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 Shrinkage-induced cracking in

cement-based slabs is investigated
and quantified.
 Measurements of crack length, width,
and density were performed.
 Drying shrinkage developed few,
randomly distributed cracks in
unrestrained specimens.
 Restrained slabs developed
perpendicular cracks with respect to
the drying surface.
 Cracks widths increase and new
branches grew up with further
drying.
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a b s t r a c t
Concrete slabs and bridge decks experience early ages cracks mainly due to volumetric changes associated
with moisture and temperature variations. These cracks have no immediate effect on their safety, but they
have detrimental effects on their durability and long-term performance. This paper presents an experimental investigation on quantification of shrinkage-induced cracks in slabs made from different
cement-based materials. An experimental test setup was used to simulate the shrinkage-induced damage
of restrained slabs. Vacuum pressure impregnation with ultra-low viscosity epoxy was used for the preparation of concrete samples for image analysis. Crack measurements in terms of crack length, width, density
were performed on the concrete samples. Crack orientation was recorded and shown in a radar diagram.
The results showed that drying of unrestrained specimens develop few and randomly distributed cracks,
neither connected to each other nor to the specimen surface, with short extensions into the slab depth.
Therefore, they had no significance effect on the transport properties. On the other hand, restrained slabs
developed localized cracks, oriented perpendicular to the drying surface and extending through the whole
depth of the slab. Further drying, increases the crack width and new branches grew up on the vertical basic
cracks. Understanding crack patterns and their effect on the concrete transport properties, allows for more
accurate prediction of the long-term performance of concrete slabs and bridge decks.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
⇑ Corresponding author.
E-mail address: anababneh@just.edu.jo (A.N. Ababneh).
http://dx.doi.org/10.1016/j.conbuildmat.2016.11.036
0950-0618/Ó 2016 Elsevier Ltd. All rights reserved.

Concrete structures experience drying shrinkage when exposed
to dry ambient conditions. As concrete dries, it shrinks and
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consequent shrinkage strains developed in it. If concrete is
restrained (prevented from shrinking freely), internal tensile stresses will develop. As the tensile stress reaches to the tensile
strength of concrete, micro-cracks are initiated. In restrained concrete structures, the development of cracks and damage of concrete can cause a significant degradation in the concrete
properties such as strength and modulus of elasticity.
There are different types of restraints in structural concrete, and
they can be divided into two main groups: external restraining and
internal restraining. External restraining is achieved using components that are not part of the concrete member such as joints connecting a member to adjoining member with high stiffness.
Internal restraining is achieved by elements that are part of the
material of the concrete member such as the aggregates that have
higher stiffness than the cement paste matrix. Also, restraining
may be imposed by alien bodies acting on the concrete material,
such as reinforcing bars inside the member. The volumetric change
gradient across a member or a specimen may cause it to serve as a
restraint, which is called self-restraint.
Majority of the previous studies addressed the creep, shrinkage
and cracking of high performance restrained concrete as well as
the impact of aggregate size and paste volume on drying shrinkage
micro-cracking in cement-based composites using methods such
as image analysis, a modified Weibull function, and scanning electron microscopy [1–8]. Although some researchers studied the
type of shrinkage cracks for unrestrained cement paste or concrete
samples, their tests were under very dry conditions, which rarely
occur in concrete structures [4,9–10]. When unrestrained concrete
samples were tested under 21 °C (stepwise: 93% RH ? 55% RH),
micro-cracks were significantly much less extensive compared to
samples dried at 50 °C and 105 °C [11].
Yoo et al. [5] studied the effect of expansive admixture and
shrinkage-reducing admixture on the cracking and shrinkage
behaviors of restrained six full scale ultra-high-performance
fiber-reinforced concrete slabs with three different thicknesses of
40, 60, and 80 mm. Also, Shadravan et al. [6] investigated the full
scale behavior of concrete slabs on ground in a controlled environment in terms of different concrete materials properties and the
evaluating their performance as real slabs which exposed to the
controlled environment and ground moisture from the top and
bottom, respectively. But the shape or morphology of shrinkage
cracks were not studied. The AASHTO ring specimen method has
now been adopted by a number of researchers [7,8] due to its symmetry, simplicity and reproducibility, and others [8] introduced
some modification to that test such as the restrained eccentric ring
test method (RERTM) and the restrained squared eccentric ring test
method (RSERTM). However, all these tests still have limitations
regarding capturing the growth and shape of the drying cracks in
concrete slabs.
A major goal of this study was to develop a scale test
method to simulate the behavior of restrained slabs. With this
restraining, the crack types, width, growth, orientation, and
their effect on the moisture transport are studied using different image analysis methods. Also, this test may simulate a
structural element with low volume to surface area ratio, such
as building slabs and bridge decks that are more exposed to
drying shrinkage. To meet this goal, scale slabs were cast and
restrained on all edges. Also, both external restrained and unrestrained conditions were explored. For the restrained specimens,
an experimental test setup was used to simulate the shrinkageinduced damage behavior of structural element with low volume to surface area ratio when exposed to dry environment.
This setup allows for studying the crack growth and patterns
inside the restrained slabs. A brief description of the setup is
presented in this paper; complete details about the setup can
be found in Sheban [12].

2. Research significance
Review of previous studies on the drying shrinkage crack
growth and patterns of cement-based slabs with external restraining shows a shortage of reliable data in this area. Accordingly, this
study is conducted to investigate the crack length, width, density,
and orientation due to drying shrinkage for cement-based slabs
with and without external restraining. The availability of such
important data is essential for accurate understating of the effect
of drying shrinkage-induced damage on the concrete transport
properties and also to allow for accurate modeling of the drying
shrinkage damage.
3. Testing program
An experimental program was developed to evaluate the effect
of the drying shrinkage-induced damage on cement-based slabs
(cement paste, mortar and concrete). The properties and proportions of each slab specimen, drying procedure, and dimensions
for both restrained and unrestrained specimens are presented in
the following sections.
3.1. Materials properties
Crushed stone with a maximum size of 9 mm was used as
coarse aggregate as shown in Table 1. The coarse aggregates met
the standard gradation requirements as specified in ASTM C33
[13]. Table 1 presents the Graded river sand, which was used as
a fine aggregate with standard gradation according to ASTM C33
[13]. Commercially available Type I/II Portland cement was used
for all mixtures described in this study. The cement specific gravity
is 3.2 and the compound composition is: C3S = 51% and C3A = 8%.
Table 2 provides a summary of the cement composition as supplied
by the manufacturer.
3.2. Mixture proportions
Three mixtures were cast including: cement paste, mortar, and
concrete. The ingredient ratio and water-cement ratio are listed in
Table 3. Cubes 50  50  50 mm were used for testing the cement
paste and mortar strength, and cylinders 100  200 mm were used
for testing the concrete strength. The dimensions of slabs and
prisms are presented in the following section. Then, the specimens
were covered with a thin plastic film, maintained at standard room
temperature, and kept for 24 h before de-molding.
3.3. Drying condition
The specimens were cured in tap water saturated with calcium
hydroxide according to ASTM C511 [13]. Compressive strength
Table 1
Course and fine aggregate properties.
Properties

Value

Type of test

Course aggregate
Moisture content
Bulk specific gravity (SSD)
Oven dry bulk specific gravity
Absorption capacity
Dry rodded unit weight

0.09%
2.393
2.361
1.38%
1594.6 kg/m3

ASTM
ASTM
ASTM
ASTM
ASTM

C566 [13]
C127 [13]
C127 [13]
C127 [13]
C29 [13]

Fine aggregate
Fineness modulus
Moisture content
Bulk specific gravity (SSD)
Oven dry bulk specific gravity
Absorption capacity

2.54
0.08%
2.648
2.621
1.05%

ASTM
ASTM
ASTM
ASTM
ASTM

C136
C566
C127
C127
C127

[13]
[13]
[13]
[13]
[13]
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3.4. Concrete specimens’ details and test variables

Table 2
Chemical composition of cement.
Silica (SiO2)
Alumina (Al2O3)
Iron oxide (Fe2O3)
Calcium oxide (CaO)
Magnesium (MgO)
Sulfur Trioxide (SO3)
Loss of ignition
Insoluble residue
Equivalent alkali (as Na2O)

20.60%
5.00%
3.10%
62.4%
3.80%
2.90%
1.3%
0.39%
0.58%

Table 3
Mix proportioning ratio by dry weight.
Phase

Cement paste

Mortar

Concrete

Coarse aggregate
Fine aggregate
Cement
Water

–
–
1.0
0.50

–
2.0
1.0
0.50

2.0
2.0
1.0
0.55

Table 4
Compressive strength results.
Cementitious specimens

7 days strength, MPa

28 days strength, MPa

Cement paste
Mortar
Concrete

18
20
19

32
35
21

tests for cylinders and cubes were conducted at 7 and 28 days and
the results are shown in Table 4. All slabs and prisms were cured
for 6 days in tap water saturated with calcium hydroxide according
to ASTM C511 [13]. Upon removal from the curing bath, all specimens weights (SSD) were recorded, and then two prisms and two
unrestrained slabs were oven-dried to a constant weight at 105 °C
to determine their initial moisture content. The drying process
started after 6 days of curing, where the specimens were exposed
to a constant relative humidity of 30% ± 5% and at a constant room
temperature inside a humidity-controlled chamber. The weight
loss was measured, and crack width was monitored at various ages
using optical microscopes.

Two main categories of specimens were prepared to study the
patterns and effects of drying shrinkage cracks with and without
external restraint. Two shapes of specimens with no external
restraining were cast: prism and slab specimens. An experimental
test was developed to assess damage in concrete slabs with external restraint. Drying was permitted from the top and bottom surfaces with an area of 150  150 mm. Two 12.5 mm thick steel
plates (top and bottom plates) were used to provide rigidity to
the setup frame. To ensure axial and horizontal restraint, coarsethreaded bars were attached to the edge plates before casting
thereby allowing the fresh concrete to harden around them.
Fig. 1 shows the dimensions and setup of the external restrained
slab specimen. Table 5 shows the name and drying durations of
five different specimens that were cast including: one concrete,
two mortar and two cement paste specimens with the mix proportion ratios listed in Table 3.
In order to compare the results of the externally restrained
slabs, two shapes of specimens with no external restraint were
cast: prism and slab specimens (the symbol URP is used to name
unrestrained prism specimens; the symbol URS is used to name
unrestrained slab specimens). The prism specimen dimensions
were 150  30  30 mm, and drying was permitted from top and
bottom surfaces with each surface area equal to 150  30 mm as
shown in Fig. 2. The other four sides of the prism were sealed with
duct tape to ensure that only uniaxial moisture diffusion would
take place during the drying process. The slabs dimensions were
similar to the externally restraint slabs but without restraining as
mentioned in Table 5. Also, the small sides of the slabs were sealed
with duct tape to ensure that diffusion would occur from the top
and bottom surfaces only.
3.5. Samples preparation for crack quantification
Preparation of concrete samples is a critical issue and a prerequisite to obtain images from microscopic instruments. Several
techniques are used in the past. The vacuum pressure impregnation that is used with ultra-low viscosity epoxy is the best method
of sample preparation to study the damage due to drying shrinkage
[4,9,14]. The cutting and polishing are done after impregnation and

Fig. 1. External restrained slab specimen geometry and setup apparatus (all dimensions in mm).

Table 5
External restrained and unrestrained slab specimen designation.
Specimen

Type

Dimension, mm

Drying duration, days

Degree of drying

CoERS1 and CoURS1
MoERS1 and MoURS1
MoERS2 and MoURS2
CeERS1 and CeURS1
CeERS2 and CeURS2

Concrete
Mortar
Mortar
Cement paste
Cement paste

150  150  30
150  150  20
150  150  20
150  150  20
150  150  20

128
74
30
28
3

77%
47%
47%
52%
21%

Notes: Co = Concrete, Mo = Mortar, and Ce = Cement paste; ER = external restrained, UR = unrestrained, and S = slab specimen.
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(a) prism specimens

(b) slab specimen

Fig. 2. Unrestrained specimens.

setting of the epoxy. The sampling procedure was done directly
after removing the specimens from the humidity-controlled
chamber.

Fig. 4, respectively, 2) image processing (Fig. 5), and 3) crack measurements (Fig. 6).
3.7. Crack measurements

3.6. Image analysis procedure
Image analysis is a powerful tool for gathering information. It
was used previously to assess the morphological characteristics
of micro-cracks in concrete [15], detection of micro-cracks [1,16]
hydration processes of cement-based slabs [17], orientation of
fiber reinforcement [18], and the cracks microstructure [1,4,9,14].
The quantification of cracks in the prepared samples passed
through three steps of image analysis: 1) image acquisition and
sample of full crack sequences images as shown in Fig. 3 and

The crack measurements were done by National Instruments
Vision Assistance version 8.0 after adding the pixel scale calibration. The measured parameters were: the total crack length
(TCL), which is the summation length of all cracks on the crosssection; maximum crack depth (MCD), which is the maximum
penetration depth of the crack pattern on the cross-section; crack
mouth opening (CMO), which is the maximum crack mouth opening at the surface of the sample; crack density (CD%), which is the
percent of the total crack area per total cross-section area; and rack
mean width (CMW), which is the mean width of the cracks in the
cross-section defined as the total crack area divided by TCL.

Fig. 3. Image acquisition configuration setup.

Fig. 4. Capture of sequences images for the full crack.
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(a) Original image

(b) After threshold function

(c) After image Filtering

(d) Final cleaning

Fig. 5. Image processing procedure.

Fig. 6. Crack on section 1 of external restrained mortar slab (MoERS1).
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Also, the orientation of the micro-cracking on the cross-section
was recorded and shown in a radar diagram. In constructing the
radar diagram, the actual cracks divided into linear segments,
and the length and orientation of each linear segment was determined. Then the linear segments were divided into angle groups
based on the angle orientation as shown in Table 6. The length of
all linear segments with the same angle group are summed and
showed in a radar diagram averaged for each sample. The radar

Table 6
Angle orientation groups.
Group #

Description

Group
Group
Group
Group
Group
Group

If
If
If
If
If
If

0° (180°)
30°
60°
90°
120°
150°

angle orientation <15° or >165°
15°< angle orientation <45°
45°< angle orientation <75°
75°< angle orientation <105°
105°< angle orientation <135°
135°< angle orientation <165°
270

240

210

180

270

1600
1400
1200
1000
800
600
400
200
0

1400
300

240

300

1200
1000

330

800

210

330

600
400
200
0

150

180

30

120

0

0

150

60

30

120

60

90

90

(a) – MoERS1

(b) MoERS2

270
240

210

180

270

80
70
60
50
40
30
20
10
0

3500
240

300

2500
2000

210

330

330

1500
1000
500

0

180

30

60
90

90

(c) MoURS1 and MoURP1

(d) CeERS1

270
800
240

0

120

60

120

0

150

30

150

270
2500

300

240

300
2000

600
210

300

3000

330

400

1500
210

330
1000

200
500

180

0

0

150

0

180

0

30
150

120

30

60
90

120

60
90

(e) CeURS1

(f) CeURP1

Fig. 7. Radar diagrams show the orientation and segment length of cracks.
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diagrams show the segments and orientation of the cracks in a
cross-section. If the cracks have a random orientation, then its
radar diagram will be a round shape. Otherwise, the radar diagram
will be elongated for localized cracks oriented perpendicular to
drying surface. The radar diagram is drawn for 360° orientation
with two symmetric parts. All segment lengths shown in the radar
diagrams in this study are in micrometer unit.
4. Experimental results
4.1. Crack quantification results
The focus of this research was to study the drying shrinkage
crack patterns of cement-based slabs (concrete, mortar, and
cement paste) with and without external restraining. The concrete
restrained specimen did not show any cracks, and this could be
because the thickness of the specimen was small, and the maximum size of aggregate was large. This size of aggregates affects
the restraining support, which was provided by the coarsethreaded screws, and the aggregates introduced discontinuity
between the concrete and the restraining support. Some researchers [11] used a ratio of thickness to maximum size aggregate (t/

MSA) equal to 2, which is smaller than what is used in this study
(t/MSA 3). Using this size of coarse aggregate leads to weakness
in the restraining provided by the setup. Therefore, it was decided
to use mortar and cement paste with the restraining setup.
4.1.1. Mortar specimens
The cracks appeared in the external restrained MoERS1 slab
only in one section with a localized single crack extended over
the whole depth of the slab as shown in Fig. 6. The orientation
and segment length of the crack are shown using the radar diagram
in Fig. 7(a). The cracks appeared in the external restrained MoERS2
slab in two different sections with a localized single crack extended
over the whole depth of the slab. The orientation and segment
length of the crack are shown using the radar diagram in Fig. 7
(b). Table 7 shows the average crack measurement results for both
externally restrained mortar slabs (MoERS1 and 2). The elongated
shape of the radar diagram, and the small difference between the
TCL and MCD are an indication for localized cracks oriented perpendicular to the drying surface.
The unrestrained mortar slab (MoURS1) and prism (MoURP1)
showed few cracks. Fig. 8 shows some bond cracks development
in the tested specimens. The crack measurements of unrestrained

Table 7
Average crack measurement results.
MCD, mm

CMO, um

CD, %

CMW, um

External restrained mortar slabs (MoERS1 & 2)
Average
3.230
Maximum value
12.774
Standard deviation
5.732

TCL, mm

2.592
10.000
4.579

64
291
112

0.451
2.465
0.905

38
202
73

Unrestrained mortar slab and prism (MoURS1 & MoURP1)
Section 1-MoURS1
0.000
Section 2-MoURS1
0.190
Section 1-MoURP1
1.001
Section 2-MoURP1
0.000
Average
0.595
Maximum value
1.001
Standard deviation
0.477

0.000
0.000
0.248
0.000
0.124
0.248
0.124

0
0
38
0
19
38
19

0.000
0.001
0.019
0.000
0.010
0.019
0.009

0
7
19
0
13
19
9

External restrained cement paste slab (CeERS1)
Section 1
3.531
Section 2
1.834
Section 3
2.292
Section 4
19.433
Average
6.772
Maximum value
19.433
Standard deviation
8.471

3.299
1.725
2.074
10.000
4.275
10.000
3.876

107
39
61
276
121
276
108

0.099
0.018
0.047
1.403
0.392
1.403
0.675

28
10
20
72
33
72
28

External restrained cement paste slab (CeERS2)
Section 1
9.976
Section 2
4.520
Section 3
2.353
Section 4
5.585
Average
5.609
Maximum value
9.976
Standard deviation
3.207

8.800
4.136
1.127
3.258
4.330
8.800
3.237

98
38
66
61
66
98
25

0.391
0.161
0.030
0.061
0.161
0.391
0.164

39
36
13
11
25
39
15

Unrestrained cement paste slab (CeURS1)
Section 1
2.503
Section 2
1.765
Section 3
1.327
Section 4
0.000
Average
1.399
Maximum value
2.503
Standard deviation
1.051

2.470
1.494
1.184
0.000
1.287
2.470
1.018

18
10
8
0.000
9
18
7

0.0081
0.0067
0.0067
0.0000
0.0054
0.0081
0.0036

3
4
5
0
3
5
2

Unrestrained mortar prism (CeURP1)
Section 1-CeURP1
Section 2-CeURP1
Average
Maximum value
Standard deviation

1.879
2.439
2.159
2.439
0.396

7
22
15
22
11

0.028
0.042
0.035
0.042
0.010

7
7
7
7
0

3.707
5.552
4.630
5.552
1.305
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Fig. 8. Cracks development in the tested specimens.

mortar slabs are shown in Table 7, and the orientation and segment length of the crack are shown using the radar diagram in
Fig. 7(c). The rounded shape of the radar diagram is an evidence
of random orientation cracks.
4.1.2. Cement paste specimens
Long thin cracks were observed in the sections of the external
restrained cement paste slab (CeERS1). One of these cracks
extended over the whole depth of the section, the others extended
up to one third of the section depth. Samples of these cracks are
shown in Fig. 8. The crack measurements of CeERS1 slab are shown
in Table 7, and the orientation and segment length of the crack are
shown using the radar diagram in Fig. 7(d). The clear elongated
shape of the radar diagrams indicates localized cracks oriented
perpendicular to the drying surface. Similar to CeERS1 slab, long
thin cracks were observed in the sections of the externally
restrained cement paste slab (CeERS2). One of them extended
approximately through the entire depth of the section; others
extended up to half the depth. The crack measurements of CeERS1
slab are listed in Table 7.
The unrestrained cement paste slab CeURS1 showed few short
cracks extended up to 2.5 mm from the surface. Samples of these
cracks are shown in Fig. 8. The crack measurements of unrestrained cement paste slab are listed in Table 7, and the orientation
and segment length of the crack are shown on the radar diagram in
Fig. 7(e). The elongated shape of the radar diagram and the small
difference between the TCL and MCD are evidence for localized
cracks oriented perpendicular to the drying surface. The unrestrained cement paste prism CeURP1 showed few cracks as shown
in Fig. 8. The crack measurements of unrestrained cement paste
prism CeURP1 are listed in Table 7, and the orientation and segment length of the crack are shown on the radar diagram in
Fig. 7(f). The unrestrained cement paste prism CeURP2 showed
few cracks similar to CeURP1.
4.2. Surface cracks and moisture loss results
The surface cracks observed daily using crack detection pocket
microscope with 40x magnification with 0.02 mm smallest division that can be measured. The maximum surface crack width

was recorded for each specimen. The progress of drying for all
specimens was monitored by weight measurements on two different electronic balances. The mass losses of the prism specimens
were measured with a balance having a resolution of 0.1 g and a
maximum capacity of 400 g. The mass losses of the slab specimens
were measured with a balance having a resolution of 4.5 g and a
maximum capacity of 45 kg. The moisture loss results of the specimens were normalized relative to initial moisture content and
expressed as percentage of the initial moisture content.
4.2.1. Concrete specimens
Both restrained and unrestrained concrete specimens did not
show any surface cracks as mentioned earlier.
4.2.2. Mortar specimens
On both restrained surfaces, the crack initiated at one corner of
the slab with a 45° angle. Then, with time, other cracks developed
at other corners of the slab. The maximum width of the cracks is
shown in Fig. 9. No surface cracks observed in the unrestrained
mortar slab and prisms. Fig. 9 shows the moisture losses for the
externally restrained specimens. Specimen MoERS2 shows an earlier crack initiation that led to faster drying compared with specimen MoERS1.
4.2.3. Cement paste specimens
On both restrained specimens’ surfaces, the crack initiated at
one corner of the slab with a 45° angle. Then, with time, other
cracks developed and intersected at the mid of the surface slab,
and randomly distributed over the surface. The maximum width
of the cracks is shown in Fig. 10. In the unrestrained cement paste
slabs, random hairline cracks appeared on the slab surface with a
maximum width less than 0.01 mm. For the cement paste prisms,
the maximum crack width reached 0.04 mm. The moisture losses
of cement paste specimens with time are shown in Fig. 10. The
same trend of drying process was observed in the cement paste
specimens as in the mortar specimens with differences in the crack
width and percentage of moisture losses. Fig. 10 shows the moisture losses for the externally restrained specimens, Specimen
CeERS1 showed an earlier crack initiation that led to a faster drying
compared with specimen CeERS2.
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60.0
max width=0.14mm

Moisture losses (Wimc%)

50.0

max width=0.12 mm

Cracks
initiated

40.0

max width= 0.1 mm

30.0

max width= 0.08 mm

Cracks initiated

20.0
MoERS2

10.0

MoERS1
0.0
0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

Drying Time (days)
Fig. 9. Drying curves for the externally restrained mortar specimens normalized to initial moisture content.

60.0
max width=0.5 mm
max width=0.28 mm

Moisture losses (Wimc%)

50.0
max width=0.02 mm

40.0

30.0

20.0

10.0

max width=0.1 mm

CeERS1
max width=0.06 mm

CeERS2
0.0
0.00

5.00

10.00

15.00

20.00

25.00

30.00

Drying Time (days)
Fig. 10. Drying curves for the externally restrained cement paste specimens normalized to initial moisture content.

5. Discussion and comparison
The external restraining developed cracks extended over the
entire slab depth. The pattern of the restraining cracks was localized (single crack for mortar or few cracks for cement paste) and
mainly cracks oriented perpendicular to the drying surface. Also,
the localization of crack in the restrained mortar specimens was
clear by the observation of crack in one section only. The cracks initiated early and extended very fast as seen in Fig. 9. These results
successfully duplicate the results typically observed in the field.
For example, early age cracks appear on concrete bridge decks
due to volumetric changes in concrete. These cracks may initiate
soon after construction, and they start from the bottom face of
the bridge deck and extend through the deck’s depth to the top
surface [19–21].
The initiation of cracks and the extension through the entire
depth occurred very fast (less than 3 days) and with less than
20% of degree of drying (Fig. 10 and Table 7). However, as the
degree of drying increased, the crack width and branches increased
as shown in Fig. 8. Thus, the CD %, CMO, and CMW increased
(Table 7). Also, the crack branches that grew up as the degree of

drying increased showed an inclination angle different than the
vertical basic crack.
The both bond and mortar cracks in the unrestrained mortar
specimens (Fig. 8) were in agreement with the findings of other
researchers [4,10,22]. Since they were very few and not connected, it is believed that they had no effect on the moisture
transport properties [22]. The drying shrinkage cracks appeared
only at extreme cases such as oven dry case, which does not
represent the actual environmental conditions concrete structures normally experience. The crack density, width, and length
of the restrained specimens were higher than the unrestrained
specimens.
The cracks in the unrestrained cement paste specimens were
micro-cracks randomly distributed over the surface with short
extension into the slab depth. The cracks extended inside the slab
perpendicular to the surface. These cracks developed due to selfrestraining resulted from the differential shrinkage in the specimens caused by the moisture gradient developed during the drying
process. The restrained cement paste specimens showed uniform
random distributed cracks, and these cracks were wider and
extending through the entire depth of the slab.
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Comparison of the average TCL and MCD between the mortar
and cement paste restrained slabs at similar degree of drying
(around 50%) shows lower values for the mortar slabs (Table 7).
This could be attributed to the lower amount of cement in the
mortar specimen. This is also the reason why no surface cracks
were developed in the unrestrained mortar paste specimens as
happened in the unrestrained cement paste specimens. The effect
of localized cracks that developed in the restrained mortar slabs
raises a concern about the effect of the localized cracks on the
drying process of the further slab parts. The authors believe that
the damage is localized in a special zone, and its effect is dominant
in that zone. The damage effects disappear far away from the
damage zone.
6. Conclusions
The drying shrinkage crack patterns of cement-based slabs with
external restraining have been investigated herein in terms of
crack length, width, density, and orientation in order to overcome
the shortage of data in this area. Knowing the crack patterns allows
for better understating of the effect of drying shrinkage-induced
damage on the concrete transport properties, and better modeling
of the drying shrinkage-induced damage. Based on the findings of
this study, the following conclusions are drawn:
1. The drying shrinkage in cementitious restrained slabs
develops localized cracks oriented perpendicular to the drying
surface and extending through the entire depth of the slab.
After that, as the degree of drying increases, the crack width
increases and new branches grow up on the vertical basic
cracks.
2. The drying shrinkage in unrestrained mortar specimens developed few cracks neither connected to each other nor to the
specimen surface. Therefore, they had no significance effect
on the moisture transport properties.
3. The drying shrinkage in unrestrained cement paste specimens
developed micro-cracks randomly distributed on the drying
surface with short extensions into the slab depth. The extensions of these cracks through the depth were perpendicular to
the specimen surface due to self-restraining resulted from the
differential shrinkage in the specimen caused by the moisture
gradient developed during the drying process.
4. Additional experimental investigation is needed to verify the
authors’ belief of the existence of damage in a localized zone
and disappearing away from this zone by embedding humidity
sensors inside the slab at different locations.
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