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Synopsis

This paper studied experimentally and analytically the tension stiffening and cracking behavior of
corroded uni-axial RC members. Eighteen RC members of 2.0m in length were prepared for the
experimental tests and thirteen of them had experienced different levels of impressed current
deterioration. Test variables included rebar type, rebar diameter, and transverse confinement
condition. The steel corrosion and cracking distributing properties, corrosion-induced bond loss, and
the corrosion-induced tension stiffening deterioration were investigated in details. It was found
through the tests that the localized deformations, namely the corrosion-induced cracks and
it-affected loading cracks, are highly correlated with the un-uniformity of steel corrosion. Moreover,
it was concluded that, compared to the losses of steel cross-section and effective concrete cover, the
bond loss-induced tension stiffening deterioration may be not a critical factor responsible for the
global stiffness loss of corroded RC members.

Further careful analysis based on a discrete modeling approach was performed to quantitatively
clarify the relationship between the tension stiffening deterioration and the corrosion-induced bond
loss. It was understood through the analysis that the corrosion-induced bond loss may not cause
severe tension stiffening loss except when the steel corrosion is extremely severe. The reason is that
the tension stiffening reflects the coupled effects of many factors like the crack spacing,
corrosion-induced reinforcement ratio loss, and the bond deterioration. This analytical finding
coincided well with the experimental one. On the other hand, analysis also showed visually that the
increase of the localized crack width induced by the steel corrosion should be a major concern for
the structural performance deterioration of the corroded RC members related to the serviceability.

This research provides information useful for the appropriate evaluation of the remained

serviceability of corrosion-deteriorated RC structures in practice.
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Cracking and Tension Stiffening Behavior of Corroded RC Members

1. Introduction

Corrosion of steel reinforcement due to chloride attack
is a severe problem for the port reinforced concrete (RC)
structures. It leads to cracking of concrete, reduction of
steel cross-section, loss of bond strength between steel
reinforcement and concrete, and eventually loss of
structural safety. Unfortunately, in practice the time to
corrosion initiation in port RC structures proves to be
short compared to their expected service life. Therefore,
it has a great necessity to evaluate the current and to
predict the future structural performance deterioration of
corroded RC structures in order to formulate optimized
life cycle management strategies. Generally, two major
topics are addressed for these corrosion-deteriorated RC
structures. One is to study their remained safety in terms
of the residual strength and ductility, in which cases the
loss of steel cross-section and the change of failure
mechanisms may be primary concerns. Another is to
study their remained serviceability in terms of the
cracking propagation and stiffness degradation, which
are main focuses for discussion in this paper.

Tension stiffening of concrete after cracking is one of
the that the
the

serviceability. Extensive tests and theoretical modeling

most important factors influence

performance of RC members concerning
have been conducted to investigate the relationship
between the steel corrosion level and the bond strength
loss between the steel reinforcement and concrete
(Auyeung et al. 2000; Coronelli 2002; Lee et al. 2002;
Fang et al. 2004; JCI Report 2004; Lungren et al. 2005a,
2005b; Aramasa 2005; Amleh and Ghosh 2006; JSCE
Report 2006). However, it is noticed that only limited
databases on the corrosion-induced tension stiffening
deterioration are available up to now (Amleh and Mirza
1999; Matsuo et al. 2001; Kato et al. 2003). In the
meantime, the quantitative relationships among the
tension

corrosion-induced bond loss, the average

stiffening  deterioration, and the global stiffness
degradation remain un-clarified.

Crack width is another serviceability-related concern
for RC members. A lot of models have been developed
to predict the corrosion-induced crack widths. Moreover,
experimental studies have also been performed to study

the crack dispersing properties in corroded RC members

under mechanical loading (Kato et al. 2003, 2006).
shall be that the

corrosion-induced or affected cracks are involved in

However, attention paid to
large scatters that are caused by many uncertainties such
as the un-uniformity of steel corrosion. When the crack
width is used as an index for serviceability evaluation or
an input for predicting the further deterioration of the
structural performance of corroded RC members, it has
obvious necessity to understand its distributing
characteristics from a more localized point of view while
considering the un-uniformity of steel corrosion. In the
past, only few investigations focused on this aspect
(Okazaki et al. 2003).

Regarding this background, a test program for a series
of un-corroded and corroded RC tensile members was
performed in this paper with focuses on the following
two topics: (1) to study corrosion-induced crack widths
and it-affected crack widths under external mechanical
loading by correlating them to the un-uniformity of steel
corrosion; and (2) to study corrosion-induced bond loss
and the way by which it influences the global tension
stiffness. In addition, the paper also performed careful
analysis based on a discrete modeling approach to
the of

un-corroded and corroded RC members subjected to

reproduce cracking distributing behavior
uni-axial loading, also to simulate the tension stiffening
behavior of cracked concrete, which plays a bridging
role in linking the corrosion-induced bond loss to the
global member stiffness degradation of corroded RC

members.

2. Experimental Program

2.1 Experimental Materials and Specimens

Eighteen uni-axial RC members with a 150x200mm
rectangular section and 2.0m in length were prepared for
Fig.1) Test
reinforcement type (D19-1, D19-2 and D25), transverse
confinement ratio (none, D6@150mm, and D6@75mm),
and steel corrosion level (the actual average steel mass
loss varied from 0.0% to 12.3%). The used concrete had

a compressive strength of about 40 MPa at the age of

tests  (see variables included steel

testing. Tables 1 and 2 present the mixing proportion of
concrete and the mechanical properties of all used steel

reinforcement, respectively. The steel DI19-1 was
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Fig.2 Loading System

screwed deformed (NEJI TEKKON) type while the Table 3 Summary of All the Tested Specimens
remained were normal deformed type. The ribs of Code | ¢ Steel reinforcement C. (%)
screwed and normal deformed bars were diagonal and T (MP2) | Longitudinal | Transverse 0.00
vertical, respectively, to their axis and the height of ribs T12 0.66
in the screwed deformed bar was comparatively large. T1-3 393 Non 2.85
. one
Summaries of all the specimens are provided in Table 3. T1-4 248
T1-5 D19-1 5.55
. ) T1-6 10.60
Table 1 Mixing Proportion of Concrete T1-C1-1 D6@ 0.00
Goax | WIC| Amount (kg/m’) TI-C12 0 150mm | 12.26
(mm) | (%) wlc| S G AE T1-C2-1 ' D6@ 0.00
20 | 56.5]0.43 | 160 | 284 | 790 | 1080 | 0.568 T1-C2-2 75mm 10.89
Note: G, =maximum size of coarse aggregates; W = T2-1 0.00
water; C = cement; S = sand; G = gravel; s/a = sand to 12-2 D19-2 None 1.79
gravel ratio; and 4 E=air-entraining admixture additive. ;;j 1(2)243‘
a1 39.6 0.00
Table 2 Properties of Steel Reinforcement T3-2 D25 None 1.14
T E, 7 7 T3-3 2.17
ype (N/mm?) | (N/mm?) | (N/mm?) T3-4 10.92
D19-1 190 362 418 Note: £, = compressive strength of concrete; and C, =
D19-2 206 378 539 mean steel mass loss.
D25 206 388 542
D6 - 401 474

Note: £, =Young’s modulus; f,=yielding strength; and 2.2 Impressed Current Deterioration

£, = fracture strength Among the tested eighteen RC members thirteen were
u .
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introduced corrosion using impressed current method
(see Fig. 1). Each of them was accelerately deteriorated
to a certain corrosion level, which was controlled by
monitoring the corrosion-induced crack width at the
surface of concrete. It should be mentioned that two end
parts 50 mm in length of each specimen remained

un-corroded for the purpose of performing loading test

as shown in Fig. 1. After finishing the
corrosion-introducing process, the crack widths on the
concrete surface were carefully read along the

longitudinal dimension of corroded RC members with a
comparatively small interval of 100 mm, so that the
distributing properties of steel corrosion could be

evaluated.

2.3 Loading System

A load-controlled test system shown in Fig. 2 was
applied to perform the uni-axial tensile tests for all
un-corroded and corroded RC members. During the
the

deformation within the testing span (2.0 m) of each

experiments, load and corresponding tensile
specimen were recorded. Also, an array of transducers
(7 gages) were attached on the surface of each tested
specimens to trace the occurrence and propagation of
tensile loading cracks. Concerning the interval applied
for observing steel corrosion, the gage length for all the

transducers was also taken as 100 mm.

2.4 Evaluation of Steel Corrosion

After loading tests, all the tested specimens were
demolished and then the steel reinforcement was
removed from the concrete and cut into many small
pieces 100 mm in length. After that these small pieces
were measured their mass losses after the surface
treatment with sandblasting and 10% diammonium
hydrogen citrate solution. Since the same short length
100 mm was applied for the evaluation of corrosion
levels (steel mass losses), corrosion-induced cracks,
and the cracks in the RC members under mechanical
loading, it was possible to investigate their distributing
characteristics along the specimen dimensions as well
as to see the correlations between the steel mass loss
and the corrosion-induced crack width and it-affected
loading crack width from a viewpoint of localization of

the steel corrosion.

3. Test Results and Discussion

3.1 Un-uniformity of the Steel Corrosion

The un-uniformity of steel corrosion is a typical
characteristic of corroded RC members and also an
important input for the analysis of both stiffness and
strength  deterioration. Figure 3 presents the
experimentally obtained distribution of steel corrosion in
terms of the local steel mass loss for all thirteen
corroded RC members. Data of eighteen steel segments
from each specimen are included (data for two segments
at the ends of each specimen were removed) and the
All

the corroded RC members show significant variations in

detailed datasheets can be found in Appendix I.

their local steel mass losses over their whole testing
spans. In addition, the normal distribution function
seems appropriate to describe this un-uniformity as
shown in Fig. 4. A larger average steel mass loss, in
other words, more severe corrosion usually is
accompanied with a greater standard deviation (S.D) but
a smaller coefficient of variation (C.O.V) and vice versa
(see Fig. 4). This observation is similar to that reported
for natural corrosion case (Kato et al. 2006). Figure 5
the of
introduced in the laboratory condition and that observed

in the natural condition. It is indicated that the C.O.V of

compares un-uniformity steel corrosion

the remained steel section increases with the average
steel mass loss in both cases, implying that the statistical
distributing properties in artificial and natural corrosions
are approximately similar. However, the un-uniformity
in natural corrosion case is about 1.7 times of that in the

artificial corrosion case based on the current database.

3.2 Corrosion-Induced Cracks

During the impressed current deterioration process, a
main longitudinal corrosion crack was usually observed
at one of the four sides of each corroded specimen. After
the the

uni-axial tensile test, these corrosion-induced crack

corrosion-introducing process and before
widths at the concrete surface were carefully recorded
(see the datasheets in Appendix II). Taking T3 series as
an example, Fig. 6 shows the distribution of the
corrosion-induced crack widths at the concrete surface in
comparison with that of steel mass losses. It is seen that

the peaks of localized steel mass loss and the surface
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Fig. 6 Distribution of Corrosion-Induced Crack Widths

corrosion cracks coincide well with each other along the
longitudinal dimension of the tested members. That is
the reason why many researchers have treated the
corrosion-induced crack width at the concrete surface as
an index of corrosion level in corroded RC members. As
a result, numerous models have been developed to
predict the relationship between the corrosion crack
width and the mass loss of corroded reinforcement (JCI
Report 2004). Most of existing models show that the

propagation of corrosion follows a behavior like Eq. (1):

Aw = yAd )

where Aw = the increment of corrosion crack width; Ad,
= the loss of reinforcement diameter; and y= a constant
related to the reinforcement diameter, concrete cover
thickness, and the type of corrosion products. A simple
solution for y is to assume that increase in the volume
of concrete cracks equals the volume of the corrosion
products produced when the diameter of rebar is
decreased by Ad,. As a result, the following expression

can be obtained:
d. /2
(———+DcAw=(a-Dmd Ad,
d, /2+c,

where « = the ratio of the density of the rust product to

2

that of normal steel; and c. = concrete cover thickness.
The diameter loss Ad; can be expressed by the steel mass
loss C, using the following equation:

Ad, =(1-1-C,)d,

Figure 7 shows the relationship between the localized

)

steel mass loss and the local corrosion crack width that
was the summing up of all crack widths at the four sides
of each specimen at any locations. The above-mentioned
simple assumption seems to be able to describe
reasonably the linear relationship between the corrosion
crack width and the steel mass loss in spite of the scatter.
The values of a are 3.0, 3.9, 2.7 for T1, T2, and T3 test
series, respectively, based on linear regression. The
different « values in the cases of T1 (D19-1) and T2
(D19-2) that the rib of

reinforcement may have an influence on the formulation

series indicate shape
of corrosion cracks. Also, in case of impressed current
method, leakage of rust product from the corrosion
cracks may occur. As a result, actual volume of

corrosion products to cause expansion may be different
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in cases of different rebar diameters since they cause
different corrosion crack widths. That is the possible
reason for different o values in T2 (D19-2) and T3
(D25) series. Unfortunately, the correlation of corrosion
crack width with the steel mass loss seems unclear once
the transverse confinement is available (see T1-C series
in Fig. 7), implying the applicability of the corrosion
crack width as a quantitative index to evaluate the steel
still the

conditions in actual corroded RC members are much

corrosion is limited since confinement

more complex.

o
A

o T2 series exp.
A T3 series exp.
= == T2 prediction

T1 series exp.
T1-C series exp.
T1 prediction
T3 prediction

Corrosion crack width (mm)

5 10 15
Local steel mass loss (%)

Fig. 7 Relationship between the Steel Mass Loss and the
Corrosion-Induced Crack Width

3.3 Distributing Properties of Cracks Formulated
under Mechanical Loading

Figure 8 presents the relationship between the steel
corrosion level and the maximum crack width, which
can be an important index of the remained serviceability.
The loading cracks at the same average strain 0.2% of
the testing span were chosen for the purpose of
comparing all the specimens together. As expected, the
crack width increases obviously with the steel corrosion
level except when the transverse confinements are
available (see Fig. 8). The increase is more significant
in cases of T1 and T2 series than that in T3 series. In
other words, the effect of corrosion on the loading crack
width is less significant in cases of high reinforcement
ratios. Comparing the testing series T2 to T1, the latter
of which had a larger rib height as presented in Section
2.1, it that the
reinforcement (T1) suppressed the maximum loading

is shown screwed deformed
cracks in those un-corroded RC members. On the other

hand, its crack-bridging ability lost more rapidly

8
’g 7 L —e—Tlseries —— T1-Cl1 series
£ —0—T1-C2 series —m— T2 series
= | —a—T3series
25
’ 4
e
Q
5 3
)
£
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Fig. 8 Influence of Corrosion on Loading Crack Width
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Fig. 10 Effects of Corrosion on Mean Crack Spacing

once a heavy corrosion occurs (see Fig. 8). In addition,
the peaks of the loading crack widths generally coincide
well with those of localized steel mass losses as shown
in Fig. 9, indicating that these maximum crack widths
always occur at the locations where heavier steel mass
beside  the

corrosion-induced bond loss, the un-uniformity related

losses are  induced.  Therefore,

to the localization of steel corrosion is considerably a
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major factor that influences the loading crack widths in
corroded RC members. Fig. 10 shows the relationship
between the steel mass loss and the mean crack spacing.
For both T1 and T2 testing series, the reinforcement
ratio of which is about 0.96%, the mean crack spacing
increases remarkably with the steel mass loss. However,
for T3 test series with a reinforcement ratio of 1.65%
and a decreased ratio of the concrete cover thickness to
steel diameter, this increase is not very significant even
though the steel mass loss increases up to 10.53% (see
Fig. 10). So the effects of corrosion on the crack spacing
probably are more remarkable in cases of a low ratio of
reinforcement or a large ratio of concrete cover thickness
to steel diameter. On the whole, the good correlation
among the maximum loading crack widths, crack
spacing, and the steel mass loss indicates that localized
cracking properties in corroded RC members are

strongly related to the un-uniformity of steel corrosion.

3.4 Corrosion-Induced Bond Loss
Change of crack widths and crack spacing in the
loaded corroded RC members can be mainly attributed
to the corrosion-induced bond loss. If the bond stress
distribution between two adjacent cracks is assumed to
be uniform, the relationship between the average bond
stress and the mean crack spacing can be expressed as
follows:
4,
4]
where 7= the average bond stress between two adjacent

“4)

cracks; f, = the yielding strength of rebar; and / = the
average crack spacing. Eq. (4) shows that the average
bond stress is inversely proportional to the average crack
spacing. Assuming that 7, is the bond strength in cases
of un-corroded RC members and using Eq. (4), it is
possible to plot the relationship between the residual
bond strength 7/7; and the steel mass loss C; in Fig. 11.
For all the tested RC members except T2 series, the
formulation on corrosion-induced bond loss proposed by
JCI-C64 provides a safety margin regardless of the large
scatter and provides a best prediction for T1 series. As a
result, the JCI-C64 formulation shown in Fig. 11 is used
to simulate the T1 test results in the latter analytical part.
However, it is noticed that very few bond losses

occurred as the result of corrosion if there was transverse

reinforcement available. Hence the steel mass loss may
not always be a good parameter to evaluate the bond loss
of the interface between the corroded reinforcement and
concrete since it may depend more or less on the
transverse confinement existing around the main
reinforcement in practice. To solve this difficulty, Fig.
12 plots the relationship between the bond loss and crack
width of concrete induced by corrosion putting the
confinement and no confinement cases together. It is
found that an approximately linear relationship between
the corrosion-induced crack width at the concrete
surface and the residual bond strength can be obtained.
Therefore, the corrosion-induced crack width may
provide a better parameter than the steel mass loss
through which the residual bond strength can be
evaluated. In practice, inspection of the concrete surface
cracks may provide good information for the evaluation
of the remained bond of the steel reinforcement to
concrete although it may not be able to reflect the steel

corrosion level correctly as discussed in Section 3.2.
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3.5 Corrosion-Induced Tension Stiffening Loss

Taking the T1 (without transverse confinement) and
T1-C (with transverse confinement) series for example,
Figs. 13 and 14 show the relationships between the
tensile load and the average strain of concrete for these
two test series, respectively. Clearly, the load at the same
average tensile strain after the concrete cracking
decreases with the increase of corrosion level, indicating
the deterioration of the global tension stiffness of
corroded RC members. This tension stiffness loss is
considerably attributed to the following three factors: (1)
corrosion-induced reduction of steel cross-section; (2)
damage in concrete cover like the corrosion-induced
micro or macro-cracks; and (3) corrosion-induced
reduction of bond strength between the steel
reinforcement and  concrete.  Theoretically, the
relationship between the average tensile strain and the

tensile load can be expressed as follows:

gcr

P=E Ae¢

s~ aver

+ P, (—)F (5.2)

aver

Rﬁr = f;‘Ac,e (Sb)

where P = tensile load; Eg= elastic modulus of steel
reinforcement; 4, , 4. . = effective cross-section of
steel reinforcement and concrete, respectively; P, =
tensile load at the first crack of concrete; &, = strain of
concrete at first cracking; &, = average tensile strain of
tested specimens; and ¢ = tension stiffening factor taking
into account the bond characteristic of steel
reinforcement, and usually ¢ = 0.4 for normal deformed
bars and larger ¢ means a worse tension stiffening effect.
At the right-hand side of Eq. (5.a), the first part reflects
the effects of corrosion-induced steel cross-section loss
on the global tension stiffness deterioration. The second
part reflects the tension stiffening effect contributed by
the effective tensile area of concrete between two
adjacent concrete through the bond, which is
well-known to structural engineers. As shown in Eq.
(5.a), this tension stiffening part relies on the first
cracking load in terms of the tensile strength of concrete
and the effective tensile cross section of concrete, and
the tension stiffening factor ¢, which is supposed to be

influenced by the corrosion-induced bond loss.
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Using Eq. (5) it is possible to obtain the relationships
between the average tensile strain and tension stiffening
effects as plotted in Figs. 15 and 16 for T1 and T1-C
series, respectively. The different peaks Pcr in these
curves indicate that the effective tensile areas of concrete
cover are different under different corrosion levels. The
possible reason for this is that the steel corrosion
induced some irregular crack surfaces in the concrete
cover which resulted in the stress uniformity in concrete
under the tension loading. When the mechanical
behavior of corroded RC members under loading is
modeled, this type of non-homogeneity in concrete can
be expressed using reduction of effective concrete cover
for the simplicity. Otherwise, three dimensional
simulations may be required to first reproduce the
formulation of corrosion-induced crack surfaces in the
concrete cover, and then these preloading damages can
be input for further loading analysis. That is beyond the
objectives of this study but remains for further research
interests. In this paper a simple bi-linear relationship
between the reduction factor of effective concrete cover
and the mean steel mass loss has been applied based on
back-calculation of the test results as shown in Fig. 17.

According to Eq. (5), if all the tension stiffening
curves shown in Figs. 15 and 16 are normalized by their
peak loads Pcr, respectively, the effects of corrosion on
the tension stiffening factor can be obtained as plotted in
Fig. 18. It has to be recognized the difficulty in
concluding any clear differences between those
un-corroded (solid points) and corroded (void points)
RC members in terms of their normalized tension
stiffening, or in other words, their tension stiffening
the

Qualitatively, it was usually thought that worse bond

factors ¢, within applied corrosion levels.
leads to deteriorated tension stiffening. To interpret well
the observed experimental results in Fig. 18, it is
necessary to know the quantitative relationship between
the steel corrosion-induced bond loss and the bond
loss-induced tension stiffening, which is an issue to be
solved in the analytical part of this paper.

On the whole, the observed tension stiffness loss of
corroded RC members can be merely explained in terms
of the corrosion-induced steel cross-section reduction
and the reduction of effective tensile area of concrete

cover. However, within the applied corrosion levels in

this test, the steel corrosion seems to have marginal

effects on the tension stiffening factor.
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4. Analytical Programs

To have insightful understanding on the experimental
results, careful numerical analysis based on a discrete
modeling approach were performed. The main purposes
are to reproduce the localized cracking behavior in
the
to clarify

corroded RC  members taking into account

corrosion-induced bond loss, and also,
quantitatively how the corrosion-induced bond loss
influences the tension stiffening factor and explain the
mechanisms behind the experimental observation. The
discrete approach rather than FEA method was chosen
because of its strong ability in modeling the discontinuous

deformation in concrete like the localized cracks.

4.1 Brief Introduction of the Analytical Tool

The used analytical program was a two-dimensional
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one based on rigid body spring network (RBSN) method.

RBSN method offers the advantages of describing the
discontinuity in material such as cracking, the
formulation and distribution of which depends strongly
on the bond between steel and concrete. It was first
developed by Kawai (1977) and has been extended for
analyzing concrete fracture and RC members (Bolander
and Saito 1998, 1999; Saito and Hikosaka 1999;
Bolander and Le 1999; Nagai et al. 2004, 2005). In this
approach concrete are modeled as rigid particles linked
with each other through a network of springs at their
boundaries. Link elements, which have normal, shear
and rotational stiffness, are used between concrete
particles and the reinforcement to represent the bond-slip
characteristics (see Fig. 19). Each concrete particle has
three degrees of freedom (u,v and 0) at its gravity center.
The steel reinforcement is represented as a series of
beam elements, each node of which has three degrees of
freedom in the axial, shear and rotational directions. To
avoid meshing bias, concrete elements are randomly
discretized using Voronoi diagrams (Bolander and Le
1999).

4.2 Description of Implemented Constitutive Laws
The response of the concrete elements is represented
using normal and shear springs of zero size at
boundaries between neighboring particles (see Fig. 20).
The compressive response of the normal springs is given

in Eq. (6.a~c).

G:{E{;—E(& 280 258 (o
f. —(e—=¢&)f. e, —&)--&~ &

& =2f. /E, (6.b)
gcu = 2ch /(f‘c'h) + 80 /2 (60)

where 4 = the distance between gravity centers of two
neighboring particles; and G, = compressive fracture
energy of concrete, which can be taken as 8.8f,"’
(Nakamura and Higai 1999). Normal spring in tension is
assumed to be linear elastic up to concrete’s tensile
strength f; , which is calculated using the equation f, =
0.23/.”" based on JSCE code. The spring stiffness is
related to concrete’s elastic modulus and Poisson’s ratio

as defined by Kawai (1977). The tension softening
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model proposed by Reinhardt et al. (1986) was used to
describe the behavior of the normal springs after the

tensile strength is reached and is given as:

O;" 4,678, Jexp(-c,5/5,)

Jt

(7
—(8/8,)(1+¢, ) exp(—c;,)

where ¢;=3.0; ¢c;= 6.93; and J= opening displacement
between two concrete particles. The maximum opening
displacement &), which corresponds to the free tensile
stress, is determined based on the Eq. (8), in which
fracture energy of concrete is determined by following
the CEB-FIP code (1990):

G
5, =5.14—L

t

(®)

The constitutive law developed by Saito and Hikosaka
(1999) was applied for the interface shear spring
between two concrete particles. In this model, the shear
springs of un-cracked interfaces are linear elastic up to
the yield surface, which is determined according to the
Mohr-Coulomb criterion (as shown in Fig. 21). For a
cracked interface, an exponential decayed shear
softening model was employed after reaching the yield
surface and a decreasing factor is introduced to consider
the effects of the crack width on the interface shear
stiffness and the shear softening. An elastic-perfectly
plastic relationship was assumed for the steel (see Fig.
22). For the convenience the section of corroded steel is
kept constant in the analytical modeling. Instead, the
elastic modulus and yielding strength of corroded steel
were considered to change with the steel corrosion level

as follows:
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Sl [, =1.00-K ; -C 9

E,/E, =100-K, C, (10)

where f,., E, , and fy, , E;, = the yielding strength and

elastic modulus of corroded and healthy steel
reinforcement by assuming that there is no change in
their cross section in the modeling; C; = the mass loss of
steel in percentage; and K, was reported to vary between
0.34 and 2.5 while Kz was reported to vary between
0.83~2.3 (JSCE, 2006). In this paper, K; and K are
simply taken as 1.0.

Bond between steel reinforcement and concrete is
expressed using classical bond-slip expression proposed
in CEB-FIP (see Fig. 23), where 1z, o, S, S2 and S3 are
taken as 0.3, 0.4, 0.05, 0.6 and 1.0, respectively, through
fitting the test results. The maximum bond stress 7, is

determined using Kemp and Wilhelm (1979)’s model:

r =K, (055+0245)+0.19 A an
‘ db Ss(jb

where C./d), = cover to bar diameter ratio; 4,, f,,, and s, =
the section, yielding strength, and the spacing of
the

bond decay factor due to corrosion and was calculated

transverse reinforcement, respectively; and K., =

by the following formulation as has shown in Fig. 11:

K., = o 807C (12)
where C; is corrosion-induced average steel mass loss in
percentage.

5. Analytical Results

5.1 Comparison of Cracking Behavior: Experimental
and Analytical

Figure 24 shows the meshing information of the
analyzed specimens and the obtained crack distributing
patterns of RC members after steel reinforcement
yielded but at the same average strain level. Several RC
specimens without transverse confinement but with
typical corrosion levels (steel mass losses) applied for
the tests were chosen here for presentation in order to
compare more clearly the effects of bond on the crack
distributions in the un-corroded and corroded RC

members. The crack widths were enlarged 20 times for a
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clear view. Similar to the experimental results, the
number of cracks (black parts in Fig. 24) formulated
during the mechanical loading decreases with the
increase of corrosion level in the analysis. On the other
hands, the analysis shows visually that the increased
mean crack spacing leads to increased crack widths in
the corroded RC beams at the same global deformation
Those

comparatively dark color is seen, appear reasonably at

level (average strain). locations, where
the mid of two adjacent cracks as theoretically expected,
indicating higher tensile stresses in concrete over there.
Compared to the experimentally observed crack patterns
(see Fig. 25), the analysis also gives reasonable
prediction for both un-corroded and corroded members
in terms of their number of formulated cracks. However,
it should be mentioned that the longitudinal corrosion
cracks (dotted lines) shown in Fig. 25 could not be
reproduced since the analysis was two-dimensional
based and the pre-loading corrosion-induced crack
surfaces could not be directly input into the analysis.
Since the maximum corrosion-induced steel mass loss
applied in the unconfined RC members was 10.6%,
which corresponds to about 50% of original bond
according to the Eq. (11). Analysis on one more case
with a 20% steel mass loss was performed. Analytical
results shows that the RC tensile member failed due to
the insufficient anchorage length without the occurrence
of any cracks over the whole testing span because of the

poor interface bond (see the last case in Fig.24).

5.2 Comparison of the Global Tension Stiffness:
Experimental and Analytical
of the

load-average tensile strain responses and the average

The experimental and analytical results
tensile stress-strain relationships are presented in Figs. 26
and 27, respectively. Only three specimens T1-1, T1-3 and
T1-6, which represent three different corrosion levels
applied in the tests, are presented in these two figures for
a clearer comparison. At first, the un-corroded RC
member T1 was analyzed. The reasonable agreement
between the experimental and analytical results proved
the soundness of this analytical program. Then the
program was used to analyze the corroded RC members.
It was observed in the experiments that the first-cracking

tensile loads of the corroded RC members were always

Meshing of specimens
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much lower than that of un-corroded one. At first the
reduction factor of the effective concrete cover as
shown in Fig. 17 was introduced to simulate this
deterioration. Since it was not convenient to modify the
section area of concrete in the meshing process, as an
alternative solution in the analysis, the same reduction
factors were introduced to the tensile strength while
keeping the effective concrete cross-section constant.
As a consequent, if the tension stiffening behavior of
cracked concrete is expressed by the average tensile
stress-strain curves (see Fig. 27) in experiments and
analysis, the appeared peaks of these curves are not
unique and they are different from the actual tensile
strength of concrete. As expected, the analytical
strain curves (Fig. 26) or

load-average tensile
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the tension stiffening curves (Fig. 27)show acceptable
coincidences with the experimental ones (see Ana.l
cases in Figs. 26 and 27). However, a remained interest
in the analysis after fitting the experimental results was
on the issue of whether attributing the tension stiffening
deterioration merely to the loss of effective concrete
cover rather than the bond loss is true or not. To see
whether the bond loss induced by a severe corrosion
results in the decrease of the appeared concrete strength
in the average tensile stress-strain curves giving a
constant effective concrete cover, pair analysis was
conducted for the specimen T-6 (10.6 % steel mass loss).
It was interestingly found that analytical load-deformation
response and average tensile stress-strain curve fit
reasonably with the experimental ones if a bond decay
factor K., = 0.90 was introduced in analysis (see Case
Ana. 2 in Figs. 26 and 27). A further insightful
investigation into the failure mode indicated that the
corroded RC member with the 90% bond loss would fail

in anchorage zone without occurrence of any cracks

within the testing span like the T1-X in Fig. 24. The
reality in the actual tests, however, was that specimens
T1-1~6 that had the steel mass losses varying from 0.7%
to 10.6% did not encounter any anchorage failure and
multi-cracks were observed in these specimens in the
experiments as presented in Fig. 25. In addition, the
bond loss measured indirectly from the tests for the
specimen T1-6 was only about 50% as shown in Fig. 11.
Therefore, the pair analysis verified that to reduce the
effective concrete cover was a correct mechanism to
explain why the appeared tensile strength of concrete in
the average tensile-stress relationship was decreased in
the corroded RC members. In the past efforts were
the

influences the bond between the steel reinforcement and

mainly focused on studying how corrosion
concrete. However, more efforts may be needed to
model the spatial distribution of corrosion—induced
initial stress and micro and macro-cracks inside the
concrete cover, and also, to quantify their influences on
the mechanical behaviors of concrete cover itself from a
three dimensional point of view.

On the other hand, the above-mentioned pair analysis
for the specimen T1-6 tells that the appeared tensile
strength of concrete may be much lower than the actual
tensile strength of concrete in the uni-axial tests for the
corroded RC members if there are no firm anchorages at
the ends of the specimens and if the bond between the
reinforcement and concrete is very poor. In other words,
the testing boundary conditions applied at the end of
corroded tested RC members may affect the calibration
of tension stiffening deterioration curves. In order to
remove the effects of bond on the appeared tensile
strength of concrete in the uni-axial test, strong
anchorages that can prohibit the slips between the steel
reinforcement and concrete at the ends of specimens
may be necessary, so that the obtained first-peak tensile
load in the uni-axial tests can reflect more directly the
influences of corrosion on the reduction of the effective
concrete cover, and in the meantime, the descending
parts of the load-deformation curves can reflect directly
the effects of bond on the tension stiffening. For
un-corroded RC members under the uni-axial tensile
tests, the anchorage condition at the ends may be a
minor concern because the slip failure between the

reinforcement and concrete seldom occurs over there.
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5.3 Influences of Bond Loss on the Tension Stiffening
Factor: Further Numerical Experimentation

It is commonly known that the tension stiffening
model of cracked concrete can be expressed as follows
(Okamura and Maekawa, 1990):

O-aver /ﬁ = (SCV /gaver )C

the average tensile stress of cracked

(13)

where 0. =
concrete; f; = the actual tensile strength of concrete; &, =
the

average tensile strain of concrete; and ¢ = the tension

the tensile strain of concrete at cracking; €., =

stiffening factor, which is related to not only the bond
but also the reinforcing ratio, thickness of concrete cover
etc. (Elfgren and Noghabai 2002). The bond is the most
influential factor to c¢. Larger ¢ means poorer bond.

The analysis conducted in the last section verified that
the corrosion-induced loss of the effective concrete
cover is a major factor responsible for the decrease of
the appeared tensile strength of concrete and for the
tension stiffening deterioration. A remained un-clarified
topic is to explain why the effects of corrosion-induced
bond loss on the tensions stiffening deterioration were
experimentally marginal within the applied corrosion
levels. Concerning the modeling of corrosion-induced
tension stiffening deterioration, accurate understanding
on the relationship between the corrosion-induced bond
loss and the resulting-in tension stiffening loss is
required. Therefore, further numerical experimentations
for the following two cases were conducted in order to
bond

stiffening factor in relation to the steel corrosion level:

understand how the influences the tension
Case 1: sensitivity analysis of the influence of bond loss
(from 10 to 90%) on the ¢ value. The cross section of
reinforcement was always kept constant to see the effect
of bond loss only on the tension stiffening deterioration.
The loading condition was the same as that applied in
the current experimental tests.

Case 2: sensitivity analysis of the influence of bond loss
(from 10 to 90%) on the ¢ value. The cross section of
reinforcement was still kept constant. However, the slips
between the reinforcement and concrete at the loaded
points were not allowed so that the effects of boundary
conditions of anchorage and the possible end anchorage
failures in case of poor bond can be removed.

Analytical results for above-mentioned two cases are

plotted in Figs. 28 to 31 in terms of the tensile load
versus deformation relationships and the average tensile
stress-strain relationships. Fig. 32 also presents the crack
patterns of the specimens used in Case 2 analysis in
order to see the effects of testing boundary conditions on
cracking patterns. Crack patterns for Case 1 can be
referred to Fig. 24. Conclusions from these numerical
experimentations can be summarized as bellows:

(1) In the specimens without strong anchorages at their
ends (Case 1), the first-peak tensile loads (see Fig. 28)
or the appeared tensile strengths (see Fig. 29) show
decreasing tendency with the increase of bond loss.
When good end anchorages are available, however, the
tensile load-average strain response shows a unique peak
but usually a sharp decrease after the first cracking
depending on bond (see Fig. 30). The more the bond
loses, the more sharply the tensile load drops after the
first peak. The tensile loads versus deformation
responses in case of 0% bond loss are almost the same in
both cases (see Figs. 28 and 30). However, for
specimens with the increased bond losses, two different
testing conditions lead to significantly different but
gradually similar load versus deformation responses at
the beginning and latter stages, respectively.

(2) When the bond loss increases from 0 to 90% in
Case 1 and Case 2 analysis, the tension stiffening factor
¢ increases from 0.4 to 0.9 and from 0.3 to 0.8,
respectively, based on the regression of the analytical
average tensile stress-strain relationships shown in Figs.
29 and 31. If the changes of tension stiffening factor ¢
with the bond loss in both cases are summarized in Fig.
33, in which the corrosion levels corresponding to the
given bond losses are also indicated, it can be found that
the rates of bond degradation and tension stiffening
deterioration are significantly different. In both cases,
the tension stiffening factor ¢ just shows a slight increase
when the bond loss increases from 0 to 50% (about 10%
steel mass loss). After that point the tension stiffening
factor ¢ even may change slightly with the corrosion
level in an opposite way. Analytically, the 70% bond loss
of the original, which corresponds to the steel bond loss
of 20%, seems to be a turning point, beyond which the
tension stiffening starts to deteriorate rapidly. Of course,
in practice a 20% steel mass loss may have led to heavy

spalling of concrete cover so that the serviceability
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. 33 Tension Stiffening Factor versus Bond-Loss

Relationship

of corroded RC members may be no longer a major
concern. Hence practically the stiffness degradation in
corroded RC members concerning the serviceability may
merely depend on the reduction of the steel cross-section
and the corrosion induced damages in the concrete cover.
The bond loss-induced tension stiffening deterioration
may be less influential. In other words, it is
inappropriate to link the tension stiffening deterioration
solely to the bond loss. Two of them may not be
equivalent in the steel corrosion case. Bond focuses
more on the local phenomenon while tension stiffening
represents more the global response. Other accompanied
factors besides the corrosion-induced bond loss like the

much increased crack spacing may affect the tension
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stiffening in another way. The results from these
numerical experimentations can explain the difficulties
in clarifying the effect of corrosion-induced bond loss on
the tension stiffening factor in the experimental tests as
discussed for Fig. 18. The main reason is that the
corrosion levels applied in the current tests did not cause
very severe bond loss.

Once again, it is noticed that, unlike the tension
stiffening factor, the localized cracks are always
proportionally enlarged with the increase of corrosion
level in whichever cases. This is mainly attributed to the
increased crack spacing and bond loss. In particular, this
localized crack deformation can be more clearly seen in
Case 2 study (see Fig. 32) since the end slips of each
analyzed specimen were prohibited and consequently
incorporated into the crack widths within the testing
spans in the analysis. Therefore, the localized crack
deformation should always be a major concern for the
evaluation of the serviceability deterioration of corroded
RC members because compared to the tension stiffening
loss it is much more sensitive to the corrosion-induced

bond loss.
6. Conclusions
Through the extensive experimental and analytical

work conducted in this paper, the following conclusions

have been drawn up:

(1) The impressed current method shows its
applicability to introduce significant un-uniformity of
steel corrosion. The mnormal distribution seems

appropriate to describe the un-uniformity. Generally,
more severe corrosion corresponds to a greater standard
deviation but a smaller coefficient of variation.

(2) The corrosion-induced crack widths at the concrete
surface, it-affected loading crack widths, and the
localized steel mass losses have good correlations with
each other. However, these correlations are weak when
the transverse confinement is available. On the other
hand, the the

corrosion-induced crack width at the concrete surface

compared to steel mass loss,
seems to be a better parameter for evaluating the bond
loss between the corroded steel reinforcement and
concrete regardless of the confinement condition.

(3) Increase of steel corrosion level leads to great

tension stiffness losses as well as great tension stiffening
deterioration of the corroded RC members. Experimental
results show that the major factors leading to the
the

cross-section and the reduction of effective cover

stiffness deterioration are reduction of steel
concrete. The bond loss-induced tension stiffening
deterioration seems not very critical except when the
steel corrosion level is extremely high.

(4) Analytical studies show that the changing rates of
bond loss and tension stiffening loss with the steel
corrosion level are significantly different. Analytically, a
steel mass loss at 20% (about 70% bond loss of the
original), seems to be a turning point, beyond which the
tension stiffening starts to deteriorate rapidly. However,
the major concern for corroded RC members beyond this
status may be not the serviceability but the safety
performance. As a result, in practice analysis of global
stiffness degradation of the corroded RC members may
need to merely consider the steel loss-induced stiffness
loss and the reduction of effective concrete cover.

(5) Both experiments and analysis show that the
localized crack deformations should be the major
concerns for the structural performance deterioration of
corroded RC members related to the serviceability.
Moreover, these localized cracks rely intimately on the

un-uniformity of steel corrosion.
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Appendix I Distribution of Steel Mass Loss (%)

Cs (%) Specimen Code
X(mm) |T1-2|T1-3|TI-4|TI-5| T1-6 | T1-C1-2 | T1-C2-2 | T2-2 | T2-3 | T2-4 | T3-2 | T3-3 | T3-4
0~100 1.10 | 2.36 | 2.86 | 2.54 | 9.56 | 6.29 729 | 0.78 | 2.21 | 7.28 | 0.94 | 0.58 | 7.30
100~200 | 124 | 3.80 | 3.83 | 4.56 | 11.85 | 13.33 13.07 | 0.09 | 128 | 8.64 | 1.74 | 0.57 | 11.32
200~300 | 1.16 | 3.98 | 2.70 | 5.61 | 11.65| 12.15 9.58 | 1.38 | 2.45 | 11.02 | 0.82 | 0.46 | 12.74
300~400 | 1.05 | 2.76 | 1.54 | 5.59 | 11.05 | 10.90 6.36 | 0.10 | 2.04 | 10.20 | 0.42 | 0.27 | 10.01
400~500 | 1.04 | 3.56 | 1.60 | 5.81 | 13.48 | 8.77 541 | 0.14 | 2.14 | 10.54 | 0.25 | 1.86 | 9.94
500~600 | 0.94 | 3.20 | 2.73 | 425 | 12.34| 7.80 10.16 | 0.75 | 527 | 9.58 | 0.80 | 5.37 | 13.48
600~700 | 0.65 | 3.47 | 2.71 | 4.65 | 10.89 | 6.86 13.84 | 225 | 5.15 | 10.48 | 2.60 | 4.10 | 10.42
700~800 | 0.52 | 2.71 | 1.95 | 546 | 9.57 | 6.05 17.11 | 3.68 | 4.08 | 14.41 | 2.16 | 3.57 | 10.56
800~900 | 0.65 | 2.90 | 2.48 | 4.84 | 10.37 | 10.13 12.63 | 1.95 | 3.80 | 11.02 | 1.17 | 5.06 | 10.19
900~1000 | 0.83 | 1.67 | 2.48 | 6.58 | 10.03 | 17.40 7.96 | 3.08 | 2.20 | 15.89 | 1.92 | 3.14 | 9.44
1000~1100 | 0.04 | 1.81 | 2.79 | 6.60 | 9.50 | 19.40 7.94 | 4.00 | 2.02 | 12.60 | 0.00 | 3.39 | 13.78
1100~1200 | 0.09 | 2.51 | 2.98 | 6.71 | 9.01 | 18.01 1032 | 3.34 | 3.72 | 11.01 | 1.90 | 1.93 | 10.37
1200~1300 | 0.34 | 2.86 | 3.26 | 5.36 | 8.90 | 13.57 17.45 | 1.45 | 227 | 11.30 | 0.93 | 1.80 | 12.61
1300~1400 | 0.31 | 2.89 | 2.18 | 5.71 | 11.43 | 13.15 10.72 | 322 | 321 [ 1030 | 1.74 | 2.12 | 10.45
1400~1500 | 0.14 | 2.71 | 2.17 | 5.28 | 15.04 | 9.15 796 | 1.73 | 435 | 11.26 | 1.87 | 2.42 | 9.66
1500~1600 | 0.46 | 2.44 | 2.52 | 5.57 | 9.94 | 11.21 10.00 | 1.99 | 1.42 | 859 | 0.17 | 0.45 | 11.00
1600~1700 | 0.55 | 2.54 | 2.25 | 5.31 | 8.24 | 14.48 11.06 | 1.14 | 2.96 | 14.00 | 0.07 | 0.64 | 11.41
1700~1800 | 0.89 | 2.44 | 2.10 | 5.06 | 7.85 | 13.41 930 | 1.85]2.04 | 6.03 | 1.59 | 1.28 | 10.93
1800~1900 | 1.04 | 3.08 | 2.39 | 6.88 | 9.72 | 14.92 15.15 | 0.00 | 0.82 | 8.03 | 0.29 | 0.67 | 8.31
1900~2000 | 1.71 | 2.40 | 2.33 | 5.04 | 7.45 | 1091 5.75 1.16 | 0.01 | 6.35 | 0.97 | 0.53 | 6.75
Cruar (%) | 124 [ 398 | 3.83 | 6.88 | 15.04 | 19.40 17.45 | 4.00 | 527 | 15.89 | 2.60 | 5.37 | 13.78
Coin(%) | 0.04 | 1.67 | 1.54 | 425 | 7.85 6.05 541 |0.00 | 0.82 | 6.03 | 0.00 | 0.27 | 8.31
Crean (%) | 0.66 | 2.85 | 2.48 | 5.55 | 10.60 | 12.26 10.89 | 1.79 | 2.84 | 10.83 | 1.14 | 2.17 | 10.92
S.D 0.38 [ 0.61 | 0.56 | 0.76 | 1.83 3.79 342 | 129|130 | 237 | 0.82 | 1.62 | 1.44
CO.V 1057]021|022(0.14| 017 | 031 031 [0.72]046| 022 | 0.72|0.74 | 0.13

Note: X = location of steel reinforcement; C; = steel mass loss; C,,,.= maximum steel mass loss; C,,;,= minimum steel

mass loss; C,,..,= mean steel mass loss; S.D = standard deviation; and C.O.V = coefficient of variation.
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Appendix II Corrosion-induced Crack Width at the Concrete Surface (mm)

W, (mm) Specimen Code

X (mm) T1-2 | T1-3 | T1-4 | T1-5 | T1-6 | TI-C1-2 | T1-C2-2 | T2-2 | T2-3 | T2-4 | T3-2 | T3-3 | T34

0~100 0.15 | 038 | 0.25 | 0.75 | 0.95 0.50 0.33 0.00 | 0.40 | 3.00 | 0.00 | 0.00 | 2.00

100~200 | 0.18 | 0.35 | 0.40 | 0.85 | 1.15 0.48 0.38 0.00 | 0.35 | 3.00 | 0.00 | 0.00 | 2.00

200~300 | 0.20 | 0.30 | 0.38 | 0.95 | 1.35 0.50 0.41 0.00 | 0.35 | 3.00 | 0.00 | 0.00 | 2.65

300~400 | 0.18 | 0.28 | 0.40 | 0.95 | 1.40 0.50 0.46 0.00 | 0.40 | 3.00 | 0.00 | 0.00 | 2.00

400~500 | 0.18 | 0.35 | 0.43 | 0.90 | 1.40 0.48 0.48 0.00 | 0.45 | 2.50 | 0.00 | 0.35 | 2.00

500~600 | 0.18 | 0.40 | 0.48 | 0.95 | 1.45 0.48 0.48 0.00 | 0.45 | 2.50 | 0.15 | 0.65 | 2.10

600~700 | 0.15 | 0.40 | 0.53 | 1.00 | 1.45 0.53 0.50 0.10 | 0.50 | 3.10 | 0.85 | 0.65 | 2.60
700~800 | 0.15 | 0.43 | 0.53 | 1.00 | 1.50 0.58 0.55 0.45 1 0.70 | 2.05 | 0.35 | 0.40 | 2.05
800~900 | 0.15 | 0.43 | 0.53 | 0.95 | 1.55 0.53 0.50 0.15] 0.60 | 2.00 | 0.15 | 0.55 | 1.75

900~1000 | 0.18 | 0.37 | 0.48 | 0.95 | 1.35 0.48 0.43 0.20 | 0.50 | 2.45 | 0.45 | 0.40 | 2.80

1000~1100 | 0.18 | 0.35 | 0.45 | 1.00 | 1.25 0.48 0.43 0.20 | 0.50 | 3.05 | 0.00 | 0.45 | 2.65

1100~1200 | 0.13 | 0.38 | 0.50 | 1.00 | 1.60 0.48 0.50 0.20 | 0.55 | 2.05 | 0.30 | 0.15 | 2.25

1200~1300 | 0.13 | 0.38 | 0.45 | 0.95 | 1.65 0.48 0.53 0.15 | 0.50 | 2.00 | 0.15 | 0.10 | 2.45

1300~1400 | 0.15 | 0.36 | 0.41 | 0.90 | 1.30 0.45 0.50 0.10 | 0.50 | 2.00 | 0.25 | 0.00 | 2.15

1400~1500 | 0.15 | 0.36 | 0.43 | 0.90 | 1.30 0.40 0.48 0.10 | 0.35 | 2.00 | 0.10 | 0.25 | 2.45

1500~1600 | 0.13 | 0.33 | 0.50 | 0.83 | 1.30 0.40 0.45 0.00 | 0.35 | 425 | 0.05 | 0.00 | 2.15

1600~1700 | 0.10 | 0.27 | 0.55 | 0.73 | 1.15 0.43 0.40 0.00 | 0.30 | 2.05 | 0.30 | 0.00 | 1.70

1700~1800 | 0.10 | 0.22 | 0.53 | 0.60 | 1.15 0.42 0.37 0.00 | 0.20 | 2.00 | 0.00 | 0.00 | 1.40

1800~1900 | 0.10 | 0.20 | 0.53 | 0.50 | 1.25 0.35 0.39 0.00 | 0.15 | 1.50 | 0.00 | 0.00 | 2.00

1900~2000 | 0.10 | 0.15 | 0.48 | 0.45 | 1.00 0.38 0.37 0.00 | 0.05 | 1.50 | 0.00 | 0.00 | 2.00

W e (mm) | 0.20 | 0.43 | 0.55 | 1.00 | 1.65 0.58 0.55 045 0.70 | 425 | 0.85 | 0.65 | 2.80

Win(mm) | 0.10 | 0.20 | 0.38 | 0.50 | 1.15 0.35 0.37 0.00 | 0.15 | 1.50 | 0.00 | 0.00 | 1.40

Wean (mm) | 0.15 | 0.34 | 0.47 | 0.88 | 1.36 0.47 0.46 0.09 1 043 | 247 | 0.17 | 0.22 | 2.18
S.D 0.03 | 0.06 | 0.05 | 0.14 | 0.15 0.05 0.05 0.12 | 0.14 | 0.66 | 0.22 | 0.25 | 0.37

c.o.v 0.20 | 0.19 | 0.12 | 0.16 | 0.11 0.12 0.12 1.31 1 032|027 | 1.29 | 1.12 | 0.17

Note 1: X = location of steel reinforcement; W, = corrosion-induced crack widths at the concrete surface; W0, Woin=
maximum and minimum corrosion-induced crack widths, respectively, at the concrete surface; S.D = standard
deviation; and C.O.V = coefficient of variation.

Note 2: data at the locations of 0~100 mm and 1900~2000 mm were not included in the statistical analysis because half

length of the reinforcement segment over there was un-corroded in the experiments.
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