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� An in-door test for chloride diffusion under a real-time tidal cycle is carried out.
� Coupling effects of coarse aggregate (CA) and rebar on chloride diffusion is studied.
� Prediction model of chloride diffusion considering the CA and rebar is proposed.
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a b s t r a c t

Chloride-induced corrosion of steel reinforcement is one of the significant factors for the durability of the
reinforced concrete structures exposed to marine environments. Reinforced concrete is a multiphase
composite material composed of mortar, coarse aggregate, and rebar. The coarse aggregate and rebar
can both affect the chloride diffusion characteristics of concrete. Nevertheless, the current researches
related to the effects of the aforementioned two impact factors on chloride diffusion in concrete either
considered the coarse aggregate only, or taken into account the steel bar separately. The coupling effects
of coarse aggregate and steel reinforcement on chloride transport in concrete required to be further
explored and discussed. In this paper, an in-door physical experiment for chloride diffusion in plain
and reinforced concrete specimens exposed to marine tidal environment was carried out. The specimens
were cast using different volume fractions of coarse aggregate and diameters of steel reinforcement. The
chloride concentrations for experimental specimens were measured at various exposure times, and these
measurements were adopted to further investigate the common influences of coarse aggregate volume
fraction and blocking effect of rebar on chloride diffusion in concrete. Using the impact factors of coarse
aggregate volume fraction f(v), the direct and indirect blocking effect coefficients of rebar a(v), br(U/c) to
improve the analytical solution of Fick’s second law, a prediction model of chloride diffusion in concrete
considering the coupling effects of coarse aggregate and steel reinforcement was proposed. The accuracy
of this proposed prediction model was validated by comparing the chloride concentrations evaluated by
the prediction model with the experimental measurements. The findings are expected to be useful in
realistically predicting the durability of reinforced concrete structures.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Chloride ions ingress in concrete is one of the most significant
factors for reinforced concrete structures when exposed to marine
environment, and this can cause the steel reinforcement corrosion,
ultimately, shorten the durability and serviceability of reinforced
concrete structures [1]. Therefore, it is essential to explore the
transport behaviors of chloride ions in concrete covers and develop
the useful chloride diffusion model in realistically predicting the
durability of concrete structures [2].

Reinforced concrete is a multiphase composite material com-
posed of mortar, coarse aggregate, and steel bar [3]. The coarse
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aggregate is regarded as one of the vital components of concrete
and they can significantly affect the chloride diffusion characteris-
tics in concrete [4]. Some of the efforts devoted to study the effects
of coarse aggregate on chloride migration in concrete. Yang and
Cho [5] used the non-steady accelerate chloride migration test
(ACMT) to inquire into the effect of lateral surface area of the reg-
ular cylindrical coarse aggregate on chloride diffusion coefficient of
concrete specimens, and the chloride diffusion coefficients of inter-
facial transition zone (ITZ) were indirectly obtained. Yang [6] con-
firmed the volume fraction of coarse aggregate has significant
influence on chloride diffusion coefficient through the ACMT. Shah
et al. [7] proposed that the essential effects of coarse aggregate on
chloride diffusion coefficient for concrete included dilution, tortu-
osity, and ITZ effects. Abyaneh et al. [8] developed a three-
dimensional meso-scopic numerical model of concrete to investi-
gate the effects of w/c; degree of hydration; volume fraction, size,
shape and orientation of aggregate; width and percolation of ITZ on
chloride diffusion coefficient for concrete using the finite element
method (FEM). Li et al. [9] built three-dimensional concrete
numerical model by Monte Carlo method and used the FEM to
investigate the effects of shape, grading and volume fraction of
aggregates; the thickness and permeability of ITZ on the effective
permeability of chloride in concrete models. Wang et al. [10] pro-
posed a time-and-depth-dependent chloride diffusion coefficient
model (T-D model) for concrete considering the influences of
coarse aggregate volume fraction (CAVF) and maximum size of
aggregate (MSA). The T-D model can elaborate the variation char-
acteristics for chloride diffusion coefficient of concrete with expo-
sure time and diffusion depth varying. Wang et al. [11]
investigated the effects of the heterogeneity of concrete materials
(consistent with the influence of coarse aggregate) on long-term
chloride diffusion in concrete using the meso-scopic FEM, and an
empirical model for predicting long-term chloride profiles in con-
crete considering the various volume fractions of coarse aggregate
was elaborated. Wang et al. [12] explored the effects of volume
fraction and maximum size of natural coarse aggregate on chloride
profiles and diffusion characteristics for concrete under drying-
wetting cycles. A time-dependent model of surface chloride con-
centration and a multifactor model of chloride diffusion coefficient
for concrete considering the exposure time, volume fraction and
maximum size of natural coarse aggregate were developed.

Moreover, the blocking effects of steel reinforcement on chlo-
ride ions transport in reinforced concrete cannot be neglected as
well. Actually, the accumulation phenomenon of chloride ions at
the apex of rebar was reported by Hansen and Saouma [13] in
1999. Kranc and Sagues [14] pointed out that the blocking effect
of rebar can enhance the chloride concentrations at the apex of
steel reinforcement by numerical analysis, and they proposed the
attenuation coefficient for chloride concentration due to the steel
bar existence to explore the earlier initiation time of steel corro-
sion. Oh and Jang [15] used the FEM to estimate the chloride trans-
port behaviors in reinforced concrete. They concluded that the
larger diameter of rebar can result in greater accumulation of chlo-
ride concentrations at the apex of steel bar, as well as the initiation
time of steel corrosion can shorten about 30–40% due to the rein-
forcement existence. The aforementioned literatures presented a
convinced argument for the chloride accumulation at the apex of
steel bar and a serious worry about the overestimating the service
life of reinforced concrete structures, whereas few physical exper-
iments for this problem were carried out. In this context, Wang
et al. [16] tested the chloride concentrations at the apex of steel
bar embedded in reinforced concrete members under the experi-
mental drying-wetting cycles. The authors found the phenomenon
of chloride accumulation in front of rebar, as well as the larger
diameter of steel bars would result in greater chloride measure-
ments. The direct and indirect blocking effects of the steel rein-
forcement were defined to reasonably describe the physical
obstruction and the chloride diffusion coefficient variation due to
the existence of cylindrical bar with various diameters.

Despite of all these laudable achievements during the previous
investigations, however, the existing researches related to the
effects of the coarse aggregate and steel reinforcement on chloride
diffusion either considered the coarse aggregate volume fraction
(or coarse aggregate content) only [5–12,17], or taken into account
the blocking effect of steel bar separately [13–16]. The coupling
effects of coarse aggregate and steel reinforcement on chloride dif-
fusion in concrete required to be deeply researched and explored.
In this paper, an in-door physical experiment for chloride diffusion
in plain and reinforced concrete specimens exposed to marine tidal
environment was carried out, and the specimens were cast using
different volume fractions of coarse aggregate and diameters of
steel reinforcement. The chloride concentrations for experimental
specimens were measured at various exposure times, and they
were used to investigate the common influence of volume fraction
of coarse aggregate and blocking effect of rebar on chloride diffu-
sion in concrete. Using the impact factors of coarse aggregate vol-
ume fraction, the direct and indirect blocking effect coefficients of
steel bar to improve the analytical solution of Fick’s second law, a
prediction model of chloride diffusion in concrete considering the
coupling effects of coarse aggregate and steel reinforcement was
proposed. The accuracy of this proposed prediction model was val-
idated through comparing the chloride concentrations evaluated
by the prediction model with the experimental measurements.
2. Experimental studies

2.1. Materials and mixture proportions

During the experiment, the Ordinary Portland cement (P.O.
42.5) with the density of 3100 kg/m3, which was produced by Tian-
jin Cement Plant, was used as the cementitious material for differ-
ent experimental specimens. River sand with continuous grading,
which can be considered as no initial chloride ions, was used as
the fine aggregate, as well as the apparent density and fineness
modulus for sand were 2610 kg/m3 and 2.7, respectively. Natural
crushed limestone with continuous grading was used as the coarse
aggregate, in which its nominal size range and apparent density
were 5–20 mm and 2690 kg/m3. Distilled water was utilized dur-
ing the process of experimental specimens casting, curing, and
testing in order to avoid the interference of additional chloride ions
within the raw materials on the final experimental measurements.

To explore the coupling effects of coarse aggregate volume frac-
tions and diameters of steel bar on chloride diffusion characteris-
tics of concrete, the mixture proportions for concrete specimens
(100 � 100 � 400 mm3) were designed by the standard [18]. The
volume fractions of coarse aggregate v = 0, 0.2, 0.3, 0.4, and 0.5,
and the details of mix proportions were listed in Table 1. The con-
crete can be generally simplified as a heterogeneous composite
material consisting of three-phases, namely, cement paste, aggre-
gate, and the interfacial transition zone (ITZ) at the meso-scale per-
spective [8]. In fact, the mortar can be also treated as a composite
material consisting of cement paste, fine aggregate, and ITZ. How-
ever, the mortar is generally considered as a homogeneous chloride
transport medium in concrete because of the smaller sizes of gel
pores, capillary pores, and fine aggregates than those of coarse
aggregate [19]. Therefore, the effect of aggregate on chloride diffu-
sion in concrete is significantly attributed to the coarse aggregate.
For this paper’s study, the influence of fine aggregate on chloride
diffusivity can be reasonably neglected. The hot-rolled plain round
steel bars (HPB300) with diameters of U = 0, 8, 12, 16, and 20 mm
were used and embedded in experimental specimens. The detail



Table 1
Mixtures details for concrete specimens with various volume fractions of coarse aggregate.

w/c Cement (kg/m3) Water (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) volume fraction of coarse aggregate, v

0.54 345 639 1173 0 0
277 512 932 538 0.2
242 448 816 807 0.3
208 384 699 1076 0.4
173 320 583 1345 0.5
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information of the steel bar properties were provided in Table 2.
The experimental specimens with U = 0 mm means there is no
steel bar installed in concrete, and these types were named as
the plain concrete specimens. Also, the others with U– 0 mm
were called as the reinforced concrete specimens. To sum up, dur-
ing this paper’s experiment, the numbers of coarse aggregate vol-
ume fractions and steel bar diameters are both 5, namely, the
total experimental groups are equal to 25, as exhibited in Table 3.

2.2. Casting, curing and preparation for specimens

Plain and reinforced concrete specimens, all measuring
100 � 100 � 400 mm3 sizes and considering the concrete cover of
20 mm for reinforced concrete, were cast in plastic molds, subse-
quently, compacted on a vibrating table. After casting for 24 h kept
temperature of 20 ± 3 �C and over 90% relative humidity, experi-
mental specimens were demoded and moved to water saturated
with Ca(OH)2 at 20 ± 3 �C for 28 days curing. Then, all the speci-
mens were sealed on the five sides using epoxy polyurethane
based coating to expose only one side (100 � 400 mm2) to make
sure chloride ions would diffuse only in one-dimension.

For this paper’s study, the slump values (Sv) of three mixture
proportions of concrete with v = 0.3, 0.4, and 0.5 were measured
to evaluate the effect of coarse aggregate on the workability and
rheological properties of fresh concrete. They were determined as
Sv(v = 0.3) = 131 mm, Sv(v = 0.4) = 123 mm, and Sv(v = 0.5)
= 115 mm per the procedure of GB 50164-2011 [20]. An increase
in design volume fraction of coarse aggregate from v = 0.3 to 0.5
resulted in a lower slump, and the slump values decreased from
131 to 115 mm, representing a 13.9 % reduction, when the coarse
aggregate volume fraction was increased from 0.3 to 0.5. This is
due to lower cement paste content in concrete mixes, providing
less lubrication for the coarse aggregates and reduced workability.
In addition, the compressive strength results of 28 days (fc) for the
aforementioned three uniform mixture proportions of concrete are
tested based on three specimens and their average results are
fc(v = 0.3) = 38.3 MPa, fc(v = 0.4) = 46.4 MPa and fc(v = 0.5)
= 53.2 MPa. The 28 days compressive strength increased with the
volume fraction of coarse aggregate increasing. This indicated that
Table 2
Properties of steel bar.

Type Eigenvalue dr (mm) dr(m) (mm) Weigh

HPB300 Max 8 8.24 0.416
12 12.18 0.919
16 16.32 1.613
20 20.24 2.574

Min 8 7.92 0.385
12 11.86 0.841
16 15.76 1.526
20 19.82 2.430

Average 8 8.08 0.401
12 12.02 0.880
16 16.04 1.570
20 20.03 2.502

dr and dr(m) denote the theoretical diameter and the measured diameter of rebar; Rel and
are the fracture elongation and the elongation at maximum load, respectively.
the increased coarse aggregate volume fractions led to compressive
strength of concrete improvement, which is consistent with the
reality.

2.3. Exposure environment

To simulate the marine environment in diurnal tidal zone, the
artificial marine tidal environment automatic simulation device,
which developed by the research team of Harbour Engineering
Structure Laboratory in Tianjin University, is used to realistically
simulate the real-time tidal cycles. This device contained a series
of components including the test tank, storage tank (water level
indicator), flow rate control system (flow meter, water pump,
and solenoid value, etc.), air-blast system, temperature control sys-
tem, humidity control system, spray system (sprayer, sprinkler),
operating system, etc., which connected with each others based
on the programmable logic controller (PLC), shown in Fig. 1. Com-
paring to the totally wet and totally dry conditions in traditional
wetting-drying cycles [10,12,16,17], this device can automatically,
effectively and realistically simulate the real-time rising and ebb
tide cycling simulation during the long-term test periods, which
is more approximated to the true circumstance. Some significant
controlling parameters, for instance the number of tidal cycles,
the high- and low-water level values, the temperature and relative
humidity in test tank, etc., can be set through the parameters input
interface of operating system, and the automatic simulation device
would complete the requested action by receiving the command
from the programs compiled into the PLC controller. This device
can not only control the water level to go up and down gradually
in marine tidal zone but also adjust the temperature, relative
humidity, and other ocean environmental impact factors, which
realized the test automation and greatly improved the experimen-
tal efficiency. 3.5% sodium chloride solution was configured and
used as the seawater, and all experimental specimens were verti-
cally placed on a corrosion-resistant table (200 mm high) located
in test box of this device for chloride ions diffusion. In terms of
the geometric sizes of the specimens, the high and low tidal levels
were set as 600 ± 20 mm and 200 ± 20 mm respectively. The tidal
cycle period was 24 hours (one day), including 12 hours for rising
t (kg/m) Rel (MPa) Rm (MPa) A (%) Agt (%)

390 515 39.5 22.5

335 460 31.5 16

362.5 487.5 35.5 19.3

Rm mean the yield strength and the tensile strength of rebar, respectively; A and Agt



Table 3
Codes of plain and reinforced concrete specimens.

Code Diameters of rebar, U (mm)

0 8 12 16 20

Volume fractions of coarse aggregate, v 0 U0-0 U8-0 U12-0 U16-0 U20-0
0.2 U0-0.2 U8-0.2 U12-0.2 U16-0.2 U20-0.2
0.3 U0-0.3 U8-0.3 U12-0.3 U16-0.3 U20-0.3
0.4 U0-0.4 U8-0.4 U12-0.4 U16-0.4 U20-0.4
0.5 U0-0.5 U8-0.5 U12-0.5 U16-0.5 U20-0.5

Fig. 1. Artificial marine environment automatic simulation device.
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tide and other 12 hours for ebb tide. The exposure times for exper-
imental specimens of U = 0 mm (no rebar existence) were 30, 70,
100, 140, and 180 consecutive days, as well as for the specimens
of U = 8, 12, 16, and 20 mm were 100, 140, and 180 consecutive
days, respectively.

2.4. Samples and testing

The real-time tidal cycles can significantly affect the chloride
ions distributions along the elevation direction of concrete struc-
tures. According to an in-site test for a certain wharf concrete
structure, the tested chloride concentration results decreased with
the structural elevation increasing, and the most unfavorable chlo-
ride concentrations were distributed at the areas about 1/4–1/2
elevation from the bottom of the structure (the midway down of
the wharf structure) [21]. On the basis of the aforementioned sum-
mary, after each required chloride exposure time completed, the
related experimental specimens were taken out of the device’s test
box and were averagely divided into four parts numbered ①–④
from the bottom to the top, and the part ② was used as the repre-
sentative to drill the concrete powders, as shown in Fig. 2. To make
sure the test accuracy, the concrete cubes of part ② were again
divided into two parts (see in Fig. 2), and the powders for the
two parts in any of the same holes were respectively drilled and
obtained. The chloride concentrations were measured using the
two powders which obtained in same sample holes, and the aver-
age values of the two were treated as the final chloride ion results
in this hole position. In addition, all the powders obtained were
dried for 2 h in the drying box (105 ± 5 �C) after being sieved
through the sieve with a 0.63 mm aperture, subsequently, they
were separately tested to determine the water-soluble chloride
concentration (free chloride) at each depth by the standard [22].
3. Results analysis and model establishment

3.1. Tested results

(1) Chloride profiles in plain concrete specimens (U = 0 mm)
For the plain concrete specimens (denotes the diameter of steel
barU = 0 mm), the tested chloride profiles against diffusion depths
in concrete specimens with various volume fractions of coarse
aggregate at different exposure times are exhibited in Fig. 3. The
free chloride concentration results shown in Fig. 3 and the follow-
ing figures for this paper’s study are all presented as a percentage
of the concrete mass (%). The chloride concentrations in concrete
specimens with various coarse aggregate volume fractions, as
expected, increase with the exposed time increasing, whereas
decrease with the diffusion depth increasing. These variation
trends for chloride profiles are consistence with the results
reported in literatures [5,11,12,16,17].

(2) Chloride concentration distributions in reinforced concrete
specimens (U – 0 mm)

The chloride concentration distributions within the reinforced
concrete specimens with different diameters of U = 8, 12, 16, and
20 mm are all measured during the experiment procedure. A rep-
resentative, in which the volume fraction of coarse aggregate,
diameter of rebar and exposure time are v = 0.2, U = 12 mm and
t = 180 d respectively, is used to exhibit the tested chloride concen-
tration isolines, as shown in Fig. 4. The data involved in Fig. 3 pre-
sent the chloride concentration values located on various isolines.
Fig. 4 illustrates that the phenomenon of chloride accumulation is
occurred at the apex of rebar, and the impact region is about 3–
5 mm from the apex of rebar to the exposure surface of reinforced
concrete specimen. Moreover, the chloride concentrations are
tended to be consistence in a same diffusion depth (sample holes
in an uniform x coordinate with various y coordinates) with the
distance from the apex of rebar increasing. Thus, it means that
the steel reinforcement embedded in concrete can significantly
affect the chloride ion concentration distributions around the
rebar.
3.2. Prediction model of chloride profiles considering the effect of
coarse aggregate

When the reinforced concrete structures are exposed to the
marine aggressive environments, the chloride ions can ingress in



Fig. 2. Specimens processed and sample holes distribution for (a) plain concrete; (b) reinforced concrete (units: mm).

44 Y. Wang et al. / Construction and Building Materials 216 (2019) 40–57
concrete through multiple mechanisms, such as diffusion, convec-
tion, adsorption, permeation and surface deposit of airborne salts.
However, among these reasons, the main transport mechanism for
chloride ions in concrete is diffusion [23,24], which can be mod-
eled using Fick’s second law of diffusion:

@C
@t

¼ @C
@x

D � @C
@x

� �
ð1Þ

where C denotes chloride concentration (%); D means chloride dif-
fusion coefficient of concrete (m2/s); t is exposure time (s); x
denotes the diffusion depth (m). According to a large number of
investigations, the boundary condition of C = Cs (for x = 0, t � 0)
and the chloride diffusion coefficient D should be both considered
as time-dependent parameters resulting in Cs = Cs(t) and D = D(t)
[25], where Cs means the surface chloride concentration (%). Formu-
las of Cs(t) can be expressed as linear, square-root, power, exponent,
and logarithmic functions [11]. Also, the time-dependency of chlo-
ride diffusion coefficient D(t) is more appropriately modeled based
on a power function proposed by Thomas and Bamforth [26] as
follows:

DðtÞ ¼ D28
t28
t

� �m

ð2Þ

where D(t) means the chloride diffusion coefficient at the exposure
time t (m2/s); D28 denotes the chloride diffusion coefficient at the
exposure time t = 28 d (m2/s), and D28 can be also defined as the ref-
erence chloride diffusion coefficient; m is the aging factor. Substi-
tuting the Eq. (2) and Cs = Cs(t) into Eq. (1) and considering the
actual initial condition C = C0 (for x > 0, t = 0) (where C0 denotes
the initial chloride concentration of concrete before exposure to
the marine environment (%)), the solution of Eq. (1) considering
the time-dependency of the chloride diffusion coefficient and the
surface chloride concentration is determined as:

Cðx; tÞ ¼ CsðtÞ 1� erf x
2

ffiffiffiffiffiffiffiffiffiffi
DaðtÞ�t

p
� �� �

DaðtÞ ¼ D28
1�m

t28
t

� �m

8><
>: ð3Þ

where Da denotes the apparent chloride diffusion coefficient (m2/s).
Da is also a time-dependent parameter, Da = Da(t) [27–30], and the
expression form of Da(t) can be based on the references [31,32];
erf(�) is the error function. The significant parameters Cs(t), Da(t),
D28 and m within Eq. (3) can be determined by fitting the experi-
mental measurements using a non-linear regression analysis based
on the method of least squares fit.

(1) Surface chloride concentration Cs(t)

The surface chloride concentrations Cs for different plain con-
crete specimens with v = 0, 0.2, 0.3, 0.4 and 0.5 at various exposure
times are determined by fitting the Fick’s second law of diffusion to
the corresponding tested chloride profiles (see in Fig. 3) using
regression analysis. Fig. 5 plots the values of surface chloride con-
centration with various volume fractions of coarse aggregate at dif-
ferent exposure times. Also, this figure depicts that the surface
chloride concentration scatters increase with the exposure time
increasing, validating the time-dependency of surface chloride
concentration. Moreover, although the surface chloride concentra-
tions at each time exhibit random fluctuation with coarse aggre-
gate volume fraction varying, the little differences between the
scatters and their average values are shown in Fig. 5. Thus, it is
appropriate to consider that the surface chloride concentrations
are independent of volume fraction of coarse aggregate, namely,



Fig. 3. Chloride profiles for concrete specimens with various volume factions of coarse aggregate: (a) v = 0; (b) v = 0.2; (c) v = 0.3; (d) v = 0.4; (e) v = 0.5.
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there is no specific relation between surface chloride concentration
and coarse aggregate. Fitted formula of surface chloride concentra-
tion against the exposure time, Cs(t), can be reasonably quantified
as logarithmic functions [33] for this paper’s Cs scatters, and the fit-
ted curve and expression are hence expressed in Eq. (4) and shown
in Fig. 5, respectively.

Cs tð Þ ¼ 0:6009 � ln tð Þ � 1:6192; t � 30 d ð4Þ
(2) Apparent chloride diffusion coefficient Da, reference chloride
diffusion coefficient D28 and aging factor m

The apparent chloride diffusion coefficients Da for different
plain concrete specimens with v = 0, 0.2, 0.3, 0.4, and 0.5 at various
exposure times can be simultaneously confirmed by fitting the
Fick’s second law of diffusion to the corresponding tested chloride
profiles (see in Fig. 3) using regression analysis. Fig. 6 illustrates



Fig. 4. Chloride concentration distribution of reinforced concrete specimens with
U = 12 and v = 0.2 at t = 180 d.

Fig. 5. Surface chloride concentrations versus exposure time Cs(t).

Fig. 6. Apparent chloride diffusion coefficients versus exposure time.
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the apparent chloride diffusion coefficients with different volume
fractions of coarse aggregate over the exposure time. From this fig-
ure, we can obtained that the apparent chloride diffusion coeffi-
cients all decrease with exposure time and coarse aggregate
volume fraction increasing. Subsequently, the reference chloride
coefficient D28 and aging factor m with different volume fraction
of coarse aggregate (v = 0, 0.2, 0.3, 0.4, and 0.5) are simultaneously

determined by fitting the DaðtÞ ¼ D28
1�m

t28
t

� �m
(the second formula in

Eq. (3)) to the Da scatters using the regression analysis. The results
of D28 are marked in Fig. 6 and them values are shown in Fig. 7. The
variation trend of D28 versus coarse aggregate volume fractions are
consist with Da that the reference chloride diffusion coefficient D28

decrease with the volume fraction of coarse aggregate increasing.
Additionally, the scatters of aging factor m present random fluctu-
ation with volume fraction of coarse aggregate varying, as well as
the little differences between the m scatters and their average val-
ues are shown in Fig. 7. Consequently, it is reasonable to confirm
that there is no specific relation between the aging factor and the
coarse aggregate volume fraction of concrete, and the average
value m = 0.333 is considered as the aging factor in Eq. (3).

(3) Impact factor of coarse aggregate volume fraction f(v)

To quantify the effect of coarse aggregate volume fraction on
chloride diffusion coefficient, the impact factor of coarse aggregate
volume fraction f(v) is defined as:

f vð Þ ¼ D28 vð Þ
D0

ð5Þ

where D28(v) denotes the reference chloride diffusion coefficient for
plain concrete specimens with v = 0, 0.2, 0.3, 0.4, and 0.5, and their
results are shown in Fig. 6; D0 is the reference chloride diffusion
coefficient when v = 0, D0 = D28(v = 0) = 6.42 � 10–12 m2/s. The
scatters for f(v) are calculated in accordance with Eq. (5) and are
plotted in Fig. 8. Using the linear function to fit the f(v) values,
the fitted curve and formula are shown in Fig. 8 and expressed as
follows:

f ðvÞ ¼ 1� 1:0182v ð6Þ
(4) Prediction model establishment and verification
Inserting the time-dependent surface chloride concentration

Cs(t) = 0.6009�ln(t)�1.6192, the reference chloride diffusion coeffi-
cient D28(v) = D0�f(v) and the aging factorm = 0.333 into Eq. (3), the
Fig. 7. Aging factors versus volume fraction of coarse aggregate.



Fig. 8. Impact factors of coarse aggregate volume fraction f(v) and its fitted curve.
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prediction model of chloride profiles considering the effect of
coarse aggregate volume fraction is established as:

C x; t;vð Þ ¼ Cs tð Þ � 1� erf x

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D28ðvÞ
1�m

t28
t

� �m
t

q
0
@

1
A

2
4

3
5

Cs tð Þ ¼ 0:6009 � lnðtÞ � 1:6192
D28ðvÞ ¼ f ðvÞ � D0; f ðvÞ ¼ 1� 1:0182 � v
D0 ¼ 6:42� 10�12m2=s; m ¼ 0:333

8>>>>>>>><
>>>>>>>>:

ð7Þ

the prediction model of Eq. (7) proposed by this paper can be
used to rapidly, high-efficiently and conveniently determine the
chloride diffusion concentration profiles in concrete specimens
with different volume fractions of coarse aggregate at arbitrary
exposure time or depth. The variables including diffusion depths
x, exposure times t, and the volume fractions of coarse aggregate
v, which are consistent with the experimental study, for example
x = 3.5, 8, 14, 18.5 mm; t = 30, 70, 100, 140, and 180 d; v = 0, 0.2,
0.3, 0.4, 0.5, are inserted in Eq. (7). Subsequently, the correspond-
ing chloride concentration results can be calculated in terms of
Eq. (7) and applied to compare with the experimental chloride
measurements in Fig. 3, as shown in Fig. 9. Fig. 9 depicts the trend
variations of chloride concentrations in different plain concrete
specimens against the depths and exposure times. The chloride
concentrations, no matter the experimental results or the pre-
dicted values by Eq. (7), both decrease as the diffusion depth
increases, whereas increase with the exposure times increasing.
This is consistent with the actual situation. The magnitudes of
the chloride concentrations evaluated by prediction model Eq. (7)
are in good agreement with those from the experiments. Moreover,
the chloride results for various plain concrete specimens predicted
based on the model Eq. (7) against the experimental measure-
ments are plotted in Fig. 10. The chloride concentration data in
Fig. 10 all come from Fig. 9. The experimental chloride concentra-
tion results of concrete with different volume fractions of coarse
aggregate (scatters in Fig. 9) are treated as the abscissa in Fig. 10,
and the chloride results determined by the prediction model Eq.
(7) (curves in Fig. 9) are regarded as the ordinate in Fig. 10.
Fig. 10 can intuitively show and analyze the relative errors
between the predicted chloride concentrations by Eq. (7) and the
chloride results tested by experiment, and this method can refer
to references [31,34]. This figure shows that almost all of the chlo-
ride concentrations estimated by prediction model Eq. (7) are
located within a ±15% error margin, validating the accuracy and
reliability of the prediction model for plain concrete specimens
developed in this paper. Additionally, the chloride diffusion coeffi-
cients from the experiment and the predicted model Eq. (7) are
also listed in Table 4. The chloride diffusion coefficients deter-
mined by Eq. (7) show good correlation with those of experiment,
and the relative errors between the both chloride diffusion coeffi-
cients are almost within a ±10% margin, further validating the
accuracy and reliability of the prediction model proposed by this
paper. In sum, the prediction model of chloride diffusion in con-
crete considering the effect of coarse aggregate volume fraction
(Eq. (7)) can accurately predict the chloride concentration profiles
and diffusion characteristics for plain concrete.

3.3. Prediction model of chloride concentration considering the
coupling effects of coarse aggregate and steel reinforcement

To further explore the effect of steel reinforcement with differ-
ent diameters on chloride diffusion concentration in concrete with
various coarse aggregate volume fractions, the tested chloride con-
centrations at the apex of rebar (coordinate x = 18.5 mm and
y = 0 mm shown in Fig. 2) for the reinforced concrete specimens,
which included the diameters of rebar U = 0, 8, 12, 16, 20 mm;
the volume fractions of coarse aggregate v = 0, 0.2, 0.4; and the
experimental exposure times t = 100, 140, 180 d, are all plotted
in Fig. 11. In this figure, we can observe that the chloride concen-
trations at the apex of rebar with U = 8, 12, 16, 20 mm are all
greater than those ofU = 0 mmwhen the volume fraction of coarse
aggregate is constant, and the difference of chloride concentrations
between the rebar diameter U = 8, 12, 16, 20 mm and U = 0 mm
increases with the diameter increasing. Subsequently, the chloride
results at the apex of rebar with U = 8, 12, 16, 20 mm against the
values forU = 0 mm are drawn in Fig. 12. Figs. 11 and 12 both indi-
cate that the blocking effect of steel bar existence can significant
enhance the chloride concentrations at the surface of rebar, and
the chloride ion concentrations at the apex of rebar are approxi-
mate to maximum three times than those of no rebar. To sum
up, it is necessary to deeply explore and further quantify the block-
ing effect of steel reinforcement on chloride diffusion concentra-
tion in concrete with different volume fractions of coarse
aggregate, especially, at the place of rebar apex.

Wang et al. [16] reported that the blocking effect of rebar exis-
tence on chloride concentration distribution in concrete is divided
into two part, i.e. indirect blocking effect and direct blocking effect.
The followings will respectively elaborate the influence of indirect
and direct blocking effects on chloride concentration at the apex of
rebar.

(1) Determination for coarse aggregate content in front of the
steel bar

The steel reinforcement embedded in concrete can alter the
mesoscopic structure of concrete adjacent to the rebar, i.e. update
the coarse aggregate content and distribution within a certain area
around the steel reinforcement, thereby, affect the chloride diffu-
sion coefficient at this area in front of the rebar. This physical phe-
nomenon is defined as the indirect blocking effect of steel bar
[35,36].

The three reinforced concrete specimens withU = 16 mm at the
exposure time of 100, 140, and 180 d are treated as the represen-
tatives, and the part③ and④ of the three samples (shown in Fig. 2
(b)) are further divided into two parts along the axle wire of rebar,
as exhibited in Fig. 13(a). Subsequently, the particle image instru-
ment and its corresponding devices is adopted to scan the sections
of reinforced concrete (S1, S2 marked in Fig. 13(a)), and then, to
quantify the coarse aggregate contents and distribution in front



Fig. 9. Comparison of the chloride profiles of concrete specimens between the experiment and prediction model Eq. (7): (a) v = 0; (b) v = 0.2; (c) v = 0.3; (d) v = 0.4; (e) v = 0.5.
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of the rebar. The device mainly consists of three components,
including the particle image instrument, main controller and com-
puter, as shown in Fig. 14. The test implementation procedures are
expressed as follows:

1) The high resolution images for the sections of reinforced
concrete samples require to be obtained using the scanning
function of the particle image instrument, and an instance is
shown in Fig. 13(b).
2) The real and high resolution images for reinforced concrete
samples need to be further processed in black and white,
as shown in Fig. 13(c).

3) The concrete cover within the black and white images are
evenly divided into 1 mm/layer, and the area fractions of
coarse aggregate in each area (1 � 100 mm2 rectangle), i.e.
the percentage of the white region (denotes coarse aggre-
gate) accounting for the 1 � 100 mm2 rectangle exhibited
in Fig. 13(c), are determined respectively.



Fig. 10. Comparison of the chloride concentrations by the prediction model Eq. (7)
versus those of experiment in concrete specimens with different volume fractions
of coarse aggregate.
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The area fractions of coarse aggregate Arc in different divided
areas (1 � 100 mm2 rectangle) along the front of steel bar
(U = 16 mm) for reinforced concrete sections with their original
coarse aggregate volume fractions v = 0.2, 0.3, 0.4, and 0.5 are
respectively determined during the aforementioned procedures.
The results are shown in Fig. 13(d). Fig. 13(d) depicts that the area
fractions of coarse aggregate Arc at the adjacent region of steel bar
show lower than their corresponding original coarse aggregate vol-
ume fractions, i.e. Arc < v, and the area fractions of coarse aggregate
Arc initially increase and then tend to stable with the distance along
the front of rebar increasing. The increased Arc is included in
approximately 4 mm width region along the apex of rebar,
whereas the values of Arc tend to constant when the distance
exceeds 4 mm. Consequently, it is reasonable to consider that the
influence area of steel reinforcement (U = 16 mm) on coarse aggre-
gate distribution around the steel bar is about 4 � 100 mm2 in
close proximity to the rebar, and this result is very similar to the
conclusion reported in literature [35]. Subsequently, the particle
image instrument is again used to measure the total area fractions
of coarse aggregate Arc(t)(v) in the rectangle of 4 � 100 mm2 next to
the steel bar (U = 16 mm) for different reinforced concrete sec-
tions. The original coarse aggregate volume fractions of these sec-
tions are equal to v = 0.2, 0.3, 0.4, and 0.5, as shown in Fig. 13(e).
Notice that the value of Arc(t) with each volume fraction of coarse
aggregate v is determined by the average values of three reinforced
concrete samples’ measurements, and the three samples are corre-
sponding with the exposure times of 100, 140, and 180 d.

To compare the Arc(t)(v) with the total area fraction of coarse
aggregate at the consistent influence region of steel reinforcement
for their corresponding plain concrete sections (no rebar,
Table 4
Chloride diffusion coefficient from the experimental result and the predicted model.

v
t

0 0.2 0.3

ER PM RE ER PM RE ER P

30 9.37 9.41 0.33 7.65 7.83 2.36 5.98 6
70 7.08 7.07 �0.11 6.33 5.82 �8.18 5.08 4
100 6.42 6.27 �2.32 5.13 5.13 �0.07 4.30 4
140 5.62 5.60 �0.38 4.36 4.56 4.43 3.71 3
180 5.01 5.15 2.75 4.02 4.17 3.91 3.30 3

ER: Experimental Result, unit: �10�12 m2/s; PM: Prediction Model, unit: �10�12 m2/s; R
U = 0 mm), the particle image instrument is re-applied to test the
total area fractions of coarse aggregate Apc(v) in the same
4 � 100 mm2 rectangle of plain concrete samples during the imple-
mentation procedures of Fig. 15.

Drawing the whole measured Arc(t) and Apc scatters and their
corresponding average values against the volume fractions of
coarse aggregate in Fig. 16, and we can observe that:

1) The tested Arc(t) and Apc scatters, in which are corresponding
to the diameter of steel bar U = 16 mm and U = 0 mm (no
rebar), respectively, have little differences with each other
on the precondition of a consistent volume fraction of coarse
aggregate. Moreover, the relative errors between the scatters
and their average values are all within ±15% range. Accord-
ingly, it’s appropriate to consider that the average values
of Arc(t) and Apc at each coarse aggregate volume fraction
can be as the representative during the following analysis.

2) The average values of Arc(t) are all lower than the original
volume fractions of coarse aggregate v within reinforced
concrete specimens (see in Fig. 16(a)), validating that the
rebar existence can decrease the content of coarse aggregate
in a certain region around the steel reinforcement, and then,
increase the chloride diffusion coefficient in this region,
thus, enhance the chloride ion concentration at the surface
of rebar. This indicates the essential mechanism for the indi-
rect blocking effect of steel bar.

3) The tested average values of Apc are approximately equal to
the original volume fractions of coarse aggregate v for rein-
forced concrete specimens, as shown in Fig. 16(b) (the
abscissa in Fig. 16(b) denotes the actual volume fractions
of coarse aggregate v, and the ordinate means the tested
Apc values). For the aforementioned phenomenon, Zheng
et al. [37] numerically simulate the distribution of aggregate
particles at a concrete element considering the effect of
formwork walls. The simulation results show that the vol-
ume fraction of average aggregate initially increased and
then asymptotically trended to a certain value as the depth
from the surface to the inside of concrete element increas-
ing. Moreover, the stable aggregate volume fraction values
are approach to the area fraction of aggregate [38,39]. Dur-
ing this paper’s scanning experiment, the conclusion is in
accord with the references [37,38,39]. Accordingly, for this
paper’s study, it can be reasonable to consider Apc = v.

(2) Indirect blocking effect coefficient of rebar a

To quantify the influence of indirect blocking effect of rebar on
chloride diffusion coefficient at the apex of steel bar, the indirect
blocking effect coefficient of rebar a considering the volume frac-
tion of coarse aggregate v is hence defined as:

aðvÞ ¼ D28ðArcðtÞÞ
D28ðApcÞ ¼ D28ðArcðtÞÞ

D28ðvÞ ¼ D0 � f ðArcðtÞÞ
D0 � f ðvÞ

¼ 1� 1:0182 � ArcðtÞ
1� 1:0182 � v ð8Þ
0.4 0.5

M RE ER PM RE ER PM RE

.14 2.65 5.46 5.50 0.65 4.59 4.78 4.20

.71 �7.17 4.08 4.12 1.02 4.06 3.63 �10.75

.22 �1.96 3.89 3.65 �6.17 3.39 3.23 �4.81

.80 2.31 3.26 3.26 �0.17 2.72 2.89 6.11

.51 6.46 2.82 2.99 5.96 2.41 2.66 10.36

E: Relative Error, %.



Fig. 11. Comparison of the experimental chloride concentrations at the apex of
rebar: (a) v = 0; (b) v = 0.2; (c) v = 0.4.

Fig. 12. Comparison of the experimental chloride concentrations at the apex of
rebar (U– 0) versus those of U = 0.
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where D28(Arc(t)) is the reference chloride diffusion coefficient con-
sidering the indirect blocking effect of rebar (m2/s), and D28(Arc(t))
= D0�f(Arc(t)) by means of Eq. (5); D28(Apc) denotes the reference
chloride diffusion coefficient of plain concrete (no rebar) (m2/s),
i.e. D28(Apc) = D28(v). For this paper’s study, the steel bar, which
embedded in concrete, would affect the content and distribution
of coarse aggregate around the reinforcement; as a result, alter
the chloride diffusion coefficient at this front area of rebar. Accord-
ingly, the indirect blocking effect coefficient of rebar in Eq. (8) is
defined based on the relationship of chloride diffusion coefficient
in front of steel reinforcement between the rebar presences and dis-
appear, and the indirect blocking effect coefficient is used to quan-
tify the effect of coarse aggregate content variation within the front
area of rebar on chloride diffusion coefficient at this area in Eq. (8).

Substituting the tested average values of Arc(t) and Apc (or v)
into Eq. (8), the scatters of indirect blocking effect coefficient of
rebar with various volume fractions of coarse aggregate are calcu-
lated, and these results are fitted by the linear function, as shown
in Fig. 17. Ultimately, the empirical formula of indirect blocking
effect coefficient of rebar (U = 16 mm) considering the volume
fraction of coarse aggregate a(v) is obtained using the regression
analysis and expressed as:

aðvÞ ¼ 1þ 0:9416 � m ð9Þ

(3) Prediction model of chloride concentration at the apex of
rebar (U = 16 mm) considering the volume fraction of coarse
aggregate and indirect blocking effect of rebar

Uniting the Eqs. (8) and (9), the expression of D28(Arc(t)) can be
determined as:

D28ðArcðtÞÞ ¼ aðvÞ � D28ðvÞ ¼ 1 þ 0:9416 � vð Þ � D28ðvÞ ð10Þ
Substituting the D28(Arc(t)) = a(v)�D28(v) into Eq. (7) to replace

the original parameter D28(v), the prediction model of chloride
concentration at the apex of steel bar (U = 16 mm) considering
the volume fraction of coarse aggregate and indirect blocking effect
of rebar is subsequently established as:

C x; t;vð Þ ¼ Cs tð Þ � 1� erf x

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðvÞ�D28ðvÞ

1�m
t28
t
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t
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@
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Cs tð Þ ¼ 0:6009 � lnðtÞ � 1:6192

aðvÞ ¼ 1þ 0:9416 � v
D28ðvÞ ¼ f ðvÞ � D28ðv ¼ 0Þ; f ðvÞ ¼ 1� 1:0182 � v
D28ðv ¼ 0Þ ¼ 6:423� 10�12m2=s; m ¼ 0:333

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð11Þ



Fig. 13. Experimental procedure for determining the area fraction of coarse aggregate at the apex of rebar (U = 16 mm).

Fig. 14. Experimental device for quantifying the indirect blocking effect of rebar: (a) particle image instrument; (b) main controller; (c) computer.
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Using the prediction model Eq. (11) to estimate the chloride
concentrations at the apex of rebar with various volume fractions
of coarse aggregate at the exposure times of 100, 140, and 180 d,
the chloride results at the apex of steel bar evaluated by Eq. (11)
are compared with those of experiment, as exhibited in Fig. 18.
Fig. 18 illustrates the predicted chloride concentrations by model
Eq. (11) are all lower than the experimental measurements, and
this variation can be more significantly observed in Fig. 19. It is
because that the prediction model of Eq. (11) only take account
of the influences of coarse aggregate volume fraction and indirect
blocking effect of steel reinforcement, whereas the direct blocking
effect of steel bar is not considered in Eq. (11). Accordingly, the
chloride concentrations predicted by Eq. (11) (curves in Fig. 18)
are not matched with the experimental results (scatters in



Fig. 15. Experimental procedure for determining the area fraction of coarse aggregate at the consistent influence region of steel reinforcement in plain concrete specimens.

Fig. 16. Tested area fractions of coarse aggregate (4 � 100 mm2 rectangle) in (a)
reinforced concrete and (b) plain concrete samples.

Fig. 17. Fitted curve of indirect blocking effect coefficient of rebar (U = 16 mm)
considering the volume fraction of coarse aggregate.

Fig. 18. Comparison of the chloride results at the apex of rebar (U = 16 mm):
chloride concentrations with various volume fractions of coarse aggregate versus
exposure time.
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Fig. 18). To more accurately predict the chloride concentrations at
the apex of steel reinforcement, the influence of direct blocking
effect of rebar on chloride diffusion in concrete requires to be fur-
ther considered.

(4) Direct blocking effect coefficient of rebar b
Comparing to the irregular shape and random distribution of
coarse aggregates, the steel reinforcement can be assumed as a
kind of special cylindrical aggregate with relatively fixed position



Fig. 19. Comparison of the chloride results at the apex of rebar (U = 16 mm):
predicted chloride concentrations considering the indirect blocking effect of rebar
versus the experimental measurements.

Fig. 20. Direct blocking coefficient of rebar in reinforced concrete specimens.

Fig. 21. Comparison of the chloride results at the apex of rebar (U = 16 mm):
chloride concentrations with various volume fractions of coarse aggregate versus
exposure time.
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embedded in concrete. The transportation of chloride irons can be
postulated to bypass instead of piercing through the steel bar due
to the higher hardness and density of steel bar than mortar.
Accordingly, the steel bar can be treated as a physical obstruction
to directly block chloride ions transport in concrete resulting in the
chloride concentrations accumulation at the apex of rebar, and this
phenomenon is considered as the direct blocking effect of rebar
[26]. On the basis of this mechanism, the ratio between the exper-
imental chloride concentrations at the apex of rebar and the calcu-
lated chloride results by prediction model of Eq. (11) is used to
define the direct blocking effect coefficient of rebar to further
quantify the influence of direct blocking effect of reinforcement
on chloride diffusion behaviors. The direct blocking effect coeffi-
cient of rebar (U = 16 mm as an instance) b is hence expressed as:

bðv; tÞ ¼ Ceðc; t;v ;U16Þ=Cmðc; t; v;U16Þ ð12Þ

where Ce(c,t,v,U16) denotes the experimental chloride concentra-
tions at the apex of rebar (U = 16 mm) (%), as shown in Fig. 18 (scat-
ters); Cm(c,t,v,U16) is the predicted chloride results considering the
indirect blocking effect of rebar (estimated by Eq. (11)) (%), as
shown in Fig. 18 (continuous lines); c is the thickness of concrete
cover (mm), and other parameters are the same to above.

The direct blocking effect coefficient of rebar (U = 16 mm) b(v,
t) can be determined by substituting the values of Ce(c,t,v,U16)
and Cm(c,t,v,U16) within Fig. 18 into Eq. (12), and the b(v, t) results
are shown in Fig. 20. Fig. 20 depicts that the direct blocking effect
coefficients of rebar b are independent of coarse aggregate volume
fraction and exposure time, consequently, the average value of b,
i.e. b = 1.1026, is obtained and treated as the representative to
quantify the direct blocking effect of rebar.

The chloride concentrations at the apex of rebar considering the
volume fraction of coarse aggregate, indirect and direct blocking
effects of rebar (U = 16 mm) can be quantified by the equivalent
relationship of C(c,t,v,U16) = b�Cm(c,t,v,U16) in terms of Eq. (12).
Thus, the prediction model of chloride concentration at the apex
of steel bar (U = 16 mm) considering the volume fraction of coarse
aggregate, indirect and direct blocking effects of rebar is estab-
lished by inserting the direct blocking effect coefficient b into Eq.
(11) and hence expressed as follows:
C x; t; v;U16ð Þ ¼ b � Cs tð Þ � 1� erf x
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Fig. 21 exhibits the comparison between the chloride concen-
trations at the apex of rebar (U = 16 mm) predicted by Eq. (13)
and the experimental results for reinforced concrete with various
volume fractions of coarse aggregate at different exposure times.
The magnitudes of the chloride concentrations at the apex of rebar
evaluated by the prediction model Eq. (13) are in good agreement
with those from the experiments. Also, the chloride concentrations
evaluated by Eq. (13) versus those of experiment are plotted in



Fig. 23. Means of normalized chloride concentrations at the apex of rebar in
reinforced concrete specimens versus rebar diameter and the fitted curve of
Cn(U/c).
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Fig. 22. This drawn shows that most of the scatters fall approxi-
mately on the equality line and within a ±5% relative error margin,
validating the accuracy and reasonability of the prediction model
of Eq. (13) developed in this paper.

(5) Improved direct blocking effect coefficient of rebar br(U/c)
The aforementioned conclusions are all derived and determined

on the precondition of the steel bar diameterU = 16 mm. However,
the experimental chloride concentrations at the apex of rebar
increase with the diameter of steel barU increasing. To more wide-
spread application of this paper’s proposed prediction model con-
sidering the effects of coarse aggregate and steel reinforcement,
the tested chloride concentrations at the apex of rebar for rein-
forced concrete specimens with the diameter of rebar U = 16 mm
and various volume fractions of coarse aggregate are treated as
the base values to improve the direct blocking effect coefficient
of rebar, and then, to quantify and determine the direct blocking
effect coefficient of rebar with different diameters. To sum up,
the normalized chloride concentrations at the apex of rebar Cn

are defined and expressed as:

Cnðc; t;v ;UÞ ¼ Ceðc; t;v;UÞ=Ceðc; t;v ;U16Þ ð14Þ

where Ce(c,t,v,U) is the tested values of chloride concentration at
the apex of rebar for different reinforced concrete specimens, in
which includes the diameters of steel bar U = 8, 12, 16, 20 mm
and the volume fractions of coarse aggregate v = 0, 0.2, 0.3, 0.4,
and 0.5; The other parameters are consistent to above. Substituting
the corresponding experimental chloride concentrations at the apex
of rebar into Eq. (14), the normalized chloride concentrations at the
apex of rebar for reinforced concrete specimens with various vol-
ume fractions of coarse aggregate against the diameters of steel
reinforcement are calculated and shown in Fig. 23.

Fig. 23 illustrates that the relative errors between the scatters of
normalized chloride concentrations at the apex of rebar, Cn(c,t,v,U),
and their average values are almost within ±5% range when the
diameter of rebar is constant. Consequently, it’s appropriate to
consider that the values of Cn are independent of coarse aggregate
volume fraction and exposure time. Accordingly, the average val-
ues of Cn at each diameter are used as the representatives, and
the linear function is applied to fit the relationship between the
Cn and the normalized rebar diameter U/c, as shown in Fig. 23
(where c means the thickness of concrete cover). Finally, the
Fig. 22. Comparison of the chloride results at the apex of rebar (U = 16 mm):
predicted chloride concentrations considering the direct and indirect blocking
effects of rebar versus the experimental measurements.
improved direct blocking effect of rebar is hence expressed as
follows:
br
U
c

� �
¼ b � Cn

U
c

� �
¼ 0:5933 � U

c

� �
þ 0:5253 ð15Þ

(6) Prediction model of chloride concentration at the apex of
rebar considering the coupling effects of coarse aggregate and steel
reinforcement

Using the improved direct blocking effect coefficient br(U/c)
expressed in Eq. (15) to replace the original b within Eq. (13), the
prediction model of chloride concentration at the apex of rebar
considering the coupling effects of coarse aggregate and steel rein-
forcement is ultimately established and expressed as:
C x; t;v ;Uð Þ ¼ br
U
c

� � � Cs tð Þ � 1� erf x
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Similarly, the chloride concentrations at the apex of rebar tested
by experiment are compared with the results estimated by the pro-
posed prediction model Eq. (16), as shown in Fig. 24. Fig. 24 exhi-
bits that the magnitudes of the chloride concentrations at the apex
of rebar evaluated by prediction model Eq. (16) are in good agree-
ment with those from the experiments. Moreover, the chloride
results for various reinforced concrete specimens predicted by
means of the model Eq. (16) against the experimental measure-
ments are plotted in Fig. 25. This figure shows that almost all of
the chloride concentrations at the apex of rebar estimated by the
prediction model Eq. (16) are located within a ±15% error margin,
validating the accuracy and reliability of the prediction models
for reinforced concrete specimens proposed in this paper. To sum
up, the prediction model of chloride concentration at the apex of
rebar considering the coupling effects of coarse aggregate and steel
reinforcement (Eq. (16)) can accurately predict the chloride con-



Fig. 24. Comparison of the chloride concentrations at the apex of rebar in reinforced concrete between experiment and prediction model of Eq. (12): (a) v = 0; (b) v = 0.2; (c)
v = 0.3; (d) v = 0.4; (e) v = 0.5.
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centrations at the apex of rebar with different coarse aggregate
volume fractions and diameters of steel bar at arbitrary exposure
times.

4. Conclusions

For this paper’s study, an in-door physical experiment for chlo-
ride diffusion in plain and reinforced concrete specimens exposed
to marine tidal environment was carried out. The specimens were
cast using different volume fractions of coarse aggregate and
diameters of steel reinforcement. The chloride concentrations for
experimental specimens were measured at various exposure times,
and they were adopted to further investigate the common influ-
ences of coarse aggregate volume fraction and blocking effect of
rebar on chloride diffusion in concrete. Finally, a prediction model
of chloride diffusion in concrete considering the coupling effects of
coarse aggregate and steel reinforcement was proposed. The fol-
lowing significant conclusions are showed as:

(1) An in-door experiment for chloride diffusion in plain con-
crete specimens with different volume fractions of coarse
aggregate exposed to marine tidal zone was carried out,



Fig. 25. Comparison of the chloride concentrations at the apex of rebar by the
prediction model of Eq. (12) versus those of experiment in reinforced concrete
specimens.
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and the chloride profiles at various exposure times were
tested. The variations for surface chloride concentration
and apparent chloride diffusion coefficient versus exposure
time are obtained by fitting the Fick’s second law of diffusion
to the experimental chloride profiles using the regression
analysis. The conclusions indicated that the surface chloride
concentration is independent of coarse aggregate effects,
nevertheless, the apparent chloride diffusion coefficients
decreased with the exposure time increasing.

(2) The impact factor of coarse aggregate volume fraction f(v)
was proposed to quantify the effect of coarse aggregate on
chloride diffusion coefficient. The f(v) was adopted to
improve the chloride diffusion coefficient within the analyt-
ical solution of Fick’s second law. A prediction model of chlo-
ride diffusion profiles in concrete considering the effect of
coarse aggregate volume fraction was established and the
accuracy of this model was validated using the experimental
chloride results.

(3) An in-door physical experiment for chloride diffusion in
reinforced concrete specimens exposed to marine tidal envi-
ronment was carried out. The specimens were cast using
various volume fractions of coarse aggregate and diameters
of steel reinforcement. The chloride concentrations for
experimental specimens at different positions and exposure
times were tested. According to the experimental measure-
ments, it can be found that the chloride concentrations at
the apex of rebar were greater than those of other positions,
which indicated that the blocking effect of steel bar can sig-
nificant enhance the chloride concentrations at the surface
of rebar. The steel reinforcement embedded in concrete
can alter the meso-scopic structure of concrete adjacent to
the rebar, i.e. update (decrease) the coarse aggregate content
and distribution within a region of 4 � 100 mm2 rectangle in
front of the steel reinforcement, thereby, affect (increase)
the chloride diffusion coefficient at this area of rebar, which
meant the indirect blocking effects of rebar. Moreover, the
steel bar was regarded as a physical obstruction to block
chloride ions diffusion in concrete resulting in the chloride
concentrations accumulation at the apex of rebar, which
denoted the direct blocking effect of rebar.

(4) The indirect and direct blocking effect coefficients a(v),
br(U/c) were proposed to quantify the influence of blocking
effect of steel reinforcement on chloride concentrations at
the apex of rebar. Substituting the a(v) and br(U/c) in the
prediction model of chloride diffusion in concrete consider-
ing the volume fraction of coarse aggregate, an improved
prediction model of chloride concentration at the apex of
rebar considering the coupling effects of coarse aggregate
and steel reinforcement was established. The accuracy and
reasonability for this paper’s proposed prediction model
were validated using the experimental measurements.
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