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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 (@pper) 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 @pper 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.
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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 @/ppef 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
(Saliger,1936; Broms, 1965). 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 @/pp.ef 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 @/pp.f 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 @/ppet | Srmean Sr,max
No. length(mxmxm) | bars (mm) (mm) (mm) (mm)

1 04x04x3 8 32 40 796 178 240

2 0.4x04x3 8 20 40 1274 163 250

3 0.4x04x3 8 32 90 796 266 320

4 0.4x04x3 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 8xnx16% mm? and
8xmx102 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
[(4xmx8) [ (1xnx16) = 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 @/pp.f 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 @/ppef 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 (pp.er) 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 @/pper ratio. However, the final conclusion of the experiment
is that, the crack spacing has a negligible influence from the @/pp.ef 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; Haqqgi, 1983) and concluded that the @/pp.ef
parameter does not influence on crack width or crack spacing. However, when the experiments
in (Farraand Jaccoud, 1994; Haqqi, 1983) have altered the @/pper 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 @/ppef
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.

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

(1987) test ~ for  long | 19.1 bond strength is proportional to 2/3
embedded length 25.4 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
Axial tensile test. 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. (Borosny6i and Snobli, 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 (1) | Slip  of  the

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

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)

T +mp)
_ + np
I e— LT(x)
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+l)(X) = Ss,a.dX

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

>
dos = T[(pT(X)
os — Steel stress
calculated from
steel strain

From the
definition of slip

ds
— =gs—¢cC
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 @/ppet 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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