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Abstract. A three dimensional analysis of a drying test on a concrete-like material is presented. The
analysis combines different tools, namely, X-ray microtomography of an ex situ experiment, image
acquisition and processing, volume correlation to measure three dimensional displacement fields. It
allows in particular mesoscopic strain analyses to be performed. By studying the correlation residuals,
it is also possible to study the damage mechanisms.

1 INTRODUCTION

The invaluable information provided by to-
mography in the field of material science has
been essentially focused on 3D imaging, and
hence, with the help of 3D image analysis tech-
niques, access to the constitutive phases of a
material, their morphology, the statistical char-
acterization of inclusion number, size, shape
has received a lot of attention, and indeed, this
effort has revealed very rewarding [1,2]. A sec-
ond very appealing virtue of tomography in the
industrial context is shape metrology [3]. This
pushed tomography to become even more quan-
titative than what was called for in simple imag-
ing. It is now very tempting to follow the evolu-
tion of a specimen during its mechanical load-
ing, and hence in situ mechanical testing is an
expanding field of investigation [4]. To get ad-

ditional information from these tests, one tech-
nique of predilection to measure 3D displace-
ment fields is Digital Volume Correlation.

To study cement ant concrete at the mi-
croscale, microtomography has been used over
the last two decades. 3D imaging has been
applied to study microstructural features (e.g.,
porosity [5] or aggregate [6, 7] distributions,
aggregate shapes [8], connectivity and tortu-
osity [9, 10]). Various phenomena such as
the alkali-silica reaction [11, 12], microstruc-
tural changes and damage during cement hydra-
tion [13], damage induced by leaching in mor-
tar [14, 15] or sulfate attack [16, 17] have also
been studied. By resorting to in situ [5] or ex
situ [18] mechanical tests it was also possible
to analyze the development of damage in these
materials. However, there are very few studies,
if any, dealing with kinematic measurements
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applied to cement and concrete microstructures.
One of the challenges is related to the very
small levels of strain. The aim of the follow-
ing analyses is to show that displacement fields
can be measured even under these very difficult
circumstances.

Digital Volume Correlation (DVC) allows
3D displacement fields to be measured from
3D images acquired, for instance, with X-ray
Computed Tomography (X-CT) systems. DVC
is a straightforward extension of Digital Image
Correlation (DIC [19]) in three dimensions and
thus the different strategies developed in 2D are
transposed in 3D with comparable weaknesses
or merits [19, 20]. In the same way as DIC is
progressively being used routinely in solid me-
chanics, it is a safe bet to predict a similar de-
velopment in the forthcoming decade as (lab)
tomographs will become more common instru-
ments. Furthermore, it is possible to couple ex-
periments with numerical simulations for, say,
identification and validation purposes thanks to
measured displacement fields in the bulk [21].

In the following, a Galerkin approach to
DVC [22] is used to measure displacement and
evaluate strain fields during a drying test on a
concrete-like cylinder. In Section 2, the studied
material, the experimental configuration and the
imaging system are presented. The correlation
algorithm used herein is briefly recalled in Sec-
tion 3 and its a priori performance is evaluated
by artificially adding noise to a reference vol-
ume. This type of analysis enables for the eval-
uation of measurement uncertainties in terms
of strains. The experimental results are finally
analyzed in Section 4 where displacement and
strain fields, and correlation residuals are con-
sidered. The latter ones are used to assess the
damage mechanism and state of the studied ma-
terial.

2 EXPERIMENT
The cementitious composite considered in

this study is made of 35 vol.% of glass beads
(diameter equal to 2 mm) included in a cement
paste (cement CEM II/B 32,5R; water/cement
ratio equal to 0.5). The scanned sample is

a cylinder (8-mm in diameter, and 20-mm
in height) cored from a larger sample (paral-
lelepiped 40×40×160 mm3 in volume cured in
water at 20 ◦C for 6 months). After coring and
before the initial scan, the sample was preserved
from desiccation. Then the sample was dried
during 23 hours at 60 ◦C and scanned again.
The last step consists of 4 hours at 60 ◦C fol-
lowed by 20 hours at 105 ◦C, and a last scan.

Microtomographic acquisitions were per-
formed on the beam line BM05 of the European
Synchrotron Radiation Facility (ESRF, Greno-
ble, France) using a monochromatic beam with
energy of 30 keV. 900 radiographs were ac-
quired at equally spaced angles between 0 ◦ and
180 ◦ using the FRELON CCD camera. The
resulting 2048 × 2048-pixel radiographs were
used to reconstruct, via the conventional filtered
back-projection algorithm, 3D images having
cubic voxels of volume 5.1× 5.1× 5.1 µm3.

Figure 1: 400 × 400 × 400-voxel volume of interest (8-
bit digitization) of the analyzed sample in its reference
configuration

The analyzed volume of interest (VOI) is
shown in Figure 1 where the 2-mm inclusions
can be observed. The corresponding gray level
histogram is given in Figure 2. The texture is
rather poor as only a small part of the 256 gray
levels is used and one of the challenges will
be to correlate this information to measure dis-
placement fields. This choice was dictated by
the fact that in other parts of the reconstructed
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volume porosities (with very small gray levels)
are more numerous.

(a)

Figure 2: Gray level histogram of the volume shown in
Figure 1

3 DIGITAL VOLUME CORRELATION
In this section, the correlation algorithm is

first presented. Its performance is evaluated by
using an a priori resolution analysis whereby a
reference volume is considered, noise is added
to it to form a new volume, and the strain reso-
lution is evaluated by correlating these two vol-
umes.

3.1 Galerkin approach to DVC
DVC consists in registering the texture of

two volumes, namely a first one f in the refer-
ence configuration, and another one g in the de-
formed configuration. To estimate the unknown
displacement field u(x), the squared difference
ϕ2(x) = [f(x) − g(x + u(x))]2 is integrated
over the volume of interest Ω

Φ2 =

∫
Ω

ϕ2(x) dx (1)

and minimized with respect to the degrees of
freedom ai of the measured displacement field

u(x) =
∑
i

aiNi(x) (2)

where Ni(x) are the components of the chosen
kinematic basis. In the present case, a 3D fi-
nite element kinematics is chosen for the sought

fields, so that Ni correspond to the shape func-
tions, here trilinear polynomials associated with
8-node cube elements (or C8-DVC [22]). This
approach is referred to as global since the dis-
placement field is evaluated over the whole VOI
by globally minimizing Φ2. Other approaches
can be found, namely, as in 2D applications [19,
20], the most commonly used correlation al-
gorithms consist in independent registration of
small zones of interest to determine mean dis-
placement components [19]. The same type of
hypotheses are made in three-dimensional algo-
rithms [23–26]. The latter ones are referred to
as local.

To assess the quality of a correlation result,
the correlation residuals are the only data avail-
able when the measured displacements are un-
known. In the following, the normalized corre-
lation residual is considered

η(x) =
|ϕ(x)|

maxΩ(f)−minΩ(f)
(3)

and its mean value 〈η〉 is computed over the
whole VOI Ω.

One key aspect of correlation analyses is the
choice of the element size. In the present case,
uniform meshes made of C8 elements are con-
sidered. The element size ` refers to the length
of any edge of C8 cubes. The fact that the min-
imization of the correlation residuals is an ill-
posed problem will lead to a compromise be-
tween measurement uncertainties and element
size, as will be exemplified in the following res-
olution analysis.

3.2 Resolution analysis
Before studying the displacement field be-

tween two actual (i.e., reconstructed) volumes,
it is important to evaluate the level of uncer-
tainty attached to both the natural texture of the
image and the algorithm used. To assess the res-
olution, a white Gaussian noise is added to the
reference volume (Figure 1) to form the volume
in the deformed configuration. Standard devia-
tions of 2

√
2 and 6

√
2 gray levels are consid-

ered for the simulated noise. The
√

2 factor
is related to the fact that the noise is only as-
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signed to g, and is therefore representative of
the level associated with the volume difference
f − g, namely, twice the variance of noise asso-
ciated with f or g [20]. The correlation proce-
dure is then run blindly on this pair of volumes.
The mean initial correlation residual (i.e., the
raw picture difference) is equal to 0.88 % of the
dynamic range in the first case, and 2.64 % in
the second case (i.e., three times higher). It is
as expected proportional to the noise level. At
convergence, the level of 〈η〉 is very close for
large element sizes. For 12-voxel elements, and
the first noise level, the mean normalized resid-
ual is equal to 0.86 %, i.e., virtually identical to
the initial value. However, for the second noise
level, the mean normalized residual is equal to
2.15 %, i.e., lower than the initial value. This
reduction is not necessarily a good result be-
cause it indicates that with the present texture,
the correlation algorithm becomes sensitive to
noise for small element sizes.

The mean strains per element are computed
from the mean displacement gradient. It was
checked that the mean values were less than
the corresponding standard deviations. Only
the latter ones are reported hereafter. Figure 3
shows the change of the standard strain resolu-
tion σε as a function of the element size `. It can
be shown [20, 27] that σε varies with ` as

σε ≈ B5/2`−5/2 (4)

where B is a constant of the order of 1 voxel
(in the present case B = 0.9 voxel for a stan-
dard deviation of 2

√
2 gray levels, and B =

1.4 voxel for a standard deviation of 6
√

2 gray
levels), which depends upon the analyzed tex-
ture and the interpolation functions used in the
DVC analysis [28]. The power −5/2 describes
accurately the variation of the strain resolu-
tion with the element size for small element
sizes. For large element sizes, it departs from
the previous interpolation because the resolu-
tion associated with nodes belonging to the ex-
ternal boundary of the VOI have higher resolu-
tions [20].

Figure 3 also shows the strain resolution is
on average 2.9 times higher for the second noise

level as compared to the first one (i.e., with a
standard deviation three times lower than the
former).
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Figure 3: Standard strain resolution σε as a function of
the element size ` when only inner nodes are considered.
The circles correspond to a white noise with a standard
deviation of 2

√
2 gray levels, and the squares to a stan-

dard deviation of 6
√
2 gray levels. The dashed lines cor-

respond to the power law described by Equation (4)

4 ANALYSIS OF THE RESULTS
4.1 Correlation residuals

The correlation residuals are used to make
sure that the registration was successful [22,30,
31]. Figure 4 shows three 3D renderings of
correlation residuals when the first step is ana-
lyzed. The first residual corresponds to the ini-
tial volume difference when no corrections are
made (Figure 4(a)). An element size of 50 vox-
els has been used. There is a clear mismatch
between the two analyzed states, and the mi-
crostructure is clearly visible. The correspond-
ing value of 〈η〉 is equal to 6.0 %. When an ini-
tial correction estimated as a rigid body transla-
tion is performed, it leads to the second resid-
ual that shows the effect of this first correction
(Figure 4(b)). However, there are still zones in
which the residuals are high and microstructural
features are still observable. The value of 〈η〉
decreases to 4.3 %.

Last, the third map shows the residuals at
convergence (Figure 4(c)). Except for cracked
areas, the residuals are low everywhere else.
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(a)

(b)

(c)

Figure 4: Initial (a), with rigid body translation correc-
tion (b), and at convergence (c) gray level residuals |f−g|
when the volume g of the first load level is registered with
the reference volume f (` = 50 voxels)

This result is due to the fact that the chosen
kinematics does not allow for displacement dis-
continuities. Therefore, the correlation residu-
als enable the discontinuity zones to be located.
For these last residuals, it is impossible to locate
inclusions and matrix. This is a final evidence
that the registration is trustworthy.

This result is confirmed when the shape and
range of the histogram of correlation residuals
|ϕ| at convergence (Figure 5) are compared with
those of the initial texture (Figure 2). The latter
is monomodal and is essentially concentrated
around small gray levels as opposed to the for-
mer that essentially ranges from 150 to 255 gray
levels. A first part of the residual distribution is
due to noise associated with the acquisition and
reconstruction steps of computed tomography,
and the second part to the presence of cracks.

Figure 5: Gray level histogram of the residuals |f − g|
at convergence (Figure 4(c)) to be compared with that
shown in Figure 2 when 50-voxel elements are consid-
ered

When the element size changes, so does the
kinematic basis and the mean correlation resid-
ual at convergence. The latter is equal to 3.2 %
for 12-voxel elements, 3.3 % for 25-voxel ele-
ments, 3.4 % for 50-voxel elements, and 3.5 %
for 100-voxel elements. As the number of kine-
matic degrees of freedom decreases (i.e., the el-
ement size increases), the correlation residuals
are expected to degrade. The fact that the degra-
dation remains small is an indication that the
correlation was globally successful, irrespective
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of the discretization. These results were ob-
tained for the first step. The same trends are
observed for the second step, but with slightly
higher levels, thereby indicating that the crack-
ing activity has increased. The mean correla-
tion residuals at convergence is equal to 3.3 %
for 12-voxel elements, 3.5 % for 25-voxel ele-
ments, 3.6 % for 50-voxel elements, and 3.8 %
for 100-voxel elements.

The standard deviation of the volume differ-
ence f − g̃, where g̃ denotes the volume in the
deformed configuration corrected by the mea-
sured displacement for the first step, is equal
to 10.5 gray levels for 12-voxel elements, 11.0
gray levels for 25-voxel elements, 11.5 gray lev-
els for 50-voxel elements, and 12.1 gray levels
for 100-voxel elements. The same trend as be-
fore is observed. Had cracks not appeared, it
would correspond to a noise level on the order
of 7.4-8.6 gray levels (i.e., not that far from the
second noise level considered in the resolution
analysis (i.e., 6 gray levels, see Section 3.2). For
the second step, the same trends are observed
with standard deviations ranging from 10.7 to
13.5 gray level when the element size varies
from 12 voxels to 100 voxels.

4.2 Damage mechanisms
The analysis of the correlation residuals en-

abled us to deem the correlation results glob-
ally trustworthy. Various causes can lead to
higher correlation residuals, which call for at-
tention. First, the whole registration may not
be satisfactory. This is not the case as proven
by Figures 4(c) and 5. Second, the gray level
conservation may not be satisfied, possibly due
to the reconstruction stage. However, Fig-
ures 4(c) and 5 do not indicate significant bi-
ases. Third, the kinematic hypotheses during
correlation may no longer be fulfilled. For in-
stance, when analyzing cracks, a C8 kinematic
basis does not allow for displacement disconti-
nuities. One solution is then to enrich the kine-
matic basis [32] as in the extended finite ele-
ment method [33,34]. The correlation residuals
are then used to determine the 0-contour level
set associated with crack surface [21]. This

procedure will not be used herein. The analy-
sis will be restricted to the correlation residu-
als and their change with time when C8-DVC is
utilized.

To proceed, the first issue to solve is the el-
ement size to choose for the analysis of crack-
ing. Figure 6 shows transverse cuts of the vol-
ume in the deformed configuration corrected by
the measured displacement, g̃, for different dis-
cretizations. The underlying discretization is
distinguishable in the maps in the vicinity of
cracks. For 12-voxel elements, the kinematics
and therefore the microstructural description is
the finest so that the cracks are likely to be bet-
ter captured (and closed since the displacement
is better described). As the element size in-
creases, the cracks become easier to pinpoint,
however the spatial resolution of the kinematic
description becomes poorer. In the sequel four
different discretizations will be studied.

Figure 7 shows transverse cuts of the corre-
lation residual at the same height (i.e., 3/4 of
the total height) for the two steps. The corre-
sponding gray level map is also shown. When
compared to the latter, the former proves once
again that the registration was generally suc-
cessful except at locations where cracks appear.
Most of the cracks are present at the first step.
Since the residual levels increase from the first
step to the second, it can be assumed that the
crack openings follow the same trend (i.e., the
residual level increases in some areas between
step one and two), that new cracks have initi-
ated and others have propagated.

Apart from the cracked zones, the underly-
ing microstructure is no longer visible in the
correlation residual maps corresponding to the
two steps. This is another confirmation that the
correlation was successful. It is also true for ar-
eas close to the cracks for which the kinemat-
ics is satisfactory. This result shows that the
crack openings remain small and that the proce-
dure proposed to analyze cracked samples with
a continuous kinematics is feasible. The same
type of procedure was applied to a propellant
and led to the same conclusion [35].
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(a) ` = 100 voxels (b) ` = 50 voxels

(c) ` = 25 voxels (d) ` = 12 voxels

Figure 6: Cuts of the volume in the deformed configuration corrected by the measured displacement g̃ for different
element sizes for correlation analyses of the first step

(a) reference (b) step no. 1 (c) step no. 2

Figure 7: Correlation residuals for the two steps (b-c) and corresponding cut of the reference volume (a) when z =
300 voxels. A C8-DVC analysis was run (` = 50 voxels)

When analyzing Figures 6 and 7, it is
concluded that two different mechanisms are
active, namely, matrix cracking and inclu-

sion/matrix interfacial debonding. The former
mechanism is less important in terms of surface
fraction than the latter. When observing the 3D
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rendering of the reference configuration (Fig-
ure 1), no cracks are visible. It can therefore be
assumed that they were created during the two
analyzed steps. Furthermore, most of the cracks
were generated during the first step. Last, the
cracking pattern can become very complex, and
only the analysis of Figure 6 allows the two
mechanisms to be clearly distinguished since
the microstructure is also visible.

In DVC analyses, the first output is generally
thought to be the measured displacement fields.
They will be analyzed in the sequel. However,
the correlation residuals were analyzed first.
The reason for that is on the one hand to check

whether the registration was successful for both
steps. A positive answer could be given. On
the other hand, the small areas where the resid-
uals are high allowed us to study the damage
mechanisms and their development during the
two steps. This was made possible thanks to
voxel-based residuals, which are allowing for a
voxel-scale description of the cracks.

4.3 Kinematic data
4.3.1 Displacement field

The displacement field is shown for the first
step.

(a) ` = 100 voxels (b) ` = 50 voxels

(c) ` = 25 voxels (d) ` = 12 voxels (e) Reference

Figure 8: Displacement (expressed in voxels, 1 voxel↔ 5.1 µm) maps in the x-direction for different element sizes of
correlation analyses of the first step. Corresponding cut of the reference volume (e) when z = 300 voxels

Figure 8 shows displacement maps along the
x-direction for different element sizes. When
the discretization is coarse, the displacements
are not well-described, as expected from higher

correlation residuals. This is true for the two
drying steps. When compared to the underly-
ing microstructure (Figure 8(e)), only the two
finer discretizations are able to capture the com-
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plex kinematics associated with the material mi-
crostructure and damage mechanisms.

In the following, strain data will be com-
mented. It is worth remembering that different
gauge lengths can be used to determine strains.
Only one scale is considered, namely, for each
C8 element (i.e., mesoscopic scale), average
values are computed.

4.3.2 Mesoscopic strains

The mesoscopic strains are computed from
the mean displacement gradient per element.
To analyze cracking, the mesoscopic maximum
eigen strains are chosen. They are considered
in the sequel when their value is positive (i.e.,
indicating that cracking occurred) and greater
than a threshold strain εth, which is chosen to be
three times the standard strain resolution (with
a white Gaussian noise of standard deviation
equal to 6

√
2 gray levels) so that most measure-

ment uncertainties are avoided. Figure 9 shows
the change of the mean value and its fluctua-
tions (i.e., error bars corresponding to the stan-
dard deviation). As the element size decreases,
there is significant increase of both values. This
result is again a proof that a fine discretization
is needed in the present case, even though the

Figure 9: Average maximum principal strain for the two
analyzed steps. The error bars indicate the standard devi-
ation. Different discretizations are considered. The strain
threshold εth is defined as three times the standard strain
resolution given by the resolution analysis (with a white
noise of standard deviation equal to 6

√
2 gray levels)

strain resolution is higher. Since the level of
εth is significantly smaller than the fluctuations
of the considered strains, for any chosen dis-
cretization. Most of the fluctuations are not
due to measurement uncertainties but to crack-
ing openings.

5 CONCLUSIONS
The development of relevant damage models

is essential to understand and predict the me-
chanical behavior of concrete under drying and
leaching [36]. To achieve this goal, microme-
chanical models can enlighten the complex in-
teraction between cement paste and aggregates
that produce microcracking [37], but the vali-
dation requires accurate measurements of the
local (i.e., micrometer scale) behavior. X-ray
micro-tomography combined with Digital Vol-
ume Correlation (DVC) is a promising method
that has been applied here on a sub sample of
a simplified cementitious material in which the
volume fraction of inclusions is high (i.e., of the
order of 35 %).

DVC is a powerful tool to analyze ex situ
and in situ experiments in a tomograph (here
the beamline was that of a third generation syn-
chrotron). It yields 3D displacement fields in
the bulk of the studied material. The strain res-
olution is sufficiently low to perform analyses
of the studied material. Furthermore, the cor-
relation residuals, which are usually utilized to
assess the quality of the registration, were also
used to analyze the damage mechanism seen as
the main cause for non conservation of the gray
levels since the kinematic basis was not consis-
tent with the true one.

It was shown that debonding of the ma-
trix/inclusion interfaces and matrix cracking are
the two main damage mechanisms. These re-
sults correspond to a first step that showed the
feasibility of DVC to analyze damage in cemen-
titious composites. Next steps will be to analyze
the full samples [36] and consider more realis-
tic mortar compositions [38]. In terms of mea-
surement procedures, two different paths may
be followed to enrich the measured quantities.
First, unstructured meshes may be used as was
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proposed in 3D analyses of a propellant [39]. In
the present case, the mesh topology should then
be chosen in such a way that the interfaces be-
tween elements coincide with those between the
inclusions and the matrix. One should remain
cautious since small elements would then lead
to higher measurement uncertainties as shown
herein (Figure 3). A mechanical regulariza-
tion may then allow to lower the displacement
uncertainty [27]. Second, a voxel-scale dis-
cretization may also be considered. This ap-
proach always requires a mechanical regulariza-
tion [27]. The main advantage though is that
the discretization becomes the simplest to con-
sider and the gray level may then be used, as
shown herein, to regularize the volume registra-
tion. Both approaches will be assessed in the
future.
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