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OF REINFORCING BARS IN ENVIRONMENTS CONTAINING CHLORIDE
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The present study investigates the effect of aggregate type on the amount of chloride ion penetration in normal weight
concrete (NWC) and lightweight concrete (LWC) samples under the influence of sulfate ion. To examine the effect of W/C ratio,
all mixes are made with three different W/C ratios of 0.4, 0.45 and 0.5 in this research. Also, the amount of silica fume (SF) in
three values of 0, 7% and 10% were substituted for cement to consider the effect of pozzolanic materials on the level of
penetration of chloride and sulfate ions. Compressive strength tests, Capillary water absorption, electrical resistivity, Rapid
chloride migration test (RCMT) and accelerated corrosion test were done on concrete samples with light-weight and normal
aggregates. The results of these two concrete specimens were compared. The results showed that the corrosion rate of steel bar
was higher with increasing ratio of W/C. Also, the mechanical and durability properties of concrete was improved by adding SF
to the concrete mix design , resulting in the lowest corrosion rate in the two, chloride solution and combined magnesium sulfate
- chloride solution. In addition, concrete samples in the chloride solution became more corrosive than the combined chloride magnesium sulfate solution. Finally, a neural network model was developed to determine the chloride ion permeation coefficient
and the corrosion rate of steel in normal and lightweight aggregates.
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1. Introduction
Concrete has found a special place among
civil engineers for many years as one of the humanmade consumable materials. Various factors have
been investigated regarding concrete during these
years. Among them, it can be referred to as
concrete durability, which plays an important and
effective role in the useful lifecycle of concrete
structures [1]. Today, shortening the useful life,
increasing costs of repairing and restoring
damaged concrete structures due to corrosion and
other destructive factors in corrosive areas have
caused irreparable damage to the country's
economy and sustainable development. The
corrosion of reinforcement, alkali aggregates
reaction, frost and sulfate attack, are the most
important factors that cause premature damage to
concrete structures [2]. Obviously, one of the most
significant factors in the destruction of reinforced
concrete structures is the chloride ion diffusion and
its corrosion [3]. Santanam et al. [4] showed that
the corrosion rate of steel was higher with
increasing sulfate ion concentration in concrete.
Therefore, it is necessary to study the behavior of
concrete in such areas to extend the useful life of
concrete structures and to prevent their early
destruction. Various investigations have been
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carried out to determine the rate of damage of
reinforced concrete under the influence of chloride
ion. Most of this research has focused on providing
a chloride ion permeation model for concrete based
on Fick's Second Law [5-12].In addition to chloride
ion permeation in concrete, Sulfate is also known
as another destructive agent. Soils containing
sodium sulfate, potassium sulfate, magnesium
sulfate and calcium sulfate are the major sources of
sulfate ions in groundwater. Sulfate attack occurs in
three conditions of high permeability of concrete,
strong sulfate environment, and presence of water.
Sulfate attacks include risks such as cracking,
crushing of the rocks, reduced resistance and
adhesion [13]. Different results are observed in the
simultaneous effects of chloride and sulfate ions
permeation on concrete. In some references,
sulfate ion has an increasing effect on chloride ion
permeation while sulfate ion reducing effect on
chloride ion permeation is observed in others.
Hassanali et al. [14] evaluated the corrosion of
reinforcing bars in concrete structures in the
southern coast of Iran. Their results showed that
the appropriate ratio of W/C, the use of SF, and the
appropriate thickness for rebar coating are efficient
in order to protecting the concrete structures for
this area in terms of reducing the corrosion
intensity of the steel bars. Fouzia Shaheen and
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Bulu Pradhan [15] examined the corrosion of
reinforcing bars in chloride and chloride-sulfate
environments in electrolytic concrete powder
solution (ECPS). The results indicated that
samples made with PPC (Portland pozzolana
cement) PPC have higher compressive strength
than samples made with OPC (Ordinary Portland
Cement) in both combinations with chlorine and
chloride-sulfate ions. In their study, Al-Amoudi and
Maslehuddin [16] examined the effects of sodium
chloride, mixed sodium and magnesium sulfate or
sodium chloride plus mixed sodium and
magnesium sulfate on corrosion of reinforcement,
and they founded that the sulfate ions could hardly
induce
the
corrosion
of
reinforcement.
Ramezaninpour et al. [17] evaluated the impact of
sulfate ions on chloride attack of standard mortar
with replacement of cement of 17.5% trass a
natural pozzolan and 7.5% SF. They finally
reported that the penetration of chloride ions in the
presence of sulfate was reduced in the controls.
However, a slight increase was observed in
chloride penetration in SF samples. For trass
samples, a lower concentration of sodium sulfate
(27.5 g/l) led to a decrease in the penetration of
chloride ions. Zuquan et al. [18] examined the
effect of interactions between sulfate and chloride
attack. They used 3.5% NaCl, 5% Na2SO4, and a
combined solution containing 3.5% NaCl and 5%
Na2SO4 as a corrosion solution. They reported that
the resistance to chloride ingress into concretes at
early exposure period was increased by the
presence of sulfate in the combined solution. Liu et
al. [19] investigated the impact of carbonate and
sulfate ions on chloride threshold level of the
corrosion of reinforcement in mortar with and
without fly ash. They found that due to the
concomitant presence of both chloride ions and
sulfate ions, the chloride threshold level was
decreased as compared with the single chloride
solution, but did not affect initiation time of chlorideinduced reinforcement corrosion. Xu et al. [20]
experimentally studied the chloride diffusion
process in cracked concrete exposed to the
chloride solution and the composite attack of both
chloride ions and sulfate ions. They found that due
of the presence of sulfate ions, the chloride
diffusion process in cracked concrete with a lower
concentration of both free and total chloride ions
was decelerated. Due to the research conducted
by Ramezanpour et al. [21], the impact of
simultaneous attack of chloride and sulfate on the
durability of concrete was examined. They showed
that the effect of both sulfate and chloride solutions
on combined corrosive environments should be
considered to ensure the performance of the
concrete. Chikar et al. [22] inspected the effect of
Sodium sulfate and alternative combined
sulfate/chloride action on ordinary and selfconsolidating PLC-based concretes and they

found that the higher the W/C ratio, the greater the
effect of chloride on the sulfate attack would be. liu
et al. [23] investigated the behavior of corrosion in
steel submitted to both chloride ions and sulfate
ions in the simulated concrete pore solution. They
found that the corrosion current density was
increased due to the concomitant presence of both
chloride ions and sulfate ions and the corrosion of
reinforced steels in simulated concrete pore
solution was accelerated by sulfate ions. Maes and
Belie [24] examined the resistance of both
concrete and mortar against combined attack of
chloride and sodium sulfate and they found that
chloride penetration increased as the sulfate
content elevated within short periods of immersion,
except for HSR concrete. The presence of
chlorides may mitigate sulfate attack. Song et al.
[25] demonstrated that the capacity of chloride
binding from concrete in natural diffusion process
is a complicated function of many factors, among
which the cation type and the contact time are
significant factors. Merida et al. [26] also assessed
the permeability of chloride of the pozzolanic
concrete cured in the solutions of sulfate. They
found that the durability of concrete specimens
cured in sulfate environment was positively
affected by using natural volcanic replacing 5% by
the weight of cement in the high-performance
concrete mixture. Deepankar et al. [27] examined
the impact of sulfate and chloride attacks with
varying severity on the compressive strength of
GGBFS (ground granulated blast furnace slag)
concrete after 28 days of immersion in salt
solution. The results indicated that the durability of
GGBFS concrete increased as cement replaced by
GGBFS for percentage such 20% increased.
Concerning the impact of sulfate ions on chloride
attack, some researchers believed that the
chloride attack may accelerate due to the
presence of sulfate. The presence of sulfate may
reduce a chloride binding capacity and the release
of bound chlorides; however, others demonstrated
the mitigating effect on the chloride attack. Studies
regarding on penetration of Chloride and Sulfate
ions into concrete have focused on concrete with
Ordinary aggregate. This paper has examined the
effect of aggregate type, as a new parameter in
determining the diffusion coefficient of chloride ion
seam in the concretes.
For this purpose, the effect of sulfate and chloride
ions alone and in combination on the corrosion
rate of reinforcing bar in two types of concrete
specimens containing normal and lightweight
aggregates with different percentages of SF as
well as different ratios of W/C was investigated. In
the conclusion, a model is provided based on
artificial neural networks for determining the
diffusion coefficient of chloride ion in the concretes
containing light and ordinary aggregates.
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2. Introducing Aggregates and Mix Design
The cement used in all experiments in this
research is Portland cement type 2 based on
ASTM C133 with Specific gravity of 3.15 gr/cm3
and Blaine specific surface of 3000 cm2/gr.The
specifications of the noted cement can be seen in
Table 1.
Table 1
Material
OPC
cement

Chemical properties of cement
Chemical composition (%)
SiO2

Al2O3

Fe2O3

CaO

21.50

3.68

2.76

61.50

MgO
4.80

Na2O
0.12

K2O
0.95

Ig.loss
1.35

Consumed aggregates are made of two
normal and light-weight types (Leca) with standard
ASTM aggregation. Table 2 shows the the LECA
aggregate characteristics. The grading curve of
aggregates are shown in Figs. 1.
Table 2
Physical characteristics of consuming LECA aggregate
Absorption
Saturated density
Dry density
%
kg/m3
kg/m3
9
669
550

(a)

(b)
Fig. 1- Grading curve of sand (a) and gravel(b).
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The water used in the experiments in
current study was drinking water.
2.1.

Concrete mixing scheme containing
normal and lightweight aggregates
In the present study, two types of natural
and lightweight aggregates have been used to
investigate the effect of aggregate type on
concrete permeability. In all samples, the ratio of
W/C was 0.4, 0.45 and 0.5 and the amount of SF
in three values of 0, 7% and 10% of cement
content replacement was considered. In order to
achieve the same slump between 5 – 7 cm in all
specimens, a superplasticizer between 0.5% to 1%
of the cement weight was used.
Tables 3 and 4 and shows the mix design
for the lightweight and normal aggregate
concretes.
Table 3
Concrete mixing design with lightweight aggregates
Mixing
code
(W/C)
Cement
(Kg/m3)
Silica
fume
(Kg/m3)
Leca
(coarse
Kg/m3)
Leca
(fine
Kg/m3)
Gravel
Kg/m3
Sand
Kg/m3
superpl
asticizer
Mixing
code
(W/C)
Cement
(Kg/m3)
Silica
fume
(Kg/m3)
Leca
(coarse
Kg/m3)
Leca
(fine
Kg/m3)
Gravel
Kg/m3
Sand
Kg/m3
superpl
asticizer

L.O.4

L.s7.4

L.s10.4

L.O.45

0.4

0.4

0.4

0.45

L.s7.
45
0.45

350

325.5

315

350

325.5

0

22.78

31.5

0

22.78

37

37

37

37

37

109

109

109

109

109

530

530

530

530

530

440

440

440

440

440

0.8%

0.7%

1%

0.8%

0.8%

L.O.5

L.s7.5

0.5

0.5

L.s10.
5
0.5

315

350

325.5

315

31.5

0

22.78

31.5

37

37

37

37

109

109

109

109

530

530

530

530

440

440

440

440

0.7%

0.6%

0.6%

0.8%

L.s10
.45
0.45
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Table 4
Concrete mixing design with normal aggregates
Mixing
S.s7.
S.O.4
S.s7.4
S.s10.4 S.O.45
code
45
(W/C)
0.4
0.4
0.4
0.45
0.45
Cement
350
325.5
315
350
325.5
(Kg/m3)
Silica
fume
0
22.78
31.5
0
22.78
(Kg/m3)
Gravel
1000
1000
1000
1000
1000
Kg/m3
Sand
800
800
800
800
800
Kg/m3
superpl
0.9%
1%
1%
0.8%
0.9%
asticizer
Mixing
S.s10
S.s
S.s 0.5
S.s 7.5
code
.45
10.5
(W/C)
0.45
0.5
0.5
0.5
Cement
315
325.5
350
315
(Kg/m3)
Silica
fume
31.5
0
24.5
31.5
(Kg/m3)
Gravel
1000
1000
1000
1000
Kg/m3
Sand
800
800
800
800
Kg/m3
superpl
1%
0.7%
0.8%
1%
asticizer

3. Experimental Results

Compressive
strength (kg/cm2)

3.1. Compressive strength test
ASTMC133 compressive strength test was
performed on 10 * 10 * 10 cm cubic samples at 28
days age. The results are shown in Fig. 2.

(a)

400
200

210 177
165

282

230 215

295 280

238

0
SF% = 0
W/C = 0.4

SF% = 7
W/C = 0.45

SF% = 10
W/C = 0.5

Compressive
strength (kg/cm2)

(a)
600
400

365 340
307

461 426 454
307

394 428

200
0
SF% = 0
SF% = 7
SF% = 10
W/C = 0.4
W/C = 0.45
W/C = 0.5

(b)
Fig. 2 - Compressive strength (kg/cm2) of LWC (a)
and NWC (b).

According to the compressive strength
diagrams, it can be concluded that the
compressive strength decreases in all conditions
with increasing W/C ratio. Also, due to the increase
of the percentage of SF, it is observed that the
compressive strength is significantly increased.
Comparison of the diagrams shows that the overall
compressive strength of NWC samples is roughly

71% higher than that of LWC. However, comparing
the results of the increase in mean compressive
strength cubes with increasing the percentage of
SF in LWC samples was higher than that of NWC
ones, so that the mean increase in compressive
strength in NWC specimens for all constant ratios
of W/C is about 26% with SF increase from 0 to
7% while it is about 7% with increasing of SF from
7% to 10% and such noted mean increasing rates
in LWC samples are 31% and 12%, respectively.
Also, the effect of the reduced strength on LWC
samples was higher due to greater amounts of
W/C ratio than NWC ones, such that in NWC
cubes with constant percentages of SF, the mean
decrease is about 7% with increasing W/C ratio
from 0.4 to 0.45. In addition, change in ratio of
W/C from 0.45 to 0.5% led to average decrease by
8% in strength, and such amounts were 15% and
10% for LWC cubes, respectively.
3.2. Capillary water absorption test
Capillary absorption test was carried out
based on ASTM test method and the amount of
water absorption in at 7 different times was
calculated. For this experiment, cubic samples
with dimensions of 10 cm in 3 specimens were
used. The capillary absorption of specimens was
recorded at 30 minutes, 1, 2, 4, 24, 48, and 72
hours. By fitting a line between points a relation
between the percentage of water absorption and
time can be calculated. The slope of line can be
known as capillary absorption coefficient. The
diagram slope of the capillary absorption
percentage against time-squared logarithm on the
basis of equation (1) is known as the capillary
absorption
coefficient.
𝑠 = 𝑎. 𝑙𝑜𝑔√𝑡 + 𝑏
(1)
Where S is percentage of capillary
absorption, T is time, a is capillary absorption
coefficient and b is capillary absorption constant.
Fig. 3 shows the values of the capillary absorption
coefficient and the correlation coefficient of the
graphs for both normal and lightweight concrete
types.
In general, considering the results of LWC
and NWC specimens, capillary absorption
coefficient in LWC concrete is 3.5 times more than
NWC on average. The reduction of capillary
absorption coefficient in LWC due to higher
amounts of SF was more than NWC: the reduction
rate of capillary absorption coefficient in NWC for
all constant ratios of W/C was about 59% with
increasing of SF from 0 to 7% and it was about
38% with increasing of SF from 7% to 10% ;
However, in LWC, this ratio is about 56% with
increasing of SF from 0 to 7% and it is about 17%
with increasing of SF from 7% to 10%. On the
other hand, in terms of W/C ratio, the increase of
capillary absorption coefficient in LWC was higher
than that in NWC due to higher values of W/C
ratio; with constant content of SF, absorption
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Cap.abs.coe

1.00
0.50

0.52

0.63

0.69
0.31
0.18 0.26

0.17
0.11

0.19

-

SF% = 0
SF% = 7
SF% = 10
W/C = 0.4
W/C = 0.45
W/C = 0.5
(a)

Cap.abs.coe

4.00
2.06
1.62 1.97

2.00

0.47

0.98 1.05

0.34

0.98 0.99

-

SF% = 0
SF% = 7
W/C = 0.4
W/C = 0.45

SF% = 10
W/C = 0.5

(b)
Fig. 3 - Capillary absorption coefficient of NWC(a) and LWC (b).

coefficient elevated by 40% in NWC
increasing W/C ratio from 0.4 to 0.45
increased by 14% in case of changing the
ratio from 0.45 to 0.5.The increase amounts
56% and 17% for LWC respectively.

with
and
W/C
were

Electrical resistivity
[KΩ.cm]

3.3. Electrical Resistivity Test
For electrical resistivity test, the concrete
sample is placed between two copper plates with
an alternating electrical current of 1 kHz frequency
and the electrical resistance determined according
to the equation 2
𝜌=
(2)
Where: ρ is electrical resistivity [Ω.M], Z is
measured electrical resistance [Ω], A is crosssectional area of the sample in contact with the
paste [m2] and L is test height or distance between
two copper plates [m]. The electrical resistivity test
results for concrete samples containing normal and
lightweight aggregates are shown in Fig. 4.
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40

24.66
9.74

20

22 21.33

29 27

8.51 8.26

0

SF% = 0
SF% = 7
W/C = 0.4
W/C = 0.45

SF% = 10
W/C = 0.5

Electrical
resistivity [KΩ.cm]

(a)
40
20.1
20

7.43

6.36 6.27

17.57

15.6

27.35 26.4
19.33

0

SF% = 0
SF% = 7
W/C = 0.4
W/C = 0.45

SF% = 10
W/C = 0.5

(b)
Fig. 4 - Electrical resistivity [KΩ.cm] of NWC (a)
and LWC (b)
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On the basis of the results, the average
specific electrical resistance of NWC samples is
28% higher than that of LWC ones. The increase
of SF in LWC cubes had a greater effect on
enhancing the electrical resistance than LWC
cubes: the resistance in NWC was augmented by
156% on average with all constant ratios of W/C
due to increasing the percentage of SF from 0 to
7%. In addition, the resistance in NWC was
amplified 34% as the percentage of SF increased
from 7% to 10%. These values for LWC were
165% and 37%, respectively. On the other hand,
resistance declined 14% in NWC specimens with a
fixed content of SF as W/C ratio increased from
0.4 to 0.45 and declined by 4% as the ratio of W/C
ratio was changed from 0.45 to 0.5. The reductions
were 10% and 12% for LWC concrete,
respectively.
3.4. Rapid Chloride Migration Test (RCMT)
The experiment was conducted based on
NT BUILD 492 standard on concrete samples with
different mixing designs. For this test, two types of
solutions are required:
1- 10% weight solution of NaCl (100gr.
NaCl in 900gr. water) which is used as catalyst.
2- 0.3 Normal solution of NaOH (about 12g
NaOH in 1liter water) which is used as anolyte.
The applied voltage was adjusted to about 60 volts
and the current through each sample was
measured. Depending on the voltage and current
intensity applied by the device to the sample, the
duration of the test is determined as it is shown in
Table 5. After the specified time, the device is
switched off and the sample is taken off the rubber
sleeve. It is then split into two halves and the silver
nitrate solution is sprinkled on the newly cleaved
surface and the depth of the discolored area is
measured.
Table 5
Voltage and duration of experiment for RCMT test in NT Build
Applied
Initial current
Possible
voltage U
Test
I30V
new initial
(after
duration t
(with 30 V)
current I0
adjustment)
(hour)
(mA)
(mA)
(V)
I0 < 5
60
I0 < 10
96
5 ≤ I0 < 10
60
10 ≤ I0 < 20
48
10 ≤ I0 < 15
60
20 ≤ I0 < 30
24
15 ≤ I0 < 20
50
25 ≤ I0 < 35
24
20 ≤ I0 < 30
40
25 ≤ I0 < 40
24
30 ≤ I0 < 40
35
35 ≤ I0 < 50
24
40 ≤ I0 < 60
30
40 ≤ I0 < 60
24
60 ≤ I0 < 90
25
50 ≤ I0 < 75
24
90 ≤ I0 < 120
20
60 ≤ I0 < 80
24
120 ≤ I0 < 180
15
60 ≤ I0 < 90
24
180 ≤ I0 < 360
10
60 ≤ I0 < 120
24
I0 ≥ 360
10
I0 ≥ 120
6

Afterwards, the penetration depth of the
chloride ion is determined Finally, the diffusion
coefficient of chloride ion is calculated from
equation (3).
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D

=

(

.
(

)
)

xd − 0.0238 −

(

)
√

(3)

RCMT

Where D denotes chloride ion diffusion
coefficient, U is voltage applied to samples, L is
sample thickness, t is duration of experiment, xd is
mean depth of penetration depth, and T is average
value of initial and final temperature in NaOH
solution (30°C). The results of RCMT of concrete
specimens containing normal and light aggregates
are shown in Figs 5.
20

11.28 11.72

11.87
9.11
6.89 7.09
8.05 8.71
6.52

0
SF% = 0
W/C = 0.4

SF% = 7
W/C = 0.45

SF% = 10
W/C = 0.5

(a)
RCMT

20

12.14

12.34 12.76

8.32 9.16

9.54
6.87

7.96

8.26

0

SF% = 0
W/C = 0.4

SF% = 7
W/C = 0.45

SF% = 10
W/C = 0.5

(b)

samples for each design and a total of 18 samples
were made. The specimens used in this
experiment included a cylinder with 100 mm in
diameter and 200 mm in height in which ribbed
steel bar with a nominal diameter of 12 mm and a
length of 250 mm were placed at their central axis
.These reinforcing bars are mounted so that their
heads are about 100 mm outside the concrete and
their ends are about 150 mm inside the concrete.
A fiberglass tank containing 5% solution of
Magnesium sulfate with chloride (of which are 3%
chloride and 2% Magnesium sulfate), and another
pool containing 5% solution of sodium chloride
alone and a metal mesh located at the bottom of
the tank as well as a 12V power supply were used
for this purpose. The samples are kept in a pool of
water for processing, so that the rebar is not in
contact with water. Then, these samples, after
preparation according to Figure 6, were transferred
into two pools in order to perform accelerated
corrosion test, one containing 5% solution of
Magnesium sulfate with chloride (of which are 3%
chloride and 2% Magnesium sulfate), and another
pool containing 5% solution of sodium chloride, so
that two third of the sample height is inside the
solution and one third of the sample height is
outside the solution.

Fig. 5 - Result of RCMT (Chloride ion transfer coefficient) for
NWC (a) and LWC (b).

According to the RCMT diagrams, it can be
concluded that the chloride ion diffusion coefficient
was higher by increasing the ratio of W/C under all
conditions. As the percentage of SF increases, the
diffusion coefficient of chloride ion decreases.
According to the results obtained, the electrical
resistance test is inversely related to the RCMT
test. Chloride ion diffusion coefficient in all samples
containing light-weight aggregates was on average
6% higher than those containing normal weight
aggregates. In addition with constant W/C ratio, the
increase in SF percentage from 0 to 7% led to
reduction in the chloride ion diffusion coefficient in
LWC by 27% and decreased by 14% when SF
percentage is increased from 7% to 10. This
reduction rate was 26% and 21% for NWC,
respectively. Besides, diffusion coefficient was
increased by 6% due to changing the W/C ratio
from 0.4 to 0.45 in NWC with a fixed percentage of
SF. The mean coefficient was increased by 3%
with changing the W/C ratio from 0.45 to 0.5. The
mentioned rise for LWC was 14% and 5%,
respectively, indicating that lowering the W/C ratio
in LWC had a greater effect on reducing the
chloride ion transfer coefficient than NWC.
3.5. Accelerated corrosion test
In order to perform this experiment, two

Fig. 6 - Accelerated corrosion test setup.

The samples were placed in a solution on a
metal grid in which one third of the height of the
sample to facilitate the flow of oxygen was out of
the water. To connect the power supply, its
positive pole was attached to the metal grid using
a wire and the negative pole of device was linked
to the concrete samples by a terminal with multiple
outputs. After about 15 days, the connections were
detached and samples were removed from the
solution due to extending the cracks on the
concrete samples and incidence of corrosive
factors on the samples and steel bars. Samples
were divided into two halves after being washed
and samples were separated from the steel bars
so that to compare the final and initial weights. The
samples were placed in two solutions of 5%
magnesium sulfate - chloride and 5% chloride
solution only under the same conditions. The
results of concrete samples containing normal and
light-weight aggregates are seen in Figs. 7 and 8.

Corrosion
percentage
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20%

16%18%
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10%

13%
8% 10%

6% 7%

10%

0%
SF% = 0
W/C = 0.4

SF% = 7

SF% = 10

W/C = 0.45

W/C = 0.5

Corrosion
percentage

(a)
40%

21%23%

28%

20%

15%

16%

22%

12%14%

18%

0%

SF% = 0
SF% = 7
SF% = 10
W/C = 0.4
W/C = 0.45
W/C = 0.5

Corrosion
percentage

Corrosion
percentage

(b)
Fig. 7 - Corrosion percentage of steel bar in combined 5%
magnesium sulfate -chloride solution of NWC (a) and
LWC (b)
50%
21%

20%
25% 27%
17%
16%
14%
13%
10%

0%

SF% = 0
SF% = 7
SF% = 10
W/C = 0.4
W/C = 0.45
W/C = 0.5
50%

30% 32%

(a)
34%

28%
18% 25%

39

33% on average by increasing the percentage of
SF from 0 to 7%. In case of rising 7% to 10% in
the amount of SF, corrosion rate declined by 26%.
The reduction rate was 33% and 16% for LWC,
respectively. Besides in NWC specimens with
constant SF percentage, increasing of W/C ratio
from 0.4 to 0.45 led to enhance in the mean
corrosion rate by 25% and increased by 28% in
case of change in ratio of w/c from 0.45 to 0.5%.
The above rates were 27% and 18% for LWC,
respectively. In the addition in an environment
containing
5%
chloride
solution
(without
magnesium sulfate content) with constant W/C
ratio, corrosion rate declined in NWC samples by
an average of 27% due to increasing of SF
percentage from 0 to 7%. In case of rising7% to
10% in the content of SF, the average reduction in
corrosion rate was 17%, while they were 27% and
16% for LWC samples, respectively. One the other
hand, in this environment of NWC cubes with
constant SF percentage, corrosion rate augmented
by 11% on average according to the change of the
W/C ratio from 0.4 to 0.45 and increased by 29%
in case of change in ratio of w/c from 0.45 to 0.5%
and the increase values were 32% and 14% for
LWC, respectively.
4. Artificial Neural Networks

14%

21%

25%

0%

SF% = 0
SF% = 7
SF% = 10
W/C = 0.4
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(b)
Fig. 8 - Corrosion percentage of steel bar in 5% chloride
solution of NWC (a) and LWC (b).

It can be concluded from the above graphs
that the corrosion rate of reinforcing bar in concrete
with fixed W/C ratio decreased significantly with the
increase of SF, and also the corrosion rate was
augmented with the increase of W/C ratio. Also,
concrete samples in the chloride solution had a
higher and faster reaction to the corrosion process,
resulting in a higher corrosion rate than combined
magnesium sulfate - chloride solution. The
mentioned increase is on average 74% for NWC
samples and 41% for LWC ones.
It was observed that the corrosion rate of
rebar in concrete samples containing light-weight
aggregates in combined magnesium sulfate chloride solution were 63% higher than those
containing normal aggregates. In addition, the
corrosion rate of rebar in concrete samples
containing light-weight aggregates in chloride
solution was 34% higher than that of normal
aggregates. In an environment containing 5%
magnesium sulfate and chloride solution with
constant W/C ratio, Corrosion in NWC reduced

Artificial neural networks (ANNs) are
defined as computing system developed to
simulate the biological neural systems of the
human brain. An ANN model is composed of both
a set of computational units and a set of one-way
data binding units or weights as depicted in Fig. 9.
Weights

Blass

Transfer function
Output

Fig. 9 - Single processing element of ANNs.

A method called error back-propagation, or more
simply back-propagation developed by Rumelhart
et al [28]. was employed to find the associations
between input patterns and output patterns via
more than the two layers of Rosenblat’s original
perceptron.
Errors that arise during the learning process can
be expressed as
mean square error (MSE),
computed using Equation (4).
𝑀𝑆𝐸 =
× ∑ (𝑡 − 𝜎 )
(4)
Moreover, using Equations (4) and (5), the
absolute fraction of variance (R2) and mean
absolute percentage error (MAPE) can be
computed.
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𝑅 =1−
𝑀𝐴𝑃𝐸 =

∑ (

)

(5)

∑

×∑ (

× 100)

(6)

Where tj denotes the target value of jth
pattern, σj represents the output value of jth
pattern, and p is the number of patterns.
4.1. Proposed model
The basic purpose of methodology for ANN
model development is to train a neural network to
find the relation between a set of inputs and
corresponding outputs. In the present study, a NN
model was developed to investigate the impacts of
designing concrete mixtures on chloride diffusion
coefficient (Dcl) for concrete. One of the main
objectives of this study was to find the relationship
between Dcl in light-weight aggregate concrete and
normal-weight aggregate concrete based on the
proportions of concrete mixtures. For this reason,
an ANN model was employed to find the
association of W/C and S.F contents with Dcl in
concrete. As seen from Table 5, the best results
were obtained for (3-7-5-1) structure. Transfer
functions used in this model were Hyperbolic
Tangent, Gaussian and Sigmoid for the hidden
layers 1 and 2 and output layer respectively.
Similar results were obtained for tidal and
atmospheric
environments.
Backpropagation
algorithm used in the neural networks requires that
all targets be normalized between 0 and 1 for
training. This is due to an output node’s signal
which may be restricted to the range 0,1.
For this reason, all data obtained from the
nodes in the input layer and training targets for the
output layer are normalized between0 and 0.85.
As shown in Table 6, the best results were
obtained with a network consisting of two hidden
layers. The first hidden layer consisted of 7 nodes,

while there were total 5 nodes in the second
hidden layer. A full connection between the nodes
in adjacent layers was selected. The best network
geometry
representing the highest correlation
and the lowest Root-Mean-Square error (MSE) of
the testing sets is shown in Fig. 10.
SF

W/C

Hidden Layer 1
Hidden Layer 2
DCL
(Carbonated)

.α coefficient in first layer denotes the kind
of aggregate varying between 0 for normal weight
aggregate to 1 for lightweight aggregate. Figures
11a and 11b show the convergence characteristics
of the ANN model during training phases and the
correlations for the training sets, respectively. In
this study, we proposed 6- By using the NN model
with concrete mix proportion (W/C and SF
contents) developed to investigate the effect of
aggregate on Dcl variations. The model can be
used to predict Dcl in light weight and normal
weight concrete.
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Fig.10- Architecture of neural network model

Table 6
Results of training steps of ANN
Training
Training
Transfer
Max
function
R2
Error
S-S-S
0.038
0.99
G-G-S
0.04
0.99
HT-HT-S
0.0299
0.99
HS-HS-S
0.0252
0.99
G-G-S
0.02
0.99
G-G-S
0.02
0.99
G-HT-S
0.02
0.99
G-HS-S
0.02
0.99
HT-G-S
0.02
0.99
HS-G-S
0.02
0.99
G-TH-S
0.0199
0.99
G-HS-S
0.02
0.99
G-G-S
0.02
0.99
G-S-S
0.02
0.99
HS-G-S
0.02
0.99
HT-G-S
0.02
0.99

α
Input Layer

Network Outputs
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(b)
Fig.11 - a) Net output VS. Targets b) RMS error history VS.
Iteration

5. Conclusion
1- According to the compressive strength
diagrams, the compressive strength was reduced
by increasing the ratio of W/C under all conditions.
The compressive strength resistance is also
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augmented with the increasing of the content of
SF. A comparison of the diagrams showed that the
overall compressive strength of NWC was
approximately 71% higher than that of LWC.
However, our results demonstrated the increase in
mean compressive strength cubes with increasing
the percentage of SF in LWC samples was higher
than that of NWC ones. Also, the effect of the
strength reduction on LWC samples was higher
than NWC ones due to the use of greater amounts
of W/C ratio.
2- Capillary absorption coefficient strength
increased under all conditions with increasing W/C
ratio and it decreased by increasing the amount of
SF. In general, considering the results of LWC and
NWC specimens, capillary absorption coefficient of
LWC was 3.5 times higher than that of NWC on
average. A decrease in capillary absorption
coefficient of LWC, due to higher amounts of SF,
was greater than that of NWC. On the other hand,
due to the use of greater values of W/C ratio, an
increase in capillary absorption coefficient of LWC
was higher than that of NWC.
3- The results obtain from specific electrical
resistivity diagrams indicate that by increasing the
ratio W/C, specific electrical resistivity decreased
under all conditions. It was also observed that the
specific electrical resistivity significantly augmented
as the content of SF increased. Our results
revealed that the average specific electrical
resistance of NWC samples was 28% higher than
that of LWC ones. An increase in SF percentage of
LWC cubes exerted a greater effect on enhancing
the electrical resistance compared to LWC cubes
4- According to the RCMT diagrams, the
chloride ion diffusion coefficient was increased by
increasing the ratio of W/C under all conditions. As
the percentage of SF increased, the diffusion
coefficient of chloride ion decreased. According to
our results, the electrical resistance test was
inversely related to the RCMT test. Chloride ion
diffusion coefficient of the samples containing lightweight aggregate was on average 6% higher than
that of ones containing normal weight aggregate.
Our findings also indicated that lowering the W/C
ratio in LWC had a greater effect on reducing the
chloride ion transfer coefficient compared to
NWC.
5- The results obtained from accelerated
corrosion tests showed that the corrosion rate of
reinforcing bar in concrete was significantly
decreased due to higher amounts of SF, and also
the corrosion rate was enhanced with the increase
of W/C ratio. Also, compared to the mixed
magnesium sulfate - chloride solution, concrete
specimens in the chloride solution reacted faster to
the corrosion process, leading to increased
corrosion rate. The above increase was on
average 74% for NWC specimens and 41% for
LWC ones. It was observed that the corrosion rate
of rebar in concrete specimens containing light-
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weight aggregate in combined magnesium sulfate
- chloride solution was 63% higher than that of
ones containing normal aggregate. In addition, the
corrosion rate of rebar in concrete specimens
containing the light-weight aggregate in chloride
solution was 34% greater than that of ones
containing the normal-weight aggregate.
6- By using the NN model with concrete mix
proportion (W/C and S.F contents) developed to
investigate the effect of aggregate on Dcl
variations. The model can be used to predict Dcl in
light weight and normal weight concrete.
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