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The purpose of this study is to explore the effects of non-uniform corrosion on cracking behavior of concrete
cover. The effects of non-uniform corrosion distribution, cover-to-rebar diameter ratio, and concrete
compressive strength on the cracking pressure of concrete cover were studied. The present study indicates
that the pressures to cause cracking of concrete cover under non-uniform corrosion conditions are much
smaller than those under uniform corrosion case. The cracking pressure decreases up to about 60%
depending upon the types of non-uniform corrosion distributions. It was also shown that cover-to-rebar
diameter ratio and concrete compressive strength affect greatly the cracking pressure of concrete cover.
Realistic equations on the cracking pressure of concrete cover were derived. The comparisons of analysis
results with the test data on the cracking pressure of concrete cover show fairly good agreement. Finally, the

effect of non-uniform corrosion on the service life of concrete structures was discussed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Reinforced concrete structures exposed to sea environments may
suffer from corrosion of steel bars due to chloride ingress [1-7].
Chloride ingress is, therefore, a major factor that affects durability of
concrete structures [8-17]. The corrosion products of a reinforcing bar
in concrete induce pressure to the surrounding concrete due to the
expansion of corroded steel. This expansion pressure induces tensile
stresses in concrete around the reinforcing bar and the continuous
increase of expansion pressure eventually causes cracking through
concrete cover [18-21]. The cracking of concrete cover due to steel
corrosion may accelerate corrosion process and lead to failure very
rapidly. Therefore, corrosion-induced cracking of concrete cover is an
important and essential problem in concrete structures because it
directly affects not only durability, but also service life of such
structures.

In this regard, the authors have conducted a series of corrosion
tests in order to determine the critical corrosion amounts which cause
the cracking of concrete cover [19]. The authors also proposed an
advanced model on the relation between corrosion-induced expan-
sion pressure and corrosion layer strain in reinforced concrete
members [20]. It has been generally assumed for simple application
that corrosion occurs uniformly and thus expansion pressure is
uniform around a rebar [5]. However, since chlorides are penetrated
in one direction in actual sea environments, the corrosion may start

* Corresponding author.
E-mail address: bhohcon@snu.ac.kr (B.H. Oh).

0008-8846/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconres.2010.03.018

from the most-outer part of the rebar and thus the steel bar may not
corrode uniformly in a cross section. This can be more emphasized
from the authors' previous study [5] that the chlorides are
accumulated in front of rebar because the chlorides do not diffuse
through the rebar. This means that real state of corrosion is not
uniform around a rebar and starts from pitting corrosion [17]. This
causes non-uniform expansion pressure around the rebar.

The purpose of the present study is therefore to explore the effects
of non-uniform corrosion on cracking behavior of concrete cover.
Non-uniform distribution of expansion pressure may cause adverse
effects for the cracking of concrete cover because higher pressure is
concentrated at the outer region of rebar toward concrete cover. This
may cause higher tensile stress development and fast occurrence of
cracks in concrete cover which reduces time-to-cracking and
eventually service life of concrete structures [22-24]. This is an
important problem in analysis of corrosion-induced cracking and
failure of concrete.

2. State of non-uniform corrosion

Since chlorides are penetrated in one direction in real sea
environments, corrosion may start from the outer region of a rebar
and thus the steel bar may not corrode uniformly around the rebar.
Fig. 1 shows the cases of uniform and non-uniform corrosion around a
rebar. Do in Fig. 1 indicates the initial diameter of rebar before
corrosion and D, represents the diameter of rebar at the current time
after loosing some steel cross-sections due to corrosion. For the case of
non-uniform corrosion in the right side of Fig. 1, it may be reasonably
assumed that the corrosion depth of steel bar is linearly decreased
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Fig. 1. Basic description for uniform and non-uniform corrosion distributions.

from the outer region of the rebar. The value of «vin Fig. 1 is defined as
the ratio of the depth of non-uniform corrosion to that of uniform
corrosion. It was reported from the experiments of Gonzalez et al [25]
that the value o ranges about 4-8 in natural conditions and 5-13 in
accelerated testing of reinforced concrete, and is usually less than
about 10.

3. Nonlinear analyses of concrete cover due to non-uniform
corrosion distributions

3.1. Analysis variables for uniform and non-uniform corrosion
distributions around a steel bar

As explained in the previous section, the appropriate values of o
considered in this study were ranged from 1 to 8 in order to explore
the effects of non-uniform corrosion distributions on the cracking
behavior of concrete cover in reinforced concrete members. The
various corrosion distributions for these cases are depicted in Fig. 2
depending upon the values of . Major variables for analyses were the
types of nonlinear corrosion distributions (a«=1, 2, 4, 8), diameter of
rebar (8 mm[0.32 in.], 16 mm][0.64 in.]), cover depth-to-rebar diam-
eter ratio (c/d=0.5, 1.0, 2.0), and compressive strengths of concrete
(20.6 MPa [3.0 ksi]), 27.5 MPa [4.0 ksi], and 44.1 MPa [6.4 ksi]),
respectively. Three different compressive strengths of concrete were
considered to examine the effect of concrete strength on the cracking
behavior due to corrosion. The corresponding Young's moduli, E.,
were 21.5GPa (3120 ksi), 24.8 GPa (3600 ksi), and 31.4 GPa

(4560 ksi), respectively. The location of rebar in concrete members,
namely side rebar or corner rebar, was also considered to see the
effect of rebar locations.

3.2. Material models for nonlinear analysis

To model concrete, eight-node plane strain elements were used.
For the compressive regime of concrete, Mohr-Coulomb failure model
was applied where cohesion ¢ was calculated as follows.

_ 1—sing
" 2cosd

)

Here, the friction angle ¢ is approximately 30° for concrete. For
the tensile regime, the smeared crack concept was employed to
model cracking of concrete elements. A crack arises if the major
principal tensile stress exceeds the minimum of tensile strength f;
and fi(1+ Otaterat/fc), Where the lateral principal stress Ojateral
considers the effect of biaxial stress. The direct tensile strength
fiof concrete may also be obtained from the split tensile strength f;,
and compressive strength f; as shown in Eqs. (2) and (3) [26].

fip = 02f27 MPa (2)
f. = 0.9f,, MPa. 3)

For tension softening, bilinear tension softening model according
to Hillerborg [27] was used as shown in Fig. 3. The value of fracture
energy Gr was reasonably assumed as 100 N/m (0.571 Ib/in) for the
present analysis which is a typical value in concrete [27].

3.3. Solution scheme of nonlinear analysis

In order to analyze the nonlinear relation between load and
displacement, an incremental iterative solution procedure is required.
The equilibrium based on internal energy is iteratively achieved within
each increment. In this study, convergence criterion was taken as the
ratio of internal energy between two successive load steps and the
tolerance, namely convergence criterion, was assigned to be 1x 1072,
Iteration is repeated until internal equilibrium conditions are fulfilled
and convergence is obtained. The regular Newton-Raphson method
was applied for iteration procedure in which stiffness matrix is
evaluated at every iteration. Fig. 4(a) illustrates the iteration procedure
of regular Newton-Raphson method. However, for descending parts
after maximum load level, the Newton-Raphson method cannot find
next load level. Therefore, Arc-length method was utilized as shown in
Fig. 4(b) for this region. This method makes it possible to find the next
load step using predefined arc length at each step. With this path-
following technique, the post-peak descending part has been reasonably
investigated.

OCYEE

Uniform corrosion

pitting corrosion

Total corrosion products = constant

Fig. 2. Various types of corrosion distribution for «=1, 2, 4, and 8, respectively.



B.S. Jang, B.H. Oh / Cement and Concrete Research 40 (2010) 1441-1450 1443

Stress ¢, (MPa)

£/3— —

008G/

3.6G,/f,
Deformation, (mm)

Fig. 3. Bilinear tension softening curve of concrete.

3.4. Finite element analysis models

Fig. 5 shows the finite element meshes for the nonlinear analysis of
concrete members due to corrosion-induced expansion pressure for
side located rebar. Fig. 6 shows the finite element meshes for corner
located rebar. The identification of analysis variables was summarized
in Fig. 7. For example, the identification variable M-f.;-D8-Cd0.5-c,
represents the case of middle side-located rebar (M), compressive
strength f.;=f.=20.6 MPa (3.0 ksi), rebar diameter d =8 mm
(0.32in.), cover-to-rebar diameter ratio c/d=0.5, and uniform
corrosion =1 (see Fig. 7), and also the identification variable M-
fe2-D16-Cd1.0-cr, represents the case of middle side-located rebar
(M), compressive strength f., =f.=27.5 MPa (4.0 ksi), rebar diame-
ter d =16 mm (0.64 in.), cover-to-rebar diameter ratio c/d = 1.0, and
non-uniform corrosion =2 (see Fig. 7).

3.5. Corrosion-induced pressure distributions for nonlinear analysis

Fig. 8 shows the distributions of corrosion-induced expansion
pressure around a rebar used in this study. This was deduced from the
non-linear corrosion distributions according to the value of « already
explained in Fig. 2. Fig. 8 shows only the enlarged portion around a
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rebar in the finite element analysis. The internal pressure distribu-
tions shown in Fig. 8 were applied to the surrounding concrete in an
incremental manner up to the crack occurrence of concrete cover.

4. Analysis of results
4.1. Cracking pressures of concrete cover

The analysis results on the cracking pressures of concrete cover for
various cases were summarized in Tables 1-3. The cracking pressure
was defined here as the expansion pressure at which the cracking
occurs first on the surface region of concrete cover during the step-by-
step incremental nonlinear analysis. Table 1 shows the cracking
pressures of concrete cover according to various design parameters
for the case of concrete compressive strength f.=20.6 MPa (3.0 ksi).
Tables 2 and 3 exhibit the similar results according to various design
parameters for the cases of concrete compressive strength
fe=27.5 MPa (4.0 ksi) and 44.1 MPa (6.4 ksi), respectively.

Table 1 indicates that the cracking pressure decreases greatly as
the corrosion distribution becomes sharper, i.e., the value of « for
non-uniform corrosion becomes larger (see Fig. 2). The cracking
pressures for non-uniform corrosion =4 and 8 are about 60% and
40% of that for uniform corrosion case, respectively. This means that
the cracking of concrete cover due to corrosion of steel bar occurs
much earlier when the corrosion is localized at the outer region of
rebar. This is the case of usual pitting corrosion occurring in actual
concrete structures under sea environments [25]. Table 1 also shows
that the depth of concrete cover affects greatly the cracking
pressures as expected.

4.2. Effect of non-uniform corrosion distribution

Fig. 9 depicts the effect of non-uniform corrosion on the cracking
pressure (P,) of concrete cover and also the stress distribution (in MPa)
in concrete around a steel bar for the case of middle-side rebar (M),
compressive strength f.=27.5MPa (4 ksi), cover depth d=8 mm
(0.321n.), and cover-to-diameter ratio ¢/d = 1.0 (M-f-D8-Cd1.0). The
values in the legend of Fig. 9 represent the stresses (in MPa) in concrete
arising from internal pressure distribution of Fig. 8. Fig. 9 indicates that
the cracking pressures for aw=1(uniform corrosion) and a=2(mild
non-uniform corrosion) are almost same and do not show much
difference. However, the cracking pressures for «=4 and a=38
(medium and severe non-uniform corrosions) are much smaller than
that of uniform corrosion case, namely 40% and 60% decrease of cracking

A

Displacement, u
(a) Newton-Raphson method

Displacement, u

(b) Arc-length method

Fig. 4. Solution schemes for nonlinear analysis.
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(a) d=8mm(0.32in.), c/d=0.5 (b) d=8mm(0.32in.), c/d=1.0 (c) d=8mm(0.32in.), c/d=2.0
g
(d) d=16mm(0.64in.), ¢/d=0.5 (e) d=16mm(0.64in.), c/d=1.0 (f) d=16mm(0.64in.), ¢/d=2.0

Fig. 5. Finite element meshes for various cover-to-rebar diameter (c/d) values for middle side-located rebar.

pressure, respectively. This means that a local corrosion in relatively
small area at the outer face of rebar can cause the failure of concrete
cover at arelatively low expansion pressure in case of pitting corrosion.
This gives important implications in actual practice because the

corrosion in real structures is usually of pitting and non-uniform nature.
Gonzalez et al [25] reported that the value of o ranges about 4-8 in
natural corrosion conditions. It is therefore noted here that the corrosion
distribution is a very important factor in corrosion-induced failure of

(a) d=8mm(0.32in.), ¢/d=0.5 (b) d=8mm(0.32in.), ¢/d=1.0 (¢) d=8mm(0.32in.), ¢/d=2.0

(d) d=16mm(0.64in.), ¢/d=0.5 (e) d=16mm(0.64in.), c/d=1.0 (f) d=16mm(0.64in.), ¢/d=2.0

Fig. 6. Finite element meshes for various cover-to-rebar diameter (c/d) values for corner-located rebar.
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M : middle rebar
C : corner rebar

fcl : fc=20.6MPa(3.0ksi)
fe2 : fe=27.5MPa(4.0ksi)
fc3 : fe=44.1MPa(6.4ksi)

D8 : d=8mm(0.32in.)
D16 : d=16mm(0.64in,)

Cd0.5 : ¢/d=0.5
Cd1.0: ¢/d=1.0
Cd2.0: ¢/d=2.0

L ol : Uniform Corrosion (0t=1)

@2 : Non-Uniform Corrosion (0=2)
o4 : Non-Uniform Corrosion (0=4)
o8 : Non-Uniform Corrosion (0=8)

Fig. 7. Identification for analysis variables.

concrete cover which affects directly the durability as well as service life
of concrete structures. Fig. 10 summarizes the regression equations for
cracking pressures in terms of « value for various c/d ratios for the case
of middle-side rebar, f.=27.5 MPa(4 ksi), and rebar diameter
d=16 mm(0.64 in.). The following equations were derived from the
analysis results.

0.50

P, =158 o forc/d=05 (4)

P, =3303 « ** forc/d=10 (5)

P, =6.703 o ** forc/d=20 (6)
where P, = corrosion-induced expansion pressure to cause cracking
of concrete cover in MPa (1 MPa=145 psi), c/d=cover-to-rebar
diameter ratio, and a> 1. The above equations may be efficiently used
to calculate the cracking pressures due to corrosion for normal
strength concrete of around 27.5 Mpa (4 ksi).

4.3. Effect of cover depth

Fig. 11 shows the effect of cover depth on the cracking pressure
(Pr) and the stress distribution (in MPa) in concrete around a steel
bar for the case of middle-side rebar (M), compressive strength
fe=27.5MPa (4 ksi), cover depth d=8 mm (0.32 in.), and uniform
corrosion =1 (M-fo-D8-cp). Fig. 11 indicates that the cracking
pressures for ¢/d=0.5, 1.0, and 2.0 are 1.4 MPa (203 psi), 2.95 MPa
(428 psi), and 5.96 MPa (864 psi), respectively. Fig. 12 expresses the
cracking pressure as a function of cover-to-rebar diameter (c/d) ratio
for various bar diameters and « values (the case of middle-side rebar,
fe=27.5MPa (4 ksi)). Fig. 12 indicates that the pressure to cause
cracking of concrete cover due to corrosion expansion increases with
an increase of cover depth and is linearly proportional to the cover
depth-to-rebar diameter (c/d) ratio as follows.

P, = 2845(c/d)"” fora =1 (7)
P, = 1.693 (c/d)""" fora =4 (8)
Here P, represents the pressure (in MPa; 1 MPa= 145 psi) to cause

cracking of concrete cover due to corrosion expansion and c/d is cover
depth-to-rebar diameter ratio. The correlation coefficient is almost 1 as

{

(a) uniform pressure (0=1)

(b) non-uniform pressure (0=2)

(C) non-uniform pressure (0=4)

(d) non-uniform pressure (0:=8)

Fig. 8. Uniform and non-uniform pressure distributions around a rebar (enlarged diagrams only around a rebar).
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Table 1

Cracking pressures for uniform and non-uniform corrosion conditions [f.=20.6 MPa(3.0 ksi)].

Rebar Cover c/d Types of corrosion distribution MPa (psi)
dia.; d deptl}; c ratio a1 w—2 a—a a—38
mm(in) mm(in)
Middle side rebar 8 (0.32) 4(0.16) 0.5 1.14 (165) 1.16 (168) 0.64 (93) 0.44 (64)
8 (0.32) 1.0 2.41 (349) 2.46 (357) 1.39 (202) 1.00 (145)
16 (0.64) 2.0 4.88 (708) 5.11 (741) 2.90 (421) 2.19 (318)
16 (0.64) 8 (0.32) 0.5 1.11 (161) 1.14 (165) 0.62 (90) 0.42 (61)
16 (0.64) 1.0 2.33 (338) 2.44 (354) 1.38 (200) 1.00 (145)
32 (1.28) 2.0 478 (693) 5.13 (744) 3.00 (435) 222 (322)
Corner side rebar 8(0.32) 4 (0.16) 0.5 1.12 (162) 1.26 (183) 0.62 (90) 0.40 (58)
8 (0.32) 1.0 2.52 (365) 2.73 (396) 147 (213) 1.00 (145)
16 (0.64) 2.0 5.10 (739) 5.62 (814) 3.22 (467) 2.37 (344)
16 (0.64) 4 (0.16) 0.5 1.20 (174) 1.24 (180) 0.62 (90) 0.40 (58)
8 (0.32) 1.0 2.50 (363) 2.71 (393) 1.46 (212) 0.96 (139)
16 (0.64) 2.0 5.07 (735) 5.44 (789) 3.13 (454) 2.30 (334)

Table 2

Cracking pressures for uniform and non-uniform corrosion conditions [f.=27.5 MPa(4.0 ksi)].

Rebar Cover c/d Types of corrosion distribution MPa (psi)
dia.; d deptf}; c ratio a1 w—2 a—a a—38
mm(in) mm(in)
Middle side rebar 8(0.32) 4(0.16) 0.5 1.40 (203) 1.44 (209) 0.78 (113) 0.54 (78)
8(0.32) 1.0 2.95 (428) 3.05 (442) 1.71 (248) 1.23 (178)
16 (0.64) 2.0 5.96 (864) 6.20 (899) 3.59 (521) 2.74 (397)
16 (0.64) 8(0.32) 0.5 1.37 (199) 1.40 (203) 0.78 (113) 0.52 (75)
16 (0.64) 1.0 2.87 (416) 3.03 (439) 1.70 (247) 1.22 (177)
32 (1.28) 2.0 5.86 (850) 6.33 (918) 3.66 (531) 2.76 (400)
Corner side rebar 8(0.32) 4(0.16) 0.5 1.49 (216) 1.54 (223) 0.76 (110) 0.50 (73)
8(0.32) 1.0 3.10 (450) 3.36 (487) 1.79 (260) 1.23 (178)
16 (0.64) 2.0 6.29 (912) 6.87 (996) 3.93 (570) 2.91 (422)
16 (0.64) 4(0.16) 0.5 1.48 (215) 1.52 (220) 0.76 (110) 0.48 (70)
8(0.32) 1.0 3.08 (447) 3.33 (483) 1.78 (258) 1.26 (183)
16 (0.64) 2.0 6.20 (899) 6.75 (979) 3.81 (552) 2.84 (412)

shown in Fig. 12 which represents almost perfect correlation between
cracking pressure and cover-to-rebar diameter ratios.

4.4. Effect of rebar diameter

Tables 1-3 show the cracking pressures for two different rebar
diameters for various compressive strengths and various c/d ratios. It
can be clearly seen here that the cracking pressure decreases slightly
as bar diameter increases. However, the difference is very small and it
may be said that the bar diameter does not affect much for the
pressures to cause cracking of concrete cover.

Table 3

4.5. Effect of concrete strength

Fig. 13 shows the effect of concrete strength on the cracking
pressure (P.) and the stress distribution (in MPa) in concrete around
a steel bar for the case of middle-side rebar (M), rebar diameter
d=8 mm(0.32 in.), cover-to-rebar diameter ratio ¢/d =0.5, and non-
uniform corrosion o= 2(M-D8-Cd0.5-cvz). Fig. 13 indicates that the
cracking pressure increases as concrete strength increases. Fig. 14
summarizes the cracking pressures as a function of compressive
strength for various o values (non-uniform corrosion) for the case of
middle-side rebar and d=16 mm (0.64in.). It can be seen from

Cracking pressures for uniform and non-uniform corrosion conditions [f. =44.1 MPa(6.4 ksi)].

Rebar Cover c/d Types of corrosion distribution MPa (psi)
dia,; d depth; c ratio a1 a2 a—a a3
mm(in) mm(in)
Middle side rebar 8(0.32) 4 (0.16) 0.5 1.95 (283) 2.00 (290) 1.12 (162) 0.74 (107)
8(0.32) 1.0 412 (597) 4.24 (615) 2.35 (341) 1.67 (242)
16 (0.64) 2.0 8.32 (1206) 8.72 (1264) 5.09 (738) 3.76 (545)
16 (0.64) 8(0.32) 0.5 1.90 (276) 1.94 (281) 1.06 (154) 0.72 (104)
16 (0.64) 1.0 4.00 (580) 4.20 (609) 2.45 (355) 1.70 (247)
32 (1.28) 2.0 8.01 (1161) 8.72 (1264) 5.06 (734) 3.83 (555)
Corner side rebar 8(0.32) 4(0.16) 0.5 2.06 (299) 2.14 (310) 1.06 (154) 0.80 (116)
8(0.32) 1.0 4.32 (626) 4.68 (678) 2.58 (374) 1.97 (286)
16 (0.64) 2.0 8.72 (1264) 9.52 (1380) 5.42 (786) 4.17 (605)
16 (0.64) 4 (0.16) 0.5 2.04 (296) 2.12 (307) 1.06 (154) 0.78 (113)
8(0.32) 1.0 4.28 (621) 4.64 (673) 2.44 (354) 1.95 (283)
16 (0.64) 2.0 8.24 (1195) 9.20 (1334) 532 (771) 4.06 (589)
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P.=1.71MPa
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P,=3.05MPa
(b) non-uniform corrosion (0:=2)

P.=1.23MPa
(d) non-uniform corrosion (0=8)

Fig. 9. Effect of non-uniform corrosion on the cracking pressure P, and stress distribution around a steel bar for the case of M-f,-D8-Cd1.0 (middle-side rebar, f. =27.5 MPa (4 ksi),
d=8mm (0.32 in.), ¢/d=1.0) [note: red, orange and yellow colors represent tensile stresses, the pale blue nearly zero stress and the dark blue a compressive stress].

Fig. 14 that there exists fairly good correlation between cracking
pressure and compressive strength and that the cracking pressure is
proportional to the (2/3) power of compressive strength. Fig. 14 also

8
A c/d=05
7 * c/d=1.0 | —]
\ . W c/d=20
Z o
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5
[+]
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Fig. 10. Variation of cracking pressures depending on « value(non-uniform corrosion)
and c/d ratios for middle-side rebar, f.=27.5 MPa(4 ksi), and bar diameter 6 mm
(0.64 in.) (M-f-D16) [dual unit: 1 MPa= 145 psi].

indicates that cracking pressure becomes much smaller as the
distribution of non-uniform corrosion becomes sharper.

P, = 0.619f>% for d = 16mm(0.64in.) and o = 1 9)
P, = 0.376f"% for d = 16mm(0.64in.) and o = 4 (10)
P, = 0.257f>"" for d = 16mm(0.64in.) and o = 8 (11)

where P, = corrosion-induced expansion pressure to cause cracking
of concrete cover in MPa (1 MPa = 145 psi), f.= compressive strength
of concrete in MPa (1 MPa= 145 psi).

4.6. Comparison of analysis results with test data

Williamson and Clark [21] conducted a series of test to explore the
internal pressure which is required to cause cracking of concrete
cover due to reinforcement corrosion. Tests were carried out to
investigate the magnitude of pressure created by corrosion products
on steel in reinforced concrete that would cause surface cracking of
the concrete cover. The present analysis results were compared with
Williamson and Clark's test data [21].

Fig. 15 shows the comparison of present analysis results with
Williamson and Clark's test data on cracking pressures according to ¢/
d ratio for rebar diameter of 8 mm (0.32 in.) and 16 mm (0.64 in.),
respectively. It is noted here that the analysis results correlate very
well with test data as shown in Fig. 15.
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(a) ¢/d=0.5 (b) c/d=1.0 (c) c/d=2.0
Fig. 11. Effect of cover depth on the cracking pressure P, and stress distribution around a steel bar for the case of M-f-D8-; (middle-side rebar, f.=27.5 MPa (4 ksi), d=8 mm

(0.32 in.), uniform corrosion = 1) [note: c¢/d = cover-to-rebar diameter ratio; red, orange and yellow colors represent tensile stresses, the pale blue nearly zero stress and the dark
blue a compressive stress].

7 + d8mm (0.32in); &=] 5. Application to service life prediction
el d=16mm (0.64in); =1 . . .
= 4 d=8mm (0.32in); ar=4 / .Pene.trated Fhlorldes into concrete are accumulated in front of
E s|= d=16mm (0.64in); or=4 reinforcing bar in concrete under sea environment. If the accumulated
=t chlorides exceed a certain critical value, then the steel bar starts to
g 4 y = 2.8456x 0484 / corrode [5]. This critical value of chlorides is called the “threshold
% 2 - 0.9999 value” for corrosion initiation [6,8-10]. The life time or service life of
£ 3 concrete structures may be reasonably defined as the time to
=] / / corrosion initiation plus time to cracking (cover failure). The authors
% 2 reported in a recent study[5] that existence of steel bar must be
S '//‘/ ¥= 1‘6931’(""5' considered in chloride diffusion analysis to obtain realistically
1 — R7=1 accumulated chlorides in front of rebar. This allows more accurate
determination of the time to corrosion initiation. It was found from
00 05 : 3 % 35 the authors' recent study® that the time to corrosion initiation reduces

. by about 30-40% when the existence of reinforcing bar is considered
c/d Ratio . e . . ; ep

in the accurate diffusion analysis. This is because chloride diffusion

Fig. 12. Cracking pressure as a function of cover-to-rebar diameter (c/d) ratio for does _nOt occur through 'the re1nforc1qg bal: itself apd thus _the
various bar diameters and avvalues [the case of middle-side rebar, f. = 27.5 MPa (4 ksi)] chlorides are accumulated in front of a reinforcing bar. Fig. 16 depicts
(dual unit: 1T MPa= 145 psi). one of the results from the authors' study [5] which shows the
chloride profiles penetrated into concrete for the case of rebar

diameter d =20 mm(0.8 in.) and cover thickness ¢ =20 mm(0.8 in.).

An important finding here is that the chlorides accumulate in front of

the reinforcing bar and that it shows much higher chlorides values at

the location of rebar, compared with those without considering
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Fig. 13. Effect of concrete strength on the cracking pressure P, and stress distribution around a steel bar for the case of M-D8-Cd0.5-ct, (middle-side rebar, d =8 mm(0.32 in.),

c/d = cover-to-rebar diameter ratio = 0.5, non-uniform corrosion = 2) [note: red, orange and yellow colors represent tensile stresses, the pale blue nearly zero stress and the dark
blue a compressive stress].
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Fig. 14. Cracking pressure as a function of compressive strength for various « values
(non-uniform corrosion) [the case of middle-side rebar and d =16 mm (0.64 in.)] [dual
unit: 1 MPa= 145 psi].

reinforcement. This higher accumulation of chloride in front of
reinforcing bar may cause faster corrosion of reinforcing steel and
thus reduce the lifetime of the structures.

As for the time to cracking of concrete cover after corrosion
initiation, it may be also inferred from the analysis results in Tables 1-
3 and Figs. 9-10. Tables 1-3 indicate that the cracking pressures for
non-uniform corrosion «=4 and o= 8 are about 60% and 40% of that
for uniform corrosion case, respectively. This means that the cracking
of concrete cover due to corrosion of steel bar occurs much earlier
when the corrosion is localized at the outer region of rebar, which
represents more real situation as reported by Gonzalez et al [25].

@ d=8mm (0.32in):
Present Analysis

W d=8mm (0.32in):
Test Data

A d=16mm (0.64in):
Present Analysis

@® d=16mm (0.64in):
Test Data

L L3

Cracking Pressure (MPa)
=
-

»> He

0 1 1 1 1
0 05 1 1.5 2 25

Coverto Rebar Diameter Ratio (c/d)

Fig. 15. Comparison of present analysis results with Williamson and Clark's test data on
cracking pressures according to c¢/d ratio [dual unit: 1 MPa = 145 psi].
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Fig. 16. Penetrated chloride profiles along the depth with or without considering
reinforcing bar after 10 and 40 years, respectively[the case of bar diameter =20 mm
(0.8 in.), cover depth =20 mm (0.8 in.)] (dual unit: 2 cm =0.8in).

Therefore, the life time or service life which is defined as the sum of
time-to-corrosion initiation plus time-to-cover cracking decreases
greatly if one considers realistically the effect of rebar in chloride
diffusion analysis and the effect of non-uniform corrosion distribution
in cracking analysis.

6. Conclusions

Corrosion of steel bars in concrete may be the most dominant
factor which affects durability and service life of concrete structures.
The corrosion of steel bar in concrete may cause expansion pressure
and this expansion pressure may then induce tensile cracking around
the reinforcing bar. Since chlorides are generally penetrated into
concrete in one direction under actual sea environments, the
corrosion may start from the outermost part of the rebar and thus
the steel bar may not corrode uniformly in a cross section, which has
been also reported by the experimental study of Gonzalez et al [25].
The purpose of the present study is therefore to explore the effects of
non-uniform corrosion on the cracking behavior of concrete cover.
Non-uniform distribution of expansion pressure may cause adverse
effects for the cracking of concrete cover because higher pressure is
concentrated at the outer region of rebar toward concrete cover. The
following conclusions were drawn from the present study.

1. The pressures to cause cracking of concrete cover under non-
uniform corrosion conditions (ov=4-8) are much smaller than that
of uniform corrosion case. Namely, the cracking pressure decreases
up to 40%-60% depending upon the type of non-uniform corrosion
distribution. This means that a local corrosion at the outer face of
rebar can cause the failure of concrete cover at a relatively low
expansion pressure. It was reported from the experiments of
Gonzalez et al [22] that the value « (the degree of non-uniform
corrosion) ranges about 4-8 in natural conditions.

2. Some realistic equations for cracking pressures of concrete cover
due to steel corrosion were derived in terms of « value (the degree
of non-uniform corrosion) for various cover-to-bar diameter (c/d)
ratios.

3. The present study indicates that the pressure to cause cracking of
concrete cover due to corrosion expansion increases with an
increase of cover depth and is almost linearly proportional to the
cover-to-rebar diameter (c/d) ratio.

4. The cracking pressure of concrete cover decreases slightly as bar
diameter increases. However, the effect of bar diameter on the
cracking pressure due to steel corrosion is found to be rather small.

5. The cracking pressure of concrete cover increases as concrete
strength increases. The regression equations were derived for the
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cracking pressures as a function of compressive strength for
various « values (non-uniform corrosion). It is noted that there
exists fairly good correlation between cracking pressure and
compressive strength.

. The results of present analysis were compared with test data on the

cracking pressure of concrete cover. It is confirmed that the results
of present analysis agree very well with the test data.

. Finally, the effect of non-uniform corrosion on the service life of

concrete structures was discussed. It is noted that simple
assumption of uniform corrosion may lead to unconservative
estimation for service life.
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