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ARTICLE INFO ABSTRACT
Keywords: Crack width variation along the concrete cover depth has been studied from the past for better
RC specimens understanding of the cracking phenomenon in reinforced concrete (RC) structures. Previous
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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
Ribbed reinforcement concrete cover depth are still not very clearly understood. An experimental program has been
Smooth bars conducted to study the crack width variation along the cover depth in concrete prisms reinforced
Experiments with a central ribbed bar and smooth bar, by varying the concrete cover depths. Both in speci-
Epoxy injection 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
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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 BSOONC according to the NS 3576-3 standard [26], with a characteristic
yield strength (fyx, 0.05) of 500 MPa and Young’s modulus of 200 GPa. For the SS, the smooth bar grade was S355J2 according to the NS
10219 standard [27], with a characteristic yield strength (fyy, 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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20 mm

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
r.60.1, r.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.
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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 is a 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
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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,
r.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 5.60.1 and s5.60.2, 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].
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.

0 ! Ta
n of smboth‘g;
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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
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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

[ Stress distribution
Crack
- C
<B=
—
S1

(a) (b)

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 5.40.1 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)
r.40 40 733.8 3 163 227
r.60 60 1472.6 1 325 415
5.20 20 249.7 6 93 140
.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

Reinforcemem\' Crack
S S
Concrete
Strain 4 ey s
g —mm . j
Strain distribution in the
. reinforcemerit
~ -
~ -~
&1 | . . . g .
@
Strain distribution in the
concrete
80 _________ / <
R —

N
—)
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):

Ay == [(eq —€) + (2 —€)] So - 2 W

1
2

where g 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, ¢, is the concrete strain at the end of the transfer length, and S, is the transfer length.
Theoretically, €5 can be written as ‘ess — a.€o’ [48]. Therefore, Eq. (1) can be rearranged as:

Ay =280 — g2+a)] So (2)
where o, 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, =S5 & 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, (C)]
1
w=2S, gsz,w 5)
2

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

&2 = Oy/p (5-a)
where o; is the steel stress, and E; is the Young’s modulus of steel.

Ner
€p (S'b)

- EAc (1 +a.p)
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.

N, = o, A, (5-0)
where o, is the maximum steel stress at cracking force, and As 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:

Oy :fctm <Ac,eff/Ay> + f;‘lm <ES/EC> (5-d)

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

o

Pp.ett

Gy (I + 0epper) (5-e)
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where pp, off is the effective reinforcement ratio (pp‘eff = A; / A, eﬁ)

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)} [szf 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.

o, —k, (ﬁ:t.eff/ Pp,eff) (1 + QP egr)

Em — €m = 7
E. )

w=3_§. (Ssm - 8cm) 8

where ‘esm — €cm’” is the mean strain difference between reinforcement and concrete; ‘f¢ o is the mean tensile strength of concrete,
effective at the time when the test is performed; ‘pp s’ 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.

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.

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.

o 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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