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The significance of concrete durability increases since RC (Reinforced Concrete) structures undergo degradation due to aggressive
environmental conditions, which affects structural safety and serviceability. Steel corrosion is the major cause for the unexpected
failure of RC structures. The main cause for the corrosion initiation is the ingress of chloride ions prevailing in the environment.
Hence quantitative evaluation of chloride diffusion becomes very important to obtain a chloride diffusion coefficient and resistance
to chloride ion intrusion. In the present investigation, 15 mix proportions with 3 water-to-binder ratios (0.37, 0.42, and 0.47) and 3
replacement ratios (0, 30, and 50%) were prepared for HPC (high-performance concrete) with fly-ash and ground granulated blast
furnace slag. Chloride diffusion coefficient was measured under nonstationary condition. In order to evaluate the microstructure
characteristics, porosity through MIP was also measured. The results of compressive strength, chloride diffusion, and porosity are
compared with electrical charges. This paper deals with the results of the concrete samples exposed for only 2 months, but it is a
part of the total test plan for 100 years. From the work, time-dependent diffusion coefficients in HPC and the key parameters for
durability design are proposed.

1. Introduction
Reinforced concrete (RC) structures are an economical and
versatile construction material in civil infrastructure such as
bridges, buildings, and nuclear reactors, and involve major
construction to the tune of millions of dollars [1, 2]. However,
the long term durability and service life of RC structures are
one of the major problems faced by the construction industry
for the past few decades [3]. The durability of reinforced
concrete is largely affected by the migration of aggressive
ions (chloride and sulphate) via capillary absorption and
hydrostatic pressure of cementitious matrix. The ions reach
the reinforced rebar and destroy the passive film [4, 5]
subsequently corroding the steel. Chloride induced corrosion
of RC structure has become a major problem worldwide [6–
8], especially in buildings, bridges, parking decks, tunnels,
and other buildings exposed to seawater or deicing salts.
As a result of this deterioration of the RC structure, the

repair costs nowadays constitute a major part of spending
on infrastructure. Further, corrosion of steel does not only
damage the RC structure but also causes safety concerns.
Corrosion of steel in the RC structure can be mitigated
by adopting various preventive measures, namely, cathodic
protection, using corrosion inhibitors, coating to steel rebar,
coating to concrete, using blended cement, and realkalization
of concrete [9–14]. The use of corrosion inhibitors is the more
appropriate method, and its maintenance cost is high. One
alternative way to prevent the corrosion of high-performance
concrete (HPC) by improving impermeability, resistance to
chloride ion diffusion [15], and abrasion resistance can be
achieved through the partial replacement of cement with
industrial byproducts (supplementary cementing materials
(SCMs)) such as fly-ash (FA) [16], ground granulated blast
furnace slag (GGBFS) [17], silica fume, rice husk ash [18], and
micro silica.
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Table 1: Chemical composition and physical properties of OPC, GGBFS, and FA.
Items
Chemical composition (mass %)

Types
OPC
GGBFS
FA

SiO2

Al2 O3

Fe2 O3

CaO

MgO

SO3

Lg.loss

21.96
32.74
55.66

5.27
13.23
27.76

3.44
0.41
7.04

63.41
44.14
2.70

2.13
5.62
1.14

1.96
1.84
0.49

0.79
0.2
4.3

In South Korea, the annual production amount of FA
was 8.5 million tons in coal-fired power plants and GGBFS
(produced by POSCO and Hyundai Steel) was about 12
million tons/year as of 2011 [19]. Compared to the Ordinary
Portland Cement (OPC), it is very low regarding emission
of environmental load. Hence, it has been mostly used as a
component of low carbon emission concrete [20]. Replacing
OPC with GGBFS and FA in high-performance concrete
(HPC) and self-compacting concretes (SCC) are becoming
increasingly common in civil engineering structures [21].
Utilizing FA and GGBFS for the production of HPC and SCC
not only reduces the total material cost of the construction
industry but also results in considerable benefits to the
environment [22]. In addition, the use of FA and GGBFS
in the SCC has a unique and distinctive effect on the
properties of the HPC. Further, the replacement of OPC
with GGBFS and FA in SCC had a lower resistance to
carbonation than the pure OPC-blended SCC. This effect
appeared to be more pronounced with an increase in the
replacement level of FA and GGBFS [23]. Moreover, utilizing
FA and GGBFS in SCC is more effective in resisting the
chloride ion and sulphate ion migration and reducing the
capillary pores. The chloride ion diffusion coefficient of the
SCC mixtures with FA and GGBFS was lower than the
control SCC [24–26]. In addition, GGBFS and FA have
pozzolanic activity which is attributed to the presence of
SiO2 and Al2 O3 . It reacts with calcium hydroxide during
cement hydration to form additional calcium silicate hydrate
(CSH) and calcium aluminate hydrate (CAH), which are
effective in forming denser matrix leading to higher strength
and better durability [27–29]. Furthermore, according to
Yuan et al., GGBFS and FA increase chloride binding due to
the high content of aluminate hydrates and hence chloride
migration was reduced in HPC [30]. The research field on
the evaluation of chloride diffusion in concrete is growing
with consideration for diffusion, permeation [31], and binding capacity of chloride ions [32, 33]. Recently, numerical
techniques covering chloride diffusion in partially saturated
condition [34], chloride behavior in concrete with early-age
cracking [35], and micro structures formation modeling in
high-performance concrete [36, 37] were proposed based on
behavior in early-age concrete considering hydration and
micro pore structure.
In this work, 4000 specimens for 15 mix proportions with
various water-binder (𝑤/𝑏) material ratios (0.37, 0.42, and
0.47) and various replacement percentages of GGBFS and FA
(0%, 30, and 50%) are prepared and cured in tap water. As

Physical properties
Specific gravity
Blaine
(g/cm3 )
(cm2 /g)
3.16
2.89
2.19

3,214
4,340
3,621

a part of the work, half of the samples analysis is going on
at KCL (Korea Conformity Laboratory, Korea) by exposing
to tidal, atmosphere, and submerged conditions to know
long term durability for 100 years. The apparent diffusion
coefficient and porosity will be measured by using RCPT (𝑄)
and MIP to know long term durability for 100 years. The
samples will be measured at different intervals of time period:
0.6, 1, 2, 3, 4, 5, 7, 10, 20, 40, 80, and 100 years. The compressive
strength, electrical charges, and chloride diffusion coefficient
in nonsteady state and steady state conditions were measured.
In order to evaluate the microstructure characteristics, porosity through MIP was also measured. From this work, timedependent diffusion coefficients in HPC and key parameters
for durability design are proposed. The results showed that
partial replacement of OPC with GGBFS and FA contributed
considerable improvement to various properties of HPC.

2. Experimental Program
2.1. Materials Used. Ordinary Portland Cement (OPC) of
Type 1 with specific gravity 3.16 was used. Chemical compositions of OPC, FA, and GGBFS are given in Table 1. River sand
was used as fine aggregate, passing through 2.36 mm sieve,
falling under zone and with specific gravity of 2.60. Coarse
aggregates used were crushed angular aggregates of normal
size 19 mm with specific gravity 2.62.
2.2. Concrete Mix Proportion. In this study, a total of 15
HPC mixtures were prepared; OPC partial replacement with
GGBFS and FA in three replacement ratios like 0, 30, and 50%
were considered for HPC mixtures. Three water-to-binder
material (𝑤/𝑏) ratios (0.37, 0.42, and 0.47) were used. The
details of the mixing proportions of the HPC are shown in
Table 2.
2.3. Test Program
2.3.1. Compressive Strength. The compressive strength of the
various concrete mixers was calculated according to ASTM
C39/C39M [39] using cylindrical specimens of 100 mm in
diameter and 200 mm in height, cast with different percentage of FA and GGBFS (HPC). After curing in room condition
for 24 hours, the specimens were demoulded and immersed
in water for curing at 25∘ C. The compressive strength was
measured after 28 and 49 days of curing, the concrete
cylinders were tested in the compression-testing machine,
with 100 T capacities at the rate of loading 140 kN/min. The
ultimate load at which the cube failed was taken.
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Table 2: Mixing proportion of HPC.
𝑤/𝑏 ratio
(%)

Water
(kg/m3 )

Cement
(kg/m3 )

Fly-ash
(kg/m3 )

GGBFS
(kg/m3 )

Coarse aggregates
(kg/m3 )

Fine aggregates
(kg/m3 )

O100

0.37
0.42
0.47

168
168
168

454
400
357

0.0
0.0
0.0

0.0
0.0
0.0

952
976
960

767
787
838

O70S30

0.37
0.42
0.47

168
168
168

318
280
250

0.0
0.0
0.0

136
120
107

946
972
956

762
783
835

O50S50

0.37
0.42
0.47

168
168
168

227
200
179

0.0
0.0
0.0

227
200
179

943
969
853

760
780
832

O70F30

0.37
0.42
0.47

168
168
168

318
280
250

136
120
107

0.0
0.0
0.0

952
953
939

745
768
820

O50F50

0.37
0.42
0.47

168
168
168

227
200
179

227
200
179

0.0
0.0
0.0

950
982
1008

662
685
703

System

Figure 1: The photograph image of RCPT experiment setup.

2.3.2. Rapid Chloride Ion Penetration Test (RCPT). The rapid
chloride ion permeability test (RCPT) was conducted in
accordance with ASTM C1202-10 [38] using a concrete disc
of size 100 mm diameter and 50 mm thickness. After 28 days
of curing, the concrete specimens were subjected to RCPT
test by impressing a voltage of 60 V between two containers
filled with 3% NaCl solution and 0.3 N NaOH solutions, as
shown in Figure 1. Electrical current was measured every 30
minutes for up to 6 hours. The amount of electrical current
passing through the specimen was measured and the total
charge passed (in coulombs) was used as an indicator of
the resistance of the concrete to chloride ion penetration.
The total charge passed through the concrete specimens was
calculated using the following formula [38]:
𝑄 = 900 (𝐼0 + 2𝐼30 + 2𝐼60 + ⋅ ⋅ ⋅ + 2𝐼300 + 2𝐼330 + 𝐼360 ) , (1)
where 𝑄 is charge passed (coulombs), 𝐼0 is current (amperes)
immediately after voltage is applied, and 𝐼𝑡 is current
(amperes) at 𝑡 min after the voltage is applied.

2.3.3. Chloride Diffusion. Chloride diffusion coefficient
method is the extension of the RCPT test. The chloride
diffusion coefficient values were calculated by the two
conditions such as steady state condition based on the results
from ASTM [38, 40] and nonsteady state condition from
Tang’s method [40, 41]. In RCPT test, the time duration is
6 hours where it is under nonsteady state condition. The
diffusion cell and experimental set up is provided in ASTMC
1202 [38] and the calculation of the diffusion coefficient is
performed by an electrical method proposed by previous
researches [40, 41]. Silver nitrate solution (0.1 N, AgNO3 ) is
used as an indicator [42, 43]. In this test, chloride diffusion
coefficient in nonsteady state conditions and steady state
condition (effective diffusion) was calculated using (2a) and
(2b) and (3), respectively.
𝐷cpd =

𝑅𝑇𝐿 𝑋𝑑 − 𝛼√𝑋𝑑
⋅
,
𝑧𝐹𝑈
𝑡

2𝐶
𝑅𝑇𝐿
⋅ erf −1 [1 − 𝑑 ] ,
𝛼 = 2√
𝑧𝐹𝑈
𝐶0
0.84

𝐷eff = 0.0103 (𝑄0 )

𝐸 − 8,

(2a)

(2b)
(3)

where 𝐷cpd is diffusion coefficient in nonsteady state and
steady state condition from RCPT (m2 /s), 𝑅 is universal gas
constant (8.314 J/mol K), 𝑇 is absolute temperature (K), 𝐿 is
thickness of specimen (m), 𝑧 is ionic valence (=1.0), 𝐹 is
Faraday constant (=96,500 J/V mol), 𝑈 is applied potential
(V), 𝑡 is test duration time (s), 𝐶𝑑 is the chloride concentration at which the color changes when using a colorimetric
method to measure 𝑋𝑑 based on the reference [40, 42], 𝐶0
is chloride concentration in the upstream solution (mol/l), 𝛼
is an experimental constant, and erf−1 is the inverse function
of the error function. According to the previous research
[40], erf−1 (1 − (2𝐶𝑑 /𝐶0 )) is calculated as 0.764 and 𝑧𝐹𝑈/𝑅𝑇𝐿
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Figure 2: Compressive strength of HPC with (a) GGBFS and (b) FA at 28- and 49-day curing period.

is 23,600 (m−1 ) in this study. 𝐷eff means effective diffusion
coefficient in RCPT test.
2.4. Porosity Measurement. The porosity of concrete specimens at the age of 28 days was also investigated through
the mercury intrusion porosimetry (MIP) test (ASTM D
4404) [44]. MIP (Micromeritics, Autopore IV 9520, USA)
has been one of the most widely used methods to analyze
the pore structure of HPC samples. When preparing samples
for MIP test, aggregates were avoided from sampling and
about 1 cm3 volumes (2.4∼3.6 g) were placed in the quanta
chrome porosity analyzer and a sample was used for each
measurement. The intruded volume could be read to an
accuracy of ±0.001 cm3 .

3. Results and Discussion
3.1. Compressive Strength. The compressive strength of HPC
with different percentages of GGBFS and FA at the age of
28 and 49 days as per KS F 2405 is shown in Figure 2. It
was observed from the results that, at the age of 28 days and
above, there has been an increase in compressive strength up
to 30–50% replacement level of GGBFS in 0.37 of 𝑤/𝑏 ratio.
The increase in 28 days strength of HPC mixes is due to the
improvement in the effectiveness of the mineral admixture.
The pozzolanic action of GGBFS reacts with OPC, which
yields early strength at lower 𝑤/𝑏 ratios. The similar results
are also reported by Tripathi et al. [45]. They reported that, at
the age of 28 days at lower 𝑤/𝑏 ratio, the compressive strength
of concrete with ISF slag was higher than control mix concrete
even at 60% replacement level. Moreover, the compressive
strength values of GGBFS concrete at 49-day curing period
was higher when compared to all the other HPC mixes, where
the mix proportions of OPC : GGBFS were 70 : 30 and 50 : 50
at 𝑤/𝑏 of 0.37.

On the other hand, another system of compressive
strength of HPC with different percentage of FA at the age
of 28 and 49 days has increased up to 30% replacement level
of FA in 0.37 of 𝑤/𝑏 ratio and decreasing thereafter (50%
replacement of FA). An increase in the compressive strength
of HPC by up to 30% in replacement FA when compared
with the control mix may be due to the pozzolanic action
and packing effect of FA particles. FA contains more of silica
and alumina; it reacts with calcium hydroxide to form C-AS-H and C-S-H, which contributes to the higher strength of
30% of FA in HPC. Further, by replacing FA by up to 50%,
strength has been reduced due to the weak bonding between
cement paste and fly-ash particles and insufficient alkali from
the reduced OPC amount.
In addition, the compressive strength was slightly reduced
by increasing 𝑤/𝑏 (0.42 and 0.47) ratio in HPC mix with
GGBFS and FA replacement level. The increasing 𝑤/𝑏 ratio
dilutes the cement paste and creates more water-filled pore
space between the grains, that is, less nuclei for the hydrates
in each volume unit. Hydrates have to grow larger and larger
to cover the spatial gap (the water) between them and to
interact and to develop strength—either physically (interlocked growth) or chemically (e.g., van-der-Waals attraction).
3.2. Rapid Chloride Ion Penetration Test (RCPT). Rapid
chloride permeability test was conducted to investigate the
performance of HPC against chloride ingress. The total
charge passed through the concrete matrix is lower and
it means the resistance to chloride penetration is higher.
Table 3 shows the classification of concrete for chloride ion
penetrability based on total charge passed ASTM C1202 [38].
Figure 3 shows the RCPT test results at the end of 28
days for the HPC with various percentages of GGBFS and
FA. Figure 3 illustrates that the cement replacement with
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Table 3: Chloride ion penetrability based on charge passed [38].
Chloride ion
permeability

Charge passed (c)
>4,000

High

2,000–4,000

Moderate

1,000–2,000

Low

100–1,000

Very low

<100

Negligible

7000

Charge passed (coulomb)

6000
5000
4000
3000
2000
1000
0

37

O100
O70S30
O50S50

42
w/b ratio (%)

47

O70F30
O50F50

Figure 3: RCPT results of HPC with GGBFS and FA.

GGBFS in HPC (0.37% of 𝑤/𝑏) had lesser coulomb values
when compared to control mix. For example, the 30% and
50% replacement level of GGGFS in 0.37% 𝑤/𝑏 ratio of HPC
charge passed coulomb values are 1659.6 and 829.8 coulomb.
This may be due to the reaction of pozzolanic materials like
GGBFS reacting with Ca(OH)2 to form C-S-H gel. The C-SH gel considerably reduces pores between fine aggregate and
coarse aggregate, so charge passed values may be significantly
reduced through the GGBFS replaced HPC. At the same
time with increasing 𝑤/𝑏 (0.42 and 0.47%) ratio, the charge
passed coulomb values slightly increase. It may be due to
the more dilute cement paste which creates more water-filled
pore space between the grains.
Figure 3 shows the charge passed results in cement
replacement with FA in HPC. From the figure, it is observed
that 30% of FA in HPC has lower values when compared
to the control mix. For example, the charge passed result in
the system with 30% replacement and 0.37 of 𝑤/𝑏 ratio is
2012.4 coulomb. Further, the replacement of FA up to 50%
charge passed coulomb values (2541 coulomb) significantly
increases when compared to 30% of FA in HPC. This result
indicates that the presence of 50% GGBFS and 30% FA in
HPC can be more efficient in preventing chloride ion migration.

3.3. Chloride Diffusion
3.3.1. Nonsteady State Condition. The chloride diffusion coefficient at nonsteady state condition (6 hours during test)
in HPC containing various replacement ratios (0%, 30%,
and 50%) and 𝑤/𝑏 ratios are shown in Figure 4. In the
condition of 28-day curing. In Figure 4(a), the results in
HPC with replacement level of 50% GGBFS at various 𝑤/𝑏
ratios of 0.37%, 0.42%, and 0.47 at 28 days are 6.4640 ×
10−12 , 6.5330 × 10−12 , and 7.1102 × 10−12 , respectively. The
incorporation of GGBFS into the HPC resulted in a lower
chloride ion diffusion coefficient in nonsteady state condition
when compared to control mix.
Figure 4(b) shows the results in the HPC with FA from
0% to 30%, which shows that the diffusion coefficients in the
HPC drastically decrease. Regarding the replacement level of
FA up to 50%, the chloride diffusion coefficient in the FAblended HPC begins to increase with increasing 𝑤/𝑏 ratio
of HPC with FA and it has also significant increases when
compared to lower 𝑤/𝑏 ratio of HPC. Zhao et al. [21] also
reported that, at the age of 28 days at lower 𝑤/𝑏 ratio, the
chloride diffusion coefficient of concrete with FA was lower
than control mix even at 30% replacement level. Further,
they also reported that increasing the replacement level FA
up to 50% of FA the chloride ion diffusion coefficient also
increased.
3.3.2. Steady State Condition (Effective Diffusion). The chloride diffusion coefficient at steady state condition in HPC
with the replacement of GGBFS and FA in different 𝑤/𝑏
ratio systems is shown in Figure 5. The chloride diffusion
coefficient also decreases with the replacement level of 30%
and 50% GGBFS in HPC when compared to the control mix.
For example, control mix and 50% of GGBFS in HPC (0.37
𝑤/𝑏) are 1.2053 × 10−11 m2 /sec and 0.2916 × 10−11 m2 /sec,
respectively. The reduction of chloride diffusion is 75.8%
when compared with the control mix. This diffusion coefficient data confirms the better performance of 50% GGBFS in
HPC.
On the other hand it was observed that 30% of FA in
HPC has lower chloride diffusion coefficient when compared
to the control mix. For example, control mix and 30%
of FA in HPC (0.37 𝑤/𝑏) are 1.2053 × 10−11 m2 /sec and
0.6137 × 10−11 m2 /sec, respectively. The reduction of chloride
diffusion is 49.1% when compared to control mix. At the
same time, the chloride diffusion coefficients of HPC with
the replacement of GGBFS and FA (lower 𝑤/𝑏 ratio) at
steady state condition significantly decrease when compared
to nonsteady state condition. It may be due to absorption
of chloride ion and formation of bound chloride (Friedel
salt) [46]. Moreover, the HPC with GGBFS exhibits lower
chloride diffusion coefficient values than HPC with FA. It
may depend on the aluminate content, where aluminate in
GGBFS and FA forms AFm phases which react with chloride
and also produces the calcium chloroaluminate hydrate and
Friedel’s salt [47]. Moreover, at a given replacement level, the
HPC samples with GGBFS had a lower chloride ion diffusion
coefficient than those with FA.

Chloride diffusion coefficient (m2 /sec)
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Figure 4: Chloride diffusion coefficient of HPC with (a) GGBFS and (b) FA at nonsteady state condition.

Chloride diffusion coefficient (m2 /sec)

Chloride diffusion coefficient (m2 /sec)

1.80E − 011
1.60E − 011
1.40E − 011
1.20E − 011
1.00E − 011
8.00E − 012
6.00E − 012
4.00E − 012
2.00E − 012

37

42
w/b ratio (%)

47

O100
O70S30
O50S50

1.80E − 011
1.60E − 011
1.40E − 011
1.20E − 011
1.00E − 011
8.00E − 012
6.00E − 012
37

42

47

w/b ratio (%)
O100
O70F30
O50F50

(a)

(b)

Figure 5: Chloride diffusion coefficient of HPC with (a) GGBFS and (b) FA at steady state condition.

3.4. Porosity Measurement. Figure 6 shows the total porosity
measurement for GGBFS (a) and FA (b) replaced HPC by
MIP test at 28 days of water curing. As shown in Figure 6(a),
an increase in the percentage of GGBFS with HPC reduces the
average pore size diameter by 8.53 and 7.33% for 30 and 50%
GGBFS replacement, respectively. Further increase in the 𝑤/𝑏
ratio (0.42 and 0.47) in 30% and 50% GGBFS on porosity
at 28 days of curing significantly increases. For example,
at various 0.37, 0.42, and 0.47%𝑤/𝑏 ratios of 50% GGBFS
replacement of HPC, the porosity results are 7.33, 8.95, and
10.38%. As shown in Figure 6(b), the 30% of FA with HPC,
porosity is 7.29% at 0.37%𝑤/𝑏 ratio. Increasing the percentage
of FA and 𝑤/𝑏 ratio, the porosity slightly increases. At a given
replacement level, the HPC samples with GGBFS had a lower
pore diameter than those with FA.

3.5. Correlation between Test Results. Figures 7–9 present the
relationship between compressive strength (CS), chloride
diffusion coefficient (CDC), and porosity (𝑃) against charge
passed coulombs (CPC). Table 4 shows the numerical representation to determine the correlation between these properties of HPC with GGBFS and FA.
Figures 7(a) and 7(b) show the increase in CS attributed
to the decrease of the CPC for all mixes of HPC. However, CS
decreases with an increase in 𝑤/𝑏 ratio for all mixes of HPC.
Also, it meagerly increases by replacing GGBFS and FA of
HPC (Figures 7(a) and 7(b)). In addition, a good correlation
is observed between CPC and CS. The same CS value is
obtained in all mixes of HPC that showed different values of
CPC. For example, at CS of 40 MPa in all mixes of HPC, the
CPC values are around 5266.8 coulombs for control mix and

13.5
13.0
12.5
12.0
11.5
11.0
10.5
10.0
9.5
9.0
8.5
8.0
7.5
7.0

7

Porosity (%)

Porosity (%)
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Figure 6: Porosity of HPC with (a) GGBFS and (b) FA.

Table 4: Result of compressive strength, charge passed coulomb, chloride diffusion coefficient, and porosity of concrete.
System

O100

O70S30

O50S50

O70F30

O50F50
∗

∗

𝑤/𝑏 ratio
(%)

Cement
(kg)

CPC
(coulomb)

∗

CS
(MPa)

∗

CDC
(m2 /sec)
×10−11

Porosity
(%)

0.37

104.4

4494.6

45.85

1.2053

9.89

0.42

92.0

5266.8

40.09

1.4670

11.72

0.47

82.1

6863.4

32.9

1.7200

13.03

0.37

73.1

1659.6

48.09

0.5219

8.53

0.42

64.4

1847.8

42.02

0.5452

9.86

0.47

57.5

2194.2

38.69

0.6599

11.22

0.37

52.2

829.8

49.94

0.2916

7.33

0.42

46.0

1300

44.67

0.3993

8.95

0.47

41.2

1854.8

40.36

0.5989

10.38

0.37

73.1

2012.4

47.17

0.6137

7.29

0.42

64.4

2262.6

42.33

0.6772

8.57

0.47

57.5

2566.8

38.2

0.7529

10.49
7.74

0.37

52.2

2541.6

41.92

0.7466

0.42

46.0

2791.8

37.33

0.8079

9.51

0.47

40.9

3509.4

30.2

0.9083

12.54

CPC: charge passed coulomb; ∗ CS: compressive strength; ∗ CDC: chloride diffusion coefficient.

1847 coulombs and 1854 coulombs for 30 and 50% GGBFS of
HPC, respectively. 2262 coulombs and 2541 coulombs are for
30 and 50% FA of HPC. This is due to the microstructure of
concrete and secondary formation of calcium silicate hydrate
by using various percentages of GGBFS and FA of HPC in
different 𝑤/𝑏 ratio. Similar correlations between CPC and
CDC are shown in Figures 8(a) and 8(b). Moreover, Figures
9(a) and 9(b) illustrated a good correlation between CPC
and porosity of HPC. However, the same porosity values are
obtained in all mixes of HPC that showed different values of

CPC. For example, with 10% of porosity in all mixes of HPC,
the CPC values obtained around 4494.6 coulombs for control
mix and 1847 coulombs and 1854 coulombs for 30 and 50%
GGBFS of HPC. 2566 coulombs and 2791 coulombs are for
30 and 50% FA of HPC. This may be due to the difference in
the microstructure of concrete prepared using different type
of pozzolanic materials [48] (GGBFS, FA) and mix design.
It causes the reduction of the pores, resulting in a dense
microstructure and hence reduces the charge passed coulomb
on concrete [49, 50].
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Figure 7: Correlation graph between charge passed coulomb versus compressive strength: (a) GGBFS in HPC and (b) FA in HPC.
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Figure 8: Correlation graph between charge passed coulomb versus chloride diffusion coefficient: (a) GGBFS in HPC and (b) FA in HPC.

The correlation equation can be expressed by the following single formula as reported elsewhere [51]:
DI =

𝑎
𝑏

(𝑓CPC )

,

(4)

where DI is the durability index and “𝑎” and “𝑏” are the
experimental constants. The 𝑓CPC charge passed coulomb.
The constants “𝑎” and “𝑏” were obtained through the regression analysis of the data in Table 4. The best-fit values of
constants 𝑎 and 𝑏 and the coefficient of determination (𝑅2 )
are summarized in Table 5.
𝑅2 over 0.85 indicates an excellent correlation between
the fitted parameters [52]. Therefore, the data in Table 5
indicate a valid agreement between the CPC and CS of the

replacement with GGBFS and FA of HPC. Furthermore, the
data in Table 5 also indicates that an excellent fit correlation
between CPC is plotted against CS and CDC of all types
of mix concrete. However, in the case of control mix of
concrete, the degree of the bit between the CPC and porosity
of concrete is on the lower side (𝑅2 < 0.83) but reasonably
correlated.

4. Conclusion
The conclusions drawn from this work are as follows.
(1) The 0.37 𝑤/𝑏 ratio of HPC containing 50% GGBFS
and 30% FA yields the highest compressive strength
values at 28 and 49 days of curing.

13.5
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Figure 9: Correlation graph between charge passed coulomb versus porosity: (a) GGBFS in HPC and (b) FA in HPC.
Table 5: Constants “𝑎” and “𝑏” and regressions coefficients 𝑅2 .

System
𝑎
O100
O70S30
O50S50
O70F30
O50F50

69
76
57
79
71

CPC versus CS
b
×10−2
0.532
1.72
0.93
1.6
1.16

𝑅

2

0.96
0.97
0.98
0.98
0.96

a
10−12

Correlation
CPC versus CDC
b
10−15

3.09
0.68
0.29
1.09
3.46

(2) Better chloride diffusion resistance properties are
observed for 50% GGBFS, and 30% FA in HPC with
0.37 𝑤/𝑏 ratio of concrete showing minimum value.
The effective porosity values are decreased as follows:
9.89% for HPC, 7.30% for 30% FA in HPC, and 7.33%
for 50% GGBFS in HPC. Similarly, chloride diffusion
coefficient also follows the same trend: 1.2053 ×
10−11 for HPC, 0.6137 × 10−11 for 30% FA in HPC,
and 0.2916 × 10−11 for 50% GGBFS in HPC. These
results conclude the excellent durability performance
in HPC containing FA and GGBFS.
(3) Among 15 mixes of concrete, 30% FA and 50% GGBFS
in HPC with 0.37 𝑤/𝑏 ratio show the least pores,
minimum current flow, and less chloride diffusion
coefficient. This study indicates that better durability
performance for chloride environment is obtained
in HPC containing GGBFS and FA compared to a
control mix.
(4) Through regression analysis, several durability performances such as compressive strength, diffusion

2.08
2.67
3.02
2.51
1.61

𝑅

2

0.91
0.96
0.99
0.99
0.96

𝑎
4.62
0.56
0.49
4.40
4.21

CPC versus P
b
×10−2
0.13
0.49
0.29
0.58
0.48

𝑅2
0.83
0.94
0.99
0.99
0.96

coefficient, and porosity are compared with charge
passed from RCPT results. They have high determination coefficient over 0.85 for all the cases, which
indicates that electrical charge from RCPT can be
another index for both durability and structural
performance.
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