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Abstract

Cracks in reinforced concrete (RC) structures are controlled to enhance
the service life, for a better aesthetic appearance, and to avoid leakages
in liquid retaining structures. The most widely used crack controlling
method at the structural design stage is to limit the calculated crack width
to an allowable crack width limit. With an understanding of the economic
and social benefits, there is a trend to build RC structures with a long
service life. To enhance the durability of these structures, large concrete
cover thicknesses are required to protect the embedded reinforcement
from corrosion. These enhanced concrete cover thicknesses are larger
than the limitations of existing crack width calculation models. From a
literature survey and a parametric study conducted with the results from
recent experiments in the literature, it can be identified that the existing
crack width calculation models require improvement, to predict the crack
widths in RC specimens with large concrete cover thicknesses.

The next objective is to study the different theoretical approaches
discussed in the literature regarding the approaches to cracking and to
identify the most relevant method for the actual cracking behavior in RC
members subjected to service load. To achieve this objective, an
experimental program was conducted to test large-scale RC specimens
in axial tension. Then it was identified that the actual cracking behavior
in RC members with ribbed reinforcement is more related to the ‘no-slip
approach’ (perfect bond between reinforcement and concrete) than the
classical bond-slip approach. This finding has been further confirmed
with a literature survey focused on the previous experimental studies that
measured the slip between the reinforcement-concrete interface.

After studying the ‘no-slip approach’, an experimental program was
conducted to investigate the governing parameters for crack spacing.
From the experimental program, it was identified that both concrete
cover thickness and the clear distance between bars have an influence on



crack spacings and therefore on the crack widths in RC specimens. Then,
with the results of the conducted experiments and the results of a series
of calibrated 3D non-linear finite element method simulations, an
improved crack spacing model was developed, to predict the crack
spacings in RC members with multiple bars that are subjected to axial
tension. The crack width variation along the large concrete cover
thickness has been studied by means of an experimental program. From
this study, it was found that the effect of shear lag has an influence on
the surface crack widths of RC members. Based on the findings, an
improved crack width calculation model has been proposed, and its
predictions gave good agreement with the experimental results in recent
literature.

Keywords: reinforced concrete, cracks, crack width, crack spacing,
prediction models, durability, serviceability limit state, concrete cover
thickness, reinforcement, axial tension, flexure, clear distance between
bars, experiments, non-linear FEM, large-scale specimens.
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Introduction

1 Introduction

1.1 General Overview

Crack controlling is one of the main serviceability limit state
requirements when designing reinforced concrete (RC) structures. These
cracks in concrete occur when the applied tensile stress in concrete
exceeds the tensile strength of concrete (Leonhardt, 1988). Based on the
applied tensile load on the RC structure, cracks can be classified into
three categories: tensile stresses induced by service loads, imposed
deformations, and environmentally induced loads. These cracks in
reinforced concrete (RC) structures create many adverse effects on the
durability, aesthetic appearance, and liquid or gas tightness of the
structure (FIB, 2013). To mitigate these adverse effects, repairing the
cracks in RC structures involves high costs (Makhlouf and Malhas,
1996). Therefore, it is preferable to control these cracks at the structural
design stage.

The current method for controlling cracks at the structural design stage
is to limit the calculated crack width to a prescribed allowable crack
width limit. Both the crack width calculation models and the allowable
crack width limits in codes of practice differ from region to region. Crack
width calculation models are based on empirical, analytical or semi-
analytical methods (Borosnydi and Baladzs, 2005). Allowable crack
width limits for the different exposure classes are based on the
environmental conditions in the region such as airborne chloride content,
freeze and thaw effect, etc. (West et al., 1999).
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1.2 Research Motivation

Increasing the concrete cover thickness is a main measure taken to
improve the durability of an RC structure. It has been identified
experimentally that the crack width increases with the concrete cover
thickness (Pérez Caldentey et al., 2013, Tan et al., 2018). Similarly, the
crack width prediction models in codes of practice consider the same
way that the crack width increases with the increase in concrete cover
thickness (CEN, 2004, FIB, 2013). As a result, the measures taken to
enhance the durability of an RC structure contradict each other. On the
other hand, when limiting the crack widths of structures with larger
concrete covers to the current allowable limits, it requires additional
tensile reinforcement, resulting in an increase in construction cost.

According to the Norwegian Public Road Administration guidelines
(Statens Vegvesen, 2009), the current requirement for concrete cover
thickness, can be as high as 120 mm. However, the governing crack
width calculation models in Europe have limitations for the concrete
cover thickness parameter. For example, the crack width calculation
model in Model Code 2010 limits its validity up to 75 mm of concrete
cover thickness. This shows the necessity to improve the existing crack
controlling criteria, especially for RC structures with large concrete
cover thicknesses.

1.3 Research Objectives

The main objective is to identify a crack width calculation model to
predict the cracks in RC members with large cover thickness. It is
planned that this will be achieved through the following steps.

1. Investigation of the backgrounds of existing crack width
calculation methods and crack width governing parameters. — Literature
survey.
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2. ldentification of the actual cracking behavior of RC specimens
subjected to service load. — Experimental investigation.

3. Investigation of the crack governing parameters, based on the
identified cracking behavior. - Experimental and numerical
investigation.

4. Proposal of new models to predict crack spacings and crack
widths in RC specimens subjected to service load.

1.4 Research Delimitations

The work in this study is limited to those cracks which occur due to axial
tensile and flexural loads. Cracks which occur due to other service loads,
such as shear, torsion, vibration, and dynamic loads, are not focused on
during this study.

Cracks which it is not possible to control at the structural design stage
are not covered in this study. Those are the cracks which occur due to
shrinkage, temperature variation, freeze and thaw, chemical reactions,
sub grade settlement, formwork movement, etc.

To improve the allowable crack width limits to effectively control the
cracks in RC members with large concrete cover thickness, the necessary
future studies have been identified. This study has not focused on the
allowable crack width limits of liquid retaining structures.

1.5 Outline of the Thesis

The thesis is written based on seven papers, five of which are journal
papers (four have been accepted or published, and one has been
submitted to a journal), and two have been published in conference
proceedings. The thesis is divided into two main sections, with Section
1 consisting of a summary of the content of the aforementioned seven
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papers in Section 2. Section 1 has been divided into six chapters, the first
of which describes the overview, motivation, objectives and limitations
of the conducted research. The second chapter of Section 1 describes the
research methodologies used to conduct the studies of the papers in
Section 2. The third chapter of Section 1 contains summaries of the
appended papers. Chapters 4 and 5 of Section 1 discuss the research
contributions and suggestions for future research, respectively. Section
2 consists of the seven papers which comprise the main findings of this
research.
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2 Research Methodology

The conducted research is divided into two main parts, as shown in
Figure 1. In Part I, the research question is identified. In Part 2, a research
plan is developed, to investigate the research question. The conducted
research methods in each part are described in the sections below.

Part 1: Identification of the Paper 1
research question Paper 2
Identification of the crack theory that Paper 3

follows the actual cracking behavior Paper 4

h 4

A 4
Tnvestigation of the governing

Part 2: Development of the | parameters based on the identified
research plan

theory

A 4

Paper 6
Paper 7

Proposal of new models

Figure 1 Research plan.

2.1 Part 1: Identification of the research question

Part 1 consists of the methods by which the research question was
identified. Conducting a parametric study identified that the existing
crack width calculation methods need to be improved to predict the crack
widths of RC specimens with large cover thicknesses. Paper 1 illustrates
the conducted parametric study and identified findings. Conducting an
extensive literature survey identified the limitations of existing crack
width controlling methods and the future research required to improve
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the crack controlling criteria. Paper 2 discusses the identified findings
related to the literature survey.

2.2 Part 2: Development of the research plan

After identifying the research question, the next task was to identify a
research method to answer the research question. In science, the main
research methods are considered to be quantitative, qualitative, and
mixed methods (Eyisi, 2016). Qualitative methods are used to openly
explore specific topics; the main research tools of this method are survey
research, case studies, and so on. The quantitative method is mainly
concerned with conducting experiments to investigate a specific
hypothesis and identify the relationships between variables. According
to this method, the research tools can be identified as statistical analysis
of experimental measurements, numerical modeling, theoretical
derivations, curve fitting, optimization techniques, and so on (Thiel,
2014). Therefore, among the aforementioned research methods, the
quantitative research method has been selected.

There are several theories/approaches available to describe the cracking
behavior in RC specimens. Such theories can be named as ‘bond-slip’
theory, ‘no-slip’ theory and ‘combined’ theory. The next objective was
to investigate the cracking theory that is more related to the actual
cracking behavior in RC specimens subjected to service load. An
experimental program was conducted to examine this; it is presented in
Paper 3. To further verify this identified cracking approach, a literature
survey was carried out, and that study is reported in Paper 4.

Next, an experimental program was conducted to investigate the crack
governing parameters in RC specimens, based on the identified crack
theory. The details of this conducted experimental program are
documented in Paper 5. From the results of the conducted experiments
and the results from the calibrated numerical simulation model, a new
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crack spacing model has been introduced. Several research tools like
statistical analysis, optimization techniques, and so on were used to
introduce this model. The details of this study are reported in Paper 6.

Finally, another experimental program was conducted to examine the
crack width variation along the concrete cover thickness. After using
several research tools, such as theoretical derivations, curve filling, etc.,
a new crack width calculation model has been introduced. The details of
this study are reported in Paper 7.
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3 Discussion and Conclusion

3.1 The Work Seen in Context

Figure 1 in Chapter 2 shows the steps taken to reach the final objective
of this research. The findings of each step are reported in five journal
papers and two conference proceedings. The first two papers identify the
research question and the possible measures that are necessary to
improve the crack controlling criteria in RC members. Papers 3 and 4
illustrate how the cracking approach that can represent the actual
cracking behavior in RC members was identified. Then, the crack
governing parameters were experimentally distinguished, based on the
identified approach; this study is reported in Paper 5. Papers 6 and 7
introduce improved crack spacing and crack width calculation models,
which were the final objectives of this PhD study.

3.2 Overview of Appended Papers

3.2.1 Paper 1: Comparison of the behavior of crack width
governing parameters with existing models

The main objective of the study mentioned in this paper is to investigate
the research question. An investigation was carried out to identify the
governing crack width calculation models in Europe, which are provided
in Eurocode 2 (CEN, 2004) and Model Code 2010 (FIB, 2013). A
literature survey was carried out to identify the physical behavior of
crack governing parameters in the aforementioned two crack width
calculation models. Next, a parametric study was conducted to compare
the predicted behaviors of the two code models with the actual behavior.
In order to do that, the results of the recent experimental programs in Tan
et al. (2018) and Pérez Caldentey et al. ( 2013) were used. From this
study, parameters like the ‘a/p’ ratio (the ratio of the bar diameter to the

10
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effective steel area) were identified as having less influence on the
cracking behavior. Further, these codes were seen to have limitations
regarding parameters like concrete cover thickness (i.e., Model Code
2010 limits the concrete cover thickness to 75 mm). The current
requirement of concrete cover thickness is above this limitation
(Basteskar et al., 2019, Statens Vegvesen, 2009). Therefore, from this
study, the necessity of improving the existing crack width calculation
models could be seen.

3.2.2  Paper 2: Applicability of existing crack controlling criteria
for structures with large concrete cover thickness

From Paper 1, it could be seen that the existing crack width calculation
models required improvement. Therefore, this paper made a thorough
investigation of the previous literature, to identify the theoretical
background of the crack width calculation models. This investigation
was conducted for the crack width calculation models in Eurocode 2
(EC2), Model Code 2010 (MC 2010), Japanese code (JSCE, 2007),
American code (ACI, 1995) and British code (BS, 1985). It could be
seen that both the empirically based models in American Concrete
Institute (ACI) and British Standard (BS) codes used the results of RC
specimens up to 84 mm and 89 mm cover thicknesses, respectively, to
develop their models (Gergely and Lutz, 1968, Beeby, 1970). Based on
a study comparing the experimental results with the model predictions,
it has been found that the EC2 model predictions are more conservative,
and both ACI and BS code model predictions demonstrated good
agreement with the experimental crack widths of the specimens with
concrete cover thickness above 60 mm.

Crack widths increase with the increase in concrete cover thickness.
Consequently, when the crack widths of RC specimens with large cover
thickness are limited to existing limits, additional tensile reinforcement
is required to limit the crack widths. Therefore, an extensive literature

11
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survey was carried out to investigate the backgrounds of the existing
allowable crack width limits. Considering the durability aspect, from the
long-term results of the study conducted by Schiessl (1975b), it can be
seen that the allowable crack width limits can be increased with the
increase in concrete cover thickness, similar to the Japanese code
guidelines. When considering the aesthetic aspect, the authors suggest
categorizing the structures based on their prestige level and deciding the
allowable crack widths accordingly. The paper proposes potential
solutions for future research on how to improve both crack width
calculation methods and allowable crack width limits to be used
effectively in structures with large cover thickness.

3.2.3 Paper 3: Experimental and theoretical behavior of crack
spacing of specimens subjected to axial tension and bending

After thorough investigation of the research question, the next objective
was to identify the actual cracking behavior of RC specimens. There are
three main cracking theories/approaches, named ‘bond-slip’, ‘no-slip’
and ‘combined’ theory. Concrete cover thickness is the governing
parameter in the ‘no-slip” theory (Broms, 1965), while the bond (e/p) is
the governing parameter according to the slip theory (Saliger, 1936), and
both concrete cover thickness and bond are the governing parameters for
the combined theory (Borges, 1965). The stochastic nature of the
cracking behavior in RC specimens causes several disagreements among
researchers regarding the effect of certain parameters (Beeby et al.,
2005). Therefore, an experimental program was planned to obtain a large
sample of data to investigate the crack spacing behavior. This paper
describes the details and the identified findings of this experimental
study.

The experimental specimens were tested in both axial tension and
bending. The tested RC specimens were relatively large in size and
reinforced with larger bar diameters (g 32 mm). Since a large sample size

12



Discussion and Conclusion

of data was obtained, the mean and average crack spacing values were
obtained after statistical analysis. The obtained test results and those
from similar studies in the literature, were compared with the prediction
models, which were selected from Eurocode, Model Code 2010, The
German code (DIN, 2011), Beeby’s model (Beeby and Scott, 2005) and
JSCE code (Japanese code), as they cover the aforementioned three main
cracking theories. As shown in the Table 1, it could be seen that the crack
spacing behavior in RC specimens subjected to axial tension gives a
good agreement with the predictions of Japanese code model, which is
based on the *no-slip” approach.

Table 1. Experimental and predicted crack spacing values of selected axial tensile experiments
considered in Paper 3.

Exp. crack
spacing Predicted max crack spacing (mm) Error %
(mm)
Study
= w 2 ol w 2
< % o~ o Sl O 3 z 3N o3l O > z
S| s | 2|58 2 |&|35 m | S8 2 | & |5
Conducted
Test 133 | 202 | 254 | 181 | 199 | 214 | 111 -26 10 1 -6 45
163 | 250 | 569 | 434 | 209 | 244 | 354 -128 -74 16 2 -42

Tanetal. 178 | 240 | 407 | 301 | 201 | 244 | 221 -70 -25 16 -2 8

(2018) 217 | 290 | 739 | 534 | 375 | 549 | 354 | -155 | -84 | -29 | -89 | -22

266 | 320 | 577 | 401 | 367 | 549 | 221 -80 -25 | -15 | -72 31

Barreetal. | 200 | 330 | 654 | 590 | 390 | 397 | 446 -98 -79 | -18 | -20 | -35

(2016) 174 | 288 | 534 | 434 | 268 | 275 | 348 | -85 | -51 7 5 | -1

100 | 146 | 203 | 143 | 127 | 183 82 -39 2 13 -25 | 44

] 92 133 | 203 | 143 | 122 | 183 83 -53 -8 8 -38 37
R”‘.‘k“.s & 73 103 224 159 131 183 99 -117 -54 -27 -78 4
Gribniak

(2017) 100 | 127 | 276 | 202 | 168 | 183 | 144 | -117 | -59 | -32 | -44 | -13

86 148 | 305 | 226 | 165 | 183 | 167 | -106 | -53 | -11 | -24 | -13

113 | 143 | 346 | 259 | 173 | 183 | 198 | -142 | -81 | -21 | -28 | -39

2 Error = (Experimental VValue - Predicted Value)/Experimental Value

13
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3.2.4  Paper 4: ldentification of the influence of concrete cover
thickness and @/p parameter on crack spacing

From the conducted experimental program mentioned in Paper 4, it could
be seen that the ‘no-slip’ theory can be more related to the actual cracking
behavior of RC specimens. On the other hand, several studies claim that
the ‘@/p’ parameter (which appears in the ‘bond-slip theory’) has a
negligible influence on the cracking behavior of RC specimens (Rimkus
and Gribniak, 2017, Beeby et al., 2005). Therefore, this paper
investigates the actual ‘bond-slip’ behavior of RC specimens subjected
to axial tension.

Very limited experimental investigations are reported in the literature
that has investigated the bond-slip behavior in RC specimens subjected
to axial tension. Those studies are reported in Doerr (1978) and
Beconcini et al. (2008). According to the findings from these studies,
specimens are subjected to a negligible amount of ‘slip’, when they are
subjected to axial tension. These findings have been further confirmed
by the recent study mentioned in Bado et al. (2021) (this study had not
been published at the time of Paper 4’s publication). This paper, which
IS based on a literature survey, has further confirmed the applicability of
the ‘no-slip’ approach (perfect bond conditions) for the cracking
behavior of RC specimens.

3.2.5 Paper 5: Influence of concrete cover thickness and clear
distance between tensile bars on crack spacing behavior:
Experimental and numerical investigation

Many studies in the literature have identified that the crack width is
governed by the crack spacing parameter rather than by the mean strain
difference between concrete and reinforcement (Wang et al., 2017).
From the previous findings (Papers 1 to 4), it could be observed that the
‘no-slip theory’ has a considerable influence on cracking behavior.

14
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Concrete cover thickness and the clear distance between tensile bars are
the governing crack spacing parameters, according to the ‘no-slip’
theory. The parameter “clear distance between tensile bars’ has not been
considered in the crack width calculation models in either Eurocode 2 or
Model Code 2010. However, this parameter is included in the current
Japanese code and in the CEB-FIP Model Code 1978 (CEB-FIP, 1978).

An experimental program was conducted using large-scale RC
specimens to investigate the influence of concrete cover thickness (RC
specimens with 35-mm, 60-mm and 85-mm cover thicknesses) and clear
distance between tensile bars (RC specimens with 66-mm, 116-mm and
166-mm clear distance between bars) on crack spacings. Figure 2 shows
the set-up of the conducted experiments. For the further verification of
results, these experiments were numerically simulated with 3D non-
linear finite element models, using ATENA software. The results shown
in Figure 3 shows that, both concrete cover thickness and “clear distance
between tensile bars’ have an influence on crack spacing behavior.

Figure 2. Experimental set-up of axial tensile test.

15
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crack spacing (mm)

Figure 3. Mean crack spacing behavior of the tested specimens.

3.2.6  Paper 6: A new crack spacing model for reinforced concrete
specimens with multiple bars subjected to axial tension
using 3D non-linear FEM simulations

From the experimental program reported in Paper 5, ‘concrete cover
thickness’ and “clear distance between tensile bars’ could be identified
as crack spacing governing parameters. By using the results of these
conducted experiments and similar experiments reported in Barre et al.
(2016), a calibrated and validated 3D FEM simulation model was
developed, using ATENA software (Cervenka, 2002). The numerical
model was developed using the perfect bond criteria to represent the no-
slip theory. The purpose of this 3D FEM simulation model is to conduct
several numerical simulations, as the physical experiments consume a
considerable amount of time, cost and labor.

After conducting a series of 3D non-linear finite element method
simulations with the calibrated model, an equation was developed to
predict the average crack spacings, using multiple linear regression
analysis. To develop this model, the results of around 30 numerical
experiments were considered. The validity of the proposed model has
been checked with the recent experimental results in the literature. The

16
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proposed crack spacing model in the Equation 1, gives good agreement
with the experimental results reported in the literature.

Srmean =66 +0.51 ¢+ 0.6 s "/, Equation 1

where “‘Srmean’ 1S the mean crack spacing, ‘c’ is the concrete cover
thickness, ‘s’ is the clear distance between tensile reinforcements and ‘n’
is the number of bars close to the specimen surface and all the units of
these values are in mm.

3.27 Paper 7: Experimental investigation of crack width
variation along the concrete cover depth in reinforced
concrete specimens with ribbed bars and smooth bars

After introducing a reliable crack spacing model, the next objective was
to introduce a crack width calculation model. To do that, an experimental
program was conducted to investigate the crack width variation along the
concrete cover thickness. In order to achieve the aforementioned main
objective, it was necessary to investigate the ‘shear-lag’ effect along the
concrete cover thickness, which is reported in Tammo and
Thelandersson (2009), Walraven (2010), etc. Further, for this
experimental program, concrete prisms reinforced with smooth bars
were included, to further clarify the behavior of ‘slip’ between the
reinforcement and concrete.

An experimental program was conducted, to study the crack width
variation along the cover depth in concrete prisms reinforced with a
central ribbed bar and smooth bar, by varying the concrete cover
thicknesses (cover thicknesses vary from 20 mm to 80 mm). Crack
widths along the concrete cover thickness were obtained by sealing the
crack with a high strength and low viscosity epoxy and observing the
crack after cutting the RC specimen. Figure 4 shows the crack width
variation along the concrete cover depth in specimens with 40-mm cover
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in both specimens with ribbed bars and specimens with smooth bars. In
both specimens with smooth bars and specimens with ribbed bars, crack
width is larger on the concrete surface than at the steel bar surface. In the
specimens with smooth bars, significant slip was identified at the
reinforcement and concrete interface, whereas negligible slip was
observed in the specimens with ribbed bars. A surface crack width
calculation model was developed, considering both the strain difference
and the ‘shear-lag’ effect along the concrete cover thickness. Its
predictions gave good agreement with the experimental surface crack
widths from the conducted study and with the results from experiments
in the literature, as shown in Figure 5.

Figure 4. Crack width variation along the concrete cover depth in specimens with 40-mm cover
(a) with ribbed bars; (b) with smooth bars.
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4 Research Contributions

In general, this study contributes to the field of civil and structural
engineering. This study addresses one of the main requirements in
Serviceability Limit State Design, which controls the cracks in RC
structures. Studies which have been conducted on the cracks in RC
members have been reported in the literature for more than a century.
However, the inhomogeneous nature of concrete and the advancement
of material in RC structures have made understanding cracking behavior
quite complicated. The contribution of each paper is given below.

1. Paper 1 shows the reasons why the existing crack width calculation
models in Eurocode and Model Code 2010 need to be improved. It
identifies that the use of parameters like bond parameter (a/p) in
the existing prediction models need to be reconsidered.

2. Paper 2 shows the future studies necessary to improve the existing
crack controlling criteria to effectively control the cracks in RC
specimens with large concrete cover thicknesses. This study, which
is based on a literature survey, was conducted in two main parts.
The first part identifies the necessary improvements for the crack
width calculation models, while the second part identifies the
necessary future studies to improve the existing allowable crack
width limits.

3. One of the main identifications from the study reported in Paper 3
is that of a suitable theoretical approach to the cracking behavior in
RC specimens. This identified approach was further confirmed by
studying the previous literature, as described in Paper 4. The next
identification of Paper 3 is that the ratio of maximum to mean crack
spacing values of RC members subjected to axial tension varies
from 1.2 to 1.7. These findings were obtained by testing large-scale
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RC specimens, and the experimental results would be beneficial for
potential researchers in the field.

4. The experimental program described in Paper 5 identified that
‘clear distance between bars’ is a parameter in the crack spacing of
RC specimens. The effect of this parameter is not included in either
the Eurocode 2 or Model Code 2010 crack spacing calculation
models. Further, these experimental results would be beneficial for
potential researchers in the field, since very limited similar studies
are available in the literature.

5. Paper 6 introduces a new crack spacing calculation model that gives
good agreement with the experimental results in recent literature
(experimental results of RC specimens with up to 85 mm of
concrete cover thickness). This model was developed based on the
results of recent experiments on large-scale RC specimens.

6. A new crack width calculation model is introduced in Paper 7. A
new parameter, ‘effect of shear-lag’, was introduced to this model,
to effectively predict the surface crack widths in RC members.
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5 Suggestions for Future Research

The main focus of this study is to improve the existing crack width
calculation models to effectively predict the crack widths of RC
specimens with large concrete cover thicknesses. Therefore, from Paper
6, an improved crack spacing model has been introduced, to predict the
mean crack spacings of RC specimens subjected to axial tension. The
proposed model has not considered the effect of ‘number of tensile
reinforcement layers’ on crack spacing. The necessity of studying this
parameter has been identified by comparing the predictions from the
proposed models with the experimental results reported in Paper 6.

After developing the mean crack spacing model, the next objective is to
propose 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 maximum
to mean crack spacing. EC2 and MC 2010 consider this ratio to be 1.7
(Braam, 1990, Concrete, 1985). When considering the results of several
recent axial tensile experiments, including the experiments conducted
during this study (which are reported in Papers 3 and 6), it can be seen
that this ratio varies between 1.2 and 1.7. However, several previous
studies reported in Broms and Lutz (1965) and Beeby and Scott (2005)
considered this parameter to be 2. Therefore, it is necessary to conduct a
study to identify a suitable value for the ratio of mean to maximum crack
spacing values.

Crack width calculation models in many codes of practice have
considered that the effect of curvature has an influence on crack width.
As reported in Paper 2, MC 2010, ACI and BS codes suggest multiplying
the calculated crack widths from their models with the ‘(A—x) / (d—x)’
ratio, to include the curvature effect. Here, “h’ denotes the total depth of
the cross section, ‘d’ is the effective depth, and “x’ is the depth of the
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neutral axis. From the study reported in Paper 3, it can be observed that
the effect of curvature has an influence on the crack spacings of RC
specimens. The Eurocode 2 crack spacing model contains the ‘k»’
parameter, to include the effect of curvature on crack spacings. This
identified effect of curvature on the crack spacings of RC specimens
subjected to flexure should be further studied, to propose a factor to
predict the crack spacings of RC specimens in flexure.

Paper 2 has identified the necessary future studies to improve the
‘allowable crack width limits’, to effectively control the crack widths of
RC specimens with relatively large cover thicknesses. Considering the
durability aspect, according to the long-term study conducted by
Schiessl (1975a), there is a possibility that the allowable crack width
limits can be increased with the concrete cover thickness, as in the
Japanese code. However, this study was conducted for specimens with
25-mm and 35-mm cover thicknesses, and it can be further developed
for RC specimens with different concrete cover thicknesses, to identify
a pattern.
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ABSTRACT

Widely used crack width calculation models and allowable crack width limits have changed from time to
time and differ from region to region. It can be identified that some crack width calculation models consist
with limitations for parameters like cover thickness. The current Norwegian requirement for cover
thickness is larger than these limitations. The applicability of existing crack width calculation models and
the allowable crack width limits must be verified for structures with large cover thickness. The background
of crack width calculation models in Eurocode, Model Code 2010, Japanese code, American code and
British code have been examined. By comparing the experimental crack widths with the predictions of the
aforementioned models, the existing codes can be identified as requiring modification. Considering the
durability aspect, it can be identified a long-term study proving that the allowable crack width can be
increased with the increase in cover thickness. When considering the aesthetic aspect, the authors suggest




categorizing the structures based on their prestige level and deciding the allowable crack widths
accordingly. The paper proposes potential solutions for future research on how to improve both crack width
calculation methods and allowable crack width limits to be used effectively in structures with large cover
thickness.

Keywords — reinforced concrete structures, service load, crack width, durability, aesthetic, concrete
cover thickness

1. INTRODUCTION

Cracks in concrete occur when the tensile stress on concrete exceeds its tensile strength [1]. The cracks in
reinforced concrete (RC) structures create many adverse effects on the durability, aesthetic view and liquid
or gas tightness of the structure. To avoid the discussed adverse effects from cracks, it is necessary to repair
the cracks, resulting in high repair costs [2]. Therefore, it is always preferable to limit cracks at the
structural design stage. On the other hand, it is not possible to control all types of cracks at this stage.
Depending on the controllability of the cracks at the structural design stage, Beeby [3] has classified cracks
as controllable (load-induced cracks) and non-controllable (cracks caused by plastic shrinkage, alkali-silica
reaction, freeze/thaw deterioration). To minimize the occurrence of cracks due to service load, the “stress
of the tensile steel’ has to be limited to a low value. According to the Japanese code, for the RC structures
with deformed bars, if the tensile stress due to permanent loads has limited to 120 N/mm?, the examination
of crack widths may be omitted [4]. In order to do this, a large amount of reinforcement is required. This
tends to drastically increase the cost of the structure and reduce the ease of construction. Therefore, in
general, cracks due to service load are allowed to occur and are controlled by limiting crack widths.

At the design stage, the ‘calculated crack width’ is limited to an ‘allowable crack width’ [5-8]. These
‘calculated crack width’ models have changed from time to time and differ from region to region. For
example, crack width calculation models have changed from CEB Model Code 78 [9] to CEB/FIP Model
Code 90 [5] and similarly from Eurocode 2 (1991) [10] to the current Eurocode 2 [7]. Furthermore, crack
width calculation models in different regions differ from each other, as they are based on different
approaches. Empirically based crack width calculation models are found in the American Concrete
Institute (ACI) code [8], British Standards (BS) code [11], Gergely and Lutz [12], Kaar and Hognestad
[13], Sygula [14] and so on. Crack width calculation models based on a semi-analytical approach are in
Eurocode 2 (EC2) [7], CEB/FIP Model Code 90 [5], Model Code 2010 (MC2010) [6], the Japanese Society
of Civil Engineers (JSCE) code [4], the Architectural Institute of Japan (AlJ) [15], and so on. Widely used
analytically based crack width calculation models can be found in Balazs [16], Tan et al. [17], Oh and
Kang [18] and so on.

As mentioned, there are several crack width calculation models available in the literature. However, it is
vital to study their limitations. For example, the MC2010 crack width calculation model limits concrete
cover thickness to 75 mm. However, recently, the economic and social benefits over the long term of
structures with a significantly long service life (200 or 300 years) have been identified [19, 20]. Concrete
cover thickness is mainly increased to satisfy the durability aspect, when a long service life is required for
an RC structure. The current requirement of concrete cover thickness is as high as 120 mm (Norwegian
Public Road Administration guidelines [21]); as an example, Hafrsfjord Bridge in Norway is constructed
with a concrete cover thickness of 90 mm [22, 23]. As mentioned, some “crack width calculation’ models
have limitations for concrete cover thickness. Further, it is important to check the applicability of existing
models, as they have not been validated for such structures with large concrete cover thickness.

Similar to the crack width calculation models, it can be seen that the ‘allowable crack width limits’ in the
widely used codes of practice have changed from time to time and differ from each other. For example,
CEB Model Code 78 [9] prescribes limiting the crack width in severe conditions to 0.1 mm; this value has
been changed in CEB/FIP Model Code 90 [5] and MC2010 [6] to 0.3 mm. Further, in severe conditions,
all the EC2, MC2010 and BS codes prefer to limit the crack width to 0.3 mm, while ACI 224 [24] and ACI



318 [8] prefer to limit the crack width to 0.15 mm and 0.33 mm, respectively. In severe conditions, these
limits are mainly decided on to protect the reinforcement from corrosion [1]. When referring to previous
long-term studies on crack widths and corrosion, it can be seen that the allowable crack width can be
increased with the increase in concrete cover thickness [25]. The allowable crack width limits in the JSCE
code are an example of such application. Apart from the durability considerations, the thickness of the
concrete cover depends on the safe transmission of bond properties and is based on fire resistance. For
example, according to EC2, for the safe transmission of bond forces, concrete covers can be as large as 55
mm for cases with bundled bars [7]. Therefore, even for structures which are not built-in severe exposure
classes, there is the possibility to have relatively large covers. This shows the necessity to revisit the
allowable crack width limits, based on aesthetic acceptance, for structures with large concrete cover
thicknesses. If the crack width of a structure with a large concrete cover thickness is controlled to the
allowable limits which are prescribed for lower cover thicknesses, additional tensile reinforcement tends
to be required. For this reason, it is necessary to identify how the existing allowable limits are decided and
what improvements need to be made for them to apply to structures with higher cover thicknesses.

This paper focuses on the applicability of existing ‘crack width calculation models’ and existing ‘allowable
crack width limits’, for structures with large concrete cover thickness. The manuscript starts with a
discussion of the cracking phenomenon. Then, it explains the background to why the different codes of
practice suggest different models to calculate the crack width. By comparing the recent experimental
results with the model predictions, this study emphasizes the necessity to improve existing crack width
calculation models, to effectively predict the crack width of structures with large concrete covers. The next
objective is to identify the applicability of existing ‘allowable crack width limits’ for structures with large
concrete covers. An extensive literature survey has been carried out on how the existing limitation has
been appointed, based on durability and aesthetic view. The required improvements and the further studies
needed to decide the ‘allowable crack width limits’, to apply to structures with large concrete cover
thickness, have been identified.

2. CRACKING PHENOMENON OF RC MEMBERS SUBJECTED TO
SERVICE LOAD

To understand the cracking phenomenon in flexure, a reinforced concrete (RC) tie in pure tension can be
considered, as it can represent the tensile region of a bending member with or without any axial force [26,
27]. Many previous researchers have identified the cracking behaviour of RC specimens subjected to pure
tension [28-32]. Figure 1 represents the cracking behaviour of an RC tie subjected to pure tension,
according to Beeby [33]. The stress in the rebar starts affecting the concrete surface after ‘KC’ (‘K” is a
constant and ‘C’ is cover) distance [34-36] from the specimen end, and it takes another So distance to
uniformly distribute the stress along the cross section. When the applied force increases from zero, the
highest stress occurs at the concrete surface after KC+S, distance (transfer length) and beyond. This
theoretical explanation matches the ‘combined theory” introduced by Borges [37]. Borges considered the
cracking behaviour to be in accordance with the combination of the two main theories: ‘no-slip’ theory
[28, 38, 39] and “bond-slip’ theory [40-42]. A detailed description of these theories can be seen in Naotunna
et al’s study [43]. When the stress in the concrete cross section reaches the tensile strength (fe), the first
crack appears. After the first crack, the stress/strain distribution rearranges, as, at the crack, the concrete
can no longer withstand tensile stress perpendicular to the crack face (Figure 1 (b)). When the load is
further increased, another crack occurs after the transfer length. This proceeds until the last crack occurs
and then transfers to the stabilized cracking stage. At this stage, the increased strain due to the further
increased load accumulates at the cracks that have already occurred.



Figure 1 - (a) Internal stress distribution & surface stress Fig_urg 2 - Crack width
variation of an RC tie before cracking, (b) Internal stress  variation along the concrete
distribution of a cracked RC tie. cover.

The aforementioned explanation of the cracking is a simplified approach. As shown in Figure 1(b), a strain
incompatibility can be observed between reinforcement and concrete, specially at the vicinity of
reinforcement [44]. In the specimens with deformed reinforcement, the strain incompatibility is
accommodated in the internal cracks (secondary cracks) [26, 32, 44, 45]. Even though these cracks do not
completely discontinue the concrete material, a partial discontinuity occurs [46]. This leads to a
complicated stress/strain distribution throughout the specimen because concrete is an inhomogeneous
material. The tensile strength of concrete is not the same, even in different samples of the same batch of
concrete [47]. The variation of the tensile strength of concrete complicates the strain incompatibility.
Naotunna et al. [48] have suggested including the lower and upper fractile values of concrete tensile
strengths, to identify the minimum and maximum crack spacing values. The cracking phenomenon would
be more complicated with conditions like effective concrete area, inhomogeneous behaviour of concrete,
tension stiffening effect, internal cracking (Goto cracks) and so on.

3. CALCULATION OF CRACK WIDTHS

There are various types of crack width calculation models in the existing literature. The theoretical concept
of crack width is the integration of the actual strain difference of reinforcement and concrete between two
cracks [16]. The crack width at the tensile reinforcement can be calculated by using Equation (1). However,
due to the nonlinear behaviour of strain variation in both concrete and reinforcement between two cracks,
obtaining the crack width explicitly is a complicated process [27]. Therefore, in order to make the crack
width calculation model less complicated or more user-friendly, many codes use simplified or semi-
analytical approaches. Examples of such models are found in EC2 [7], MC2010 [6], JSCE [4] code and so
on. On the other hand, codes like ACI [8] and BS [11] use crack width calculation models based on
empirical approaches. Such models are developed by curve fitting of a considerable amount of
experimental data. The ACI and BS codes were developed by the experimental investigation of Gergely
and Lutz [49] and Beeby [50], respectively.

w =f(frss—scdx 1)
where ‘w’ is the crack width, ‘S, is the crack spacing, and ‘s’ and ‘g’ are the strains of reinforcement and
concrete in the x-direction (the direction of axial tensile load).

Semi-analytical models developed from Equation (1) predict the crack width at the tensile reinforcement
surface [51]. It is assumed that the crack width propagates similarly, along with the concrete cover
thickness, and therefore the same model is used to predict the crack width at the concrete surface [6, 7].
However, the experimental investigations in [51-54] have identified that the crack width at the concrete
surface is two to ten times larger than the crack width at the reinforcement bar. Beeby and Scott [44]



observed that the reason for this crack width difference is the effect of shear lag, which occurs along with
the concrete cover. However, Caldentey et al. [55] have proved with calculations that the effect of shear
lag is considerably smaller than the aforementioned crack width difference at the reinforcement and
concrete surface. The authors in [51, 55] explained that the reason for the crack width difference is the
presence of Goto cracks [32] (secondary cracks). These secondary cracks are spread at the vicinity of the
primary cracks [26, 32, 56]. As the strain accumulates in the secondary cracks, the width of the primary
crack at the reinforcement is reduced. Therefore, as per Figure 2, it can be concluded that the predictions
of semi-analytical models in [6, 7] are similar to the surface crack width.

Semi-analytical models based on Equation (1) predict the crack width by multiplying the crack spacing
with the strain difference between reinforcement and concrete. Many studies have identified that it is vital
to improve the ‘crack spacing’ model, in order to improve the crack width calculation models [57-59].
Tammo and Thelandersson [57] proved that changing the concrete properties makes no difference to the
surface crack width or internal crack widths, if the crack spacing values are the same. The crack spacing
models in the semi-analytical models are based on the aforementioned two main theories: ‘bond-slip” and
‘no-slip” theories. According to the bond-slip theory, since a ‘slip’ is assumed at the reinforcement-
concrete interface, a bond-stress would generate. Therefore, the governing crack spacing parameters from
this theory are bond parameter (‘o/p’; where ‘g’ is the bar diameter and ‘p’ is the ratio between
reinforcement area and concrete area), bond stress, etc. [26, 45]. The German National Annex of EC2 [60]
proposes a model based on the bond-slip approach. According to the no-slip theory, the governing crack
spacing parameters can be considered to be concrete cover thickness and the distance between tensile
reinforcement (thickness of the surrounding concrete of the tensile reinforcement) [28, 61]. The crack
spacing model in the Japanese code and Beeby’s model in Beeby and Scott [44] are some examples of
crack spacing models based on no-slip theory. The EC2 and MC2010 models are based on the combined
theory, which considers the cracking behaviour to be based on the combination of the aforementioned two
theories.

3.1 Crack Width Calculation Methods In Widely Used Codes Of Practice

Several widely used crack width prediction models in the codes of practice have been examined. Prediction
models have been selected, as they can represent the different regions of the world. EC2 and MC2010 have
been selected, as they are the governing codes of practice in Europe. Then the crack width prediction
models in American code, Japanese code and British code have been considered. When examining the
models proposed by codes, it can be observed that some codes mention limitations for the concrete cover
thickness. MC2010 limits the applicability of the crack width calculation model to 75 mm cover thickness.
Since the focus of this study is to check the applicability of existing crack controlling criteria for specimens
with large concrete cover thickness, the background of these widely used crack width calculation models
has been investigated and is presented, along with a detailed desctiption of each, in Table 1. From the
models proposed by the codes in Table 1, various crack width governing parameters can be identified. A
detailed list of such parameters and their involvement in crack width can be identified from the literature
[62].

Figure 3 categorizes all the crack width governing parameters mentioned in the aforementioned widely
used crack width prediction models. The crack width governing parameters have been categorized based
on the mechanical properties of concrete and reinforcement, properties of interface, cross-sectional
properties of the RC member and loading conditions. From Table 1, it can be identified that the EC2,
MC2010 and JSCE code models, which are based on a semi-analytical approach, consider a higher number
of parameters than the empirically based ACI and BS code models. Further, it is clear that, although the
mentioned models have been developed based on different approaches, the concrete cover thickness
parameter is included in every model. The calculated crack width from these models causes the crack width
to increase with the increase in concrete cover. The models in EC2 and MC2010 specifically mention their



applicable limitations for concrete cover thickness. The models in the JSCE, ACI and BS codes do not
mention such limitations. The main reason could be that the commonly used concrete cover thickness in
the period of developing the code might not be as large as the current requirement. It is important to note
that the empirically based crack width calculation models developed by the ACI and BS codes have
considered test specimens with concrete cover thicknesses of 84 mm and 89 mm, respectively. However,
as mentioned in Section 1, there is a demand for large concrete cover thickness [21].

Figure 3. Cause and effect diagram for crack width.
3.2 Improvements to the existing crack width prediction models

From Table 1, it is clear that MC2010 mentions limitations for the concrete cover thickness. Further,
according to the literature on recent experiments, many cases can be identified in which the experimental
values deviate from the EC2 and MC2010 predictions [27, 48, 63-68]. Therefore, many improvements
have been proposed for these two models, some of which are listed in Table 2. According to these suggested
improvements, it can be identified that none of the improved models has compared the data with specimens
having cover thickness of above 70 mm. Therefore, the applicability of the aforementioned improved
models needs to be verified for concrete covers larger than 70 mm.

Identifying the crack theory which is most related to the actual cracking behaviour is vital, since the crack
spacing governing parameters can be identified based on them. The recent study, published in 2021 by
Bado et al. [69], has focused attention on the ‘slip’ values in axial tensile experiments. In this study, the
slip at the reinforcement-concrete interphase is measured by optical fibre sensors. Further, these findings
of Bado et al. [69] match the experimental results of previous studies conducted on the bond-slip behaviour
of axial-tensile experiments by Doerr [70] and Beconcini and Croce [71]. According to the findings of
these studies, the slip values in axial tension are quite negligible compared to the predictions in the widely
used Eligehausen’s model [72, 73]. The Eligehausen’s bond-slip model is considered in MC 2010, and this
model is based on the Rilem type pull-out tests [74]. Moreover, Balazs [16] has used Eligehausen’s model
to model the bond-slip behaviour while developing a crack width calculation model. Further, in the widely
used Finite Element Modelling software like, ATENA [75], considers this Eligehausen’s bond-slip model
to model the cracking behaviour in RC members. However, as shown in Figure 4, the slip values in axial
tension are significantly smaller than the slip values suggested by Eligehausen’s bond-slip model (same
bond-slip model used in MC 2010). Since it has observed a negligible amount of slip in the RC specimens
in axial tension, the applicability of bond-slip law on crack spacings can be considered questionable.
Furthermore, there are several experimental studies which make similar arguments, that the bond-
parameter (‘@/p’ which is the dominant parameter in the bond-slip law) has little influence on crack
spacings when the concrete cover is small. Such experimental studies are mentioned in Base et al. [38],
Caldentey et al. [55] (for specimens with 70 mm covers), Rimkus et al. [63], and Kim et al. [76]; analytical
studies are mentioned in Beeby [40], and Beeby and Scott [44]. Naotunna et al. [43, 77], have further
discussed this scenario.



Table 1 -

Crack width calculation models in widely used codes of practice and their significances

Model

Models

Remarks

EC2 [7]
and
MC2010

(6]

wk = Maximum crack spacing x Mean strain difference of rebar
and concrete

Semi-analytical models

Maximum crack spacing

EC2 Model MC2010 transfer length
Model
Sr, max =KaC+k1ka ka ﬂ/pp,eff ls, max =

kC+(1/4) (fc:m/‘tbms) (ﬂs/ps,ef)

where ‘¢’ is concrete cover, ‘psef’ is effective steel ratio, ‘ki’ is
factor for bond properties, ‘kz’ is factor for distribution of strain,
‘ks’ is recommended as 3.4, ‘ks’ is recommended as 0.425, ‘k’
is empirical parameter on cover, ‘“toms’ iS mean bond strength
(steel-concrete), ‘@s’ is the bar diameter, and “fem’ is the tensile
strength of concrete.

Assumptions: From the different bond stress
models for reinforcement and concrete (linear,
non-linear) between a crack and a no-slip location
[41, 42, 78, 79], a constant mean bond stress has
been assumed [80].

Significance: EC2 uses a ‘k.’ factor to take into
account the variation in strain distributions
(flexural or axial tension) [81], and MC2010
considers that only the ‘effective concrete area’
can represent the effect [82].

Limitations for cover: MC2010 limits to 75 mm.

Mean strain difference of rebar and concrete
EC2 Model MC2010 Model

Crack Formation Stage Crack Formation Stage

gsm- €m > 0.6 (0'_5/ Es) &m= Ecm— (Ssr/ Es* (1- B)

Stabilized cracking stage, - 1Mr &sh

€sm - Ecm= Stabilized cracking stage,

os =Kt (feteft/ ppeff) (11 Oe Ppeff)  Esm=- €cm = (os- B Gsr) / Es

Es - Mr &h

where ‘os’ is stress of steel at the cracked section, ‘k:’ is a factor
on the loading duration, ‘e’ is the modularratio, ‘cs” is the max.
steel stress at the crack formation stage, ‘B’is factor on the
duration of load, ‘s is coefficient for shrinkage strain, and ‘s’
is the shrinkage strain.

Concrete cannot further increase its strain when
the total number of cracks has formed (as the
available length to develop stress in concrete is
fixed). Therefore, when the strain of the steel is
further increased (when it reaches the stabilized
cracking stage), the concrete strain remains
unchanged. This causes there to be different
formulas for the mean strain difference between
reinforcement and concrete in both cracking
stages. Significance: Except for the effect of
shrinkage considered in the MC2010 model, both
EC2 and MC2010 use the same equation in the
stabilized cracking stage.

JSCE
code [4]

W= 11k koks {4e + 0.7(cs — 0)}[ 22 + € caq| 5
15 5(n+2

k; = (' +20) +07; ks = 7(n+8)
where ‘W’ is crack width, ‘ki’ is constant on the surface of rebar,
‘k2” is constant on the concrete quality, ‘fc’ is design
compressive strength of concrete, ‘n” is number of layers of
tensile rebar, ‘ks’ is constant to take account of the multiple
layers of tensile bars, ‘cs’is distance of the tensile rebar, ‘@’ is
diameter of the tensile rebar, ‘ose’ is tensile stress increment of
the bar, and ‘ecsa” is compressive strain from shrinkage and
creep of concrete.

This model is based on a semi-analytical
approach. The crack spacing model (without
strain components) is based on the concrete cover
and the distance between tensile bars. Bar spacing
has been proved to be a factor for crack spacing
in [83]. The experimental findings in [84] prove
that smooth bars cause large crack spacing. While
both EC2 and MC2010 predict increasing crack
width with concrete strength, JSCE code predicts
the opposite. However, this behaviour matches
the results in [66, 85, 86]. Limitations for cover:
No limitations have been mentioned for concrete
cover thickness.

ACI
code [8,
24]

w=22p¢g3d, A

where ‘w’ is maximum crack width at the extreme tensile fibre
(in), ‘B’ is ratio of the distance between the neutral axis and
tension face to the distance between the neutral axis and
centroid of reinforcing steel, ‘es” is strain in reinforcement due
to the applied load, ‘dc’ is the thickness of the cover from
extreme tension fibre to the closest bar (in), and ‘A’ is area of
concrete symmetrical with reinforcing steel divided by the
number of bars (in?).

The empirically based equation was developed in
[49], with the results of six different bending
experiments. The ACI Committee 224 [24]
modified the aforementioned model by using the
strain, instead of the stress in the reinforcement.
Limitations for concrete cover thickness: No
limitations have been mentioned for concrete
cover. However, the results of specimens with up
to 84 mm of concrete cover were used to develop
the model.

BS code
[11]

3Ce 2.5bd*107%\ d—dn
W = ——c=cos where e= (est - —*)
+2(g=qn) Ast di-dn

where ‘c’ is the distance from the point considered to the nearest
bar, ‘co” is the concrete cover thickness, ‘d’ is overall depth of
the member, ‘dy’ is neutral axis depth calculated on the
assumption that concrete has no tensile strength, ‘di” is
effective depth of a member, ‘b’ is breadth of the member, ‘As’
is area of the tensile steel, and ‘es” is  strain in the steel
assuming concrete has no tensile strength.

The empirically based equation was developed
based on the experiments in [50]. The derived
equation in [50] has been simplified in [87] to be
used in the BS code. Results show that crack
width is linearly proportional for concrete covers
below 40 mm, and the pattern differs when the
cover increases.

Limitations for concrete cover thickness: No
limitations have been mentioned. The results of
specimens with up to 89 mm concrete cover were
used to develop the model.




Table 2 - Suggested improvements for the EC2 and MC2010 crack-width calculation models

restrained at edges (e.g., wall is restrained by previously
cast foundation) and ‘Ra’ can be 0, when restrained at the
ends (e.g. RC tie subjected to axial tension).

Literature Improving | Suggestion Remarks
Parameter

Caldentey Mean Include the shrinkage strain effect with a restraint factor | Investigating  the

(2017) [82] strain (Ra)- Wi = Srmax - (€sm- €cm - RaxTr &sh) effect of ‘casting
difference | where ‘Ra’ can be 1, when a member is completely | position’ [88] from

the  experimental
results of [89, 90].

Bisch (2017)
[65]

literature, an equation has been identified
St max = 1.7 [1.37 ¢ + 0.117.(Bs / ps.ef)]

Debernardi Crack Toms = (fer. Ac)/ (ns.7.9s.Ls), where ns is the number of tensile | According to this
and Taliano | spacing bars. s,max= 2. Ls= 2. (1/4) (fom/ Toms) (Ds / ps.er). method, cover term
(2016) [56] Suggest a table of values for the ‘tomsg fam’ from the | has no influence on
Taliano suggested ‘general equation’ by Balazs (1993) [16]. the crack spacing.
(2017) [45] Mean To represent the reduction of tension stiffening, due to | Experimental

strain internal cracks, the ‘k;’ coefficient is considered as 0.45 | comparison is made

difference | (which is 0.6 for the short-term load suggested by EC2). up to 45 mm of

€sm - €cm= 05 — 0.45 fct eff/ 1+ 0e eff) cover.
S

Rospars et al. | Crack After a statistical analysis of the results of 131 tests from | Covers of the
(2014)[64] spacing own experiments (CEOS project France) and previous | experimental

specimens are 50
mm and 70 mm.

The governing parameter of the no-slip theory is concrete cover thickness. The concrete cover thickness
influences the surface crack width in two ways [57]: the first is by influencing crack spacing, and the

second is by influencing through the effect of shear lag [57]. This shear-lag effect is discussed in several

studies in the literature, such as those of Tammo and Thelandersson [53], Beeby et al. [91], and Walraven
[92]. A quantitative relationship has been identified for this shear lag in some studies [54, 92]. According
to the aforementioned literature, the influence from this shear lag becomes significant when the concrete
cover thickness becomes large. Therefore, when improving the existing crack width calculation models to

predict the crack widths of large cover cases, the effect of shear lag can be an influencing factor.

Figure 4. Predicted bond-slip behaviour in MC 2010 and the obtained bond-slip behaviour in axial tensile

tests.




4, COMPARISON OF THE CRACK WIDTH CALCULATION MODEL
PREDICTIONS WITH EXPERIMENTAL RESULTS

Cracking in RC structures has been studied for several decades. Consequently, a large body of experimental
studies has been reported in the literature. However, in the recent past, axial tensile tests with multiple bars
have become popular in studies of cracking behaviour, since they represent the tensile region of actual
cracking behaviour in practical RC members [43, 63]. Therefore, such experimental studies were selected
from Gribniak et al. [93], Garcia et al. [90], Dawood and Marzouk [94, 95], Bisch [65], Barre et al. [96]
and Tan et al. [27]. Table 3 shows the details of the selected experiments, including the measured maximum
crack widths and the predictions according to the aforementioned EC2, MC2010, ACI, JSCE and BS code
predictions. As shown in Table 3, the specimens have been listed in ascending order of the concrete cover
thickness. The RC specimens have been categorized into three sections, based on concrete cover thickness:
Category 1 (15 mm to 39 mm), Category 2 (40 mm to 59 mm) and Category 3 (60 mm to 90 mm). It is
important to mention that, in Gribniak et al. [93], the maximum crack width is obtained from the direct
readings of the Digital Image Correlation system and, in Dawood and Marzouk [94], the maximum crack
width above tensile reinforcement is obtained by multiplying the directly observed maximum crack spacing
with a factor of 0.7, as specified in the same literature. The maximum crack widths mentioned in Tan et al.
[27] are the 95 percent fractile of measured crack width at the concrete surface above tensile reinforcement.
However, in both Barre et al. [96] and Garcia and Caldentey [90], only the measured average crack width
is mentioned. Therefore, in order to obtain the maximum measured crack width, the average value has
been multiplied by a factor of 1.7, as specified in Beeby [33].

According to Figure 5, deciding the most suitable crack width prediction model is quite complicated when
concrete cover thickness becomes large. When considering the predictions of EC2, except for one case,
every other prediction is on the conservative side, and, when the concrete cover increases, the
overestimation also increases. Figure 5 and the error values mentioned in Table 3 note this behaviour.
When one considers the MC2010 predictions, two cases in Category 3 (Cases 15 and 16) are considerably
underestimated. However, it can be seen that MC2010 considers that these two cases are in the crack
formation stage, as the steel stress is 200 MPa. When considering the predictions of the JSCE code, except
for one case, the predictions in Category 3 are on the conservative side. However, for Case 13, the crack
width has been significantly overestimated. In both ACI and BS codes, five out of seven cases in Category
3 overestimate the predictions. While considering the predictions of the models, it could be observed that
the empirically based ACI and BS codes give relatively best fit for the experimental crack widths. This
could be because both ACI and BS models have considered the test results of relatively large cover
specimens (84 mm and 89 mm, respectively) while developing the models. However, in considering the
predictions of the overall cases and based on the error percentages in Table 3, it is clear that the existing
codes need to improve the models for applying RC specimens with large concrete covers.

The aforementioned study has been conducted only for the RC specimens subjected to axial tension. For
the specimens subjected to bending, it is important to discuss the effect of curvature on crack width. The
empirically based models which are in ACI and BS codes, considered the data from bending tests to
develop their models. Furthermore, the model in ACI and BS codes use the ‘B’ parameter and
(d —d,)/(d, — d,) factor, respectively to include the effect of curvature. Similarly, MC 2010 recommends
multiplying the calculated crack width obtained from the proposed equation with (h — x)/(d — x) ratio to
include the curvature effect. Here, ‘h’ denotes the total depth of the cross section, ‘d” is the effective depth
and ‘X’ is the depth of the neutral axis. Three of these aforementioned factors in ACI, BS and MC 2010
mean the ratio of the distance between the neutral axis and tension face to the distance between the neutral
axis and centroid of reinforcing steel. When consider the RC specimens with large cover thickness, the
distance between the neutral axis and tension face becomes relatively larger than the distance between the
neutral axis and centroid of reinforcing steel. Therefore, the aforementioned parameters in ACI, BS and



MC2010 cause to predict large surface crack widths for the specimens with large cover thickness.
However, the model in JSCE code does not specifically suggest any method to consider the effect of
curvature on crack width. EC2 model considers this effect of curvature would influence to crack spacings.
EC2 crack spacing model consist with the ‘k.” parameter, which cause to predict lower crack spacings for
the specimens subjected to bending. The study conducted in Naotunna et al. [43] shows that EC2 model
predictions give a good agreement with the experimental results of specimens subjected to bending.

Measured max. crack width
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Figure 5 - Predicted versus measured maximum crack widths
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5. ALLOWABLE CRACK WIDTHS IN THE EXISTING CODES

It is clear that the surface crack width increases with the increase in concrete cover thickness (Sections 3
and 4). When considering the allowable crack width limits in the discussed codes, with the exception of
the JSCE code, every other code’s allowable limit does not increase with the concrete cover thickness. The
allowable crack width limits of an RC structure (in the absence of a water tightness requirement) have been
decided for durability and aesthetic acceptance.

It can be observed that the prescribed allowable crack width limits in the codes have been changed from
time to time. For example, Model Code 1978 [9] and MC 90 [5] recommend 0.1 mm and 0.3 mm crack
widths, respectively, for severe exposure classes. Further, the allowable limits in each code differ from
each other. For structures exposed to adverse environmental conditions, EC2, MC2010 and BS codes
recommend limiting the crack widths to 0.3 mm (Table 7.1 N in EC2, Cl. 7.6.4.1.4 in MC2010 and CI.
3.2.4in BS codes). The allowable crack width limit of the JSCE code is shown in Table 4. Moreover, for
severe exposure conditions, the ACI 318 code recommends limiting the crack width to 0.33 mm (CI.
10.6.4), while the ACI 224 report recommends limiting it to 0.15 mm (Table 4.1 in ACI 224R [24]).
However, the Norwegian National Annex [97] follows slightly different criteria than EC2. It has introduced
a kc coefficient (Ke = Cnom / Cminaur < 1.3) and allows the EC2-specified crack width limit to be multiplied by
the Kk coefficient.

To compare the applicability of allowable crack width limits, the discussed experimental results in Table
3 have been considered. According to the ACI code [8], the limitation of the steel stress at the serviceability
limit state is considered as 2/3 of the yield strength of the reinforcement. Therefore, to match this
requirement, Cases 1, 2 and 4 from Category 1, Cases 7, 9, and 11 from Category 2 and Cases 12, 14 and
17 from Category 3 have been selected. The steel stress in these selected cases lies within 293 MPa to 333
MPa. The experimental crack widths of these selected cases have been compared with the allowable crack
width limits of the aforementioned codes, as shown in Figure 6. The selected allowable limits in Figure 6
are for the adverse/corrosive environmental conditions. Considering the limitation according to the ACI
224 code, only the case with 15 mm concrete cover thickness satisfies the criterion. The EC2, MC2010
and BS codes have a similar limit for the allowable crack width (0.3 mm) for specimens in adverse
environmental conditions. Except for the two cases with 50 mm and 90 mm concrete cover thickness, other
cases satisfy this guideline. When considering the ACI 318 limit, which is 0.33 mm, only one case, with a
50 mm cover, shown in Table 4 does not satisfy the criteria. When considering the JSCE guideline, which
is shown in Table 4, all the cases in Category 3 satisfy this criterion, but the cases in Category 1 and 2 do
not satisfy it.

Therefore, in order to identify the most suitable allowable crack width limit, it is important to investigate
the reasons for the aforementioned differences in each code. Further, to discover the effect of concrete
cover thickness on the allowable crack width, an extensive literature survey has been carried out. The focus
is to identify how the existing limits are placed and to check whether the increased crack width of
specimens with an increase in concrete cover has an effect on the durability and the aesthetic aspect of an
RC structure.

Table 4 - The limit value of crack width as per JSCE standards (Table 8.3.2 in JSCE standard)
Environmental condition

Normal Corrosive Severely corrosive

Deformed bars and plain bars 0.005¢ 0.004c 0.0035¢

Note — “c’ is concrete cover thickness




0.4 - = ACI318 Limit

EC2, MC2010,
=3 BS Limit
E 03 | — ...... ACI 224 Limit
= .
e |SCE Limit
§ - imi
2
2 + Category 1
®
o 1 X Category 2
g 0 gory
° Category 3
0
0 20 40 60 80 100

Concrete cover thickness (mm)

Figure 6 - Experimental crack widths of the selected specimens from Categories 1, 2 and 3 (Table 3) and
the allowable crack width limits of different codes in adverse environmental conditions

6. CRACK WIDTH LIMITATION CONSIDERING THE DURABILITY

There is consensus that cracks appearing in reinforced concrete structures lead to the penetration of COy,
chloride, corrosive agents and water to the reinforcement and can initiate reinforcement corrosion [3, 98].
Reinforcement corrosion could lead to a reduction in the amount of steel in the reinforcement and the
corrosive products expanding in volume. To reduce the adverse effect of cracking, the current practice is
to limit the width of the crack. Further, increasing the concrete cover is one of the main measures that has
been identified to enhance the durability of an RC structure. However, as per the previous discussion, the
crack width also increases with the simultaneous increase in concrete cover. This reveals that the discussed
actions considered to increase durability contradict one another. Therefore, in order to identify how the
existing allowable crack width limits are decided, based on durability, a literature survey has been carried
out.

6.1 Previous studies on crack width and reinforcement corrosion

In the available literature, various types of experiments that have studied the effect of crack width on
reinforcement corrosion can be identified. However, when considering the results of some of these
experiments, the effect of crack width on reinforcement corrosion is quite complicated. Depending on the
experimental duration and the outcome of the results of the available experiments, the authors have divided
them into four categories: 1. the ‘crack width’ does not have a ‘relatively short-term” effect on corrosion;
2. the ‘crack width’ has a ‘relatively short-term’ effect on corrosion; 3. the ‘crack width’ does not have a
‘long-term’ effect on corrosion; and 4. the “‘crack width’ has a ‘long-term’ effect on corrosion, as given in
Table 5. Experiments conducted for up to 10 years are categorized as ‘relatively short-term’ experiments;
those which have continued for longer, or experiments conducted for more than 10 years, are considered
‘long-term experiments’.

When considering the experiments of Category 1, the conclusion is that the cracks cause the initiation of
corrosion, regardless of crack width. The studies in this category have observed a similar amount of
corrosion in locations with different crack widths. However, it is important to identify that most of the
experiments categorized in Category 1 had released the load during exposure. Therefore, even where the
surface crack width remains open, there is a possibility of closing the internal crack. This could be a reason
why a similar amount of corrosion is observed at cracks with different surface crack widths. The
experiment in Category 4 concludes that the crack width has an effect on long-term corrosion. However,
the specimens tested in the experiment used air-entrained concrete, and only 11 specimens out of 82 were
able to be tested, due to excessive damage. It is quite impossible to explain the damage to this number of
mentioned specimens within 25 years (service life), with the conventional method of corrosion.



Table 5 - The details and the outcome of previous experiments on crack width and corrosion

Category*

- Experiment Details
sz g | S £ 2
& 3 £5 | 8| %% g o 2 g
= @ 2c. | B8] 88 Lo 58 2 &
O ] O o =2 w ¥ a >
1 | Makita et al. | Length 0.05-0.3 | Seawater 2.7 Specimens were
[99] 750 Corrosion does not | unloaded during
Berke et al. | 762x 38 (0.2 NaCl 1.3 | relate to crack width | exposure.
[100] 152x 152 (mean) solution
Lin [101] 914x 76x 0.1 Seawater 2 - | Corrosion does not | Specimens were
152 0.15 10 relate to crack width | loaded  during
0.18 exposure.
Tremper 200x 28 | 0.127- Coastal 10 Corrosion only in | Specimens were
[102] 200x 63 0.508 exposure cracked locations. unloaded.
Francois etal. | 3000x <05 NaCl & |10 No relationship to
[103] 150x% 280 CO; prone crack width.
Kahhaleh 50 | Around NaCl 1.1 | Corrosion does not | Both loaded and
[104] 0.33 solution relate to crack width | unloaded.
Chen et al. | 1100x 30 | 0.1-0.4 NaCl 3 Corrosion does not | Cracks induce
[105] 180x% 100 solution relate to crack width | corrosion
2 | Ohta (i) 1000x% 20 | 0-0.1 Coastal 10 | 20 mm cover, every | 40 mm cover,
[106] 150% 150 | 40 | 0.1-0.2 cracked location is | corrosion relates
0.2-0.3 similarly corroded. | to crack width.
Schiessl (i) | 1950% 25 | 0.075- Mixed 4 Corrosion and crack
[25, 107] 250% 150 | 35 | 0.55 width are related.
Carevic and | 500x 25 10.05-03|2% CO|0.1 | Corrosionis 3times
Ignjatovic 100% 100 with  65% higher in 0.3 mm
[108] humidity cracked locations.
Schiessl and | 700x 97x | 15 | 0.1- 0.5 | Saltwater 2 Corrosion increases
Raupach 150 with increasing
[109] crack width.
Swamy [110] | Length 50 | 0.11-0.25 | Marine Corrosion  above
760 70 0.15 mm cracks.
Misra et al. | 2100x 10 Marine 1 .
ol | oveang e
Vennesland 500x% 0.1-2.0 Seawater 0.3 sévere corrosion
etal. [112] 100x 100 '
Miyagawa 1000% 20 | <0.3 NaCl Corrosion above 0.2
[113] 50x 50 solution mm cracks.
Lietal. [114] | 400x 40 | 0-0.5 NaCl 1.8 | Corrosion and crack | Plain bars were
100x 100 solution width are related used.
Houston et al. 25 NaCl 2.8 | 50/ 75 mm covers, | 25 mm cover,
[115] 50 solution corrosion above | corrosion in
75 0.13 mm cracks every location.
3 | Ohta et al. | 1000% 20 | 0-0.1 Coastal 20 Every cracked
[106] 150% 150 | 40 | 0.1-0.2 Corrosion and crack | location is
0.2-0.3 width  are  not | similarly
Schiessl (i) | 1950x 25 | 0.075- Mixed 10 | related. corroded.
[25, 107] 250x 150 | 35 | 0.55
4 | O’Neil [116] 19 | 0-0.4 Tidal wave | 25 | Corrosion above 0.4 | air-entrained
Above with freeze mm cracks. 11/82 | concrete.
0.4 and thaw specimens tested.
Notes ? Length x width x height of test specimens b units is ‘mm’

1. Crack width has no effect on corrosion (relatively short-term), 2. Crack width has an effect on corrosion
(relatively short-term), 3. Crack width has no effect on corrosion (long-term), 4. Crack width has an effect on
corrosion (long-term)




By observing Categories 2 and 3, it can be concluded that the corrosion initiation takes place at cracks and,
at this stage, the ‘crack width’ plays a vital role. However, when the testing time increases, the crack width
does not influence corrosion. This could be the main reason why MC 1978 prescribes limiting the crack
width in severe conditions to 0.1 mm and releases it in MC 90 and MC2010 to 0.3 mm. It can be assumed
that MC 1978 had considered the short-term tests, and this limitation was changed after considering the
results of long-term experiments. The two main causes for reinforcement corrosion are chloride-induced
damage and carbonation [117]. When the Chloride ions in the surrounding environment reach to the
reinforcement, that cause to damage the protective layer around the reinforcement. The carbonation means
the change in the alkaline pH of concrete to neutral pH [118]. This mainly happens when the atmospheric
Carbon Dioxide penetrate into concrete and react with the Calcium Hydrate in concrete. This reaction
cause to increase the Calcium Carbonate fraction in concrete which cause to neutralize the pH value. The
protective layer around the reinforcement gets damaged within the neutralized pH environment and this
cause to initiate corrosion. When there are cracks in concrete, the time required to penetrate the carbonation
or chloride layer to the rebar is drastically reduced, and corrosion can be initiated in the early stages [3].
At this stage, as per the findings in Category 2, corrosion can be proportional to the crack width. However,
in long-term, the penetration depth will reach to the reinforcement. Then, as per the findings in Category
3, after the penetration depth reach to the reinforcement, there is no difference in the amount of corrosion
in locations with small crack widths and large crack widths or in uncracked locations.

6.2 Deciding the allowable crack width limits on durability for structures with
different concrete covers

Schiessl’s experiment mentioned in the report in [107] has been considered by many researchers in the
field; it tried to elaborate criteria for limiting the value of crack width. In the mentioned study, the level of
corrosion in the reinforcement is categorized, based on the measured corrosion height (‘tn’ - based on the
prepared ‘rust calibration scale’ by the author in [107]), as ‘passive corrosion’ (tn < 0.01 mm) or ‘active
corrosion’ (tm > 0.01 mm). For specimens exposed for four years, active corrosion could be observed from
crack widths of 0.125 mm onwards. Further, this study tried to emphasize the possibility of increasing the
limit of allowable crack width, with the increase in concrete cover. For specimens exposed for 10 years,
active corrosion could be observed, even at uncracked locations. However, Schiess| identified that, when
the concrete cover is 25 mm, 66% of cracks are active in corrosion when the crack width is 0.3 mm. When
the concrete cover is increased to 35 mm, only 50% of cracks are shown to be active in corrosion for a 0.3
mm crack width. Based on the results of this long-term experiment, it can be stated that increasing the
concrete cover has the potential to increase the limit of allowable crack width. Therefore, this study can be
further improved for RC specimens with increased concrete cover thickness and develop an allowable
crack width limit which is dependent on concrete cover thickness.

7. CRACK WIDTH LIMITS CONSIDERING THE AESTHETIC ASPECT

Each code of practice has specified the allowable crack width limits, based on the structure’s exposure
class. When deciding this allowable limit for the structure’s built-in environmental conditions, where there
is no risk of corrosion, the limits are given in consideration of the aesthetic acceptance of the structure.
Although, RC structures are designed and constructed by experts in the field, they are used by ordinary
citizens, who do not have any expertise or knowledge in the field. Therefore, users should always feel that
it is safe to use them. It is obvious that unsatisfactory appearance, due to cracks, causes safety alarms and
lowers the acceptance of a structure [119]. However, the aesthetic acceptance of cracks in RC structures is
one of the research areas which has attracted the least attention [120]. Leonhardt [1] stated that, if the
structure has a reasonable cover thickness with good quality concrete, a crack width of 0.4 mm is not



harmful to its durability (corresponding with the outcome of O’Neil [116]), but in order to avoid
unnecessary concern among casual observers, the crack width should be limited to 0.2 mm. However, it is
not possible to state a fixed value for all types of RC structures and for every type of user, as the viewer’s
attitude can have a greater influence than what is actually observed [121]. On the other hand, it is not
possible to limit the widths of controllable cracks to a fine level, as this would increase the cost of the
structure. In order to justify the statement that the user’s attitude is of greater influence than the actual
effect of the cracks, the study performed by Padilla and Robles [122] gives good agreement. The study
was based on cracks in a low-cost housing scheme and clearly emphasized how the different sizes of crack
widths affected tenants, landlords or engineers. Figure 7 illustrates different observers’ attitudes towards a
crack and the actual effect of a crack on a structure. According to this figure, when the time has come for
actual concern about the cracks, the users of the structure have already abandoned it.

7.1 The allowable crack width limits on the aesthetic acceptance of structures
with different concrete covers

The concrete cover thickness is decided on to protect the reinforcement against corrosion, for the safe
transmission of bond forces and for adequate fire resistance [7]. Therefore, even for structures that are not
threatened by corrosion, large covers can be decided on, due to the safe transmission of bond forces and
for adequate fire resistance. As mentioned in the introduction, according to EC2, for the safe transmission
of bond forces, concrete covers can be large as 56 mm for cases with bundled bars. The surface crack width
increases with the increase in concrete cover thickness. The limit of visibility of cracks is expressed by
‘crack width’ [1, 119], and a proper guide should be available to the client to decide the allowable crack
widths. The study conducted by Campbell-Allen, mentioned in the report in [119], identified that the
minimum crack width of a structure is a function of viewing distance, a structure’s prestige and the nature
of the surface (the visibility of cracks changes when they are wet or filled with impurities). The authors
proposed several categories of structures, depending on their prestige, and graphically interpreted the
acceptable crack widths, depending on the distance of the viewer. Figure 8 shows the proposed criterion
and, as it shows for the high-prestige structures, even for longer viewing distances, the allowable crack
width limits have to be limited to a relatively low level.

Figure 7 - Different observers’ attitudes to a Figure 8 - Aesthetically acceptable crack
crack (adapted from Padilla and Robles 1971) width (adapted from Campbell-Allen 1979)

The outcomes of the aforementioned study by Campbell-Allen [119] can be extended for every type of
structure and used to estimate the allowable maximum crack width in respect of the aesthetic aspect. Every
structure (or part of the structure) can be categorized into different prestige levels, depending on its usage
(purpose of the structure and number of users). For example, monumental structures, pedestrian bridges,
etc. can be categorized as ‘higher prestige level” and structures like dams, highway bridges and storage
buildings can be categorized as structures with a ‘lower prestige level’. Then, the client can identify the



category of the structure and the average viewing distance, to measure the allowable crack width limit as
per aesthetic satisfaction. It can be concluded that, for structures categorized at the higher prestige level,
the increasing concrete cover thickness causes a comparatively higher amount of tensile reinforcement to
be required, to limit the crack width. Therefore, for such cases, the use of bundled bars, etc. have to be
reconsidered at the structural design stage.

8. SUMMARY AND CONCLUSIONS

The background of the widely used crack width calculation models has been discussed, starting with the
complex cracking phenomenon. Empirically based crack width calculation models in ACI and BS codes
and the semi-analytical models in EC2, MC2010 and JSCE codes have been examined. The crack width
governing parameters in the aforementioned models have been categorized, and the extensive background
study of each model led to deciding on suitable models for cases with large concrete cover thickness. Then,
the necessity of considering the shear-lag effect (which is reported in several studies), identifying the
proper bond-slip behaviour, has been highlighted in this paper. Based on a study comparing the
experimental results with the model predictions in Section 4, it has been identified that the EC2 model
predictions are more conservative, and both ACI and BS code model predictions gave a good agreement
with the experimental crack widths of the specimens with concrete cover thickness above 60 mm.

It can be seen that the allowable crack width limits in the aforementioned codes of practice have changed
from time to time and differ from each other. Therefore, an extensive literature survey has been conducted
to investigate the background of the allowable crack width limits. According to the durability aspect, the
allowable crack width limits can be identified as increasing with the concrete cover thickness, as in the
JSCE code. This is based on the long-term study conducted by Schiessl (1975). However, this study was
conducted for specimens with 25 mm and 35 mm cover thicknesses. The same study can be extended for
specimens with different cover thicknesses, to identify the allowable crack width limits for cases with
different concrete cover thicknesses.

Concrete cover thickness is decided based on durability, safe transmission of bond forces and for fire
resistance. According to the EC2 model, to provide the safe transmission of bond forces, the cover
thickness can be up to 55 mm. Therefore, even for structures which are not built-in severe exposure classes,
the cover thickness can be large. The allowable crack width limits of such structures are mainly based on
the aesthetic appearance. In order to control the crack widths of such structures effectively, the authors
suggest using the study conducted by Campbell-Allen (1979) and deciding the allowable limit based on
the structure’s prestige level (the purpose and number of users of the structure). Finally, this study has
identified and highlighted the necessary improvements in the existing crack controlling methods, to
effectively control the cracks of structures with large concrete covers.
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1 | INTRODUCTION
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Abstract

Crack spacing has been identified as an important parameter in predicting the
crack widths in reinforced concrete (RC) structures. An experimental program
has been conducted to investigate the crack spacings when reinforced concrete
beams are subjected to both axial tension and flexure. The stochastic nature of
cracking behavior makes the experimental program complicated. A large sam-
ple size of the crack spacing data was recorded, in order to give a statistical
overview. Recent studies in the literature were used to verify the experimental
results. The existing crack spacing prediction models have been developed
based on different theoretical approaches, namely bond-slip, no-slip, and com-
bined approaches. In this study, Eurocode 2, Model Code 2010, Japanese Code,
Eurocode 2 with German Annex and Beeby's crack spacing models were
selected, as they represent each theoretical approach. Experimental results of
this study and from selected literature were compared with the aforemen-
tioned prediction models. Japanese Code gave better predictions for axial ten-
sile tests. For the four-point bending test, all the calculation models gave good
agreement with the results, except for Eurocode 2 with German Annex.

KEYWORDS

axial tension, bar diameter, bending, concrete cover thickness, crack spacing, crack spacing
models, experiments, RC specimens

Standards Institute (BS)* models are based on an empiri-
cal approach. The governing standards in Europe, which

Cracks occur due to the service load in reinforced con-
crete (RC) structures being controlled at the design stage.
Widely used crack controlling methods limit the “calcu-
lated crack width” to a prescribed “allowable crack
width”. There are various types of crack width calcula-
tion models, based on different approaches. For example,
the American Concrete Institute (ACI)" and the British

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

are Eurocode 2 (EC2)® and Model Code 2010 (MC 2010),*
are based on a semi-analytical approach. Similarly, the
Japanese Society of Civil Engineers’ code (JSCE) is based
on a semi-analytical approach. The mentioned semi-ana-
lytical models predict the crack width by integrating the
differences in strain between reinforcement and concrete
between two cracks.® Therefore, these models identify
the crack width by multiplying the crack spacing with
the mean strain difference between reinforcement and
concrete. Many researchers have identified that the crack
width is governed by the crack spacing parameter rather
than by the mean strain difference between concrete and

Structural Concrete. 2021;22:775-792.

wileyonlinelibrary.com/journal/suco

© 2020 International Federation for Structural Concrete | 775



776 |

NAOTUNNA ET AL.

reinforcement.” The concrete strength has been identified
as a parameter which affects the crack width.*° However,
Tammo and Thelandersson'® have identified that, when
the crack spacing and reinforcement type are constant
while the concrete strength differs, the crack width is the
same. These facts reveal the importance of the crack
spacing parameter.

As mentioned previously, the current method of con-
trolling the adverse effects from cracks is only to limit the
width of the crack. However, many researchers are focus-
ing on whether the distribution of cracks (densely or
sparsely spaced cracks) has an influence on durability.
Recent studies have proved that crack spacing (distribu-
tion of cracks) also has an influence on the corrosion rate
of the reinforcement. Therefore, identifying a good crack
spacing prediction model can be advantageous in other
ways than just estimating the crack width. When
predicting the distribution of cracks with crack spacing
models, it is important to keep in mind that many previ-
ous studies have proved that the cracks coincide with the
stirrup locations. For example, the results of the experi-
ments conducted in Makhlouf and Malhas,'? for concrete
covers of 30, 50, and 60 mm, and those conducted by Cal-
dentey et al,'® for 20-mm covers prove the aforemen-
tioned statement. Therefore, the crack spacing models
might not predict the distribution of cracks accurately.
However, the same study® proved that this effect is
removed when the concrete cover becomes large
(i.e., 70 mm). Therefore, a good crack spacing predic-
tion model can be used to estimate the distribution of
cracks for structures with larger concrete covers. When
building structures in adverse environmental condi-
tions, large concrete cover thicknesses are required.
Concrete cover thickness can be as large as 120 mm,
according to the Norwegian Public Road Administra-
tion guidelines.'* For example, the Hafrsfjord Bridge in
Norway is constructed with a concrete cover thickness
of 90 mm."> Therefore, as the cracks do not coincide
with the stirrup positions in large covers, a good crack
spacing prediction model can be used to predict the
distribution of cracks.

Cracking in RC structures is an ongoing topic, which
started many decades ago. There is already a considerable
body of previous literature, which can be found on the
effects of crack spacing governing parameters. For exam-
ple, recent studies’*'® have identified that crack spacing
increases with the concrete cover, both in flexure and
axial tension, respectively. Recent studies'”'® have been
conducted to identify the effect of the reinforcement lay-
out, in both flexure and axial tension, respectively. Like-
wise, the effect of the reinforcement surface,'® concrete
strength,®'® spacing of tensile reinforcement® and so on
have been studied previously. It is important to note that

there are many more relevant studies in the literature,
other than those mentioned.

As there are numerous studies which have focused on
parametric behaviors, this study does not focus on such
effects. However, cracking behavior in RC structures has a
stochastic behavior, because of the anisotropic nature of
concrete. For this reason, researchers sometimes have dis-
agreements on the effects of certain parameters. The dis-
cussion paper by Beeby et al.*! is a good example of such a
situation. The answer to such issues could be the usage of
a large data sample for one specific condition. When the
amount of data increases in such experiments of a stochas-
tic nature, the sample can be considered as reaching close
to its population. When considering the statistical parame-
ters (mean, SD, so on.) from such a sample, these can be
considered as representing the population.

One of the main objectives of this study is to identify
the crack spacing, while emphasizing the importance of
the “sample size” of the data. Therefore, practical size
beams were tested in axial tension and bending. In order
to increase the amount of data for better representation,
several identical specimens were tested. Then, after statis-
tically proving that the data distribution was normal, the
mean and maximum crack spacing values were obtained.
The next objective was to evaluate the existing crack spac-
ing prediction model. From a theoretical investigation,
several existing crack spacing models had been identified,
which are based on different theoretical approaches. The
results of the conducted experiment and the results of sim-
ilar studies in recent literature were used to examine the
predictions of different crack spacing models.

2 | THE THEORETICAL
APPROACH TO CRACK SPACING
CALCULATION MODELS

As mentioned earlier, the semi-analytical crack width calcu-
lation models predict the crack width, by multiplying the
crack spacing with the mean strain difference. The theoreti-
cal approach to crack spacing estimation has mainly been
based on two approaches: namely, bond-slip approach, and
no-slip approach. Both approaches are based on the two
assumptions that a crack is formed when the stress in con-
crete reaches its tensile strength and at the crack total force
is carried only by the reinforcement. The bond-slip
approach was first introduced in 1936 by Saliger.”” The
main idea of this approach is that the slip occurs between
reinforcement and concrete. It has been considered that the
slip is largest at the crack and decreases when moving away
from the crack. Due to this slip, the concrete strain is not
similar to the reinforcement strain at the crack. When the
slip is zero between two cracks (at the transfer length away
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from the crack), the concrete strain can be considered simi-
lar to the reinforcement strain (Figure 1a). According to this
approach, the theoretical crack width is considered similar
along the concrete cover thickness. By considering these
facts and assuming the bond between reinforcement and
concrete within the transfer length as a constant (zy,),
Equation (1) can be derived for the transfer length (S,).

S, = faw 1)
ATy
where “r,” is the mean bond stress, “f,” is the tensile
strength of concrete, “¢” is the tensile reinforcement diameter
and "peg’ is the effective reinforcement ratio (pegr = As /Acem
where A and “A..g” are the tensile reinforcement area and
effective tensile area of concrete, respectively).

The no-slip approach was first defined by Broms in
1965.° In this approach, a perfect bond is assumed
between reinforcement and surrounding concrete. There-
fore, it does not allow slip to occur, and, theoretically, the
crack width at the reinforcement is zero. At the crack
where the reinforcement stress is the largest, the stress is
considered as spreading, similar to the St. Venant's prin-
ciple,® therefore, the distance from the crack to where
the uniform stress distribution of the concrete specimen
becomes proportional to the concrete cover thickness
(Figure 1b). Equation (2) represents the transfer length
according to this no-slip approach (S). Later, Borges®’
further developed a model, by combining these bond-slip
and no-slip approaches. Figure 1c represents this behavior
graphically, and Equation (3) illustrates the basic model of
the transfer length from this combined model (S.).

where, “K” is a constant, and “C” is the concrete
cover thickness.

Se=S,+ Sy 3)

When the spacing between two cracks is greater than
two times the transfer length, there is a possibility of

FIGURE 1

Jib

generating another crack in between. Therefore, the theo-
retical crack spacing values in the stabilized cracking
stage can vary between one to two transfer lengths.**
When focusing on calculating the “maximum crack
width”, the “maximum crack spacing” becomes the
governing parameter. Various “maximum crack spacing”
models can be found, based on the aforementioned three
approaches. Details of such models can be found in
Borosnyéi and Balazs.>® To compare the experimental
results of this study, the following existing crack spacing
models were selected, as they represent each of the afore-
mentioned approaches. The German National Annex of
EC2 (DIN)*® proposes a model based on the bond-slip
approach. The JSCE model and Beeby's model in Beeby
and Scott® are based on the no-slip approach. Finally,
the EC2 and MC 2010 crack spacing models were
selected, as they were developed based on the combined
approach. The details of these selected models are shown
in Table 1.

3 | MATERIAL AND METHODS

The focus of this study is to examine the crack spacings
of specimens subjected to service load. The experimen-
tal program consisted of four-point bending load tests
and axial tensile tests. The axial tensile test was con-
ducted, as it represents the tensile region of a bending
member.>* Furthermore, relevant mechanical proper-
ties of concrete, such as compressive strength and ten-
sile strength, were measured, in order to minimize the
assumptions in calculations. Ready-mix concrete was
used in the experiments, and Table 2 shows the compo-
sition of the concrete mixture. The grade of the rein-
forcement used was B500NC. The reinforcement
properties were selected according to the standard, NS
3576-3.%> Yield strength and Young's modulus of the
selected reinforcement are 500 MPa and 200 GPa,
respectively. The specimens were cast at a room tem-
perature of 20°C. As per the studies by Hansen and
Pedersen,*® it was identified that, for good strength
development, the specimens should be stored at 20°C.

Estimation of crack spacing (a) bond-slip approach;** (b) no-slip approach; (c) combined approach*
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TABLE 1

Model
EC2 and MC 2010

DIN

Beeby's model
in Beeby and Scott>

JSCE model

Selected crack spacing models in the study

Equations

EC2 crack spacing model

Sr.max= K3€ + K1 ko Kg @/pp et
ps.ef effective steel ratio

¢ cover

k; factor for bond properties

k, factor for distribution of strain
k3 recommended 3.4

k4 recommended 0.425

¢ Bar diameter

ps.et effective steel ratio

= P s @
S, = <
TLMAX = 3.6 pperr — 3-6fcter

o, steel stress
fer.fr tensile strength of concrete

Semax = 2 (3.05¢)
¢ concrete cover thickness

MC 2010 crack spacing model

Ls max = k ¢ + (1/4) (fetm/Toms)
(@s/Ps.ef)

Ss,max = 2.[k ¢ + (1/4) (fem/Toms)
((ps/ps,cf)]

k empirical parameter on cover

¢ cover

Tpms Mean bond strength

s Bar diameter

feum tensile strength of concrete

Semax = 1.1 kikoks{de + 0.7(cs — 0)} where

___1s _ 5(n+2)
kz—m+0.7k3— EEas

S max maximum crack spacing
¢ concrete cover thickness

k; constant on the surface of rebar (1.0 for deformed

and 1.3 for plain bars)
k, constant on the concrete quality

f. design compressive strength of concrete

n number of layers of tensile rebar

k; constant to take account of the multiple layers of tensile bars
¢, distance of the tensile rebar (from center to center)

() diameter of the tensile rebar

Remarks

Based on combined approach
(combination of the bond-slip and
the no-slip approaches)

The ratio of maximum crack spacing
to mean crack spacing, considered
in both EC2 and MC 2010, is 1.7.
This ratio was introduced to the
EC2 from Braam®' and to MC 2010
model from CEB.*

“fetm/Toms» term in Equation (1) is
replaced by k; in EC2, while MC
2010 uses Tpms = 1.8. fim for the
stabilized cracking stage. EC2 uses
a “ky~ factor to take into account
the variation in strain distributions
in flexure or axial tension and MC
2010 considers that only the
“effective concrete area” can
represent the effect.** MC 2010
limits the concrete cover thickness
to 75 mm.

Based on the bond-slip approach.
Therefore, the cover term is
excluded.

The DIN model proposes using the
parameters in the EC2 model as k;.
k, =0,k; =0and k; = 1/3.6.

Based on the no-slip approach.

The expression is developed based on
experimental results of axially
reinforced members subjected to
pure tension. The ratio of
maximum crack spacing to mean
crack spacing considered to develop
this model is 1.5.

Based on the no-slip approach.

The crack spacing model is based on
the concrete cover and the distance
between tensile bars. While both
EC2 and MC 2010 predict
increasing crack width with
concrete strength, JSCE code
predicts the opposite. However, this
behavior matches with the findings
in Ouyang and Shah® and Shah
etal’

Further, this code considers the
effects of tensile bar layers and
spacing between tensile bars as
factors for crack spacing.

The specimens that were cast for the bending and axial
tensile tests were covered with polythene and stored in
a 20°C controlled room. The concrete specimens that

were cast to investigate the compressive strength and
tensile strength of concrete were stored in a water tank
at 20°C.
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3.1 | Axial tensile test

The most commonly used method of axial tensile testing
of RC specimens is with a single reinforcement bar and for
limited length specimens. The issue with such an experi-
ment is the generation of a very limited number of cracks.
The identified difference between the external block of the
cracked specimens (the segment between the loading ends
and the first crack from each end) and the internal blocks
makes this issue worse.'” Therefore, 2-m-length specimens
were selected, with the purpose of excluding the results
from both external blocks of cracked specimens. The speci-
mens were designed to generate a large number of cracks
and therefore to obtain a large number of crack spacing
data. To generate a large number of cracks, the specimens
were designed to have a higher effective steel area and a
lower concrete cover thickness. The reinforcement ratio of
the selected specimens is about 8%, which quite deviates
from the widely used members in practice. However, as
mentioned earlier, the axial tensile specimens are assumed
to represent only the tensile region of a bending member.
Therefore, the reinforcement ratio of axial tensile speci-
mens cannot be compared in the same way with that of
ordinary structural members.

As mentioned in the introduction part, the focus of this
experimental program is not to analyze the effect of any
parameters on crack spacing. The focus is to observe the
crack spacing behavior, by emphasizing the importance of
the sample size of data. Therefore, three similar specimens
with 0.2 m X 0.2 m X 2 m (width x height x length) were

TABLE 2 Composition of the concrete mixture in one cubic
meter

Jib=

cast with four 32-mm-diameter reinforcement bars. The
concrete cover thickness of the specimens was selected as
35 mm. The details of the axial tensile RC specimens are
given in Figure 2. No spacers were used along the whole
length of the specimens, as they have been identified as
crack inducers.’” The concrete cover along the specimen
was maintained by holding the four reinforcements from
the binding wires to a fixed position on top. As the length
of the specimen is relatively large, it could not use a con-
ventional displacement-controlled testing machine to load
the specimen. The tensile load was applied with “force-
controlled” test bench apparatus located in the
IK.M. Laboratory facility in Tananger, Norway. It was
possible to apply the load in steps, and it was decided to
increase the load in 100-kN steps.

Special attention was paid to the loading method, and
the load was applied to the reinforcement, through the nut
and bolt mechanism, as shown in Figure 3. Both edges of
each reinforcement were screwed to fit with M24 bolts. In
order to connect the specimens with the loading appara-
tus, a standard HEB S355 600 section (H-section) was
selected. The connection of the HEB section with the spec-
imens was assured for the failure modes of a T-stub sec-
tion,* as per the guidelines in Eurocode 3.*° The web and
flange sections of the HEB section were checked for the
tensile, shear, and tear-out failure modes separately. Fur-
thermore, the HEB section was verified for the residual
stresses that can occur at the web-flange connection. The
nut-bolt connection was assured for the tensile and
thread-stripping failure modes. Afterwards, the system
was assured to resist a load of 900 kN, where the stress in
reinforcement can reach up to 280 N/mm?>

The four-point bending test

The available four-point bending test apparatus had the
maximum constant moment span of 800 mm. Two simi-
lar beams were cast with 0.25m x 0.3 mx22 m
(width x height x length) dimensions. The bending
specimens were designed with two 32-mm-diameter tensile
reinforcements and a cover of 35 mm, as in Figure 4. Fur-
thermore, the beam was designed to avoid shear failure by
using shear links, apart from in the constant bending zone.

32 |
Quantity per
Material cubic meter (kg m™)
Standard cement FA 309
Sand (0/8 mm) 1,063
Gravel (8/16 mm) 829
Water 152
Admixtures Dynamon SX-23 1.59
Mapeair 25 1:19 0.74
FIGURE 2 Details of the axial tensile specimen (all dimensions are in mm)
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FIGURE 3 Axial tensile specimen with the loading connections

FIGURE 4 Details of bending specimens (all dimensions are in mm)

No stirrups were used at the constant bending zone, as pre-
vious studies have proved that stirrups can induce cracks.
For example, Makhlouf and Malhas's'? experiments for 30-,
50-, and 60-mm concrete cover specimens and Caldentey
et al's'® experiments for 20-mm concrete cover specimens
proved the discussed scenario. Similar to the axial tensile
specimens, no spacers were used within the constant bend-
ing zone, as they have been identified as crack inducers.
The four-point bending load was applied with “Toni Tech-
nik” apparatus with a loading rate of 5 kN/min. Specimens
were loaded, exceeding the stabilized cracking stage, up to
290 kN of final load.

3.3 | Testing of mechanical properties of
concrete

For the better comparison of the obtained crack spacing
data during the experiments with the model predictions,

the mechanical properties of concrete were investigated.
A compressive strength test of concrete was carried out
by using six 100-mm cubes, according to the standard,
NS-EN 12390-3. As per the theoretical approach used to
calculate the crack spacing values according to the codes,
the “highest stress reached under concentric tensile load”
is to be measured, and a direct tension test is preferred.
However, a “splitting tensile test” was conducted,
according to the standard, NS-EN 12390-6. Afterwards,
the obtained splitting tensile results were multiplied by a
factor of 0.9, which is proposed by EC2 to convert the
measurements to direct tensile strengths of concrete.® It
was required that the experimental values be adapted
before being used in the prediction models. Furthermore,
the “axial tensile experiment” was delayed due to practi-
cal issues. The adjustments performed for the experimen-
tal values are listed in Table 3. The compressive and
tensile strengths of concrete are factors of age.*’ There-
fore, the prescribed corrections mentioned in EC2 were
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TABLE 3 Tested parameters and standard code requirements

Calculation model

Parameter requirements Standard

Compressive strength 150 mm *300 mm cylindrical
strength

Tensile strength Direct tensile strength

TABLE 4 Experimental mean values and code required values

Experimental
Parameter mean value (N/mm?)
Compressive strength 41.5
Tensile strength 32

carried out, to obtain the parameter values respective to
the bending and axial tensile test dates. The obtained
results from the experiments, converted values to match
the prediction models, and corrections made to match
the testing age are listed in Table 4.

3.4 | Crack spacing measurements

The focus is to measure the crack spacing, propagated
along the tensile reinforcement. Therefore, each face of
the specimen has two sets of readings of crack spacing,
corresponding with the two tensile reinforcements, close
to each face. However, in the bending case, the “crack
spacing” measurements are considered only on the bot-
tom face (when the load is applied from the top). In the
axial tensile case, all four faces of each specimen can be
considered for obtaining crack spacing measurements.
Figures 5 and 6 explain the method of crack spacing mea-
surements, in both loading cases.

4 | RESULTS OF THE
EXPERIMENTS
4.1 | Statistical analysis of data

It is necessary to represent a logical estimation for the
“mean or maximum crack spacing” values, rather than
mentioning the value of one piece of data out of many
readings. In order to do that first, it was necessary to

NS-EN 12390-3 100-mm cube

NS-EN 12390-6 Splitting tensile test

Jib=

Conducted experiment Remarks

Results from 100-mm cube test have
been converted to 150-mm cube
strength.*® Then converted to
cylindrical strengths as per EC2.

Used the EC2 specified factor (0.9) to
convert the results to direct tensile

compressive test

values.

Values used in models (N/mm?)

Four-point bending test Axial tensile test
(adjusted to test date) (adjusted to test date)
31.5 35

29 3.2

check whether the obtained data can fit with a normal
distribution. There are many tests (goodness-of-fit) for
doing that, and some such methods are described in
Sheskin.** It is recommended that tests for skewness and
for kurtosis, as well as the Kolomogorov-Smirnov test
and so on, are carried out. The skewness test predicts the
asymmetry of the sample data. A perfectly symmetric dis-
tribution has two identical mirror images when it is split
in the middle. In such cases, the result from the skewness
test is zero. The test for kurtosis checks the heights of the
tails of a given distribution relative to its normal distribu-
tion. When the sample distribution behaves perfectly to a
normal distribution, the result of the excess kurtosis test
is zero. In order to assume the histogram fits a standard
normal distribution, the skewness (lopsided), and the
excess kurtosis (thickness of the tails) values have to lie
closer to zero.** The Kolomogorov-Smirnov test, known as
the “KS test,” is based on the cumulative distribution func-
tion (cdf) of the sample data. The test statistic is the maxi-
mum absolute vertical difference between the sample “cdf”
and the “cdf” from the hypothesized normal distribution.
In order to accept the sample distribution as normal, the
maximum difference must be less than the critical values
of different significance levels. When considering the two-
tailed case, the significance level varies from 0.001 to 0.2.*
When the aforementioned maximum difference is less than
the critical value of 0.2 significance, the “p” value of the
sample being a normal distribution is “1.” Similarly, when
the maximum difference is greater than the critical value
of 0.001 significance, the “p” value of the sample being a
normal distribution is “0”.** These tests were carried out to
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FIGURE 6

check the normality of the sample crack spacing data
obtained from both the axial tensile test and the four-point
bending test. As the normality is proved for both data sets,
the mean and maximum crack spacing values have been
determined as per the methods applied in Gribniak et al.**
The 95% upper prediction bound has been considered as
the maximum crack spacing and it was obtained from
Equation (4).

95% upper bound = m, +1.96s,/1+ + 4)
where “m,” is the mean of the sample, “s,” is the SD of the
sample, and “n” represents the size of the data sample.

4.2 | Results of axial tension experiment
As previously mentioned, three similar specimens were
tested by applying an axial tensile load beyond the stabi-
lized cracking stage. For safety reasons, no one was

FIGURE 5 (a)Method of
measuring crack spacing; (b) Crack
spacing measurements of an axial
tensile specimen

(a) Method of measuring crack spacing; (b) Crack spacing measurements at the soffit of a bending specimen

allowed to be near the specimens while they were loaded.
Therefore, the cracking behavior was observed with a
digital image correlation (DIC) system, to make sure that
the specimen reached the stabilized cracking stage.
Figure 7 shows the captured cracking behavior from the
DIC system at different loading stages. As shown in
Figure 7, the DIC could not capture the whole specimen,
due to practical difficulties. It can be seen that the cracks
are quite visible to the DIC system at 500 kN and, at both
600 and 700 kN, the width of the same crack is increasing
while the load is increasing. This confirms that the beam
has reached the stabilized cracking stage. Moreover, the
cracks could be observed by a “crack detection micro-
scope” after the specimens had been unloaded. There-
fore, the crack positions could be marked on the
specimens, by thorough observation with the crack detec-
tion microscope. However, only three faces of each speci-
men could be observed with the microscope, as the top
surface of the cast beams does not have a smooth surface
on which to place the microscope flat. Therefore,
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FIGURE 7 Cracking
behavior of “axial tensile
specimen 1” captured by the
digital image correlation system

altogether nine faces could be observed, and the number
of tensile cracks in a face varied from 13 to 15. As each
specimen face consists of two sets of crack spacing data
(respective to the two tensile reinforcements corresponding
to each face), 18 sets of crack spacing data could be
obtained from the three specimens (3 elements X 3
surfaces x 2 bars = 18 sets). Altogether, the total number
of items of crack spacing data was 266.

Then, 36 number (two end observations of 18 sets of
data) of end block data were discarded for the following
reasons. From their study, Gribniak et al.*’ identified that
the end sections of the specimens (at the loading ends)
do not satisfy the Navier-Bernoulli plane section hypoth-
esis (reinforcement strain is larger than concrete strain).
Furthermore, this literature reveals that the assumption
that all the cracked sections transfer to reinforcement is a
simplified approach. The experimentally identified crack
width variation along the concrete cover in references,*®”

Jib=

8 proves that the crack width near the reinforcement is
almost negligible. Therefore, a total discontinuation of
concrete is hard to assume. For these reasons, assuming
that the cracking behavior of end blocks is similar to that
of internal blocks becomes doubtful. Therefore, the
experimental data were selected without considering the
data of the external blocks. This made the sample size of
data reduce from 266 to 230. The histogram of the
230 data is shown in Figure 8. It can be observed as a
bell-shaped one-peak curve. However, the mean and
the maximum crack spacing values were obtained after
going through the statistical analysis steps mentioned
in Section 4.1. The skewness and excess kurtosis values
of the new sample are 0.38 and — 0.57, respectively.
Furthermore, the maximum difference obtained from
the KS test is still less than the 0.02 significance level.
Therefore, a normal distribution can be assumed, with
a mean value of 133 mm. The maximum crack spacing
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value is obtained from Equation (4), and the value is
202 mm.

In order to compare the effect of the external blocks
with the obtained results, the statistical analysis given in
Section 4.1 was conducted for the 266 pieces of data (with
the external blocks). The calculated skewness and excess
kurtosis values of the data set were 0.29 and — 0.62,
respectively. The aforementioned values lie close to zero
and are similar to the behavior of normal distribution.
Furthermore, the maximum difference obtained from the
“KS” test is less than the 0.02 significance level. Consider-
ing these “goodness-of-fit” test results, it can be consid-
ered that the crack spacing sample is normally
distributed. Then, the obtained mean and maximum
crack spacing values are 135 and 203 mm, respectively.
However, as can be seen, no significant difference could
be observed between the two methods.

4.3 | Results of the four-point
bending test

Two similar specimens (as in Figure 4) were tested using
the four-point bending test. Eight cracks could be
observed in each specimen in the constant bending zone.
The crack spacing measurements were obtained at the
bottom of the beam. Two data sets were obtained from
each specimen, corresponding with the two tensile rein-
forcements. Therefore, four data sets of crack spacings
were observed. Altogether, there were 28 items of crack
spacing data. Since the focus was the bottom face of the
specimen, there was not enough space to capture the
crack zone with the DIC system. Therefore, the cracks
were marked by inspecting with the crack detection
microscope, when the specimen was loaded.

The histogram of the crack spacing data is represen-
ted in Figure 9. It can also be observed as a bell-shaped

FIGURE 8 Histogram of measured
crack spacing values in axial tensile
experiment excluding the external stress
blocks

FIGURE 9 Histogram of measured crack spacing values in
four-point bending test

one-peak curve. Similar to the axial tensile test, the data
sample has proved normal, following the tests mentioned
in Section 4.1. The calculated skewness and excess kurto-
sis values of the sample are 0.09 and — 0.14, respectively.
The aforementioned values lie close to zero. The maxi-
mum difference obtained from the “KS” test is less than
the 0.2 significance level. Considering these test results, it
can be assumed that the sample is normally distributed.
Then, the mean crack spacing value was obtained as
112 mm, and, from Equation (4), a maximum crack spac-
ing of 160 mm was obtained.

5 | DISCUSSION
5.1 | Discussion of the axial tension
experiment results

Table 5 shows the details of 18 samples of crack spacing
data sets obtained from the axial tensile tests, without
considering the external block. As can be seen, the mean
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TABLE 5 Details of the crack spacings obtained from axial tensile test excluding the external block

Measured crack spacing (mm)

Beam 1 Beam 2

Beam 3

Side® 1 Side 2 Side 3 Side 1

Side 2

Side 3 Side 1 Side 2 Side 3

Parameter
No. of crack 12 12 12 12 12 12 12 12
spacings
Maximum 200 205 205 200 190 180 200 210
spacing
Mean spacing 145 146 143 143 143 144 142 141

Standard 34 34 32 38 31 27 34 43
deviation

Variance 1,164 1,146 1,043 1,430 931 751

*Refer to Figure 2 to identify the “side” and “bar” numbers.

values of each sample vary from 116 to 146 mm. Simi-
larly, the maximum crack spacing values (i.e., the directly
observed maximum value without using Equation (4))
change from 160 to 215 mm in each sample. Base et al.*’
conducted a statistical approach, named “Student's
t test”, to confirm that the data sets belong to the same
population. The same test was conducted to further con-
firm that the obtained 18 data sets belonged to the same
population. This method uses the mean, variance, and
number of observations of two data sets, to make sure
that they belong to a similar population. After confirming
that the 18 sets belonged to the same population, it was
possible to consider all 230 items of crack spacing data in
one sample and perform further analysis. When consider-
ing the sample size combining all the data, the mean,
and maximum crack spacing values are 133 and 202 mm
(Section 4.2). This highlights that, when the sample size
of data is small, the results can be completely different
with large sample sizes. This study shows the importance
of increasing the sample size of data, especially for such
studies with a stochastic nature.

The ratio of the maximum crack spacing to the mean
crack spacing of the 230 data sets is 1.5. As mentioned in
Table 1, both the EC2 and MC 2010 models have consid-
ered this ratio as 1.7.3"*? Experimental “maximum crack
spacing” values are compared with the prediction
models, as that is the parameter influencing the “maxi-
mum crack width”. It was considered a “short-term load-
ing condition” in the “stabilized cracking stage”, for the
assumptions required in the calculations. For the param-
eter, “effective tensile area of concrete”, the whole cross
section area of the specimen was assumed. This assump-
tion is justified by the fact that most cracks propagate
from the bars to the surface of the specimen, in such
involving the whole section. When compared with the

1,179 1,860 1,294 1,488 848 941 976 664

Bar 1 Bar 2 Bar 2 Bar 3 Bar 3 Bar 4 Bar1 Bar2 Bar2 Bar 3 Bar 3 Bar4 Bar1 Bar 2 Bar 2 Bar 3 Bar 3 Bar 4
13 13 14 14 14 14 14 14 12 12

195 215 180 190 175 160 210 210 215 210

132 130 120 123 116 122 125 121 140 139
36 39 29 31 31 26 36 34 41 43

1,265 1,174 1,720 1,882

predictions in Table 6, the conducted experimental result’
“error” is relatively small compared with the other men-
tioned specimens (except for DIN predictions). One rea-
son for that could be the use of a relatively large sample
size of data.

To further verify the experimental findings, the data
from similar types of tests are considered from Tan
et al.,'® Barre et al.”® and Rimkus and Gribniak.'® Table 6
shows the specimen details, experimental crack spacing
values, and predicted crack spacing values of the selected
cases. Figure 10 shows the range of parameter variations
of these selected cases in Table 6. However, it is impor-
tant to note that the sample size of these data is not as
large as that of the conducted experiment. Furthermore,
the method for identifying the maximum crack spacing is
also dissimilar to that of the conducted experiment. The
experiment in Tan et al.'® has been applied to the load,
not directly to the reinforcement. Therefore, even where
the specimen length is 3 m, the cracking data is obtained
in the middle 2 m. The load applications in References
Barre et al.”® and Rimkus and Gribniak'® are similar to
those of the conducted experiment, where the load is
applied to the reinforcement. However, the results of
those experiments are included with the readings of exter-
nal blocks. Therefore, before analyzing the results of the
aforementioned studies, it is important to keep in mind
the discussed differences.

As per Table 6, the maximum to mean crack spacings
values vary from 1.2 to 1.7 in all selected cases. The crack
spacing model is a mathematical model that can predict
the crack spacing values conservatively, for different pos-
sible arrangements of effecting parameters. EC2 predic-
tions are on the conservative side for all the cases, and
MC 2010 predictions are conservative, except for cases
1 and 8. However, EC2 predictions are more than two
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FIGURE 10 Number of cases to
the range of parameter variations of the
selected axial tensile experiments
mentioned in Table 6; where “C” is the
concrete cover, “b” is the specimen
width or height, “L” is the specimen

length, “p” is the reinforcement ratio,

@” is the bar diameter and “fck” is the
compressive strength of concrete

times larger than the experimental values in 6 out of 13
cases.'®1®5! Furthermore, Table 6 includes the data of
specimens with relatively large concrete cover thick-
nesses, including 65 mm (case No. 6) and two specimens
with 90 mm (case nos. 4 and 5). When considering the
maximum crack spacing values of these cases with EC2
and MC 2010, the predicted error values are significantly
large, compared with the other model predictions. For
these three cases, the JSCE model gives better and con-
servative predictions, compared with the other men-
tioned predictions.

When considering the predictions from Beeby's
model, which is based on no-slip theory: except for two
cases, all the other predictions are on the conservative
side. Furthermore, the underestimated cases have a rela-
tively small error, which lies below 5%. JSCE predictions
have the least error, considering all cases; however, 6 out
of 13 cases are underestimated. These underestimated
error percentages are below 16%. When considering the
“crack width calculation” model in JSCE code, the effect
of concrete strain has been neglected. Therefore, the
effect of underestimations of crack spacing values can be
considered as adjusted when calculating the maximum
crack width. As previously mentioned in Section 2, the
JSCE model is developed based on no-slip theory. There-
fore, these results may indicate the conclusion mentioned
in Beeby>> and Beeby and Scott® that the bond-slip the-
ory has a negligible influence on crack spacing and there-
fore on the crack width. Furthermore, case Nos. 8-13
have six different reinforcement arrangements, but with
the same concrete cover thickness. However, the mean
crack spacings of these cases are nearly the same, as in
Table 6. These results contribute to the statement that

Jib=

TABLE 7 Details of the crack spacings obtained from the four-
point bending test

Measured crack spacing (mm)

Beam 1 Beam 2
Parameter Bar1 Bar 2 Bar1 Bar 2
No. of spacings 7 7 7 7
Maximum spacing 150 150 155 135
Mean spacing 109 111 113 114
Standard deviation 19 24 38 15
Variance 371 594 1,465 229

Mean spacing, Standard deviation and Variance have been rounded
to zero decimal places.

bond-slip theory has a negligible influence. However, this
statement must be confirmed by further studies.

5.2 | Discussion of the four-point
bending test

Table 7 shows the details of the four sets of data of crack
spacings obtained from the four-point bending test. The
mean crack spacing values of each data set vary from
109 to 114 mm. Similarly, the maximum crack spacing of
each data set varies from 135 to 155 mm (i.e., direct mea-
surements without using Equation (4)). Based on the Stu-
dent's t-value, it could be confirmed that the four data
sets belong to a similar population (i.e., more than 95%
probability of being in the same population). Therefore, it
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FIGURE 11
the range of parameter variations of the
selected bending experiments mentioned
in Table 8; where “C” is the concrete

Number of cases to

cover, “b” is the specimen width, “h” is
the specimen height, “L*” is the length

« 9

of constant bending zone, “p” is the
reinforcement ratio, “¢” is the bar
diameter and “fck” is the compressive

strength of concrete

is possible to consider all data sets of crack spacings in
one sample. The mean and maximum crack spacing
values of this sample are 112 and 160 mm, respectively
(Section 4.3). Similar to the axial tensile case, this
shows the importance of selecting a large sample size
of data.

To verify the obtained data, the results have been
compared with four-point bending tests conducted in
Gribniak et al.'” and Caldentey et al.'* Table 8 shows the
specimen details, experimental crack spacing values and,
predicted crack spacing values of the selected cases.
Figure 11 shows the range of parameters of the selected
cases mentioned in Table 8. The sample sizes of these
tests are not similar to the conducted experiment. Fur-
thermore, both these tests measured the crack spacing at
the side of the beam, where the conducted experiment
measured at the beam soffit. For the use of calculation
models, it was considered a “short-term loading condi-
tion” in the “stabilized cracking stage,” similar to the
axial tensile case. For the effective height of concrete
(heef), the values recommended by EC2 and MC 2010
are considered. It is recommended to use the minimum
value of 2.5(h—d), (h—x)/3 or h/2. The “h” denotes the
total depth of the cross section, “d” the effective depth,
“x” the depth of the neutral axis and “¢” the diameter of
tensile reinforcement. According to Table 8, the maxi-
mum crack spacing of the conducted experiment gives a
good agreement with the EC2 and MC 2010 predictions.
Both the JSCE and Beeby's models are more on the con-
servative side, whereas DIN has considerably under-
estimated the predictions. The ratio between the
maximum and mean crack spacing of the conducted
experiment is 1.4. According to Table 8, this ratio gives a
good agreement with the discussed cases, as they vary
from 1.3 to 1.9.

Jib=

The significance of the results is that, unlike in the
axial tensile case, EC2 predictions have a relatively good
estimation of maximum crack spacing in all the cases.
This is due to the use of the “k,” coefficient, which is the
factor for distribution of strain, as 0.5. Theoretical and
analytical explanations of this coefficient are represented
in Caldentey®® and Mcleod et al.,>® respectively. However,
the predictions of 6 out of 11 cases are on the non-
conservative side, where the maximum error value is
18%. Similar to the axial tensile case, two cases with rela-
tively large concrete cover thickness of 82 mm (case nos.
4 and 5) have been selected. For these two cases, the
JSCE and Beeby's models predict relatively good results.

6 | CONCLUSIONS

A study has been carried out to investigate the crack
spacings of the RC specimens subjected to axial tension
and bending. There is a considerable body of literature
available on the parametric analysis of crack spacing.
Therefore, an experimental program was carried out,
focusing on the effect of sample size of data. As the objec-
tive was to increase the number of items of data, several
identical practical scale specimens were tested in both
axial tension and bending. The obtained results were ver-
ified with similar types of experimental results available
in the recent literature. The next aim was to study the
applicability of existing crack spacing models. For that
purpose, several crack spacing models were selected, as
they cover the three main approaches: namely, bond-slip,
no-slip, and combined approaches. The following conclu-
sions were drawn based on the experimental program
and a comparison of the results with the selected
literature.
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« It could be identified that the sample size of data
has an effect of representing the mean or maximum
crack spacing value. The results of axial tensile tests
are included with 18 sets of data. When considering
the mean and maximum of each data set, they are
different from each other. Furthermore, when con-
sidering all the data of 18 sets in a single sample,
the mean, and maximum values are significantly dif-
ferent from the aforementioned values. The behavior
is similar to the test results of bending experiment.
Therefore, it is important to increase the number of
data, as it then become a more reasonable
representation.

« The maximum to mean crack spacing ratio of the
conducted axial tensile test is 1.5. This value
matches to the similar tests mentioned in the litera-
ture. When considering the model predictions of
maximum crack spacings, the EC2 predictions are
conservative for all the selected cases. For some
cases, the overestimation exceeds the value of 150%
when concrete cover thickness is large (i.e., 65 and
90 mm). The JSCE model gives relatively good pre-
dictions among the other discussed models for axial
tensile experiments.

« The ratio of the maximum to mean crack spacings of
the conducted bending experiment is 1.4. This value
gives good agreement with the results of the discussed
similar experiments, as they vary from 1.3 to 1.9. When
considering the model predictions, EC2 predictions are
close to the experimental results with the use of the
“k,” coefficient.

« When considering the maximum crack spacing predic-
tions of EC2, it can be identified that the effect of cur-
vature has a role in the cracking behavior of specimens
subjected to flexure. However, this behavior must be
clarified with further studies.
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Abstract. Cracks due to the service load in the reinforced concrete structures are controlled at the
design stage, by limiting the calculated crack width. Widely used crack width calculation models
(Eurocode 2 and Model code 2010), estimates the crack width by multiplying the crack spacing with the
mean strain difference of concrete and reinforcement. Concrete cover thickness and the ratio of
diameter to reinforcement area to effective tensile area of concrete (@pp.r) are the two main crack
spacing governing parameters in the aforementioned models. The existing models are mostly applicable
when concrete cover thickness is within the specified limit. For example, Model Code 2010 model limits
the concrete cover thickness to 75 mm. In order to identify the influence of aforementioned two
governing parameters on crack spacing, the results of recent experiments have been considered.
According to some recent studies, it is found that the concrete cover thickness has a significant influence
and the @pyer parameter has a negligible effect on crack spacing. To investigate the reasons why the
D/ppet parameter has a negligible effect on crack spacing, the involvement of bond properties is needed
to study. Some authors have specified that the large diameter bars consist of higher bond force per unit
surface area than the small diameter bars, due to the high rib area. Due to this reason, the similar bond
behavior could be identified, from low number of large bar diameters and high number of small diameter
bars. A literature review has been carried out to study the bond behavior on specimens subjected to
pure tension. With the facts and available data, it is further verified that the @), parameter has a
negligible influence and concrete cover thickness has a significant effect on crack spacing.

Keywords: Crack Spacing, Concrete Cover, Bond Stress-Slip, Axial Tension.

1 Introduction

Cracks in the reinforced concrete (RC) structures create issues to the durability, aesthetic
appearance and the liquid or gas tightness of the structure. Among the various types of cracks
that can generate in a structure, the cracks due to service load is controlled at the design stage
by limiting the calculated crack width. In the most widely used codes of practices (Ex. Eurocode
2, 2004; Model code 2010, 2013; etc.), the calculated crack width is governed by multiplying
the crack spacing with the mean strain difference between reinforcement and concrete.
Therefore, the crack spacing parameter can be identified as an important factor in crack
controlling criteria. However, it has identified many limitations in the above-mentioned
available crack controlling methods (Ex. limitation for the maximum value of concrete cover
thickness). Further, there are many experimental evidences from previous literatures, that the
experimental predictions do not match with the code prediction values.

In the aforementioned codes, the concrete cover thickness and @/pper parameter (ratio of
diameter to reinforcement area to effective tensile area of concrete) have identified as the two
most governing factors of the crack spacing model. In order to improve the existing models, the
authors have studied the behavior of aforementioned parameters with the help of available
literatures. The crack width or crack spacing models developed in the mentioned codes are
based on the axial tension experiments of an RC tie subjected to pure tension. Because a RC tie
in pure tension can be represented the tensile region of a bending member with or without axial
tension (Debernardi et al., 2013). There are many previous experiments reported, which have
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studied about the cracking behavior of RC members. Among them, it can be found various
types of data to identify the crack width governing parameters. However, with the advancement
of material and geometrical properties of concrete and reinforcement, the authors have selected
two recent axial tensile experiments mentioned in (Tan et al., 2018; Tan et al.,2019) and
(Rimkus and Gribniak, 2017), to identify the crack spacing governing parameters. The selected
experiments consist of the RC ties with multiple reinforcement bars, which are more similar to
the RC members in practice.

The concrete cover parameter and @/pper parameter is available in the existing crack
governing models are due to the ‘no-slip theory’ and ‘bond-slip theory” respectively (Broms,
1965; Saliger,1936). The ‘no-slip theory’ assumes a perfect bond between reinforcement and
surrounding concrete. The ‘bond-slip theory’ considers that a slip occurs between the
reinforcement-concrete interface. From the selected experimental data, it could identify that
concrete cover thickness has a significant impact on crack spacing, and therefore to the crack
width. When considering the effect of @/pper parameter, it could identify that the parameter
has a negligible effect on the crack spacing (Beeby, 2004; Rimkus and Gribniak, 2017). When
trying to identify the reasons for this controversial conclusion, Alander in (Beeby et al., 2005)
makes a statement, that when the bar diameter increases, the rib area also increases (even with
similar rib pattern). This increased rib area in larger bar diameters cause to have a higher bond
force per surface unit area, than the smaller bar diameters (Noghabai, 1995). This effect is not
considered in the existing EC2 or MC 2010 models. The mentioned models assume the bond-
stress is only a factor of tensile strength of concrete. For example, MC 2010 assumes that the
mean bond stress between concrete and reinforcement is equal to 1.8 times the mean tensile
strength of concrete in the stabilized cracking stage.

Balaz (1993), introduces a mathematical model to identify crack widths by using the well-
known Ciampi-Eligehausen (Ciampi et al., 1981; Eligehausen et al., 1982) bond-slip
model. Ciampi-Eligehausen, bond-slip model is based on Rilem-type pull-out test
(RILEM, 1994) results. Therefore, at first this paper reviews literatures focusing on the effect
of rebar size on bond properties in Rilem-type pull out tests. However, many existing
literatures concluded that, bond strength and stiffness decrease with the increase of bar
diameter (which is opposite to the expected results). Therefore, this paper investigates the
actual bond-slip behavior of specimens subjected to ‘axial tension’.

2 The Behavior of Concrete Cover and @/pper Parameter on Crack Spacing
from the Recent Experiments

Table 1 shows the test results of axial tensile experiments of RC ties mentioned in Tan
et al.,(2018) and Tan et al., (2019). Table 1 confirms that the increase of concrete cover,
cause to increase crack spacing. When comparing the specimen 1 and 3, with the increase of
concrete cover, the maximum crack spacing (Table 1) increases. Likewise, the crack spacing
values and specimen 2 and 4 behaves similarly.

Table 1. Crack spacing values measured in stabilized cracking stage (Tan et al., 2019).

Specimen Width x height x No. of | Diameter Cover O/ppef Srmean St max
No. length (m x m x m) bars (mm) (mm) (mm) (mm)

1 0.4x04x3 8 32 40 796 178 240

2 04x04x3 8 20 40 1274 163 250

3 0.4x04x3 8 32 90 796 266 320

4 04x04x3 8 20 90 1274 217 290
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Considering specimen 1 and 2 (likewise, 3 and 4) with the same concrete cover thickness,
specimen size and material properties, the effect of @/pper parameter on crack spacing cannot
be compared, due to difference in steel areas (Specimen 1 and 2 have 8xmx162 mm? and
8xmx10? mm? steel areas respectively). The same steel area can be represented with different
sizes of reinforcement. If small diameter bars are used, the circumference area of the rebar are
higher than when the same steel area is replaced by large diameter bars. For example, if one 16
mm bar is replaced with four 8 mm bars (similar steel area), the circumference area is doubled
[(4x7x8) / (1xmx16) = 2]. Therefore, the higher number of smaller diameter bars consist of
higher concrete-reinforcement interface area than the few number of large diameter bars
arrangement. When bond area becomes large, transfer length will be low. In theory, the RC
specimens with similar cross-sectional area and similar steel area, the larger bar diameter has
the higher @/ppef value. According to the EC2 and MC 2010 crack spacing models, this cause
to predict larger crack spacing values than the specimens with smaller bar diameter.

Rimkus and Gribniak (2017) have studied the effect of @/pp.t On crack spacing, by keeping
the steel area and other previously mentioned crack spacing governing parameters constant. In
the study, the different values for @/pper has been obtained by changing the rebar diameters.
This experiment had tested 21 number of specimens with 150 mm x 150 mm (Height x width)
cross section size and 30 mm concrete cover thickness. The study have tested three different
steel areas of 315 mm?, 450 mm? and 607.5 mm? (Steel ratio (pper) Of 1.4 %, 2.0 % and 2.7 %
respectively) and used different deformed bar sizes of 5 mm, 6 mm, 8 mm, 10 mm, 12 mm and
14 mm diameters to change the @/pp.er ratio. However, the final conclusion of the experiment
is that, the crack spacing has a negligible influence from the @/ppet parameter.

The conclusions of the aforementioned results in Rimkus and Gribniak (2017), gives a good
agreement with the statement of Beeby (2004). Moreover, Beeby (2004) compares previous
experiment results of (Farra and Jaccoud, 1994; Haqqi, 1983) and concluded that the @/pp et
parameter does not influence on crack width or crack spacing. However, when the experiments
in (Farra and Jaccoud, 1994; Haqqi, 1983) have altered the @/ppf parameter for the comparison,
the reinforcement ratios also differed unlike in the experiments of (Rimkus and Gribniak, 2017).
Therefore, the statement of Beeby (2004) is further confirmed from the experimental results of
(Rimkus and Gribniak, 2017).

3 The Involvement of The Bond-Properties to the Crack Spacing Models.

It is vital to investigate reasons why the previous experimental findings shows that @/ppes
parameter, (which appears from the ‘bond-slip approach’) does not influence on crack spacing.
Alander, who had studied the reinforcement rib geometry on crack widths in Alander (2002),
have made a good explanation for this reason in the discussion paper Beeby et al. (2005).
According to their findings, the bond per surface area of every reinforcement is not similar, due
to the different rib geometry. Moreover, when the diameter of a bar increases, the bond strength
increases, due to the increase in rib area and height relative to the smaller bar diameters
(nominal bar diameter to rib height is generally used as 22). Therefore, the assumption made
on developing the existing crack spacing models that the bond stress is similar among every bar
diameter have to be reconsidered.

The rib pattern or height are considered as the governing factors of the bond-strength and
bond-stiffness of a reinforcement. The ratio of the nominal bar diameter to rib height is
generally used as 22 in reinforcement (Metelli and Plizzari, 2014). Bond-index parameter
quantitatively represent the effect of rib-pattern and rib-height of a specific reinforcement. The
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bond-index is identified as the most governing rib parameter that influences bond-strength and
bond-stiffness and EC2 specifies to have a minimum bond index of 0.056 for a bar exceeding
the diameter of 12 mm. To investigate the statement made by Alander in Beeby et al. (2005)
discussion paper, a literature review has been studied on the size effect of the bars on the bond
between concrete and reinforcement. The details and the conclusions of some existing
literatures are listed in the Table 2.

Table 2. Summary of the previous studies on the bond behavior for size effect.

Axial tensile test.

Publication Experiment Diameter (mm) - | Results
[Bond Index]
Bazant et al. | Unconfined  Pull- | 3.175, 6.35, 12.7, | Size effect presents. Bond strength
(1995) out test 25.4 [smooth bars] is low in large bars.
Noghabai Confined (steel | 8, 16, 32 [Deformed | Bond strength increases with the
(1995) casing) Pull-out | bars] diameter.
test. The embedded length is short
(2.5*diameter).
Bamonte and | Confined (steel | Machine Ribbed Bond strength decreases with the
Gambarova | casing) Pull-out and | 5, 12, 16, 28 —[0.086] | increase of bar diameter
(2007) push-in tests.
Metelli and | Unconfined  Pull- | Machine Ribbed Bond strength increases with the
Plizzari out test 12, 16, 20 — [0.04- | increase of bond index (rib area).
(2014) 0.105] Bond strength and  stiffness
Commercial (hot- | decreases with the increase of bar
rolled) diameter.
12 - [0.095,0.105]
20 - [0.079, 0.089]
40 - [0.054, 0.072]
50 - [0.04, 0.063]
Shima et al. | Confined Pull-out | Ribbed Bars Bar Diameter has a small effect and
(2987) test  for long | 19.1 bond strength is proportional to 2/3
embedded length 254 power of concrete compressive
(40 times diameter). | 31.8 strength.
Morita Confined (large | 3, 7, 13, 19, 25, 51 | Size effect does not present in
(1994) covers (5.5*dia.)) | [Deformed bars] specimens subjected to axial tension

with large covers.

According to the Table 2, except in Noghabai (1995), other experiments have concluded that
the bond strength decreases with the increase of bar diameter. These results does not agree with
the previously mentioned statement by Alander in Beeby et al. (2005) discussion paper. This
can lead to another direction, whether the pull-out or push-in tests represents the bond-behavior
of an RC tie subjected to axial tension or flexure. The authors in (Alander, 2002; Beconcini et
al., 2008; Mazzarolo et al., 2012) explains that the traditional Rilem-type tests (RILEM, 1994)
does not represent the bond condition of a member subjected to bending or axial tension. The
main reasons for the discrepancy are identified as the short anchorage length (embedded length
is five times the bar diameter), one-way loading method (the concrete parallel to the
reinforcement is in compression), failure mode (splitting failure that occurs in unconfined tests)
in the standard pull-out tests. The short embedded length is decided in the Rilem-type test is to
ensure the uniform distribution of the bond stress along the bar (Mazzarolo et al., 2012) and to
reach the bond-failure before rebar yields (Bamonte and Gambarova, 2007; Mazzarolo et al.,
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2012). In order to make the experimental conditions closer to the practical situation, Shima et
al., (1987) have used longer embedded lengths (40 times diameter) and studied the size effect
on bond stress (Table 2).

It has observed that the reinforcement-concrete interface in axial tensile members does not
subject to the range of slip value as observed in the Rilem-type tests. The experimental
investigation of the crack widths at the level of reinforcement in (Borosny6i and Snébli, 2010;
Husain and Ferguson, 1968; Tammo and Thelandersson, 2009) have proved that the slip is in
the range of hundredth of a millimeter (ex. 0.01 mm to 0.06 mm). These studies have observed
the crack width propagation along the concrete cover thickness by sealing the crack, with a
hardened epoxy and examining by cutting the specimen. (Borosnydi and Snoébli, 2010;
Caldentey et al., 2013) have explained the reason for the relatively small crack widths at the
reinforcement face. They have considered that it is due to the accumulation of strains in
secondary cracks, which are identified as Goto cracks in Goto (1971). These secondary cracks
are developed around the primary cracks (Debernardi et al., 2013; Debernardi and Taliano,
2016) and therefore the “slip’ is considered as spread at the vicinity of primary crack. However,
Yannopoulos (1989) has conducted experiments to study the variation of crack widths along
the concrete cover thickness. During, the experiment, the increase length of specimens was
measured using gauges that were fixed at the both end-faces perpendicular to the reinforcement
of the axial tensile tie. One measurement was obtained 2.2 mm away from the reinforcement
and the other measurement was obtained at the edge (i.e. at a distance of concrete cover) of the
specimen. The obtained average change in length were 0.06 mm and 0.13 mm respectively. The
conclusion is that, even the internal cracks do exist, their accumulation does not equal with the
crack widths at the concrete surface. Therefore, the internal cracks (spread around primary
cracks) cannot be considered as a contributor to the slip.

The experiment mentioned in Beeby (2004), contributes to the fact that, slip does not occur
between reinforcement and concrete interface in axial tensile members. A layer of grout is
applied at the end faces of RC tie (faces perpendicular to reinforcement) and observed no cracks
in the reinforcement-concrete interface after the tensile load is applied. Due to these facts, the
slip between reinforcement and concrete can be expressed as negligible and the cracking is
according to the ‘no-slip theory’. However, to ensure this fact, the authors have studied through
the aforementioned bond-slip experiments conducted for axial tensile experiments. The method
of slip and bond-stress measurements in conducted axial tensile experiments are listed in Table
3. Except for the experiment mentioned in Doerr (1978), other listed experiments have not
measured the concrete strain separately to obtain the slip. Either the researcher has neglected
the concrete strain or calculated it from the force equilibrium using only the reinforcement
strain. There is a possibility that these calculated concrete strain can be due to ‘no-slip’
conditions. The experiment mentioned in Doerr (1978), which had separately measured the
‘concrete strain” with strain gauges, 16 mm away (one diameter length) from the reinforcement
face. This measurement does not represent the slip at the reinforcement — concrete interface.
Based on above reasons it is not clear whether the experiments given in Table 3 have measured
the actual value of slip.
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Table 3. Details of the axial tensile experiments focused on bond-slip.

interpolating the
steel strain at
each segment.

Experiment Details Bond stress Slip
Doerr (1978) Concrete strain  gauges | Bond stress (t) | Slip  of  the

were placed 16 mm away | along the bar element ‘atl’
Cylindrical specimen dia.= | from concrete, while (S@+n)(X)),
150 mm. casting. (%)
Length = 600 mm. Electrical resistance wire 1 dP®) | s@y(x) = esaldx —
Bar dia. =16 mm strains were used. | ~  me  dx gealx
Strain gauge on rebar and | Specimen were sectioned | Pw- Force in | &a— Strainin
concrete. to 28 mm size parts along | reinforcement. 6einforcement
Spacing = 28 mm the length. Where P(x) can | &.a— Strainin

be identified by | concrete

dx — spacing of
strain guages

Morita (1994)

Rectangle specimens
Square c/s = 12*¢

Length = 60*¢

Strain gauge only on rebar.
Spacing =5* ¢

Concrete strain is
neglected when calculating
the slip, assuming the
domination contributor to
the slip is the internal
cracks.

Bond-slip model
identified by
(Muguruma,
Morita, and
Yoshida, 1967)

d%y s(x)

(zltx(zl )
_ + np
- Es T
s(x) — Slip
n — Modulus ratio
p — Steel Ratio

Slip is identified
from the steel
strain, neglecting
concrete  strain.
Slip of the
element ‘a+1’,

S@a+1)(X) = €s,a.0X

Beconcini et al. (2008)

Cylindrical
132 mm.
Length = 1000mm.

Bar dia. =16 mm

Strain gauge only on rebar.
Spacing = 25mm

specimen dia.=

Specimen were sectioned
to 25 mm size parts along
the length.

Concrete and steel stresses
and strains of each section
were identified with a
constitutive model based
on Ramberg  Osgood
formation and with the
force equilibrium F = Fs+
Fc.

Equilibrium of a
rebar portion

2
dos .% = met(X)

os — Steel stress
calculated from
steel strain

From the
definition of slip

ds
— =¢gs—€C
dx

When considering the bond-slip behavior of the specimens subjected to axial tension, it can
be concluded that the ‘bond-slip’ theory can cause a negligible influence on crack spacing.
Therefore the involvement of @/pper parameter on crack spacing behavior have to be
reconsidered. Further This description ends with agreeing the conclusion of Beeby (2004), that
the @/pper parameters has a negligible effect, while concrete cover thickness has a significant
effect on crack spacing and therefore to the crack width.

4 Summary and Conclusions

Concrete cover thickness and @/ppef parameter have identified as governing parameters of crack
spacing models in Eurocode 2 and Model code 2010. From the recent experimental results, it
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could be identified that the concrete cover thickness has a significant effect on crack spacing.
However, the @/pp.ef parameter, which present in the crack spacing model due to the ‘bond-slip
theory’ has an negligible influence to the crack spacing. A possible reason for that can be the
effect of different rib indexes of different bar sizes, which is not taken into account in the above-
mentioned crack spacing models. Experimental results showed similar crack spacing values
using low number of large bar diameters and high number of small bar diameters. Therefore,
the bond per unit surface area have to be higher in large diameter bars than small diameter bars.
A literature survey is carried out to identify the aforementioned effect and it is found that, the
bond per unit surface area is getting lower with the increase of bar diameter. Moreover, it is
vital to investigate the applicability of Rilem-type pull-out test results to study the bond
behavior in a RC tie. The main contradiction is the, obtained slip value in axial tension is
significantly smaller than Rilem-type pull-out tests. Further, there is an argument that the
internal cracks contribute to the slip. However, the results of Yannopoulos (1989) have proved
that the internal cracks do not have a significant contribution to the slip. Further, Beeby (2004)
have experimentally proved that there is no slip occurred at the reinforcement-concrete interface
of an RC tie in pure tension. Moreover, as mentioned in the available studies on bond-slip
behavior subjected to axial tension, have not measured the concrete strain separately, to
measure the slip value. Therefore, it can be concluded that the mentioned crack spacing models
have overestimated the effect of bond-slip behavior.
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Abstract

Crack spacing is a governing parameter in predicting the crack width of reinforced concrete (RC)
specimens. Recent studies have identified that the ‘no-slip’ theory is suitable for discussing the
actual cracking behavior of RC specimens. Concrete cover (c) and the clear distance between
tensile bars (s) are the governing crack spacing parameters, according to the ‘no-slip’ theory. The
parameter ‘s’ has not been considered in widely used crack spacing models including Eurocode.
An experimental program has been conducted, using large-scale RC specimens to investigate the
behavior of “‘c” and ‘s’ on crack spacings. These experiments have been numerically simulated with
3D non-linear finite element models for the verification of results. The experimental results showed
that both ‘¢’ and ‘s’ have an influence on the crack spacings. An equation has been developed with
multiple linear regression analysis, and its predations gave a good agreement with the experimental

results in the literature.

Key words. Crack spacing, axial tension, concrete cover thickness, bar spacing, laboratory

experiments, non-linear FEM, large-scale specimens.
1.0 Introduction

Crack controlling is a primary serviceability limit state requirement of reinforced concrete (RC)
structures. At the design stage, cracks are controlled by limiting their calculated width to a
maximum allowable crack width 2. Crack spacing is a governing parameter in crack width
calculation models ®. Widely used crack spacing prediction models have identified their influencing
parameters by considering two main cracking theories, named bond-slip theory and no-slip theory.
The governing parameter of the bond-slip theory is the ratio of the bar diameter to the effective
steel area (/p) *. According to the no-slip theory, the governing crack spacing parameter is the
thickness of the concrete surrounding the tensile reinforcement °. Concrete cover thickness and the

tensile bar spacings can be identified as the governing crack spacing parameters, according to this



no-slip theory 5. Eurocode 2 and Model Code 2010 are the most widely used codes of practice in
Europe for the design of RC structures. The crack spacing models in these two codes consider that
the crack spacing is based on the combined theory 8. Combined theory assumes that the cracking
behavior is similar to the combination of both bond-slip theory and no-slip theory. Therefore, in
crack spacing models in both Eurocode 2 and Model Code 2010, the ‘o/p’ parameter and the
concrete cover thickness parameter are included, to represent the bond-slip and no-slip theories,

respectively.

Recent studies conducted by Rimkus and Gribniak 7, Beeby and Scott &, etc. have identified that
the ‘o/p’ parameter has a negligible influence on crack spacings. Further, the studies by Bado et al.
®, Beconcini et al. 1° and Doerr ! have identified a negligible amount of slip in the RC specimens
subjected to axial tension. Additionally, by studying the crack width variation along the concrete
cover thickness, Naotunna et al. 1% have identified that the specimens with ribbed bars are subjected
to a negligible amount of slip. These facts can conclude that the bond-slip theory has a relatively
low influence on the cracking behavior of RC specimens with ribbed bars. On the other hand, it
can be considered that the no-slip theory has a higher influence on the cracking behavior of RC

specimens.

According to the no-slip theory, the two main parameters are concrete cover thickness and the
spacing between the tensile bars. Tensile bar spacing has been considered as a parameter of crack
spacing models in Japanese Code *® and CEB-FIP Model Code 1978 * and so on. Further, the
recent experimental program conducted in Gribniak et al. 1%, which tested 150 x 150-mm cross-
sectional specimens reinforced with g10-mm bars, has identified that the bar spacing has an

influence on the crack spacings.

RC members with limited cross-sectional width (i.e., beams), which require a relatively large steel
area to withstand ultimate limit state load, commonly use reinforcement bars with a large bar
diameter. In the construction industry, 32-mm bars are commonly used in bridges and offshore
structures . However, studies which have performed experiments using large bar diameters are
very limited in the literature. The main reason for this is that it is necessary to apply a relatively
large load for the RC specimens to reach service load stress. When the RC structure is subjected to
the service load, the steel stress can range from 200 N/mm? to 350 N/mm? 7. Recently, several

studies have tested RC specimens with multiple bars, since the cracking behavior of such



specimens is more similar to that of RC members in practice *7. Therefore, an experimental
program has been carried out with 2-m-long RC specimens with 200 x 200-mm and 300 x 300-
mm cross sections reinforced with four g 32-mm bars. The experimental program was designed to
investigate the effect of concrete cover thickness and tensile bar spacing on crack spacings. The
concrete cover thicknesses of the tested specimens were 35 mm, 60 mm, and 85 mm, and the clear
distance between bars was 66 mm, 116 mm, and 166 mm. These experiments were simulated in

3D non-linear FEM models for the further verification of experimental results.
2.0 Materials and Methods

The focus of this experimental program is to investigate the effect of concrete cover thickness and
tensile bar spacing on the crack spacings of RC members subjected to axial tension. In order to
represent the tensile bar spacings, the ‘clear distance between the tensile reinforcement’ was
considered as a parameter. An experimental program was conducted, to study the crack spacings
in RC specimens at the concrete laboratory of the University of Stavanger and 1.K.M. laboratory
testing facility in Tananger, Norway. RC prisms of 2 m length were cast and reinforced with four
@ 32-mm bars. Steel reinforcement quality was B500NC, according to the NS 3576-3 standard 18,
with a characteristic yield strength (fyx) of 500 MPa and Young’s modulus of 200 GPa. In the first
series, three identical RC specimens were cast with a 200-mm x 200-mm cross section. The
conducted experimental program of the RC specimens in Series 1 has been reported in Naotunna
et al. . In the second series, three sets of RC specimens (two specimens per set) were cast with a
300-mm x 300-mm cross section. The cracking behavior of RC specimens is quite complicated,
due to the inhomogeneous behavior of concrete. Therefore, the experimental program was designed
to have a large sample size of crack spacing data in each specimen set, to achieve a reasonable
representation. All these RC specimens were cast at the concrete laboratory of the University of
Stavanger, Norway. The specimens were cast at a room temperature of 20°C and also stored in a
20° C room after taking the necessary precautions for curing. Similar to Series 1, no spacers and
stirrups were used to cast the RC specimens, as they can influence the cracks °. Details of the cast

RC specimens are shown in Figure 1 and Table 1.

As mentioned in the Introduction, it is necessary to apply at least 650 kN of tensile load for the
four 32 mm bars to reach the service load (for the reinforcement to have a stress of 200 N/mm?).

Axial tensile load was applied, as the four reinforcement bars in an RC specimen get a uniform



distribution of loads. For that, a nut and bolt mechanism was used, as shown in Figure 2. Also
shown in Figure 2 (a), both ends of each reinforcement bar were threaded, to act as the nuts to fit
M24 bolts. Then the fabricated load connection, using an HEB S355 1000 section, was attached to
the RC specimen. In this method, the RC specimen was connected to the loading apparatus at the
testing facility, as shown in Figure 2 (b). Since the bar positions differ in each specimen set,
separate sets (couples) of load connections were fabricated per specimen set in Table 1. As per the
Eurocode 3 % guidelines, it could be assured to resist a load of 900 kN (where the stress in the
reinforcement can reach 280 N/mm?). The specimens were loaded by means of the load-control

method up to 900 kN, and the load was given in 100-kN steps, with almost 5-minute intervals.

For safety reasons, remaining close to the testing specimen while it was loaded, to measure crack
width and the crack spacing, was not permitted. The primary objective of the experimental program
was to observe the crack spacings. The cracks were marked in the tested specimen after the load
was released, using crack detection microscopes. From the experience of Series 1 experiments
reported in Naotunna et al. 3, the cracks could be identified with a crack detection microscope even
after the load was released. As shown in Figure 2 (b), at the loading machine, the testing RC
specimen is covered on both sides by the protection walls. The RC specimens were loaded and
unloaded from the top side of the loading machine. Therefore, it was difficult to focus the Digital
Image Correlation (DIC) machine perpendicular to a face of an RC specimen, while the test was
going on. Since the DIC readings have been obtained inclined towards a face of an RC specimen,
they are not adequate to obtain crack widths. Figure 3 shows the propagations of cracks captured

at different loading intervals by the DIC system of one of the specimens in set 3.
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Figure 1. Cross-section details of the tested RC specimens (all specimens are 2 m in length).
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Figure 2. (a) Details of the loading connection, (b) testing of RC specimen.



Figure 3. Propagation of cracks captured by the DIC system of one of the specimens in set 3.

Table 1. Details of the tested RC specimens.

Specimen | No. of Measured | Specimen width x | Cover | Clear distance | Concrete
Set identical sides per | height (mm x depth | between bars | compressive
specimens | specimen | mm) (mm) | (mm) strength* (MPa)
1 3 3 200 x 200 35 66 35.00
2 2 4 300 x 300 35 166 40.95
3 2 4 300 x 300 60 116 40.95
4 2 4 300 x 300 85 66 40.95
Note

* Concrete compressive strength is the mean g150 x 300 mm cylindrical compressive strength in
respect of the test date of the RC specimens.




3.0 Results of the experiment

After the cracks had been marked in the tested RC specimens, the crack spacing measurements
were obtained. Since the crack width prediction models in Eurocode 2 and Model Code 2010
predict the crack widths at the concrete surface above the tensile reinforcement, the crack spacing
measurements were obtained at the concrete surface, along the center lines of the tensile
reinforcement. Figure 4 shows the method for measuring the crack spacing values. Therefore, for
each side of an RC specimen, two sets of crack spacing measurements were obtained. In the RC
specimen set 1, crack spacing measurements could only be obtained at three faces per specimen,
due to irregular finishing of the top surface. However, in other RC specimen sets (specimen sets 2,
3 and 4), crack spacing measurements were obtained on all four sides. Figure 5 (a) to Figure 5 (c)
shows the obtained crack spacing readings of specimen sets 2 to 4. Naotunna et al. * reported the

crack spacing behavior of the tested specimen set 1.

The average and maximum crack spacing values were obtained by a method similar to that used in
Naotunna et al. 2. Initially, the results were identified as following the normal distribution. In order
to do that, several ‘goodness-of-fit’ tests were carried out, as specified in Sheskin 1. Skewness
tests, excess kurtosis tests and KS tests (Kolomogorov—Smirnov test) were carried out, to observe
whether the data follows the normal distribution. For a data set to follow the normal distribution,
the values of skewness and excess kurtosis tests must lie closer to zero. According to the KS test,
the absolute vertical difference between the cumulative distribution functions of the ‘sample’ and
the “hypothesized normal distribution’ is less than the critical values of 0.2 significance; the ‘p’
value of the sample with a normal distribution is ‘1’. Similarly, if the aforementioned vertical
difference is larger than the critical value of 0.001 significance, the ‘p’ value of the sample with a
normal distribution is ‘0’. Table 2 shows the results of ‘goodness-of-fit’ tests conducted for the
crack spacing values of each specimen. After normality had been proved for the data sets, the mean
and maximum crack spacing values were obtained. The maximum crack spacing value has been
considered as the 95% upper boundary of the data set, and Equation 1 was used to obtain those
values. Table 3 shows the experimental crack spacing values of each specimen set. From Table 3,
it can be seen that both mean and maximum crack spacing values increase from specimen sets 1 to

4. The ratio of the maximum to minimum crack spacing values of the four specimen sets are 1.5



and 1.6. Both Eurocode 2 and Model Code 2010 consider this ratio as 1.7 2222, which gives a good

match with the experimental results with more conservative predictions.

95% upper bound = m,. + 1.96s, /1 +% )

where ‘m;’ is the mean of the sample, *s;’ is the standard deviation of the sample, and ‘n’ represents

the size of the data sample.
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Figure 4. Method of measuring crack spacings.
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Figure 5 (a). Crack spacings of specimen set 2 (scale is in mm).



Figure 5 (b). Crack spacings of specimen set 3 (scale is in mm).



Figure 5 (c). Crack spacings of specimen set 4 (scale is in mm).



Table 2. Results of the ‘goodness-of-fit” tests.

Specimen | Skewness | Excess Significance
set test kurtosis of KS test
test
1 0.38 -0.57 0.02
2 0.37 0.8 0.2
3 -0.2 0.1 0.15
4 0.2 -0.1 0.2

Table 3. Experimental mean and maximum crack spacing values.

Specimen set | No. of crack spacing | Experimental crack spacing (mm)
measurements Mean Max Max/ Mean

1 266 133 202 15

2 191 168 264 1.6

3 174 184 273 15

4 157 204 327 1.6

4.0 Numerical simulation of the conducted experiments

For the better understanding and verification of the conducted experimental results, the tests were
numerically simulated using 3D non-linear FEM simulation models. For this purpose, finite
element software called ‘ATENA’ by ‘Cervenca Consulting’ 2%, Version 5.7.0 with ‘GiD 14.0.2
interface, was used. For the numerical models, concrete was modeled using eight noded hexahedral
elements, and the reinforcement was modeled as 1D elements. The cracks were modeled as
smeared cracks (where the crack would occur inside the element), and therefore the reinforcement
was also modeled as a smeared reinforcement 2526, This method assumes a perfect bond between
reinforcement and concrete, which does not allow a slip to occur in between. This method has
recently proved to give the best fit for the experimental results in Rimkus et al. 2’. The tensile
failure (fracture) which occurs in concrete is modeled to follow Hordijk’s law 28, where the tensile
stress of concrete perpendicular to the crack is a function of crack width. In the simulation model,
the load was applied as a displacement-controlled method, by giving the displacement in 0.1-mm
incremental steps to an end of four reinforcement bars. The solution of the numerical model is

based on the Newton-Raphson method. The developed simulation models are shown in Figure 6.

In the experiment, RC specimens were loaded horizontally. Similarly, the FEM simulation models

were also loaded horizontally, and therefore vertical constraints, which are required at the initial



loading steps, were added at the bottom edges of the specimens. After several trials, the mesh size
of the concrete elements was decided at 25 mm. The measured compressive strengths of concrete
(see Table 2) were assigned to the concrete material model, and the other mechanical properties of
concrete were selected to be generated according to Eurocode 2 provisions. When modeling the
fracture part of concrete, there are several parameters in the material model which can influence
cracking behavior. By conducting several trials, it could be seen that the ‘crack spacing min’
parameter, which is used to reduce the energy dissipation in fine meshes, has an influence on the
cracking pattern. When modeling specimen sets 1, 2 and 3, a ‘crack spacing min’ parameter of 100
mm was used, and, for specimen set 4, 50 mm was used for this parameter. The obtained cracking
behavior of the developed simulation models is shown in Figure 6. Table 4 shows a comparison of
the mean crack spacing values in the experimental results and the FEM simulation models. As
shown in Table 4, the FEM simulation models’ results give good agreement with the experimental
mean crack spacing values. As in every other situation, there are several benefits in numerically
simulating the physical experiments. Figure 6 shows the crack pattern and the stress distribution in

the embedded reinforcement.

Table 4. Comparison of experimental and numerical mean crack spacing.

Specimen set Mean crack spacing (mm) Error %
Experimental Numerical
1 133 125 6.0
2 168 167 0.6
3 184 182 11
4 204 200 2.0
Error = (Experimental value — Predicted value)/ '
Experimental value







Figure 6. Cracking behavior of the 3D FEM simulation models (one side of each cracked

specimen).
5.0 Discussion of the experimental results

As mentioned in Section 1, the governing parameter of the crack spacing models based only on the
‘bond-slip theory’ is the ratio of the bar diameter to the effective steel area (a/p). The crack spacing

models in the German National Annex of Eurocode 2 %, Deberandi and Taliano 2, and Taliano 3



have considered the crack spacing to be solely based on the bond-slip theory. However, when
considering specimen sets 2, 3 and 4, all these specimens have the same value for the bond
parameter (/p). As can be seen in Tables 3 and 4, the crack spacing value changes, even with the
same bond parameter, but with different bar spacings and concrete cover thicknesses. The average
crack spacing values change from 168 mm to 204 mm, while the maximum crack spacing values

change from 264 mm to 327 mm.

In order to observe the effect of a specific parameter on crack spacing, it is necessary to isolate the
focused parameter (other influencing parameters must remain constant, while the parameter in
focus changes). When changing the concrete cover thickness, it is not possible to keep the
specimen’s cross-section size constant, without changing the clear distance between bars.
Specimen sets 1 and 2 have the same concrete cover thickness (35 mm) and different clear distances
between bars. As shown in Figure 7, when the clear distance between bars increases, both mean
and maximum crack spacings also increase. As shown in Figure 7, for the better comparison of the
results, the mean crack spacing value of the RC specimen with a 30-mm concrete cover thickness
and a 70-mm clear distance between tensile bars 1° has been included. from Gribniak et al. > When
considering the results of experiment sets 1 and 3, the clear distance between bars increases from
66 mm to 166 mm, while the mean crack spacing increases from 133 mm to 168 mm. This means
that, when the clear distance between bars increases 2.5 times, the mean crack spacing increases
1.3 times. Specimen sets 1 and 4 have the same clear distance between bars (66 mm) and different
concrete cover thicknesses. Figure 8 shows that, when the cover thickness increases, both mean
and maximum crack spacings also increase. Similar to Figure 7, for the better comparison of results,
the mean crack spacing value of the RC specimen with 66 mm of clear distance between bars and
with a concrete cover thickness of 30 mm has been included from Rimkus and Gribniak 7, for
Figure 8. Considering the results of experimental sets 1 and 4, when the concrete cover thickness
increases 2.4 times, the mean crack spacing increases nearly 1.5 times. Therefore, it can be
identified that both concrete cover thickness and bar spacings are crack spacing governing

parameters.

Figure 9 shows, in a three-dimensional graph, the behavior of mean crack spacing in the tested
specimen sets. The mean crack spacing values of the nine tested specimens have been plotted

against the concrete cover thickness and clear distance between bars. This graph clearly shows that



the effect of concrete cover thickness has a relatively larger influence on crack spacing than the
clear distance between bars. A first-degree polynomial equation has been obtained by multiple
linear regression analysis, as in Equation 2, which is the equation for the surface given in Figure 9.
This surface, shown in Equation 2, gives a good fit with the experimental results, with an R-square
value of 0.99. However, this equation was obtained only with results from the conducted
experiments. This experimental program was conducted only for RC specimens with four
reinforcement bars. Such types of specimens (RC specimens with four bars) were tested in Barre

etal. %, Gribniak et al. ¥ and Rimkus and Gribniak ’.
Sr,mean =62+14c+0.3s (2)

where Srmean IS the mean crack spacing, ‘c’ is the concrete cover thickness, and ‘s’ is the clear

distance between tensile reinforcements.

The experimental mean crack spacing values of the conducted experiment and the aforementioned
three studies have been compared with the predictions of Equation 2. Table 5 shows the comparison
details of the experimental crack spacing values with the predictions from Equation 2. Since
Equation 2 gave a good match with the conducted experimental results (R-square value of 0.94),
as shown in Table 5, the error value is significantly small for cases 1 to 4. On the other hand, the
predictions from Equation 2 gave a good match with other cases in Table 5, except for case nos.
10, 11 and 12. However, it is important to mention that cases 11 to 13 are from the test results of

relatively short specimens, where the specimen length ranged from 379 mm to 505 mm.

Recently, Garcia and Caldentey 32 have identified that the influence of the casting position on the
bond condition between reinforcement and concrete has an effect on the cracking behavior.
According to the Eurocode 2 provisions, when specimen height is above 250 mm, reinforcements
above 250 mm from the bottom of the specimen are considered poorly bonded reinforcements.
However, when considering tested specimens whose height is 300 mm, the top reinforcement is
still positioned within the good bond condition zone. Therefore, these test results cannot be used
to check the effect of casting position on crack spacing. However, when observing the cracks in
Figure 5, it can be seen that the cracking behavior in side 1 (top side in respect of concrete pouring
direction) differs from the cracking behavior of the other sides. In side 1, the cracks are not properly
generated as in the other sides. This can be considered an effect of the casting position, as

mentioned in Garcia and Caldentey ,
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Table 5. Experimental and predicted mean crack spacing values.

Width Clear Mean crack
x : -
! . Concrete | distance | _spacing (mm) .
Case Height x Reinforcement Error
Study . cover between N
no Length (m x details . %
(mm) bars Exp. | Predict.
m x m)
(mm)
Naotwnna | 1 | 02x02x2| p32mmx4 35 66 133 131 1.7
et al. 2020
ducted 2 35 166 168 161 4.3
Conducted ™57 3% 03x2 | g32mm x4 60 116 | 184 | 181 17
experiment
4 85 66 204 201 1.6
Barreetal. |5 0.355 x g 25 mm x 4 65 175 200 206 -2.8
2016 6 | 0355x32 | g16mmx8 45 1085 | 174 158 9.5
7 15 100 102 113 -10.8
Gribniak 8 0.15 x 0.15 210 mm x 4 30 70 143 125 12.6
et al. 20202 9 x1.21 40 50 144 133 7.6
10 50 30 227 141 37.9
Rimkus 11 g 14 mm x 4 30 62 100 123 -22.6
and 0.15 x 0.15
oo g12mmx 4 124 -44.0
Gribniak 12 x 0.5° 30 66 86
2017° 13 210 mm x 4 30 70 113 125 -10.6
Note
2 The results of the specimens with 1210 mm length have been considered
b Mean crack spacing value is the average of the results of several similar specimens (length 379 mm to 505 mm)
¢ Error = (Experimental value - Predicted value)/ Experimental value

6.0 Conclusions

An experimental program was conducted to study the crack spacing behavior of RC specimens
with multiple reinforcements subjected to axial tension. From the previous studies and a literature
survey, it can be identified that the governing crack spacing parameters are concrete cover thickness
and the clear distance between tensile bars. Several large-scale RC specimens with a cross section
of 200 mm x 200 mm and 300 mm x 300 mm, and reinforced with four @ 32 mm bars, were tested.

The following are the governing findings of this study.

e The mean and maximum crack spacing values depend on both parameters: concrete cover
thickness and the clear distance between bars. The ratios of the maximum to the mean crack
spacing values of the tested specimens are 1.5 and 1.6.

e The developed 3D non-linear FEM model can represent the crack pattern (mean crack
spacing values) of the conducted experiments with good agreement. The numerical models

were developed with a smeared crack model, to represent the perfect bond criteria. This



provide convincing evidence that the perfect bond criteria (or no-slip theory) can represent
the cracking behavior of RC specimens subjected to axial tension.

From the results of the tested specimens, it can be identified that concrete cover thickness
parameter has a relatively larger influence on the crack spacing than the clear distance
between bars. According to the experimental results, when the clear distance between bars
increases 2.5 times, the mean crack spacing increases 1.3 times. When the concrete cover
thickness increases 2.4 times, the mean crack spacing increases 1.5 times.

For RC specimens with the same bond parameter (a/p), but with different concrete cover
thicknesses and different clear distances between bars, different mean and maximum crack
spacing values were obtained.

By using multiple linear regression analysis, an equation was developed that gives a good
fit with the results of the conducted experimental program. This equation gave a good match

with the experimental results of similar studies mentioned in the literature.
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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, non-linear finite
element 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 validated 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 non-linear 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 number of recent experimental results in the literature. The proposed
crack spacing equation gives a good agreement with the results of these experiments.

Key words. Crack spacing, axial tension, concrete cover thickness, bar spacing, non-linear FEM.
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) specimens with several reinforcement bars,
because the behavior is much similar to actual RC members in practice (Rimkus & Gribniak, 2017). In



order to conduct such experiments, additional effort is required in designing the load application method
(Gribniak & Rimkus, 2016). Conducting such experiments on relatively large RC specimens requires
special type of test rigs (Naotunna, S.M. Samindi, & Fossa, 2020a), which are not commonly available.
Due to several benefits, the finite element method (FEM) can be used to analyze the 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. Non-
linear FEM has been used to study crack spacing behavior and has been reported in several pieces of
research (Mang, Jason, & Davenne, 2016; Tan, Hendriks, Geiker, & Kanstad, 2020; Wang, Tao, & Nie,
2017; Wu & Gilbert, 2009). Crack analysis of reinforced concrete structures 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 (Ngo & Scordelis, 1967; Nilson, 1968). In the discrete modeling, it is the necessity to pre-define
the location and path of the crack along the finite element edges (Rots & Blaauwendraad, 1989). As the
crack location is needed to pre-define, this method is not suitable for studying crack spacings. Ingraffea
and Saouma (1985) 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
overcome these issues, the ‘smeared crack model’ can be used to study crack spacing behavior
(Bernardi, Michelini, Minelli, & Tiberti, 2016). This model was first introduced by Rashid (1968). When
a crack occurs in an element, this method proposes changing the constitutive properties (material
stiffness, tensile strength perpendicular 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” (Saliger, 1936), ‘no-slip” (Broms, 1965) and ‘combined theories’ (Borges, 1965).
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 (de Saint-Venant, 1856), which means that the crack spacing is affected by the
thickness of the surrounding concrete of the tensile reinforcement. The combined theory considers that
crack spacing behavior is affected by the aforementioned two theories. However, the findings in Beeby
(2004) and Mcleod (2013) emphasized that the no-slip theory has a dominant effect on the cracking
behavior of RC specimens with deformed bars. Further, the axial tensile tests conducted on RC ties
mentioned in Yannopoulos (1989) and Tammo et al. in (Tammo & Thelandersson, 2006, 2009)
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
(Ciampi, Eligehausen, Bertero, & Popov, 1981; Eligehausen, Popov, & Bertero, 1982), which is based
on the Rilem-type pull-out tests (RILEM, 1983) (the same Ciampi-Eligehausen model is used to develop
the crack width calculation model by Balazs (1993), which is also considered in fib bulletin 52 (CEB-
FIP, 2010)). 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. (2008) and Doerr (1978). The maximum slip values identified in these
experiments are 0.055 mm and 0.1 mm, respectively. Therefore, 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 differences in the bond-slip behaviors between axial tension and pull-out tests have been
thoroughly discussed in Naotunna et al. (2020b). 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 (A. Beeby & Scott, 2005; Broms, 1965; Broms & Lutz, 1965; Mesureur,
Bernardi, & Rivillon, 1999). Further, several other crack spacing models can be identified without the
‘bond parameter (¢/p)’ (A. W. Beeby, 2004), which is the dominant parameter of crack spacing models
developed from ‘bond-slip’ theory. The models mentioned in (Jaccoud, 1987; Janovic, 1986; JSCE,
2007; Oh & Kang, 1987) 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 (A. Beeby & Scott, 2005; Broms, 1965; Broms & Lutz, 1965; JSCE, 2007), spacing
between tensile reinforcement (Broms & Lutz, 1965; Jaccoud, 1987; Janovic, 1986; JSCE, 2007),
concrete quality (JSCE, 2007), reinforcement ratio (Oh & Kang, 1987) and number of tensile
reinforcement layers in concrete (JSCE, 2007). Since 1965, concrete cover thickness has been identified
as a dominant crack spacing governing parameter (Broms, 1965). Existing crack width calculation
models in (FIB, 2013; ACI, 1995; BS, 1985; CEN, 2004; JSCE, 2007) have considered, and many recent
experiments (Gribniak, Rimkus, Caldentey, & Sokolov, 2020; Pérez Caldentey, Corres Peiretti, Peset
Iribarren, & Giraldo Soto, 2013; Rimkus & Gribniak, 2017; Tan et al., 2018) have proved, that concrete
cover thickness is a crack-spacing parameter. Spacing between tensile bars has been considered a
parameter of crack spacing in the past (Model Code 1978 (CEB-FIP, 1978), Bazant et al.’s model in
(Bazant & Oh, 1983), etc.). Eurocode 2 (CEN, 2004) recommends a different calculation model for
members with large tensile bar spacings. Further, the recent literature of Gribniak et al. (2020) and
Hossin and Marzouk (2008) experimentally proved that spacing between tensile bars is a governing
parameter of crack spacing. Many studies have identified that, although the cracking load is related to
the strength of concrete, the cracking behavior (including the crack spacing) has a negligible effect from
concrete strength (Al-Fayadh, 2001; Fields & Bischoff, 2004; Lorrain, Maurel, & Seffo, 1998; Theriault
& Benmokrane, 1998). Other than that, Broms et al. (1965) and Theriault and Benmokrane (1998)
identified that the reinforcement ratio is not a governing parameter 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 Consulting (Cervenka, Cervenka, & Pukl, 2002) is non-linear 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’ theory (or perfect bond criteria). This condition can be
represented by modeling with smeared reinforcement which leads to smeared cracking behavior
(Cervenka, Jendele, & Cervenka, 2015). Recent studies mentioned in Mang et al. (2016) and Rimkus et
al. (2020) have identified that the perfect bonding models give good agreement with the experimental
cracking behavior.

The authors of this article have conducted an axial tensile experiment with 2 m x 0.2 m x 0.2 m (length,
width, height) specimens and four 32-mm-diameter bars. The details of this experiment are mentioned
in Naotunna et al. (2020a). 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 x 0.35 m x 0.35 m specimen with four 20-mm-diameter bars, mentioned in Barre et
al. (2016). After the calibration 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 predict the ‘maximum crack spacing’ (A. Beeby, 2001; Tan, 2019).
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 (Debernardi, Guiglia, &
Taliano, 2013; Debernardi & Taliano, 2016), 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. (2020a) have been
used to calibrate the 3D FEM simulation model. In this experiment, three identical specimens with 2 m
x 0.2 m x 0.2 m (length x width x 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 characteristic yield strength of the
reinforcement was 500MPa, 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. (2016) were considered; a detailed discussion is presented
in Section 3.

Figure 1. Details of the tested RC specimen in Naotunna et al. (2020).

Figure 2. Tensile load application on the RC specimen mentioned in Naotunna et al. (2020).



Table 1. Parameters of the test specimens.

Specimen Cross section | Length | Concrete strength (MPa) | Concrete Bar profile
(m x m) (m) - - cover no x diameter(mm)
Compressive | Tensile (mm)
Naotunna et al 2020. 0.2x0.2 2 35 3.2 35 4 x32
Barre et al 2016. 0.355 x 0.355 3.2 43.6 3.7 65 4 x25

3. 3D non-linear FEM simulation to study crack spacing

The crack simulation of the aforementioned experiment was carried out with the finite element software
called ‘ATENA’ by “‘Cervenca 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 non-linear FEM simulation
model, eight-noded hexahedral elements were used to model concrete. The reinforcement was modeled
as smeared reinforcement, where reinforcement and concrete is discretized into element with the same
geometrical boundries (Dahmani, Khennane, & Kaci, 2010). Since the reinforcement is modelled 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 direction of the reinforcement axis, elastic modulus of reinforcement and
the reinforcement ratio. Since the reinforcement is modeled as smeared reinforcement, the cracks have
idealized as smeared cracks (Cope, Rao, Clark, & Norris, 1980; Gupta & Akbar, 1984). This method
does not allow ‘slip’ to occur between the reinforcement and concrete. The recent study by Rimkus et
al. (2020), 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
occurrence (Hofstetter & Meschke, 2011). Since the axial tensile experiments were performed by
keeping one end fixed and loading in the other end, a similar type of boundary conditions 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. Further, as the FEM is loaded in a horizontal
direction, vertical 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 (Jan Cervenka & Papanikolaou, 2008). The
material model follows the De-Borst (1986) strain decomposition rule, where the strain in concrete
decomposes into elastic, plastic and fracture. However, as the developed FEM simulation model is only
subjected to tension, concrete strain will not decompose as plastic strain. When a crack occurs in
concrete, to match the continuous algorithm 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 (Hordijk, 1991). 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 (2008).

3.2 Calibration and validation of the 3D FEM simulation model

The axial tensile test published by Naotunna et al. (2020a), discussed in Section 2, is simulated by using
non-linear 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 computational 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. 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 (Cervenka et al., 2015). Mesh size must be larger than the maximum aggregate size (16
mm) to represent the inhomogeneous behavior of concrete (J Cervenka, Cervenka, & Laserna, 2018)
and less than the reinforcement diameter (32 mm) to affect the bond conditions (Cervenka et al., 2015).
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’, “tension 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 softening 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 limiting 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’ parameter is used
to define a relationship between normal stiffness and shear stiffness of cracked concrete (shear stiffness
is ‘shear factor’ x normal stiffness obtained from the tension softening curve (Cervenka et al., 2016)).
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 fracture energy parameter based on the element size. Since
the concrete softening curve is modeled with laboratory specimens of 100 to 150 mm size, the value of
this parameter 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.

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 2 (CEN, 2004) provisions, the values being 34 GPa and 0.2, respectively. The
fracture energy is automatically generated according to the equation proposed in VVos (\VVos, 1983). 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 reinforcement are
assigned as 500 MPa and 200 GPa, respectively. Figures 4 (a) and (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 4 (b) and (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 distance 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 similar axial tensile experiment with four tensile reinforcement bars were required. An
experimental program mentioned in Barre et al. (Barre et al., 2016) 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 simulation 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, experimental mean crack spacing value is 6%
higher than in the FEM simulation models.

Table 2. Comparison of the experimental crack spacing values with the numerical model predictions.

Specimen Mean crack spacing

FEM simulation models (mm) | Experimental (mm) Error* %
Calibration (Naotunna et 125 133 6
al., 2020)
Validation (Barre et al., 188 200 5.8
2016)

*Error = (Experimental Value - FEM simulation model value)/Experimental Value
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(a)

(b)

(c)

(d)

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.



Figure 5. Cracking behavior of the FEM simulation model developed to simulate the mentioned
experiment in Barre et al. (2016), the validation model (crack spacing measurements are in mm).

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 current requirement for concrete
cover thickness can be as large as 120 mm, according to the Norwegian Public Road Administration
guidelines (NPRA, 2009). Therefore, in the parametric analysis, the concrete cover has been changed
from 35 mm to 122.5 mm, and the clear distance between tensile bars has been changed from 66 mm 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 boundary conditions but also the other FEM
modeling parameters 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
(Pryl & Cervenka, 2013). In such cases, there are several methods that can be used to improve the model,
i.e. reducing the stiffness of the overall specimen, reducing the displacement step, and so on (Pryl &
Cervenka, 2013). 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 Lutz (1965) identified that the crack spacing behavior would change when the concrete cover
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 independent variables are concrete cover
thickness and the clear distance between tensile reinforcements, and the dependent variable is the mean
crack spacing. The 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 variables,
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 R? value is 0.78.

Stmean =66+ 0.51 c+ 0.6 (all values in mm) Equation 1

where Sy 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 a RC specimen have been identified as a factor influencing
crack spacing (Wang et al., 2017). The virtual experiments conducted using non-linear 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 geometric parameters of a specimen (refer to Figure 7, when n = 3). Equation 1 is
developed for those specimens 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.

Srmean = 66 +0.51 ¢ +0.6 s "/, (all values in mm) Equation 2

As mentioned, Equations 1 and 2 have been developed for cases where the value of ‘s’ is larger than ‘c’.
The highlighted cases in Table 3 are those where ‘c’ is 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 = 66 + ¢ (0.51 + 0.6 "/2) (all values in mm) Equation 3



Table 3. Obtained mean crack spacing values from the FE analysis.

Concrete cover thickness (mm)

e 35 60 85 97.5 110 1225
c
§ E |66 as®» 151 146 177 184 173
2 E 91 125 141 151 180 163 173
Ko}
8 % 116 163 163 177 - 163 177
g8 (141 170 177 212 - - -
T s _ _ -
c E 166 177 < 236 193
o= [191 184 212 - - - -
O c

L | 216 193 236 265 - - -

‘=’ 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).

Figure 7. Notations of the proposed equation.



Figure 6. Behavior of the mean crack spacing for specimens with different cover thicknesses and bar
spacings in three different rotation angles.

5. Verification of the proposed equations

The equations developed to predict the mean crack spacing 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 conducted on RC specimens with multiple bars. Cases were selected from
Tan et al. (2018), Naotunna et al. (2020a), Barre et al. (2016), Rimkus and Gribniak (2017) and Garcia
and Caldentey (2020). Details of the RC specimens of these selected specimens are listed in Table 4.
Moreover, Tan et al. (2018) 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. (2016) for a specimen with eight reinforcements, and this is mentioned as case 3 in Table 4.
Rimkus and Gribniak (2017) studied the effect on crack spacing of different reinforcement layouts.
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 Caldentey (2020)
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 compressive strength of concrete varies from 32 MPa 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 Broms (1965) and Beeby and Scott (2005), 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 Braam (1992) and CEB design manual (CEB, 1985), respectively. Therefore, Table
4 consists of the mean crack spacing predictions of both EC2 and MC 2010, by dividing their maximum
crack spacing predictions 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 studies (Naotunna et al., 2020a; Tan, 2019; Tan et al., 2018). 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 Broms (1965)
and Beeby and Scott (2005) 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
experimental values. However, these underestimated percentages are still lower than 20%. Of the 18
cases mentioned in Table 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 proposed 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.
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6. Conclusion

This paper studies the crack spacing behavior of RC specimens 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 modeling 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 concrete in axial tension. Therefore, a finite element model has been developed, considering a
perfect bond between reinforcement and concrete. After calibrating and validating 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 in the 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 thicknesses 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 non-linear FEM models, up to a
concrete cover thickness 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 reinforcements 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 maximum 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. (2020a) identified that this ratio varies between 1.2 and 1.7. However,
Broms and Lutz (1965) and Beeby and Scott (2005) 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 simulations. Aghajanzadeh et al. (2019), 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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Crack width variation along the concrete cover depth has been studied from the past for better
understanding of the cracking phenomenon in reinforced concrete (RC) structures. Previous
studies have highlighted important cracking behaviors like internal cracks. The behavior of ‘slip’
between the reinforcement and concrete and the formation of a nonuniform crack face along the
concrete cover depth are still not very clearly understood. An experimental program has been
conducted to study the crack width variation along the cover depth in concrete prisms reinforced
with a central ribbed bar and smooth bar, by varying the concrete cover depths. Both in speci-
mens with smooth bars (SS) and specimens with ribbed bars (SR), crack width is larger on the
concrete surface than at the steel bar surface. The crack width at the reinforcement is consider-
ably larger in the SS than in the SR. In the SR, the crack width increases from the reinforcement
along the cover depth bi-linearly, while, in the SS, it increases linearly. For the SR, the afore-
mentioned behavior is due to the occurrence of internal cracks. In the SS, significant slip has been
identified at the reinforcement and concrete interface, whereas negligible slip has been observed
in the SR. A surface crack width calculation model has been developed, considering both the
strain difference and the effect of the nonuniform crack face along the concrete cover depth. Its
predictions showed good agreement with the experimental surface crack widths from the con-
ducted study and with the results from the experiments in literature.

1. Introduction

To understand the cracking behavior of RC specimens, crack width variation along the concrete cover depth has been studied and
documented since 1968 [1]. Previous studies on crack width variation along the concrete cover depth have mainly employed two
different experimental methods. One method is to measure the relative displacement between reinforcement and concrete at the ends
of the specimen, using linear variable differential transducer (LVDT) gauges. Such studies are reported in Tammo and Thelandersson
[2,3] and in Yannopoulos [4]. However, several difficulties can be identified in this type of experiment. The ‘cone failure’ that can
occur at the end of the specimen can cause readings which are taken at the vicinity of the reinforcement to be misguided. On the other
hand, it is difficult to measure the deformation just above the reinforcement, since placing the LVDT gauges consumes several
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millimeters. For example, Tammo and Thelandersson [2,3] and Yannopoulos [4] obtained readings closest to the reinforcement at 4.5
mm and 2.2 mm away from the reinforcement, respectively. The other method is to seal the crack with a high strength (to avoid
shrinking after load is released) and low viscosity (to penetrate through fine gaps) epoxy and observe the crack after cutting the RC
specimen. Husain and Ferguson [1], Beeby [5] and Borosnyoi and Snobli [6] observed the crack width variation along the concrete
cover depth by using this method, which involves several cost- and time-consuming activities, compared to the first method. It is
necessary to keep the load in the cracked specimen until the injected epoxy is hardened (e.g., 20 h for the conducted test reported in
this article). Other than that, it is necessary to cut the RC specimens to obtain the internal crack width measurements. However, the
results from both these methods have concluded that, in RC specimens with ribbed bars, the crack width at the reinforcement is
significantly smaller than the crack width at the concrete surface.

Analytical [7] or semi-analytical crack width calculation models, as in Eurocode 2 [8] or Model Code 2010 [9], predict the crack
width as the extension occurring due to the strain difference between reinforcement and concrete between two cracks. Therefore, the
crack width is obtained by multiplying the crack spacing with mean strain difference between reinforcement and concrete. Such
models assume a constant crack opening through the cover depth [6,9]. However, according to the results of the aforementioned
experiments, a contradictory observation is given that the crack width at the reinforcement is significantly smaller than the crack width
at the concrete surface. Borosnyoi and Snobli [6] and Caldentey et al. [10] have explained that this small crack width at the rein-
forcement is due to the presence of Goto cracks (internal cracks/secondary cracks) [11]. These secondary cracks are mostly formed at
the locations of ribs within the concrete, at the vicinity of primary cracks [11-13]. As the concrete strain is accumulated at these
secondary cracks, it can be considered that the width of the primary cracks at the reinforcement is reduced. Due to the strong bond
between the ribbed reinforcement and concrete, the strain incompatibility which occurs after cracking would accumulate in these
internal cracks [14].

Crack spacing calculation models are mainly based on three theories: namely, bond-slip theory, no-slip theory and combined
theory. The bond-slip theory assumes that a bond failure would occur at a crack, and therefore a slip would occur between rein-
forcement and concrete [15]. It is assumed that the slip is at its maximum at the crack and, after a certain distance from the crack, the
slip would be zero. By considering the force equilibrium between a crack and a zero-slip location, a crack spacing model can be
developed [16]. However, the no-slip theory assumes a perfect bond between reinforcement and concrete, with no possibility of a slip
occurring between reinforcement and concrete at the crack [17]. The combined theory [18] considers the effect of slip, as well as the
no-slip effect. A detailed study of these theories is mentioned in Naotunna et al. [19]. It is important to identify the crack theory
(bond-slip theory or no-slip theory) which is more relevant to the actual cracking behavior of RC specimens, because the crack spacing
governing parameters can be identified based on these theories.

Tammo and Thelandersson [3] mentioned that concrete cover depth has two main influences on the crack width. The first influence
of concrete cover depth is the effect on the crack spacing. The second is the formation of a non-uniform crack face, which causes the
surface crack width to increase. In other words, this effect is discussed as shear lag in several pieces of literature [6,20,21]. The
shear-lag effect is not considered or mentioned in any of the widely used crack width calculation models. According to the literature,
the effect of shear lag is dominant with the increase in concrete cover depth [6,20,21]. In the first complete draft of Model Code 2010, a
formula was given which included the shear-lag effect. However, the effect of shear lag is not taken into account in the final draft, and
the proposed crack width calculation model is valid up to a cover depth of 75 mm. It is vital to use large concrete cover depths when
structures are located in an adverse environment and have a very long service life (200 or 300 years) [22,23]. According to the
Norwegian Public Road Administration guidelines [24], the current requirement for concrete cover depth can be as large as 120 mm.
Furthermore, the Hafrsfjord bridge in Norway has been constructed with a 90-mm cover depth [25]. Therefore, it is important to
improve the existing crack width calculation models to be used in specimens with large concrete cover depths.

This study of crack width variation along the concrete cover depth has several objectives. One of the main ones is to study the
behavior of slip, as the widely used crack spacing models have been developed based on theories considering slip. Another objective is
to identify shear-lag effect, which can be more important in specimens with large concrete cover depths. Therefore, an experimental
program has been conducted to observe the crack width variation along the concrete cover depth. Concrete prisms reinforced with a

Fig. 1. Reinforcement bars surfaces of 16 mm bars used for the SS and SR.
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central bar were tested with different concrete cover depths, varying from 20 mm to 80 mm. For the better understanding and
comparison of the cracking behaviors, specimens were cast with both ribbed bars and smooth bars. Then, in order to check whether the
surface crack width has an additional effect, other than from the strain difference within the crack spacings, a crack width calculation
model was developed by considering the effect of shear lag. A comparison has been made between the experimental surface crack
widths and the predictions from the proposed crack widths.

2. Materials and methods

Concrete prisms, with a length of 650 mm and reinforced with a central reinforcing bar, were cast. The central reinforcing bars were
16 mm in diameter, and both ribbed and smooth surface bars were selected. The selected reinforcement bars are shown in Fig. 1.
Table 1 gives the specimen sizes and concrete cover depths used in the experiment. For each case, two identical specimens were cast
and tested. For the ribbed bar, the reinforcement grade was B500NC according to the NS 3576-3 standard [26], with a characteristic
yield strength (fyi, 0.05) of 500 MPa and Young’s modulus of 200 GPa. For the SS, the smooth bar grade was $355J2 according to the NS
10219 standard [27], with a characteristic yield strength (fyk, 0.05) of 355 MPa and Young’s modulus of 210 GPa. The focus of the study
is to observe the crack width variation along the concrete cover depth. When the crack widths are large, it would make the epoxy
injection process to seal the crack easier. For the SS with a cover depth of 20 mm, the crack widths are relatively small due to the lower
cover depth. Therefore, in order to ease the epoxy injection, the specimens were loaded up to 400 MPa, after confirming that the yield
strength of smooth bars in three samples are above 400 MPa with an average of 425 MPa. The studies conducted by Cadoni et al. [28]
and Duarte et al. [29] had obtained the same conclusion from their experiments, that the yield strength of S355J2 steel is above 400
MPa.

The mean $150 x 300 mm cylindrical compressive strength of concrete after 28 days of casting was 24.3 MPa, and the mean
splitting tensile strength was 2.2 MPa. The top surface of the specimens (the surface which has not touched the formwork) was covered
with polyethene on the first day, just after casting. The specimens were unmolded on the next day, and necessary measures were taken
to cure the specimens, to control shrinkage. Next, the specimens were tested in axial tension with a monotonical loading rate of 0.5
mm/min, using the ‘Instron 5985 machine. The specimens with ribbed reinforcement were loaded up to 100 kN, and the specimens
with smooth bars were loaded up to 80 kN, to prevent yielding of the reinforcement. The specimens were loaded up to this value, since
the crack sealing process would be easier with larger crack widths. This would make the crack sealant epoxy penetrate completely
throughout the crack. The specimens were axially loaded with a 0.5-mm/min rate, after reaching the aforementioned maximum value,
the load was kept constant for 24 h. This time lapse was required for the sealing of the crack, including the hardening of the crack
sealant epoxy.

The loading procedure is allocated by the managing software of the loading machine, ‘Instron Bluehill’. As mentioned, the spec-
imens were loaded by means of the displacement control method. Then the displacement was kept constant for 24 h, until the applied
load had reached the aforementioned threshold values (100 kN for specimens with ribbed bars and 80 kN for specimens with smooth
bars). During this period, the cracks that appeared were sealed with a crack sealant epoxy. Sealing a crack was conducted in two main
steps. In the first step, surface packers were pasted in the four faces, and the surfaces of the cracks on the four sides of the specimen
were sealed with a rapidly hardening epoxy. Surface packers of the necessary size were produced by 3D printing in the University of
Stavanger laboratory. Fig. 2 shows the surface packers used for the experimental program. By conducting a trial test, an epoxy named
‘super lima’ was selected as the surface sealant rapid hardening epoxy. After applying this surface sealant epoxy, nearly 45 minutes
were required for hardening. Fig. 3 shows the loaded RC tie with the fixed surface packers. After hardening the surface sealant epoxy
with the surface packers, the second step begins. The cracked concrete particles and the dust inside the crack were removed with a
portable air pump. Then the cracks were sealed by injecting a crack sealant epoxy through the surface packers. For this purpose, an
epoxy named ‘Mapepoxy BI-IMP’, which has been certified by the European concrete repair standard EN 1504-5 [30], was used. This
epoxy consisted of two components, which had to be mixed in the prescribed ratio (component A: component B, mixing ratio 7:3). The
mixture had a viscosity of nearly 110 mPa.s; after hardening, it had a compressive strength of 65 MPa. The next important property of
this product is that it polymerizes without shrinkage. After mixing, the epoxy was injected into the cracks with a syringe through the
previously fixed surface packers. Fig. 4 shows how the epoxy was inserted into the crack. From the trial test, it was identified that it
takes around 20 h to harden the epoxy. After hardening the epoxy, the load in the testing apparatus was released and specimens were
removed from the apparatus. No difference could be observed in the surface crack widths before and after releasing the applied load.
Therefore, it can be assumed that, after the cracks had been sealed using this method, the crack widths did not change after the load
was released. When cutting the sealed specimen, the epoxy could be confirmed to have penetrated throughout the whole crack.

Table 1
Sizes of the specimens and concrete cover depths.
Specimen Concrete cover (mm) Specimen width x height x length (mm x mm x mm)
40 96 x 96 x 650
Specimens with ribbed bars (SR) 60 136 x 136 x 650
80 176 x 176 x 650
20 56 x 56 x 650
Specimens with smooth bars (SS) 40 96 x 96 x 650
60 136 x 136 x 650
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Fig. 2. Surface packers used to inject epoxy.

Fig. 3. Loaded RC tie after fixing the surface packers.

The next step was to cut the specimens, to observe how the crack width varied throughout the concrete cover depth. Specimens
were cut, using a ‘Diamant-Cedima’ concrete cutter, with a cutting blade thickness of nearly 1 mm. Fig. 5 shows how the specimens
were cut to observe the crack width propagation along the concrete cover. One sealed crack consists of eight cutting surfaces. Since
there are several numbers of cutting surfaces, each cutting surface was coded. Fig. 6 shows the codes used to identify the cutting
surface. In the specimens with ribbed bars (SR), two cracks per specimen from r.40.1 and r.40.2 and one crack per specimen from
1.60.1, 1.60.2 and r.80.2 were sealed and observed. In the specimens with smooth bars (SS), two cracks per specimen from r.20.1 and
r.20.2 and one crack per specimen from s.40.1 and s.40.2 were sealed and observed. No cracks could be generated from s.60.1 and
5.60.2, since the specimen lengths were not sufficient to generate cracks.
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Fig. 4. Inserting the Mapepoxy BI-IMP to the crack through the surface packers.

Fig. 5. Cutting of RC ties to observe the crack width propagation along the concrete cover.
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Fig. 6. Identification of the cutting surface.
3. Crack width measurements

In each cutting surface, crack widths were measured along the concrete cover depth at 2-mm intervals. The measurements were
obtained using two methods. In the first method, initially photos of the cracks in the cutting surface were taken from a digital single-
lens reflex camera (DSLR camera) with a 50-mm macro lens. Then the images were analyzed, using a computer program named ‘Fiji
ImageJ’ [31]. The measurements taken from this method have an accuracy of 1 pm. From this program, the images can be calibrated
and meshed with 2-mm grid sizes, to ease the measuring of crack widths. Fig. 7(a) shows an example of how the crack width mea-
surements were taken with the Fiji ImageJ software. These obtained measurements were further confirmed by comparison with the
measurements obtained with the ‘Dino-Lite’ digital microscope [32]. Fig. 7(b) shows the crack width measurements with the Dino-Lite
digital microscope. As can be observed in Fig. 7(b), since the field of view of the Dino-Lite digital microscope is small, it is mainly used
to confirm the measurements obtained from the first method. The measurements obtained from the Dino-Lite digital microscope have
an accuracy of 1 pm.

As shown in Figs. 5 and 6, cutting surfaces 1-2 and 1-4 of a crack denote the same crack position, which is propagating to side 1.
Similarly, cutting faces 2-1/2-3, 3-2/3-4 and 4-1/4-3 of a crack denote the same positions which are propagating to sides 2, 3 and 4,
respectively. However, slight changes can be observed between the crack width measurements, even obtaining the readings of two
cutting surfaces of the same crack, which are propagating to the same side (e.g., crack width measurements of cutting surfaces 1-2 and
1-4). One reason for this is that the position of the measurement point (2-mm steps) is not similar in both cutting faces. The other
reason can be the 1-mm width of the cutting blade, which is wearing from the specimen while cutting. For example, there isa 1-mm gap
between cutting faces 1-2 and 1-4 of a sealed crack. For this reason, the crack width measurements of two cutting faces which are
propagating to the same side have been averaged (e.g., cutting phases 1-2 and 1-4 are averaged to represent the crack propagation to
side 1). Therefore, as shown in Figs. 8 and 9, each sealed crack has four sets of readings, corresponding to each side of the face. In some

Fig. 7. Measurement of crack widths using (a) DSLR camera photo with Fiji ImageJ program interface; (b) Direct observation with Dino-Lite
digital microscope.
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Fig. 8. Crack width variation along the concrete cover depth of the specimens with ribbed reinforcement.

cases, when more than one crack was generated in the tested specimen, two cracks were sealed. For example, in specimens r.40.1,
1r.40.2,5.20.1 and 5.20.2, two cracks were sealed. Furthermore, specimen r.80.1 could not generate a crack, even when it was loaded up
to the threshold value. Therefore, in the r.80.2 specimen, a 20-mm deep notch was made in side 1. Since the focus is to observe the
crack width propagation along the concrete cover depth, crack width measurements were obtained from sides 2, 3 and 4. Further, in
the specimens with smooth bars s.60.1 and 5.60.2, no cracks could be obtained, as the specimens were not long enough. As can be
observed in Figs. 8 and 9, it was not possible to obtain some measurements. In most of such cases, the specimen had been damaged
while cutting. When the specimens are damaged, it is not possible to obtain a flat surface to measure the crack widths. This issue
occurred more frequently in specimens with 20-mm cover depth. The measured crack width readings along the concrete cover depths
are given in the Table A in attachment (Supplementary material).

4. Crack width variation along the concrete cover depth

Fig. 8 shows the crack width variation along the concrete cover depth of the SR. According to this figure, the crack width at the
reinforcement is significantly smaller than the crack widths at the concrete surface. This observation is similar to the findings in the
previously mentioned experiments reported in Tammo and Thelandersson [2,3], Yannopoulos [4], Husain and Ferguson [1], Beeby [5]
and Borosnyoi and Snobli [6]. The crack width at the reinforcement is independent of the concrete cover depth, and, in all the cases,
the crack width at the reinforcement showed a value below 0.1 mm. When considering the cases in Fig. 8, the rate of change in crack
width, up to 10-30 mm from the reinforcement, is considerably higher than the rate of change in crack width beyond this limit.
Borosnyoi and Snobli [6] and Caldentey et al. [10] have mentioned that this is due to the internal cracks (Goto cracks [11]), which are
propagating up to this 10- to 30-mm limit. This limit of these internal cracks has been identified experimentally in Goto [11], and later
considered in several studies like those of Debernardi et al. [12] and Debernardi and Taliano [13].

When primary cracks are developing, the tensile strain in reinforcement exceeds the ultimate tensile strain of the surrounding
concrete [14]. This strain difference between the steel and concrete is referred to as ‘strain incompatibility’ in Beeby et al. [14]. Due to
the good bond between the ribbed reinforcement and surrounding concrete, this strain incompatibility has been accumulated in the
internal cracks. Further, it has been observed that this gradient changing point (arrow mark shown in Fig. 8) is moving slightly away
from the reinforcement, with the increase in concrete cover depth. For specimens with 40-mm cover, this location lies within 10-18
mm; for specimens with 60-mm cover, this location lies around 20 mm; and, for specimens with 80-mm cover, this position lies around
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Fig. 9. Crack width variation along the concrete cover depth of specimens with smooth bars.

30 mm from the reinforcement. According to this discussion, which assumes that the internal cracks stop at the gradient changing
point, the crack width at this gradient changing point can be considered to be due to the strain difference between reinforcement and
concrete. When RC specimens are loaded from the reinforcement, the concrete within the cover depth (concrete between the bar and
the concrete surface) is subjected to shear stress [20]. This shear stress would cause a shear deformation, which is referred to as ‘shear
lag’. According to Fig. 8, the crack widths are still increasing with a low gradient after the gradient changing point, and this can be
considered to be due to this shear lag effect, as specified in several items of the literature [3,20,21].

The crack width variation of the SS differs considerably from that of the SR (Fig. 9). As shown in Fig. 9, crack width at the rein-
forcement is considerably larger than in the SR. The ratio between the surface crack widths and the crack width at the reinforcement of
the SS varies from 1.2 to 2.2. On the other hand, unlike in the specimens with ribbed reinforcement, the rate of change in crack width at
distance from the reinforcement is nearly the same throughout the concrete cover. Fig. 10 shows the actual view of crack width
variation along the concrete cover depth of SR and SS of the specimens with 40-mm concrete cover depth. This implies that, as there are
no ribs in the smooth bars, internal cracks are not dominant in these specimens (since the Goto cracks have initiated from the rein-
forcement ribs). Furthermore, as the crack width at the reinforcement is larger than in SR and the bond between smooth bars and
surrounding concrete is comparatively low, it can be assumed that the strain incompatibility is accumulated by the occurrence of a slip
[14].

Fig. 10. Crack width variation along the concrete cover depth in specimens with 40-mm cover (a) with ribbed bars; (b) with smooth bars.
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Crack width is considered to be the extension accumulated due to the strain difference between reinforcement and concrete within
the crack spacing [7]. When considering the surface crack widths, the SS have larger surface crack widths than the SR (consider the
specimens with 40-mm cover). This could be due to the SS consisting of larger crack spacings than the SR. Fig. 11 shows the crack
position of each face of the tested RC specimens. It can be observed that the crack spacings of the specimens with smooth bars are larger
than the crack spacings of the specimens with ribbed bars. This can be compared with the crack spacing results of the specimens with
40-mm cover depth. However, before comparing the crack spacing values in the SS and SR, it is important to mention that the loading
conditions are not same in both type of specimens (Bar types are different and SS have loaded up to 80 kN and SR have loaded up to 100
kN). In the two specimens with ribbed bars, three cracks were obtained, while, in the two specimens with smooth bars, only a single
crack was obtained. Similar behavior could be seen in the experiments reported in Randic and Markota [33]. Furthermore, many of the
widely used crack width calculation models, like Eurocode 2 [8] and the JSCE model [34], predict that specimens with smooth bars

Fig. 11. Crack positions of the four sides of the tested RC specimens (sealed cracks are marked in red) and “star mark” shows the top surface during
the concrete pouring.
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have larger crack spacings than specimens with ribbed bars. Jakubovskis et al. [35] and Garcia et al. [36] studied the effect of concrete
pouring directions on the cracking behavior. The top surface during the concrete pouring is marked with a * (star mark), in Fig. 11.
Since it is not a primary objective of this study, the number of top surface during the concrete pouring differs in each specimen. When
considering the results in Figs. 8, 9 and 11, no considerable influence could be observed on the crack widths and crack positions in the
top surface during the concrete pouring of these tested specimens.

5. Applicability of bond-slip and no-slip theories for SR and SS

The no-slip theory assumes that the reinforcement and surrounding concrete are bonded perfectly [17]. Therefore, at the crack or at
the ends of RC specimens, the stress is transferred to the surrounding concrete, according to St. Venant’s principle [37]. According to
St. Venant’s principle, the next crack would occur after a certain distance (k x c distance; where ‘k’ is a constant and ‘c’ is concrete
cover depth), when the stress in the concrete specimen is distributed uniformly along the cross section (Fig. 12(a)). The no-slip theory
can explain the internal cracks, as they occur due to the strain incompatibility between reinforcement and concrete. When the sur-
rounding concrete is strongly bonded with the reinforcement, and when applied tensile strain in the reinforcement exceeds the ul-
timate tensile strain of concrete, internal cracks can occur. On the other hand, if a slip occurs, internal cracks cannot be dominant.

According to Fig. 8, in almost all the SR, the crack widths at the reinforcement bar surface are less than 0.1 mm. This means that a
negligible amount of slip has occurred between reinforcement and concrete. Therefore, in the SR, as a considerable amount of slip
could not be observed, it can be assumed that the cracking behavior of the SR is more related to the no-slip theory. These negligible slip
values in SR are evidently proved in the experimental studies focused on the bond-slip behaviors of axial tensile RC specimens, in
Beconcini et al. [38], Doerr [39] and Bado et al. [40].

The bond-slip theory considers that a slip would occur between reinforcement and concrete. It is assumed that the slip is at its
maximum at the crack and, after a certain distance, would become zero. Due to the slip, the concrete strain is not similar to the
reinforcement strain. When the slip becomes zero, concrete strain is considered similar to the reinforcement strain [15] (Fig. 12(b)).
When considering the force equilibrium for the concrete block between the crack and the zero slip section, the transfer length can be
identified [12,16]. When considering the crack width variation of the SS, the crack width at the reinforcement bar surface is larger than
that of the SR (Figs. 9 and 10(b)). The ratio of the average crack widths at the reinforcement bar surface of the SS to the SR is 3.8.
Therefore, it can be assumed that a considerable amount of slip has occurred between reinforcement and concrete in the SS,
comparatively to the SR. Further, unlike in the SR, during the experiment, a slip was clearly visible at the end of loaded specimens with
smooth bars. Fig. 13 shows the reinforcement-concrete interface at the end of the SS, when it is loaded and unloaded. Therefore, the SS
can be considered to behave more similarly to the bond-slip theory.

The importance of identifying the crack theory (no-slip or bond-slip theory) which is most related to the actual cracking behavior is
that the crack spacing governing parameters are theoretically identified based on this theory. According to the no-slip theory, the
governing crack spacing parameters can be considered to be concrete cover depth and the distance between tensile reinforcement
(thickness of the surrounding concrete of the tensile reinforcement) [17,41]. For bond-slip theory, the governing crack spacing
parameter can be considered to be bond parameter (¢/p; where ‘¢’ is the bar diameter and ‘p’ is the ratio between reinforcement area
and concrete area) [12,16].

The conducted experimental program is focused on examining the crack widths. To study the crack spacings, relatively large
specimen lengths are required, to avoid the end-effect encountered in short-length RC specimens [42]. However, Table 2 shows
experimentally identified average crack spacings and the Eurocode 2 predictions. For this comparison, r.40, r.60, s.20 and s.40
specimens have been considered, since, in the r.80 specimens, the cracks have been induced. The experimental average crack spacing
has been identified, by considering the specimen length and the number of cracks. The ratio of maximum crack spacing to average
crack spacing considered in Eurocode 2 is 1.7 [43]. This ratio has been considered, to obtain the Eurocode 2 predicted average crack
spicing values. For the SR and SS, the ‘k;” parameters in the Eurocode 2crack spacing model have been considered as 0.8 and 1.6,
respectively. In the specimens used for this study, when the concrete cover depth increases, the value of the bond parameter (¢/p) also

Fig. 12. Stress distribution in the concrete of a RC tie subjected to tension, according to (a) no-slip approach; (b) bond-slip approach.
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Fig. 13. Reinforcement-concrete interface at the end of the s.40.1 specimen (a) before; (b) after loading.

Table 2
Experimental and Eurocode 2 predicted average crack spacings.
Specimen Cover (mm) ¢/p (mm) Number of cracks Average crack spacing (mm) Eurocode 2 average crack spacing (mm)
.40 40 733.8 3 163 227
1.60 60 1472.6 1 325 415
5.20 20 249.7 6 93 140
5.40 40 733.8 1 325 374

increases. As shown in Table 2, both experimental and Eurocode 2 predicted average crack spacings increased with the increase in

concrete cover depth.

6. Derivation of the surface crack width calculation model for SR

Crack width calculation models, including Eurocode 2 and Model Code 2010, consider crack width as the extension accumulated
due to the strain difference between reinforcement and concrete within the crack spacing [44]. Such models calculate the crack width
by multiplying the crack spacing with the mean strain difference between reinforcement and concrete. These models assume a constant
crack opening through the cover depth [6,9]. This implies that this method does not consider the effect of shear lag, which was
discussed in Section 4. To identify whether the shear lag has an influence on surface crack width, the results of the conducted
experimental program can be used. For this study, the crack spacing values can be directly obtained from the cracked specimens shown

Reinforee Ill{'lll\ Crack
< >
Concrete
Swrain i So N Sa '
Bl = —————————
Strain distribution in the
. reinforce meni
s -
~ -
Esl [ o~ -
(k]
Strain distribution in the
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=] =i=u=i= — .
- Tt 4 T

——
Position

Fig. 14. Strain distribution of reinforcement and concrete at a crack in the stabilized cracking stage.
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in Fig. 11. Strain difference between reinforcement and concrete can be calculated from Eurocode 2 or Model Code 2010 models.
However, such models consist of several empirical coefficients. Therefore, for the purpose of this study, a crack width calculation
model has been derived for the stabilized cracking stage, considering the results of previous experiments studying the strain in cracked
RC specimens.

Beeby and Scott [14,45] have identified that the strain variation in steel on both sides of cracks is linear. In this series of exper-
iments mentioned in Beeby and Scott [14,45], the steel strains were measured in 10-mm gaps. Since a linear strain distribution has
been observed in every tested specimen, this behavior is considered in the development of the crack width calculation model. Similar
observations (linear strain distribution in reinforcement on both sides of the crack) could be observed in the experiments in Kankam
[46] and Imai et al. [47]. Since the reinforcement strain is linear, by considering the force equilibrium, it has been assumed that the
concrete strain is also linear on both sides of cracks [14]. Fig. 14 shows the strain distribution of reinforcement and concrete in both
sides of a crack at the stabilized cracking stage, based on the results of the aforementioned literature.

Crack width can be considered the summation of the contraction of concrete and the extension of the reinforcement in the region of
the crack [14]. For the purpose of calculation, it is assumed that the region of the crack is the region within S, distance from both sides
of the crack (Fig. 14).

Extension of the reinforcement within the region of the crack, due to the increment of reinforcement stress (Area (2) in Fig. 14):

1
Ay = 3 [(ea —€0) + (€2 —€0)] So - 2 @

where ¢;; is the steel strain at the end of the transfer length in the stabilized cracking stage, & is the steel strain at the crack in the
stabilized cracking stage, €y is the concrete strain at the end of the transfer length, and Sy is the transfer length.
Theoretically, € can be written as ‘e;; — a9’ [48]. Therefore, Eq. (1) can be rearranged as:

Ay =280 — €(2+0a)] So 2)
where «, is the modular ratio.

Contraction of the concrete (A.) within the region of the crack due to the reduction of concrete stress in the crack (Area (1) in
Fig. 14):

A. =S & 3)

Crack width (w) is the summation of the contraction of concrete (A.) and the extension of the reinforcement (A,) in the region of the
crack. Therefore, crack width at the stabilized cracking stage can be obtained from:

w=A.+ A (€]

5)

WZZSU{SQ, M}

2

where ‘2 Sy’ can be considered the crack spacing and «. is the modular ratio.

€2 = Oyp (5-a)

where o; is the steel stress, and E; is the Young’s modulus of steel.

Ner

S E— 5-b
EAcer(1+acp) b

€o

where N, is the cracking force, E. is the Young’s modulus of concrete, A, ¢t is the effective concrete area, o is the modular ratio, and p
is the ratio of reinforcement area to effective concrete area.

Ner = 0 Ay (5-0
where o, is the maximum steel stress at cracking force, and Ay is the reinforcement area.

When the cracked section is considered, concrete cannot resist tensile stresses at the crack (neglecting the cracked concrete soft-
ening effect). Therefore, the maximum steel stress at the cracking force can be obtained from the following equation:

O = fom (A(_(ﬁ/Av) + fom (E/E) )

where f,m is the mean tensile strength of concrete.
Eq. (5-d) can be rearranged according to Eq. (5-¢), with familiar notations as represented in Model code 2010.

Oy = Jom (14 0epperr) (5-e)
Ppefr

12



C.N. Naotunna et al. Case Studies in Construction Materials 15 (2021) e00593

where pj ff is the effective reinforcement ratio (ppyeff =As / A, Eff)

Eq. (5) is developed assuming the concrete strain is distributed uniformly along the concrete cover depth. However, in order to
obtain the surface crack widths, the effect of shear-lag can be considered [3,14,21]. Therefore, in order to quantify this effect, the
calculation model given in the ‘fib Model Code first complete draft’ [21] has been considered, following a modification, as shown in Eq.
(6).

(6)

W= [S+1.7 (cfa)] [9»-2* M}

2

where ‘S’ is the crack spacing value, ‘c’ is the concrete cover depth and ‘a’ is the distance to the gradient changing point from the
reinforcement surface (15, 20 and 30 mm for cover depths of 40, 60 and 80 mm, respectively).

It has introduced a parameter, ‘a’, which is the distance to the gradient changing point from the reinforcement surface, instead of
the 25-mm value which was originally in the model. According to this study, the distance, ‘a’, depends on the concrete cover depth (the
arrow marked in Fig. 8). For calculation purposes, in specimens with cover depths of 40, 60 and 80 mm, the ‘a’ value can be considered
as 15, 20 and 30 mm, respectively. For those cases where the concrete cover depth is other than the mentioned values, the ‘a’ distance
can be considered by interpolation.

7. Comparison of surface crack widths with the calculated crack widths of the SR

The surface crack width is considered the crack width at the concrete surface over the axis of the reinforcement [9]. As shown in
Fig. 5, the crack width variation along the concrete cover depth is also considered along the reinforcement axis. Therefore, the
measured surface crack width can be obtained as the concrete surface readings from Fig. 8. For better comparison, the crack width
predictions of both Eurocode 2 and Model Code 2010 have been considered. Crack width calculation models in these two codes
calculate the crack width by multiplying the crack spacing with the mean strain difference. At the stabilized cracking stage, both
standards calculate the mean strain difference according to Eq. (7) (without considering the shrinkage strain term mentioned in Model
Code 2010). Both the mean strain difference in Eq. (7) and the strain term in Egs. (5) and (6) can be calculated with the data from the
experiment. For the calculated crack widths from Eq. (8), the parameter k;, which is used for the duration of load, is considered as 0.4,
as suggested by both codes for short-term loadings.

e o, —k (ﬂz,cff/pgff) (1 + 0ty esr) i

w=S.(Em— €m) ®

where ‘egm — €cm” is the mean strain difference between reinforcement and concrete; ‘f¢, e is the mean tensile strength of concrete,
effective at the time when the test is performed; ‘pp e is the effective reinforcement ratio; ‘w’ is the crack width; and ‘s’ is the crack
spacing value.

The experimental surface crack widths have been compared with the predictions of Egs. (5), (6) and (8). Egs. (5) and (8) are
developed without considering the effect of shear lag, while Eq. (6) considers the effect of shear lag. For this study, the necessary crack
spacing values required for the crack width prediction equations were directly obtained by measuring from the cracked specimens
(refer to Fig. 9). The crack spacing value corresponding to a specific crack can be considered as the summation of halves of crack
distances to both sides of the cracks (refer to Fig. 14) [44]. It is important to mention that this method of measuring crack spacing is
considered only for this study, where the focus is on the width of a specific crack. On the other hand, when developing the basic crack
width calculation models in Eurocode 2 and Model Code 2010, the cracking region of a specific crack was identified, based on this
method [44]. In the SR, a total number of seven cracks were sealed. For each crack, the surface crack widths and crack positions
corresponding to the four surfaces are different from each other (refer to Figs. 8 and 9). Therefore, altogether there is data on 28 (7 x 4)
surface crack widths. However, as some specimens were damaged while cutting the specimens, 26 surface crack widths were
considered for this comparison.

The graph of the measured surface crack width versus calculated crack width, using Egs. (5) and (8), is shown in Fig. 15. The code
models are used to verify whether the values of the theoretical crack widths are safe or not, and their purpose is to not to predict exact
crack widths. The predictions of Eq. (8) have been considered for this study only as a reference to the predictions of Eq. (5). The mean
absolute error (the average of the absolute difference between the measured value and the predicted value) of the predictions from Egs.
(5) and (8) is 0.12 and 0.11, respectively. Fig. 15 shows that there are several calculated crack widths consistent with a constant value.
This is because, according to the aforementioned crack spacing measuring method, the crack spacing values of the specimens with a
single crack will be 325 mm for every case (half of the specimen size). This figure shows that, for the majority of cases, the predictions
of Egs. (5) and (8) are underestimating the experimental surface crack width. From a total of 26 cases, 16 cases from both Egs. (5) and
(8) predict underestimated crack width values, compared to the experimental observations. Eq. (8) is the crack width prediction model
in Eurocode 2. Therefore, in order to predict conservative crack width values, this can be the reason that the Eurocode 2 crack spacing
model predicts significantly overestimated crack spacing values to calculate the crack widths [19,48,49]. Fig. 16 shows the comparison
of the measured surface crack widths with the predictions from Eq. (6), which have considered the effect of shear lag. The mean
absolute error of the predictions from Eq. (6) is 0.15. According to these Eq. (6) predictions, only 8 out of 26 cases underestimate the
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Fig. 15. Comparison of the measured surface crack widths of SR with Egs. (5) and (8) (models do not consider the shear lag effect).
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Fig. 16. Comparison of the measured surface crack widths of SR with Eq. (6) (equation with the shear lag effect).

experimental crack widths.

This comparison shows the importance of the effect of shear lag on the surface crack widths. However, this study has been con-
ducted for a limited number of results. Therefore, this must be further verified with RC specimens with different types of concrete, sizes
of bar diameters and cover depths. For that, exact crack widths (not average values), and the exact crack spacing values correspond to
each crack, are required. Therefore, despite the large body of literature available on crack width studies, the experimental program
mentioned in Gribniak et al. [50], which includes the aforementioned data, was selected. Further, it is important to mention that this
‘a’ value is obtained only for short-length concrete prisms reinforced with a central bar (the conducted experimental program).
However, these values must be further verified with the practical size members, due to the identified end-effect encountered in
short-length RC specimens [42]. To verify the proposed equations, the results in Gribniak et al. [50] were compared with the pre-
dictions of the proposed models (Egs. (5) and (6)). For this comparison, the results of 1210-mm-long RC specimens with identical 150
x 150-mm cross sections were considered. The cover depths of the selected RC specimens were 30 mm, 40 mm and 50 mm, and they
were reinforced with four 10-mm bars. Depending on the availability of data, the results of 3, 2 and 2 specimens, with concrete cover
depths of 50 mm, 40 mm and 30 mm, respectively, were selected. In this experiment, the crack widths were measured at the concrete
surface above the positions of the reinforcement bars. For this study, the crack widths when the applied load is 100.4 K N were
considered. These crack widths were measured using the DIC (Digital Image Correlation) system. As specified in Section 6, the ‘a’
values have considered to be 17.5 mm, 15 mm and 12.5 mm for specimens with 50 mm, 40 mm and 30 mm covers, respectively. Fig. 17
shows the graph of the measured surface crack width versus calculated crack width, using Egs. (5) and (6), and the Table B in
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Fig. 17. Comparison of the measured surface crack widths in Gribniak et al [50] with the predictions from (a) Eq. (5), and (b) Eq. (6). ‘n(6 > 1)’
notation represent the number of conservative predictions out of 42 cases, where calculated crack width is greater than the measured crack width.

Attachment (Supplementary material) shows the calculated and measured crack width values. The mean absolute error values for the
predictions of Egs. (5) and (6) are 0.052 and 0.049, respectively. When considering the 42 cases mentioned in Fig. 17, according to the
Eq. (5), only 12 cases and according to the Eq. (6), 25 cases give conservative predictions (calculated crack width is greater than the
measured crack width). Therefore, the proposed Eq. (6), which includes the shear-lag effect, gives better agreement with the exper-
imental results than Eq. (5) does.

8. Conclusions

To understand the cracking behavior of RC specimens, crack width variation along the concrete cover depth was studied. An
experimental program was conducted, using concrete prisms reinforced with a central bar. RC specimens were cast with both ribbed
bars and smooth bars and with different concrete cover depths. These specimens were tested by applying an axial tensile load, and the
generated cracks were sealed by using a high-strength and low viscosity epoxy. After the epoxy had hardened, the cracked specimens
were cut and the crack width propagation along the concrete cover depth observed. The following observations and understandings
can be obtained from this study.

e When considering the specimens with ribbed bars (SR), the ratios of average surface crack width to average crack width, at the
reinforcement surface in each crack, vary from five to ten. The crack width difference between reinforcement bar surface and
concrete surface can be identified as being due to the internal cracks which occur at the vicinity of the primary crack. In SR, the
strain incompatibility that occurs between reinforcement and concrete accumulates in the internal cracks. On the other hand, a
negligible amount of slip could be observed between these ribbed bars and the surrounding concrete. This can be considered to be
due to the good bond between the ribbed reinforcement and the concrete.

o In the specimens with smooth bars (SS), the average crack width at the reinforcement bar surface is almost four times larger than
that of the specimens with ribbed bars. Since the crack width varies linearly along the cover depth, it is assumed that there is no
significant effect from the internal cracks. Therefore, in the SS, it can be assumed that the strain incompatibility between rein-
forcement and concrete has been accommodated by a slip.

e It is important to identify the crack theory (bond-slip theory or no-slip theory) which is more relevant to the actual cracking
behavior of the RC specimens, because the crack spacing governing parameters are mainly identified based on these theories.
Therefore, according to the experimental results, it can be stated that specimens with ribbed bars behave in a way more related to
the no-slip theory, while specimens with smooth bars behave in a manner more related to the bond-slip theory.

e A surface crack width prediction model has been developed by considering the effect of shear lag. A simple study has been con-
ducted, to compare the experimental surface crack widths with the predictions from models which do consider and do not consider
the shear-lag effect. The end results have shown that the shear-lag effect has an influence on surface crack widths. However, this
study must be further verified for RC specimens with different concrete properties, bar diameters and concrete covers.
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