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A B S T R A C T

The mechanics of concrete can be understood comprehensively only if its heterogeneous microstructure
is considered in experiments and simulations. We combine mesoscale modeling, in-situ X-ray computed
tomography imaging, and in-situ 3D X-ray diffraction measurements for one of the first times to investigate
the role of heterogeneities on macroscopic and microscopic responses in concrete. The focus here is on
heterogeneities at the micron scale: aggregates, cement paste, interfacial transition zone, high-density phases,
and voids. We specifically seek to answer whether all levels of heterogeneities are essential in predicting:
(a) elastic macroscopic stress–strain response, (b) microscopic elastic stress–strain concentrations, and (c)
representative volume element size for elastic responses. The results demonstrate the significant influence
of heterogeneities on local strains in matrix phases and the minimal influence of heterogenities on stresses in
individual grains.
1. Introduction

Concrete is a complex engineering material, widely used in the con-
struction industry. At the macroscale, concrete appears as a two-phase
material consisting of aggregates and mortar. However, at smaller
scales, imaging techniques such as scanning electron microscopy and
X-ray computed tomography (XRCT) reveal concrete as a multi-phase
material with heterogeneous microstructure [1,2]. A comprehensive
understanding of the underlying mechanics with due consideration
to the microstructural heterogeneity is essential to better engineer
next-generation composite materials such as concrete.

The elastic contrast exhibited by individual phases in concrete has
been quantified to some extent using nanoindentation [3–5]. Some
of the earliest nanoindentation studies identified two phases in a ce-
ment mortar: low-density C–S–H and high-density C–S–H, characterized
by low elastic stiffness and high elastic stiffness, respectively [5,6].
The statistical analysis of the nanoindentation data and coupling of
nanoindentation with scanning electron microscopy and energy dis-
persive spectroscopy independently characterized elastic properties of
additional phases in concrete such as clinker, portlandite (CH), and
ultra-high density C–S–H [7–10]. Further, Mondal et al. [11] estimated
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the modulus of the interfacial transition zone (ITZ) as approximately
0.8 times the modulus of the cement paste matrix. These experimental
developments confirmed structural heterogeneity in concrete with dis-
tinct material properties and provided the much-needed impetus to the
research on advanced micromechanics-based continuum models [12–
14] and mesoscale numerical models [15–18].

Mesoscale modeling incorporates a 3D representation of a mi-
crostructure in numerical modeling — a powerful approach to ex-
plore the role of heterogeneities on the mechanical response [19–21].
Mesoscale modeling frameworks consist of two main ingredients: (a)
capturing material microstructure realistically, typically at a micron
scale, using XRCT imaging or virtual specimen generation algorithms,
and (b) solving boundary value problems on the material microstruc-
ture using appropriate numerical method. The heterogeneities in con-
crete exhibit multiple length scales [22,23]. Incorporating all the scales
of heterogeneity in a single modeling framework is challenging and
can be impractical. Most of the mesoscale studies assumed concrete
as a two-phase or three-phase material, consisting of aggregates, ma-
trix, and ITZ as an interface element [20,24–26]. The studies that
include additional levels of the heterogeneities in mesoscale modeling
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Nomenclature

Abbreviations

𝐴𝑃𝑉 Aggregate, Paste, Voids
𝐴𝑃𝑉 𝐻 Aggregate, Paste, Voids, High-Density Phase
𝐴𝑃𝑉 𝐼 Aggregate, Paste, Voids, ITZ
𝐴𝑃𝑉 𝐼𝐻 −𝑁𝑆 Aggregate, Paste, Voids, ITZ, High-Density

Phase, Non Stochastic
𝐴𝑃𝑉 𝐼𝐻 Aggregate, Paste, Voids, ITZ, High-Density

Phase
𝑆1 Sample S1 with target aggregate volume

fraction equal to 20%
𝑆2 Sample S1 with target aggregate volume

fraction equal to 30%

of concrete are rare, but not completely missing in the literature. Gao
et al. [16] considered four phases in mesoscale modeling of cement
paste: C–S–H, portlandite, clinker, and pores. They investigated the role
of structural heterogeneity on the elastic modulus of the cement paste
and provided an empirical equation to predict the modulus of cement
paste. Homel et al. [15] conducted a comprehensive mesoscale investi-
gation of damage progression in ultra-high performance concrete. They
combined XRCT imaging, SEM, EDS, cement hydration modeling, and
nanoindentation to incorporate the influence of structural heterogene-
ity in mesoscale modeling and concluded structural heterogeneity was
necessary to predict complex failure propagation in concrete.

Despite the high-quality investigations referenced above, the role
of structural heterogeneities on the mechanical response of the con-
crete remains largely elusive. The following key questions remain still
unanswered and deserve urgent attention:

1. What are the levels of heterogeneities that should be consid-
ered in mesoscale modeling of concrete in determining a spe-
cific property of interest or in exploring mechanisms relevant
to specific physics of a boundary value problem? Are all the
heterogeneities equally important?

2. How do stress and strain localize with different levels of het-
erogeneities? How sensitive are these heterogeneities to the
material contrast and aggregate volume fraction?

3. To what detail are mesoscale models calibrated with high-
quality experiments?

4. How does the minimum representative volume element size
change as a function of heterogeneity in mesoscale modeling of
concrete?

Our work seeks to shed light on these important questions on
eterogeneities in concrete and their influence on stress–strain con-
entrations. Mesoscale models require rigorous validation with ex-
eriments — beyond macroscopic stress–strain response, possibly by
onsidering local stresses in individual sand grains. In the present
ork, we calibrate our mesoscale models, both at the macroscopic scale
nd microscale, by comparing simulations with in-situ image-based
xperiments using XRCT and 3D X-ray diffraction (3DXRD) techniques.
DXRD quantifies stresses in individual crystalline aggregates and we
se these measurements to calibrate our mesoscale simulations at the
icroscale. Furthermore, we include a stochastic description of ma-
erial properties for different phases in mesoscale simulations and
ompare a few of these simulations with those using a deterministic
escription of material properties. It is important to note here that the
eterogeneities in concrete below the micron scale are not considered
n the present work. It is essential to answer the questions raised in
his section to enhance a fundamental understanding of the material
2

esponse with prolific implications in tailoring the microstructure of
concrete composites to generate new materials of superior performance
and for future mesoscale simulations in concrete. For brevity and focus,
we consider only the elastic response in this paper and delay the
consideration of damage and inelasticity for future work.

2. Materials and methods

This section describes experiments, data analysis, and numerical
modeling performed in this work to explore the role of heterogeneities
on stresses and strains in concrete.

2.1. Sample preparation

The concrete samples were prepared using ordinary portland ce-
ment (OPC), single crystal quartz aggregates, and tap water. Single
crystal quartz aggregates are well suited for 3DXRD and are chemically
similar to Ottawa sand. Single crystal quartz grains were obtained
by ball milling a block of quartz (Sawyer Technical Materials, LLC)
for 30 s using a stainless steel ball mill and stainless-steel vial (SPEX
SamplePrep Mixer/Mill 8000D ball mill). The ball milled grains were
air milled in a stainless steel chamber for half an hour with stainless
steel balls at 20 psi pressure. The air-milled grains were then sieved to
retain the grains between 107 μm and 125 μm for concrete preparation.
Two samples were prepared, referred to as S1 and S2 here onwards,
with the target aggregate volume fraction equal to 20% and 30%,
respectively. Cement and aggregates were mixed in a small weigh
boat in the appropriate quantity needed to obtain the target aggregate
volume fraction. Tap water was then added to the cement-aggregate
mixture with a water-to-cement ratio equal to 0.5 by weight. It was
observed that Sample S2, consisting of a higher volume fraction of
aggregates, produced less workable concrete compared to Sample S1.
This may have happened because the large number of aggregates in
Sample S2 absorbed more water compared to Sample S1. It may also
have happened because of an uneven distribution of water content
throughout the slurry prepared prior to casting Sample S2 — not all of
the slurry was cast into the mold. This is expected to produce mortar
of different elastic properties in Sample S1 and Sample S2 as the actual
water-to-cement ratio in sample S2 was lower. We will come back
to this point again in Section 2.5, where we discuss the calibration
of material properties for the two samples. The fresh concrete was
poured into a cylindrical polymer membrane and placed on a steel
pin to obtain a cylindrical specimen of height and diameter equal to
2 mm. The choice for the size of the sample was limited by XRCT and
3DXRD but was large enough to provide representative measurements.
The specimen was compacted by tamping and vibrating at a 200 Hz
frequency for 30 s and was then covered in a small Ziploc bag for 24 h
to prevent loss of moisture. After 24 h, a saturated solution of lime was
poured into the Ziploc bag containing the specimen for 28 days. After
28 days, the samples were taken out of saturated lime solution and
allowed to air dry at room temperature. The ends of the cylindrical
samples were smoothened with high grit sandpaper and stored for
experiments at an approximate age of 60 days. It should be noted that
only fine aggregates were in this work.

2.2. Experiments and in-situ X-ray imaging

Experiments were performed at the ID11 beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. Each sam-
ple was first removed from the cylindrical polymer membrane in which
it was cast and subsequently inserted into a new, thin polymer mem-
brane intended to align the sample with compressing pins and capture
sample fragments during fracture, but not to provide lateral support to
the sample during compression. A steel hemisphere of approximately
the same diameter as each sample was placed on top of each sample
to provide uniform vertical traction during mechanical compression.
Samples were then placed on a 1.5 mm diameter steel pin located in
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Fig. 1. (a) The load frame with a sample inserted. (b) A view of the sample confined between a bottom pin, a top hemisphere, and a membrane. (c) The load frame mounted
n the rotation stage at the ESRF beamline ID11.
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custom uniaxial compression frame similar to one described in prior
ork [27]. A steel pin attached to the top of the compression frame

was brought into the top of the membrane as the frame was sealed.
Fig. 1(a) shows the frame with a sample placed between the compress-
ng pins. A critical feature of the compression frame is the polymethyl
ethacrylate (PMMA) housing which provides 360◦ X-ray transparency

for measurements. Fig. 1(b) shows a vertical slice through the XRCT
image of sample S2, illustrating the confinement of the sample between
a bottom pin, a hemisphere, and a membrane. After each sample was
placed in the frame, the frame was mounted onto a rotation stage and
into the X-ray beam path in the ID11 hutch, as shown in Fig. 1(c).
Experiments proceeded by incrementally advancing the actuator that
pushes the bottom pin upward to compress the sample and hemisphere
into the top pin, which remained static. Increments were chosen to
impose small strain (less than 0.04) or compressive load (less than
20 N) changes. Experiments proceeded until noticeable sample failure
(i.e., a significant load drop or the appearance of fractures within
samples) or until about 0.3% strain was reached. Between each incre-
ment of loading, sample strain was held constant and samples were
rotated 360◦ twice, once for XRCT and once for 3DXRD measurements.
XRCT measurements were made while the sample was illuminated
by an X-ray box beam with monochromatic energy of 41.6 keV and
dimensions of 2.4 mm × 2.4 mm. XRCT measurements were made
by recording 6144 radiographs on an imaging camera with a 1.2 mm
×1.2 mm field of view while the sample rotated 360◦. A half-acquisition
technique was used to record radiographs and perform reconstructions
because samples were wider than the 1.2 mm wide field of view. In
the half-acquisition technique, half of the sample was visible in the
first radiograph captured during rotation, and the sample processed
about a vertical axis to bring the other half of the sample fully into the
radiograph in the 3072nd radiograph. Reconstructions were performed
in the reconstruction software Nabu [28] and exploited phase contrast.
econstructed images had a native resolution of 0.63 μm/pixel. 3DXRD
easurements were made by recording 3600 diffraction patterns on
FreLoN area detector situated approximately 1.2 m downstream of
he sample while the full sample was illuminated by the 41.6 keV
onochromatic X-ray beam. 3DXRD analysis was performed in Im-
geD11 [29], as described in our previous work [27], and yielded the
ositions, orientations, and strain tensors of each single-crystal quartz
rain in the samples with resolutions of approximately 10 μm, 0.05◦,
nd 5×10−5 to 1 × 10−4, respectively [30,31]. The orientation and the
lastic strain tensor of each grain was used along with the anisotropic
lastic stiffness of quartz [32] to calculate the elastic stress tensor of
ach grain [30,31].
3

m

.3. Digital volume correlation (DVC)

Digital volume correlation was performed using the open-source
oftware SPAM [33] to calculate displacement and strain fields from
RCT images obtained at different increments of sample strain. XRCT
mages were downsampled by a factor of 4 to decrease the com-
utational time for DVC calculations which resulted in an effective
ixel resolution of 2.52 μm/pixel. DVC calculations proceeded by first
erforming a full-image registration between the XRCT image obtained
or each sample prior to mechanical loading and each subsequent XRCT
mage. Each XRCT image of the entire sample was then tessellated
nto cubic correlation windows within which a classical Lucas and
anade approach was used to calculate displacement and rotation,
sing the full-image registration as an initial guess [34]. The speckle
attern employed by the DVC algorithm was the natural heterogeneity
f the cement paste observable in XRCT images. Correlation windows
verlapping inclusions and voids, which do not feature such a speckle,
ere later excluded from the analysis. The correlation window size was
hosen to be 40 voxels, approximately 6 times the average feature size
f the speckle obtained from an auto-correlation calculation, which
alls within 3–6 times the average feature size range recommended
y typical DVC texts [35]. From displacements and rotations obtained
n each correlation window, a linearized strain tensor was obtained
hrough numerical differentiation and interpolated across the entirety
f the sample to provide a full strain field. This procedure yielded a
eliable strain field throughout the majority of the sample. However,
he half-acquisition and reconstruction technique introduced an artifact
lose to the rotation axis of the sample that likely arose from minute
hifts in the true rotation center from that assumed by the reconstruc-
ion software. In particular, half-acquisition and reconstruction require
titching radiographs from one viewing angle of the sample, 𝜃, and
rom viewing angle 𝜃+180◦, such that the stitched radiographs used in
econstruction feature the entire width of the sample. Random, unre-
eatable tilt, displacement, or rotation angle deviations of the sample in
equential XRCT scans introduce artificial strains through DVC. These
trains are sub-pixel in nature but still of a greater magnitude than
he strains of interest in cement paste. Therefore, strains computed
rom displacements obtained in correlation windows belonging to the
egions in which radiographs were stitched (e.g., near the rotation axis)
re ignored in our analysis. The resulting strains from DVC located
way from the rotation axis were primarily used in this study to
alculate a macroscopic sample strain, 𝜖𝑧𝑧, to impose on the mesoscale

odel, as described in Section 3.1.
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Fig. 2. (a) XRCT image of sample 1 (S1). (b) XRCT image of sample 2 (S2).
2.4. Mesoscale microstructure to finite element discretization

The reconstructed data from XRCT imaging needs to be processed
to segment the data into individual phases. The image processing and
segmentation were performed in Matlab. The raw and segmented im-
ages for two concrete specimens used in the present work are shown in
Fig. 2. The images were smoothed by applying an anisotropic diffusion
filter [36] before carrying out segmentation. The segmentation of XRCT
images of concrete to different phases is straightforward, except for
segmenting aggregates from the cement paste, as the X-ray attenuation
of the aggregates and the cement paste is similar. The attenuation
contrast allows the segmentation of air voids, high-density phases, and
cement paste plus aggregates as a single phase. The cement paste and
the aggregates were segmented by a standard deviation-based threshold
which relies on the fact that the gray-scale values belonging to the
aggregate volume are homogeneous compared to the gray-scale values
belonging to the mortar. The standard deviation threshold is carried
out by computing the standard deviation of gray-scale values in cubic
windows, followed by the segmentation of aggregates from cement
paste by selecting a suitable standard deviation threshold. The size of
the cubic window should be large enough to capture the high and low
4

standard deviation regions but as small as possible to capture the small
aggregates. The standard deviation-based segmentation in concrete has
been discussed in detail in [37] and implemented in prior work by
the last author [38]. In the present work, a cubic window size of 9
voxels, approximately 22.7 μm, was selected to calculate the standard
deviation map. The size of the selected cubic window was much smaller
than the size of the aggregates (107 μm to 125 μm). The standard
deviation threshold value equal to 3000 resulted in reasonably accurate
segmentation of aggregates based on visual inspection. Prior work
has employed standard deviation based identification for aggregates
in XRCT images of concrete [37,38] and also noted reliability of the
method by comparison to known volume fractions, visual inspection of
images, or to volumetric images obtained from neutron tomography.
However, we acknowledge that the standard deviation based aggregate
identification may modify aggregate morphology or result in differ-
ent aggregate volume fractions than truly present. More systematic
research is needed to understand the limitations of the method.

ITZ cannot be directly identified in XRCT images but is considered a
critical link in micro-mechanics studies. In prior mesoscale simulations,
ITZ was either modeled as an interface element of zero thickness [26]

or by considering unrealistically large size ITZ with a size larger than
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Table 1
Volume fraction of different phases of sample S1 and sample S2 obtained after
segmentation of XRCT images.
Phase Aggregate Cement paste ITZ Void High density phase

S1 0.195 0.581 0.102 0.002 0.120
S2 0.253 0.474 0.140 0.04 0.093

100 μm [20]. In the present work, we assigned 4 voxels, approximately
10 μm, around each aggregate surface as ITZ based on the findings
from literature [39,40]. We considered only one size of ITZ in our
mesoscale simulations. Previous work suggests that changes in ITZ size
in mesoscale simulations has a minimal effect on mechanical response,
especially in the elastic regime of material behavior [20]. In fact,
changes in ITZ thickness from 0.1 to 0.8 mm in prior work indicated
a negligible effect on elastic stiffness and a minor effect on the tensile
strength and strain to damage [20].

The volume fraction of different phases obtained after segmentation
is summarized in Table 1. It can be observed that the computed
ggregate volume fraction in Sample S2, 0.253, is different than target
ggregate volume fraction of 0.3. We believe that the difference in ob-
erved and target aggregate volume fraction is primarily due to casting
ample S2 using only a portion of the slurry mixed with aggregates
t the target volume fraction. We also acknowledge that the standard
eviation based aggregate identification may result in deviations from
easured and true aggregate volume fractions, but we believe this to
e a secondary factor in the discrepancy.
Next, we discretize the segmented XRCT images directly to the finite

lement mesh. The structural heterogeneity in concrete results in the
omplex microstructure. The generation of the robust finite element
eshes directly from images that conform to different phases in con-
rete can be challenging. This problem is partly resolved in prior studies
y considering only two phases in concrete for numerical simulations —
ortar and aggregate. However, homogenization of the cement paste
nto a single-phase fails to capture local stresses and strains accurately.
more robust mesoscale description of concrete requires additional
hases that manifest additional structural and material heterogeneity.
he different phases in concrete that were identified from CT images
n the preceding sub-section are aggregates, cement paste, high-density
hase, and air voids. ITZ was indirectly incorporated by assigning a
0 μm thick layer as ITZ around each aggregate surface.
The size of the phases in concrete can vary significantly, for in-

tance, the dimensions of the aggregates and ITZ, for the concrete
pecimens considered in this study are 115 μm and 10 μm, respectively.
his is an essential consideration for finite element discretization as
electing a uniform fine mesh size can result in a large number of
lements which makes simulations, pre-processing, and post-processing
f the results computationally expensive. On the other hand uniform,
oarse mesh size fails to capture small microstructural features. There-
ore, a customized option for mesh refinement is necessary to include
ifferent levels of heterogeneities of concrete.
Simpleware software (https://www.synopsys.com/simpleware.html)

rovides an option to discretize 3D images to a finite element mesh.
he software offers different levels of mesh refinement for differ-
nt parts/phases. Furthermore, the gradient-based mesh can also be
dopted within a single phase. This is particularly useful for concrete
s higher mesh density is required at surfaces of different phases
ompared to the bulk of the phases, e.g., the surface of the aggregate
equires high mesh density compared to the inner core of the aggregate
o capture stress and strain concentrations precisely. Also, both linear
nd quadratic element types are available to the user for mesh dis-
retization. Fig. 3 shows finite element mesh generated for a concrete
ample using Simpleware. We further down-sampled XRCT images
uring mesh generation to an effective resolution of 10 μm/pixel. A
zoomed-in view clearly shows different levels of mesh refinement in
5

different phases. The mesh generated in Simpleware can be imported
to the finite element software package Abaqus. In the present work,
approximately 18 million and 25 million linear tetrahedral elements
were used to discretize sample 1 (20% aggregate volume fraction) and
sample 2 (30% aggregate volume fraction), respectively. A preliminary
finite element study on sample 1 with quadratic tetrahedral elements
failed to progress due to insufficient RAM on a computing workstation
with 192 GB RAM. In addition, mesh sensitivity was not considered
in present study. The use of quadrilateral elements and increasing the
number of elements used to discretize ITZ layer is recommended in
future studies to provide better stress estimation within the ITZ, but is
beyond the scope of this work.

2.5. Mesoscale finite element simulations

The finite element mesh obtained directly from XRCT images was
imported to the commercial FEM solver Abaqus. The linear elastic
constitutive model was assumed for individual phases, an advantage
offered by mesoscale simulations to bypass the complex phenomeno-
logical constitutive models, and in addition, material damage was
not considered in our simulations. We consider different phases in
mesoscale simulations: Cement paste (C–S–H), aggregates, ITZ, high-
density phases (portlandite (CH)+clinker), and capillary porosity for
two concrete samples S1 and S2. Different levels of heterogeneities in
this study are summarized below and schematically shown in Fig. 4 to
explore the influence of different levels of heterogeneities on macro and
microscale response:

1. Aggregates, cement paste (C–S–H), air voids — denoted as APV
2. Aggregates, cement paste (C–S–H), air voids, ITZ — denoted as
APVI

3. Aggregates, cement paste (C–S–H), air voids, high-density phase
— denoted as APVH

4. Aggregates, cement paste (C–S–H), air voids, ITZ, high-density
phase — denoted as APVIH

The material properties of the grains are known a priori as the grains
were milled from single crystal quartz blocks. The elastic properties
of single crystal quartz are reported in [32] and the mean value of
the elastic modulus in different directions was used as the elastic
modulus for grains. The stochastic material properties are incorpo-
rated for different phases in the matrix for samples S1 and S2 for
the four heterogeneity levels described above. For the heterogeneity
level APVIH, deterministic material properties were incorporated to
compare the response obtained from stochastic and non-stochastic ma-
terial properties. The evidence from nano-indentation experiments in
literature reveals variance in material properties of individual phases.
The material parameters for different phases used in simulations are
summarized in Table 2. The parameters for cement paste and high-
density phase were selected based on values reported in the literature
with some modifications based on preliminary calibration [8,10,22,41].
The modulus of the ITZ was assumed to be equal to 0.8 times the
modulus of cement paste [11]. The material parameters were calibrated
with experimental results based on macroscale stress–strain response
and microscale stresses in individual grains. Only mean values of the
elastic modulus for different phases reported in Table 2 were considered
for simulations with deterministic material models. For simulations
considering stochastic material models, the elastic modulus was as-
signed randomly to the sample: 50% of each phase was assigned mean
values, 25% was assigned mean plus one standard deviation and the
remaining 25% was assigned mean minus one standard deviation. This
approach of assigning stochastic material properties is rather simplistic
and does not capture the detailed stochasticity in material properties
that exists in the concrete. Incorporating realistic stochasticity requires
additional material characterization, preferably captured by conducting
statistical nanoindentation experiments.

Furthermore, it should be noted that the material parameters se-

lected for the cement paste are different for the two samples because

https://www.synopsys.com/simpleware.html
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Fig. 3. XRCT image to finite element discretization of sample S2. The image of sample S1 is not shown here for brevity. (a) XRCT image. (b) Meshed XRCT image. (c) Zoomed-in
egion of XRCT image. (d) Zoomed-in region of meshed XRCT image.
Fig. 4. Schematic representation of different levels of heterogeneities considered in this study. (a) APV: Aggregate, Cement paste, Voids. (b) APVI: Aggregate, Cement paste, Voids,
TZ. (c) APVH: Aggregate, Cement paste, Voids, High-density phase. (d) APVIH: Aggregate, Cement paste, Voids, ITZ, High-density phase.
f the different water–cement ratios in Sample S1 and Sample S2,
s discussed in Section 2.1. Cho et al. [42] observed that the elastic
modulus of mortar increased significantly as the water–cement ratio
decreased. The increase in elastic modulus of mortar is particularly
high at low water–cement ratios. Another factor that could influence
calibration is the uncertainties in the identified phase fractions of
6

aggregates and mortar. It is possible that certain aggregates, especially
elongated grains, may be assigned to mortar rather than aggregate in
a standard deviation-based thresholding segmentation procedure. We
acknowledge these uncertainties in our work, particularly due to the
challenges in preparing highly repeatable concrete samples at small
scales.

The sample was loaded in a uniaxial compression stress path sim-

ilar to experiments by applying vertical displacement at the top and
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Table 2
Material properties used for different phases in mesoscale simulations for sample S1
and sample S2.
Phase Sample (S1) Sample (S2)

E (GPa) 𝜈 E (GPa) 𝜈

Aggregate 87.2 0.12 87.2 0.12
Cement paste 10 ± 4.7 0.23 20 ± 4.7 0.23
ITZ 8 ± 5.3 0.23 16 ± 5.3 0.23
High density phase 40 ± 5.2 0.24 40 ± 5.2 0.24
Air void 0 0 0 0

restraining vertical displacement at the bottom. The platens were not
directly incorporated in simulations to avoid modeling contact non-
linearity due to the high computational cost. The eccentricities in
loading were observed in experiments due to some misalignment in
platens. These eccentricities were incorporated in simulations by ap-
plying displacement boundary conditions only to the regions of the
sample that were in contact with platens. Furthermore, the influence
of horizontal restraint imposed due to the friction between platens
and sample was indirectly checked by carrying out two simulations on
Sample S1 — the first one by imposing zero horizontal displacements
on the top and bottom regions of the sample to replicate the frictional
boundary, the second one with free to move horizontal displacement
boundary condition on top and bottom regions of the sample to repli-
cate to the lubricated boundary. We did not observe a significant
difference in the two simulations and decided to restrain the top and
bottom regions in horizontal directions in the rest of the simulations.
However, we acknowledge that the frictional and lubricated boundary
can influence failure patterns, but in the present work, we focus on
stress and strain concentrations in the elastic regime, much before the
cracking or damage in the material.

2.6. Representative volume element

The concept of Representative Volume Element (RVE) is essential
in the mechanics of heterogeneous materials for the reliable prediction
of effective material properties. Prior work established the size of the
RVE to be dependent on the property of interest, material contrast,
volume fraction and boundary conditions [43–45]. Here, we focus on
investigating the influence of heterogeneity on RVE sizes in concrete
for samples with different aggregate volume fractions. In addition, we
examine the dependence of RVE size on phase volume fractions and
components of the stress tensor. RVE size is determined based on the
evolution of the variance of a property with the increase in size and can
be described according to the power law expressed in Eq. (1), where 𝑧
is a property of interest, 𝑣 is sampling volume or size, 𝐴 is a material
constant and 𝑏 indicates the rate of reduction in variance with the
increase in sampling size. Prior studies demonstrated that the value of
𝑏 transitions from less than 1 to greater than 1 as sampling volume
increases to transition from statistically heterogeneous to statistically
homogeneous media [46,47]

𝑣𝑎𝑟(𝑧(𝑣)) = 𝐴∕𝑣𝑏 (1)

XRCT images and mesoscale finite element simulations are used
here to predict RVE sizes. The effect of the boundary is eliminated
by considering a cube sufficiently inside the cylinder as a domain
of interest. A sampling size is chosen and non-overlapping cubical
windows of side length equal to the sampling size are tessellated over
the domain of interest as shown in Fig. 5. The variance of a physical
quantity is determined for non-overlapping cubical windows of the
same size. The procedure is repeated for the range of sampling sizes
to obtain a plot of variance and sampling size/volume, also known
as a variogram, as shown in Fig. 5(b). In the present work, variance
7

is transformed into the dimensionless coefficient of variation which is
defined as the ratio of the standard deviation to the mean of a physical
quantity. It is essential to obtain the transition from 𝑏 < 1 to 𝑏 > 1
in variogram to predict the RVE size. It is sufficient to determine the
RVE size from the slope of a variogram for a region with 𝑏 > 1 as
shown in Fig. 5(b). RVE size should be associated with the precision
of a property, in this work, a coefficient of variation equal to 0.1 was
chosen to determine the RVE size.

3. Results and discussion

3.1. Macroscale response

The macroscale response obtained from experiments and mesoscale
simulations is presented here for two concrete samples, S1 and S2,
consisting of aggregate volume fractions equal to 0.195 and 0.253,
respectively. The average stress in the loading direction (𝜎𝑧𝑧) for exper-
iments was obtained by dividing the force measured from the load cell
by the area of the sample. The strain in the loading direction (𝜖𝑧𝑧) for
experiments was obtained by averaging the strains of the correlation
windows obtained by performing DVC on in-situ XRCT images. The
strains in some of the correlation windows were tensile and such values
were ignored for obtaining the average 𝜖𝑧𝑧 due to possible errors caused
by half acquisition XRCT imaging. Small tensile strains in the loading
direction may exist due to the complex microstructure of concrete;
however, such tensile strains may exist, if at all, only locally at a
scale much smaller than the size of the correlation window chosen in
this work (≈100 μm). The validity of this assumption was confirmed
from mesoscale simulations by obtaining 𝜖𝑧𝑧 in sub-volumes with a
size equal to 100 μm. The 𝜖𝑧𝑧 distribution at this length scale did not
indicate the presence of any tensile stains. The 𝜖𝑧𝑧 obtained from DVC is
more representative of the strains experienced by the sample compared
to the strain obtained from single-point measurement devices such as
LVDT, where results are affected by local crushing at the sample-platen
interface. The average stresses in the grain phase were obtained by
averaging the stresses in individual grains measured using 3DXRD.
The components of the stress and strain tensor from the mesoscale
simulations were obtained as the volume-weighted averaged quantities,
as shown in Eqs. (2) and (3). (𝜎̂𝑖𝑗 )𝑛 represents the stress component
t an integration point of a finite element, 𝑣𝑛 represents the volume
f a finite element, 𝜎𝑖𝑗 represents the volume averaged stress and 𝑉
epresents the volume under consideration. The symbols have a similar
eaning in Eq. (3) with the use of strain instead of stress.

𝑖𝑗 =
1
𝑉 ∫𝑉

𝜎̂𝑖𝑗 𝑑𝑣 = 1
𝑉

𝑛𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠
∑

𝑛=1
(𝜎̂𝑖𝑗 )𝑛𝑣𝑛. (2)

𝑖𝑗 =
1
𝑉 ∫𝑉

𝜖𝑖𝑗 𝑑𝑣 = 1
𝑉

𝑛𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠
∑

𝑛=1
(𝜖𝑖𝑗 )𝑛𝑣𝑛. (3)

Fig. 6(a) and (b) show the average stress and average strain in
the loading direction in samples S1 and S2 from experiments and
simulations. Fig. 6(c) and (d) shows the average stress in the grain
phase and average strain in the whole sample in the loading direction
in samples S1 and S2 from experiments and simulations. Sample S2
exhibits yielding, approximately at 0.18% axial strain, which is not
captured by the mesoscale modeling, as the scope of this work was to
investigate stress and strain concentrations in an elastic regime only.
The two important findings that emerge from the results shown in
Fig. 6 are as follows. (i) Qualitatively, the experiments and numerical
simulations show a promising match for both the samples, S1 and
S2. Besides the average stress–strain response, the average stress in
the grain phase also matches reasonably well for experiments and
simulations. (ii) The influence of different levels of heterogeneity in
mesoscale simulations on average stress–strain response and average
stresses in the grain phase is marginal. The influence of different levels
of heterogeneity on the modulus of elasticity is summarized in Table 3.
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Fig. 5. RVE prediction in concrete. (a) Non-overlapping cubical windows of the same size tessellating a region of interest. (b) Variogram to predict RVE size.

Fig. 6. Macroscale response from experiments and mesoscale simulations for samples S1 and S2. (a) Average stress–strain response in loading direction for sample S1. (b) Average
stress–strain response in loading direction for sample S2. (c) Average grain stress-sample strain response in loading direction for sample S1. (d) Average grain stress-sample strain
response in loading direction for sample S2.
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Fig. 7. (a) Contours of von-Mises stress for different levels of heterogeneities in sample S1. (b) Contours of maximum principal stress for different levels of heterogeneities in
ample S1. (c) Contours of maximum principal strain for different levels of heterogeneities in sample S1. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
t
he reference value of the modulus of elasticity (𝐸𝑟𝑒𝑓 ) in Table 3 is the
alue of the modulus of elasticity corresponding to the APVIH level of
eterogeneity. It can be observed that the maximum change in modulus
f elasticity for sample S1 and sample S2 was approximately equal
o 6% and 5%, respectively. Furthermore, the stochastic description
f material properties does not result in an appreciable change in the
odulus of elasticity.
Next, we explore the reason for the minimal influence of hetero-

eneities at the micron scale on the average stress–strain response.
or this purpose, we use Mori–Tanaka’s homogenization scheme to
redict the average modulus of elasticity for different levels of hetero-
eneities considered in this study. Mori–Tanaka’s approximation has
een widely used to predict the homogenized stiffness of composite
aterials [48,49]. For 𝑛+1 distinct phases, Mori–Tanaka’s homogeniza-
ion method estimates the homogenized linear elastic, isotropic stiffness
9

ensor according to

𝐶 =

( 𝑛
∑

𝛼=0
𝑓𝛼𝐶𝛼 ∶ 𝑨𝛼

)

∶

( 𝑛
∑

𝛼=0
𝑓𝛼𝑨𝛼

)−1

, (4)

where 𝑓𝛼 , 𝐶𝛼 and 𝑨𝜶 represent volume fraction, the linear elastic
isotropic stiffness tensor, and the strain concentration tensor of phase 𝛼,
respectively. The details of the Mori–Tanaka approximation are avoided
here for brevity and the reader is referred to the seminal textbooks on
micromechanics for detailed explanations [50,51].

Table 4 shows the predicted modulus of elasticity from Mori–
Tanaka’s approximation for sample S1 and sample S2 for different
levels of heterogeneities. The material properties and volume fraction
of different phases used in Eq. (4) for homogenized stiffness prediction
were the same as what we used in mesoscale simulations. It is interest-

ing to observe that Mori–Tanaka’s approximation predicts the modulus
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Fig. 8. Microscale response — distribution of stresses in grains in loading direction for different levels of heterogeneities in samples S1 and S2. (a), (c), (e): Sample S1 with
macroscopic stress in loading direction equal to −14 MPa, −22 MPa, and −29 MPa, respectively. (b), (d), (f): Sample S2 with macroscopic stress in loading direction equal to −10
MPa, −17 MPa and −23 MPa, respectively.
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Table 3
Modulus of Elasticity for different levels of heterogeneities from mesoscale simulations
Sample/Heterogeneity APVIH APVIH-NS APVI APVH APV

Sample S1: E(GPa) 13.99 14.12 13.10 14.41 13.52
Sample S1: [𝛥E/𝐸𝑟𝑒𝑓 ] ×100 0.00 0.93 −6.36 3.00 −3.36
Sample S2: E(GPa) 26.03 26.27 25.46 27.38 26.69
Sample S2: [𝛥E/𝐸𝑟𝑒𝑓 ] ×100 0.00 0.92 −2.19 5.19 2.54

Table 4
Modulus of Elasticity for different levels of heterogeneities from Mori–Tanaka
approximations.
Sample/Heterogeneity APVIH APVIH-NS APVI APVH APV

Sample S1: E(GPa) 15.44 15.44 13.30 15.81 13.62
Sample S1: [𝛥E/𝐸𝑟𝑒𝑓 ] ×100 0.00 0.00 −13.86 2.40 −11.79
Sample S2: E(GPa) 26.22 26.22 24.62 27.06 25.41
Sample S2: [𝛥E/𝐸𝑟𝑒𝑓 ] ×100 0.00 0.00 −6.10 3.20 −3.09

of elasticity reasonably similar to predictions from mesoscale simula-
tions as observed in Tables 3 and 4. The influence of different levels
of heterogeneities from Mori–Tanaka’s approximation is also negligible
as observed in Table 4. Therefore, from a practical standpoint, one can
conclude that the influence of phases/heterogeneities with small phase
volume fractions compared to other phases is only localized and has
a negligible impact on the average stress–strain response in the elastic
regime.
10
3.2. Microscale response

Qualitatively, the influence of heterogeneity on local stress and
strain response is presented in Fig. 7, which shows contour plots of von-
Mises stress, maximum principal stress, and maximum principal strain
for Sample S1. The same plot for Sample S2 is not presented here for the
sake of brevity. We chose von-Mises stress, maximum principal stress,
and maximum principal strain in Fig. 7 as these quantities or their
ork conjugates are involved, either separately or together, in the onset
f failure in concrete and other similar materials. It can be observed
hat stochastic and non-stochastic descriptions of material properties
enerate diffuse and smooth von-Mises stress and maximum principal
tress distributions, respectively (see APVIH and APVIH-NS in Fig. 7(a)
nd Fig. 7(b)). The presence of a high-density phase influences the con-
centration of von-Mises stress. This is evident in zoomed-in regions in
Fig. 7(a) in which the region marked by yellow circles shows the pres-
ence of stress concentration in heterogeneity levels APVIH, APVIH-NS,
and APVIH; this stress concentration is absent in heterogeneity levels
APV and APVI. The maximum principal stress contours in Fig. 7(b)
also indicate concentration for different levels of heterogeneities. The
maximum principal strain contours in Fig. 7(c) show concentration
for all the levels of heterogeneity. The strain concentration is mostly
concentrated around the aggregates in the matrix region, irrespective
of the heterogeneity level incorporating or not incorporating ITZ

To elucidate the role of heterogeneity on microscale response, we
investigate stresses in individual grains from mesoscale simulations and
experiments employing in-situ 3DXRD measurements. We also probe
the distribution of strains from mesoscale simulations in the individual

phases of the matrix and matrix as a whole to illustrate the dependency
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Fig. 9. Distribution of stresses in loading direction in selected individual grains for different levels of heterogeneities in samples S1 and S2. (a) Grain 1 of sample S1. (b) Grain
of sample S2. (c) Grain 2 of sample S1. (d) Grain 5 of sample S2. (e) Grain 3 of sample S1. (f) Grain 6 of sample S2. Note: Grains were selected randomly and were numbered
nly for convenience.
f local strains on different levels of heterogeneities. The local stresses
n the grain phase and local strains in matrix phases are explored as a
unction of heterogeneity in Sections 3.2.1 and 3.2.2, respectively

3.2.1. Stresses in individual grains
Fig. 8 presents the distribution of stresses in the loading direction

in individual grains in samples, S1 and S2, obtained from experiments
and mesoscale simulations with different levels of heterogeneities.
The stress distributions are obtained for three different macroscopic
stress levels for samples S1 and S2. It can be observed that different
levels of heterogeneities have a negligible influence on the distribution
of stresses in individual grains. This is surprising, but nevertheless,
an important result from the micromechanics perspective. Aggregate
stresses relate to the tractions at the surfaces of aggregates, which
in turn influence the stress state in the ITZ due to the continuity
of tractions and displacements at the aggregate-ITZ interface [12,13].
The comparison of stress distribution in grains from experiments and
simulations is promising. The distribution of stresses broadens with the
increase in macroscopic load, and this broadening is captured in simu-
lations as well. The broadening of stresses in grains with the increase in
macroscopic load can be linked to the increase in standard deviation in
grain stresses. The grains with higher stresses manifest higher tractions
at the surface and are thereby expected to cause large concentration
in the ITZ. A salient feature observed in Figs. 6 and 8 in terms of the
esoscale simulation accuracy is that the microscale quantities such as
he distribution of grain stresses matches well with experiments but not
o the same extent as an average stress–strain response. This difference
n validation based on microscale and macroscale response is important
11

or planning the validation of future mesoscale simulations in concrete
and other materials. Most of the prior mesoscale simulation studies
calibrated material models only based on the macroscopic stress–strain
response, however, calibration based only on macroscale response does
not necessarily guarantee accurate material response at the microscale.
A plausible explanation for the discrepancy in grain stress distributions
between experiments and simulations is the uncertainties in stress
and strain measurements inferred from 3DXRD and DVC, respectively.
Another possible explanation is the presence of damage or plastic
deformation at matrix-grain interfaces, even in the macroscopically
elastic regime, which does not occur in our elastic simulations.

Mesoscale simulations provide access to the variation in stress ten-
sor inside the individual grains. We continue our analysis of grain
stresses by investigating variation in stresses inside a few randomly
selected grains that approximately lie in the central region of the
sample, far from the boundary. Fig. 9 shows the distribution of stresses
in the loading direction for three grains, each from samples S1 and S2,
for a constant macroscopic load. It can be observed that different levels
of heterogeneity result in appreciable differences in stress distribution
inside the grains. For instance, looking at Fig. 9(f), it is clear that
heterogeneity’s ‘APV’ and ‘APVH’ produce different stress distribution
inside the grain compared to the heterogeneity’s ‘APVI’, APVIH and
APVIH — Non Stochastic. Therefore, concentration in grain stresses at
a length scale smaller than the size of the individual grains is influenced
far more by different levels of heterogeneity compared to the grain
stresses at a scale equal to the size of the individual grains.

3.2.2. Strains in matrix phase
The strain concentration in the matrix phase plays a dominant role

in failure initiation and propagation in concrete. The principal strain
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Fig. 10. Principal strain distribution in matrix phase (cement paste, ITZ, high-density phase combined) for different levels of heterogeneities in samples S1 and S2.(a), (c), (e):
ample S1 with macroscopic stress in loading direction equal to −14 MPa, −22 MPa and −29 MPa, respectively. (b), (d), (f): Sample S2 with macroscopic stress in loading direction
qual to −10 MPa, −17 MPa, and −23 MPa, respectively.
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istribution in the matrix phase (cement paste, ITZ, and high-density
hase combined together) is shown for different levels of heterogeneity
n Fig. 10. It can be observed that with the increase in the macroscopic
load, the distribution of strains in the matrix phase widens, much
like the widening of stresses in grains as observed in Fig. 8. In other
ords, the standard deviation of strains in the matrix phase increases
ith the increase in macroscopic load. The influence of different levels
f heterogeneity on the distribution of matrix strains is noticeable
ut may or may not be considered significant. However, by plotting
he distribution of matrix strains in Fig. 10, and not the strains in
ndividual phases in the matrix (high-density phase, ITZ, and cement
aste), the influence of heterogeneity on strain concentration is masked
o a certain extent.
Next, we precisely unveil this masking effect on strain concentration

y analyzing strains in individual phases in the matrix. Fig. 11 shows
he distribution of principal strains in cement paste, ITZ, and high-
ensity phase for samples S1 and S2 for heterogeneity levels APVIH,
PVIH-NS, and APV. The heterogeneities APVIH and APVIH-NS in-
lude all the phases in the matrix considered in this study, therefore
ppropriate for investigating strains in individual phases in the matrix.
he heterogeneity level APV which does not include ITZ and high-
ensity phase is included in Fig. 11 to isolate the strain concentration
ffects in ITZ and high-density phase due to their spatial location from
he strain concentrations due to their material properties. Let us first
onfine our discussion to strain concentrations in heterogeneity levels
PVIH and APVIH-NS, as presented in Fig. 11(a)–(d). It can be observed
hat principal strain distributions in the cement phase, ITZ and high-
ensity phase are significantly different, for both samples S1 and S2.
12

rincipal strains are maximum in ITZ, followed by cement paste and
igh-density phase. In addition, the standard deviation of the strains in
TZ is significantly large than the standard deviation in cement paste
nd high-density phase. The large standard deviation in the ITZ can be
inked to the standard deviation in aggregate stresses because aggregate
tresses are related to the tractions at the aggregate surfaces which
nfluence the stress states in the ITZ. The stochastic properties of ITZ
o not seem to be the cause of the large standard deviation in principal
train distribution, as is evident in Fig. 11(a)–(d).
We now compare the principal strain distribution in different phases

in heterogeneity level APV, shown in Fig. 11(e) and (f), with the
principal strain distributions in heterogeneity level APVIH, shown in
Fig. 11(a)and (b). The APV heterogeneity level does not include ITZ
and the high-density phase; the material properties of cement paste are
assigned to ITZ and the high-density phase regions, but for analysis,
we extract strains in the regions that are ITZ and high-density phase in
XRCT microstructure. It can be observed from Fig. 11(e) and (f) that
the principal strain distribution in the high-density phase and cement
paste is similar for heterogeneity level APV. This is expected as the
high-density phase is not included in simulations for heterogeneity level
APV. However, the principal strain distribution for heterogeneity level
APV, presented in Fig. 11(e)and (f), shows a larger strain variance in
ITZ compared to cement paste and the high-density phase region, even
though the material properties of ITZ were not included in this simula-
tion. This naturally leads us to conclude that the strain concentration
in the ITZ region for APV level heterogeneity occurs due to its location
adjacent to the aggregates. This is a noteworthy observation from the
mesoscale modeling perspective as concentration in a matrix adjacent
to aggregates can be captured even if ITZ is not considered separately
as a continuum element. This result supports the prior mesoscale sim-

ulation studies that considered ITZ as an interface element to predict



Cement and Concrete Research 163 (2023) 107031M.M. Thakur et al.

s
i
b
i
s

3

m

Fig. 11. Principal strain distribution in cement Paste, ITZ and high-density phase in samples S1 and S2. (a), (c), (e): Sample S1 with heterogeneity level APVIH, APVIH — Non
Stochastic and APV, respectively. (b), (d), (f): Sample S2 with heterogeneity level APVIH, APVIH — Non Stochastic and APV, respectively.
w

failure, and not as a continuum element, for numerical convenience.
However, when comparing Fig. 11(a), (b) and Fig. 11(e), (f); it is clear
that the extent of the strain variance in ITZ captured in heterogeneity
level APVIH is far greater compared to the strain variance captured
in heterogeneity level APV. Essentially there are two components of
strain concentration in ITZ: one due to their location being adjacent to
aggregates and the other due to inferior material properties compared
to the other regions in the matrix. Therefore, if ITZ is not included
as a continuum element in mesoscale simulations, the component of
strain concentration in ITZ due to the inferior material properties will
not be captured. The strain variance in the high-density phase due
to its location is negligible as the principal strain distribution for the
high-density phase and cement paste are almost the same for APV
level heterogeneity, as shown in Fig. 11(e) and (f). Therefore, the
train concentration in the high-density phase is due to the contrast
n material properties with the rest of the cement paste and can only
e captured by incorporating the high-density phase as heterogeneity
n a mesoscale model, which is typically missing in most of the prior
tudies.

.3. Representative volume element predictions

The quantitative determination of the Representative Volume Ele-
ent (RVE) is discussed here for concrete samples S1 and S2. Fig. 12

shows the variograms for Sample S1 determined based on normal
stresses transverse to the direction of macroscopic loading, normal
stresses in the direction of macroscopic loading, principal tensile
stresses, von-Mises stresses, and phase volume fractions. Fig. 13 shows
the same variograms but for Sample S2. The RVE size is obtained
corresponding to the value of the coefficient of the variation equal
to 0.1. It can be observed from Fig. 12 that different levels of het-
erogeneity do not have any influence on RVE size determined based
13
on different stress components. Fig. 12 reveals a remarkable result on
RVE size prediction: the size of the RVE is significantly larger when
determined based on principal stresses and normal stresses transverse
to the direction of loading compared to the RVE size determined based
on normal stresses in the direction of loading, von Mises stresses and
phase volume fractions. The RVE sizes based on transverse normal
stresses and principal tensile stresses are approximately 8 𝐷𝑚𝑎𝑥 and
7.5 𝐷𝑚𝑎𝑥, respectively. 𝐷𝑚𝑎𝑥 equal to 125 𝜇, is the largest size of the
grain used in the concrete samples, determined based on the size of the
sieve on which grains were retained. The RVE sizes based on normal
stresses in the loading direction, von-Mises stresses, and phase fractions
are 3.5 𝐷𝑚𝑎𝑥, 3 𝐷𝑚𝑎𝑥, and 2.5 𝐷𝑚𝑎𝑥, respectively. In the case of phase
volume fraction, RVE sizes predicted from grain size are critical as
microstructural features in other phases are significantly smaller in size
compared to the size of grain. The grain phase constrains RVE size to
be at least greater than the size of the largest individual grain. RVE
size equal to 2.5 𝐷𝑚𝑎𝑥 predicted based on the phase volume fraction is
ithin the range of 2.4 𝐷𝑚𝑎𝑥 - 3.7 𝐷𝑚𝑎𝑥 suggested in [52].
We also analyzed data to predict the RVE size for Sample S2, which

has a higher aggregate volume fraction and different material prop-
erties compared to Sample S1. The findings from the RVE prediction
for Sample S1 were also observed in Sample S2. The principle tensile
stresses and normal stresses transverse to the direction of the loading
are the most crucial for RVE prediction among all the variables consid-
ered in this study. It should be noted that the RVE size predictions for
Sample S1 and Sample S2 cannot be generalized for aggregate volume
fractions as the material properties and void volume fractions were
different for the two samples (see Fig. 13).

4. Conclusion

In this work, we studied the levels of heterogeneities that are im-

portant in mesoscale modeling of concrete with a focus on five phases:
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Fig. 12. RVE size prediction in sample S1 based on different quantities. (a) Normal stresses transverse to the direction of loading (𝜎𝑥𝑥). (b) Maximum principal tensile stress
(𝜎𝑝𝑟𝑖𝑛,𝑚𝑎𝑥). (c) Normal stresses transverse to the direction of loading (𝜎𝑦𝑦). (d) von Mises stress (𝜎𝑦𝑦). (e) Normal stresses in the direction of loading (𝜎𝑧𝑧). (f) Phase volume fractions.

Fig. 13. RVE size prediction in sample S2 based on different quantities. (a) Normal stresses transverse to the direction of loading (𝜎𝑥𝑥). (b) Maximum principal tensile stress
(𝜎𝑝𝑟𝑖𝑛,𝑚𝑎𝑥). (c) Normal stresses transverse to the direction of loading (𝜎𝑦𝑦). (d) von Mises stress (𝜎𝑦𝑦). (e) Normal stresses in the direction of loading (𝜎𝑧𝑧). (f) Phase volume fractions.
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aggregates, ITZ, cement paste, high-density phase, and air voids. We
brought together a suite of techniques including mesoscale modeling,
XRCT imaging, and 3DXRD measurements to study the mechanics of
concrete at the macro–micro scale on two samples, S1 and S2. Sample
S2 had a higher aggregate volume fraction compared to sample S1.
Our work leads us to interesting findings, some specific to the role
of heterogeneities in concrete, others with implications for mesoscale
simulation accuracy, and RVE size predictions that can be useful in
general to mesoscale modeling in concrete. The key findings from our
work are summarized below.

1. The average stress–strain response of the whole sample and the
average stress–strain response of the grain phase from mesoscale
modeling were in acceptable agreement with the experiments.
The distribution of stresses in individual grains, which repre-
sents a microscale quantity, compared well between experiments
and simulations but not to the same extent as observed in the
average stress–strain response. This outcome is powerful for
future mesoscale simulations in concrete, suggesting the need to
validate modeling with experiments at both the macroscale and
microscale.

2. The average stress–strain response was marginally affected by
different levels of heterogeneities which consisted of only small
phase volume fractions compared to the aggregate volume frac-
tion and cement paste volume fraction. The average elastic
modulus in the loading direction differed by no more than 6.36%
and 5.19% for different levels of the heterogeneities in Samples
S1 and S2, respectively. A similar observation was concluded
from Mori–Tanaka’s prediction for elastic modulus for different
levels of heterogeneities. Therefore, for the purpose of predicting
average elastic modulus, ignoring heterogeneities corresponding
to phases with small volume fractions may be reasonable if an
error within 10% is acceptable. In such cases, considering con-
crete as two-phase or three-phase material would be appropriate,
as is done in most of the prior work.

3. The distribution of strains in cement paste, ITZ, and high-density
phases differed significantly. The strains in ITZ experienced
maximum concentration and standard deviation. The strain con-
centration in ITZ had two components: one due to the location
of ITZ being adjacent to aggregates and the other due to inferior
material properties of ITZ. Both components were significant,
however, the second component is often ignored in mesoscale
simulations by considering ITZ as an interface element and not
as a continuum element. We suggest considering ITZ as an
interface element might be a reasonable approximation if com-
putational cost is a constraint because a significant amount of
concentration due to the location of ITZ would still be captured.
However, the high-density phase had only one component of
strain concentration, due to its contrast in material properties
with cement paste, and not due to its location. Therefore, the
high-density phase should be considered explicitly in mesoscale
modeling to capture its concentration effect on strains in the
matrix.

4. The grain stresses were influenced to some extent by the pres-
ence of heterogeneity at a scale smaller than the size of the
individual grains. At larger scales, there was a negligible effect
on grain stresses for different levels of heterogeneities

5. RVE sizes predicted based on principal tensile stresses and nor-
mal stresses transverse to the direction of loading were sig-
nificantly larger compared to RVE sizes predicted based on
von-Mises stresses, normal stresses in the direction of loading,
and phase volume fractions. Overall, RVE sizes between 7.5𝐷𝑚𝑎𝑥
and 11𝐷𝑚𝑎𝑥 may be considered appropriate for principal tensile
stresses based on our findings from Samples S1 and S2. RVE size
findings for Sample S1 and Sample S2 should not be generalized
for the effect of aggregate volume fractions as the material
properties were different for the two samples. More work is
needed to predict the RVE sizes as the aggregate volume fraction
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