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Fracture of three different concretes under uniaxial compression was investigated. The three different
materials were normal concrete, high strength concrete and foamed cement, with uniaxial strength vary-
ing between 8 and 92 MPa. The prismatic specimens were loaded between two different types of loading
platens, providing maximum boundary restraint (rigid steel platens) or almost zero boundary restraint
(Teflon (PTFE) sandwich inserts). Fracture propagation was measured using 3D-digital image correlation
where emphasis was placed on measuring crack development just before and at peak stress. The stress at
first cracking is dependent on the resolution of the digital image correlation technique, and as such not
very well defined. The frictional restraint of the loading platens is recognized in the failure modes, in par-
ticular in the direction and structure of the main cracks. Also, the results for normal and high strength
concrete underscore previous results: high friction results in a higher uniaxial compressive strength. This
finding was not confirmed for foamed cement, where both loading systems gave approximately the same
compressive strength. Likely the Teflon inserts do not function properly on the highly porous surfaces of
the foamed cement specimens. The direction of the main cracks at peak is defined before the softening
regime is entered: cracks have a vertical orientation when loading is applied through Teflon inserts,
whereas ‘en-echelon’ tensile cracks forming inclined shear bands are observed for rigid loading platens.
The results from 3D-digital image correlation were confirmed by results from vacuum impregnation with
fluorescent epoxy after test termination. Although digital image correlation is capable of showing cracks
at relatively early stages of loading, the vacuum impregnation technique shows all the fine detail and
crack branches, but this can, unfortunately, only be done once for each specimen. Therefore, combining
the two different techniques is more appropriate.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Compressive fracture of concrete remains an elusive phenome-
non. One of the main problems in studying fracture is that when
crack size approaches that of the specimen (or structure), bound-
ary effects, influences of specimen size and the fracture properties
become closely interdependent and are difficult if not impossible
to separate. This problem has not been resolved to date, in partic-
ular not for fracture of cohesive frictional materials like concrete,
where fracture is not characterized by the nucleation and growth
of a single macroscopic crack, but where in some stages of the frac-
ture process a multitude of small short microcracks appear. The
fracture process in compression can be divided into four different
stages [1,2] as follows: (O) linear elastic stage, (A) microcracking,
(B) macrocrack growth and (C) bridging and frictional restraint.
Stages (O) and (A) are associated with the rising branch of the
ll rights reserved.
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stress–strain curve leading to maximum stress; stages (B) and (C)
are related to the degradation of the specimen in the post-peak
softening regime. In stage (O) it is assumed that no damage occurs
and the material behaves linear-elastic. This is an assumption be-
cause due to the manufacturing process of concrete early damage
is almost unavoidable, and a truly linear regime will not exist.
When external load increases local (tensile) stress concentrations
cause the development of small microcracks that can still be ar-
rested by stiffer and strong elements in the heterogeneous material
structure. However, upon increasing external load, at some mo-
ment the material structure cannot arrest further crack propaga-
tion and localization of damage in a single (few) large crack(s)
occur(s). We enter stage (B) of the aforementioned fracture pro-
cess. The carrying capacity of the specimen (or rather structure)
is decaying rapidly, and some residual carrying capacity remains
due to bridging and frictional interlock in the macrocracks (stage
(C)). Macrocrack propagation (stage (B)) is affected by boundary
conditions and specimen size and shape, and must thus be seen
as a structural property. Bridging (stage (C)) is affected by material
composition. For example the size of the largest aggregates as well
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as the strength and stiffness contrast of the aggregate and matrix
define the width of the localized shear-band in compression, and
thus the residual stress in the softening regime. All these matters
have been presented in detail in the aforementioned papers, and
will not be further debated here. The intention of the present paper
is to further investigate the damage patterns in different types of
concrete subjected to uniaxial compression. Of particular interest
is the transition from the microcrack stage (A) to the macrocrack
stage (B), which happens around peak stress. Identifying the condi-
tions under which the localized macrocrack(s) nucleate and grow
is of great importance for engineering new concretes with im-
proved fracture behaviour and for predicting the failure strength
of concrete structures.

Modeling the fracture process is possible using micromechan-
ics, starting from the particle level of concrete (see for example
[3–12]). From these microscopic models, all the four aforemen-
tioned stages in the fracture process follow directly. The models
are usually based on a limited number of well understood and
physically-based parameters. Although these models are computa-
tionally expensive, they do not suffer from the problem encoun-
tered in cohesive fracture models in the spirit of the Fictitious
Crack Model [13], and the extension to compressive fracture,
[14]. In such models the post-peak regime, i.e. the softening curve
is assumed to be a material property in-spite of the un-deniable
strong boundary and size effects. In principle testing infinitely
large specimens would be required to extract the parameters
needed in cohesive crack models, but this runs rapidly into practi-
cal problems. Testing 2-(m) large plain-concrete specimens is al-
ready a major effort in the best-equipped laboratories in the
world [15].

In the present investigation three different concretes of varying
quality (defined according their uniaxial compressive strength)
and two different boundary conditions were tested. Prismatic spec-
imens were subjected to uniaxial compression between either rigid
steel loading platen (the usual standard loading condition in com-
pression tests) or between Teflon (PTFE) friction-reducing pads (as
defined by RILEM TC 148 [16]). Thus, the two boundary conditions
are ‘high frictional restraint’ and ‘low frictional restraint’, which is
known to have a significant effect on the failure mode and fracture
strength in compression [17]. The three concretes tested were a
normal-strength concrete (35–40 MPa), a low-strength foamed ce-
ment (8–10 MPa) and a high strength fibre-reinforced concrete
(90–95 MPa), which span a large range in behaviour from brittle
to quasi-brittle to quasi-ductile. The development of cracks was
followed in real time using a 3D-digital image correlation tool
(VIC-3D), which allowed monitoring simultaneously two side sur-
faces of a prism under load. At the end of each test the specimens
were subjected to vacuum impregnation, a well-proven method
that allows for quite detailed crack detection in the samples. Since
this is a destructive method, it can only be used for comparison
with the VIC-3D analysis at the end of each experiment.

The paper has been organized as follows. After a brief summary
of the used materials and specimen manufacturing methods, the
digital image correlation method is explained in some detail. Next
the results are presented, in particular the fracture patterns from
the VIC-3D measurements in relation to the measured load–dis-
placement curves. The crack patterns from VIC-3D are compared
to those from vacuum impregnation in the last load-step. Finally
the results are discussed and compared to results from others
and conclusions are drawn.
2. Materials and specimens

Uniaxial compression tests were carried out on prisms with a
height/diameter ratio of 2. The specimens were cast horizontally
in steel moulds of size 280 � 70 � 70 mm3. After 24 h the spec-
imens were de-moulded and for the next 34 days cured in a cli-
mate room (T = 20 �C and RH = 95%). The specimens were cut
and ground after 7 days to the required slenderness of 2. Three
sides of each specimen were ground, namely the two surfaces
that were viewed with the VIC-3D system, and the casting sur-
face. In order to avoid problems with the VIC-3D system larger
pores at the viewed surface were filled with a liquid cement
suspension. The effect of filling these larger pores can be seen
from Fig. 1. After filling the pores, the viewed surfaces were
coated with a white paint and sprayed with black aerosol to
produce the required surface condition for the digital image
correlation.

Three different concretes were tested. Characterized by their
compressive strength they covered the entire spectrum from high
to very low strength. The expected fracture behaviour was from
brittle to quasi-brittle to quasi-ductile. Table 1 shows the three
concrete compositions. The foamed cement was produced follow-
ing the procedure outlined in Meyer et al. [18]. The high strength
concrete contained some PVA fibres (Kuraray; 12 mm long,
0.2 mm diameter) and air-entrapping agent to prevent extreme
brittle (explosive) failure behaviour and possible damage to the
cameras of the VIC-3D system. The maximum aggregate size in
the high strength concrete was 4-mm. Normal-strength concrete
contained 16-mm river gravel. The ratio D/dmax was therefore
70/16, which meets minimum demands for having specimens
with a representative volume. Some fresh and hardened concrete
properties are listed in Table 2. The compression strength is the
average of three tests on prisms (H/D = 2) between rigid steel
loading platens.
3. Test method and measurement methods

3.1. Loading conditions

The uniaxial compression tests were performed in a Wal-
ter + Bai servo-hydraulic testing machine with a capacity of
4000 kN. The loading was applied in force control and the loading
rate varied between the three different concretes to ensure that
the time to peak-load was the same for each mixture. A load-cell
with a measurement range up to 1000 kN was used. For each con-
crete, three specimens were loaded between rigid steel platens
and three specimens were loaded using the friction-reducing Tef-
lon (PTFE) sandwich inserts proposed by RILEM TC 148SSC [16].
For the rigid steel loading platen a 10 mm thick steel platen with
exactly the dimensions of the concrete prisms was inserted be-
tween the specimen and the machine loading platens. The Teflon
sandwich consists of 2 Teflon sheet of 0.10 mm thickness with a
0.05 mm thick grease film in between. The total sandwich was
thus 0.25 mm.

Fig. 2 shows the applied loading history for each specimen. It
was attempted to increase the force in every cycle without reach-
ing the maximum load the specimen could sustain, except in the
last cycle. The last cycle was stopped as soon as a decline in load
of 5 kN was measured. At that moment it was assumed that the
peak of the stress–strain curve was reached, and that upon further
loading the softening regime would be reached.

The whole surface of two sides of each prism was recorded with
the two cameras of the digital image correlation system during the
1st and 4th cycle. The image size was 150 � 150 mm, thus covering
the complete specimen length of 140 mm. During the 2nd and 3rd
cycles, the upper and lower parts of the two surfaces were re-
corded separately with an image size of 90 � 90 mm in an attempt
to improve the resolution in (pixel/mm).



Fig. 1. Same concrete surface without (left) and with (right) filled air voids.

Table 1
Concrete mixture compositions.

Componenta Normal concrete High strength concrete Foamed cement

Cement type CEM I 42.5 N CEM I 42.5 N CEM I 52.5 R
Cement 344 995 716
Water 155 263 272
0–4 mm sand 953 704 –
4–8 mm aggregate 395 – –
8–16 mm aggregate 558 – –
Fly-ash – 157 –
Micro-silica – 44 –
Plasticizer (Glenium ACE 30) – 26 –
Air-entraining agent – 10 –
PVA fibres – 26 –
Protein foam – – 40

a All quantities in kg/m3.

Table 2
Fresh and hardened concrete properties.

Component Normal concrete High strength concrete Foamed cement

Slump flow (cm) 42 96 –
Small slump flow (cm) – – 15.5
Density (kg/m3) 2362 2278 1013
fc (MPa) 92.1 37.0 8.5

Fig. 2. Loading history for the tested specimens.
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3.2. 3D-digital image correlation

The digital image correlation system used was the VIC-3D sys-
tem provided by LIMESS. 3D-digital image correlation is based on
both digital image correlation [19,20] and stereovision, and was
developed at the end of last century (see [21–24]). The correlation
scores are computed by measuring the similarity of a fixed sub-set
window in the first image (reference image on the unloaded spec-
imen) to the shifting sub-set window in the second image (of the
loaded specimen). A summary of the algorithm can be found in
[25].

The main components of the system used are the two CCD
cameras with a resolution of 2048 � 2048 pixels. The cameras
are fixed on a traverse in vertical position as indicated in
Fig. 3. The cameras can be equipped with lenses of varying focal
length, and it is possible using the same system to record the dis-
placements of surfaces of a few millimeters to several meters.



Fig. 3. Setup of the VIC-3D camera in front of the loading rig. The orientation of the specimen allowed viewing two surfaces of a prism simultaneously. The two cameras were
placed vertically, as shown.
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The actual dimensions of the images depend on the used lens
and the distance between the lens and the recorded surface.
The angle between the two cameras must be greater than 30�;
otherwise the out-of-plane displacement is calculated with a
rather poor accuracy. Calibration of the system is essential in or-
der to determine the best possible position of the two cameras,
whereas the quality of the calibration also determines the accu-
racy of the digital image correlation.

As mentioned, for calculating the displacements with digital
image correlation a reference image (at zero-load) and an image
after deformation must be recorded. Before the software VIC-3D
calculates the displacements between these two images an Area
Of Interest (AOI) has to be set on the reference image (see Fig. 4).
Three parameters affect the displacement and strain calculation,
namely the sub-set size, the grid step-size and the strain window
Fig. 4. Location of two Area’s Of Interest (AOI) on the recorded image of the
specimen.
size (also called the neighboring matched points). The effects of
varying these parameters on the displacement and strain calcula-
tion are explained in Robert et al. [25].

It should be mentioned, that the image noise cannot be elimi-
nated completely. The magnitude in (mm) for displacement (or
in (%) for strain) of the image noise depends on the resolution in
(pixel/mm) for the same parameter setting. Therefore, the image
noise has a constant value in (pixel) for constant parameter set-
tings while varying the resolution.

In summary of Robert et al. [25], the measuring accuracy im-
proves with increasing values of the three parameters. The image
noise decreases when these parameters increase. When uniform
displacements are measured, the parameter sizes have no influ-
ence on the mean values of the displacements and the strains over
the AOI. However, the situation changes when a material like con-
crete is considered. The displacement fields become very irregular,
especially during crack propagation. In order to detect the irregu-
larities, the parameters should be set as small as possible. Small
strain concentrations might indicate where cracks nucleate and
grow. The obvious problem is the increasing image noise, which
may be circumvented by decreasing the size of the image section.
This of course has the disadvantage that not the fracturing of the
entire specimen can be observed in a single image. If the ratio in
(pixel/mm) is increasing when the image section is scaled down,
and the image noise is independent of the magnification, then
the image noise in (mm) becomes smaller (assuming that the val-
ues of the three parameters are identical during the calibration of
the displacements and strains in both cases).

To verify the above an image section of size 240 � 240 mm from
a surface of a concrete prism was recorded during a compression
test. The test was terminated after reaching a load of 600 kN, which
is about 93% of the maximum stress for this particular specimen.
After un-loading, the specimen was loaded again till 600 kN but
the image section was reduced to 120 � 120 mm. In Fig. 5 the prin-
cipal strains are compared. The background color relates to the va-
lue of the image noise, which has the same value in (pixel) for both



Fig. 5. Comparison of the crack pattern on the surface of a concrete prism loaded to 600 kN using an image size of 240 � 240 mm (left) and 120 � 120 mm (right). Note that
the higher resolution image was made after un-loading and re-loading the specimen for a second time to the original loading of 600 kN.

Fig. 6. Stress–strain curve, measured during the 4th cycle.
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image sizes. The correlation parameters were the same for both
calculations. In the large image the shapes of the cracks are not
very well reproduced (i.e. are hard to distinguish from the image
noise) and the crack widths are over-estimated. With reduced im-
age-section-size cracks are more clearly visible, at smaller crack
widths and the crack shape seems better preserved. The dimension
of the image section has thus an influence on the stress-level
where first cracking is detected and cracks can be separated from
the image noise.

A number of other factors have influence on the accuracy of the
displacement measurement. When the light conditions are chan-
ged during recording, the correlation function calculates the wrong
displacements because the shifting sub-set windows cannot be de-
tected correctly. Vibrations and movements of the system during
recordings also results in erroneous displacement values. The cor-
relation function malfunctions in regions where the surface has
rough edges. Therefore in the present experiments the AOI was
kept away from the specimen edges, i.e. was not located at the
intersection of the specimen and the background (see Fig. 4).

There are also some advantages of working with a full 3D sys-
tem. In comparison to working with two-dimensional correlation
software, with 3D DIC the surfaces of the specimen do not have
to be planar, and the cameras need not to be positioned perpendic-
ular to the observed surface(s). More than one surface of a speci-
men can be recorded at the same time. With a 3D-system every
movement in 3D-space can be measured and the out-of-plane
deformation of a surface does not lead to errors in the calculation.

4. Results

In this section the results from the experiments are summa-
rized. After a brief overview of the stress–strain curves of the three
different concretes and the determination of the stress-level at first
cracking, difference in fracture behaviour between the three differ-
ent concretes as seen with the 3D-digital image correlation are
presented. The specimens were subjected to vacuum impregnation
after the last loading cycle, and the crack patterns from the impreg-
nated samples are compared to the digital image correlation
results.

4.1. Stress–strain curves

In the first and fourth loading cycle (see Fig. 2), the stress–strain
curves of the tested concretes could be determined because the
surface strains from two sides of a prism were measured with
the digital image correlation system with an image size of
150 � 150 mm. To calculate the axial and lateral strain, a release
window was chosen in the middle of the prism with a height of
70 mm. The average axial and lateral strains were calculated over
the area of the release window. A typical stress–strain curve for
foamed cement is shown in Fig. 6. The ascending branch of the ax-
ial strain is linear up to a level of about 30% of peak stress. Initially
the lateral strains are of the same order of magnitude as the image
noise, and the lateral strain curve is not quite smooth. This effect is
reinforced when the volumetric strain is plotted (evol = eaxial + 2�elat-

eral). Obviously the Poisson’s ratio, the Young’s modulus and the
specimen’s volume change can be derived directly from the digital
correlation data.

In Fig. 7 the stress–strain curves from the first loading cycle are
shown for all concretes tested. All test results lie between the two
curves shown for each concrete type. The initial modulus for nor-
mal concrete and for high strength concrete lies within the same
range. The modulus for foamed cement is clearly much lower
(see also Fig. 8a). The strength differences are obvious, where it
should be recalled that in the first cycle specimens were not loaded
to peak stress. In the experiments it was found that the differences



Fig. 7. Enveloping curves of the axial strain for all mixtures.

Fig. 8. (a) Young’s modulus for the three mixtures: results from tests between rigid
steel platens and Teflon platens are shown separately. (b) Effect of loading platen on
the uniaxial compression strength for three different concretes tested.
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in this initial part of the ascending part of the stress–strain curves
was not different when either rigid steel loading platens or Teflon
friction-reducing pads were used.

In Fig. 8 the measured Young’s modulus in the first loading cycle
and the maximum compressive strength for the three concretes,
loaded between rigid steel platens and Teflon inserts are gathered.
The Young’s modulus of the high strength concrete is lower than
that for the normal concrete because it contains no rough aggre-
gates. Foamed cement has a much lower Young’s modulus than
the two other concretes, which is caused by the large air content
and the aggregate content of the normal concrete is higher. Differ-
ences between loading system on Young’s modulus are small and
negligible. Note that the scatter band for the Teflon inserts is rela-
tively large, especially for the normal concrete and the high
strength concrete. The uniaxial compressive strength is clearly
more affected by the boundary restraint exerted by the loading
platens, and confirms experiments by others. Surprising is that
for foamed cement the differences between rigid steel platens
and Teflon inserts decreases substantially, and it can be concluded
that the loading platen friction has no influence on the strength of
foamed cement.
4.2. Stress at first cracking

In Table 3 are listed the mean value and the standard devia-
tion of the stress (as percentage of the peak stress) at first crack
observation for the four load cycles. No distinction is made be-
tween concretes, or between loading condition (low and high fric-
tional restraint) because the observed differences were very
small. The stress-levels are normalized to the peak stress for
every specimen to allow for comparison of results. Beginning at
the 1st load-cycle, the first crack is observed at an average stress
of 71% with a standard deviation of 8%. The stress-level drops to
44% in the second load-cycle. This is not only caused by increas-
ing damage in the specimen, which would decrease the stress at
which crack propagation continues, but also because the recorded
image section is reduced (see Section 3.1). The reduction of the
image size increases the resolution in (pixel/mm) and also the
measurement accuracy. Between the 2nd and 3rd cycle the re-
sults can be compared directly since the image size has not been
changed. Between the 3rd and 4th cycle the stress-level at first
cracking increases again since the image size was brought back
to the original size at the first cycle. Comparing the results of
the 1st and 4th cycle shows that the first crack level decreased
from 71% to 44%. This is directly the result from the three addi-
tional load-cycles. These results are in agreement with earlier
observations of concrete loaded to cyclic compression; see for
example in Van Mier [26].
4.3. Digital image correlation

The following images were recorded at the peak of the 4th cycle
for each specimen. The settings of the parameters in the VIC-3D
system were the same for every analysis, with a sub-set of 21, a
step size of 5 and a strain window size of 5. The largest maximum
Table 3
Comparison of stress-level at first crack.

Stress level as percentage of peak stress (%)

Mean value Standard deviation

1st cycle 70.56 8.02
2nd cycle 44.44 9.84
3rd cycle 36.88 14.01
4th cycle 43.53 16.56
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principal strain is indicated by white. In interpreting these results
one has to be careful since the maximum principal strains do not
have the same value in all images. The image noise lies between
0.10% and 0.15% for the used parameter settings. It is assumed that
every visible strain concentration indicates a crack.

Fig. 9a and b shows the cracking in two normal concrete prisms
loaded between high friction boundary conditions and low friction
boundaries respectively. Steel platens were used in Fig. 9a. Two
global ‘shear-bands’ can be identified on the two recorded surfaces
of the prism. The ‘shear bands’ (inclined cracks) extend over the
entire height of the specimen. The ‘shear bands’ appear to consist
of vertical splitting cracks. The cracks with the largest principal
strains have a vertical orientation; cracks with a more inclined ori-
entation in general show smaller principal strains. Cracks seem to
propagate from the specimen’s corner only; along the edges hardly
any further cracks were found, which may be the result of the high
friction end condition. In Fig. 9b the crack patterns obtained from a
test on normal concrete loaded between Teflon inserts is shown
(low friction). In the normal concrete specimens large air voids
were not filled with the liquid cement suspension, and the effect
is directly visible. High principal strains are calculated at the loca-
Fig. 9. Crack patterns in a normal concrete at peak-load of cycle 4: (a, c) loaded between
concentrations visualised with digital image correlation; figure c and d shows crack pat
tion of the air voids, but luckily due to their round shapes the air
voids can easily be distinguished from the cracks. In this test ver-
tical splitting cracks were detected on the left surface. The cracks
did not appear to ‘line-up’ in a ‘shear band’ as ‘en-echelon’ tensile
cracks. Moreover cracks not only propagate from the corners but
also along the edge (see the right surface, along the bottom). This
may be a direct consequence of the low friction boundary
condition.

The high strength concrete prism, loaded between stiff steel
platens, is shown in Fig. 10a. The behaviour is quite comparable
to that of the normal concrete in Fig. 9a. In particular on the
right surface the shear band seems to manifest itself in the
same way as in the normal concrete prism. The shear band
does not extend over the full height of the specimen, but is
composed of a number of vertical splitting cracks. The black re-
gion on the top side of the right surface, near the main crack is
the result of spalling. The VIC-3D software automatically
ignores this region. The high strength concrete specimen loaded
between Teflon shows a number of vertical splitting cracks,
mostly along the top side of the specimen (Fig. 10b). The lon-
gest cracks propagate almost over the length of the specimen;
rigid steel platens and (b, d) loaded between Teflon. Figures a and b show the strain
terns after vacuum impregnation.



Fig. 10. Crack patterns in high strength concrete at peak-load of cycle 4: (a, c) loaded between rigid steel platens and (b, d) loaded between Teflon. Figures a and b show the
strain concentrations visualised with digital image correlation; figure c and d shows crack patterns after vacuum impregnation.
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the largest cracks widths are found near the loading platens.
The friction is obviously quite effectively reduced by means of
the Teflon inserts.

In the foamed cement specimen loaded between steel platens a
large inclined crack runs over the left surface (see Fig. 11a). A sec-
ond inclined crack, a shorter one, develops from the left top corner,
and grows towards the major inclined crack on the left surface. On
the right surface cracks also develop from the corners, and take an
inclined orientation. The cracks are probably not ‘shear bands’ as
observed in the normal concrete specimens, and are just inclined
large cracks and not built-up as ‘en-echelon’ tensile cracks. When
low friction boundaries are applied, Fig. 11b (Teflon), the cracks
take a more vertical orientation and do not only initiate from the
corners of the specimen. Nevertheless, the main crack seems to de-
velop from a corner, i.e. the left top of the right surface, which
might indicate that the Teflon pads do not function properly be-
tween a steel platen and a porous foamed cement surface. The tri-
angular confinement area as develops in the foamed cement
specimen loaded between steel platens (Fig. 11a, top of left sur-
face) is however not observed in the foamed cement sample loaded
between Teflon inserts.
4.4. Vacuum impregnation

The six prisms that were shown in Figs. 9–11 were selected for
vacuum impregnation with a fluorescent epoxy dye that allows for
high-resolution crack detection under ultra-violet light. The tech-
nique was originally developed by Vonk [4] for crack detection in
confined specimens loaded in compression. Over the years the
technique has become a standard procedure to establish crack pat-
terns in a variety of tensile, shear and compressive fracture exper-
iments (for a description of the current, modified version of the
technique, see Stähli [27]). After impregnation the surfaces of the
specimens were ground until all excess epoxy was removed. The
same surfaces that were observed with the digital image correla-
tion system were photographed under ultra-violet light after
impregnation, and the results are also gathered in Figs. 9–11, be-
low the results from the digital image correlation for easy
comparison.

For normal concrete the crack patterns are shown in Fig. 9c
and d for steel and Teflon inserts respectively. The specimen
loaded between steel platens shows the same shear bands, which,
as now can clearly be seen, are built-up from vertical cracks with



Fig. 11. Crack patterns in foamed cement at peak-load of cycle 4: (a, c) loaded between rigid steel platens and (b, d) loaded between Teflon. Figures a and b show the strain
concentrations visualised with digital image correlation; figure c and d shows crack patterns after vacuum impregnation.
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‘horizontal’ connections. The ‘horizontal’ cracks are located be-
tween matrix and aggregates where a weak interfacial transition
zone is present characterized by a higher porosity than the bulk
cement matrix [28]. As can be seen, the crack patterns from
impregnation correspond quite well to the cracks detected with
the digital image correlation (compare to Fig. 9a and b for normal
concrete). Only the global crack patterns are visible with VIC-3D,
and all the tiny detail is lost because of insufficient resolution. For
example, quite often when two cracks run more-or-less parallel,
the VIC-3D measurement will show only a single crack. For the
specimen loaded between Teflon, the correspondence between
the digital image correlation measurement and the impregnated
specimen is quite satisfactory, be it, of course that the impregna-
tion shows much more fine detail.

The same observations can be made for the high strength con-
crete: the impregnation shows much more fine detail than the dig-
ital image correlation can possibly produce (compare Fig. 10a and c
and Fig. 10b and d for steel and Teflon platen respectively).

Figs. 11c and d show the impregnated foamed cement speci-
mens, again for steel and Teflon inserts. Another difficulty with
the highly porous foamed cement is that the bubble structure is
also impregnated and cracks are hard to distinguish. For this mate-
rial the VIC-3D approach seems superior, in-spite of the lower res-
olution. With the foamed material removing a sufficiently thick
surface layer seems important. In Fig. 11c the left surface should
be ground down further in order to reveal the cracks better, like
on the right surface. However, when too much material is removed
it becomes difficult to compare the location of cracks detected with
both measurement methods.
5. Discussion and conclusions

The experiments confirm trends that have been observed in
compression tests on concrete in the past. The foamed cement
behaves a bit different, and the use of friction-reducing pads ap-
pears to be less useful. It appears that the soft Teflon sandwiches
are pressed into the porous material, and are obviously less effec-
tive. For foamed cement it could be argued that a low friction in-
sert would be very important because of the low Young’s
modulus of the material (max 5 GPa, see Fig. 8a). For normal
and high strength concrete the present tests are in agreement
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with earlier observations, for example those made in the exten-
sive Round Robin performed by RILEM TC148SSC [29].

Interesting is that already in the pre-peak regime of the stress–
strain diagrams major regions of high strain can be observed with
the digital correlation technique. The images shown in Figs. 9–11
are taken at the maximum load-level of cycle 4 (see Fig. 2), and
it seems that crack directions are fixed already in this stage of
the experiment. The frictional restraint of the loading platens has
influence on the inclination of the main cracks. With low friction
cracks tend to run in vertical direction, i.e. parallel to the compres-
sive loading, whereas a larger inclination is observed when high
friction loading platens are used. Van Mier [2] showed that this
inclination can be calculated when the friction coefficient between
specimen and loading platen is known. Kotsovos [17] showed that
with increasing frictional restraint the orientation of cracks at the
end of the softening regime increases. The current experiments
show that the crack direction is already fixed at peak stress. There-
fore, it can be speculated that after peak not much will change,
other than that the major cracks will further propagate and widen.

Based upon the results presented in this paper the following
conclusions can be drawn:

� The experiments confirm that with the use of friction-reducing
pads a lower compressive strength is measured in comparison
with tests between rigid steel platens. This is in particular the
case for normal and high strength concrete. For foamed cement,
the use of Teflon inserts seems not useful for friction reduction
and the influence on the compression strength could not be
observed.

� RILEM TC148SSC recommends the use of friction reducing mea-
sures for the measurement of compressive strength and soften-
ing properties of concrete. The present results indicate that for
low-strength materials, like the foamed cement, such friction
reducing measures are not very useful. The soft Teflon sandwich
is pressed into the porous surface of the foamed cement and is
therefore less effective.

� For all three concretes cracks have a vertical orientation when
specimens are loaded between Teflon inserts, whereas the
(main) cracks have a certain inclination when steel loading plat-
ens are used.

� The resolution of the measurement technique determines when
first cracks are visible. Comparing data from experiments using
crack detection techniques with differing resolution is therefore
not allowed.

� Digital image correlation can show regions of high strain at very
early stages of loading, and growth of the cracks can be followed
in real time. The impregnation technique is destructive, and can
only be applied at the end of a certain load cycle. Re-loading is
thereafter not possible. Nevertheless, with the impregnation
technique much of the fine detail in the crack patterns can be
visualised.

� From past experience it is known that the inclination of the
cracks in the post-peak regime depends on the frictional
restraint of the loading platens (e.g. [4,17]). The present experi-
ments show that at peak-load the orientation of cracks is already
fixed and dependent on the frictional restraint of the loading
system.
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