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Abstract

This study investigates the impact of ground granulate blast-furnace slag (GGBFS) and fly ash (FA) on both the corrosion resistance 

of steel reinforcement, assessed through the accelerated macrocell corrosion test (AMCT), and the durability characteristics of high-

performance concrete (HPC). Additionally, the study encompasses an analysis of various concrete properties, including the pH of fresh 

concrete mixtures as well as water absorption, chloride permeability, and surface resistivity (SR) in hardened concrete specimens. 

Microstructure analysis on HPC specimens as well as the service life prediction of RCS were also performed in this study. Test results 

show that the HPC incorporating 35% GGBFS or 35% GGBFS + 20% FA as cement replacement resulted in a lowered pH of fresh 

mixtures while water absorption and chloride permeability of these specimens increased significantly. In addition, the incorporation 

of 35% GGBFS or 35% GGBFS + 20% FA concurrently enhanced the SR of HPC specimens. Moreover, these HPC specimens exhibited 

better corrosion resistance ability as their respective AMCT values were about 1.54 and 1.45 times higher than that of the control 

specimen. Further, the research highlighted a substantial extension in the corrosion initiation time of concrete structures employing 

35% GGBFS or 35% GGBFS + 20% FA, about 3 and 6 times longer than the HPC without GGBFA and FA, respectively. The experimental 

results, confirmed by the substantial microstructural enhancement in the HPC containing GGBFS and FA, also demonstrated a close 

interplay between durability and other concrete properties such as water absorption, chloride permeability, and SR.
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1 Introduction
The corrosion of steel reinforcement within concrete, 
often referred to as accelerated macrocell corrosion 
(AMCT), stands as a prominent contributor to the prema-
ture deterioration of reinforced concrete structures (RCS), 
thereby compromising their lifespan and structural integ-
rity [1–3]. This corrosion phenomenon assumes a pivotal 
role in shaping the longevity and robustness of such struc-
tures [4]. The concrete cover plays a central role in gov-
erning the strength and corrosion protection of the RCS. 
Moreover, the internal environment of concrete character-
ized by a high alkaline pH range of 12–13, facilitates the 
formation of a passive iron oxide film (γ-FeOOH) on the 
surface of steel reinforcement. This passive iron oxide film 
serves as a protective barrier, shielding the reinforcement 
from direct exposure to oxygen and corrosive agents [4, 5]. 

AMCT incidents within concrete frequently arise from 
a decline in the surface alkalinity of the reinforcement, 
attributed to concrete carbonation or the substantial pres-
ence of chloride ions within the concrete matrix [6].

The extent of reinforcement corrosion within marine 
RCS is contingent upon a multitude of factors, encompass-
ing not only concrete quality (i.e., water-to-binder ratio, 
binder type, and construction and curing conditions), the 
thickness of the concrete cover, and reinforcement type 
but also influenced by the composition of seawater (i.e., 
salinity), prevailing climatic conditions (i.e., temperature 
and freeze-thaw cycles), wave dynamics, wind patterns, 
and various exposure conditions (i.e., full flood zones, 
tidal zones, and splash zones) [7]. Vietnam, located in the 
tropical area, boasts a coastline spanning approximately 
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3,200 kilometers from the North to the South, character-
ized by a marine environment typified by high tempera-
tures, humidity, frequent rainfall, and the prevalence of 
storms, rendering it particularly susceptible to intensi-
fied reinforcement corrosion  [8,  9]. As substantiated by 
previous surveys in Vietnam  [9,  10], numerous RCS sit-
uated in coastal and island regions have suffered severe 
corrosion-related damage within a mere 10–20  years of 
operation. Consequently, the maintenance and safeguard-
ing of the RCS necessitate substantial financial outlays, 
accounting for roughly 40–70% of the overall construc-
tion expenditure [10].

In efforts to mitigate damage and extend the lifespan of 
RCS in marine environments, high-performance concrete 
(HPC) enriched with cementitious materials (i.e., ground 
granulated blast-furnace slag (GGBFS), fly ash (FA), silica 
fume, etc.) were applied to diminish concrete permeabil-
ity  [2]. In addition to enhancing concrete durability, the 
incorporation of cementitious materials into HPC serves 
the dual purpose of reducing environmental impact by uti-
lizing industrial by-products, thereby curbing the deple-
tion of natural resources, mitigating ecological pollution, 
and yielding economic benefits [11, 12].

Numerous studies worldwide have investigated the 
incorporation of GGBFS and FA into concrete to enhance 
its resistance to AMCT  [13–15]. So far, the inclusion of 
GGBFS as a partial replacement for ordinary Portland 
cement (PC) in concrete (mostly 25–60% by weight) has 
demonstrated a reduction in chloride permeability as well 
as chloride diffusion coefficient and an improvement in 
AMCT resistance  [6,  16,  17]. Moreover, the utilization 
of GGBFS has been found to lower the pH of fresh con-
crete [17], and the AMCT resistance of concrete containing 
GGBFS was notably enhanced with extended moist curing 
periods [6]. Besides, previous studies affirm that FA incor-
poration raised pH levels, diminished chloride permeabil-
ity, and augmented AMCT resistance. In detail, Boğa and 
Topçu [4] utilized FA to replace PC at levels of 15, 30, and 
45% in concrete mixtures and found a reduction in chlo-
ride permeability and significant enhancement in AMCT 
resistance under extending moist curing time. They also 
confirmed that replacing the PC with 15% FA was opti-
mal. Zafar and Sugiyama [18] employed FA as a substitute 
for 15 and 30% of PC in concrete. As a result, the reduc-
tion in chloride diffusion coefficients and the critical chlo-
ride threshold for AMCT was observed. Also, the corro-
sion initiation time was recorded. Prolonged moist curing 
of FA-infused concrete led to heightened critical chloride 

thresholds and significant improvements in AMCT initi-
ation time  [3]. Montemor  et  al.  [19] used FA to partially 
replace PC at levels of 15, 30, and 50% and found that a 30% 
FA replacement level significantly boosted AMCT resis-
tance. Hussain et al. [20] introduced 25% FA as a replace-
ment for PC in mortar and noted the improvement in AMCT 
resistance during the extended curing period. Additionally, 
Sun et al. [21] utilized GGBFS and FA to substitute 10–30% 
of PC in HPC and reported the reduction in the pH of fresh 
concrete mixtures as the GGBFS and FA replacement ratios 
increased, further leading to the decreased corrosion rate 
and improved AMCT resistance in HPC.

Besides the positive impact of FA inclusion on the 
enhancement of AMCT resistance in concrete as pre-
viously mentioned, it is worth noting that some stud-
ies have proposed that FA may not consistently improve 
or may even reduce AMCT resistance. For instance, 
Saraswathy et al. [22, 23] incorporated FA as a replacement 
for 10–40% of PC in concrete and found that untreated FA 
resulted in reduced pH of fresh concrete mixtures while 
increasing chloride permeability and decreasing AMCT 
resistance of hardened concrete. On the other hand, using 
treated FA notably improved the chloride permeability and 
AMCT resistance of concrete. Ha  et  al.  [24] also inves-
tigated AMCT resistance in concrete with FA replacing 
10–50% of PC and noted the decrease in pH with higher 
FA content. The results of their study showed that concrete 
containing 10–30% FA exhibited a comparable corrosion 
rate and AMCT resistance to normal concrete, while the 
introduction of 40–50% FA led to an increased corrosion 
rate and a significant reduction in AMCT resistance.

While extensive research has been conducted on the 
AMCT resistance of normal concrete incorporating 
GGBFS and FA, investigations specifically focusing on 
HPC in this context have remained somewhat limited. 
Notably, in Vietnam, only a study by Huyen  et  al.  [10] 
has addressed this area along with assessments of water 
absorption (WA) and chloride permeability but the surface 
resistivity (SR) of concrete was not examined. Therefore, 
the present study was performed to comprehensively eval-
uate the AMCT resistance resulting from chloride pene-
tration in HPC enhanced with either GGBFS or a mix-
ture of GGBFS and FA, with a specific orientation toward 
potential applications in marine construction. In this pur-
suit, the research entailed the replacement of PC with 35% 
GGBFS and 35% GGBFS + 20% FA. Hence, the investi-
gation encompassed the analysis of fresh concrete mix-
ture pH, as well as the determination and assessment of 
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mechanical strength, WA, chloride permeability, SR, and 
AMCT resistance in hardened concrete. Additionally, the 
service life prediction of RCS and the observation of the 
concrete microstructure were conducted in this study to 
verify the effectiveness of using GGBFS and FA in HPC.

2 Materials and experimental methods
2.1 Materials
Binder materials used for the preparation of HPC speci-
mens consisted of grade-50 PC (specific gravity: 3.12 g/cm3, 
28-day compressive strength: 53.8 MPa, Blaine fineness: 
3480  cm2/g) in accordance with TCVN 2682:2020  [25], 
type-S95 GGBFS (specific gravity: 2.87  g/cm3, 28-day 
strength activity index: 98%, Blaine fineness: 5145 cm2/g) 
in accordance with TCVN 11586:2016  [26], and type-F 
FA (specific gravity: 2.12 g/cm3, 28-day strength activity 
index: 87.1%, Blaine fineness: 3285 cm2/g) in accordance 
with TCVN 10304:2014 [27]. The chemical compositions 
of these binder materials are shown in Table 1.

Fine and coarse aggregates used in this study were 
river sand (fineness modulus: 2.54, density: 2.65 g/cm3, 
WA rate: 0.42%) and crushed stone (particle size range: 
4.75-19 mm, density: 2.72 g/cm3, WA rate: 0.22%), respec-
tively. It is noted that all of the aggregates used for pre-
paring HPC specimens were in saturated surface dry con-
dition and their grain size distribution well conformed to 
TCVN 7570:2006 [28].

Tap water in accordance with TCVN 4506:2012  [29] 
was used as mixing water. Type-G superplasticizer (SP, 
pH: 6.94, density: 1.06 g/cm3, solid component: 20.37%) 
in accordance with ASTM C494 was used to modify the 
workability of fresh HPC mixtures.

In this study, the mixture proportions of HPC as shown 
in Table 2 were designed following the guidelines of the 

ACI 211.4R standard [30] with a fixed SP content of 1.35% 
of binder weight and constant water-to-binder ratio of 0.3. 
In which, the control HPC (S0F0) was designed with a tar-
get compressive strength of 70 MPa at 28 days. To inves-
tigate the effectiveness of using GGBFS and FA as men-
tioned in Section 1, PC in the S0F0 mixture was partially 
replaced with 35% GGBFS (S35F0 mix) and 35% GGBFS 
+ 20% FA (S35F20 mix). It is noted that the replacement 
ratios of GGBFS and FA were selected based on the opti-
mal suggestion of the previous studies [11, 31].

2.2 Experimental methods
2.2.1 Preparation of test specimens
Cylindrical concrete specimens with diameters of 100 and 
150  mm and heights of 200 and 300  mm were prepared 
and moist-cured following TCVN 3105:2022 [32] until the 
day of testing. The concrete specimens with a diameter of 
150 mm and height of 300 mm were used for testing con-
crete compressive strength while the specimens with a diam-
eter of 100 mm and height of 200 mm were used for splitting 
tensile strength, WA, chloride permeability, and SR tests.

To evaluate the corrosion resistance of steel reinforce-
ment, cylindrical molds with a diameter of 100 mm and 
height of 200  mm were used to prepare the test speci-
mens. A steel bar of 10 mm diameter and 250 mm long 
was placed in the center and positioned 50 mm from the 
bottom of each mold (see Fig. 1 (a)). After that, fresh con-
crete was poured into ½ mold and placed the mold on 
a vibration table for compaction. Repeating the same steps 
for the rest of ½ mold. Importantly, the steel bar should 
remain in the center and vertical within the mold during 
vibration. After 24 h, the test specimens (see Fig. 1  (b)) 
were removed from the mold and then cured in water for 
14 days and subsequently left to dry in a laboratory envi-
ronment at 25±2 °C for the next 14 days.

Table 1 Chemical composition of PC, GGBFS, and FA

Chemical composition (wt.%) PC GGBFS FA

CaO 64.1 39.2 3.8

SiO2 20.4 35.2 54.6

Fe2O3 3.9 0.3 5.9

Al2O3 5.0 12.3 23.0

MgO 0.8 7.5 0.8

K2O 0.7 0.7 3.3

Na2O 0.1 0.4 0.5

SO3 2.1 1.2 0.2

Cl− - 0.02 0.01

Loss on ignition 1.6 0.9 6.3

Others 1.3 2.3 1.6

Table 2 Mixture proportions of HPC

Ingredients (kg/m3) S0F0 S35F0 S35F20

PC 500 325 225

GGBFS 0 175 175

FA 0 0 100

Sand 710 697 662

Stone 1120 1120 1120

Water 150 150 150

SP 6.75 6.75 6.75

Slump (cm) 8 12 15

f'c (MPa) 74.5 76.3 71.4
f'c : Compressive strength at 28 days
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2.2.2 The pH measurement
The pH of the fresh concrete mixture was measured using 
a handheld HANNA HI98194 device (see Fig. 2), which 
features a readout display with a pH scale ranging from 0 
to 14, and boasts an accuracy level of ±0.002 pH. For the 
pH measurement, the device's measuring probe was first 
inserted into the center of the mold with a diameter of 
100 mm and height of 200 mm (see Fig. 2), and then the 
fresh concrete was subsequently poured into the mold, 
ensuring that the probe was completely covered by the 
fresh concrete with the use of a vibration table. Finally, the 
pH value was recorded after approximately 35–40  min-
utes when the value displayed on the device was stable. 

2.2.3 Compressive and splitting tensile strengths
The tests of compressive and splitting tensile strengths 
were performed at 28 and 56 days following the TCVN 
3118:2022 [33] and ASTM C496-96 [34], respectively. It's 
important to note that the reported value for each concrete 

type represents the average value derived from testing 
three concrete specimens at each testing age.

2.2.4 Water absorption
The WA of the concrete was measured at 28 and 56 days 
of specimen age in accordance with ASTM C642-21 [35]. 
For this test, cylindrical specimens measuring 100 mm in 
diameter and 50 mm in thickness that were extracted from 
the specimens with a diameter of 100 mm and height of 
200 mm were used. The WA rate of each type of concrete 
was calculated using the following formula:

WA %� � �
�

�
B A
A

100 ,	 (1)

where A is the mass of the specimen after drying (g) and B 
is the mass of the saturated specimen after 24 h immersed 
in boiling water (g). The reported WA rate for each concrete 
mixture was the average value of three tested specimens.

2.2.5 Surface resistivity and chloride permeability
Chloride permeability assessment for the HPC was con-
ducted at 28 and 56 days using cylindrical specimens fol-
lowing the ASTM C1202-19 standard [36]. Prior to testing, 
the concrete specimens were subjected to waterproofing 
and vacuum treatment procedures as per the standard 
guidelines. Besides, the test of SR was also performed at 
28 and 56 days using cylindrical specimens with a diam-
eter of 100 mm and height of 200 mm in accordance with 
the AASHTO T95 standard [37]. The reported values for 
both SR and chloride permeability represent the average 
value obtained from three tested specimens.

(a)

(b)

Fig. 1 (a) Cylindrical molds and (b) concrete specimens prepared for 
testing corrosion resistance of steel reinforcement

Fig. 2 The pH measurement of fresh concrete mixtures
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2.2.6 Corrosion resistance of steel reinforcement
The determination of AMCT was carried out in accordance 
with the NT Build 356 report  [38]. The prepared speci-
mens (see Fig. 1 (b)) were immersed in a tank with a 3% 
NaCl solution, noting that the solution level in the tank 
was maintained 30 mm below the top of the test specimens 
during the experiment. To ensure equal voltage across the 
test specimens, they were parallelly connected. An elec-
trical current passed through the test specimens through 
10 Ω resistors, with a consistent applied voltage of 10 V. 
Current measurements, accurate to 0.1 μA, were recorded 
using an ammeter connected to the resistors' terminals (see 
Fig.  3  (a)). The  current intensity was recorded initially 
and every 12 hours until the concrete specimens eventu-
ally cracked due to corrosion. Six specimens of each con-
crete mixture were subjected to the AMCT test. To account 
for evaporation, the NaCl solution in the tanks was 

periodically replenished to maintain the prescribed level, 
and the solution was replaced every two weeks during the 
initial 28 days to prevent pH changes resulting from alka-
linization. Following the 28-day mark, the pH of the solu-
tion stabilized, prompting monthly solution renewals.

The duration from the initiation of chloride ion penetra-
tion, leading to corrosion in the test specimens, until the 
first appearance of cracks is referred to as the AMCT time, 
also known as deterioration occurrence time. This time 
interval is determined by analyzing a chart depicting cur-
rent intensity over time, in conjunction with visual obser-
vations of cracks emerging on the concrete specimens. 
It is calculated from the inception of the experiment until 
the point when cracks start to manifest (signifying a sud-
den increase in current). The anti-AMCT durability of the 
S35F0 and S35F20 specimens, in comparison to the control 
S0F0 specimen, was assessed using the following formula:

Q
t
ti
ami

am

=
S0F0

,	 (2)

where tami (days) is the average deterioration occurrence 
times for the S35F0 and S35F20 specimens and tamS0F0 
(days) is the deterioration occurrence times of the S0F0 
specimen, averaged for 6 samples.

2.2.7 Service life prediction
According to TCVN 12041:2017 [39], the design equation 
used to predict the service life of RCS without considering 
maintenance (time to the onset of steel reinforcement cor-
rosion) is as follows:

C C erf x
D t t

C CS

a

Cr�� � �
� � ��
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� � � �
�
�

�
�
�28

28 ,	 (4)

where: x represents the thickness of the concrete cover 
(mm), with xmin ≥ 50 mm [7]; C0 denotes the initial chlo-
ride content at the surface of reinforcement in concrete, 
including raw materials, measured as a percentage of 
the concrete volume, and in this case, C0 = 0; erf stands 
for the error function; t signifies the time taken for the 
onset of corrosion of the reinforcement (year); Da28 is 
the apparent chloride diffusion coefficient of concrete at 
28  days  (mm2/year); Da(t) represents the apparent chlo-
ride diffusion coefficient of concrete at time t (mm2/year). 
As  per Life-365  [40], Da(t) reaches its minimum value 
when t = 25 years, and for t > 25 years, it remains constant; 

(a)

(b)

Fig. 3 (a) Test setup of corrosion resistance of steel reinforcement and 
(b) test specimens after the experiment
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CCr denotes the chloride concentration that leads to cor-
rosion of the reinforcement (% by weight of concrete); CS 
represents the chloride concentration at the concrete sur-
face (% by volume of concrete); m is the chloride diffusion 
attenuation factor over time.

The critical chloride concentration causing corrosion of 
steel reinforcement ( CCr ) was taken based on the TCVN 
12041:2017 [39]. Thus, the CCr

S0F0 = 0.45% binder weight 
(0.091% concrete weight); CCr

S35F0 = 0.30% binder weight 
(0.061% concrete weight); and CCr

S35F20  =  0.20% binder 
weight (0.041% concrete weight).

According to ACI Committee 365 [40], the coefficient 
m for S0F0 concrete, mS0F0  =  0.20; for S35F0 concrete, 
mS35F0  =  0.40; and for S35F20 concrete, mS35F20  =  0.56. 
A similar coefficient value was also suggested by previous 
studies [41, 42].

Considering a part of the RCS exposed in the tidal area 
close to the water's edge, the surface chloride concentration 
( CS ) of the RCS as a function of time is shown in Table 3.

The surface chloride concentration CS can be expressed 
according to the exponential law [43, 44], from the data in 
Table 3, a regression equation with R2 = 0.998 is obtained 
as follows:

C t tS
� � � �0 127

0 2376
.

. .	 (5)

The apparent chloride diffusion coefficient D28 of con-
crete can be approximately calculated according to the 
empirical formulas of Berke and Hicks [45] from the chlo-
ride permeability at 28 days Q28 as follows:

D Q
28

14

28

0 84

1 03 10� � � � � ��
.

.

m /s
2 .	 (6)

Combining Eqs.  (3)–(6) to calculate the time to start 
corrosion of steel reinforcement of the RCS ( tcorr ).

2.2.8 SEM analysis
SEM analysis was conducted to examine the microstruc-
ture of the concrete specimens. After 28 days, small sam-
ples of about 5  mm were extracted from the concrete 
specimens. These samples were carefully prepared by cut-
ting, polishing, and coating with a thin layer of conduc-
tive material (i.e., platinum) to prevent charging during 

imaging [11]. SEM images were acquired using a high-res-
olution SEM operating at an acceleration voltage of 10 kV 
at 3000× magnification.

3 Results and discussion
3.1 The pH of fresh concrete mixtures
The pH values of the fresh concrete mixtures are illus-
trated in Fig. 4. Notably, the pH values of the S35F0 and 
S35F20 mixtures decreased significantly, with reductions 
of 2.09% and 5.11%, respectively, compared to the S0F0 
mixture. This drop in pH can be attributed to the replace-
ment of cement with 35% GGBFS, resulting in a decrease 
in the volume of PC within the mixtures. Additionally, 
GGBFS contains a lower CaO content (39.2%) compared 
to PC (64.1%), which contributes to reduced alkalinity in 
the mixtures and consequently a lower pH. Interestingly, 
the pH decrease intensified when 55% PC was replaced 
with 35% GGBFS and 20% FA. This is because the PC 
content continued to decrease, and FA has a very low CaO 
content (3.8%) relative to PC. Furthermore, the pH reduc-
tion may also result from GGBFS and FA absorbing some 
Ca(OH)2 through the pozzolan reaction [3], aligning with 
findings from prior studies [16, 21, 22]. 

Although mixtures containing GGBFS and FA exhib-
ited lower pH levels, they still maintained a pH value of 
above 12, which is higher than the critical pH threshold 
for breaking the passive film on embedded reinforcement 
surfaces (ranging from 11.5 to 12.0) [4]. This suggests that 
the pH decrease does not significantly hinder the forma-
tion of the passive oxide film on the reinforcement sur-
face within the concrete samples. However, the decrease 

Table 3 Chloride concentration at the surface of RCS in tidal areas [39]

Exposure time  
(years) 10 20 30 40 50

CS  
(% of concrete volume) 0.299 0.398 0.453 0.506 0.551

Fig. 4 The pH of fresh concrete mixtures
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in pH implies a reduction in the amount of Ca(OH)2 in 
the concrete, potentially leading to a decrease in the crit-
ical chloride threshold that triggers AMCT [3, 18], which 
could pose challenges for the S35F20 samples.

3.2 Water absorption
The WA of both S35F0 and S35F20 concretes (Fig.  5) 
exhibited a significant reduction compared to the S0F0 con-
crete. At 28 days, the WA of the S35F0 and S35F20 speci-
mens decreased by 14.05% and 16.39%, respectively, while 
the 56-day values were 14.79% and 20.9% when compared 
to the S0F0 concrete. This notable decrease in WA in the 
S35F0 and S35F20 specimens was attributable to the micro 
aggregates filling the pores between particles and the 
pozzolanic reaction of GGBFS and FA with the Ca(OH)2 
hydration products from the cement, resulting in the for-
mation of additional calcium-silicate-hydrate (C-S-H) gels. 
Thus, reduced porosity of the system, stemming from these 
effects, leads to lower WA [1, 11, 46]. Moreover, it's worth 
noting that the S35F20 concrete exhibited a slightly lower 
WA level at 28 days (approximately 2.72%) compared to 
the S35F0 concrete. However, this difference becomes 
more pronounced at 56 days, with a reduction of 7.3%, sug-
gesting that the addition of FA has a particularly beneficial 
impact on the later stages of concrete performance.

3.3 Compressive and splitting tensile strength
The compressive and splitting tensile strengths of the con-
crete specimens at 28 and 56  days are shown in Fig.  6. 
The results depicted in Fig. 6 (a) reveal that the compres-
sive strength of the S35F0 concrete consistently ranked as 
the highest, followed by the S0F0, and then the S35F20 

concrete. Specifically, at both 28 and 56 days, the S35F0 
concrete displayed compressive strengths that were 2.43% 
and 4.39% higher, respectively, than those of the S0F0 con-
crete. Conversely, the S35F20 concrete exhibited compres-
sive strengths that were 4.19% lower at 28 days and 1.81% 
lower at 56 days compared to the S0F0 concrete. Besides, 
the experimental results also found that the use of 35% 
GGBFS alone to replace PC proved more effective than 
combining 35% GGBFS with 20% FA. This discrepancy 
can be attributed to GGBFS's amphoteric nature, possess-
ing both hydraulic and pozzolanic properties, resulting in 
self-hydration and the creation of C-S-H gels similar to PC 
but at a slower rate. Conversely, the addition of 20% FA Fig. 5 WA of concrete specimens

(a)

(b)

Fig. 6 (a) Compressive strength and (b) splitting tensile strength of 
concrete specimens
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slowed down the strength development due to its slower 
reaction kinetics. Type-F FA is purely pozzolanic and 
almost cannot self-hydrate to form C-S-H as GGBFS does. 
Consequently, higher FA content resulted in a slower rate 
of mechanical strength development. However, at 56 days, 
the compressive strength of the S35F20 concrete was com-
parable to the S0F0's strength, indicating the advantage of 
FA addition in the long-term run of concrete.

In Fig. 6 (b), the S35F0 concrete also exhibited the high-
est splitting tensile strength, with values at 28 and 56 days 
being 6.53% and 9.97% higher, respectively, than those 
of the S0F0 concrete. For the S35F20 concrete, the split-
ting tensile strength was about 1.47% lower at 28 days but 
3.64% higher at 56 days compared to the S0F0 specimen. 
Notably, the enhancement in splitting tensile strength of 
concrete containing GGBFS and FA surpassed that in 
compressive strength. This improvement can be attributed 
to GGBFS and FA enhancing cohesion and reducing the 
occurrence of microcracks at the aggregate-cement paste 
interface, leading to decreased brittleness in concrete 
and consequently increasing its splitting tensile strength. 
These findings align closely with previous research [47].

3.4 Surface resistivity and chloride permeability
The SR and chloride permeability of concrete at 28 and 
56 days are presented in Figs. 7 and 8, respectively. Fig. 7 
illustrates that the SR levels of the S35F0 and S35F20 
specimens increased significantly, with a 74.58% and 
69.55% increase at 28 days and a 96.0% and 117% increase 
at 56 days as compared to the S0F0 specimen. Whereas, 
a significant reduction in chloride permeability for both 
S35F0 and S35F20 specimens was observed in Fig. 8 as 

compared to the S0F0 concrete. For instance, at 28 days, 
the chloride permeability of S35F0 and S35F20 concretes 
decreased by 49.61% and 55.29%, respectively. At 56 days, 
these reductions increased to 58.59% and 70.76%, respec-
tively, compared to the control S0F0. The notable improve-
ments in both chloride permeability and SR in S35F0 and 
S35F20 specimens are primarily attributed to the reduced 
porosity resulting from the clinker effect and the pozzo-
lanic reaction of GGBFS and FA with Ca(OH)2 , as previ-
ously explained. Additionally, the high Al2O3 content in 
GGBFS (12.3%) and FA (23.0%) promoted their ability to 
bind chloride more effectively than cement alone, form-
ing Friedel salt (3CaO·Al2O3·CaCl2·10H2O) and further 
contributing to reduced chloride permeability. This out-
come aligns with previous research findings [11, 46, 48]. 
Moreover, the SEM images confirm the denser structure 
of the hardened concrete due to the pozzolanic reaction, 
supporting the results of mechanical strength, WA, SR, 
and chloride permeability (lately discussed in Section 3.7).

The relationships among chloride permeability, WA, 
and SR of concrete are depicted in Figs. 9–11. Generally, 
these relationships exhibited a strong linear correlation 
with coefficients of determination (R2) of above 0.902. 
Specifically, the relationship between chloride permeabil-
ity and WA is directly proportional, indicating that as one 
increased, the other also increased. In contrast, the rela-
tionship between chloride permeability and SR, as well as 
between SR and WA, is inversely proportional, signify-
ing that as one parameter increased, the other decreased. 
In other words, higher WA is associated with higher chlo-
ride permeability and lower SR while lower SR is also 
associated with lower chloride permeability in concrete.Fig. 7 SR of concrete specimens

Fig. 8 Chloride permeability of concrete specimens
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3.5 Corrosion resistance of steel reinforcement
The corrosion current through the concrete specimens over 
time is shown in Fig. 12 while Fig. 13 shows the deterio-
ration occurrence time and durability of concrete. It could 
be observed that the reinforced concrete specimens using 
S0F0 (Fig.  12  (a)) exhibited the highest average corro-
sion current values, ranging from 7.0 mA to 8.0 mA, and 
had the shortest average deterioration occurrence times, 
approximately 60.33 days (see Fig. 13). In contrast, for the 
reinforced concrete specimens using S35F0 (Fig. 12  (b)) 
and S35F20 (Fig. 12 (c)), the current passing through the 
specimens decreased, and the deterioration occurrence 
times were significantly extended compared to the S0F0 
specimen (see Fig.  12  (d)). In detail, the average corro-
sion current values for the S35F0 and S35F20 speci-
mens were approximately 4.0–4.5  mA and 3.5–4.0  mA, 
respectively, with average deterioration occurrence times 
of about 92.92 and 87.58  days (see Fig.  13). As shown 
in Fig. 13, the durability of the S35F0 and S35F20 rein-
forced concrete specimens was found to be 1.54 and 1.45 
times greater, respectively, than that of the S0F0 speci-
men. The improved durability of the S35F0 and S35F20 
specimens was primarily attributable to their low poros-
ity, reduced chloride permeability, and enhanced chloride 
binding capacity, as above explanations. However, despite 
the S35F20 specimen having lower WA and chloride per-
meability than the S35F0 specimen (see Figs.  5 and  8), 
the deterioration occurrence times of the S35F20 were 
approximately 5.34  days shorter than the S35F0 (repre-
senting a 5.74% reduction). As aforementioned, this reduc-
tion in the resistance to AMCT of the S35F20 concrete 
may be due to its decreased pH, resulting in a lowered 
critical chloride threshold, which consequently decreased 
the AMCT resistance of concrete.

Moreover, it's worth noting that the WA, chloride per-
meability, and SR tests were conducted on the samples 
fully cured in water for 28 days, whereas the AMCT resis-
tance test was performed on the reinforced concrete sam-
ples cured in water for only 14  days and subsequently 
allowed to air dry for the next 14 days. These relatively 
inadequate moist curing conditions may limit the poz-
zolan reaction mechanism of FA in comparison with PC 
and GGBFS. In this case, the pozzolan reaction mainly 
depends on the CaO content in the system, with FA having 
a CaO content of 3.8%, while PC and GGBFS have CaO 
contents of 64.1% and 39.2%, respectively (see Table 1). 

Fig. 9 Relationship between chloride permeability and WA of concrete

Fig. 11 Relationship between SR and WA of concrete

Fig. 10 Relationship between chloride permeability and SR of concrete
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This limitation could also contribute to the decreased 
AMCT resistance of concrete containing FA (S35F20) 
when compared to concrete containing only GGBFS 
(S35F0). These findings were in good agreement with the 
results of previous studies [22–24]. Based on the experi-
mental results, it is suggested that the moist curing time 
for concrete containing FA is required to extend at least 
28  days in other to enable its waterproofing ability and 
AMCT resistance [3, 18, 20].

Under close observation of the test results on WA 
(Fig.  5), SR (Fig.  7), chloride permeability (Fig.  8), and 
deterioration occurrence times (Fig. 13) of the three con-
crete types, it could be recognized that these concrete 
properties had good correlations. These findings illustrate 

(a) (b)

(c) (d)

Fig. 12 Corrosion current through concrete specimens over time: (a) S0F0, (b) S35F0, (c) S35F20, and (d) comparison of three concrete types

Fig. 13 Deterioration occurrence time and durability of concrete
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that deterioration occurrence times are inversely propor-
tional to chloride permeability and WA degree, while they 
are directly proportional to the SR of concrete.

3.6 Service life prediction of RCS
In this study, the service life of RCS, indicated by the time 
to start the corrosion of reinforcement ( denoted as tcorr ) 
in the structure, is estimated in Fig. 14. As a result, the tcorr 
in the RCS using S35F0 and S35F20 mixtures was signifi-
cantly prolonged as compared to that of the RCS using the 
S0F0 mix. On the other hand, it could be observed that 
when the thickness of the protective concrete layer (x) for 
S0F0 reached its maximum value (xmax = 80 mm), the tcorr 
was only 32.2  years. However, the tcorr was recorded at 
55.5 years and 109.9 years for the S35F0 and S35F20 struc-
tures with x = 55 mm only. When increasing the concrete 
cover to the maximum allowable thickness of 80 mm, the 
tcorr was significantly extended to 102.8 and 209.4  years 
respectively for the S35F0 and S35F20 structures.

Interestingly, despite the S0F0 concrete having a coef-
ficient Da28 approximately 1.78 and 1.97 times larger than 
that of S35F0 and S35F20 concrete, respectively (see 
Section 2.2.7), its tcorr was much shorter because the coef-
ficient m for the S35F0 and S35F20 was approximately 
2.0  times and 2.8  times larger than that of S0F0 (see 
Section 2.2.7). It was also found that the tcorr of the S35F20 
structure was about 2.0 times longer than that of the S35F0 
structure due to its higher coefficient m (approximately 
1.4 times larger). In practical terms, this means that RCS 
using the S35F0 and S35F20 mixtures is well-suited for 
marine structures with a service life exceeding 100 years, 

meeting the minimum design service life requirement 
of 50  years for coastal area-protected structures as per 
TCVN 12041:2017 standard [39].

3.7 SEM analysis
Fig.  15 displays the SEM images of concrete specimens 
at 28 days, revealing distinct microstructural characteris-
tics for the control specimen (S0F0), 35% GGBFS replace-
ment (S35F0), and the combination of 35% GGBFS and 
20% FA (S35F20) specimens. Fig. 15  (a) reveals a tradi-
tional microstructure characteristic of HPC. The cemen-
titious matrix appeared densely packed with well-defined 
hydration products, showcasing C-S-H gels. Notably, min-
imal porosity was observed, indicating a relatively low 
permeability of this concrete mix. The absence of cemen-
titious materials like GGBFS and FA in this mix con-
tributes to its traditional microstructural characteristics, 
which serve as the baseline for comparison.

On the other hand, the SEM image of the S35F0 speci-
men (Fig. 15 (b)) reveals distinct microstructural enhance-
ments. The presence of GGBFS fostered the formation 
of additional C-S-H gels within the cementitious matrix. 
This phenomenon contributes to a more compact and 
dense microstructure with fewer voids and a refined par-
ticle packing structure, indicating improved interparticle 
cohesion. In other words, the inclusion of GGBFS in the 
mix provided a positive effect on the reduction of porosity 
and enhanced bonding within the concrete, making it less 
susceptible to chloride permeability.

Similarly, the SEM image of the S35F20 specimen 
(Fig.  15  (c)) also demonstrated microstructural improve-
ments attributed to the synergistic combination of GGBFS 
and FA, suggesting an enhanced pozzolanic reaction. This 
combination resulted in a refined cementitious matrix with 
fewer voids and more homogeneously distributed hydration 
products. Interfacial interactions between the cementitious 
materials and the cementitious matrix were evident, fur-
ther improving overall microstructural integrity. The addi-
tion of FA played a significant role in achieving a highly 
compacted microstructure with a substantial reduction 
in  porosity. These microstructural enhancements were 
indicative of improved durability and resistance to AMCT 
and corrosion, particularly in marine environments.

In summary, the SEM analysis results emphasized the 
beneficial microstructural changes induced by the incor-
poration of cementitious materials (i.e., GGBFS and FA) 
in HPC. These changes include reduced porosity, enhanced Fig. 14 Time to start corrosion of steel reinforcement in RCS
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particle packing, and increased interparticle bonding. 
This study found that the combination of 35% GGBFS and 
20% FA (S35F20) stands out as having the most significant 
impact on microstructural refinement, aligning with the 
study's objectives and findings regarding improved dura-
bility and corrosion resistance in marine environments.

4 Conclusions
Based on the experimental findings, the following conclu-
sions can be drawn:

•	 The use of 35% GGBFS and 35% GGBFS + 20% FA 
to partially replace PC in HPC resulted in a reduc-
tion in the pH value of fresh concrete mixtures. 
However, the pH of these mixtures remains above 
12.0, which did not significantly affect the formation 
of a passive oxide film on the surface of embedded 
reinforcement in concrete. Nevertheless, a pH drop 
below 12.0–12.5 range can lower the critical chloride 
threshold that causes AMCT, potentially decreasing 
the AMCT resistance of concrete.

•	 The incorporation of GGBFS and FA in HPC 
resulted in a significant reduction in WA and chlo-
ride permeability, along with an increase in the SR of 
concrete. Specifically, the WA and chloride permea-
bility at 28 days decreased by 14.05% and 16.39% for 
the S35F0 specimen, and by 49.61% and 55.29% for 
the S35F20 specimens while the SER of these speci-
mens increased by 74.58% and 69.55%, respectively, 
as compared to the control S0F0 specimen.

•	 The resistance to AMCT of the S35F0 and S35F20 
specimens was approximately 1.54 and 1.45  times 
higher than that of the S0F0. As a result, it's worth 
noting that the durability of concrete against AMCT 
depended not only on WA, chloride permeability, 
and SR of the hardened concrete but also on the pH 
of the fresh concrete mixtures. Based on the exper-
imental findings, to enhance the AMCT resistance 
of the concrete containing high cementitious content 
(i.e., 35% GGBFS and 20% FA), it is recommended 
to extend the moist curing period to at least 28 days.

•	 The tcorr for RCS using S35F0 and S35F20 con-
crete was significantly longer, about 3.0  times and 
6.0  times greater, respectively, as compared to the 
S0F0 concrete. Moreover, the tcorr of structures using 
the S35F20 mixture was approximately 2.0  times 
longer than that of S35F0 concrete. These findings 
suggested that both S35F0 and S35F20 mixtures 

(a)

(b)

(c)

Fig. 15 SEM images of concrete at 28 days: (a) S0F0, (b) S35F0, and 
(c) S35F20



Ho and Huynh
Period. Polytech. Civ. Eng., 68(2), pp. 669–683, 2024|681

were not only good applications for normal construc-
tion works but also suitable choices for marine con-
struction projects.

•	 SEM analysis revealed substantial microstructural 
enhancements in the concrete mixtures incorporat-
ing cementitious materials as a PC substitution. SEM 
observations demonstrated that HPC specimens 
with GGBFS and FA exhibited a reduction in poros-
ity, an enhancement in interparticle cohesion, and 
refined particle packing structures. These micro-
structural changes align with the study’s emphasis 

on enhanced durability and corrosion resistance, 
particularly in marine environments, making the 
S35F20 mixture a promising choice for long-lasting 
concrete structures.
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