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,e nonhomogeneity of concrete leads to randomness in the development and extension of cracks. Scholars have proposed
different models to analyze the development of cracks. Different from existing works on crack development, in this paper, we
establish a crack spacing model on the basis of the mechanical equilibrium relation of differential elements. We also establish a
mechanical equilibrium model considering that the shrinkage of concrete is constrained by the bonding force of reinforced
concrete. ,en, on the basis of the equilibrium condition, we propose an analytical model of spacing between the first crack and
the second crack at the interface of steel and concrete due to corrosion expansion.,is calculation model has only three variables:
tensile strength, effective constraint length of the reinforcement, and bond force. In addition, the parameters are clearly defined.
We verified the development of cracks at the interface between steel bar and concrete under chloride corrosion at different
locations in a steel bar by comparing it with existing simulations and experimental results. ,e analytical model proposed in this
paper has an accuracy of 92%, indicating that our expression for crack spacing can effectively predict the location of cracks.

1. Introduction

Because of chloride-induced corrosion, the volume of cor-
rosion products of steel bars is 2–6 times that of steel bar
usage [1].,e excessive internal pressure of concrete leads to
cracking of concrete until structural damage occurs, which
causes heavy economic losses [2, 3]. ,erefore, it is im-
portant to study concrete cover cracking due to steel
corrosion.

,e analysis of concrete cracks is generally divided into
test detection and model analysis. In concrete structures,
damage is identified by the appearance of cracks on the
surface. Monitoring the level of tensile stress in the material
provides an indication of microcrack localization, which
leads to the formation of cracks in the medium. Kocherla
and Subramaniam [4] proposed using PZT patches to
measure stress waves for monitoring stress damage of
concrete structures.,e localization of microcracks that lead
to cracks can be detected by measuring the attenuation

factor of stress waves before visual detection of the surface
cracks. Chang et al. [5] illustrated the use of the time-fre-
quency analysis with Morlet wavelet transform to dis-
criminate crack response from the rebar response and
showed that time-frequency analysis can be used to identify/
verify cracks. Shi et al. [6] introduced a new electrical re-
sistivity tomography method on the basis of the self-sensing
property for detecting crack development. Fan et al. [7, 8]
proposed smart reinforced concrete (RC) instrumented with
a distributed fiber optic sensor for in situ monitoring,
thereby offering an innovative method for quantifying mass
of steel bar in steel fiber RC. If the system can successfully
identify the development of artificially introduced cracks, it
can also identify the growth of the actual cracks. Some
scholars analyzed the development of concrete cracks on the
basis of model simulation. Wang et al. [9] proposed a path
probability model for predicting the stochastic corrosion-
crack development of RC structures with time. ,ey esti-
mated the time-dependent probability distribution of steel
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corrosion ratio, crack width of concrete due to corrosion,
and percentage of corroded steel samples of elements on a
series of random paths of corrosion-crack process simulated
by a computer program. Tran et al. [10] proposed a three-
dimensional rigid body spring method, combined with a
three-phase material corrosion expansion model that can
simulate crack propagation due to rebar corrosion. On the
basis of the brittle fracture model of concrete, Wu et al. [11]
proved that the position of crack initiation is perpendicular
to the loading direction of the maximum displacement.
Cracks are generated initially at the location closest to the
interfacial layer and then through the fragile interface layer
to bypass the aggregate, extending to the edge of the concrete
cover, and finally through the concrete cover. Wang et al.
[12] equally established a finite element model using co-
hesive elements. ,eir test results show that stirrups sig-
nificantly change the crack patterns induced by inner steel
corrosion. ,e corrosion-induced concrete crack pattern
changes from the individual cracking mode to the delam-
ination mode as the thickness of the concrete cover increases
or as the rebar spacing reduces.

Currently, the research into concrete crack spacing fo-
cuses mostly on cracks of the RC beam section. ,e cal-
culation methods for crack spacing of the RC beam section
are mature, including the bond slip method, the no sliding
method, and analysis by synthesis. In addition, there is a
widely used unified specification for crack spacing on the
surface of RC beams in China based on the first three
methods [13, 14].

1.1. Bond Slip Method. ,e first method proposed in the
tensile test for RC is the bond slip method [15]. Based on
theoretical analysis, the proposed minimum value for ad-
jacent crack spacing is lmin, whereas the maximum value is
2lmin. Since the actual crack spacing for the specimen has a
large dispersion, the mean spacing is about 1.5lmin. Test
results were used to modify the formula for calculating mean
crack spacing to the following:

lm � k1 + k2
d

μ
 υ, (1)

where lm is the mean crack spacing in mm; d is the steel bar
diameter in mm; μ is the section reinforcement ratio; μ �

(As/Ac) in which As represents the area of reinforcement
and Ac is the area of the concrete; k1 and k2 are parameter
values obtained by regression analysis of test data in which
k1 � 70mm and k2 � 1.6 [16]; and υ reflects the surface
shape coefficient of the steel bars, which has a significant
influence on the bonding force between the steel bars and
concrete. It is set to 1.0 for smooth round steel bars and 0.7
for deformed steel bars.

1.2. No Sliding Method. ,e spacing and width of tensile
cracks derived by the bond slip method depend mainly on
d/μ and the bond force of the RC; hence, the shape of the
steel bars has a significant influence on the bonding force
between the steel bars and concrete. However, the bond slip

method assumes that the crack widths near the reinforce-
ment and on the surface of the component are equal, which
is inconsistent with actual results. As a result, the no sliding
method was proposed; it considers that the ratio of section
reinforcement and the diameter of reinforcement have little
influence on the spacing of cracks. It is assumed that the
relative slip of the crack section at the RC interface is
negligible; hence, the crack width is zero, and the expression
for the mean crack spacing is established as follows [17]:

lm � 2t, (2)

where t is the distance from the location of the crack on the
surface of the member to the center of the nearest steel
reinforcement.

1.3. Analysis by Synthesis. By combining the bond slip
method and the nonslip method, the important role of
distance between the surface of the member and the rein-
forcement to the width of the crack is taken into account,
thereby correcting the hypothesis that the relative slip and
crack width on the interface of the reinforcement are zero.
Considering the influence of bond slip [18], the general
formula for calculating the mean crack spacing is as follows:

l m � k1c + k2
d

μ
, (3)

where k1 and k2 are parameter values obtained by regression
analysis of the test data, determined according to the respective
test data [19], and c is the thickness of concrete cover.

1.4. Chinese Code for the Design of Fracture Spacing. For
tensile and flexural concrete members, the crack spacing under
service load is calculated by referring to existing test results and
analysis from different countries.,ough the main influencing
factors are the same, the forms of the calculation formulas are
different, resulting in different results. In the Chinese code for
design of concrete structures [20], the following formula is used
to calculate crack spacing in the stable stage after cracks appear
in components under stress [21]:

l m � cf 1.9c + 0.08
deq

ρte
 , (4)

where cf depends on the coefficient of the internal force state
of the member; deq is the equivalent diameter of tension
reinforcement; ρte is the reinforcement ratio, As/Ate; if
ρte < 0.01, take ρte = 0.01; and Ate is the effective section area
of concrete under tension.

,e above works have the following shortcomings: (1)
existing research studies on development of concrete cracks
are mostly based on a large number of experimental results
or model simulation to obtain a general development path
for cracks; (2) most of them studied crack spacing on the
surface of concrete beams. Similarly, existing research
methods for concrete cracks have shortcomings in pre-
dicting the development of concrete cross-sectional cracks.
Since crack initiation in concrete covers due to corrosion is a
critical point in evaluating the service life of corroded RC
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structures, it is vital to be able to predict the location of crack
initiation with high accuracy. Moreover, few studies have
been conducted on the spacing between the first and second
cracks in concrete corrosion cracking based on mechanics.
Several studies have been conducted on the location of the
first crack, with similar conclusions. ,e key point of this
paper is to propose an expression for average crack spacing
in concrete cross sections and to use it to predict the ger-
mination position of the second crack.

2. Prediction Model for Chloride-Induced
Concrete Cracks

2.1. Stress State of Corrosion and Cracking of RC. ,e tensile
strength of concrete varies from section to section because of
the nonuniformity of concrete. ,e first crack appears in the
weakest section as the load increases. ,e tensile stress of
concrete is zero at the crack section, where it is transferred to
the reinforcement. ,e stress and strain of the steel bar
increase rapidly during cracking. When the stress on the
concrete is released after a long stretch, the concrete will
instantly shrink back; thus, the cracks will have a certain
width when they appear.

,e concrete shrinks after cracking, and it is restrained
by the bond force of the RC, as shown in Figure 1. Tensile
stress will be reestablished at a distance from the crack
section. As the load increases, the tensile stress on the
concrete increases at a certain length from the crack section,
leading to the appearance of the second crack.

2.2.Mean Fracture Spacing. Reinforcement plays a role only
within the effective tensile area. When cracks occur, only
concrete within a limited range around the reinforcement is
restrained by the reinforcement, whereas those far from the
reinforcement are less affected by the constraint of the re-
inforcement. As shown in Figure 2, reinforcement with
mean crack spacing, lm, and the tensile concrete within the
effective range are taken as the differential field. We analyze
the crack spacing of concrete cross sections on the basis of
the analysis method of 1.1–1.4 about the surface crack
spacing of concrete beams.

Figure 3 shows a differential field enclosed by two cyl-
inders separated by dρ. Two radial planes with an angle of dφ
is cut out from the long cylinder.,is differential field can be
used to analyze the stress between the first crack and the
second crack in chloride-induced corrosion cracking within
the effective tensile range of the concrete.

Taking the thickness of the differential field as unity, dφ
is small; hence, sin(dφ/2) can be approximated as dφ/2 and
cos(dφ/2) can be approximated as 1.0. Based on elasticity,
the equilibrium conditions can be obtained as follows:

τρφρ dφ cos
dφ
2

� σφdρ,

τρφρ dφ � σφdρ.

(5)

When the differential field is analyzed as concrete, τρφ
can be regarded as τm, where τm represents the bond force of

Concrete

Steel

Crack 1

Crack 2

l

R

lm

τm

Figure 1: Schematic diagram of concrete crack development.
τm —the bond force of RC, N; R—radius of reinforcing bar, mm;
l—radius of RC cylinder, mm.

Crack 1

Crack 2 Concrete

Interface
between
steel and
concreteft

τm

lm

Figure 2: ,e concrete micromechanics are stressed within the
effective tensile range between two cracks. ft —the tensile strength
of concrete, N/mm2.

τρφ dρ

τφ
dφ

lm

Figure 3: Elastic mechanics analysis of concrete differentials.
dρ—distance between two cylinders of a thick-walled cylinder;
dφ—angle cut between two radial planes; σφ—circular normal
stress; τρφ—shear stress of the cylinder.
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RC; dρ can be thought of as the effective tensile length of the
concrete, which can be obtained from its effective tensile
area. ,e circumferential tensile stress reaches the tensile
strength, ft, of the concrete when concrete cracks; hence, σφ
can be regarded as the tensile strength, ft, of the concrete.
,e ultimate cracking stress state can be expressed as
follows:

σφ � ft. (6)

Substituting equation (6) into (5), the mean crack
spacing, lm, can be expressed as follows:

lm �
ftRc

τm

, (7)

where Rc is the effective tensile length of concrete in mm.

3. Verification Based on Existing Test and
Simulation Results

3.1. Calculation Example. Combined with the corrosion
experiment of reinforced concrete proposed by the existing
scholars [22], the steel bar has a diameter of 18mm, whereas
the concrete cover is 4.5 times the diameter of the steel bar,
as shown in Figure 4. ,e properties of concrete materials
are shown in Table 1:fc = 30.1N/mm2 andft = 2.54N/mm2.

Industrial computerized tomography (ICT) nonde-
structive testing system was used to scan the specimens and
observe the development of internal cracks in concrete.
Figure 5(a) shows that cracking in the surface of the
specimen has cracked, whereas Figure 5(b) clearly shows
that three cracks occurred. Figure 6 shows the ICT scan
results for cracks in concrete under different rust rates. It
shows the crack development process for concrete during
corrosion, from no cracks to the gradual development of
three cracks. ,is paper will adopt these results as an ex-
ample to verify the feasibility of the proposed fracture
spacing prediction model.

To calculate the distance between crack 1 and crack 2, it
is necessary to obtain the bonding force of the RC. ,e
bonding force can be determined by the following equation
[23]:

τm � 0.6f
2/3
c , (8)

where fc is the compressive strength of concrete, N/mm2.
,e thickness of the concrete cover is 4.5 times the diameter
of the steel bar, so it can be expressed as follows:

c � 4.5d � 81mm. (9)

According to the method for calculating the effective
tensile area of concrete beam under axial compression, the
effective tensile length of concrete can be expressed as
follows [20, 24–26]:

Rc � c � 81mm. (10)

Substituting equations (8) and (10) into (7), the ex-
pression for crack spacing of concrete can be obtained as
follows:

lm �
ftRc

τm

� 35.47mm. (11)

3.2. Verification of Different Data. We randomly selected
eight simulation and test results from existing works, as
shown in Figures 7(a)–7(i) [33]. We found from these results
that the position of the steel reinforcement affects the de-
velopment of cracks. Corrosion cracks of nonmiddle steel
reinforcement with different concrete cover are divided into
cracks. First, cracks appear on both sides of the reinforce-
ment, forming an internal horizontal crack [34] and then
cracks again in the easily damaged part of concrete. ,e
development law of these cracks is consistent with the test
results [24]. When the steel bar is in the middle of the
concrete, the distribution of the three cracks is approxi-
mately 120°, which is consistent with the results in [35].
Compared with nonmiddle steel reinforcement, the crack
spacing of steel bars located in themiddle of concrete is more
evenly distributed [33].

It is difficult to measure the spacing between the starting
points of cracks because of the small deformations caused by
reinforcement corrosion. ,erefore, angle verification is
adopted to verify the crack development law. ,e angle can
be expressed as follows based on geometric relationships:

θ �
360lm

2πR
. (12)

Substituting equation (11) into (12), the angle between
the two cracks can be expressed as follows:

θ �
360lm

2πR
� 226°. (13)

Equation (13) shows that the angle is obtuse. To facilitate
calculation and comparison, the angle between two cracks
can be expressed as follows:

θ′ � 360 − θ � 134°. (14)

Table 2 shows that the diameter of the steel reinforce-
ment and thickness of the concrete cover influence the
development of cross-sectional cracks. It is worth noting
from the data in groups d and f that though the steel bars
have different diameters, the crack spacing is equal in both
cases and the crack angle is significantly different. ,erefore,
we assumed that the diameter of the steel bar does not affect
the crack spacing. However, the larger the diameter of the
steel bars, the smaller the crack angle. ,e data in groups e
and g show that other factors are uniform except the
thickness of concrete cover. When the diameter of the
reinforcing bar is the same, the bigger the concrete cover, c,
the greater the spacing and angle between the first and
second cracks. ,us, it can be hypothesized that an increase
in concrete cover leads to an increase in crack spacing.

To prove the applicability of the proposed prediction
model for concrete crack spacing, we compared the data
from existing research and evaluated the error between the
calculated and actual results in concrete crack spacing. ,e
result of the comparison led us to propose that prediction
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model has an accuracy of up to 92%. Some large error results
were observed, which can be attributed to the following
reasons. First, there is a deviation in determining the center
of the reinforcing bar because of microdeformations due to
corrosion of the bar. In addition, the mode of crack
propagation is complex. Once the crack propagates, it will
have a certain width [36]. It is difficult to determine the crack
propagation point because the direction of the crack
propagation angle is uncertain.

4. Factors That Influence Concrete Spacing

4.1. Concrete Cover and Diameter of the Reinforcement.
To investigate the effect of concrete cover and the diameter
of steel bar on the concrete crack spacing in RC, we cal-
culated crack spacing using concrete cover within a range of
30–50mm and steel bar diameters of 16 and 20mm.
Figure 8(a) shows that concrete with different steel bar
diameters have the same crack spacing. Moreover, an in-
crease in concrete cover leads to an increase in crack spacing.
,is further verifies the preliminary assumption of the
thickness of concrete cover and crack spacing in Section 3.2.
We compared the calculation results with the measurement
results, using a steel bar with a diameter of 16mm as an
example. ,e result shows that the concrete crack spacing of
RC interface advanced from about 7.76 to 12.93mm, as the
concrete cover changes from 30 to 50mm and the error
decreases with increasing concrete cover. ,is is because the
larger the concrete cover is, the smaller the crack width is
and the closer the measurement results are to the actual
results. When the thickness of concrete cover is 30mm, the
error between the measured and calculated results is 11.72%.
,e large error of a small amount of data is due to the crack
width when concrete cracks, which may lead to errors in the
measured results. In addition, Figure 8(a) also shows that the
proposed prediction model for crack spacing proposed is
consistent with actual results. It is worth noting that the
error in most of the results is very small, which satisfies the
accuracy of the concrete crack spacing prediction model
proposed in this paper.

,ough the diameter of the steel bar does not affect the
crack spacing of the concrete, an increase in the diameter of the

steel bar results in a decrease in the crack angle, as shown in
Figure 8(b). ,erefore, the larger the diameter of the rein-
forcing bar is, the higher the number of cracks that may occur.

4.2. Effective Tensile Length, Rc. We quantitatively analyzed
the influence of different parameters according to the
concrete crack prediction model proposed above. Based on
the strength of C30 concrete, the following general quan-
titative values were used: ft � 1.5N/mm2, Rc � 30mm, and
τm � 5.8N. To analyze the relationship between τm and lm,
we calculated the concrete crack spacing with the following
values: ft � 1.5N/mm2, Rc � 20–40mm, and τm � 4.0–9.0N.

,e calculation results shown in Figure 9 indicate that
the crack spacing decreases as the bonding force of RC
increases if the parameters in the models are the same. In
addition, the crack spacing of concrete with an effective
tensile length of 40mm is obviously larger than that of the
concrete with an effective tensile length of 20mm. With the
same diameter of steel bar, an increase in the concrete cover
increases the effective tensile length of the concrete. ,e
methods for determining the effective tensile length of
concrete are as follows:

(1) When the reinforcement is in the middle of the
concrete, the effective tensile length of concrete is
evaluated according to themethod for calculating the
effective tensile area of the concrete beam under axial
compression. In detail, when the thickness of cover is
less than seven times the diameter of the rein-
forcement, the effective tensile area of concrete is the
actual concrete area [24–26].

(2) When the steel reinforcement is not in the middle of
the concrete, Rc represents the effective tensile length
of concrete cover at the thin side.

As the bonding force increases, the crack spacing of the
concrete decreases gradually to a constant value. It can be
assumed that a bonding force that is much larger than the
tensile strength of the concrete has little effect on crack
spacing; hence, the crack spacing tends to be stable under
such conditions. When the spacing of concrete cracks is
zero, the concrete does not suffer from corrosion expansion
and cracking. Different curve slopes show that the larger the
effective tensile length of the concrete, the more obvious the
reduction in the rate of crack spacing.

4.3. @e Tensile Strength, ft, of the Concrete. To analyze the
relationship between ft and lm, we assumed that the concrete
has a tensile strength of 2.7N/mm2 and a cohesive force of
5.8N for the model calculation. Figure 10 shows that the
effective tensile length of the concrete increases from 20 to
40mm, causing the crack spacing to advance from 5.17 to
10.34mm. We verified that increasing the tensile length of
concrete increases the crack spacing of the concrete. ,e
tensile strength of the concrete increases from 1.5 to 2.7N/
mm2 for a concrete cover of 40mm, which increases the
concrete crack spacing from 10.34 to 18.62mm. ,is phe-
nomenon shows that an increase in the tensile strength of

10d

10dd
c

Figure 4: Elastomechanical analysis of concrete differentials.
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Crack 1Crack 2

Crack 3

(c)

Crack 1

Crack 2 Crack 3

(d)

Figure 6: Specimen detecting test. (a) Corrosion rate η� 2.6%. (b) Corrosion rate η� 3.2%. (c) Corrosion rate η� 3.6%. (d) Corrosion rate
η� 4.5%.

(a) (b)

Figure 5: Corrosion expansion cracks of specimens. (a) Corrosion rate η� 3.6%. (b) Corrosion rate η� 4.5%.

Table 1: Characteristic value of cubic concrete compressive strength.

Specimen type Ultimate bearing capacity (kN) Compressive strength (N/mm2) Mean value (N/mm2) Tensile strength (N/mm2)

150×150×150mm3
709.0 31.5
679.9 30.2 30.1 2.54
640.9 28.5
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Figure 7: Continued.
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concrete leads to a significant increase in crack spacing of the
concrete. ,is trend becomes more obvious as the tensile
strength of the concrete increases.

4.4. @e Bond Force, τm, between RC. If other factors in the
model are constant, then the crack spacing of the concrete is
proportional to the tensile strength of the concrete. ,e

Table 2: Crack spacing data comparison and error.

Group D (mm) c (mm) fc (N/mm2) ft (N/mm2) τm (N) lm (mm) θc (°) θm (°) r (%)

a 18 81 30.1 2.54 5.8 21.05 134 124 8.09
b 16 30 30 2.2 5.8 11.38 81.54 88 7.34
d 6.5 20 30 1.5 5.8 5.17 91.23 90 1.37
e 16 30 30 1.5 5.8 7.76 55.6 56 0.71
f 12 20 30 1.5 5.8 5.17 49.42 53 6.75
g 16 35 30 1.5 5.8 9.05 64.86 71 8.65
h 12 27 35 2.72 6.42 11.44 109.29 104 5.09
i 10 30 46.3 1.7 7.74 6.59 75.5 80 5.63
θc—calculated angle in degrees; θm—measured angle in degrees; r—error between the measured and calculated angles; r� (|θc − θm|/θm)%.

d = 16mm
d = 20mm

Calculated results

30 35 40 45 50 5525
c

7

8

9

10

11

12

13

14

l m

(a)

d = 20mm
d = 25mm

d = 16mm

30 35 40 45 50 5525
c

35
40
45
50
55
60
65
70
75
80
85
90
95

θc

(b)

Figure 8: ,e relationship between concrete cover and the concrete crack spacing [18]. (a) Calculating and measuring crack spacing
(d� 16mm and 20mm). (b) Calculation results of crack spacing of concrete with different diameters of reinforcing bars.

104°
Crack 1 Crack 2

(h)

80°
1

23

(i)

Figure 7: Location of corrosion cracks in reinforced concrete. (a) Scan image of the specimen of the middle reinforcement [22]. (b) Crack
development paths with different thicknesses of cover [22]. (c) ,e crack form of plate type test [27]. (d) Simulating the development of
corrosion cracks in themiddle reinforcement [28]. (e) Simulation and test of steel corrosion with different covers [29]. (f ) Results of cracking
tests of corner reinforcement (d� 12mm; c� 20mm) [30]. (g) Results of cracking tests of corner reinforcement (d� 12mm; c� 20mm) [30].
(h) Finite element simulation different covers [31]. (i) Cross-section corrosion crack pattern with development with of non-central of crack
reinforcement [32].
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growth trend of crack spacing and concrete tensile strength
is similar to that of crack spacing and effective tensile length
of concrete. Figure 11 shows that crack spacing increases the
tensile strength of the concrete increases. In addition, the
increase in crack spacing is constant if all other factors
remain constant. In case that factors other than the bonding
force are the same, the rate of crack spacing of the concrete
decreases with increasing τm. ft is most sensitive to crack
spacing when the effective length of the concrete is 30mm
and the bonding force is 4N. ,erefore, the smaller the
bonding force is, the more remarkable the crack spacing
increases with the tensile strength of the concrete.

4.5. @eMost Sensitive Influencing Factor of Crack Spacing in
Concrete. τ mis composed of chemical bonding force, friction
force, mechanical bite force, and anchorage force at the

end of steel bar and mainly depends on the roughness of
the material itself and has nothing to do with the external
environment. As a result, the error in tensile strength of the
concrete and bonding force of RC is very small if the strength of
the concrete has been determined in practical engineering.
Table 3 shows that the increase in tensile strength of the
concrete does not exceed 0.2N/mm2. ,e increase in concrete
cover is multiplied by 5mm, as shown in Table 4. Combined
with existing research data and theoretical analysis, the in-
fluence of concrete tensile strength on crack spacing is more
sensitive than the effective tensile length and bonding force of
concrete. ,erefore, it can be assumed that the tensile strength
of concrete is most sensitive to the crack spacing of concrete.

We used concrete with a calculated strength of C30 as an
example to determine the most sensitive influencing factor
of crack spacing in concrete.,emodel has a tensile strength
of 1.5N/mm2, bonding force of 5.8N, and concrete cover of

22 24 26 28 30 32 34 36 38 4020
Rc

4

6

8

10

12

14

16

18

20

lm

ft = 1.8N/mm2

ft = 2.1N/mm2

ft = 1.5N/mm2 ft = 2.4N/mm2

ft = 2.7N/mm2

Figure 10: ,e relationship between Rc and lm (τm � 5.8 N).

Rc = 25mm
Rc = 30mm

Rc = 20mm Rc = 35mm
Rc = 40mm

4

6

8

10

12

14

16

lm

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.04.0
τm

Figure 9: ,e relationship between τm and lm (ft � 1.5N/mm2).
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30mm. Figure 12 illustrates the influence of three variables,
ft, Rc, and τm, on concrete crack spacing. ,e results cal-
culated from the initial variables are taken as control group.
In addition, the crack spacing of concrete is calculated with

results from practice, assuming a tensile strength of 1.7N/
mm2, effective tensile length of 35mm, and bonding
strength of RC of 5.6N. Compared with the control group,
when the tensile strength of concrete is 1.7N/mm2, the
influence on the crack spacing of concrete is 34%, and when
the concrete cover is 35mm, the influence on the crack
spacing of concrete is 35%, which is far greater than that of
the bonding force of concrete. ,e effect of an increase of
0.2N/mm2 in concrete tensile strength on crack spacing is
almost the same as that of an increase of 5mm in concrete
cover, which indicates that concrete tensile strength has the
most sensitive influence on crack spacing.

5. Conclusion

(1) ,rough mechanical theory analysis, we established
an average crack spacing model for concrete on the
basis of the constraint of the RC bonding force and
verified the experimental results with existing
research.

(2) After the location of the first crack is known, the
expression for average crack spacing proposed in this

34%

35%

31%

τm = 5.6N
Rc = 35mm
ft = 1.7N/mm2

Figure 12: ,e influence of three variables ft, Rc, and τm on
concrete crack spacing.

Table 3: Design value of axial tensile strength of concrete (N/mm2).

Strength grade of concrete C15 C20 C25 C30 C35 C40 C45 C50 C55 C60 C65 C70
ft 0.91 1.10 1.27 1.43 1.57 1.71 1.80 1.89 1.96 2.04 2.09 2.14

Table 4: Minimum thickness of concrete cover (mm).

Environmental classification Panels, walls, and shells Beams, columns, and poles
一 15 20
二a 20 25
二b 25 35
三a 30 40
三b 40 50

τm = 5N
τm = 6N

τm = 4N τm = 7N
τm = 8N

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.21.4
ft

5

10

15

20

25

lm

Figure 11: ,e relationship between ft and lm (Rc � 30mm).
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paper can be used to predict the location of the
second crack.

(3) ,e theoretical model proposed in this paper is
suitable for the analysis of crack spacing in concrete
cross sections. It can accurately predict the average
crack spacing in concrete cross sections.

(4) ,e crack spacing of concrete is affected by the
thickness of concrete cover, its tensile strength, ef-
fective tensile length, the bonding force of RC, and
the diameter of reinforcement. We proved that the
tensile strength of concrete has a significant influ-
ence on its crack spacing.

(5) To validate the proposed model, we compared our
results with experimental results from the existing
literature. It can be concluded that the combined
analytical and numerical model developed herein
can be used to accurately predict crack spacing due to
chloride-induced corrosion in RC.

Data Availability

Previously reported data were used to support this study.
,ese prior studies (and datasets) are cited at relevant places
within the text as references.
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