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Abstract: Chloride-induced reinforcement corrosion in reinforced concrete structures exposed to marine
environment is one of the most important factors affecting the durability of structures. To minimize the effect
of cracks on the deterioration of RC structures, current design codes often limit the crack width. However,
recent investigations indicated that condition of steel-concrete interface is a more essential criterion related
to reinforcement corrosion. The purpose of this study is to clarify the effect of various conditions including
cover thickness, water-cement ratio, environment action and interfacial void on limitation of crack width.
The validity of crack width limitation in design codes is discussed based on analytical results.
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1. Introduction

Corrosion of reinforcing bars in concrete due
to chloride penetration is one of the main causes of
deterioration of reinforced concrete structures under
marine environment. Reduction of chloride penetra-
tion is, therefore, crucial to the design and construc-
tion of concrete structures under load and environ-
mental action. RC structures are in general allowed
to have flexural cracks under the service load. The
effect of flexural crack on chloride penetration into
concrete has been studied by many researchers [1-
5]. It has been confirmed that chloride ingress into
concrete increases with increasing surface crack
width.

The influence of crack width on corrosion ini-
tiation has been investigated by many researchers
[6-9]. It has been clarified that the risk of corrosion
initiation increases with increasing crack width.
Therefore, to ensure design service life of RC struc-
ture, crack width should not exceed the threshold
value to avoid corrosion risk of embedded steel due
to chloride. In several studies [10-18], efforts were
made to determine the threshold value of crack
width. Table 1 summarizes literatures which pro-
posed the critical crack width for reinforcement cor-
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rosion. It was found that critical crack width is not a
unique value depending on the definition of initia-
tion of corrosion. While a value of 0.1 mm was re-
ported by Schiessl [11], O'neil [14] found a value of
0.4 mm and it was expressed as a function of cover
thickness by Yachida [17].

Table 1 — Limitation of crack width for reinforce-
ment corrosion

Researcher Limitation of crack
width (mm)

Shiessl.,P.,.Rehm, G [10,11] 0.1
Shalon, R [12] 0.15
Okada.K and Miyagawa .T. [13] 0.1-0.2
O'neil.E.F [14] 0.4
Kamiyama [15] 0.01
Maruyama and Seki [16] 0.2
Yachida [17] 0.0065¢-0.14c
Kamiyama [15] 0.1
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NOTE: ¢ — cover thickness (mm)

Steel-concrete interface in RC member such as
girder bridge, slab bridge, and highway pavements,
is generally damaged due to increased tensile stress
or cyclic load. The defect of steel-concrete interface
is also caused by concrete bleeding resulting in the
formation of interfacial void around reinforcing bar.
The influence of defect of steel-concrete interface
on corrosion initiation has been confirmed in a few
studies [19-26]. Mohammed [19] found that the
presence of gaps/voids at the steel-concrete inter-
face causes the complete loss of passivity with the
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presence of chloride and, therefore, it is necessary
to make concrete without interfacial void at steel-
concrete interface to ensure long-term durability of
RC structures. Savija [20] found that the defect of
steel-concrete interface was an important factor in
chloride ingress and subsequent reinforcement cor-
rosion. A. Castel [21] showed that the quality of
steel-concrete interface is greatly dominant in pre-
diction of the initiation of corrosion in reinforced
concrete members. T.A Soylev [22] concluded that
damage of steel-concrete interface affected directly
to the corrosion rate. Interaction between flexural
crack and interfacial void has been investigated in
the author’s previous studies [27, 28]. The authors
found that chloride ingress into concrete with flex-
ural crack was promoted with presence of interfa-
cial void, therefore, defect around reinforcement
due to bleeding should be avoided to make crack
width control in RC member effective.

Several current structural codes [29-34]
specify the allowable crack width with respect to
environmental conditions and cover thickness.
Threshold value of crack width varies among the
codes due to different criteria. For example, in the
standard specification (2002) for concrete structures
by Japan Society of Civil Engineering (JSCE) [29],
limitation of crack width is experimentally
determined considering various influencing factors
on corrosion as concrete cover, environmental
condition, design life, type of reinforcement, in
addition to chloride concentration. In CEB-FIP
Model Code 1990 [30], crack width limitation is
determined to ensure that steel bar will not be
depassivated during anticipated service life. In the
ACI 318 [32], maximum crack widths result from
expected loads on the structure. Though this
limitation of crack width has been proved adequate
practically, its reasonableness has not been
theoretically confirmed.

Based on aforementioned reasons above, the
purpose of this study is to clarify the effect of
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various conditions including cover thickness, water-
cement ratio, environment action and interfacial
void on limitation of crack width. The validity of
crack width limitation in various standards will be
discussed based on analytical results.

2. Method of numerical simulation

2.1 Modeling of concrete cover with flexural

crack

Numerical simulation of transport of water and
chloride in concrete cover was carried out to
investigate the influence of flexural crack on
chloride ingress into RC members and its
interaction between the interfacial void around
reinforcement. The layout of a part of RC member
with flexural crack and the interfacial void is shown
in Fig. 1, in which L is crack interval, w is crack
width, v,, is width of interfacial void, c¢ is thickness
of concrete cover. Variation of crack width along
the crack depth, which may exist in actual flexural
crack in reinforced concrete members, was not
considered in the calculation in this study. In
addition, though actual crack surface is rough and
crack path is tortuous, crack is assumed straight in
the calculation in this study. Water and chloride
ions are assumed to penetrate into concrete from the
exposed surface, the crack surface and the surface
of the interfacial void around reinforcement.

EIUSTEEL BAR-. L

Sieg A'Jmt.,‘ } T PR

IRARRRARRRARRERRERRREN EEREEEEE R
O+ WATER

W
Fig. 1 - Layout of RC member with flexural crack
and interfacial void
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Fig. 2 - Penetration of liquid water into crack and interfacial void around reinforcement
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When concrete surface directly contacts with
liquid water, liquid water penetrates into crack and
interfacial void around reinforcement by capillary
suction. Liquid water penetrates into concrete from
three surfaces: the exposed surface, the crack sur-
face and the surface of interfacial void around rein-
forcement. The amount of penetrated water into
concrete from the crack surface and the surface of
interfacial void around reinforcement does not ex-
ceed the amount of water in the crack and the void
respectively. After the crack and the interfacial void
have become empty, liquid water penetrates into
concrete only from the exposed surface as shown in
Fig. 2.

To solve governing equations numerically, a
computer program developed by the authors was
used [38]. Drying process was calculated by implic-
it FDM (Finite Difference Method). Wetting pro-
cess was calculated using an integral solution of
capillary suction model. Transport of chloride ions
was calculated by explicit FDM.

2.2 Transport of water in concrete

Transport of water in nonsaturated concrete is
calculated by the computational model based on
pore size distribution function and microscopic
thermodynamic behavior of water in pore structure
[35].

Pore size distribution of concrete is modeled

by following function:

V(r)=V,|1—exp (= B-°)] (1)

where V(r) is accumulated pore volume whose
radius is not greater than r in unit concrete
volume (m*/m?), V is the total volume of pores
per unit concrete volume (m*/m?), r is pore ra-
dius (m), B is parameter for pore size distribu-
tion, C is parameter for pore size distribution.

The mass conservation equation of water in
nonsaturated concrete is expressed as:

ow
= div(J +J 2
" w(J, +J,) 2

where w is mass concentration of water per
unit concrete volume (kg/m?), ¢ is time (s). The
mass flux of vapour J, and the mass flux of
liquid water J; in nonsaturated concrete are re-
spectively calculated by the following equa-
tions.

J,=-KV,D,,gradp, 3)

s dV 2
J,:j p, —2 —Klr—grad _ dr
o dr 8u 7

4
where K, and K; is non-dimensional material
factor for transport of vapour and liquid water
respectively, Vg is volume fraction of gas phase
per unit concrete volume (m*/m?), D,, is diffu-
sivity of vapour in free space (m%/s), p, and o
are density of vapour and liquid water respec-
tively, 7, is pore radius where the liquid-gas in-
terface is developed (m), u is viscosity of lig-
uid water (Pa*s), y is surface tension of liquid
water (N/m).

2.3 Penetration of liquid water into concrete
within crack and interfacial void
The mass flux of liquid water into concrete
from the concrete surface (Jj,) by capillary suction
is evaluated by following model [36]:

« 714
J]p = Il:p/ d(r) {sz 8:1}; }:ldf' (5)
r w

where K, is non-dimensional frictional coeffi-
cient depending on pore structure of concrete,
r, 18 minimum radius of pore where capillary
suction takes place (m), ¢, is time from the ini-
tiation of wetting process (s).

The mass flux of water in crack (J;”) and
interfacial void (J},") by capillary suction are evalu-
ated respectively as:

cr W

Ty =Paa (6)
iv va

J p = P g (7)

where f is friction factor for transport of liquid
water within crack and interfacial void
(kg/m.s), w is crack width (m), v, is width of
interfacial void (m).

2.4 Drying from the crack surface and the sur-
face of the interfacial void
The evaporation of water from concrete sur-
face is evaluated by the following equation [35]:

JB:D(;:}I)(WZ_WIB) (3)
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where Jp is mass flux of water through the
boundary surface (kg/m?%s), w; is water con-
centration of concrete at the surface (kg/m?),
wip 1s water concentration in equilibrium with
atmosphere (kg/m?), D(wy) is equivalent mois-
ture diffusivity at the boundary (m?s), & is
thickness of boundary film representing the
state of humidity distribution in the atmosphere
near the surface, which is 0.00075 (m) at the
ordinary exposed surface.

Since humidity in crack and the interfacial
void around reinforcement in concrete is considered
higher than the atmosphere, the evaporation of wa-
ter from the crack surface and the surface of the
interfacial void should be smaller than from the or-
dinary exposed surface. The evaporation of water
from crack surface and surface of interfacial void
are assumed respectively as:

©)
(10)

JBcr = ﬂchB
Joy =B

where Jp.- 1s mass flux of water through the
boundary surface of crack (kg/m?s), Jp is
mass flux of water through the boundary sur-
face of interfacial void (kg/m%/s), . is non-
dimensional factor which represents reduction
ratio of evaporation from crack surface, S, is
non-dimensional factor which represents re-
duction ratio of evaporation from surface of in-
terfacial void.

The value of S, and S, will be determined in
the next chapter of this paper based on comparison
of numerical analysis and experiment.

2.5 Transport of chloride ions in concrete

Transport of chloride ions in concrete is calcu-
lated with considering molecular diffusion of free
chloride ions within liquid water and mass flux of
free chloride ions carried by liquid water:

ij (11)
P

!

% = 'diV(JCIdif + CfreeCl

where Ccy is total mass concentration of chlo-
ride per unit concrete volume, Jcuiy is mass
flux of chloride by diffusion, J; is mass flux of
liquid water, Cpec; 18 mass concentration of
free chloride.

In this study, capillary suction from concrete
surface is considered as transport mechanism of
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liquid water. The max flux of chloride ions by dif-
fusion is calculated as:

chdgf = _KCIDClgradCﬁeeCl (12)

where K¢ is non-dimensional material
factor which presents the effect of
narrowness and tortuosity of the pore
structures of concrete, D¢; is diffusivity of
chloride ion in liquid water.

The transition between free and fixed chloride
is calculated based on the equation proposed by
Maruya et al [37]:

Ccz/' =aCy, (13)

where o is fixing rate of chloride ions with
cement hydrate in hardened concrete formulat-
ed as a function of Ccy and the type of cement.

Experimental investigation and its nu-
merical simulation

3.1 Specimen

Four reinforced concrete specimens, whose siz-
es are 100 mm x 200 mm x 900 mm, were prepared
as shown in Fig. 3. Specimen names starting with H
letter represent horizontal members and specimen
names starting with V letter represent vertical
member. One deformed steel bar of 13 mm in di-
ameter was embedded in the longitudinal direction
in the specimens, with 40-mm concrete cover from
the top surface. Table 2 shows the mix proportion
of concrete used. To emphasize the influence of
bleeding, unit water of concrete was set as much as
185 kg/m®.

Specimens were cured being wrapped with wet
mattress for 28 days in the laboratory. Thereafter,
flexural cracks were induced by three-point-
loading. Cracks are named C1, C2, C3, C4, and C5
as shown in Fig. 3. In specimen V1 and V2, two
cracks were induced. However, since the two cracks
had almost same widths with each other, only one
crack in each specimen, which are named C4 and
C5, were selected to measure chloride content.
Crack widths measured by a crack scale are pre-
sented in Table 3. The measured crack widths are
surface crack widths. In the analysis, these surface
crack widths are considered as crack widths. In or-
der to control the penetration of chloride ions into
concrete, all surfaces except the exposed surface of
the specimens were sealed with epoxy-type adhe-
sive. Then, all specimens were placed in a chamber
with controlled temperature and humidity and peri-
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odical drying-wetting actions with mist of sodium
chloride solution (5% NaCl). The length of one cy-
cle was set one day consisting of 12 hours (1/2 day)
mist containing 5% sodium chloride solution at
40°C temperature and 100% relative humidity and
12 hours (1/2 day) drying at 40°C temperature and
60% relative humidity. Though crack width may
change actually by drying and wetting action in the
experiment, crack width was not controlled during
the exposure test.

After 65 days exposure test, specimens were
taken out from the chamber and cut into 25 mm
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(c) Specimen V1

slices. Then, samples of concrete powder were tak-
en from around the steel bar in the slices using an
electric drill. Chloride concentration in concrete
was measured with a chloride ion meter. The pro-
cedure of making concrete powder sample is shown
in Fig. 4.

Table 2 - Concrete mix proportion

W/C | s/a kg/m?
(%) | (%) W C S G
60 45 185 303 793 1,006
Casting
410 L 200 ., 2% direction
‘ Ic2 Ic3 f
I I =
1013 D 3 g

l 900 I

100

(b) Specimen H2

225 675

-

2

160 g
200" ]
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Casting | 900 L |
direction

(d) Specimen V2

Fig. 3 — Specimen

Exposure surface

Drilled position

(a) Concrete slices

(b) Drilled position

(¢) Conc. powder

Fig. 4 — Procedure of making concrete powder samples

Table 3 - Condition of specimens

. c Casting direction to Crack width, w Drying-wetting .
No. Size (mm) steel bar (mm) condition (day) Time (days)
Hl 1 O . 0.75 (C1)
| 200*100*900 Vertical 0.15 (C2), 0.08 (C3)
Vi 40 0.08 (C4) 0.5-0.5 65
R * % :
V2 200*100%900 Parallel 0.08(C5)
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3.2 Test results

Figure 5 shows the experimental results of
chloride concentration along reinforcing bar em-
bedded in concrete after 65 days exposure test. It is
regarded in all specimens that chloride concentra-
tion along reinforcing bar descends in accordance
with the distance from crack. Chloride concentra-
tion around crack C1 whose width is 0.75 mm in
specimen H1 is greater than around crack C2 whose
width is 0.15 mm and around crack C3 whose width
is 0.08 mm in specimen H2. This suggests that
chloride ingress into concrete from crack surface is
promoted by increasing of crack width. Chloride
concentration around crack C1 is greater than in
specimen H2. It is attributable to the existence of
interfacial void around reinforcing bar due to bleed-
ing, whose photographs are shown in Fig. 6. The
influence of interfacial void on chloride ingress
along reinforcing bar is greater in case of greater
crack width.

Chloride concentration around crack C2 in
specimen H2 in which concrete was cast in perpen-
dicular direction to steel bar is almost same with
chloride concentration around crack C4 in specimen
V1 in which concrete was cast parallel to steel bar
even though the crack width is same as 0.08 mm.
The reason for this is that, although interfacial void
due to bleeding occurred in specimen H2, liquid
water did not reach reinforcing bar through crack
because crack width was very small. Consequently,
the influence of interfacial void is not so much
when crack width is small.

Chloride concentration around crack C5 in
specimen V2 is greater than around crack C4 in
specimen V1 even though the crack width of both
cracks are same as 0.08 mm. The reason of this is
that, since concrete was cast parallel to steel bar in
both specimens, concrete around crack C5 near the
casting surface became more porous than around
crack C4 far from casting surface due to bleeding
effect.

3.3 Numerical simulation of experimental result

The values of S and S, are determined based
on following parametric analysis. Figures 7 through
9 show distribution of calculated chloride concen-
tration in concrete along the reinforcement near the
crack, in which value of S, varied. Crack width in
Figs. 7, 8, and 9 are 0.08 mm, 0.15 mm and 0.5
mm, respectively. No interfacial void is provided
around reinforcement. Three values of S shown in
Figs. 7, 8, and 9 are examined for each crack width.
It is clear that chloride concentration at the location
of reinforcing bar increases with increasing of [
According to the results, analytical results agree
well experimental results when the value of S is
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0.04 for w = 0.08 mm, 0.075 for w = 0.15 mm and
0.25 for w = 0.5 mm. The relationship between
crack width and obtained f. is plotted in Fig. 10.
From these results, S, is modeled as a function of
crack width using following formulae:

{ﬂc,. =0.5w

B, =1(w=2mm) (14)

Figure 10 shows distribution of calculated
chloride concentration in concrete along the rein-
forcement near the crack, in which value of f,
varied. Crack width is 0.75 mm and the width of
interfacial void is assumed 0.02 mm. According
to the results, analytical result agrees well exper-
imental result when the value of S, is 0.005. As
there was only one experimental result with the
interfacial void, the relationship between £, and
void width is assumed the same with the
relationship between f.-and crack width.

{ﬂv =0.5v, (15)

B, =1(v, =2mm)

where vy, is width of interfacial void (mm).

The material parameters for transport of
moisture transport and chloride ions in concrete
used in the analysis are listed in Table 4. These
values are determined from mix proportion of
concrete based on previous studies [35, 36, and
38]. Since the portion around crack CS5 in Speci-
men V2 may be affected by bleeding, porosity V,
in this case is assumed greater than other cases.
Conditions of specimens are presented in Table 5.

The width of the void at steel-concrete inter-
face in specimen H1 and H2 was assumed 0.02
mm according to the measurement results by mi-
croscope, while no interfacial void was provided
in specimen V1, V2. Figure 12 shows the com-
parison of experimental chloride distribution and
analytical ones along reinforcement in concrete.
The tendency of chloride distribution around
cracks: C1, C2, C3, C4, and C5 are all well simu-
lated by the analysis. The un-smoothness of chlo-
ride distribution around C1 is attributable to the
effect of penetration of chloride ions from the
surface of the interfacial void into concrete. The
analysis can express the influence of crack and
interfacial void around reinforcement observed
in the experiment by determining material pa-
rameters in the model adequately.
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Table 4 - Material parameters

No. Vo (m?/m?) B C K, K, Kip Ka
HI1, H2, V1 0.15 14,000 0.5 0.05393 0.00108 0.03236 0.01079
V2 0.21 14,000 0.5 0.05393 0.00108 0.03236 0.01079
Table 5 - Conditions of specimens in numerical simulation
No c Crack width, w Interfacial void, | Crack interval, Dry-wet Time
(mm) (mm) vy (mm) L (mm) (days) (days)
H1 0.75 (C1)
0.02
H2 0.15 (C2), 0.08 (C3)
AVl 40 0.08 (C4) 0 200 0.5-0.5 65
V2 0.08 (C5)
; _ 40 O |Clin Specimen H1 Ag = 40 C2in By
h=i) —— Analysis|(vw=0.02mm) 2
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Fig. 12 - Comparison of experimental and analytical chloride concentration along reinforcing bar
after 65 days of exposure
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4. Evaluation of critical crack width based
on numerical simulation

4.1 Method of evaluation

(1) Average chloride concentration at reinforcing

bar

Chloride concentration along the reinforcement
in concrete at each time C(c, y) is obtained through
numerical transport analysis. Average chloride con-
tent along reinforcement bar is considered as index
of risk of reinforcement corrosion. Average chlo-
ride concentration at reinforcing steel bar C,, is cal-
culated by averaging C(c, y) with respect to position
y for a crack interval:

== t=[l year
== t=10years
t=P0years
30years
50years

. 2

steel bar (kg/m3)

Chloride concentration at

-200

100
Distance from crack surface (mm)

(a) Calculated time-dependent chloride pro-
file along the bar
Fig. 14 - Determination of average chloride concentration at location of steel bar
as a function of time

-150 -100 -50 0 50 150 200

(2) Critical chloride concentration for onset of
corrosion
Corrosion of reinforcement embedded in con-
crete is promoted by chloride, supplement of water
and supplemental oxygen. In case of structures un-
der chloride prone conditions such as coastal area

affected by airborne salt, splash zone, and tidal zone,

onset of corrosion is mainly governed by chloride
concentration at the location of reinforcing bar. In
the standard specification for concrete structures by
Japan Society of Civil Engineers (JSCE), critical
chloride concentration for initiation of steel corro-
sion Ciim (kg/m?®) is formulated as a function of type
of cement and water-cement ratio of concrete. For
ordinary Portland cement, it is expressed as:

C

lim —

—3.0W/C)+3.4 (17)

where W/C is water-cement ratio of concrete.

In this study, criteria of onset of corrosion is
defined as

(18)

=
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(16)

,,,,,,,,

Fig. 13 - Determination of C,, by averaging method
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(b) Calculated average chloride concentration
at location of steel bar as a function of time

where C,, is average chloride content at loca-
tion of reinforcing bar.

(3) Critical crack width to prevent corrosion

during service life

Based on numerical analysis, Ca/Ciim is evalu-
ated as a function of time. It increases with increas-
ing of time. Critical crack width is defined when
Ca/Ciim becomes one at the end of service life of
structure. If crack width is greater than the critical
width, reinforcement corrosion will start within ser-
vice life. Therefore, critical crack width depends on
the expected service life of the structure. The small-
er crack width should be restricted to, the longer
service life is expected. In this study, 50 years of
service life is assumed.

4.2 Cases of parametric sensitivity analysis of
influencing factors on critical crack width
Table 6 shows influencing factors and their

variation examined in the conducted sensitivity

analysis. Environmental condition represented by
drying-wetting cycle is examined because limitation
of crack width in the JSCE standard specification

(2002) is regulated depending on severeness of en-

vironmental condition. The influence of water-



cement ratio of concrete is considered in terms of
pore size distribution, material parameters for
transport of water and chloride ions in Chapter 2
and critical chloride concentration for initiation of
steel corrosion. 43 cases shown in Table 7 are cal-

culated in

total.
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Table 6 - Influencing factors examined and their

variation
Influencing factors Variations
Concrete cover, ¢ (mm) 30, 50, 80
Water-cement ratio, W/C 30, 45

(%)

Crack width, w (mm)

0,0.05,0.1,0.2,0.5,1.0

Void width, vy (mm)

0,0.15

Environment condition
(Drying—wetting cycle)

Tidal zone (2.85d D-
0.15d W), splash zone

(1.5d D-1.5d W

Table 7 - Calculated cases in parametric sensitivity analysis

Case V\:/C ¢ w W L | Dry-Wet | Cav/Clim Case w/C c w W L | Dry-Wet | Cav/Clim
(%) | (mm) | (mm) | (mm) | (mm) | (day) |at 50 years ) | (mm) | (mm) | (mm) [ (mm)| (day) |at 50 years
! - % 0 L 0.48 23 | 45 80 | 0.5 | 0.15 | 400 2.34
2 45 80 | 005 | 0 | 400 0.57 T s % (‘) 0'15 200 0‘59
: e U 0 | 4% 057 25 | 45 50 | 0.05 0. 15 | 400 1.14
4 45 80 | 0.2 0 | 400 0.57 : : :
5 P 0 | 03 o T 200 0.65 26 | 45 50 | 01 | 0.15 | 400 1.7
6 % %0 ’ o 200 145 27 | 45 50 | 02 | 0.15 | 400 3.04
7 G 50 0 o | 200 0.5 28 | 45 50 | 0.5 | 0.15 | 400 | 2.85-0.15 6.1
3 G 50 1005 T o T 200 061 29 | 45 30 0 | 015 400 0.62
9 75 0 | o1 0 T 40 0.65 30 | 45 30 | 0.05 | 0.15 | 400 2.58
0 45 50 1 02 0 T 40 121 31 45 30 | 01 | 015 | 400 423
THRT 50 | 05 0 | 200 201 32 | 45 30 | 02 | 015 | 400 4.98
o1 4 | 50 | 1 0 Ta00 | 2805 =4 33 [ 45 [ 30 | 05 [ 015 400 7.07
B3] 45 [ 3] o 0 | 400 0.62 34 | 45 | 0] 0 0 | 400 0.7
14 45 30 | 0.05 0 400 1.15 35 45 50 0.05 0 400 0.93
15 45 30 0.1 0 400 2.52 36 45 50 0.1 0 400 1.5-1.5 1.51
16 45 30 0.2 0 | 400 3.14 37 45 50 0.2 0 400 1.7
17 | 45 30 | 05 0 | 400 3.22 38 | 45 50 [ 05 0 | 400 1.71
18 | 45 30 1 0 | 400 3.32 39 [ 30 50 0 0 | 400 0.32
19 [ 45 80 0 | 015 400 0.48 40 | 30 50 | 0.05 0 | 400 0.4
20 | 45 80 | 0.05 | 0.15 | 400 0.78 41 30 50 | 0.1 0 | 400 | 2.85-0.15 0.5
21 | 45 80 | 0.1 | 015 | 400 0.93 2 | 30 50 | 02 0 | 400 0.83
2 | 45 80 | 02 | 0.15 | 400 1.25 43 30 50 | 05 0 | 400 1.23
8
5
_.L ~4—c=30mm -—c=50mm c=80mm l
“+—c330mm c=50mm =80mm 7 ‘L
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6
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Fig. 15 — Chloride concentration at the location of

reinforcing bar at 50 years (without interfacial void
due to bleeding)
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Fig. 16 - Chloride concentration at the location of
reinforcing bar at 50 years (with interfacial void
due to bleeding)
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4.3 Analytical results of critical crack width

(1) Influence of cover thickness and interfacial

void on critical crack width

Figures 15 and 16 show the relationship be-
tween crack width and calculated average chlo-
ride concentration at the location of reinforcing
bar at 50 years with and without interfacial void
around reinforcement due to bleeding respective-
ly. Arrow indicates the point where average chlo-
ride concentration at the location of reinforcing
bar reaches critical chloride concentration at 50
years. Crack width at this point is regarded as
critical crack width to prevent corrosion during
service life in terms of chloride ingress. In the
series in Fig. 15, no interfacial void is provided
around reinforcement. In series in Fig. 16,
0.15mm interfacial void due to bleeding is as-
sumed. It is found in Fig. 15 that critical crack
width is 0.05mm, 0.18mm, and 0.6mm in cases
that cover thickness is 30mm, 50mm, and 80mm
respectively. In Figure 16, critical crack width is
0.02mm, 0.05mm, and 0.13mm in cases that
cover thickness is 30mm, 50mm, and 80mm re-
spectively. The relationship between provided
cover thickness and evaluated critical crack
widths are plotted in Fig. 17. It can be seen in
Fig. 17 that critical crack width increases with
increasing of cover thickness in the series both
with and without interfacial void. Critical crack
width is decreased by the existence of interfacial
void. This suggests that defect around steel bar
due to bleeding should be avoided to make crack
width control in RC member effective.

1
Eos
g
B 08
i
5o -~
g /'/
Foz

] f

30 40 50 ad 70 20
cower thi chness )

Fig. 17 - Evaluated critical crack width as a func-
tion of cover thickness

(2) Influence of environmental condition on

critical crack width

Figure 18 shows the relationship between
crack width and calculated average chloride con-
centration at the location of reinforcing bar at 50
years in tidal zone and splash zone. The tidal
zones consist of 1.5 days of wetting and 1.5 days
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of drying, while the splash zones consist of 2.85
days of wetting and 0.15 day of drying. It is
found that critical crack width is 0.05mm in tidal
zone and 0.18mm in splash zone respectively. It
means that tidal zone is severer than splash zone
for corrosion of reinforcement in concrete. This
is because water and chloride penetration into
concrete through crack increases with increasing
of wetting period.

5
-+~4—Splash zone —L—Tidal zone

-
]

Cav/Clim
N w

]

A

A g

0 0.1 0.2 0.3 0.4 0.5
Crack width (mm)

Fig. 18 - Chloride concentration at the location
of reinforcing bar at 50 years in splash zone and
tidal zone

5
——W/C=0}45 —L—W/C=0.3

Cav/Clim
w

1 /'/

0 0.1 0.2 03 04 0.5
Crack width (mm)

Fig. 19 - Chloride concentration at the location
of reinforcing bar at 50 years for concrete of
W/C = 0.3 and 0.45.

(3) Influence of water-cement ratio on critical
crack width
Figure 19 shows the relationship between

crack width and calculated average chloride con-

centration at the location of reinforcing bar at 50

years for concrete whose W/C is 0.3 and 0.45. It is

found that critical crack width is 0.34mm and
0.18mm in cases that water-cement ratio is 30% and

45% respectively. It is suggested that, when con-

crete with higher water to cement ratio is used,

crack width should be restricted more strictly to
attain same level of durability.
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5. Comparison of analytical critical crack
width with those in design codes

Critical crack width or allowable crack width
in several design codes is presented in Table 8.

Table 8 - Allowable crack width in design codes

Name of Standard Crack width limitation
(mm)
JSCE (2012) 0.005¢ (< 0.5 mm)
fib Model Code (2010) 0.3 (c/40)
BSI 0.3

In JSCE standard and fib Model Code, critical
crack width is regulated as a function of cover
thickness. Figure 20 shows the relationship be-
tween cover thickness and critical crack width by
JSCE standard specification, fib Mode Code, Brit-
ish Standards Institution and obtained by numerical
simulation in this study. Compared with fib Mode
Code, analytically obtained critical crack width is
close when cover thickness is 80mm, while the
difference becomes greater when cover thickness is
thinner. One of the reasons of this is that numerical
simulation is carried out under drying-wetting con-
dition, which is regarded severe condition for cor-
rosion. Compared with JSCE standard, analytically
obtained critical crack width is almost same when
cover thickness is smaller than 60mm, the differ-
ence become greater when cover thickness is
80mm. In consequence, analytical critical crack
width shows the tendency between JSCE standard
and fib Model Code in both their value and de-
pendency on cover thickness. Though critical crack
width by BSI is constant value, it is almost same
with average value of critical crack width by JSCE
with respect to cover thickness. It was confirmed
that the critical crack width that has been used in
practical design is reasonable from the viewpoint
of protection of reinforcement from ingress of ag-
gressive agent.

1
Numerical simulation

JSCE standard

o
)

fib
=¥=BS|

Aodel Code 2010

o
o

N
IS

limitation of crack width (mm)
o
)

o

Boie %

70 80

covg? thicknessG((r)nm)
Fig. 20 - Relationship between critical crack
width and cover thickness
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6. Conclusions

Followings conclusions can be drawn from
the conducted experiment and analysis:

(1) It was experimentally confirmed that chloride
ingress along reinforcement is accelerated by
the existence of the interfacial void around re-
inforcement. The influence of interfacial void
on chloride ingress along reinforcing bar be-
came greater when crack width was great.

(2) When concrete was cast parallel to steel bar,
concrete near the casting surface became more
porous than one far from casting surface due to

bleeding effect.
3)

Analytical method for chloride ingress into RC
member, in which transport of water and chlo-
ride through flexural crack and the interfacial
void around reinforcing bar are considered,
was developed and verified by laboratory test.
Chloride concentration at the location of steel
bar increases with increasing of either crack

width or width of interfacial void.

(4) The results of the conducted parametric sensi-
tivity analysis suggested that defect around re-
inforcement due to bleeding should be avoided
in order to make the crack width control in RC
member effective and crack width should be
restricted more strictly to attain a same level of
durability when concrete with higher water to

cement ratio is used.

The critical crack width for corrosion of rein-
forcement in concrete evaluated by the numer-
ical simulation showed similar tendency with
critical crack widths in regulated in the design
codes including JSCE standard specification. It
was confirmed that the critical crack width that
has been used in practical design is reasonable

)

from the viewpoint of protection of
reinforcement from ingress of aggressive
agent.
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