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A B S T R A C T

In this study, experiments were conducted to induce bending cracks of specific surface crack width to
reinforced concrete beams made of plain concrete (RC) and reinforced concrete beams made of fibre
reinforced concrete (R/FRC). After injecting and impregnating the cracks with dyed epoxy resin, image
processing and analysis were employed to investigate the internal crack morphology. Several crack features
including crack width (accumulated, effective and maximum), branching and tortuosity were defined and
quantified. The results showed that in addition to arrested crack development, the presence of fibres yielded
a distinctive change in the internal crack pattern, including increased branching and tortuosity, both of
which have positive implications regarding concrete permeation. Likewise, specimens with fibres exhibited
reduced maximum individual crack widths near the rebar, potentially increasing the ability of autogenous
crack healing and reducing the risk of corrosion initiation.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cracks are inherently present in virtually all reinforced concrete
structures and particularly macro-cracks, i.e. those featuring a width
equal to or larger than 0.1 mm, can significantly alter the transport
properties of the concrete. As reported in a number of studies
investigating permeation of cement-based materials subjected to
cracking [1,2], the flow rate through a crack is strongly dependent on
the crack width. As a result, macro-cracks become preferential paths
through which detrimental agents can reach the reinforcement, thus
increasing the probability of earlier corrosion initiation [3].

Although a correlation does not seem to exist between the crack
width in concrete and the corrosion rate of embedded reinforce-
ment in the long term [4–6], a relation has been observed between
crack width and corrosion rate at early stages [7]. Most of the avail-
able research investigating the relation between crack width and
corrosion is, however, based on cracks measured at the surface,
which are greatly dependent on the cover depth. On the other
hand, it has been hypothesised by some authors [8–12] that the
crack width at the reinforcement level together with the associ-
ated neighbouring areas of the steel-concrete interface affected by
bond stresses, i.e. the debonded length along which the slip and
separation occur, might govern the extension of the anodes formed
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on the rebar and might consequently be a better indicator of the risk
of reinforcement corrosion.

The mechanical properties of fibre reinforced concrete (FRC) have
been extensively investigated in the past, see e.g. [13–15], and today
it is widely known that adding fibres to conventionally reinforced
concrete members, even at low dosages, can effectively reduce their
crack width and crack spacing. This finding is, however, based on the
observation of the crack pattern and the measurement of cracks at
the external surfaces of concrete members, see e.g. Jansson et al. [16].
Although there are a few studies in the literature where the internal
cracking of reinforced concrete members has been investigated, see
e.g. [17–20], the information available regarding how fibres may
influence the variation of the crack width along the concrete cover,
i.e. the crack profile, is still very limited.

Otsuka et al. [21] studied the influence of fibre reinforcement
at 1.5% vol. on the internal cracking of dog bone specimens made
of high performance cementitious composites and reinforced by a
single Ø16 mm ribbed bar. Using a novel setup consisting of X-
ray imaging of the specimens loaded under uniaxial tension while
injecting a contrast medium, they were able to monitor the evo-
lution of the internal cracking process. They observed that in the
fibre reinforced composites a large number of internal micro-cracks
growing from the lugs were generated along the rebar. However, no
detailed measurement of the crack width was performed and only
qualitative information of the crack pattern was provided. In another
study, Lárusson [22] used an engineered cementitious composite
(ECC) containing 2% vol. of polyvinyl alcohol (PVA) fibres to cast
prisms with partially exposed reinforcement. Using high definition

http://dx.doi.org/10.1016/j.cemconres.2016.09.016
0008-8846/© 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.cemconres.2016.09.016
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/cemconres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2016.09.016&domain=pdf
mailto: carlos.gil@chalmers.se
http://dx.doi.org/10.1016/j.cemconres.2016.09.016


C. Berrocal et al. / Cement and Concrete Research 90 (2016) 104–116 105

digital image correlation techniques, the formation and propagation
of the internal cracking and interfacial damage caused by uniaxial
tension loading were monitored and quantified on a micro-scale.
Results showed that ECC specimens featured multiple narrow cracks
as opposed to RC specimens in which a wide localized crack tended
to form. Similarly the slip and separation measured at the interface
indicated that ECC members presented a reduced bond degradation
compared to their RC counterparts.

Although fibre reinforced cementitious materials can exhibit
pseudo-strain hardening and multiple cracking, this requires the use
of high fibre dosages (>1% vol.) together with relatively high perfor-
mance concretes. From an economical point of view, it is interesting
to explore the possibilities of combining conventional reinforcement
with FRC characterised by a strain-softening response, which can be
obtained by adding low fibre volume fractions to elements made of
normal strength concrete.

Image analysis has been shown to be a powerful tool with a
wide range of applications, including the analysis of cracks in cemen-
titious materials, see e.g. [23,24]. This technique was used in this
study to investigate the effect of adding fibre reinforcement at low
dosages (<1% vol.) on the internal crack morphology of RC ele-
ments subjected to bending loads. The approach selected for the
specimen preparation combined two different techniques previously
reported in the literature, the injection of cracks under loaded con-
ditions [19,25] and the surface impregnation of cut samples [23,26].
Subsequently, image processing and the analysis of digital images
obtained with an optical microscope was carried out. The results here
presented include a comparison of the internal crack pattern, as well
as quantitative measurements of the crack width variation along the
cover depth and crack tortuosity, for plain and fibre reinforced con-
crete beams. This study was only focused on mechanically induced
cracks. The debonded length along the reinforcement, could not be
assessed in this investigation due to destructive nature of the sample
preparation process. Furthermore, cracks below 0.05 mm were not
well captured during the image operations of thresholding and seg-
mentation, thus the analysis of micro-cracks lays outside of the scope
of this paper.

2. Description of experiments

The main objective of this study was to investigate whether low
dosages of fibre reinforcement could influence the crack profile (vari-
ation of crack width along the cover depth, changes in the crack
pattern or crack tortuosity) of RC elements subjected to bending
loads. To that end, an experimental programme consisting of a total
of 12 beam specimens was designed. In the following sections the
most relevant details of the experiments are summarised and further
information can be found in [27].

Based on the type of fibre reinforcement used, the specimens
were divided into three groups: a) plain concrete (PC) specimens
without any fibre reinforcement, which acted as control speci-
mens; b) steel fibre concrete (SFRC) specimens including 35 mm
end-hooked steel fibres; and c) hybrid fibre reinforced concrete
(HyFRC) specimens featuring a blend of steel fibres and 8 mm straight
micro-PVA fibres.

The beams in each group were further divided into two sub-
groups according to the crack width opening aimed at during the
bending tests, either 0.5 or 1.0 mm, to investigate the influence of the
maximum surface crack width. Note that in the following, the term
Crack Mouth Opening Displacement (CMOD) will be used to refer to
the crack width measured with a clip gauge during the bending tests
whereas Crack Tip Width (CTW) will be used to refer to the crack
width at the notch tip assessed by optical microscopy.

Two beams were tested for each concrete mix and crack width
(e.g. B1 & B2) as presented in Table 1. Note that out of each beam,

two longitudinal sections were cut (denoted A & B). Therefore, a total
of 24 crack specimens were processed and used for image analysis.
When referring to individual crack specimens, the notation pre-
sented in Table 1 is extended by adding the letter A or B at the end,
e.g. PL-B1-0.5 A.

2.1. Specimen geometry

In this study, the geometry of the specimens used to characterise
the flexural behaviour of reinforced concrete mixes according to EN
14651:2007 [28] was adopted, i.e. beams featuring 150 × 150 × 550
mm dimensions. However, two modifications were introduced in the
setup: (i) the depth of the notch sawn at the centre of the tensile face
aimed at creating a stress raiser to ensure the initiation of the main
crack at that location was reduced to only 10 mm; (ii) two ribbed
Ø10 mm reinforcement bars with bent ends were embedded with
a clear cover from the notch tip of 50 mm and an inner separation
between bars of 70 mm. It must also be noted that unlike in the pro-
cedure specified in EN 14651:2007, the beams were not rotated 90◦
with respect to the casting position during the bending tests. The
geometry of the specimens is shown in Fig. 1.

2.2. Materials and mix composition

A self-compacting concrete mix with a water-to-cement ratio
(w/c) of 0.47 was used to cast all the specimens. In the mixes con-
taining fibre reinforcement, the coarse and fine aggregate content
was slightly reduced to compensate for the addition of the fibres.
The mixture proportions are given in Table 2. The characteristics
of the steel and PVA fibres used for the fibre reinforced mixes are
summarised in Table 3.

After casting, the specimens were water cured for three weeks
and thereafter dry cured in a laboratory environment (20 ± 2◦C and
60 ± 20% RH) during the week preceding the bending tests.

Material tests were carried out to assess the mechanical prop-
erties of the different concrete mixes. Testing of compressive and
splitting tensile strength was conducted in accordance with EN
12390–3:2003 [29] and EN 12390–6:2001 [30], respectively. Addi-
tionally, the flexural tensile strength of the mixes containing fibre
reinforcement was tested in accordance with EN 14651:2007 [28].

Results from compressive and splitting tensile strength are sum-
marised in Table 4. In Fig. 2 the flexural tensile stress is plot-
ted against the displacement at the mid-span for each individual
test whereas Table 5 presents the average residual flexural ten-
sile strength at varying CMOD levels. Note that values presented in
Table 5 for SFRC were calculated excluding the specimen exhibit-
ing the highest performance as it deviated more than 10% with
respect to the average behaviour and thus, was considered an outlier.
The enhanced performance was explained by a significantly higher
amount of fibres bridging the crack, 219 fibres compared to 187, 178
and 176 fibres, as revealed by a scrutiny of fibres performed on the
split halves of the tested specimens.

2.3. Bending test setup and crack injection

In order to induce cracking, the beam specimens were tested
under a three point bending setup. In this study the beams were

Table 1
Experimental programme.

Concrete mix designation

Target crack width PC SFRC HyFRC

0.5 mm PL-B1-0.5 ST-B1-0.5 HY-B1-0.5
PL-B2-0.5 ST-B2-0.5 HY-B2-0.5

1.0 mm PL-B3-1.0 ST-B3-1.0 HY-B3-1.0
PL-B4-1.0 ST-B4-1.0 HY-B4-1.0
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(a) Longitudinal section (b) Cross section

Fig. 1. Geometry and reinforcement layout of beam specimens (measurements in mm).

loaded with the notched side facing upwards, i.e. the beams were
resting on a single bearing support centred underneath the bottom
face while the ends were pressed downwards, see Fig. 3.

The loading rate was kept at a displacement rate between 1.0
and 1.8 mm/min. Using a clip gauge mounted over the notch and a
load cell placed under the bottom bearing support, the crack-mouth
opening displacement (CMOD) and the load of the centre reaction
were monitored, respectively. A comparison of the load vs. CMOD for
the different beams is presented in Fig. 4. Observe that the maximum
loads applied on the fibre reinforced specimens were generally 30 to
40% larger than the maximum loads applied on the plain concrete
specimens in order to reach the same CMOD. From Fig. 4 it can also
be observed that if the bending tests had aimed at reaching a certain
load, the cracks formed in the fibre containing specimens would have
been significantly smaller (60% or less). Consequently, the experi-
ments were aimed at achieving a specific crack width rather than a
certain load level in order to ease the evaluation and comparison of
the crack width profile between the different mixes. It must be noted
that the major influence of fibres on the load vs. CMOD curve may be
partly attributable to the particular geometry of the specimen used
in this study in which the concrete cover comprised one third of the
total depth of the beam.

During the loading procedure, the crack width opening at the tip
of the notch (CTW) was determined using an optical crack-detection
microscope. Once the target crack width had been reached, the load-
ing rig was fixed ensuring a constant deformation to maintain the
crack open. A low viscosity epoxy resin (0.10 Pa • s) mixed with fluo-
rescent dye was used to inject the crack with the aid of a syringe. The
notch, acting as a small reservoir, was continuously filled allowing
the resin to slowly penetrate inwards until the crack did not admit
any further resin. Hot-melt adhesive had been previously applied on
the lateral faces of the beam to seal the crack and prevent the resin
from leaking. After injecting the crack, the resin was left to harden

Table 2
Mixture proportions, in kg/m3.

Concrete mix designation

Component PC SFRC HyFRC

Cement (CEM I 42.5N SR 3 MH/LA) 360 360 360
Limestone filler (Limus 40) 165 165 165
Fine aggregate (sand 0/4) 776 768 767
Coarse aggregate (crushed 5/16) 840 833 831
Effective water 169 169 169
Superplasticizer - Glenium 51/18 5.76 5.76 5.76
Air entrainer - MicroAir 105 0.36 0.36 0.36
Fibre (vol.%) Plain Steel Hybrid
Steel - Dramix® 65/35-BN – 0.5 0.5
PVA - Kuralon™ RSC15/8 – – 0.15

for a minimum period of 16 h before removing the load, to limit the
recovery of crack closing.

2.4. Sample preparation and vacuum impregnation

Given the influence of cracks on the ingress of external agents
into concrete that may cause the degradation of reinforcement, the
sections of the beam where the induced cracks intersected the rein-
forcement bars became of special interest. Consequently, after the
resin had completely hardened, the central part of the beams was
cut using a water-cooled diamond saw and out of it two smaller
specimens were sawn by performing two cuts parallel to the rein-
forcement, as shown in Fig. 5 (a). An additional vacuum impregnation
with fluorescent epoxy resin was performed on the resulting two
specimens obtained from each beam to ensure that secondary nar-
rower cracks were also filled with resin. Subsequently the specimens
were ground to remove the excess of resin and provide a polished
surface adequate for microscopy and analysis. Fig. 5 (b) shows the
final result of the cutting and vacuum impregnation process.

3. Image analysis

In this investigation image analysis was employed to provide a
quantitative characterisation of the cracks induced in the beam spec-
imens under bending. In the following sections, the various aspects
of the procedure followed to complete the processing and analysis of
the digital images is described. It must be noted, however, that it was
not the intention of this study to develop a tool for automated crack
detection nor for image segmentation.

Table 3
Fibre reinforcement properties (supplier specifications).

Dramix® Kuralon™

Property 65/35-BN RSC15/8

Material Low carbon steel Polyvinyl alcohol
Length [mm] 35 8
Diameter [lm] 550 40
Aspect ratio 65 200
Shape End-hooked Straight
Tensile strength [GPa] 1.1 1.4
Young’s modulus [GPa] 210 35
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Table 4
Compressive and splitting tensile strength results.

Compressive strength Tensile strength

Mix Average COV (%) Average COV (%)

PC 58.8 1.8 3.0 7.1
SFRC 55.3 3.5 – –
HyFRC 51.4 4.3 – –

3.1. Image acquisition

Image acquisition was performed on all specimens by using
a SteREO Discovery.V20 microscope outfitted with a CCD Axio-
Cam MRc5 digital camera under computer controlled light condi-
tions. The images produced by the camera had a maximum resolu-
tion of 5 megapixels and 16 bit RGB colour depth. Each individual
image mapped a region of 7.0×5.24 mm, providing a resolution of
2583×1936 pixels (2.7 m/pixel) which was considered sufficient for
this investigation.

Images were taken along the path of the main crack and also
along secondary cracks branching out from or running parallel to
the main crack. The auto-alignment feature available in the AxioVi-
sion software, automatically detects the overlapping region between
adjacent images thus determining the correct position of each indi-
vidual image in the general picture and obviating the duplicated
overlapping region. Taking advantage of this feature, each crack was
reconstructed by merging between 20 and 30 images taken at a
20× magnification. In Fig. 6 (a), the full length of a crack obtained by
image reconstruction is shown.

3.2. Image processing

The colour images obtained from the image acquisition procedure
were processed to attain binary images displaying the actual crack
pattern without the background noise to facilitate the subsequent
analysis and measurement of the crack features. The processing of
the images involved three main tasks, thresholding, cleaning and
filtering, each of which entailed one or more operations. In order
to perform these operations, which are described in the following
sections, the freely available software imageJ [31] was employed.

Thresholding can be performed by selecting a combination of
ranges for the intensity of each of the three colour channels in
the RGB colour space. However, although the areas impregnated by
the dyed resin could be easily distinguished from the background
matrix by the naked eye, given the high variability of the colour
hue in the resin, it was not feasible to set a fixed threshold for

Table 5
Average residual flexural tensile strength of FRC mixes, according to [28].

fR

CMOD SFRC HyFRC
[mm] [MPa] [MPa]

0.5 4.99 6.51
1.0 4.69 6.02
1.5 4.44 5.13
2.0 4.14 4.48
2.5 3.79 3.99

each image. Working in the HSB (Hue, Saturation, Brightness) colour
space was found to be more appropriate since the hue range of the
resin remained nearly constant throughout the various images. The
thresholding operation was performed in a semi-automated way fol-
lowing two steps: a) initially, an automatic thresholding based on
an input sample of the impregnated crack region was performed;
b) after that, the three histograms of the HSB colour space were
manually adjusted based on a visual observation of the boundary
between the crack and the concrete matrix. Fig. 6 (c) shows the result
of applying the thresholding operation to the small region of the
crack displayed in Fig. 6 (b).

As observed, the contour and area of the crack displayed in the
resulting binary image obtained from the thresholding operation
were still poorly defined and needed further processing. Therefore,
the binary images were subjected to a cleaning process by applying
a morphological opening operation (an erosion followed by a dila-
tion) to remove background noise (specially near the main crack),
followed by a filling operation to include minor holes undetected
during the thresholding operation. A 2D-median filter with a 5 pixel
disk structuring element was also applied towards the end to smooth
the crack edges.

Finally, a filter operation was performed to remove the numer-
ous particles in the background corresponding to the presence of
pores or micro-cracks filled with resin during the vacuum impregna-
tion. Since cracks were generally much larger than the background
noise particles and since they presented a high length-to-width ratio,
a filter based on the minimum area and maximum circularity was
applied to isolate the particles belonging to the crack pattern. Larger
defects such as air voids were manually removed when necessary.
Fig. 6 (d) shows the resulting binary image after cleaning and filter-
ing. As observed later, any minor difference between the contours of
the original and processed images will be insignificant with respect
to the variation of the crack width along the length of the crack.
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Fig. 2. Flexural tensile stress vs. mid-span displacement curves for fibre reinforced concrete mixes.
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(a) (b)

Fig. 3. Bending test setup: (a) general view; (b) detail of the clip gauge over the notch.

3.3. Determination of the crack features

3.3.1. Crack width
Cracks are highly irregular and continuously change direction as

they propagate through the concrete, presenting rough faces when
observed under the microscope. As discussed in [19], the exact width
of individual cracks becomes, in many cases, a matter of definition or
judgement in reading. The uncertainty stemming from the reading
of an observer disappears when using image analysis since the accu-
racy is limited by the resolution of the images. Thus, determining the
width of a crack becomes solely a problem of definition.

Unfortunately, there is no unequivocal way to define cracks. For
instance, Qi et al. [24] used image analysis to measure the crack
width of plastic shrinkage cracks formed along a stress raiser on slab
specimens. They adopted an approach in which the crack width was

determined to be the length of the segments resulting from sub-
tracting a certain grid mask, consisting of equally spaced lines in the
perpendicular direction of the stress raiser, from the binary image
of the cracks. In other words, they determined the crack width as
the width of the cracks perpendicular to a pre-established global
direction of propagation. This method is very straight forward and
is especially attractive considering the matrix nature of the pixel
arrangement within an image.

However, as stated by Qi et al. [24], when the direction of the
crack changes, due to such factors as the presence of aggregates
or fibres, and becomes nearly horizontal, the crack width, locally,
would be greatly overestimated. In fact, as soon as the direction
of the crack deviates from the global direction of propagation, the
crack width measured perpendicularly to the global or local direc-
tions of propagation differs, a difference that rapidly increases as
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Fig. 4. Load vs. CMOD curves for the cracking process of the beam specimens. Note the differing scales on the x-axes. Dashed lines indicate the CMOD of FRC mixes at the
maximum load reached for PC specimens.
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(a) Cutting scheme of beams
with injected cracks

(b) Specimen after vacuum impregnation
and surface grinding

Fig. 5. Process of sample preparation (measurements in mm).

the angle of deviation increases. Consequently, for cases in which
the crack pattern presents high tortuosity, this approach could intro-
duce a significant error. Furthermore, in the study of the influence
of cracks on the transport properties of concrete, it seems more
reasonable to adopt a crack width perpendicular to the local direc-
tion of propagation. It should be noted nonetheless that the cracks
presented in this study are the intersection of the “real” crack, i.e.
a three-dimensional fracture surface, with the cut plane and, as a
result, measured crack widths might still be overestimated due to
the out-of-plane inclination of the crack.

An additional problem arises when multiple cracks coexist, e.g.
due to branching. In order to compare cracks from different spec-
imens, a certain equivalent crack width needs to be defined when
more than one crack is present, which can be defined differently
depending on the properties that are of interest. In this study, three
different definitions were used: (1) the total or accumulated crack
width, wt, as a measure of the total crack variation between the
surface and the reinforcement; (2) the effective crack width, wef,
in this case defined as the crack width yielding a flow equiva-
lent to the accumulated flow from each individual crack based on
Poiseuille’s law [32], which is relevant for permeation; and (3) the
maximum individual crack width, wmax. These crack widths can be
mathematically defined as follows:

wt =
nc∑

i=1

wi (1)

wef = 3

√√√√
nc∑

i=1

w3
i (2)

wmax = max
{
w1, . . . , wi, . . . , wnc

}
(3)

where wi represents the individual crack widths, nc the total num-
ber of cracks at a certain distance from the concrete surface and wt,
wef and wmax are the total, effective and maximum crack widths,
respectively.

3.3.2. Crack branching
Crack branching can be defined as the bifurcation of one crack

into two or more cracks, generally smaller than the original crack.

Consequently, this phenomenon can be directly related to the effec-
tive crack width defined in Section 3.3.1 and thereby to the per-
meation of cracked concrete. It is therefore interesting to define a
parameter to quantify the influence of fibre reinforcement on crack
branching. In this study, a parameter, b, has been defined as the
ratio between the cumulative crack length projected onto the verti-
cal direction and the cover depth, which can be expressed as in Eq.
(4) (see Fig. 7 (a) for illustration).

b =

nc∑
i=1

Lpr,i

cover
≥ 1 (4)

where Lpr,i represents the individual crack lengths projected onto the
vertical direction and cover is the thickness of the concrete cover
which is 50 mm for purposes of this study.

3.3.3. Crack tortuosity
Cracks constantly change direction as they propagate through

the concrete cover, resulting in complex and sinuous crack paths.
The relation between the actual or effective length of a crack and
the distance between its ends is called tortuosity, which is some-
times referred to as macroscopic roughness. It has been stated that
permeation is proportionally decreased with the square of the tor-
tuosity [33] as it influences both the pressure gradient and the fluid
velocity and consequently it is sometimes defined as the square of
the ratio mentioned. However, in this study the tortuosity of a single
crack is defined as follows:

ti =
Lef ,i

Lch,i
≥ 1 (5)

where Lef,i and Lch,i are the effective length and chord length of the
crack, respectively, as illustrated in Fig. 7 (b). When crack branch-
ing occurs, an averaged tortuosity, t̄, is calculated for the purpose
of comparison. A weighted average in which the weight coefficients
represent the individual effective lengths of each crack is used to
account for the size effect, i.e., shorter cracks will not be affected to
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(a) Original image

(b) Zoomed-in region
highlighted in (a)

(c) Binary image after
thresholding

(d) Image after cleaning
and filtering

Fig. 6. Example of image pre-processing from acquired images.

the same extent by large aggregates as long cracks. Mathematically,
the averaged tortuosity can be expressed as:

t =

nc∑
i=1

ti • Lef ,i

nc∑
i=1

Lef ,i

≥ 1 (6)

It should be mentioned that tortuosity has been defined by others,
see [33], as the ratio between the effective and the projected lengths,
which generally yields results similar to Eq. (5). However, this
definition of tortuosity is dependent on the orientation of the crack
and tends to infinity as the crack approaches a horizontal direction
of propagation. Consequently, when individual cracks propagating
nearly horizontally are present, this definition is no longer suitable
to describe the crack tortuosity.

3.4. Measurement of the crack width

As mentioned in Section 3.3.1, in the cases in which the cracks
are prone to change direction or to branch out, measuring the
crack width perpendicularly to the direction of crack propagation
would be preferable. This outcome could be achieved, by for instance
differentiating the curve represented by the centreline of the crack
and computing the perpendicular direction at every point where a
measurement is desired. In this investigation, however, a different
approach was adopted. Using the bwdist function implemented in the
Image Processing Toolbox of Matlab® [34], the background distance,
i.e. the Euclidean distance of each pixel to their closest background
pixel, was computed. The result of performing this operation to a
small region of the image shown in Fig. 6 (d) is graphically presented
in Fig. 8, where black pixels constitute the background and each pixel
in the crack is assigned a gray scale value, the brightness of which is
proportional to the distance to the closest black pixel.

As observed in Fig. 8, there is a set of pixels aligned with the
centreline of the crack that locally exhibits maximum brightness, i.e.
maximum distance to the background. The pixels found along that
line are located at the same distance to both subspaces in which
the crack divides the background. Consequently, the background
distance of the pixels located at the centreline can be regarded as
the semi-width of the crack. By finding points along the centreline
and computing twice the background distance, the variation of the
crack width along the cover depth can be effectively determined. An
algorithm based on the concept of arc-length was implemented to
track those points, which is described in Appendix A.

4. Results and discussion

An example of the results obtained from applying the procedure
described in Section 3.4 is shown in Fig. 9. As observed, crack width
measurements taken at relatively small intervals, denoted by the
markers, presented significant variability. This variability of the crack
width along the concrete cover has been previously described by
others, cf. [19,20]. In order to facilitate the comparison of results, a
smoother curve was fitted to the raw data by applying a Savitzky-
Golay filter [34], with a span of 15 data points and a first order
polynomial. The resulting curve is plotted in Fig. 9 as a thicker,
continuous line. The accuracy of the method here presented was
validated against manual measurements carried out using an opti-
cal crack microscope with a 20× magnification and a resolution of

Lpr,1 Lpr,2

Lpr,3

1

2

3

(a)

Lch

Lef

(b)

Fig. 7. Digitalised crack segments used to illustrate (a) the concept of branching and
(b) the concept of tortuosity.
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Fig. 8. Example of bwdist operation performed in a small region of a binary image of
crack with Matlab [34] used to illustrate to concept of “background distance”.

0.02 mm. Note that whenever equivalent crack widths, either total,
effective or maximum, are presented, they were computed from the
raw data before applying any filter.

4.1. Crack pattern

A distinctive change in the crack pattern was observed among the
specimens made of the different mixes. A representative example
of the crack pattern for each mix is presented in Fig. 10. The crack
pattern of the remaining specimens can be found in Appendix B.

PC specimens generally exhibited a single, wide crack run-
ning approximately perpendicular to the reinforcement bar thereby
featuring moderate tortuosity. Branching was only sporadic and
multiple cracks occurred almost exclusively at the region near the
reinforcement. These secondary cracks, however, seemed to grow
from the reinforcement towards the main crack, usually not reaching
it, as shown in Fig. 10 (a), suggesting they were likely bond-stress
cracks as described by Goto [18].

In SFRC specimens, containing only steel macro-fibres, branch-
ing was more frequent than for PC specimens while a small increase
in the tortuosity was seen. Branching was mainly observed in the
lower half of the cover, close to the reinforcement, or near the
notch whereas the main crack usually split only once or twice into
well-defined smaller cracks as shown in Fig. 10 (b).

Finally, HyFRC specimens, combining steel macro- and PVA
micro-fibres, often exhibited multiple branching which occurred
along the whole crack length and an increase of the tortuosity
became apparent. Unlike in the other two mixes, branching often
resulted in complex, ill-defined systems of tiny and discontinuous
cracks as exemplified by the crack pattern shown in Fig. 10 (c).

Branching and tortuosity were quantified based on the param-
eters defined by Eqs. (4) and (6) and the results are presented in
Figs. 11 and 12, respectively. As observed, both branching and tortu-
osity increased when steel fibres were present and further increased
when micro-fibres were added. However, although both parame-
ters followed the same trend, no clear relation could be observed
between them based on a comparison of individual specimens.

Furthermore, in the mixes containing fibre reinforcement,
branching seemed to increase as the crack opening increased
whereas tortuosity appeared to be independent of the crack width.
This behaviour is reasonable as new secondary cracks might have
appeared when the main crack opened and bridging fibres were
activated transferring bond stresses to the neighbouring concrete. On
the other hand, once a crack was formed, the average tortuosity did
not necessarily have to increase as the main crack opened, even if
new secondary cracks were formed.

The scatter found in the average tortuosity of SFRC specimens is
noteworthy. Given the low dosage of fibres used and the fact that
cracks were only studied at certain sections of the beams, the scatter
observed could be attributed to the probability of having a steel
macro-fibre crossing the crack at the section examined. Furthermore,
this outcome reveals a systematic difference in the tortuosity of spec-
imens obtained from the same beam, a difference that is most likely
caused by local variations in the density/orientation of the fibres.

4.2. Maximum individual crack width

Despite having approximately the same crack width at the notch
tip, as a direct consequence of branching the mixes containing
fibre reinforcement exhibited smaller individual crack widths. This
result is conducive to the autogenous healing of cracks. As dis-
cussed by Edvardsen [35], cracks may heal for various reasons such
as the precipitation of calcium carbonate crystals, continued hydra-
tion or blocking of the flow path by impurities or detached concrete
particles. These processes can take place provided cracks are suffi-
ciently narrow. For cracks subjected to a range of hydraulic gradients,
Edvardsen proposed a crack threshold below which crack self-
healing would be achieved. However, in the absence of a hydraulic
gradient, these crack width limitations could probably be relaxed.
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Fig. 9. Crack width profile of a single crack: markers show individual measurements
of the crack width along the crack path and the continuous line represents the same
data after applying a Savitzky-Golay filter.
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(a) Specimen PL-B4-1.0 A
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(b) Specimen ST-B4-1.0 A
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(c) Specimen HY-B4-1.0 B

Fig. 10. Example of the crack pattern for different mixes and tracking of individual cracks.

Assuming a certain permissible crack width, it might be inter-
esting to determine what percentage of the concrete cover would
be potentially healed for each concrete mix. In order to address this
issue, the maximum individual crack width was measured along the
cover depth for each specimen and an average profile was then cal-
culated for each mix and CTW. Subsequently, the percentage of the
cover depth, in which the cracks featured a width below a certain
value, was computed for several thresholds. The results are pre-
sented in the form of cumulative distribution curves in Fig. 13. It can
be observed that for specimens with a CTW of 0.5 mm the percent-
age of the cover with a maximum crack width smaller than or equal
to 0.2 mm is at least two times greater when fibres are added but
the difference is reduced for increasing crack widths. A similar trend
is observed for specimens with a CTW of 1.0, although the differ-
ence between plain and fibre reinforced mixes is accentuated and, in

the case of HyFRC, cracks are consistently narrower throughout the
entire crack width range. This observation suggests that using fibre
reinforcement might contribute to a greater degree of autogenous
healing in reinforced concrete members with bending cracks.

4.3. Total crack width vs. effective crack width

The variation of total and effective crack width along the cover
depth is presented in Fig. 14 for the three different mixes and the
two CTW investigated. The results plotted in Fig. 14 are average
values of the four examined cracks for each studied case. The average
coefficients of variation for the PC, SFRC and HyFRC specimens were
20%, 18% and 31%, respectively, for CTW equal to 0.5 mm and 11%,
15% and 23%, respectively, for CTW equal to 1.0 mm. The total crack



C. Berrocal et al. / Cement and Concrete Research 90 (2016) 104–116 113

PC SFRC HyFRC

1.00

1.50

2.00

2.50

3.00

3.50

4.00

B
1-

A
B

1-
B

B
2-

A
B

2-
B

B
3-

A
B

3-
B

B
4-

A
B

4-
B

B
1-

A
B

1-
B

B
2-

A
B

2-
B

B
3-

A
B

3-
B

B
4-

A
B

4-
B

B
1-

A
B

1-
B

B
2-

A
B

2-
B

B
3-

A
B

3-
B

B
4-

A
B

4-
B

1.
43

1.
44

1.
42

1.
25

1.
28

1.
201.

37 1.
62

2.
06

1.
24

2.
72

1.
87

1.
00

2.
13

3.
48

1.
11 1.

35

2.
15

1.
14

1.
52

2.
66

1.
27

2.
22

2.
19

β
[−

]

CTW 0.5 mm
CTW 1.0 mm

Fig. 11. Branching coefficient as defined in Eq. (4) for all the cracks studied.

width of individual specimens, together with the calculated average
total crack width, can be found in Appendix B.

The first matter that should be highlighted is that the crack
width profiles showed a nearly linear variation between the con-
crete surface and the rebar independently of the presence of fibres
or the maximum crack width reached at the notch. This result might
be partly explained by the large cover-to-height ratio of the beams
and the fact that cracks were only analysed in the area between
the notch tip and the rebar, although cracks propagated further in.
Additionally, almost no difference could be observed among the
different concrete mixes when comparing the accumulated crack
width. However, it must be noted that fibre reinforced specimens
were subjected to loads 30 to 40% higher than PC specimens to
achieve the same CTW. Had the load been kept at the same level,
the crack widths of fibre reinforced specimens would have been a
fraction of the ones obtained for PC specimens, between 30% and 60%
according to Fig. 4 (see dashed vertical lines).

The effective crack width, on the other hand, showed a significant
difference among the mixes studied. In PC specimens, as a result of
limited branching, the effective crack width was generally equal to
the total crack width (except in the region closest to the rebar) since
both definitions coincide when only one crack is present. For SFRC
and HyFRC a small improvement could be observed throughout the
entire crack profile for the case of 0.5 mm CTW, and a remarkable
improvement was achieved for the case of 1.0 mm CTW, especially
for HyFRC.

The benefits of using fibre reinforcement to reduce permeation
in concrete specimens exhibiting multiple through cracks as a result
of the application of tensile loads have already been experimentally

investigated, see e.g. [36–38]. The results presented in this paper
indicate that fibre reinforcement can also be beneficial in concrete
elements with bending cracks, where multiple cracking is not visi-
ble at the surface but where branching occurs inside the concrete.
Furthermore, an increase in the tortuosity provided by the addition
of fibres, might contribute to further reducing the flow of water
through the cracks thereby potentially decreasing the ingress of
aggressive substances.

The implications for the corrosion of conventional reinforcement
are, however, not straightforward. Whereas a reduced permeation
and a higher tendency for crack self-healing would likely be ben-
eficial in terms of delayed corrosion initiation, the impact on the
corrosion rate is not clear. Branching could lead to an increase in
the number of areas along the rebar where corrosion might be ther-
modynamically favoured, whereas the reduction in individual crack
widths (associated to interfacial rebar-matrix separation) could
result in limited corrosion rates.

5. Conclusions

In this study, an experimental investigation has been carried out
to characterise bending cracks in reinforced concrete beams and the
influence of fibre reinforcement has been assessed.

The modified three point bending test setup based on the standard
test used to characterise the flexural strength of fibre reinforced con-
crete mixes proved to be an effective way of studying internal cracks
in reinforced concrete beams. The low viscosity (0.1 Pa • s) resin used
was fluid enough to penetrate and fill the cracks and after hardening
and curing, cracks were effectively prevented from closing.
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Fig. 12. Average tortuosity coefficient as defined in Eq. (6) for all the cracks studied.
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Fig. 13. Cumulative distribution curves showing the fraction of the cover with a crack width smaller than or equal to the x coordinate, presented as % of the cover depth, for the
average maximum individual crack width.

Digital microscopy and image processing were found suitable for
this purpose. The high resolution images taken at 20× magnification
(2.7 lm/pixel) provided an accurate description of the crack mor-
phology at the sections studied. These images could also be used as a
modelling framework for the fracture of concrete and FRC.

The algorithm implemented in this study based on the arc-length
concept was capable of successfully determining the crack width
perpendicular to the local direction of propagation along the whole
crack path, as well as in the presence of multiple cracks. This fact
permitted us to quantitatively determine several crack features even
when the cracks significantly deviated from the global direction of
propagation.

Results showed that despite presenting a similar crack pattern on
the tensile face, i.e. a single crack, the internal crack pattern changed

significantly with the addition of fibres. Whereas a single, wide crack
running nearly perpendicularly to the rebar was most common for PC
specimens, crack branching was frequent in fibre reinforced mixes.
An increase in crack tortuosity was also observed, particularly in
HyFRC specimens. Although the accumulated crack width remained
unchanged throughout the mixes studied, the effective crack width
was reduced by the presence of fibres. Moreover, narrower individ-
ual cracks in mixes with fibres might favour autogenous healing of
cracks.

These findings, added to the significant amount of additional load
needed to provide the same initial crack opening, indicate that fibre
reinforcement can provide effective means of decreasing the perme-
ability of reinforced concrete beams with bending cracks, potentially
delaying the onset of corrosion at the reinforcement.
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Fig. 14. Comparison of the average crack width profile for all mixes.
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Appendix A. Algorithm implementation

This appendix includes a brief description of an algorithm, based
on the concept of arc-length, implemented to track points along the
centreline of a crack. Using a binary image such as Fig. 8 as starting
point and the concept of background distance, defined in Section 3.4,
the arc-length approach enables to correctly track the centreline of
the crack regardless of the intricacy of the crack pattern. Initially the
first point of the curve was computed as the pixel possessing the
absolutely maximum background distance in a horizontal row right
underneath the notch tip. Subsequent points of the curve were found
based on the current point as follows: a subset of points forming a
45◦ rotated square centred at the current point at a certain diagonal
length were evaluated as candidates; the pixel of the subset possess-
ing the maximum distance was chosen as the following point of the
curve. The process is schematically presented in Fig. A.1.

Two additional constraints were applied to the initial subset to
ensure that the subsequent points found were located in the right
direction. Based on the notation provided in Fig. A.1, the constraints
can be mathematically expressed as follows:

�v • �uj > 0 (A.1)

�̂z •
�uj

‖ �uj ‖ < cos h (A.2)

where �v is the local direction of crack propagation, �̂z is the vertical
vector of unit length assumed to coincide with the global direction
of crack propagation and �uj represents each vector element show-
ing the direction of the candidate points in the subset. The two
constraints are graphically depicted in Fig. A.1, where the hatched
and shaded areas represent the subspaces which do not fulfil the
conditions expressed by Eqs. (A.1) and (A.2), respectively.

The constraint expressed by Eq. (A.1) ensures that the point found
in each iteration does not return by the same path. Since �v depends
on the current and previous points, in the first iteration �v is taken
as −�̂z. The constraint expressed by Eq. (A.2) prevents the crack path
from moving in the upward direction by limiting the angle the can-
didate points may form with the vertical direction, e.g. when two
cracks merge into one. In this study it was found that h = 4p

9 yielded

Fig. A.1. Schematics of a small region of a crack illustrating the arc-length approach
used to determine points along the centerline of a crack.

satisfactory results. Furthermore, the size of the square defining the
initial subset of candidate points can be selected stepwise based on
the local crack width to better describe the crack path. In this study,
the semi-diagonal of the square, R (see Fig. A.1), was chosen to be 0.5
times the local crack width.

In order to evaluate the accumulated and effective crack width
of each specimen, the individual crack widths were required at the
same depth. Therefore, secondary cracks were measured at the same
depth as the points found along the main crack path. Their width
was computed by identifying the local maxima of the background
distance for the pixels in the same row as the point found in the main
crack. If the contour of the cracks becomes particularly irregular, this
approach can result in false secondary cracks. However, these cracks
can later be excluded based on an analysis of crack length.

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.cemconres.2016.09.016.
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