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+e chloride diffusion coefficient is the most important parameter when predicting chloride ingress in concrete. +is paper
proposed a model for calculating the chloride diffusion coefficient of steel fiber reinforced concrete (SFRC). Considering the
concrete structures in service are usually subjected to external loads, the effect of bending load was discussed and expressed with
a stress factor ks in the model. +e chloride diffusion coefficient of cement paste was calculated with capillary porosity and then
used to predict the chloride diffusion coefficient of SFRC. Some factors in the model were determined with experimental results.
Chloride bulk diffusion tests were performed on SFRC and plain concrete (without fiber) specimens under bending load. SFRC
showed slightly better chloride resistance for unstressed specimens. +e compressive stress decreased the chloride diffusion
coefficient of SFRC, while it caused no change in plain concrete. For the tensile zone, the chloride resistance of concrete was
improved significantly by adding steel fibers. Overall, SFRC performed better chloride resistance, especially under bending load.
+e proposed model provides a simple approach for calculating the chloride diffusion coefficient of SFRC under bending load.

1. Introduction

Chloride-induced rebar corrosion is one of the major forms
of environmental attack to reinforced concrete, which may
lead to reduction in the strength, serviceability, and esthetics
of the concrete structures [1, 2]. Moreover, cracks caused by
mechanical loads reduce the chloride resistance of concrete
and speed up the initiation of steel corrosion in concrete,
which frequently occurs in field applications [3]. +e ad-
dition of steel fibers significantly improves the resistance of
concrete to crack initiation and propagation [4]. It is also
generally accepted that steel fiber reinforced concrete (SFRC)
has better durability than plain concrete [5]. However, the
effect of steel fibers on chloride transport has not been fully
understood yet.

Some work has been carried out over the past few de-
cades to investigate the chloride transport property of SFRC
[6, 7]. Mangat and Gurusamy [3] found that steel fibers had
an insignificant effect on chloride transport. Roque et al. [5]

observed that SFRC exhibited lower rates of chloride dif-
fusion compared with plain concrete, although the reduction
was generally small. On the contrary, El-Dieb [8] observed
that an increasing fibers’ volume fraction leads to a slightly
higher chloride diffusion coefficient. Considering the dis-
agreements in the observed results, the chloride transport
property of SFRC needs to be further studied and the effects
of steel fibers need to be discussed. Besides, limited work has
been performed on chloride transport property of SFRC
under bending load. +e study on prediction of chloride
ingress in SFRC under load is also scarce.

+e chloride diffusion coefficient is the most important
parameter when predicting the chloride ingress in concrete.
+e intention of this paper is to present amodel for predicting
the chloride diffusion coefficient of SFRC under bending load.
Besides, the effect of steel fibers on the chloride transport in
concrete was investigated with bulk diffusion tests. +e
chloride diffusion coefficients of SFRC under compression
and tension were determined and discussed.
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2. Chloride Diffusion Theory

2.1. Fick’s Second Law. +emechanism of chloride transport
into concrete structures is a rather complicated process [9].
For simplicity’s sake, all kinds of chloride transport
mechanisms in concrete are generally regarded as “apparent
diffusion.” By assuming that the chloride diffusion co-
efficient is constant, the well-known analytical solution of
Fick’s second law of diffusion is

C(x, t) � Cs 1− erf
x

2
���
Dt

√ , (1)

where C(x, t) is chloride concentration at depth x and
immersion time t, Cs is chloride concentration at the surface,
x is depth, t is immersion time, and D is chloride diffusion
coefficient.

2.2. Time-Dependent Chloride Diffusion Coefficient. +e
chloride diffusion coefficient of concrete is not constant but
decreases over time due to the continuous hydration [10–12].
Tang and Nilsson [13, 14] proposed the mathematical expres-
sion for a time-dependent chloride diffusion coefficient based
on Crank’s mathematics of diffusion [14]:

D(t) � a · t
−n

, (2)

where D(t) is the time-dependent diffusion coefficient, t is
the concrete age, and a and n are constants, with n normally
being referred to as the age factor. With a pair of known
diffusion coefficient and age, represented by D0 and t0, (2)
can be rewritten as

D(t) � D0 · t
n
0 · t
−n

� D0 ·
t

t0
 

−n

. (3)

+e analytical solution of Fick’s second law can only be
derived under the assumption that the chloride diffusion
coefficient is constant. +erefore, mathematical treatment
needs to be done to the time-dependent chloride diffusion
coefficient to get an average coefficient, which is defined as
apparent chloride diffusion coefficient Da as given in the
below equation:

Da �

 D(t) dt
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where ts and td are the age when concrete starts to be ex-
posed to chlorides and exposure duration, respectively.

Strictly speaking, the apparent diffusion coefficient Da
instead of D(t) can be used in the analytical solution of
Fick’s second law and (1) can be rewritten as

C(x, t) � Cs 1− erf
x

2
���
Dat

 . (5)

If the age factor n is determined, the apparent chloride
diffusion coefficient can be calculated with a pair of D0 and
t0. Consequently, the chloride distribution in concrete after
certain immersion time can be predicted with (5).

2.3. Modeling Chloride Diffusion Coefficient D0. SFRC con-
sists of cement paste, aggregate, and steel fibers. Compared with
cement paste, the aggregate and steel fibers can be considered
as impermeable. +e chloride diffusion coefficient of SFRC at
time t0 can be expressed as

D0 � D
p
0 · 1− Va + Vf(   · km · ks, (6)

where D
p
0 is the chloride diffusion coefficient of cement paste

at time t0, Va and Vf are the volume fractions of aggregate
and steel fibers in SFRC, respectively. Va and Vf can easily be
obtained with the mix proportions of SFRC. km is a cor-
rection factor reflecting the effects of aggregate and steel
fibers on chloride transport in SFRC. ks is the stress factor (ks
is 1 for concrete under no stress).

+e presence of aggregate and steel fibers leads to for-
mation of interfacial transition zone (ITZ) between the paste
and the aggregate/fibers in SFRC. Due to its higher porosity
and bigger pore size, ITZ has much higher diffusivity than
paste. As a result, the presence of ITZ increases the rate of
chloride transport in concrete. On the other hand, the
presence of aggregate increases the tortuosity of chloride’s
transport path in concrete and consequently decreases the
chloride diffusivity. Moreover, steel fibers can restrain the
crack initiation and propagation, and the high relative
surface area of fibers can adsorb some chlorides and retard
the chloride ingress. It requires a lot of work to study these
effects of aggregate and fibers on chloride transport in SFRC.
For simplicity, in this study, the factor km was introduced to
describe the influences of aggregate and steel fibers on
chloride transport in SFRC.

Cracks caused by mechanical loads create easy path for
chloride transport and speed up the chloride ingress in
concrete, which frequently occurs in field applications
[15, 16]. +erefore, to consider the effects of stress on
chloride diffusion coefficient of SFRC, a stress factor ks was
introduced in (6). ks is dependent on the property of
concrete and the stress conditions. +e values of km and ks
were determined with the test results.

+ere are several models predicting the chloride diffu-
sion coefficient of cement paste [17–20]. +e model pro-
posed by Garboczi and Bentz [17] is adopted in this study
and shown in the below equation:

D
p
0

DCl
� 0.001 + 0.07ϕ2 + H(ϕ− 0.18) × 1.8 ×(ϕ− 0.18)

2
,

(7)

where DCl is the diffusion coefficient of chloride in bulk
water (DCl is 2.03×10−9m2/s at 25°C), ϕ is the capillary
porosity of cement paste at time t0; H is the Heaviside
function such that H(x) � 1 for x> 0 and H(x) � 0 for
x≤ 0. +e relationship is suitable for cement paste with
a capillary porosity range of 0<ϕ< 0.6.

Sun [21] performed mercury intrusion porosimetry
(MIP) test on the paste specimen with the same mix pro-
portions and the same materials as the paste of concrete in
this study. +e MIP test was performed at the age of 60 days.
+e capillary porosity ϕ was 17.45%. Substituting the value
of ϕ in (7), the chloride diffusion coefficient D

p
0 of cement
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paste at time t0 (t0 � 60d) was calculated to be 6.36×10
−12m2/s.

If the factors km and ks are determined, the chloride di�usion
coe�cient D0 at time t0 can be predicted with (6), and the
apparent chloride di�usion coe�cientDa can be calculated
with (4), consequently.

3. Experimental Program

3.1.Materials andMixtureProportions. Mixture proportions
of the concrete used in this study are given in Table 1. C50
was plain concrete without �ber. C50-1 and C50-1.5 were
concrete with steel �bers of 1% and 1.5% in volume fraction,
respectively. �e materials used in this study were P.II52.5R
Portland cement; Class I �y ash (FA); natural sand with
a maximum grain size of 4.75mm and a density of
2650 kg/m3; gravel with size ranging from 5 to 20mm and
a density of 2700 kg/m3; water; and hooked steel �bers with
a diameter of 0.65mm and a length of 35mm.

�e mixture was cast into 500mm× 130mm× 100mm
molds. After 24 hours curing in molds, the specimens were
demolded and cured in standard condition (20°C,
RH> 95%) till the age of 90 days.

3.2. Bulk Di	usion Test. Chloride bulk di�usion tests were
performed on specimens according to NT Build 443 [22]. For
the specimens under load, bending stress was applied through
loading device (Figure 1) during the di�usion test. Due to the
varying �exural strengths of concretes, it is widely adopted that
the stress level (ratio of the applied stress to the ultimate
strength), instead of bending load, is set to be identical when
studying the e�ect of stress on chloride resistance of concrete.
Stress level is de�ned as the ratio of applied stress to the ultimate
strength.�e studied bending loadwas set at a stress level of 0.5,
and the detailed information about the bending load is given in
Table 2. �e specimens were submerged in a 3.5% sodium
chloride (NaCl) solution from the age of 90 days.

After 60 days, 90 days, and 150 days immersion, respec-
tively, specimens were taken out to determine the water-soluble

chloride contents, namely, free chloride in concrete according
to JTJ 270-98 [23]. By using the least squares nonlinear re-
gression, the measured chloride pro�les were �tted to (5), and
the apparent chloride di�usion coe�cients were determined.

4. Results and Discussion

4.1. Apparent Chloride Di	usion Coe�cients Da. Based on
(5), the apparent chloride di�usion coe�cientDa was found
by iteration. Results of Da for di�erent immersion times are
shown in Figure 2. As discussed above, the apparent chloride
di�usion coe�cients of both plain concrete and SFRC were
not constant but decreased over time, no matter what the
stress condition was.

For unstressed concrete, there was a slight decreasing
tendency in di�usion coe�cients with the increase of steel
�ber fraction. Roque et al. [5] observed a similar phenomenon
in their study as well. �is maybe because the steel �ber could
restrain the shrinkage of concrete and hence reduced the
quantity and width of the microcracks. Moreover, the steel
�bers provided more surface area in concrete to absorb
chlorides and retarded the transport process of chloride.
However, the using of steel �bers induced more interfacial
transition zone which could promote the chloride transport to
a certain extent. �e apparent change inDa caused by adding
steel �bers is dependent on the composition, microstructure,
and properties of concrete. Overall, the adding of steel �bers
to C50 concrete in this study improved the chloride resistance
slightly. It should be pointed out that it is also possible that the
using of steel �bers would increase the chloride di�usion
coe�cient for a di�erent concrete.

Table 1: Mixture proportions.

Cement (kg/m3) FA (kg/m3) Sand (kg/m3) Gravel (kg/m3) Water (kg/m3) w/b∗ ratio Vf (%) Va + Vf

C50 315 135 663 1179 158 0.35 — 0.687
C50-1 370 158 779 917 185 0.35 1 0.644
C50-1.5 379 163 799 834 189 0.35 1.5 0.625
∗w/b: water/binder.
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Figure 1: Loading device for the chloride bulk di�usion test.

Table 2: Flexural strength and bending load (at a stress level of 0.5)
at 90 days.

C50 C50-1 C50-1.5
Flexural strength (MPa) 5.87 8.69 9.16
Bending load in bulk di�usion tests (kN) 13.7 18.9 19.8
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�e e�ects of stress onDa varied with di�erent concretes.
For plain concrete C50, the tensile stress had a remarkable
in�uence on chloride transport as expected. �e apparent
chloride di�usion coe�cient of C50 under tension was about
50% higher than that under no stress. Interestingly, the
compressive stress seemed to almost have no e�ect on
chloride transport in C50.

On the other hand, due to the superior resistance of steel
�bers to crack initiation and propagation, the apparent
chloride di�usion coe�cientDa of C50-1 and C50-1.5 under
tension was only a little higher compared with the unstressed
ones. And C50-1.5 presented better chloride resistance than
C50-1.Da of C50-1.5 under tension after 150-day immersion
was 62% of that for C50 concrete under the same condition.
�is means the use of steel �bers can enhance the durability
of concrete structures exposed to chloride environments and
prolong the service life of structures greatly.

When the SFRC specimens were under compression, Da
was a little lower than the unstressed ones, which was di�erent
from the plain concrete C50. At low levels of compressive
stress (up to 30% of ultimate strength), cracks are restricted to
the aggregate-paste interface [24], and this results in very little
increase in permeability, if any. �ere is another opposite
e�ect caused by compressive stress, which is consolidation or
closing of pore and microcracks, resulting in a decrease in
chloride di�usion coe�cient. Normally, the pore compaction
e�ect plays a dominant role at low stress levels and leads to a
reduction in chloride di�usion coe�cient. When the com-
pressive stress increases, the cracks start to propagate and
getting wider. �e reduction in Da due to pore compaction
can be counteracted by the growing cracks. When the stress is
beyond some critical level,Da would increase rapidly with the
rising of stress level. �e sensitivities of concretes to com-
pressive stress level vary with di�erent concretes. �is may

C50 C50-1 C50-1.5
0

1

2

3

No stress
Under tension
Under compression

D
a (

10
E

–
12

 m
2 /s

)

(a)

No stress
Under tension
Under compression

C50 C50-1 C50-1.5
0

1

2

3

D
a (

10
E

–
12

 m
2 /s

)

(b)

No stress
Under tension
Under compression

C50 C50-1 C50-1.5
0

1

2

3

D
a (

10
E

–
12

 m
2 /s

)

(c)

Figure 2: Results of best-�t apparent chloride di�usion coe�cients. Immersion time: (a) 60 d, (b) 90 d, and (c) 150 d.
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explain why the plain concrete and SFRC responded differ-
ently to the same compressive stress level.

4.2. Chloride Diffusion Coefficient D0 at Age of t0. +e age
factor n is an important parameter for determining the time
dependent chloride diffusion coefficient. Both water/cement
ratio and admixtures have important impacts on n [25].
Markeset and Skjølsvold [26] recommended that the age
factor of concrete with more than 20% FA was 0.60 in fib
Model Code for Service Life Design. DuraCrete [27] sug-
gested an age factor of 0.69 for concrete containing FA in
a submerged environment. Considering the concrete in this
study which contained 30% FA, a value of 0.69 recom-
mended by DuraCrete was adopted. Further research is still
needed for the determination of n in the future.

Given t0 � 60 d, the chloride diffusion coefficient D0 is
defined as the chloride diffusion coefficient of concrete at the
age of 60 days. With three pairs of Da and td (immersion
time), three values of D0 could be obtained with (4) and an
averaged value was determined as D0 (Table 3). +e ten-
dency of D0 was consistent with Da. In other words, D0 of
SFRC under no stress was slightly lower than plain concrete.
For stressed specimens, D0 of SFRC was much lower
compared with plain concrete, especially under tensile stress.

4.3. Factors km and ks. +e stress factor ks was determined as
the ratio of D0 under stress to D0 without stress. For concrete
under no stress, ks � 1 and (6) becomes

D0 � D
p
0 · 1− Va + Vf(   · km. (8)

+e total volume fraction of aggregate and steel fibers
was calculated with themix proportions and is given in Table 1.
With known D0 and D

p
0 for concrete under no stress, the

values of km were calculated with (8). +e results of km and
ks are shown in Table 4.

As seen in Table 4, km decreased as the volume fraction
of steel fibers increased. +is indicated that the addition of
steel fibers had positive effect on retarding the chloride
ingress in concrete. ks varies with the stress type and stress
level. Actually, both km and ks depend on the composi-
tion and properties of concrete. It requires more data to
establish a relationship between km (or ks) and some
information/properties (e.g., fiber dosage and porosity .) of
concrete.+erefore, the next step is to obtain more data about
the chloride transport property of SFRC and build equations
for determining km and ks. After that, the chloride diffusion
coefficient D0 at time t0 can be calculated with (6), and the

apparent chloride diffusion coefficient Da can be obtained
with (4), consequently. Finally, the chloride ingress in SFRC
can be evaluated with Fick’s second law and its solution (5).

5. Conclusions

+is paper proposed a model for calculating the chloride
diffusion coefficient of SFRC under bending load. +e
chloride bulk diffusion tests were performed on SFRC and
plain concrete specimens to investigate the chloride re-
sistance of SFRC under load and determine some factors in
the model. +e results obtained are summarized below.

(1) +e chloride resistance of unstressed SFRC was slightly
better compared with unstressed plain concrete. For
concrete under bending load at a stress level of 0.5, the
apparent chloride diffusion coefficient of SFRC in the
tensile zone was about 40% lower than that of plain
concrete. +e compressive stress seemed to have no
apparent effect on the chloride transport in plain con-
crete. On the other hand, the chloride transport in SFRC
was a little retarded by compressive stress. Overall, the
addition of steel fibers could improve the chloride re-
sistance of concrete and consequently prolong the ser-
vice life of reinforced concrete in chloride environment.

(2) +e chloride diffusion coefficient D
p
0 of cement paste

was calculated with capillary porosity. It was then
used to predict the chloride diffusion coefficient D0
of SFRC at time t0. +e effect of bending load was
investigated by introducing a stress factor ks.

(3) Considering the time dependence of chloride dif-
fusion coefficient, it is apparent that chloride dif-
fusion coefficient Da was used when predicting the
chloride ingress in concrete. Da can be calculated
with a pair of chloride diffusion coefficient D0 and
time t0. Consequently, the chloride distribution in
concrete at any time can be predicted with Da.
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Table 3: Results of chloride diffusion coefficient D0 (×10−12m2/s) (t0 � 60 d).

Immersion time
(days)

C50 C50-1 C50-1.5
No
stress

Under
tension

Under
compression

No
stress

Under
tension

Under
compression

No
stress

Under
tension

Under
compression

60 3.47 5.29 3.57 3.36 3.57 2.98 3.14 3.44 2.80
90 3.51 5.25 3.44 3.30 3.78 3.01 3.10 3.18 2.77
150 3.48 5.21 3.58 3.44 3.69 2.67 3.02 3.23 2.04
Average of D0 3.49 5.25 3.53 3.37 3.68 2.89 3.08 3.28 2.54

Table 4: Results of km and ks.

km
ks (bending load, stress level: 0.5)

No stress Under tension Under compression
C50 1.75 1 1.50 1.01
C50-1 1.49 1 1.09 0.86
C50-1.5 1.29 1 1.06 0.82
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