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Abstract

Crack spacing is a governing parameter in widely used crack width calculation

models. Axial tensile experiments are conducted to examine the crack spacing

behavior of reinforced concrete specimens with multiple reinforcement bars.

To reduce the time, cost, and labor of the experiments, nonlinear finite ele-

ment simulations are widely used. In this study, 3D non-linear finite element

simulation models have been developed with the smeared cracking approach

to predict the average crack spacings. These models are calibrated and vali-

dated using both the experiment conducted by the authors and an experiment

given in the literature. The governing crack spacing parameters have been

identified as concrete cover thickness and clear distance between tensile bars.

After conducting a series of 3D nonlinear finite element method simulations

with the calibrated model, an equation is developed to predict the average

crack spacings using multiple linear regression analysis. The validity of the

proposed crack spacing equation has been checked with 18 recent experimen-

tal results in the literature. The proposed crack spacing equation gives a good

agreement with the results of these experiments.
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1 | INTRODUCTION

Crack spacing is an important parameter in predicting
crack widths. Axial tensile tests are conducted to study

the cracking behavior of reinforced concrete (RC) speci-
mens with several reinforcement bars, because the behav-
ior is much similar to actual RC members in practice.1 In
order to conduct such experiments, additional effort is
required in designing the load application method.2 Con-
ducting such experiments on relatively large RC speci-
mens requires a special type of test rigs,3 which are not
commonly available. Due to several benefits, the finite
element method (FEM) can be used to analyze the
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cracking behavior of RC structures. Reducing the time,
cost and labor in laboratory experiments is one of the
main benefits, while the ability to observe the internal
behavior of an RC specimen is another benefit of FEM.
Nonlinear FEM has been used to study crack spacing
behavior and has been reported in several pieces of
research.4–7 Crack analysis of reinforced concrete struc-
tures in FEM can mainly be carried out by using two
crack models: namely, “discrete crack” and “smeared
crack” models. The discrete crack model was developed,
as a crack would create a complete discontinuity between
element edges.8,9 In the discrete modeling, it is necessary
to pre-define the location and path of the crack along the
finite element edges.10 As the crack location is needed to
pre-define, this method is not suitable for studying crack
spacings. Ingraffea and Saouma11 proposed re-meshing
the concrete element after the cracks appear. However,
that would make the model much more complicated and
require computational time and cost. In order to over-
come these issues, the “smeared crack model” can be used
to study crack spacing behavior.12 This model was first
introduced by Rashid.13 When a crack occurs in an ele-
ment, this method proposes changing the constitutive
properties (material stiffness, tensile strength perpendicu-
lar to crack direction, etc.) of the cracked concrete
elements.

When considering existing crack spacing prediction
models, they are mainly based on three theories, namely:
“bond-slip,”14 “no-slip,”15 and “combined theories.”16 The
“bond-slip” theory considers that a slip occurs between the
reinforcement and concrete. The “no-slip” theory considers
that there is a perfect bonding between reinforcement and
concrete and therefore no slip would occur. According to
this theory, within the concrete, the stress would transfer
according to St. Venant's principle,17 which means that the
crack spacing is affected by the thickness of the surround-
ing concrete of the tensile reinforcement. The combined
theory considers that crack spacing behavior is affected by
the aforementioned two theories. However, the findings in
Beeby18 and Mcleod19 emphasized that the no-slip theory
has a dominant effect on the cracking behavior of RC spec-
imens with deformed bars. Further, the axial tensile tests
conducted on RC ties mentioned in Yannopoulos20 and
Tammo et al. in21,22 identified that a negligible amount of
slip occurs at the end faces of RC ties (faces perpendicular
to reinforcement).

The bond-slip behavior adapted to Model Code 2010
(MC 2010) is from the Ciampi–Eligehausen model,23,24

which is based on the Rilem-type pull-out tests25 (the
same Ciampi–Eligehausen model is used to develop the
crack width calculation model by Balazs,26 which is also
considered in fib bulletin 52.27 According to this MC
2010 bond-slip model, the slip value can be up to 2 mm

for the good-bond condition. On the other hand, the
bond-slip behavior of RC specimens subjected to axial
tension was identified in Beconcini et al.28 and Doerr.29

The maximum slip values identified in these experi-
ments are 0.055 mm and 0.1 mm, respectively. There-
fore, when comparing the bond-slip behavior in MC
2010 and in axial tension, it could identify that the
“slip” in axial tension is almost negligible. These differ-
ences in the bond-slip behaviors between axial tension
and pull-out tests have been thoroughly discussed in
Naotunna et al.30 For these reasons, for this study, the
cracking behavior of an RC member is considered to be
more related to the “no-slip” theory.

From the existing literature, many crack spacing models
based on the “no-slip” theory can be identified. Such models
are found in.15,31–33 Further, several other crack spacing
models can be identified without the “bond parameter
(φ/ρ),”18 which is the dominant parameter of crack spacing
models developed from “bond-slip” theory. The models
mentioned in34–37 are such models; since the background of
these models are not easy to find, it cannot be stated that
these models are directly based on “no-slip” theory. When
considering the models in the aforementioned literature,
the governing crack spacing parameters can be identified
as concrete cover thickness,15,31,32,36 spacing between tensile
reinforcement,32,34–36 concrete quality,36 reinforcement
ratio,37 and number of tensile reinforcement layers in con-
crete.36 Since 1965, concrete cover thickness has been identi-
fied as a dominant crack spacing governing parameter.15

Existing crack width calculation models in36,38–41 have con-
sidered, and many recent experiments1,42–44 have proved,
that concrete cover thickness is a crack-spacing parameter.
Spacing between tensile bars has been considered a parame-
ter of crack spacing in the past (Model Code 1978,45 Bazant
et al.'s model in,46 etc.). Eurocode 241 recommends a differ-
ent calculation model for members with large tensile bar
spacings. Further, the recent literature of Gribniak et al.42

and Hossin and Marzouk47 experimentally proved that spac-
ing between tensile bars is a governing parameter of crack
spacing. Many studies have identified that, although the
crack initiation load is related to the tensile strength of con-
crete, the crack widths and crack spacings have a negligible
effect from concrete tensile strength.48–51 Other than that,
Broms and Lutz32 and Theriault and Benmokrane51 identi-
fied that the reinforcement ratio is not a governing parame-
ter of crack spacing. Therefore, in accordance with these
facts, concrete cover thickness and tensile bar spacing have
been considered governing crack spacing parameters for this
study.

ATENA by Cervenka Consulting52 is nonlinear FEM
analysis software that is widely used to simulate the
cracking behavior of RC members. As mentioned, this
study focuses on cracking behavior based on “no-slip”
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theory (or perfect bond criteria). This condition can be
represented by modeling with smeared reinforcement
which leads to smeared cracking behavior.53 Recent stud-
ies mentioned in Mang et al.4 and Rimkus et al.54 have
identified that the perfect bonding models give good
agreement with the experimental cracking behavior.

The authors of this article have conducted an axial ten-
sile experiment with 2 m � 0.2 m � 0.2 m (length, width,
height) specimens and four 32-mm-diameter bars. The
details of this experiment are mentioned in Naotunna
et al.3 As previously stated, such experiments consume a
considerable amount of time, cost, and labor. Therefore, a
three-dimensional finite element simulation model has
been developed to simulate this experiment. The crack
spacing behavior has been calibrated with the results of
this experiment. By using the same FEM parameters, the
model has been verified to predict the mean crack spacing
of a 3.2 m � 0.35 m � 0.35 m specimen with four 20-mm-
diameter bars, mentioned in Barre et al.55 After the cali-
bration and validation of the 3D FEM simulation model,
several virtual experiments could be conducted to study
the effect of “concrete cover thickness” and “clear distance
between tensile bars” on crack spacing. The “mean crack
spacing” parameter is a good representative of the overall
crack spacing behavior of an RC specimen. Therefore,
widely used crack spacing models in Eurocode 2 (EC2)
and MC 2010 first developed their model for mean crack
spacing and multiplied it by a factor (factor of 1.7) to pre-
dict the “maximum crack spacing.”56,57 Therefore, the
obtained mean crack spacing values from the conducted
virtual experiments have been used to develop a new
crack spacing equation, which can be used in the axial
tensile specimens with multiple reinforcement bars. The
applicability of this developed equation has been checked
with the results of recent experiments reported in the
literature.

2 | USE OF AXIAL TENSILE
EXPERIMENTS TO CALIBRATE AND
VALIDATE 3D FEM SIMULATION
MODEL

Axial tensile experiments can represent the tensile region
of a bending member,58,59 and several rebar layers can be
placed in specimens, similar to in practice. In this study,
the results of the experiment published by Naotunna
et al.3 have been used to calibrate the 3D FEM simulation
model. In this experiment, three identical specimens with
2 m � 0.2 m � 0.2 m (length � width � height) were cast
with four 32-mm-diameter reinforcement bars (Figure 1).
The concrete cover thickness of the tested specimens was
35 mm. The mechanical properties of the concrete and
the specimen details are shown in Table 1. The character-
istic yield strength of the reinforcement was 500 MPa,
and Young's modulus was 200GPa. After unmolding the
specimens, they were stored in a 20�C room temperature,
with the necessities for concrete curing. During the test,
the axial tensile load was applied to the reinforcement,
and the test rig was connected to the specimen through a
nut and bolt mechanism, as shown in Figures 1 and 2.
Crack spacing measurements were taken, respective to
the position of the reinforcement. Moreover, to validate
the developed 3D FEM simulation model, the results of
Barre et al.55 were considered; a detailed discussion is
presented in Section 3.

3 | 3D NONLINEAR FEM
SIMULATION TO STUDY CRACK
SPACING

The crack simulation of the aforementioned experiment
was carried out with the finite element software called

FIGURE 1 Details of the

tested RC specimen in

Naotunna et al.3
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“ATENA” by “Cervenka Consulting,” Version 5.7.0 with
“GiD 14.0.2” interface. The modeling was conducted with
the “GiD 14.0.2” interface. When developing the 3D
nonlinear FEM simulation model, eight-noded hex-
ahedral elements were used to model concrete. The rein-
forcement was modeled as smeared reinforcement,
where reinforcement and concrete are discretized into
element with the same geometrical boundaries.60 Since
the reinforcement is modeled as smeared reinforcement,
material properties of reinforcement superimpose the
concrete material properties within the defined space of
reinforcement. The material stiffness matrix of smeared
reinforcement is a function of the direction of the rein-
forcement axis, elastic modulus of reinforcement, and the
reinforcement ratio. Since the reinforcement is modeled
as smeared reinforcement, the cracks have idealized as
smeared cracks.61,62 This method does not allow “slip” to
occur between the reinforcement and concrete. The
recent study by Rimkus et al.,54 on the uncertainty of the
smeared crack model, identified that the perfect bond
model gives the best fit with the experimental results.
When modeling the axial tensile experiment, the “fixed
crack model” was decided on, where the crack direction
freezes to the principal stress direction of the crack occur-
rence.63 Since the axial tensile experiments were per-
formed by keeping one end fixed and loading in the other

end, a similar type of boundary condition was applied in
the FEM model. In this model, the external load is
applied by a displacement-controlled method, with the
displacement given as 0.1 mm incremental steps. Fur-
ther, as the FEM is loaded in a horizontal direction, verti-
cal constraints were added to the bottom edges of the
specimen (required at the initial displacement steps). The
solution of the numerical model is based on the Newton–
Raphson method.

3.1 | Material models

The constitutive model selected for concrete consists of a
“fracture” part to model the tensile failure, while the
“plastic” part is to model the compressive failure.64 The
material model follows the De-Borst65 strain decomposi-
tion rule, where the strain in concrete decomposes into
elastic, plastic, and fracture. However, as the developed
FEM simulation model is only subjected to tension, con-
crete strain will not decompose as plastic strain. When a
crack occurs in concrete, to match the continuous algo-
rithm of FE analysis, it is considered that an amount of
tensile stress would transfer across the crack. This
amount of stress is decided in accordance with Hordijk's
law.66 According to Hordijk's law, the tensile stress of
concrete perpendicular to the crack is a function of crack
width. Detailed information about the fracture model,
which is based on Rankine failure criterion, is mentioned
in Cervenka and Papanikolaou.64

3.2 | Calibration and validation of the 3D
FEM simulation model

The axial tensile test published by Naotunna et al.,3 dis-
cussed in Section 2, is simulated by using nonlinear FEM
and the model is calibrated with the experimental mean
crack spacing value. Hereafter, this 3D FEM simulation
model is referred to as the “calibration model.” This is a
symmetric model and, therefore, in order to save compu-
tational time and cost, only a symmetric half of it can be
modeled. However, since this is a crack spacing study,
when a crack occurs near the edge of the symmetric half,
obtaining the crack spacing value can be problematic.

TABLE 1 Parameters of the test specimens

Specimen
Cross section
(m � m)

Length
(m)

Concrete strength (MPa)
Concrete
cover (mm)

Bar profile no �
diameter (mm)Compressive Tensile

Naotunna et al.3 0.2 � 0.2 2 35 3.2 35 4 � 32

Barre et al.55 0.355 � 0.355 3.2 43.6 3.7 65 4 � 25

FIGURE 2 Tensile load application on the RC specimen

mentioned in Naotunna et al.3,30
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Therefore, the “complete specimen” has been modeled in
three dimensions, to obtain the crack spacings. The
smeared crack model is sensitive to the size of the
mesh.53 Mesh size must be larger than the maximum
aggregate size (16 mm) to represent the inhomogeneous
behavior of concrete67 and less than the reinforcement
diameter (32 mm) to affect the bond conditions.53 In the
aforementioned concrete model, there are several factors
which can be used to influence the tensile behavior of
concrete. Such parameters are “crack spacing min,” “ten-
sion stiffening,” “shear factor” and so on. In heavily
reinforced members, the cracks may not fully propagate
and in such cases, it may need to adjust the “limiting
value” of tensile strength of concrete in the tension soft-
ening diagram. The “tension stiffening” parameter is used
to do these changes. In the software, a value can be
assigned to the “tension stiffening factor” from 0 (the lim-
iting tensile strength of concrete reaches to zero after

cracking) to 1 (the limiting tensile strength of concrete
does not drop after cracking). The “shear factor” parame-
ter is used to define a relationship between normal stiff-
ness and shear stiffness of cracked concrete (shear
stiffness is “shear factor” � normal stiffness obtained
from the tension softening curve68). However, since the
specimens are subjected to axial tension, this parameter
is not dominant for the conducted experiment. Therefore,
“shear factor” has not been activated in this model. The
“crack spacing min” parameter is used to correct the frac-
ture energy parameter based on the element size. Since
the concrete softening curve is modeled with laboratory
specimens of 100–150 mm size, the value of this parame-
ter can be decided accordingly. According to the flow
chart illustrated in Figure 3, after several trial-and-error
iterations, the mesh size was decided as 25 mm, the value
of “tension stiffening” parameter was set at zero and the
“crack spacing min” parameter was set at 100 mm.

FIGURE 3 Flow chart of the calibration, validation and the parametric analysis conducted during this study
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A 3D FEM calibration model is developed by using the
mean concrete compressive and tensile strengths measured
at the laboratory (refer Table 2). Young's modulus and
Poisson's ratio are considered according to Eurocode 241

provisions, the values being 34 GPa and 0.2, respectively.
The fracture energy is automatically generated according to
the equation proposed in Vos.69 Since the reinforcement is
subjected only to axial tension, the smeared reinforcement
is represented in a one-dimensional element. Characteristic
yield strength and the Young's modulus of the reinforce-
ment are assigned as 500 MPa and 200 GPa, respectively.
Figure 4a,d show the cracking behavior of the calibrated
FEM model at two loading steps: at 500 kN and 800 kN,
respectively. Further, the steel stresses of the reinforcement
can be observed, as given in Figure 4b,d. It is important to
mention that, at the crack, the steel stress becomes higher
than at the uncracked locations. The crack spacing of the
numerical model is considered as the center-to-center dis-
tance between the cracked elements. As shown in the
Table 2, the mean crack spacing values of the calibration
model gives a good agreement with the experimental
results, where the error value is less 6%.

After calibration, the next task was to check whether
the developed model can represent the crack spacing
values for similar types of experiments (validate the
model). For this task, the experimental results of a simi-
lar axial tensile experiment with four tensile reinforce-
ment bars were required. An experimental program
mentioned in Barre et al.55 was considered for this case,
and the FEM simulation model is named the “validation
model.” The number of reinforcements and the tensile
load application method are similar to the experiment
considered in the calibration model. Details of the
selected specimen are mentioned in Table 1, and the
comparison of crack spacing values is shown in Table 2.
The flow chart in Figure 3 clarifies the steps conducted to
develop this validated model. The crack spacing values of
the specimen are given in Figure 5. According to the
comparison in Table 2, the developed 3D FEM simula-
tion model shows the ability to predict the mean crack
spacing behavior of specimens subjected to axial tension.
Table 2 shows that the mean crack spacing values give
very good agreement with the experimental results. In
both cases, the experimental mean crack spacing value is
6% higher than in the FEM simulation models.

4 | DEVELOPMENT OF NEW
CRACK SPACING MODEL

As mentioned in Section 1, the governing crack spacing
parameters for this study have been identified as concrete
cover thickness and the clear distance between tensile
bars. Therefore, the developed calibration model has been
used to study the effect of these two parameters on crack
spacing. Since the FEM simulation model is calibrated
with a mesh size of 25 mm, the specimen size can be
increased in 25-mm steps. With the increase in model size,
the number of elements in the FEM models also increases.
This leads to a further increase in the computational time
and space. When designing a structure for a longer service
life, a large concrete cover thickness is required. The cur-
rent requirement for concrete cover thickness can be as
large as 120 mm, according to the Norwegian Public Road
Administration guidelines.70 Therefore, in the parametric
analysis, the concrete cover has been changed from 35 to
122.5 mm, and the clear distance between tensile bars has
been changed from 66 to 216 mm, in several steps. Table 3
shows the mean crack spacing values of the developed 3D
FEM simulation models, with changed concrete cover
thickness and bar spacing. When developing these models,
not only the mesh size, material properties and the bound-
ary conditions but also the other FEM modeling parame-
ters are kept the same as in the calibration model.

According to Table 3, the experimental mean crack
spacing values are 6% larger than the FEM simulation
model predictions. Therefore, the obtained results from
the aforementioned FEM simulation models have been
increased by 6%. Several models can be identified which
do not have a satisfactory convergence criterion. The
model is developed to stop the iterations, if the relative
error in displacement or force equilibrium is larger than
10% in several steps in a row, since the results tend to be
unreliable.71 In such cases, there are several methods that
can be used to improve the model, that is, reducing the
stiffness of the overall specimen, reducing the displace-
ment step, and so on.71 Since it is not possible to change
the calibrated FEM modeling parameters, such models
were not improved, and the results of these models were
not considered for this analysis (blank spaces in Table 3).

Broms and Lutz32 identified that the crack spacing
behavior would change when the concrete cover

TABLE 2 Comparison of the

experimental crack spacing values with

the numerical model predictionsSpecimen

Mean crack spacing

FEM simulation models (mm) Experimental (mm) Errora %

Calibration3,30 125 133 6

Validation55 188 200 5.8

aError = (Experimental value � FEM simulation model value)/Experimental Value.
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thickness is larger than the clear distance between the
tensile bars. The highlighted data in Table 3 are from
such cases. Therefore, the first focus is on cases where
the concrete cover thickness is less than the clear

distance between the tensile bars. In this study, the inde-
pendent variables are concrete cover thickness and the
clear distance between tensile reinforcements, and the
dependent variable is the mean crack spacing. The

FIGURE 4 Cracking behavior of the 3D FEM calibrated model, (a) cracking behavior of the specimen at the applied tensile load of

500 KN (crack spacing measurements are in mm), (b) stress distribution of reinforcement at the applied tensile load of 500 KN, (c) cracking

behavior of the specimen at the applied tensile load of 800 KN, (d) stress distribution of reinforcement at the applied tensile load of 800 KN

NAOTUNNA ET AL. 7



purpose was to obtain a simple equation to predict the
mean crack spacing, which can be more practically used
in industry. A linear regression analysis can be conducted
for the mentioned data in Table 3, to find the best-fitting
equation. Since this is a study with two independent vari-
ables, the solution of the linear regression analysis will
be a plane (surface). As the best fitting surface, a first-
degree polynomial equation has been obtained as given
in Equation (1). This is the equation for the surface given
in Figure 6. Even though a relatively large amount of
data points has been used for the analysis (Table 3), the
R2 value is 0.78.

Sr,mean ¼ 66þ0:51 cþ0:6 s all values inmmð Þ ð1Þ

where Sr,mean is the mean crack spacing, “c” is the
concrete cover thickness, and “s” is the clear distance
between tensile reinforcements.

The size effect or the geometric parameters of an RC
specimen have been identified as a factor influencing
crack spacing.6 The virtual experiments conducted using
nonlinear 3D FEM simulation models are only for those
cases where RC specimens have four reinforcements (two
tensile bars are close to the surface of each face). When
the number of bars close to the specimen surface (n) is
two, concrete cover thickness and clear distance between
bars gives a good representation of size effect. However,
in general, the value of “n” can vary, and in such cases,
the concrete cover and bar spacing do not represent the

FIGURE 5 Cracking behavior of the FEM simulation model developed to simulate the mentioned experiment in Barre et al.,55 the

validation model (crack spacing measurements are in mm)

TABLE 3 Obtained mean crack spacing values from the FE analysis

Concrete cover thickness (mm)

35 60 85 97.5 110 122.5

Clear distance between
tensile reinforcement
(mm)

66 133 151 146 177 184 173

91 125 141 151 180 163 173

116 163 163 177 - 163 177

141 170 177 212 - - -

166 177 - 236 - 193 -

191 184 212 - - - -

216 193 236 265 - - -

Note: “-” convergence limit is larger than 10% in several steps. Mean crack spacing values are highlighted for those specimens in which the concrete cover
thickness is larger than the clear distance between bars. This mark shows the locations of calibrated model. This mark shows the approximate
location of the validated model (cover is 65 mm and clear distance between bars is 175 mm).
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geometric parameters of a specimen (refer to Figure 7,
when n = 3). Equation (1) is developed for those speci-
mens with two tensile bars close to the surface of each
face (n = 2). Therefore, to represent the size effect of
specimens with different numbers of “n” values, the term
with bar spacing in Equation (1) has been divided by two
and multiplied with “n.” Equation (2) represents the

modified crack spacing model with several reinforcement
bars close to the surface.

Sr,mean ¼ 66þ0:51 cþ0:6 s n=2 all values in mmð Þ: ð2Þ
As mentioned, Equations (1) and (2) have been devel-

oped for cases where the value of “s” is larger than “c.”
The highlighted cases in Table 3 are those where “c” is

FIGURE 6 Behavior of the

mean crack spacing for

specimens with different cover

thicknesses and bar spacings in

three different rotation angles

NAOTUNNA ET AL. 9



larger than “s.” For these cases, the effect of parameter
“s” can be identified as becoming less important to the
crack spacing. Then, it can be seen that, when parameter
“s” in Equation (2) is replaced with “c,” it gives better
predictions with the highlighted “green” data in Table 3.
Equation (3) shows the developed mean crack spacing
model for the RC beams, when the concrete cover is
larger than the clear distance between the tensile bars.

Sr,mean ¼ 66þ c 0:51þ0:6 n=2ð Þ all values in mmð Þ: ð3Þ

5 | VERIFICATION OF THE
PROPOSED EQUATIONS

The equations developed to predict the mean crack spac-
ing of RC beams with multiple reinforcements subjected
to axial tension are given in Equations (2) and (3). In order
to validate the equations, they have been checked with the
results of recent experimental studies. Recent literature
has recorded a limited number of axial tensile tests con-
ducted on RC specimens with multiple bars. Cases were
selected from Tan et al.,44 Naotunna et al.,3 Barre et al.,55

Rimkus and Gribniak1 and Garcia and Caldentey.72

Details of the RC specimens of these selected specimens
are listed in Table 4. Moreover, Tan et al.44 did not apply
the tensile load directly to the reinforcement. However, in
every other experiment mentioned, the tensile load is
directly applied to the reinforcement. Other than the
experiment considered to validate the numerical model,
another axial tensile test was conducted in Barre et al.55

for a specimen with eight reinforcements, and this is men-
tioned as case 3 in Table 4. Rimkus and Gribniak1 studied
the effect on crack spacing of different reinforcement lay-
outs. Tested specimens are around 0.5 m long, and it is
important to mention that cases 13, 14, and 15 in Table 4
have two reinforcement layers, respective to each concrete
surface. Garcia and Caldentey72 focused on the effect of
the casting position on the cracking behavior. The “good

bond” and “poor bond” faces are considered as the bottom
and top faces of the specimen, respectively, when it is
being cast. Since the developed equations are based on the
perfect bond criteria, only the results of “good bond” cases
have been considered in this study. Another important
fact is that, from these cases in Table 4, the mean com-
pressive strength of concrete varies from 32 to 74 MPa,
and different reinforcement layouts have been used.

The experimental mean crack spacing values of the
aforementioned experiments have been compared with
the proposed models in Broms15 and Beeby and Scott,31

since they are based on the “no-slip” theory. EC2 and
MC 2010 have models for calculating the “maximum
crack spacing” values. Both the EC2 and MC 2010 models
consider the maximum crack spacing to be 1.7 times the
mean crack spacing, based on Braam73 and CEB design
manual,74 respectively. Therefore, Table 4 consists of the
mean crack spacing predictions of both EC2 and MC
2010, by dividing their maximum crack spacing predic-
tions by the 1.7 factor. The predictions from the proposed
models are based on Equations (2) and (3). In cases 6, 7,
11, 12, 14, and 15, the concrete cover thickness is larger
than the clear distance between tensile reinforcements.
Therefore, Equation (3) is used for those cases, while
Equation (2) is used for the other cases.

When considering the error values in Table 4, the
EC2 model predictions are considered to be more on the
conservative side. This relatively high overestimation of
the EC2 crack spacing model is noted in several stud-
ies.3,44,57 Except for four cases, the MC 2010 predictions
are on the conservative side. However, compared to the
EC2 predictions, the percentage of overestimations is
lower in the MC 2010 estimations. Of all 18 cases,
the predictions from Broms15 and Beeby and Scott31

have underestimated the experimental values in 15 and
13 cases, respectively. These two models are mainly
developed for the axial tensile RC specimens consisting
of a single embedded reinforcement. When considering
the proposed model, four cases underestimate the experi-
mental values. However, these underestimated percent-
ages are still lower than 20%. Of the 18 cases mentioned
in Tables 4, 12 cases have an “absolute error” value less
than 20%. From the cases mentioned in Table 4, five
cases have a concrete cover thickness larger than 60 mm
(up to 90 mm). For these cases, the predictions of the pro-
posed model give good agreement, where the absolute
error values lie below 20%. Furthermore, as highlighted
(light green) in Table 4, the proposed model gives the
best fit for the majority of cases. When comparing the
predictions of the aforementioned models, the relative
best agreement for the experimental mean crack spacing
values are obtained from the proposed Equations (2)
and (3).

FIGURE 7 Notations of the proposed equation
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6 | CONCLUSION

This paper studies the crack spacing behavior of RC speci-
mens with multiple bars, subjected to axial tension. The
main identified crack spacing governing parameters for this
study are concrete cover thickness and the clear distance
between tensile reinforcements. To reduce the time, labor,
and cost of laboratory experiments, finite element model-
ing has been used to study the cracking behavior. From the
previous literature, it can be identified that a negligible
amount of slip occurs between the reinforcement and con-
crete in axial tension. Therefore, a finite element model
has been developed, considering a perfect bond between
reinforcement and concrete. After calibrating and validat-
ing the FEM simulation models, they have been used to
study the effect of concrete cover thickness and tensile bar
spacing on crack spacing. The following are the most
important findings identified from this study,

The smeared crack model with perfect bonding
criteria can predict the crack spacing behavior of an RC
specimen with multiple bars subjected to axial tension.

The developed FEM simulation models can predict the
crack spacing behavior with different concrete cover thick-
nesses and changes in the spacing between tensile bars.

With the results of several virtual experiments, a
“mean crack spacing model” could be developed for use
in axial tensile specimens with several reinforcements.

This proposed model is developed from the results of
3D nonlinear FEM models, up to a concrete cover thick-
ness of 122.5 mm. It has been proved that this model
gives good predictions with the experimental results of
RC specimens up to 90-mm cover thickness.

7 | FUTURE WORK

The proposed model is developed from the data of FEMs
with four reinforcement bars. Then it has been improved
for specimens with several bars. However, the effect of
several tensile reinforcement layers is not considered for
this model. This is a parameter of the Japanese code
model, and when the highest overestimated case of the
proposed model is considered (case 15 in Table 4 has two
layers of tensile reinforcements respective to each face),
the necessity of studying this parameter is apparent.

The parameter “n,” which is the number of reinforce-
ments respective to the specimen face, is introduced to
make the proposed model more applicable to general
beams. However, this parameter makes it difficult to use
this model for RC slabs. Therefore, future research is
required to make this model more applicable to RC slabs.

Developing a mean crack spacing model is the first
step to develop the maximum crack spacing model.

Widely used “maximum crack spacing models” have
been developed by multiplying the mean “crack spacing
model” with a factor that represents the ratio of maxi-
mum to mean crack spacing. EC2 and MC2010 consider
this ratio to be 1.7. By considering the results of several
recent axial tensile experiments, Naotunna et al.3 identi-
fied that this ratio varies between 1.2 and 1.7. However,
Broms and Lutz32 and Beeby and Scott31 considered this
parameter to be 2. Therefore, the next step is to decide on
a suitable ratio for the maximum to mean crack spacing
and develop an equation for “maximum crack spacing.”

This study has been conducted by using FEM simula-
tions. Aghajanzadeh et al.75, has modeled the concrete
fracture process by combining both smeared crack
approach with extended finite element (XFEM) method.
Therefore, improved simulation models can be developed
using XFEM to predict the crack spacings in RC
specimens.
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