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Abstract. Under coastal or marine conditions, chloride erosion is the major accelerating factor of reinforcement corro-
sion. Therefore, it is of vital importance to investigate the chloride diffusion model. Research reveals that the concrete
stress state has great influence on chloride diffusion; therefore a stress influence coefficient was incorporated in chloride
diffusion coefficient model by many researchers. By referring to the experimental data from eight different researchers,
the law between stress influence coefficient and concrete stress ratio is studied in detail, and equations relating the stress
influence coefficient with the concrete stress ratio are established. Compared with three typical existing groups of equa-
tions, it is found that the proposed equations give the most accurate estimation of the stress influence coefficient. Hence,
the proposed equations can be adopted to improve the valuation of chloride diffusion coefficient, and a modified chloride
diffusion model is put forward. Three groups of experimental data are used to validate the modified chloride diffusion
model, which is shown to be reasonable and having high prediction accuracy.
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Introduction

Under the aggressive conditions of coastal or marine
environment, chloride erosion is the main accelerating
factor to aggravate the corrosion of steel reinforcement
(Wang et al. 2014; Alava et al. 2016). Due to the fact
that reinforcement corrosion is one of the most critical
problems that impair the durability of concrete structures
(Zhou et al. 2015; Zhang, Zhao 2016), it is important to
study the behaviour of chloride migration so that more
appropriate mitigation measures could be devised. Be-
cause the chloride ion penetrates into the internal part of
concrete mainly in the manner of diffusion, the chloride
diffusion model has been investigated by many research-
ers (e.g. Zhang, Gjerv 1996; Zhou 2014, 2016).

It is noted that most of the studies on chloride dif-
fusion pertain to reinforced concrete in an unstressed
state. Concrete structures in service, however, are gener-
ally in a stressed state. Previous research had indicated
that the chloride ion penetration process in concrete in
the stressed state differs from that of unstressed concrete
(e.g. He 2004; Li et al. 2011, 2014). He (2004), Wang
et al. (2011), Li et al. (2011) and Fu et al. (2016) con-
firmed that the chloride ions penetrated more quickly into
concrete under tensile stress state than concrete under

zero-stress state, and the rate of chloride ion penetration
was slowest in concrete under compressive stress state. A
possible explanation for these phenomena would be the
compressive stress may reduce the porosity of concrete
by closing some microcracks or capillaries that exist in
the direction of diffusion. On the contrary, tensile stress
can damage the aggregate-paste interface which causes
increase in the porosity of concrete (Jin et al. 2015; Xu,
Li 2017).

In order to consider the influence of concrete stress
state on chloride diffusion, some researchers incorporated
a stress influence coefficient in the chloride diffusion co-
efficient model (e.g. Wang et al. 2011, 2014, 2016), and
the stress influence coefficient d was expressed as a func-
tion of concrete stress ratio o, / fo(;) (0. denotes the
concrete stress and £, denotes the concrete compressive
or tensile strength dependent on whether o, is compres-
sive or tensile). However, because of the limited and dis-
crete experimental data, only a few research works had
addressed the influence of concrete stress state on chlo-
ride diffusion satisfactorily.

Huang (2007), Zhang (2001) and Li ef al. (2011)
studied the relationship between stress influence co-
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efficient and concrete stress o, experimentally and
performed curve fitting of the experimental data. Con-
sidering the fact that different grades of concrete have
different tensile and compressive strengths, the same
stress in concrete might equate to different proportions
of tensile and compressive strengths of concrete of dif-
ferent grades. Therefore, for different grades of concrete,
the influences of the same stress on chloride diffusion
would be different. As a result, the laws relating the stress
influence coefficient with the concrete stress are depend-
ent on the concrete grade. With the aim to devise the
stress influence coefficient equations suitable for differ-
ent concrete grades, the authors collect experimental data
in the literature (Zhang 2001; Shui 2005; Huang 2007;
Kim et al. 2010; Li et al. 2011, 2014; Sun et al. 2011,
Jin et al. 2011) to further investigate the relationship be-
tween stress influence coefficient and concrete stress ra-
tio, the relevant equations are proposed and a modified
chloride diffusion model is obtained in this paper. At last,
three groups of experimental data are used to validate the
modified chloride diffusion model.

1. Chloride diffusion model

The Fick’s second law of diffusion is commonly applied
to quantify the chloride penetration under coastal or ma-
rine conditions (Costa, Appleton 1999; Ababneh et al.
2003), and it is given by the following expression:

2
8C:D6C

Pz (1)

where C — chloride concentration in concrete at depth x
and exposure time #; D — chloride diffusion coefficient.

The mathematical solution to Eqn (1) for a semi-
infinite concrete with a constant surface concentration C,,
chloride diffusion coefficient D, an initial chloride con-
centration C, and the depth of convection zone Ax was
provided by Fib Bulletin 34 (2006), as shown in Eqn (2)
(Meira et al. 2010; Zhou 2014):

Cx,t:C0+(CS—C0){1—erf(;—/%jH, )

where C, ; — total content of chlorides at depth x and ex-
posure time ¢, %; C, — initial chloride concentration in
concrete, %; C, — surface chloride concentration, %; Ax —
convection zone depth, m; and erf'is the error function.
The surface chloride concentration Cy is not constant
in many cases but has a surface chloride building-up pro-
cess, which has been observed mostly in two patterns.
The first one is a linear pattern of surface chloride build-
up (Mustafa, Yusof 1994; Costa, Appleton 1999; Meira
et al. 2010; Zhou 2014), especially for the concrete ex-
posed to airborne chloride, deicing salt and spray condi-
tions. The second one is a square root build-up (Shin,
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Kim 2002; Kato et al. 2005), especially for the wet and
dry cycles condition.

For the linear pattern of surface chloride build-up,
the relationship between C; and exposure time ¢ can be
expressed as (Zhou 2014):

C,~Co=ht, 3)

where k — constant for increased rate of surface chloride
content, %/s. The length of this surface chloride build-up
period depends on the exposure environments. A longer
period is expected for airborne chloride and deicing salt
conditions and a shorter time for tidal, spray, splashing,
and other related conditions.

Equation (2) is only suitable for a constant diffu-
sivity. The chloride diffusion coefficient has been found
to decrease with time for at least a period of time from
the beginning of exposure due to the continuous cement
hydration and the consequent densification of microstruc-
ture of concrete (Stanish, Thomas 2003; Tang, Gulikers
2007), and the diffusivity-decreasing process is expected
to stop when the cement hydration completes after a cer-
tain period. The length of such period given by Ehlen
et al. (2009), Life-365 (2012) and Ehlen and Kojundic
(2014) is 25 years. The relationship between chloride dif-
fusion coefficient and time can be expressed by Eqn (4):

D, =D, [’_j , )

t}"

where D, — chloride diffusion coefficient at the age of
t,; D, — reference chloride diffusion coefficient tested at
the age of ¢.; m — age factor, which can be obtained from
Ehlen et al. (2009), Life-365 (2012) and Ehlen and Ko-
jundic (2014).

‘When the chloride diffusion coefficient is constant,
initial chloride concentration is zero and consider a linear
pattern of surface chloride build-up, the chloride diffu-
sion can be described using Eqn (5) (Crank 1975). This
equation was also recommended by ACI Committee 365

(2000):

x2 X X _x2
Cx, = kt |:[1 +E] erfc (—2\/EJ——,—”DI exXp [a]:| (5)

in which erfc is the complement error function.

To consider an initial chloride concentration C, a
convection zone depth Ax and a decreasing chloride dif-
fusion coefficient, Eqn (5) can be rewritten to Eqn (6).
This process is also called the first period of chloride dif-
fusion, and the length of this period is around 10 years for
marine splashing zone, and 15 years or longer for atmos-
phere in coastal area (Ehlen ef al. 2009; Ehlen, Kojundic
2014; Zhou 2014).
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where C, , — total content of chlorides at depth x and
exposure time ¢,, %; t, — duration of exposure time, s;
t,0 — age of concrete at the start of exposure, s. The sub-
sequent two exposure periods proposed by Zhou (2014)
with a constant surface chloride concentration together
with either a decreasing chloride diffusion coefficient or

a constant one are not discussed in this paper.

2. Establishing equations for stress influence
coefficient

Although the ingress of chloride into concrete is primar-
ily dominated by diffusion, the concrete stress state can
affect this process by modifying the microstructure of
concrete. Concrete structures may be subjected to various
loading conditions under service conditions. Therefore,
to predict the chloride ingress into real structures under
service conditions, the effects of different concrete stress
states on the chloride transport should be considered.

To account for the influence of concrete stress state
on chloride diffusion, a stress influence coefficient can be
incorporated in Eqn (4), as expressed in Eqn (7):

- exp
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B
where D — chloride diffusion coefficient under concrete
stress state at the age of #,, m%/s; D, — chloride diffusion
coefficient under zero-stress state at the age of 7,, m?/s;
D,. — reference chloride diffusion coefficient of concrete
at the age of test or measurement ¢, under zero-stress
state, m%/s; K, — stress influence coefficient, which in-
dicates the influence of concrete stress state on chloride
diffusion. Eqn (7) can also be written as:

®)

With respect to Eqn (8), the equations of stress influ-
ence coefficient can be obtained if the chloride diffusion
coefficients at given concrete stress state and zero-stress
state are known. To conduct numerical analysis, it is as-
sumed that K has no coupling with other factors such as

Table 1. Chloride diffusion coefficient under different concrete stress states (data from Jin ez al. 2011)

Specimen | f; (MPa) or D (1076 mm?/s) K, Specimen | f, (MPa) dc D (1075 mm?/s) Ky
C40 2.58 0 3.25 1 C40 28.5 0 11.10 1
B41 2.58 0.223 3.90 1.200 A4l 28.5 0.220 10.80 0.973
B42 2.58 0.402 3.75 1.154 A42 28.5 0.367 10.15 0.914
B43 2.58 0.500 4.15 1.277 A43 28.5 0.514 9.85 0.887
C50 2.14 0 5.73 1 C50 21.7 0 12.85 1
B51 2.14 0.312 6.25 1.091 AS1 21.7 0.221 12.30 0.957
B52 2.14 0.474 6.50 1.134 AS2 21.7 0.368 11.65 0.907
B53 2.14 0.603 6.68 1.166 AS53 21.7 0.515 11.09 0.863

Table 2. Chloride diffusion coefficient under different concrete stress states (data from Zhang 2001)

Specimen | f; (MPa) or D (107 mm?/s) K | Specimen | f.(MPa) dc D (107 mm?/s) Ky

1 1.84 0 3.850 1 1 20.3 0 9.169 1

2 1.84 0.3 3.855 1.001 2 203 0.3 8.959 0.977
3 1.84 0.5 4.103 1.066 3 203 0.5 7.694 0.839
4 1.84 0.7 4.116 1.069 4 20.3 0.7 6.690 0.730
5 1.53 0 6.125 1 5 15.5 0 9.639 1

6 1.53 0.3 6.327 1.033 6 15.5 0.3 9.570 0.993
7 1.53 0.5 6.560 1.071 7 15.5 0.5 9.265 0.961
8 1.53 0.7 6.633 1.083 8 15.5 0.7 8.553 0.887
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Table 3. Chloride diffusion coefficient under different concrete stress states (data from Huang 2007)

Specimen | f; (MPa) or D (107 mm?/s) Ky Specimen | f. (MPa) Sc D (107 mm?/s) Ky
W-1 2.65 0 48.9 1 W-1 33.6 0 48.9 1
T-1 2.65 0.22 51.8 1.059 C-1 33.6 0.05 46.0 0.941
T2 2.65 0.44 56.6 1.157 C-2 33.6 0.09 40.6 0.830
T-3 2.65 0.66 61.2 1.252 C-3 33.6 0.14 35.6 0.728
T-4 2.65 0.88 76.3 1.560 C-4 33.6 0.18 26.1 0.534
W-1 242 0 52.0 1 W-1 273 0 52.0 1
T-5 2.42 0.22 553 1.063 C-5 27.3 0.06 49.8 0.958
T-6 2.42 0.44 60.3 1.160 C-6 27.3 0.11 44.9 0.863
T-7 2.42 0.66 67.0 1.288 C-7 27.3 0.17 39.0 0.750
T-8 2.42 0.88 80.5 1.548 C-8 27.3 0.22 29.0 0.558

Table 4. Chloride diffusion coefficient under different concrete stress states (data from Li et al. 2011)

Specimen f,(MPa) | 6; | D (10°mm?/s) Ky Specimen fo(MPa) | 6o | D (107 mm?¥s) Ky
SSI-N-D40 2.80 0 0.667 1 SSI-N-D40 314 0 0.667 1
SSI-TK30-D40 2.80 0.3 0.797 1.195 | SSI-CK30-D40 314 0.3 0.510 0.765
SSI-TK50-D40 2.80 0.5 0.830 1.245 | SSI-CK50-D40 314 0.5 0.604 0.905
SSI-N-D60 2.80 0 0.479 1 SSI-N-D60 314 0 0.479 1
SSI-TK30-D60 2.80 0.3 0.573 1.198 | SSI-CK30-D60 314 0.3 0.363 0.759
SSI-TK50-D60 2.80 0.5 0.594 1.241 | SSI-CK50-D60 314 0.5 0.426 0.891
SSI-N-D90 2.80 0 0.341 1 SSI-N-D90 31.4 0 0.341 1
SSI-TK30-D90 2.80 0.3 0.396 1.161 | SSI-CK30-D90 314 0.3 0.251 0.737
SSI-TK50-D90 2.80 0.5 0.425 1.246 | SSI-CK50-D90 314 0.5 0.279 0.818

Table 5. Chloride diffusion coefficient under different concrete stress states (data from Li et al. 2014)

Specimen f,(MPa) | d; | D0 mm%s) | K, Specimen fo(MPa) | 5 | D (100 mm%s) | Ky
T1-0 2.30 0 39 1 C1-0 24.22 0 6.2 1
T1-1 2.30 0.174 4.2 1.077 Cl-1 24.22 0.396 5.5 0.887
T1-2 2.39 0.335 4.5 1.154 Cl1-2 25.46 0.754 5.0 0.806
T1-3 2.34 0.513 5.2 1.333 C2-0 33.40 0 5.5 1
T1-4 242 0.661 6.8 1.744 C2-1 33.40 0.198 5.2 0.945

— — — — — C2-2 34.27 0.385 4.0 0.727
— — — — — C2-3 34.27 0.578 3.5 0.673
— — — — — C2-4 34.48 0.789 5.0 0.962
— — — — — C3-0 39.42 0 3.9 1

— — — — — C3-1 39.42 0.203 3.5 0.897
— — — — — C3-2 40.00 0.400 2.5 0.641
— — — — — C3-3 40.00 0.600 34 0.872
— — — — — C3-4 40.15 0.797 5.0 1.282

time and water/cement ratio of concrete (corresponding
assumptions are also contained in vast literature, such as
Gowripalan et al. 2000; Wang ef al. 2011; Rahman ef al.
2012). In other words, K, is only a function of the con-
crete stress ratio 6 (0 = o) / fo(p)-

In the following, reference is made to experimental
data in the literature, as summarised in Tables 1 to 8 (f;
and o7 are respectively the concrete tensile strength and
tensile stress ratio; and f, and - are respectively the con-
crete compressive strength and compressive stress ratio).

These data are utilised to study the relationship between
stress influence coefficient and concrete stress ratio.

The relationships between K, and concrete tensile
and compressive stress ratios are plotted in Figures 1
and 2, respectively. It can be seen from the figures that
the stress influence coefficient has approximately linear
relationship with the concrete tensile stress ratio, while
the relationship between the stress influence coefficient
and the concrete compressive stress ratio can be approxi-
mately described by a quadratic function. The relation-
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Table 6. Chloride diffusion coefficient under different concrete stress states (data from Sun et al. 2011)

Specimen | f, (MPa) | dc | D (10°mm?%s) Ky Specimen | f. (MPa) | dc | D (109mm%s) | K
342 0 2.67 1 42.1 0 2.09 1
342 0.1 2.35 0.880 42.1 0.1 1.82 0.871
C3F 342 0.3 2.22 0.831 C4F 42.1 0.3 1.77 0.847
342 0.5 2.29 0.858 42.1 0.5 1.85 0.885
342 0.7 241 0.903 42.1 0.7 2.15 1.029

Table 7. Chloride diffusion coefficient under different concrete stress states (data from Kim et al. 2010)

Specimen | f; (MPa) | &7 | D (107%mm?s) Ky Specimen | f; (MPa) | d; | D (10°°mm?%s) Ky
2.37 0 5.0 1 2.25 0 4.0 1
BFS8000-50 2.37 0.3 6.0 1.20 BFS6000-70 2.25 0.3 4.5 1.125
2.37 0.6 7.5 1.50 2.25 0.6 5.5 1.375

Table 8. Chloride diffusion coefficient under different concrete stress states (data from Shui 2005)

Specimen | f,(MPa) | Jp | D (10%mm?s) K Specimen | f. (MPa) | o | D (10°°mm?s) Ky
C35-CX 1.57 0 5.847 1 C35-CX 16.7 0 5.474 1
C35-CXL3-T 1.57 0.3 7.748 1.325 | C35-CXL3-C 16.7 0.3 3.492 0.638
C35-CXLo6-T 1.57 0.6 9.013 1.542 | C35-CXL6-C 16.7 0.6 3.888 0.710

ship between K, and concrete tensile and compressive
stress ratios can be mathematically established by means
of regression analysis, as given by Eqn (9a) (coefficient
of correlation R2 = 0.992) and Eqn (9b) (coefficient of
correlation R? = 0.987) respectively. In Eqn (9a), the
value of d7 is limited to 1.0. Considering that the long-
term compressive strength of concrete structures under
sustained load is generally taken as 0.80f,, in Eqn (9b),
0c should not be greater than 0.8.

Under tension: K, =1.0+0.456; (0<6;<1.0); (9a)

Under compression: K, =1.0-0.885, + 53

(0<5-<0.8). (9b)

Figure 1 shows that K}, increases monotonically
with d7. Figure 2 shows that K, has a minimum value.
The K, decreases with increasing - when compressive
stress ratio is lower than a certain value, and increases
with increasing d.- when compressive stress ratio is high-
er than that value. This is because transverse deformation
and micro-cracks due to compression damage accelerate
the penetration of chloride ions. In Eqn (9b), K, attains
the minimum value of 0.81 when . is equal to 0.44.

3. Evaluating the proposed equations

To evaluate the accuracy of the proposed equations,
Eqn (9a) and Eqn (9b) are statistically compared with
other three typical existing groups of equations (Wang
et al. 2011, 2014; Wang 2012) in terms of deviation.

Eqn (10a) and Eqn (10b) were proposed by Wang
et al. (2014):

Under tension: K;, =1+0.30345; +0.42356%;  (10a)

Under compression: K, =1-2.12556, + 3.033253 .
(10b)

The proposed equations by Wang (2012) are given
as:

Under tension: K, =1-0.12965; + 0.82915% ; (11a)

Under compression: K, =1-1.24635- +1.909 lé‘g (11b)

Eqn (12a) and Eqn (12b) were obtained by the re-
search of Wang et al. (2011):

Under tension: Ky, =1+0.3567 ; (12a)

Under compression: K, =1-0.285.. (12b)

The deviation is the difference between the com-
puted results of stress influence coefficient (denoted by
K;.) and the experimentally obtained stress influence
coefficient (denoted by Kj, ). A smaller absolute value
of deviation indicates a higher accuracy of the equations.

As shown in Figure 3, with the increase of the con-
crete tensile stress ratio, the deviations of Eqn (9a) to
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Fig. 3. Deviation between computed results and experimental
data under tensile stress

Eqn (12a) are all fluctuating around 0. The maximum
deviations from Eqn (9a) to Eqn (12a) are respectively
-0.202, 0.297, —0.251 and —0.262, and the mean values
of deviations are respectively 0.001, 0.036, —0.057 and
—0.042. Therefore, the results of deviations suggest that
Eqn (9a) is the most accurate, followed by Eqn (10a),
while Eqn (11a) is the least accurate.

As shown in Figure 4, with the increase of the con-
crete compressive stress ratio, the deviations of Eqn (9b)
to Eqn (12b) are all fluctuating around 0. The fluctua-
tion of Eqn (9b) is the smallest, with the maximum de-
viation and the mean values of deviations of 0.180 and
0.015, respectively. In contrast, the maximum deviations
of Eqn (10b) to Eqn (12b) are respectively 0.316, 0.340
and 0.247, and the mean values of deviations are respec-
tively —0.083, 0.030 and 0.046. The results of deviations

Cx, e = CO +kte

(x-ta)' (1-m)

I+ (x—Ax)ﬂ

erfc

r O Experimental data
02 ——Eq©b)
0.0 : ' : :
0.0 02 04 06 08

Compressive stress ratio & .

Fig. 2. Relationship between K, and concrete compressive
stress ratio d.

—e— Eqn (9b)
04 —A— Eqn(10b)

—O— Eqn (11b)
0.3 - —x—Eqn(12b)
x O&
. /4 .

< ) L
: 0.6 @3
,/// *\\fi/ \
i 7y ¥
\g Compressive stress ratio &,

Fig. 4. Deviation between computed results and experimental
data under compressive stress

suggest that Eqn (9b) is the most accurate, followed by
Eqn (11b), while Eqn (10b) is the least accurate.

From the above, it can be seen that the proposed
equations have the highest prediction accuracy in com-
parison with the typical existing equations.

4. The modified chloride diffusion model

Equation (6) can be rearranged to yield the general equa-
tion as given by Eqn (13), based on Eqn (7) to consider
the effect of concrete stress state in term of the stress
influence coefficient Kj,. When concrete is subjected to
tensile stress or compressive stress, the value of K, can
be determined by Eqn (9a) or Eqn (9b), respectively.
Eqn (13) can be taken as the governing equation of the
modified chloride diffusion model:

(x—Ax)\/m

(e (1-m)

- -
2KksDrt:n ([te +[a0] ! _t(IIOm)

ZJKksDrll’:n ([te + ta() ]17”1 ‘Elzﬁm

- exp
_ _ m 1-m 1-m
) \/”KksDrt;n ([le+ta0]1 ' _lclzom) AKis Dty ([t"H"O] a0 )

(13)



Journal of Civil Engineering and Management, 2017, 23(7): 955-965 961

The modified chloride diffusion model can be used
to predict the chloride concentration profiles that result
from the chloride diffusion process under different con-
crete stress states in the first exposure period. It is noted
that the proposed equations of K, can also be used in
the subsequent exposure periods with a constant surface
chloride concentration and either a decreasing chloride
diffusion coefficient or a constant chloride diffusion co-
efficient.

5. Model validation

In this section, the experimental data from He (2004),
Wang (2012) and Wang et al. (2014) are used for validat-
ing the modified chloride diffusion model.

The specimens tested by He (2004) were concrete
beams of size 100 mmx100 mm>400 mm. Three factors
were varied in the test, namely the water/cement ratio,
load level and freeze-thaw cycle. During the loading test,
three load levels corresponding to 0, 0.3 and 0.6 times the
flexural strength of members were applied. At the same
time, all concrete specimens were immersed in 3.5% so-
dium chloride solution. After 30, 70, 120 and 200 days
of exposure to the sodium chloride solution, the chloride
contents at different depths (0-3, 3—6, 6-9, 9-12, 12-15,
and 15-20 mm) from the exposed surface were deter-
mined.

The surface chloride concentrations from the speci-
mens under zero load level at the convection zone depth
(3 mm) up to 200 days had a linear increase of surface
chloride concentration, as given in Figure 5. The correla-
tion coefficient R? is 0.984, indicating a very good cor-
relation between the experimental data and the regres-
sion equation. The best-fit curves for the experimental
data at various ages can be obtained by varying the com-
binations of the input age factor and chloride diffusion
coefficient. For unstressed specimens, the age factor is
0.32 and the chloride diffusion coefficient at 28 days is
7.12x10712 m?/s. At the convection zone depth (3 mm),
the experimental data are excluded. In Figure 6, the ex-
perimental data from specimens tested under 0.6 times

0.28 Cy= 0.18701+0.1787

R% =0.984

"%

0.22 -

o]

0' 1 8 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

t/ year

Fig. 5. Surface chloride concentration (data from He 2004)

tensile strength are compared with the computed results
from Eqn (13). As computed from Eqn (9a), when 7 is
0.6, K, is equal to 1.27. The R? value ranges from 0.904
to 0.964. Overall, the correlation between the modified
chloride diffusion model and the experimental data is
good.

Wang et al. (2014) obtained the chloride profiles
of specimens produced from ordinary Portland cement
(P.O. 42.5) concrete at a water/cement ratio of 0.38. The
concrete specimens were placed in tidal zone and salt
spray zone, respectively. Sodium chloride solution used
in salt spray tests was made by dissolving sodium chlo-
ride in distilled water, and the mass fraction was 5%. In
salt spray tests, the concrete specimens were divided into
four groups (five specimens per group) according to the
required period of test (35, 70, 120 and 180 days). In
each group, three load levels corresponding to 0, 0.3 and
0.5 times the flexural strength of member were applied.
After 35, 70, 120 and 180 days of exposure to the chlo-
ride environment, the chloride contents in each concrete
specimen at different depths (0-5, 5-10, 10-15, 15-20,
20-25, and 25-30 mm) from the exposed surface were
determined.

The experimentally obtained data of surface chloride
concentrations of unstressed specimens at the convection
zone depth (5 mm) up to 180 days (0.493 year) had an
approximately linearly increasing trend, as shown in Fig-
ure 7. The regression equation is presented in the figure
and the R? value is 0.984, indicating a very good cor-
relation with the experimental result. The best-fit curves
for the experimental data at various ages are obtained by
varying the input age factor and chloride diffusion coef-
ficient. For the unstressed concrete specimens, the values
are evaluated as m = 0.21 and D,g = 10.914x107'2 m?/s.
At the convection zone depth (5 mm), the experimen-
tal data are excluded. The experimental data from con-
crete specimens tested at 6 = 0.5 are compared with the
computed results from Eqn (13), as depicted in Figure 8.
From Eqn (9a), K, is equal to 1.225. The experimental
data from concrete specimens tested at 6~ = 0.3 are com-

035
—— Modelled 30 days, &= 0.955

6.=0.6

0.30 - N B O Tested 30 days

N K, =127 )

N Modelled 70 days, R°=0.904

0.25 NN A Tested 70 days

N N

r A .\_ ------- Modelled 120 days, R*=0.964

0.20 - AN O Tested 120 days

0.10

Chloride concentration, % of concrete

0.05 -

0.00 —*

22

Distance to surface, mm

Fig. 6. Model validation (data from He 2004, 6, = 0.6,
K, =1.27)
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C=0.32181+0.1457

R*=0.984

0.1 0.2 03 04 0.5
t/year

Fig. 7. Surface chloride concentration (data from Wang et al.
2014)

pared with the computed results from Eqn (13), as de-
picted in Figure 9. From Eqn (9b), K, is equal to 0.826.
It can be seen from Figures 8 and 9 that the computed
results from Eqn (13) are very close to the experimental
data. The R? value ranges from 0.907 to 0.997, indicat-
ing very good correlation between the modified chloride
diffusion model and the experimental data.

The concrete specimens tested by Wang (2012) were
of size 100x100x400 mm and were divided into three
categories, the first was compressive specimens with
oc = 0.1, 0.2 and 0.3, the second was tensile specimens
with 67 = 0.3, 0.5 and 0.7, and the third was zero-stress
specimens. Half of the total amounts of specimens were
steam cured while the remaining half was cured under
room temperature.

During testing, the concrete specimens were cov-
ered with sponge, except in the 50 mm distance from
both ends of specimens. Chloride salt solution in 5% con-
centration was sprinkled on the sponge three times per
day. After 56, 112, 168 and 224 days of exposure to the
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g K,~0.826 este ays ,
o S S e Modelled 70 days, R"= 0.994
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=) QN N
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g 0.08 - SolN O Tested 120 days
£
= 0.06 |
Q
Q
g
S 004}
Q
e
5 002}
=
© 000l
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Distance to surface, mm

Fig. 9. Model validation (data from Wang et al. 2014,
oc=0.3, K, = 0.820)
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g 014 N A Tested 70 days
[ A ~ 2_
S o12bL o N T Modelled 120 days, R"= 0.946
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§ 0.08
0
54
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Q
80041
5
2 002t
Q
000 1 1 1 1 J
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Distance to surface, mm

Fig. 8. Model validation (data from Wang et al. 2014,
or=0.5, K, = 1.225)

chloride environment, the chloride contents at different
depths (0-5, 5-15, 15-25, 25-35, 35-45, and 45-55 mm)
from the exposed surface were determined. The surface
chloride concentrations from zero-stress specimens at
the convection zone depth (5 mm) up to 224 days dem-
onstrated an approximately linearly increasing trend, as
shown in Figure 10. The R? value is 0.992, indicating
a very good correlation between the experimental result
and the regression equation. The best-fit curves for the
experimental data at various ages are obtained by varying
the combinations of the input age factor and chloride dif-
fusion coefficient. For the zero-stress specimens, the re-
spective values are m = 0.25 and D,g = 5.32x10°12 m%/s.
At the convection zone depth (5 mm), the experimental
data are excluded. The experimental data from concrete
specimens tested at 6= 0.5 are compared with the com-
puted results from Eqn (13), as presented in Figure 11.
From Eqn (9a), K, is equal to 1.225. The experimental
data from concrete specimens tested at 6~ = 0.2 are com-
pared with the computed results from Eqn (13), as pre-

0.48 -

Cg=0.21401+0.3326

R*=0.992

0.1 02 0.3 0.4 0.5 0.6 0.7

t/ year

Fig. 10. Surface chloride concentration (data from Wang

2012)
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Fig. 11. Model validation (data from Wang 2012, d;= 0.5,
K, = 1.225)

sented in Figure 12. From Eqn (9b), K, is equal to 0.864.
In Figures 11 and 12, the R? value ranges from 0.985 to
0.997. The correlation between the modified chloride dif-
fusion model and the experimental data is considered to
be very good.

Overall, the results of the above validation show that
the modified chloride diffusion model is accurate for pre-
dicting the chloride concentration profiles that result from
the chloride diffusion process under different concrete
stress states in the first exposure period. More data from
experimental testing and field measurements for validat-
ing the new model are desirable.

Conclusions

In this paper, the influence of concrete stress states on
chloride diffusion has been investigated with reference to
collected experimental data in the literature. A modified
chloride diffusion model has been proposed. From the
analysis performed in this study, the following conclu-
sions can be drawn:

1. The research has indicated that the stress influence
coefficient has approximately linear relationship with the
concrete tensile stress ratio, whereas the relationship be-
tween the stress influence coefficient and concrete com-
pressive stress ratio is approximately a quadratic function.
The stress influence coefficient increases with increas-
ing concrete tensile stress ratio, while it first decreases
and then increases with increasing concrete compressive
stress ratio. By means of regression analysis, equations of
stress influence coefficient have been established.

2. To evaluate the accuracy of the proposed equa-
tions in this paper, they have been statistically compared
with another three typical existing groups of equations
in terms of the deviation. It is found that the proposed
equations give the most accurate estimation of stress in-
fluence coefficient in comparison with the existing equa-
tions. Hence, the equations from the present research can
be adopted to improve the valuation of chloride diffusion
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Fig. 12. Model validation (data from Wang 2012, .= 0.2,
K, = 0.864)

coefficient, and a modified chloride diffusion model has
been put forward.

3. Three groups of experimental data have been used
to validate the modified chloride diffusion model, and the
results have shown that the modified chloride diffusion
model is reasonable and has high prediction accuracy.
Therefore, the modified chloride diffusion model can be
used to predict the chloride diffusion process under dif-
ferent concrete stress states in the first exposure period.
Nevertheless, the authors opine that the modified chloride
diffusion model should be confirmed with more data ob-
tained from experiment and field measurements. Moreo-
ver, further research regarding the possible influence of
factors such as concrete mix design and environmental
conditions on the stress influence coefficient is recom-
mended.
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