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� Experiment scheme was designed based on orthogonal method.
� Combined influences of carbonation, F-T cycles, chloride penetration and cracks on concrete properties were investigated.
� Compressive strength of concrete possesses negative correlation with times of F-T cycles.
� Crack width possesses the most significant effect on rebar corrosion.
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a b s t r a c t

Bridge structures are exposed to vehicle loading and aggressive environments, damage of concrete will
inevitably occur. In this study, influences of crack, freeze-thaw (F-T) cycling and carbonation on mechan-
ical property and durability of reinforced concrete were investigated. Concrete prism specimens with
rebars were prepared. Corresponding experimental arrangement was obtained based on orthogonal
design method, and nine groups of reinforced concrete samples were tested. These samples were firstly
loaded to produce cracks with different widths. Secondly, they were retained in cyclic F-T testing
machine. Spalling mass and compressive strength were measured and evaluated for concrete under dif-
ferent crack widths and F-T cycles. Then concrete samples were exposed to carbon dioxide (CO2) gas pres-
sure. Finally, chloride induced corrosion of rebar was tested and combined effects of crack, F-T cycling
and carbonation on rebar corrosion were demonstrated based on range analysis (RA), analysis of variance
(ANOVA) and Spearman’s rank correlation coefficient method (SRCCM), respectively. The results reveal
that crack and F-T cycles all increase the spalling mass of concretes, whereas reduce their compressive
strength. Crack presents more significant effect on rebar corrosion compared with F-T cycles and
carbonation.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Reinforced concrete (RC) is one of the most widely used mate-
rials for bridge construction. Compressive strength of concrete is
an important factor for mechanical performance of RC bridge,
while corrosion of rebar is an important problem which reduces
its durability [1,2]. In practice, effects of penetration of chloride
ions, carbonation of concrete, F-T cycles or external loads can cause
concrete damage, corrosion of rebar, and eventually collapse of
bridge [3]. In general, the high alkalinity of concrete pore solution
can be used as passive layer to protect rebar against corrosion.
However, the passive layer will be weakened because of effects
from penetration of chloride ions, carbonation of concrete and F-
T cycles. As the corrosion proceeds, rust appears. Rust possesses
greater volume, which induces cracks of concrete cover. Mean-
while, reinforced concrete will form internal cracks because of
material shrinkage and repeated loading. These phenomena will
threaten the safe operation of bridge [4,5]. Therefore, investiga-
tions on mechanical property and durability of structure in aggres-
sive environments are important to be pursued.

Carbonation of concrete occurs naturally in RC bridge at a rather
low yet invasive rate, which is the chemical reaction of portlandite
and calcium hydroxide (Ca(OH)2) in cement with CO2 [6]. Some
comprehensive reviews of concrete carbonation have been given
on mechanism [7,8], modeling [9], mitigation [10] and industry
implication [11]. Besides, the reaction of concrete carbonation
depletes the hydroxyl ions (OH�1) and reduces the pH of concrete.
It makes steel bar lose its stable alkaline condition and leads to a
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Table 1
Mixture proportions of concrete.

Materials Nominal proportions (kg/m3)

Cement 349
Water 185
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high steel corrosion rate under the action of unfavorable ions [12].
Current researches reveal that carbonation influences the diffusion
of chloride ions, and then the rebar corrosion caused by chloride
ions [13–15].

F-T cycling is one of the most harmful phenomena for concrete,
which has been investigated for many years. The main mecha-
nisms of F-T damage have been identified [16]. F-T cycling can lead
to not only superficial spalling, but also serious internal cracking.
Consequently, the elastic modulus and compressive strength of
concrete decrease and penetration of chloride ions increases [17–
19]. Therefore, concrete loses its resistance to mechanical loading
and harmful environmental conditions.

In addition, chloride penetration-induced corrosion of rebar in
RC concrete is a serious threat to durability of structures [20]. Once
the chloride concentration around the surface of rebars exceeds a
certain threshold value, the rebars will undergo the depassivation
process. Corrosion process is initiated when the chloride ions (Cl-),
oxygen (O2) and water are sufficient [3]. Lambert et al. [21] demon-
strated that chloride ions deteriorate durability of RC structures
because of leading to steel corrosion. Experimental investigation
by Shaheen and Pradhan [22] revealed that the range of passive
region of steel reinforcement decreases with increasing in free
chloride concentration for concrete made by both ordinary Port-
land cement and Portland pozzolana cement.

Furthermore, Cracks cannot be avoided for a real structure,
which can be caused by shrinkage, thermal gradients, corrosion
of rebar, mechanical loading, etc. These cracks often become pref-
erential paths for the ingress of external agents and lead to degra-
dation of both durability and carrying capacity of structure [23]. Ji
et al. [24] demonstrated that cracks will allow more penetration
substance, such as CO2 and chloride ions to invade into pore solu-
tion. It accelerates the carbonation process and leads to more and
deeper cracks. Zhang et al. [25] found that existence of cracks
changes mechanical behavior and reduces load carrying capacity
of structure. Cracks also decrease distance between steel bar and
external environment at the places of cracks. This situation
increases the probability of steel corrosion and deteriorates dura-
bility of RC structures.

A large number of researches have been conducted, most of
which focus on a single factor that influence properties of RC struc-
tures. However, structures usually suffer from a couple effects of
multi-factor in natural environment. The influences are complex
and synergetic instead of simple superposition by each single fac-
tor. There is a rapidly increasing amount of studies on concrete
properties with multi-factor. Niu et al. [26] conducted an experi-
mental study on concrete damage and chloride penetration under
effects of carbonation and F-T cycles. Zhu et al. [3] investigated the
combined effects of carbonation and chloride ingress on concrete.
Kuosa et al. [27] demonstrated the synergetic effects of freeze-
thaw, carbonation and chlorides on concrete deterioration. Witt-
mann et al. [28] examined chloride corrosion resistance and rate
of chloride diffusion of concrete under alternate actions of
freeze-thaw cycles and carbonation. However, many combined
aspects have not been demonstrated through experimental and
analytical methods in sufficient details.

In this paper, the combined influences of carbonation, F-T cycles
and cracks on mechanical property and durability of ordinary Port-
land concrete were investigated. Experimental scheme was deter-
mined through orthogonal design. Nine groups of RC samples were
tested according to the order of pre-crack, cyclic F-T, carbonation
and chloride-induced rebar corrosion. Quantitative analyses
including RA, ANOVA and SRCCM were conducted to evaluate
and compare the effects of crack, freeze-thaw and carbonation on
concrete property, respectively.
2. Materials and experiments

2.1. Materials and mixture

Q235 steel round bars with diameter 8 mm are cut into 580 mm
long. Firstly, the steel bars are polished with grit silicon carbide
(SiC) emery paper in order to guarantee no pit corrosion on them.
Subsequently, steel bars are cleaned using 12% hydrogen chloride
(HCl) solution and then immersed into Ca(OH)2 solution to neutral-
ize residual HCl liquid. Then, ethanol and acetone treatments are
used to degrease surfaces of steel bars according to GB/T 50082-
2009 [29]. Finally, steel bars are flushed cleanly with clear water
and put into drying device at 20 �C for 4 h. Each steel bar is
weighed to obtain the initial mass using sensitive balance.

PO 42.5 type Portland cement confirming the requirements of
GB175-2007 [30] is used in this study. Crushed stone with diame-
ters ranging from 2.36 mm to 26.5 mm and natural sand with fine-
ness modulus of 2.7 are adopted as coarse and fine aggregates,
respectively. The mixture proportions of concrete are listed in
Table 1. Slump result of concrete is tested to be 40 mm, which indi-
cates that the mixture is with favorable cohesiveness and meets
the requirement of GB 50164-2011 [31].

2.2. Specimen preparation

Specimen used in this study is composed of concrete and two
steel bars. Dimensions of specimen and relative positions between
concrete and rebar are shown in Fig. 1. The concrete mixtures were
prepared in the laboratory by a pan mixer. Prisms of
300 � 150 � 150 mm were cast in steel moulds and compacted
by vibrating table. They are allowed to cure at 20 �C and 95% rela-
tive humility (RH) and removed from the moulds after 24 h curing.
Besides, waterproofing treatments of smudging the silicone sealant
on steel bars and binding them up with waterproof tape must be
used for the exposed parts of steel bars to resist the corrosion from
water and oxygen in curing room (shown in Fig. 2). All specimens
are cured under normal curing condition (20 �C and 95% RH) for
28 days before further tests.

2.3. Experimental methods

2.3.1. Scheme design
Orthogonal design of experiment is an effective approach to

deal with the test including multiple factors and levels, which
can reduce the number of required experiments and achieve rea-
sonable results [32]. It has been adopted by many researchers to
improve work efficiency and obtain the optimum level group
[32–35]. In this study, three factors prevalent in concrete situated
in higher latitudes including crack width, F-T cycle and carbona-
tion time are considered, and each one has three levels. The choices
of values for three factors are essential to determine the influence
degrees of factors. According to the statistics of China Meteorolog-
ical Administration (CMA), average times of F-T cycles are 74 in
one year for central south, north and northeast regions of China,
whose extreme low temperatures range from �40 �C to �10 �C.
Based on current research [36], one time of fast F-T cycle in indoor
test used in this study is equivalent to 15 times of natural F-T
Fine aggregate 517
Coarse aggregate 1269



Fig. 1. Specimen dimension and rebar arrangement.

Fig. 2. Waterproofing treatment of steel bar.

Table 3
Experimental groups designed by orthogonal method.

Factors Crack width (mm) F-T cycles (times) Carbonation time (days)

Group 1 0.00 0 0
Group 2 0.10 0 10
Group 3 0.20 0 20
Group 4 0.10 75 0
Group 5 0.20 75 10
Group 6 0.00 75 20
Group 7 0.20 150 0
Group 8 0.00 150 10
Group 9 0.10 150 20
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cycles. Besides, service life of bridge is assumed to be 30 years in
this study. So the reasonable times of fast F-T cycles in indoor test
should be 30 � 74/15 = 148. For carbonation time, the natural CO2

concentration is 0.039%, while it is 20% in accelerated carbonation
test chamber used in this study [29]. One day accelerated carbon-
ation test is equivalent to 20%/0.035%/365 = 1.56 year’s natural
carbonation. So the reasonable days of accelerated carbonation in
experiment should be 30/1.56 = 19.23 days. According to the stan-
dard JTG D62-2004 [37], the maximum allowed crack width of
reinforced concrete bridge in China is 0.2 mm. Therefore, the range
of crack widths is set to be 0–0.2 mm; it is 0–150 times for F-T
cycles and 0–20 days for carbonation time in this study.

An orthogonal design table L9(34) is used, which can reduce the
number of test cases from 27 to 9. Three factors and corresponding
levels used in this paper are listed in Table 2. Groups of specimens
obtained by orthogonal design table L9(34) are shown in Table 3.

According to Table 3, all prepared specimens are taken out of
the curing room and divided into nine groups. Three specimens
are included in each group, which can be numbered by 1A, 1B,
1C to 9A, 9B, 9C (as shown in Fig. 2) in order to demonstrate the
experimental results conveniently.

In order to investigate the influences of crack, F-T cycling and
carbonation on mechanical property and durability of reinforced
concrete, experimental procedure is determined and shown in
Fig. 3. In this figure, ‘‘Activate” and ‘‘passivate” represent corre-
Table 2
Factors and levels for crack width, F-
the test.

Factors Units Le

Crack width mm 0
F-T cycles times 0
Carbonation time days 0
sponding experiment is conducted and not conducted, respec-
tively. ‘‘Test indicators” include mass of surface scaling,
compressive strength and rebar corrosion in this study. ‘‘Test
group” denotes that the test indicators need to be tested and calcu-
lated at this time point. As shown in Fig. 3, specimens in groups 2,
3, 4, 5, 7 and 9 are firstly loaded to produce cracks. Secondly, spec-
imens in groups 4 to 9 are retained in cyclic F-T testing machine for
F-T tests. After that, mass of surface scaling and compressive
strength of samples in groups 7, 8 and 9 with 150 times of F-T
cycles are measured at 25 times interval. Then specimens in groups
2, 3, 5, 6, 8 and 9 are exposed to CO2 gas pressure in an accelerated
carbonation test chamber. Finally, specimens in groups 1 to 9 are
performed accelerated galvanic corrosion experiment after
immersing them into sodium chloride (NaCl) solution, chloride
induced corrosion ratio of rebar is calculated after test.

2.3.2. Crack inducing
The specimen is supported on two concrete prisms, and force is

applied to the specimen through a half-cylinder iron indenter as
shown in Fig. 4. Distance between two supporting points at the
bottom of specimen is controlled to be 220 mm. The loading rate
is controlled at 10kN/min at the beginning. Loading rate is reduced
to 2kN/min when the load on specimen reaches 50kN. During load-
ing process, crack widths at the bottom of specimen are continu-
ously detected using crack width recorder at interval of 0.5 min.
Crack width is decided as the average of measurement values from
5 measured points. When the crack width reaches target value,
loading is terminated. If crack width does not satisfy experimental
requirement, loading rate is lowered and the crack width is
checked frequently with each additional 0.5kN until the crack
width meeting requirements. The difference between the mea-
sured crack width and that designed in orthogonal method should
not be larger than 5%. In this study, the crack only appears at the
bottom of specimen.

2.3.3. Freeze-thaw cycle test
Cyclic F-T loading is performed on concrete specimens for

groups 4 to 9. Process of F-T experiment is designed and rapid cyc-
lic F-T testing machine is used in reference with the requirements
of GB/T 50082-2009 [29]. Temperature range is controlled from
5 �C to �20 �C. One complete F-T cycle lasts 4 h and 150 times of
F-T cycles take about 25 days. Specimens are placed into rubber
boxes filled with water during F-T cycles. Liquid with high rate
specific heat capacity (75 wt.% ethylene glycol) flows in circular
T cycles and carbonation time in

vel 1 Level 2 Level 3

.00 0.10 0.20
75 150
10 20



Fig. 3. Experimental procedure for property evaluation of concrete.

Fig. 4. Crack inducing through loading.
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fashion around the rubber boxes, which can realize the freezing
and thawing for water and specimens.

According to the testing process shown in Fig. 3, compressive
strength will be measured for specimens after cyclic F-T loading,
then the carbonation and accelerated steel corrosion tests. In this
study, the specimens should be nondestructive when carbonation
and accelerated steel corrosion tests are conducted. However, tra-
ditional testing method for concrete strength using compression
machine will destroy the specimens. Therefore, ultrasonic-
rebound nondestructive method is adopted to test the specimens’
compressive strength after F-T cycles. And the rebound values
and corresponding ultrasonic wave velocities of each specimen
are tested after each 25 F-T cycles.

According to CECS 02: 2005 [38], compressive strength can be
calculated by

f ccu ¼ 0:0162v1:656R1:41 ð1Þ

where f ccu is compressive strength; v and R are ultrasonic wave
velocity and rebound value, respectively.

In addition, mass of concrete surface scaling is also tested. Cor-
responding change ratio can be calculate by

xc ¼ ðmc0 �mc1Þ=mc0 ð2Þ
wherexc is mass change ratio of concrete surface scaling;mc0 is ini-
tial mass of specimen after drying at 60 �C for 24 h in the drying
oven before F-T cycle; mc1 is mass of specimen after F-T cycles
and drying at 60 �C for 24 h in the drying oven.
In this study, compressive strength and surface scaling for spec-
imens in groups 7, 8 and 9 with 150 times of F-T cycles were tested
and calculated at 25 times interval. Average value for three speci-
mens in each group is regarded as representative one for perfor-
mance evaluation.

2.3.4. Carbonation
According to Table 3, groups 2, 3, 5, 6, 8 and 9 are needed for

carbonation test. In order to ensure samples in these groups with
the same initial state before carbonation, samples in groups 2, 3,
5 and 6 are dried at 60 �C for 24 h in an oven before putting into
carbonation test chamber. For samples in groups 8 and 9, they have
been dried at 60 �C for 24 h before surface scaling examination,
which can be used for carbonation test directly. According to stan-
dard GB/T 50082-2009 [29], specified samples in control groups
are put into an accelerated carbonation test chamber with
(20 ± 2)% CO2 concentration, (20 ± 2)�C temperature and (70 ± 5)%
relative humidity. Other specimens no need for carbonation would
be placed at the laboratory until carbonation test being completed.
In this study, carbonation effect is one of the influence factors on
rebar corrosion in chloride salt environment. And the action of
CO2 on reinforcement concrete structure should be in one-
dimension. Therefore, specimens are sealed around with paraffin
except bottom and top sides. Then, they are placed in the concrete
carbonation test chamber. In order to reduce the influence of con-
crete carbonation on nondestructive strength evaluation, the car-
bonation experiment should be conducted after F-T cycles
experiment and compressive strength test.

2.3.5. Electrochemical accelerated steel corrosion
The electrochemical nature of corrosion means that electro-

chemical techniques can be used to accelerate the corrosion behav-
ior of steel bars in concrete. In general, it will take long time to
observe the effect on concrete due to the slow corrosion process
of chloride ions. However, electrochemical accelerated corrosion
shows a more effective way to accelerate the corrosion process of
chloride ion [13]. The electrochemical accelerated steel corrosion
device and circuit connection are displayed in Fig. 5.

Nine groups of specimens are immersed into 6% NaCl solution
and used for corrosion experiment after crack inducing, F-T cycles
and carbonation. Firstly, the waterproof layers on steel bars are
removed before test. Then, the anode of direct current (DC) regu-
lated power supply is connected with four rebars in parallel mode,
while the cathode is connected with copper sheet immersed into



(a) DC regulated power supply
a

b
c

d
e f

(b) Anode (rebar)
(c) Cathode (copper sheet)
(d) 6% NaCl solution

(e) Specimen
(f) Plastic support

Fig. 5. Sketch of experimental setup for electrochemical accelerated steel corrosion.

Fig. 6. Mass change ratio of concrete surface scaling for groups 7–9 after F-T cycles.
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NaCl solution also in parallel mode. Finally, the system is electri-
fied for 24 h. The specimens should be immersed into chlorine salt
solution for 7 days to ensure that the chloride ions can penetrate
into interior of concrete under capillary action. Meanwhile, the
current density of steel is not higher than 30 A/m2, each branch
current is set as 0.12 A and voltage is 16.3 V.

After designed electrochemical experiment, concrete specimens
should be broken with compression machine and corroded steel
bars are taken out. The concrete dust on the surface of corroded
steel bars is removed and steel bars from all control groups are
placed into 12% HCl solution to dissolve the rust, and then put
them into Ca(OH)2 solution to neutralize the residual HCl liquid.
Steel bars are flushed cleanly with clear water and put into drying
device at 20 �C for 4 h. Mass of steel bars are tested using sensitive
balance after removing rust, the steel corrosion ratio can be calcu-
lated as

xs ¼ ðms0 �ms1Þ=ms0 ð3Þ

where xs is steel corrosion ratio; ms0 is the initial mass of steel bars
and ms1 is the mass of steel after removing rust.
3. Results and discussion

3.1. Mass of concrete surface scaling

The frozen layer forms firstly on the bare concrete surface due
to the effects of complex F-T environments and get deeper gradu-
ally. So the mass of concrete surface scaling represents the progres-
sive failure of concrete and it is the external behavior of F-T
damage. The mass of concrete surface scaling for groups 7–9 after
each 25 times of F-T cycles have been tested, corresponding change
ratio xc are calculated and shown in Fig. 6.

As can be seen from Fig. 6, the mass change ratio of concrete
surface scaling increases with the increasing of F-T cycles. It repre-
sents the damage of concrete occurs gradually under F-T effects.
However, the increasing rate for mass of concrete surface scaling
is decreasing along with the increasing of F-T cycles. Furthermore,
mass change ratio increases with increasing of crack width for con-
crete with the same F-T cycles, which reveals that crack width has
enhancement effect on F-T cycling caused damage of concrete.
Fig. 7. Compressive strength of concrete for groups 7–9 after F-T cycles.
3.2. Compressive strength of concrete

In this study, rebound and ultrasonic velocity values of speci-
mens in groups 7 to 9 after each 25 times of F-T cycles are tested.
Corresponding compressive strengths are calculated according to
Eq. (1). The results are shown in Fig. 7.

From Fig. 7, it can be concluded that concrete compressive
strength is decreasing with the increasing of F-T cycles. The con-
crete compressive strength decreases by 47.4% for group 7 after
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150 times of F-T cycles, and they are 32.3% and 39.1% for groups 8
and 9, respectively. Meanwhile, it can also be found that the
greater induced crack width is, the higher decreasing rate of com-
pressive strength caused by F-T cycles becomes. The reason for the
loss of concrete compressive strength lies in that pore solutions in
concrete undergo repeated freezing and thawing after each F-T
cycles. Concrete often suffers from sustainable extended internal
micro-cracks, surface scaling and loss of cover thickness on macro-
scopic scale.

3.3. Steel bar corrosion ratio

Steel corrosion has occurred after the designed electrochemical
experiment, which is shown in Fig. 8. Serious steel corrosion can be
observed at the place where cracks exist and uniform corrosion
presents at those without crack. And it can also observe that the
pit corrosion appears on the surface of steel bars and the rust has
already penetrated in concrete.

Steel bar corrosion ratio for each specimen is calculated by Eq.
(3). Average value for three specimens in each group is regarded
as representative value and listed in Table 4. Corresponding stan-
dard deviations are also calculated. The results can be used to ana-
lyze the influences of F-T cycles, carbonation and crack width on
durability of reinforced concrete. Comparative evaluations are con-
ducted based on RA, ANOVA and SRCCM, respectively.

3.3.1. Range analysis (RA) method
RA is an easy, intuitionistic, and effective method for orthogonal

experiment. This method can quantitatively analyze the sensitivity
of each factor [39]. In order to analyze the significant influence of
single-factor based on RA method, range (R) of experimental
results can be calculated by

Rj ¼ max Kj1;Kj2; . . .Kji; . . . ;Kjm
� �

�min Kj1;Kj2; . . .Kji; . . . ;Kjm
� � ð4Þ

where m is the number of levels, which is three in this paper. Rj is
the range for factor j, which represents the influence degree of
experimental results under different levels. The greater R is, the
more sensitive the factor is. Kji is the average value of ARSC for fac-
tor j at level i (i ¼ 1;2; � � �m), which can be obtained by

Kji ¼ Kji=m ð5Þ
here Kji is the sum of all the corresponding ARSC values for factor j
at level i (i ¼ 1;2; . . .m). Kji and Kji are process indicators for the cal-
culation of Rj.

Process indicators and results of range analysis in this study are
listed in Table 5.As can be seen from Table 5, three factors all con-
tribute to the corrosion of steel bars in concrete and the influence
Fig. 8. Corroded rebar after electrochemical experiment.
degree of corrosion increases with increasing of factor levels.
According to range results, R of crack width is larger than that of
other factors. Therefore, the variation of crack width has the great-
est effect on rebar corrosion. Meanwhile, the influence degrees of
three factors on rebar corrosion can also be ranked in the following
order: crack width, F-T cycles and carbonation. Therefore, exis-
tence of crack is the most harmful factor in this study that can
cause steel corrosion.
3.3.2. Analysis of variance (ANOVA) and post hoc multiple comparisons
3.3.2.1. ANOVA. RA method cannot evaluate experimental errors
and take full advantage of information provided by experimental
data. ANOVA is the statistical method most commonly used for
analyzing the contribution of each factor and factor interaction of
experimental results. It can take advantage of sums of squares to
separate the overall variance in the response into variances which
are caused by measurement error and processing parameters [40].
In this study, ANOVA and F-tests are conducted to determine sta-
tistically significant process parameters and present contribution
of influence factors on rebar corrosion.In ANOVA, square of
deviance SSj can be calculated by

SSj ¼ 1
r

Xr
j¼1

Xm
i¼1

yji

 !2

� 1
n

Xr
j¼1

Xm
i¼1

yji

 !2

ð6Þ

where m, n and r are the number of levels, control groups and fac-
tors, respectively. yji is experimental results of level i for factor j.The
error square of deviance SSe is given by

SSe ¼
Xr
j¼1

Xm
i¼1

y2ji �
1
n

Xr
j¼1

Xm
i¼1

yji

 !2

�
Xr
j¼1

SSj ð7Þ

And the estimate of variance can be calculated by

MSj ¼ SSj=df j ð8Þ
MSe ¼ SSe=dfe ð9Þ

where MSj and MSe are the estimate of variance for factor j and
error, respectively. df j and df e are corresponding degrees of freedom,
which can be obtained by

df j ¼ dfe ¼ m� 1 ð10Þ
F-Value can be calculated by

Fj ¼ MSj=MSe ð11Þ
Results of ANOVA in this study are listed in Table 6.F-Value is

used to determine whether the factor means are equal or not.
The larger F-Value is, the higher effect of factor is. In Table 6, F-T
cycles, carbonation and crack action are marked with A, B and C,
respectively. It can be found that FA > F0:01, FC > F0:01 and
F0:05 < FB < F0:01. The probability is 99% that factors of F-T cycles
and cracks possess significant effects on rebar corrosion. The prob-
ability is 95% that factor of carbonation is the significant influence
of corrosion.

According to ANOVA analysis, it is more likely that crack width
and F-T cycles have statistically significant effects on steel corro-
sion, but this does not mean that their effects are with larger mag-
nitude [41]. Therefore, Turkey’s HSD (honest significant difference)
test is used to perform post hoc multiple comparisons, which can
more favorably determine the significant effects of influence fac-
tors on rebar corrosion. In addition, regression analysis is also con-
ducted to determine the gradient of the regression line for steel
corrosion effect as a function of each factor.



Table 4
Average ratio of steel corrosion (ARSC) and corresponding standard deviation for each group.

Group No. 1 2 3 4 5 6 7 8 9

ARSC (%) 5.31 8.52 11.62 8.56 11.97 7.55 13.26 9.41 11.48
Standard deviation 0.57 0.56 0.76 0.65 0.48 0.35 0.60 0.44 0.48

Table 5
Process indicators and results of range analysis for influence factors.

Factors Crack width (mm) F-T cycles (times) Carbonation time (days) ARSC (%)

Group 1 0.00 0 0 5.31
Group 2 0.10 0 10 8.52
Group 3 0.20 0 20 11.62
Group 4 0.10 75 0 8.56
Group 5 0.20 75 10 11.97
Group 6 0.00 75 20 7.55
Group 7 0.20 150 0 13.26
Group 8 0.00 150 10 9.41
Group 9 0.10 150 20 11.48

Kj1 22.27 25.45 27.13
Kj2 28.56 28.08 29.90
Kj3 36.85 34.15 30.65

Kj1 7.42 8.48 9.04

Kj2 9.52 9.36 9.97

Kj3 12.28 11.38 10.22

Rj (%) 4.86 2.90 1.18

Table 6
Three-factor ANOVA and correlation level on rebar corrosion.

Source of variance Symbol SS df MS F-Value F0:05 F0:01 Significance

F-T cycles A 13.27 2 6.64 110.60 19 99 **

Carbonation B 2.29 2 1.15 19.10 *

Crack width C 35.65 2 17.83 297.10 **

Error 0.12 2 0.06

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.
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3.3.2.2. Turkey’s HSD test. Turkey’s HSD test is a single-step multi-
ple comparison procedure and statistical test. It can be used on raw
data or in conjunction with an ANOVA to find means that are sig-
nificantly different from each other [42]. In Turkey’s HSD test, HSD
value is the critical index to judge the significant effect of factor.
HSD critical value at a level can be calculated by

HSDa ¼ qaðm;df j Þ �
ffiffiffiffiffiffiffiffiffi
MSe
n

r
ð12Þ

where qaðm;df j Þ is studentized range; a is significant level; m is the
number of levels in each factor; df j is number of degrees of freedom;
MSe is the estimate of variance of error.In this study, the range value
Kj3 � Kj1 of factor j is calculated and compared with HSDa. If
ðKj3 � Kj1Þ > HSDa, factor j has a significant effect on steel corrosion.
Results of Turkey’s HSD test are listed in Table 7.As can be seen from
Table 7, range values of crack width and F-T cycles are larger than
HSD0:01, which reveal that crack width and F-T cycles present signif-
Table 7
Turkey’s HSD test results for influence factors.

Factor MSe q0:05ð3;2Þ q0:01ð3;2Þ

F-T cycles 0.06 8.28 19.00
Carbonation
Crack width

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.
icant effects at 0.01 level. Range value of carbonation is between
HSD0:05 and HSD0:01, which means that carbonation has significant
effects at 0.05 level. Moreover, range value of crack width is the lar-
gest one. The results of Turkey’s HSD test reveal that crack width
possesses greater effect on steel corrosion.

3.3.2.3. Regression analysis. Regression analysis is conducted to
quantitatively analyze and compare the effects of crack width, F-
T cycles and carbonation on steel corrosion by calculating the
regression coefficients (gradient of the regression line for steel cor-
rosion effect as a function of three factors). Considering that the
values of factors and ARSC have different units, the original data
(shown in Table 5) need to be standardized. Z-score method is
adopted for standardization, which can be calculated by

zi ¼ xi � l
r

ð13Þ
Kj3 � Kj1 HSD0:01 HSD0:05 Significance

2.90 2.68 1.17 **

1.18 *

4.86 **



Table 9
Regression coefficients for influence factors.

Factor F-T cycles Carbonation Crack width

Regression coefficient 0.50 0.20 0.83
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where xi and zi are data before and after standardization, respec-
tively; l and r are the mean value and standard deviation, respec-
tively.The normalized values of factors and ARSC and corresponding
Kji, Kji are calculated and listed in Table 8.The least squares method
is used for regression analysis. Three levels of each factor are trea-
ted as independent variables and corresponding Kji (i ¼ 1;2; . . .m)
are dependent variables. The calculated regression coefficients for
three factors are listed in Table 9.

In Table 9, crack width has the largest regression coefficient,
which reveals that the magnitude of its influence is the biggest.
Therefore, crack width presents the most significant effect on steel
corrosion in this study.
3.3.3. Spearman’s rank correlation coefficient method (SRCCM)
RA method and ANOVA are standard methods used in orthogo-

nal test. These two methods just consider the factors data (second
to forth columns in Table 3) as ‘‘signs” instead of independent data
associated with experimental results. So the factors data are not
calculated with experimental results in these two methods. In
order to analyze the correlation between 3 factors with steel corro-
sion in another way, data of levels for each factor are treated as sets
of independent variables X and experimental results are treated as
sets of dependent variable Y. Therefore, correlations between aver-
age ratio of steel corrosion with each of three factors can be eval-
uated based on SRCCM. This method is a numerical measure that
quantifies the extent of statistical dependence between pairs of
observations. Spearman’s correlation is nonparametric that its
exact sampling distribution can be obtained without requiring
knowledge of the joint probability distribution of X and Y, which
has a wide application range and fits well with the calculation of
correlation coefficient.

In the calculation of SRCCM, the correlation coefficient between
independent variable X and dependent variable Y can be calculated
according to the following process.

Step 1: data in X are sorted. A new set xi is created and assigned
the ranked values 1,2,3,. . .,n. While there are some same data in
X, the rank value of them are the same and calculated by
Table 8
Normal

Facto

Grou
Grou
Grou
Grou
Grou
Grou
Grou
Grou
Grou

Kj1

Kj2

Kj3

Kj1

Kj2

Kj3
x0i ¼
1
n

Xn
i¼1

xi ð14Þ
where x0i, xi, n are new ranked value of the same data, original
ranked value of the same data, number of the same data in X,
respectively.
ized values of factors and ARSC and corresponding Kji , Kji .

rs Crack width (mm) F-T cycles (tim

p 1 �1.15 �1.15
p 2 0 0
p 3 1.15 1.15
p 4 0 0
p 5 1.15 1.15
p 6 �1.15 �1.15
p 7 1.15 1.15
p 8 �1.15 �1.15
p 9 0 0

�2.75 �1.49
�0.26 �0.46
3.01 1.94
�0.92 �0.50

�0.09 �0.15

1.00 0.65
Step 2: data in Y are sorted. A new set yi is created and assigned
the ranked values 1,2,3,. . .,n. While there are some same data in
Y , the rank value of them are the same and calculated by

y0i ¼
1
n

Xn
i¼1

yi ð15Þ

where y0i, yi, n are new ranked value of the same data, original
ranked value of the same data, number of the same data in Y ,
respectively.

Step 3: Set dY;Xi
is calculated to represent the differences

between two rank columns (xi and yi).

Step 4: Set ðdY ;Xi
Þ2 is calculated to represent the square value of

dY ;Xi
.

Spearman’s rank correlation coefficient q can be computed by

q ¼ 1� 6
XN
i¼1

ðdY ;Xi
Þ2=N N2 � 1

� �" #
ð16Þ

where N is number of data in each set. In this study, N = 9.Compar-
ison between critical value (listed in Table 10) and q can be used to
judge the significance level.In this study, XA, XB, XC are the sets of
levels for F-T cycle, carbonation and crack width, respectively. Y is
the set of steel corrosion ratio. So the sets of ranks and dY;Xi

can
be calculated and listed in Table 11.

Based on the results in Table11, correlation coefficient between
each factor and experimental result can be calculated using Eq.
(16). The results are listed in Table 12.

As can be seen from Table 9, correlation coefficient between
crack width and steel corrosion ratio is the greatest, while carbon-
ation is the smallest. They reveal that crack width possesses the
most significant effect on rebar corrosion and carbonation has
the least one in these three factors.

In summary, the influence degrees of 3 factors including crack
width, carbonation and F-T cycle on rebar corrosion can be ranked
by crack width, F-T cycles and carbonation from big to small
according to the results of RA, ANOVA and SRCCM. The reasons
lie in that cracks are induced by loading, which make carbon diox-
ide infiltrate along fracture strike in damage layer more easily. The
CO2 can result in a more serious steepness of carbonation front
es) Carbonation time (days) ARSC (%)

�1.15 �1.75
0 �0.48
1.15 0.74
�1.15 �0.47
0 0.88
1.15 �0.87
�1.15 1.39
0 �0.13
1.15 0.69

�0.83
0.27
0.56
�0.28

0.09

0.19



Table 10
Critical value for N = 9.

Significance level 0.05 0.01
Critical value 0.600 0.783

Table 11
The results of the ranks and dY ;Xi

.

Y XA XB XC Rank Y Rank XA Rank XB Rank XC dY;XA
dY;XB dY ;XC

5.31 0 0 0.00 1 2 2 2 1 1 1
8.52 0 10 0.10 3 2 5 5 �1 2 2
11.62 0 20 0.20 7 2 8 8 �5 1 1
8.56 75 0 0.10 4 5 2 5 1 �2 1
11.97 75 10 0.20 8 5 5 8 �3 �3 0
7.55 75 20 0.00 2 5 8 2 3 6 0
13.26 150 0 0.20 9 8 2 8 �1 �7 �1
9.41 150 10 0.00 5 8 5 2 3 0 �3
11.48 150 20 0.10 6 8 8 5 2 2 �1

Table 12
Spearman’s rank correlation coefficient for influence factors.

Factor XA XB XC

Correlation coefficient 0.50 0.10 0.85**

** Correlation is significant at the 0.01 level.
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than other health layer and lead to steel bar corrosion easier. More-
over, existence of crack leads to a higher capillarity and osmotic
pressure in damage layer. Water and adverse ion solution can infil-
trate into concrete more easily. In addition, cracks will aggravate
the effect of F-T cycles and chloride penetration. Besides, existence
of crack reduces the isolation distance between steel bars and
external environment, which make steel bars expose to atmo-
spheric. And existence of crack is helpful for the diffusion of water
and oxygen. Cracks lead to a complex synergistic effect of other
unfavorable factors.

4. Conclusions

In this paper, the influences of crack width, carbonation and F-T
cycles on mass of concrete surface scaling, compressive strength
and rebar corrosion are investigated. Experimental scheme is
obtained based on orthogonal design, and nine groups of tests need
to be carried out. For crack width, it is induced by loading. Three
levels of crack width including 0.00 mm, 0.10 mm and 0.20 mm
are introduced. For carbonation time, three levels including
0 day, 10 days and 20 days are needed. For times of F-T cycles,
three levels including 0, 75 and 100 are conducted. In order to eval-
uate the properties of concrete, mass of surface scaling is calcu-
lated by the data before and after F-T cycles; concrete strength is
obtained based on ultrasonic wave velocity and rebound value;
and steel corrosion is conducted through the designed electro-
chemical accelerated method. Following conclusions can be
achieved:

(1) Mass of concrete surface scaling possesses positive correla-
tion with times of F-T cycles. However, the growth rate
becomes smaller with the increasing of times of F-T cycles.
Besides, presence of crack presents enhancement effect.

(2) Compressive strength of concrete possesses negative corre-
lation with times of F-T cycles and decreases by 40% after
150 times of F-T cycles. In addition, the higher value of
cracks width is, the higher decrease rate of compressive
strength along with F-T cycles presents.
(3) The influences of F-T cycles, carbonation and crack width on
steel corrosion ratio are demonstrated based on RA, ANOVA
and SRCCM, respectively. According to RA method, R of steel
corrosion ratio caused by crack width is 1.68 times of F-T
cycle and 4.12 times of carbonation. Based on ANOVA
results, the probability of significant effect is over 99% for
both crack width and F-T cycles, while the F-Value of crack
width is 2.69 times of F-T cycles. Turkey’s HSD test and
regression analysis results reveal that crack width presents
the most significant effect on steel corrosion. For SRCCM,
correlation coefficient of crack width is 1.70 times of F-T
cycle and much larger than carbonation. As can be con-
cluded through results of these methods, crack width pos-
sesses the most significant effect on rebar corrosion, while
carbonation possesses the least one.
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