefficient,
i.e., the slope of the strain vs. relative humidity curve. It has been exper-
imentally shown that this curve is approximately linear for cement
pastes with w/c-ratio of 0.4 to 0.5 in the relative humidity range of
40–100% [36,37]. Duckheim and Setzer [36] measured a constant
shrinkage coefficient of 0.06 mm/m/%RH in the range of 40–100% RH
for a 0.5 w/c-ratio paste. An ultimate shrinkage strain of 5.1 mm/m at
25% RH was measured in [35] for the same cement paste used in this
study. Assuming linear behavior in the 25–100% RH range, this corre-
sponds to a shrinkage coefficient of 0.07 mm/m/%RH, which has been
adopted for thematrix phase in themodel. The higher shrinkage coeffi-
cient for our 0.5 w/c-ratio paste may possibly be explained by the finer
cement used in this study (CEM I 52.5 R) compared to the CEM I 32.5 R
used in [36].

To consider the time-dependent deformations of the matrix phase,
i.e., the aging viscoelasticity of hardened cement paste, the model is
equipped with a basic creep law. The creep law does not account for
Fig. 3. FE meshes used in the simulations: (a) 10% aggr. volume fraction (15 inclusions, 26,
fraction (53 inclusions, 30,160 nodes, 13,482 continuum and 14,260 interface elements).
nonlinear creep effects produced by microcracking. Instead, cracks
are explicitly modeled with the insertion of interface elements so
that the creep law in the (uncracked) continuum is approximately
linear. The creep model was determined mainly with data on creep
under compression, while during drying shrinkage the cement paste
is subjected to tensile stresses. However, for well-cured cement
pastes, which is the case of this study, creep in tension and compres-
sion are essentially similar. It is generally accepted that creep tensile
deformation is at least as large as in compression, and sometimes
higher (see [38–40] and references therein). Cracking during tensile
creep would lead to larger strains compared to creep under compres-
sion [39]. However, as already mentioned, microcracking is explicitly
accounted for in the present work with the insertion of interface ele-
ments to represent potential cracks.

The rheological model consists of an aging Maxwell-chain based
on previous work by Bažant and coworkers [41,42]. The determina-
tion of the Maxwell-chain parameters for the matrix phase is a diffi-
cult task, since experimental data on aging and creep of cement
paste is scarce. Therefore, these parameters are calculated by least-
squares fit of the chain's response to the prediction of a given creep
function [42]. The compliance functions for two different creep laws
have been set so that the elastic modulus at 28 days fits the experi-
mentally measured one (12.5 GPa in this study) and that the creep
strains for 28 days curing and ~30 years (10,000 days) of loading
are either 2 or 4 times the initial elastic strain. For the duration of dry-
ing in the present experiments (38 days), these values are respectively
1.3 and 2. The creep laws considered here are only estimates based
on creep strains measured on similar cement pastes (high early
strength Portland cement with w/c-ratio of 0.53) [43]. The high-creep
compliance function used here corresponds approximately to the one
measured in [43] (high early strength Portland cement is known to
creep more than normal cement), while the moderate-creep law was
440 nodes, 9750 continuum and 12,912 interface elements) and (b) 35% aggr. volume
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considered arbitrarily to yield half of the final strain. The stepwise dry-
ing procedure used in the experiments (see Section 2.1) was explicitly
taken into account in the simulations. Within each drying step, pre-
scribed shrinkage strains are assumed to be proportional to time. Intrin-
sic moisture dependence of basic creep (e.g., [44,45]) and of fracture
energy (e.g., [46]) was not considered in the model.

3.3. Cohesive fracture model

The constitutive law for interface elements is the key feature of
the model, since it enables the simulation of fracture. It is based on
the model developed in [47–49], where a detailed description can
be found. In the following only the fundamentals of the model are
summarized. The law is formulated in terms of the normal and tan-
gential stress components on the mid-plane of the joint (σN and σT)
and the corresponding relative displacements (uN and uT). It is
based on the theory of elasto-plasticity and introduces nonlinear
Fracture Mechanics concepts [29,32,47–49]. The elastic stiffness matrix
is diagonal and the elastic constants can be regarded simply as penalty
coefficients (meaning that their values should be as high as possible,
see e.g. [30,48]). The fracture surface F(σ,p)=0 is represented by
a hyperbola in the stress-traction space, which in its simplest expres-
sion might be defined by three independent parameters (p): tensile
strength χ, apparent cohesion c and asymptotic friction angle ϕ. The
fracture surface is shown as curve 0 in Fig. 4 and is given by:

F ¼ σ2
T− c−σN⋅tanϕð Þ2 þ c−χ⋅tanϕð Þ2 ¼ 0 ð3Þ

Cracking starts as soon as the fracture surface is reached. Softening is
controlled by the shrinkage of the failure surface due to the decrease of
parameters p, which evolve according to the work spent during the
fracture process, denoted byWcr (see Fig. 4). In this work, a linear soft-
ening law for each of the parameters has been considered. The model
introduces two additional parameters: the fracture energy in mode I,
GF
I (pure tension), and the fracture energy in mode IIa, denoted as GF

IIa,
defined by a shear state under a high enough compression level so
that dilatancy is prevented (see [48]). In this way, the total exhaustion
of the tensile strength (χ=0) is reached when Wcr=GF

I (curve 1 in
Fig. 4), and the residual friction state (c=0 and tanϕ=tanϕr) is
attainedwhenWcr=GF

IIa (curve 2 in Fig. 4). A non-associated plastic po-
tentialQ is adopted (i.e. Q≠F) in order to progressively eliminate dilat-
ancy for high levels of compression (dilatancy vanishes progressively
forσN→σdil). The dilatancy angle also degrades during the fracture pro-
cess, vanishingwhenWcr=GF

IIa. Even though not all the parameters are
known a priori, some of them can be estimated from mechanical tests.
The constitutive behavior of the model may be directly compared
with experiments to determine some of the parameters (χ , c, ϕ, ϕr,
σT

σN

φφr

0
1

2

χ

c

0

Fig. 4. Fracture surface evolution with increasing work dissipated in fracture process:
the initial state is given by curve 0; curve 1 corresponds to the exhaustion of tensile
strength; curve 2 corresponds to the final residual state (pure friction). Note also the
evolution of the friction angle from ϕ0 to ϕr.
GF
I), as for the cases of uniaxial tensile tests andmixedmode shear/com-

pression tests in concrete in [48–50]. Regarding the rest of parameters
(GF

IIa, σdil), their effect on the overall mechanical response of the speci-
men has been previously studied extensively. They can be estimated
from inverse analysis when fitting the overall response of concrete
specimens subject to compression and tension (especially including
the softening branch) with a mesostructural model including zero-
thickness interface elements [32,49–50].

In the present paper, the same constitutive model has been
adopted for inclusion–matrix and matrix–matrix interface elements.
In the former, the parameters are chosen such that tensile strength
is very small (1.5 MPa) and only friction under shear/compression
stresses is relevant. For the latter, tensile strength of 7 MPa and fric-
tion with small dilatancy angle have been adopted. Tensile strength
was assumed to be 10% of the 28-day compressive strength that
was measured experimentally; tensile strength of cementitious mate-
rials is between 7 and 11% of the compressive strength [51]. Selected
simulations were repeated for tensile strengths of 6 and 8 MPa in
order to test the sensitivity of the model to this parameter. Model pa-
rameters used in the simulations for both types of interface elements
are gathered in Table 2. Note that the choice of the bond strength in
the model may have an influence on aggregate-induced shrinkage
cracking [20,22]. Future comparative simulations could certainly ben-
efit from the direct measurements of tensile strengths of the matrix
phase and the matrix–aggregate bond.

Crack-patterns obtained with the present model, as well as with
othermeso-mechanicalmodels applied to the particular case of cracking
due to aggregate-restraint (see e.g. [21,27–30]), have shown spurious
cracks around the aggregates (see Fig. 2c). These cracks are character-
ized by their very small width on the nanometer scale. Generation of
these apparently artificial nano-cracks may be due to different reasons,
likemesh-dependency effects, a lack of heterogeneity of themainmate-
rial properties, or the way in which shrinkage is simulated, typically as
uniformly imposed volumetric strains. In order to be able to quantita-
tively compare experimental and numerical crack-patterns, crack-
width filtering of the crack-pattern was carried out as a post-process.
To study the sensitivity of the crack-patterns on this filtering, crack
width filtering thresholds of 0, 0.5, 0.8, and 1 μmwere used, as motivat-
ed in Section 4.1. This corresponds to excluding cracks in which 0, 3.3,
5.3, and 6.6% of GF

I was dissipated, respectively.

4. Results

4.1. Crack widths

The experimental impregnated crack widths observed in this
study (on middle sections) mainly ranged between 0.5 and 50 μm,
but occasionally were above 100 μm at the sample edges. The lower
detection limit of cracks is not determined by the resolution of the
camera lens or microscope, but depends primarily on the ability of
the epoxy resin to penetrate the smaller cracks. It is not clear whether
the thinnest impregnated cracks observed in this study (about
0.5 μm) represent the impregnation limit or the actual thinnest cracks
present in the samples. This would have to be determined by another
technique capable of detecting cracks in cement paste with widths in
the range of 10's to 100's of nanometers.

High magnification images of selected cracks in Fig. 2 are shown in
Fig. 5. The widths range between 3 and 35 μm. At some locations, di-
rect comparison of the experimental and simulated crack widths ap-
pears to be justified, because the cracks occur at approximately the
same location and there are no other cracks in the proximity. At loca-
tions II and IV, the simulated widths are 10 and 4 μm, respectively, i.e.,
a factor 3.5 to 5 smaller than the experimental ones. In between the
two central aggregates, the width of the four simulated cracks range
from 1.5 to 2.5 μm, while the two experimental widths are 3 and
14 μm. The experimental cracks have a more uniform crack width

image of Fig.�4


I : 3μm

III : 14μm

II : 35μm

IV : 20μm

Fig. 5. SEM-BSE images showing width of the epoxy-filled cracks in the 6 mm–10%
sample shown in Fig. 2.
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along their lengths than the simulated ones, especially those bridging
two aggregates. In order to quantitatively compare the experimental
and simulated crack-patterns, a crack-filtering threshold needs to be
applied as a post-process in the simulations (see Section 3.3). With
regard to the experimental detection limit of around 0.5 μm, a sensi-
tivity analysis was conducted using thresholds of 0, 0.5, 0.8 or 1 μm.

4.2. Effect of non-uniform drying in experiments

Before comparing the experimental and simulated crack-patterns,
attention is focused to the difference between the two types of exper-
imental crack-patterns, middle-section and through-going. The latter
shows significantly less cracking than the former, as show in Fig. 7
and in the following figures. If all cracks in the samples were caused
by aggregate-restraint only, the two types of crack-patterns would
be expected to be similar. This is not the case, probably because the
top and bottom surfaces showed a significant amount of cracks with
a limited penetration depth (Fig. 1). These cracks are most likely
caused by non-uniform drying (e.g., [31,35]), despite the fact that
bottom surface middle-section top surface

a

b

c

Fig. 6. Effect of non-uniform drying on aggregate-induced desiccation cracking in
plate-like specimens. Schematic representation for the case of (a) uniformly and (b)
non-uniformly shrinking matrix; (c) Crack-patterns in a 2 mm–10% sample showing
crack-doubling on middle-sections due to offset-growth caused by non-uniform drying.
the experiments were designed to avoid this type of cracking (see
Section 2.1). These ‘pre-existing’ surface cracks may cause an offset-
growth of aggregate restraint cracks, as illustrated in Fig. 6. Aggre-
gate-restraint causes pre-existing surface cracks to grow deeper into
the sample. If pre-existing cracks only occur on one side of the sam-
ple, the aggregate-restraint cracks may become through-going. If, on
the other hand, pre-existing cracks happen to occur at similar posi-
tions on both sides but with a small offset, they will not grow much
beyond the middle section plane. They eventually stop growing, be-
cause the two opposing cracks with a small offset can accommodate
the same strain as a single through-going crack (as in Fig. 6b, c).

The difference in crack length per unit area between the middle-
section and through-going crack-patterns increases with decreasing
aggregate size (Figs. 7, 8). This can be explained by the offset-growth
effect becoming more important in samples with smaller aggregates.
This is indicated by the increasing number of parallel bridging cracks
on middle sections (as in Figs. 6c, 7) in samples with smaller aggre-
gates (for equivalent volume fraction). These parallel cracks signifi-
cantly increase the crack length per unit area on these sections.

The offset-growth effect described here does not occur in the 2D
simulations. Compared to a hypothetical 2D experimental set-up in
which cracks by non-uniform drying would not occur at all, the mid-
dle-section patterns probably show too many and the through-going
patterns too few cracks. Thus, the two types of experimental crack-
patterns may roughly be regarded as upper and lower bounds for
2D aggregate-restraint crack-patterns in this study.
4.3. Quantitative comparison of model and experiment

Experimental and simulated crack-patterns of three selected cases
(2 mm–10%, 6 mm–10%, and 4 mm–35% samples) are shown in Fig. 7
for a qualitative comparison. For other samples with 3 mm and 4 mm
inclusions, whose crack-patterns show intermediate features, only
the quantitative crack-pattern data is given in Figs. 8–10. A similar
trend was found between the experimental and simulated crack-pat-
terns with regard to the location of aggregate bridging cracks (Fig. 7),
irrespective of the offset-growth effect explained above and indepen-
dent of the applied crack-filtering threshold or matrix creep level.
Simulated ‘bridging’ cracks never occur between neighboring aggre-
gates that are not crack-bridged in at least one of the three corre-
sponding experimental samples.

In order to make a quantitative comparison between experimental
and simulated crack-patterns, an estimate of the magnitude of matrix
creep in the model needs to be made first. As explained in Section 3.2,
the effect of creep on aggregate-induced cracking was numerically
studied for the following cases: (i) no creep, (ii) moderate creep
level (i.e., 1.3 times the initial elastic strain at 38 days loading dura-
tion); and (iii) high creep level (i.e., 2 times the initial elastic strain
at 38 days loading duration). For sample 4 mm–35%, simulated
crack lengths per unit area for these three cases using a crack-filtering
threshold of 0.5 μm are plotted in Fig. 8b. Labels C1, C2 and C3 in
Fig. 8b refer to simulated crack lengths per unit area with no, moder-
ate, or high creep values, respectively. The simulated crack length per
unit area for the high-creep case (C3) seems to best agree with the
experimental data. However, applying the same creep level for the
other sample types leads to a too small crack length per unit area as
compared with experiments. For example, in the 6 mm–10% sample,
it only represents 40% of the experimental lower-bound value using
a crack-filtering threshold of 0.5 μm (high-creep case for 6 mm–10%
in Fig. 8a is given by C4). The no-creep simulations (with a 0.5 μm
threshold) produced crack densities, and especially radial crack num-
bers, that seem to be too high for the composites with 4 and 6 mm ag-
gregates with regard to the experimental upper-bound values. The
moderate creep strain case seems to yield the best overall agreement
for the samples in this study and therefore has been used in the
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Fig. 7. Qualitative comparison of experimental and simulated (t=0.8 μm, moderate creep) crack-patterns for the samples (a) 2 mm–10%; (b) 6 mm–10%; (c) 4 mm–35% (see
Table 1 for dimensions).
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following to quantitatively compare simulated and experimental
crack-patterns.

A sensitivity analysis of the effect of the crack-width threshold on
the crack-patterns was conducted considering the cases of a 0, 0.5, 0.8
and 1.0 μm threshold. The case of no (zero) threshold produced crack
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seems to yield too many cracks in the simulations. A threshold of 0.8
or 1 μm gives a better agreement for 4 mm–35% samples, and makes
other sample types overlap the experimental curve for through-
going crack-patterns (Fig. 8). Irrespective of the applied threshold,
the trends of crack length per unit area as a function of aggregate
size and aggregate volume fraction agree with the experimental ob-
servations. It either remains constant or increases as function of ag-
gregate size, and increases with aggregate volume fraction. The only
exception is for sample middle-sections, for which crack length per
unit area decreases with increasing aggregate size. The latter trend
is probably caused, or at least significantly strengthened, by the off-
set-growth effect described in Section 4.2.

Simulations were also carried out for different values of tensile
strength of the matrix phase. For example, by using a tensile strength
of 6 MPa instead of 7 MPa, significantly higher crack densities are
obtained, and especially for a lower crack filter threshold value (see
Fig. 8). This shows the importance of accurately knowing the tensile
strength of the matrix phase as an input parameter for the model.

The average number of radial cracks per aggregate perimeter
length seems to be only weakly dependent on aggregate size in
both experiments and simulations for aggregate sizes above 2 mm
and threshold values of 0.8 and 1 μm (Fig. 9). The number of radial
cracks per perimeter length increases with aggregate volume fraction
in the simulations; however, this trend is not clearly observed in the
experiments. It should be noted that the error bars in Fig. 9 show the
Fig. 10. Crack orientation distributions of the experimental (top) and simulated (bottom) c
light gray=through-going cracks; dark gray=middle-section cracks. For the model diagram
variation in the average number of radial cracks between samples.
The standard deviation of radial crack number in a single sample is
much larger, as can be seen in Fig. 7.
4.4. Crack orientation

Regarding the overall crack-pattern orientation, experiments and
simulations show similar trends, as depicted in Fig. 10. This shows that
preferred elementary orientations in the FEmeshes did not significantly
affect the overall crack orientations in the simulations. The samples con-
taining 10% aggregates show preferred cracking in the 0–30° and 90–
120° directions independent of the aggregate size. Samples containing
35% aggregates show significantly more isotropic crack-patterns, with
a slight preferred cracking in the 0° and 60° directions (more pro-
nounced in the simulations than in the experiments). The observed an-
isotropy in crack orientation is probably a result of the low number of
randomly placed aggregates in the samples, and the fact that radial
cracks preferably develop along the shortest lines connecting neighbor-
ing aggregates (Fig. 7). Randomly distributed aggregates should produce
randomly-oriented radial cracks in a sufficiently large volume, which
would lead to a circular rose diagram (e.g. [22]). Thus, crack orientations
in this study are not representative of large samples of the given mix-
tures, but are nevertheless useful for comparing experiments and simu-
lations on the same samples.
rack-patterns (bin size=30°). For the experimental diagrams (average of 3 samples):
s: light gray=1 μm crack width threshold; dark gray=0.5 μm crack width threshold.
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The anisotropy in simulated crack-patterns is largely unaffected
by the crack filtering threshold in the 3 and 4 mm–10% samples. In
the 6 mm–10% and 4 mm–35% samples, the anisotropy decreases at
lower crack-filtering threshold, due to the inclusion of more random-
ly-oriented radial cracks in the plots as the threshold is decreased. In
the case of 6 mm samples, these are short, non-bridging radial cracks.
On the experimental side, the middle-section crack-patterns are less
anisotropic than the through-going crack-patterns, due to the pres-
ence of shorter randomly oriented radial cracks in the former (Fig. 7).

5. Discussion

In this paper, a procedure is described to calibrate a simplified 2D
numerical model for concrete using 2D experiments with approxi-
mately matching spatial aggregate distributions. A well-calibrated
2D numerical model should be able to make predictions about desic-
cation microcracking for ‘real’ concretes with practical aggregate size
distributions and volume fractions. The final objective is the formula-
tion and experimental calibration of a 3D hygro-mechanical model,
including moisture transport. However, the principles and challenges
of making a quantitative simulation–experiment comparison, which
this paper is aiming to describe, are expected to be largely the same
for the 3D case.

As a practical application, a calibrated model could also be used to
determine if a critical aggregate size for aggregate-induced desicca-
tion cracking in real concretes exists. Experimental and numerical re-
sults (for thresholds of 0.8 and 1 μm) show that above an aggregate
size of 2 mm, the average number of radial cracks per perimeter
length is not strongly dependent on aggregate size (Fig. 9). In other
words, the spacing between radial cracks around aggregates remains
approximately constant above an aggregate size of 2 mm. This result
suggests the existence of a critical aggregate size in the case of aggre-
gates embedded in a shrinking matrix: when the aggregate perimeter
length approaches the radial crack spacing distance, no crack at all, or
a minimum number of radial cracks will form with a width that pos-
sibly is too small to be experimentally detected. This observation can
be compared with shrinkage cracks in a concrete repair layer showing
an approximately constant crack-spacing: if the length of the repair
layer approaches the crack-spacing distance, no cracking will occur.
The case of this study is of course more complicated, but at least it ex-
plains why the number of radial cracks along the perimeter of an ag-
gregate increases with aggregate size.

In this study, the calibrated model has been used to predict critical
aggregate sizes (with crack widths below a modeled threshold of
0.5 μm), in cementitious composites with mono-sized steel inclusions
having a random spatial distribution. Results are depicted in Fig. 11
(the results for the case with 1% volume fraction were obtained with a
mesh considering one single inclusion embedded in a large matrix
phase). These predictions should of course be taken with caution,
because of the underlying assumptions of the model and the experi-
mental limitations. It is predicted that the critical aggregate size in-
creases with decreasing aggregate volume fraction, especially in
highly diluted mixtures with less than 10% aggregates (Fig. 11). Above
10% aggregates, the critical aggregate size decreases only slightly with
increasing aggregate volume fraction. This result suggests that in
meso-scale concrete models, the sand particles b1 mm cause negligible
microcracking upon drying (under thematerial composition and drying
conditions considered in this study). Therefore, this sand fraction could
in principle be homogenized in an effective matrix that considers ce-
ment paste and small particles as a homogeneous phase with transport
and mechanical effective properties (see e.g. [52,53] for details on ho-
mogenization approaches). If small inclusions were not needed to be
explicitly modeled, the computation time for modeling aggregate-in-
duced desiccation cracking in concrete would be greatly reduced.
6. Conclusions

As shown in this paper, the main challenges of performing a quanti-
tative comparison of experiments with a 2D meso-mechanical model
for shrinkage cracking in cementitious materials are: (1) designing an
experiment with no or negligible effects of drying-induced moisture
gradients. (2) Knowing the actual basic creep response of the matrix
phase. As shown, overall agreement of experimental and simulated
crack-patterns was better when creep strains of the cement paste ma-
trix (i.e., stress-relaxation of drying-induced stresses) were considered
in the numerical model. In this regard, future simulationswould benefit
from using an experimentally measured creep compliance function of
the cement paste matrix. (3) Determining what proportion of the sim-
ulated cracks has awidth that is below the experimental detection limit.

The experimental and calibrated model results seem to show that
the aggregate-induced crack density upon drying increases with ag-
gregate size and volume fraction. The normalized number of radial
cracks around aggregates showsmore or less the same trends as func-
tion of these variables, indicating that this parameter is proportional
to the crack density. The overall orientation of cracks of the simulated
crack-patterns agreed well with the experimental results in this
study. The results obtained suggest that there is a critical aggregate
size below which aggregate-restraint does not cause experimentally
detectable microcracks. The model predicts that this critical aggregate
size decreases with increasing aggregate volume fraction.
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