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Abstract The performance of reinforced concrete
elements is affected by its corrosion resistance. Chloride
attacks on reinforced concrete elements in a marine
environment is caused by chloride seeping into the concrete
thereby damaging the passive layer and causing corrosion
of the steel reinforcement. This study evaluated the
mechanical properties, permeability, and corrosion
resistance of Geopolymer Concrete (GPC) in a marine
environment which was compared with Ordinary Cement
Concrete (OCC). In this instance, the compressive strength
and splitting tensile strength were used to determine the
strength of the OCC and GPC. Meanwhile, the concrete's
permeability coefficient was assessed in accordance with
DIN 104. In addition, measurements were made of the
density, absorbance, and volume of permeable voids. The
corrosion performance of steel reinforcement in reinforced
concrete was assessed using an accelerated corrosion test
where the specimens were submerged in a 3% NaCl
solution and coupled to a continuous DC voltage of 6V. The
test results revealed that the compressive strength and
splitting tensile strength of GPC could be greater than the
values suggested by Gomaa et al. and Ryu et al (2018) and
were nearly as high as the projected value recommended by
ACI. The permeability coefficient of GPC is less than that
of OCC while the corrosion resistance properties of GPC
showed better results than OCC. Microstructural analysis
showed that the structure of GPC is more stable when

corrosion occurs, compared to OCC.

Keywords  Geopolymer Concrete, Fly Ash, High
Calcium, Durability, Corrosion

1. Introduction

Elements of reinforced concrete must be able to
withstand adverse climatic  conditions including
temperature variations, weather changes, and hostile
surroundings like the sea. An aggressive environment is an
environment that involves hazardous compounds that can
damage reinforced concrete [1]. One of the main causes of
damage and premature failure of reinforced concrete
elements in a marine environment due to chloride attack is
corrosion of the steel reinforcement. In marine conditions,
chloride attack on reinforced concrete results from chloride
into the concrete core due to little surface damage and
absorption [2]. Chloride ions that enter the concrete do not
cause damage to the concrete material with a decrease in
pH as does the carbonation process. However, Chloride ion
in reinforced concrete acts as a catalyst in the corrosion
process which destroys the passive layer of steel
reinforcement, thereby accelerating the corrosion rate. To
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initiate corrosion, the passive layer must be penetrated. The
surface of the steel reinforcement is activated by chloride
ions to create the anode, while the passive surface changes
into the cathode [3].

Concrete with a hydration reaction which was originally
alkaline and formed an environment with high alkalinity,
experienced a decrease in pH due to seawater. The decrease
in pH accompanied by the infiltration of CI- ions causes the
acid concentration to rise and causes corrosion of the steel
reinforcement [4]-[6]. Since water is a cause of
deterioration of concrete, including chloride ions, it is
believed that the permeability of concrete is a major
problem with respect to the usability and longevity of
concrete elements in hostile environments [7]. Steel
reinforcement resistance to corrosion is influenced by the
concrete's thickness, density, and quality [8]. Therefore, the
minimum requirement of concrete cover thickness is
regulated by several codes to control the corrosion of steel
reinforcement.

One of the primary issues that has an impact on the long-
term performance of reinforced concrete elements is the
corrosion resistance of the steel reinforcement in concrete.
As has been mentioned above, the main problem is chloride
attacks on concrete can damage the passive layer that
protects the steel reinforcement from corrosion [9].

Studies concerning the physical and chemical properties
of Geopolymer Concrete (GPC) showed better results than
Ordinary Cement Concrete (OCC) [10]-[15]. Tests of
physical properties related to water absorption,
permeability, and porosity of GPC gave smaller results
than OCC. These properties are related to the binding
reaction through the polymerization process to form a more
solid bond and a higher density in GPC.

Therefore, a study on the steel reinforcement corrosion
resistance in fly ash-based geopolymer concrete in marine
environments is necessary for the future development of
reinforced concrete elements. Through an accelerated
corrosion test on cover variants, this study sought to
determine the impact of accelerated corrosion on high-
calcium fly ash-based geopolymer concrete or GPC
compared to OCC.

2. Research Method

2.1. Materials

The fly ash used in this study was from the Paiton Power
Plant, Indonesia that served as the primary aluminosilicate
source. Table 1 displays the results of the chemical
composition study of the fly ash which was performed
using X-ray fluorescence (XRF).

According to the test results of the chemical composition,
the used fly ash is classified as class C. Meanwhile, the fine
and coarse aggregate materials were from local materials
around Yogyakarta, Indonesia. The fine and coarse
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aggregate materials used in the OCC and GPC mixture was
in a saturated surface dry (SSD) condition. Cement Type 1
or Ordinary Portland Cement (OPC) [16] was used in the
OCC.

Alkaline activator used in this study was a combination
of sodium hydroxide and sodium silicate. To create a 10M
sodium hydroxide solution, solid sodium hydroxide was
dissolved in distilled water. The sodium silicate used had a
specific gravity of 1.55, where the composition consisted
of 7.89% Na,0, 19.86% SiO, and 72.25% H,0.

Table 1. Chemical composition of fly ash by XRF analysis

Components Mass (wt.%)
MgO 1.10
Al,O3 8.86
SiO, 28.60

K;0 1.29

Ca0 19.40
TiO, 1.30

V205 0.06
Cr,04 0.04

MnO 0.54

Fe,O3 34.50
CuO 0.05
MoO4 3.10

BaO 0.42

HgO 0.80

2.2. Mix Design of OCC and GPC

Currently, there is no standard method that can be used
for the GPC mix design. Therefore, the absolute volume
approach of each material was used to compute the GPC
mix design. To obtain a dense GPC mix, it was assumed
that the volume of the void of fine aggregate was fully filled
with the absolute volume of pasta and the volume of the
voids of coarse aggregate was fully filled with the absolute
volume of mortar. The mix design of the GPC concrete mix
using absolute volume was determined by the Rm
parameter, namely the ratio between the absolute volume
of the paste (V) and the absolute volume of the voids of
fine aggregate (Vi,g) and the Rb parameter, namely the
ratio between the absolute volume of mortar (1},,) and the
absolute volume of the voids of coarse aggregate (Vycag).
By knowing the apparent specific gravity (Gg) and a
specific weight of the fine aggregate (W) on a saturated
dry surface (SSD) condition, the ratio of voids of fine
aggregate and voids of coarse aggregate can be calculated
using the following Equation (1) and (2) [17]:

Wista
Vifag = 1 — —2 1
rfag Grfag Yw ( )
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Wscag (2)

Gscag Yw

Vrcag =1-

Based on the absolute volume of concrete, the weight of
each fly ash and alkaline activator can be determined using
the following Equation (3) [18]:

Wrea
Gsfa Yw
Then, the weight of fine aggregate and coarse aggregate

in 1 m® of GPC concrete can be calculated using the
following Equation (4) and (5):

Wss
Gsss Yw

Wsh
GssH Yw

= RmVrfagRercag 3

w
Rm Vrfag Rp Vrcag+ RE = varcag 4

Gsfag Yw
Weag 3
RyVicag + 5o = 1m ®)

Where: Wr,,= the weight of fine aggregate, Ggr,g = the
apparent specific gravity of fine aggregate, y,, = unit
weight of water, W, = weight of coarse aggregate,
Gscag = the apparent specific gravity of coarse aggregate,
Wre, = the weight of fly ash , Ggr, = the apparent specific
gravity of fly ash, Wgs = the weight of sodium silicate,
Ggss = the specific gravity of sodium silicate, Wgy = the
weight of sodium hydroxide, Ggsy; = the apparent specific
gravity of sodium hydroxide.

In this study, the GPC mix design were determined using
the following parameters:

(1) The ratio of alkaline solution to fly ash (A) was 0.35;

(2) The molarity of the sodium hydroxide solution (M)
was 10 M;

(3) The ratio of sodium silicate to sodium hydroxide (R)
was 2; and

(4) Ratios of Rm and Rb =1.5.

Mix design OCC is determined using the following
parameters:

(1) Cement water ratio for concrete was 0.45;

(2) Ratios of Rm and Rb =1.5.

The proportions of mixtures of OCC and GPC concrete
are further presented in Table 2.

Table 2. Proportion of mixtures of OCC and GPC concrete by weight
[kg/m’]

Material occ GPC
Fly ash - 701.68
OPC 482.46 -
Fine Agg. 622.26 622.26
Coarse Agg. 1014.50 1014.50
NaOH - 81.86
Na,SiO; - 163.72
Water 217.11 -
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2.3. Preparation, Mixing and Curing

The mixing of GPC was carried out as follows:

(1) The alkaline solution was made 24 hours prior to
mixing. Alkaline solution and fly ash were combined for 5
minutes to begin the mixing process for GPC concrete.

(2) Coarse aggregate and fine aggregate were added, and
the mixture was stirred until it was uniform.

The mixing OCC are as follows:

(1) Coarse aggregate, fine aggregate and Ordinary
Portland Cement (OPC) are mixed first.

(2) Adding water to the mixture until it became
homogeneous for approximately 3 minutes.

The mixtures of OCC and GPC have been poured into
molds, then placed at room temperature for 24 hours. To
keep the geopolymerization process running effectively
and prevent moisture loss, the GPC curing process was
applied by wrapping using plastic [19], [20]. Meanwhile,
the curing of OCC concrete was applied by immersion in
water.

2.4. Test Procedure

2.4.1. Mechanical Properties

A series of compressive strength and tensile splitting
strength tests were carried out to study the mechanical
characteristics of OCC and GPC. A standard concrete
cylinder with a diameter of 150 mm and a height of 300
mm was used as the compressive strength and the tensile
strength specimens according to ASTM C39-04 [22]. The
tensile splitting strength and compressive strength tests
were carried out after 28 days of curing. Note that ACI 318-
14 [21] has set the regulation of minimum strength by
exposure class, where concrete must have at least 35 MPa
compressive strength when exposed to chlorides.

2.4.2. Concrete Permeability

Seepage of seawater into the concrete affects the
durability of reinforced concrete elements. The faster
seawater enters the concrete, the faster the passive layer of
steel reinforcement is damaged, namely the corrosion
process. Permeability is the ability of concrete pores to be
passed by water. Good quality concrete usually has high
compressive strength and low permeability. The
permeability of concrete depends on the volume, size and
continuity of the pores or voids in the concrete. Therefore,
the volume of permeable voids is also an important
property of the durability of concrete. To determine the
water seepage resistance (coefficient of permeability, K) of
the concrete, the permeability test was carried out in
accordance with DIN 1048. A standard concrete cube of
150 mm x150 mm x 150 mm was used as the specimen for
the permeability test as shown in Figure 1.
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Figure 1. The permeability test setup: (a) OCC; (b) GPC

The voids in the concrete allow water to enter the
concrete. Hence, the volume of permeable voids is
significant for the durability of concrete. In this study, the
density, absorption, and volume of permeable voids (VPV)
were also tested according to the ASTM C642 [23].

2.4.3. Accelerated Corrosion Test

The accelerated electrochemical method was used for
accelerated steel reinforcement corrosion tests. The
accelerated corrosion method through impressed current in
accordance with the Florida Method FM 5-522 was applied
to test the corrosion rate [24] at 28 days. Studies on the
corrosion of steel reinforcement in OCC and GPC using
accelerated laboratory electrochemical methods have been
carried out by several researchers and obtained results that
can represent the occurrence of corrosion of steel
reinforcement in concrete elements [25]-[28]. The
immersion of the specimens was simulated in a 3% NaCl
solution to conduct accelerated corrosion. In addition, a
constant positive DC potential current of 6 V was
connected to steel reinforcement embedded in the concrete
(as the anode). Meanwhile, the steel reinforcement outside
the specimen were connected to a negative potential current
(as the cathode). Figure 2 presents the schematic and
laboratory testing of accelerated steel reinforcement
corrosion. The accelerated corrosion test on OCC and GPC,
with 3 specimens each for each variation of the concrete
cover thickness was carried out for 90 days or until the
specimen cracked and there was a significant increase in
current. In this study, the observed variations of the
concrete cover were 30 mm, 50 mm and 70 mm.

Current observations using a fluke multimeter were
carried out every day until cracks occurred in the specimen.
Cracks in the specimen are also characterized by a
significant or sudden increase in current intensity. Visual
observation of the test object is carried out to determine the
occurrence of cracks and then to measure the current.

2.4.4. Microstructural Analysis

Microstructural characteristics of OCC and GPC
concrete were analyzed using Scanning Electron
Microscope-Energy Dispersive X-Ray (SEM-EDX) and X-
ray diffraction (XRD), with conditions before and after the

corrosion testing. The prepared samples were also
subjected to surface scanning using a JSM-6510LA SEM
equipped with an EDX system. The sample was observed
at the same location with a magnification of 5000. The
XRD test sample was a solid that had been pulverized from
the OCC and GPC specimens’ section after accelerated
corrosion test. The test was conducted using a Rigaku XRD
diffractometer CuK « radiation, 40 kV, 30 mA.
Furthermore, the crystal analysis on samples was carried
out using Diffrac. Eva software with XRD Database ICDD
PDF-4/Axiom 2020.

3. Results and Discussion

3.1. Compressive Strength and Split Tensile Strength

Table 3 presents the compressive strength and splitting
tensile strength of the specimens. The GPC compressive
strength is higher than the compressive strength of OCC,
even though the GPC was cured at room temperature.
According to ASTM C39, the specimens of OCC and GPC
compression failure exhibited a sort of columnar vertical
cracking across both ends, with no well-formed cones [29].
Figure 3 depicts the link between compressive strength and
split tensile strength as suggested by ACI 318 [21], Gomaa
et al. [30] and Ryu et al. [31]. The relationship equations
are shown in Equations (6), (7), and (8). The results of the
OCC and GPC splitting strengths are close to the values
recommended by ACI, and are higher than the values
recommended by Gomaa et al. and Ryu et al (2018).

Table 3. Compressive Strength

Specimen Compressive strength Sp";:irzgéfﬁ sile
[MPa] [MPa]
OCcC 40.52 3.13
GPC 46.87 3.40
fi = 0.56(£.)%> (ACI 318) (6)
f: =0.17(£)°%75 (Ryu,et al) )
f; = 0.38(£.)%° (Gomaa et al) (8)
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3.2. Permeability of Concrete

Table 4 presents the permeability coefficient and volume
of permeable voids (VPV) of OCC and GPC. The
permeability coefficient of OCC showed a value of 1.694
(x20°) m/s, while the permeability coefficient of GPC
concrete was 1.600 (x10°) m/s. The permeability
coefficient of concrete showed a linear relationship with
the density and pore voids. Furthermore, bulk density (dry)
of OCC and GPC showed 2095 gram/cm® and 2257
gram/cm?® respectively. These results indicated that GPC
had a more compact structure than OCC concrete. The
density of OCC and GPC showed a relationship to the
absorption value and VPV. The absorption and VPV of
OCC were 8.467% and 19.705%. These values were higher
than GPC, namely 5.667% and 15.047%, respectively.
Previous studies revealed similarities between the
outcomes of bulk density (dry), absorption, and VPV high-
calcium fly ash-based geopolymer concrete [32].

Table 4. Permeability coefficient and volume of permeable void

Parameter occC GPC

Coefficient of permeability, (x10° m/s) 1.694 1.600
Bulk density, dry (gram/cm®) 2.095 2.257
Absorption, % 8.467 5.667
Volume of Permeable Void, % 19.705 15.047

The lower GPC permeability coefficient is related to the
lower pore volume. The percentage of total absorption and
VPV confirm that the smaller number of pores reduces the
distribution of liquid entering the concrete, so that the GPC
is more impermeable. The higher pore volume in OCC
occurred due to the hydration process of the concrete where
the water in the concrete evaporated and left the pores in
the concrete. In contrast to GPC which requires less volume
of water in the sodium hydroxide solution, the resulting
pores were smaller and more impermeable. Therefore, the
density of GPC concrete was higher than OCC concrete.

Corrosion Resistance of High Calcium Fly Ash Based Reinforced Geopolymer Concrete in Marine Environment

3.3. Corrosion Current in Steel Reinforcement

The concrete cylinder samples were cured for 28 days
before the corrosion acceleration test was applied. The
specimen was then put into a NaCl solution and connected
to a constant current of 6 Volt (DC) on the steel
reinforcement. Then, the measurements of corrosion
currents and visual observations on the concrete surface
were carried out every day. The initial crack's location was
ascertained by visual inspection of the concrete surface.
The steel reinforcement was going through a corrosion
process, as shown by the first fissures on the concrete's
surface [24]. Measurement of corrosion current was done
until the specimen reached the maximum corrosion current
(about 190 pA) or up to 100 days.

Corrosion current and time relationship at various
thicknesses of concrete cover were monitored to study the
durability of OCC and GPC in term of the corrosion of steel
reinforcement. By measuring the corrosion current and
observing the first crack on the concrete surface, the
corrosion resistance of OCC and GPC can be determined.

Figure 4 presents the relationship between corrosion
current with time, at a concrete cover thickness of 30 mm.
The first crack in the OCC - 30 mm concrete cover occurred
on day 22 and the corrosion current was 153 pA. The
increase in corrosion current began to occur on days 1 to
45, with a maximum corrosion current of 190 pA. The
crack width on OCC - 30 mm concrete surface after the
accelerated corrosion test was 0.14 mm (Figure 5a). For
GPC - 30 mm, the first crack occurred on day 32 and the
corrosion current was 153 pA. In measuring the corrosion
current, GPC - 30 mm concrete decreased corrosion current
on days 8 to 21, then there was an increase in corrosion
current until it reached the maximum corrosion current on
day 60. Visual observation of the surface of GPC — 30 mm
concrete showed the first crack occurred on day 32. The
crack width on GPC — 30 mm concrete surface after the
accelerated corrosion test was 0.05 mm (Figure 5b). The
results of the research on OCC and GPC concrete with a 30
mm concrete cover, showed that the corrosion resistance of
GPC was better than OCC. The corrosion current of GPC
showed a lower curve and a longer time for the first crack.
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Figure 4. Corrosion current with respect to time: cover 30 mm

Figure 5. Crack pattern of OCC and GPC: (a) OCC - 30 mm, (b) GPC - 30 mm

Corrosion current relationship with time at 50 mm
thickness of concrete cover is shown in Figure 6. The first
crack in the OCC — 50 mm concrete occurred on day 40,
with a corrosion current of 157 pA. The increase in
corrosion current occurred from day 1 to 67, where the
maximum current and crack width were 190 pA and 0.09
mm (Figure 7a), respectively. Meanwhile, GPC — 50 mm

concrete was observed to have the first crack on day 58,
and the corrosion current was 150 pA. In contrast to OCC
- 50 mm concrete, GPC - 50mm concrete decreased
corrosion current from day 1 to 26, then the corrosion
current increased until day 100. The measurement of crack
width in GPC - 50mm concrete was 0.03 mm (Figure 7b).
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Figure 6. Corrosion current with respect to time: cover 50 mm

Figure 7. Crack pattern of OCC and GPC: (a) OCC - 50 mm, (b) GPC - 50 mm

Figure 8 presents the relationship of corrosion current
with time at 70 mm concrete cover thickness between OCC
— 70 mm and GPC — 70 mm concrete. Corrosion current
relationship with time in OCC with a cover thickness of 50
mm and 70 mm showed a similar pattern. OCC - 70 mm
concrete with a cover thickness of 70 mm experienced
increasing corrosion current from day 1 to day 85. The first
crack on the concrete surface occurred on day 51, with a
corrosion current of 163 pA. The measurement of the crack
width on the surface of the OCC - 70 mm concrete was 0.08
mm (Figure 9a). GPC - 70 mm concrete with a cover
thickness of 70 mm also showed a similar pattern at a cover
thickness of 50 mm. Furthermore, during the measurement
on days 1 to 27, the corrosion current of GPC — 70 mm

concrete decreased, then the current increased until day 100.
The first crack on the concrete surface occurred on day 62
with a corrosion current of 157 pA, and a crack width of
0.04 mm (Figure 9b).

Based on the results of the corrosion acceleration test,
the increase in the conductivity of concrete is due to the
presence of water in the pores. The higher conductivity
allows anodic polarization and increases the corrosion rate.
The trend of increasing corrosion currents illustrates that
the corrosion rate of OCC concrete occurs continuously
until it reaches the maximum current. However, the
decreased corrosion current of GPC concrete indicates that
the lower conductivity causes the corrosion activity to slow
down.
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Figure 8. Corrosion current with respect to time: cover 70 mm

Figure 9. Crack pattern of OCC and GPC: (a) OCC - 70 mm, (b) GPC - 70 mm

The resistance to chloride ion penetration at various
concrete cover thickness indicates that GPC is better than
OCC. The relationship between concrete thickness cover
and time at the first crack is shown in Figure 10.

At various thicknesses the GPC concrete cover provides
resistance for chloride ion penetration into the concrete,
which can lead to corrosion in the steel reinforcement. The
first crack of GPC — 30 mm concrete and OCC — 50 mm
concrete has a small time difference, GPC — 30 mm
concrete is 10 days faster than OCC — 50 mm concrete.
Meanwhile, the first crack of GPC — 50 mm concrete took
longer than OCC — 70 mm concrete. GPC — 50 mm
experienced its first crack on day 73 and OCC — 50 mm

occurred on day 42. The duration of time at the first crack,
GPC concrete was recorded to be longer than the time for
OCC concrete

Based on experimental results of the corrosion resistance
of OCC and GPC discussed above, Equation 9 is proposed
to find equivalent concrete cover thickness of GPC that will
give the same corrosion resistance with the concrete cover
thickness of OCC. Figure 11 shows the tendency for GPC
to require a thinner concrete cover thickness than OCC in
marine environments.

SGPC = 259951n[80cc] — 66.827 (9)
where: S¢pc= concrete cover thickness of GPC, Sgcc =
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concrete cover thickness of OCC.

Concrete cover is needed to protect the steel
reinforcement from corrosion. A thinner concrete cover
thickness can be used when GPC is applied in reinforced
concrete elements. For instance, based on Equation 9 the
concrete cover thicknesses in OCC which are 30 mm, 50
mm, and 70 mm can be reduced to be 22 mm, 35 mm, and
44 mm, respectively in GPC to have the same corrosion
resistance.

80

Corrosion Resistance of High Calcium Fly Ash Based Reinforced Geopolymer Concrete in Marine Environment

The passive layer of the GPC provided better protection
for steel reinforcement in slowing down the corrosion
processes. The polymerization reaction in GPC produced a
solid bond and a high density and owing to a rise in the
amount of corrosion on the steel reinforcement, the breadth
of cracks on the concrete surface are becoming smaller.
The interface bonding formed on the geopolymer paste and
aggregate is more solid and high density, able to prevent
crack propagation due to corrosion.

70

60
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40
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30

20

-+-0CC

. e

50 60 70 80 90 100
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Figure 10. Relationship between concrete cover thickness and time to first crack
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Figure 11. Comparison of equivalent cover thicknesses of OCC and GPC in marine environments
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3.4. Microstructural Analysis

3.4.1. X-Ray Diffraction

Figure 12 shows the XRD spectra of the OCC specimen
before and after the accelerated corrosion test. Visible
crystalline peaks can be seen at 10° to 40° (20), namely
calcite (CaCOsg), portlandite (Ca(OH),), anorthite, and
hydrocalumite. Calcium carbonate (CaCOs3) and calcium
hydroxide (Ca(OH),) as seen from the XRD results
indicated that the hydration process occurred in the
concrete. Portlandite was produced from the hydration
process which formed a hard solid between tricalcium
silicate (C3S), dicalcium silicate (C2S), tricalcium
aluminate (C3A), tetra calcium aluminoferrite (C4AF), and
gypsum in cement with water. Meanwhile, anorthite and
hydrocalumite crystals are minerals found in pozzolanic
cement additives.

XRD analysis of OCC after corrosion showed the peak
loss of portlandite (Ca(OH),) crystals at 18.09°to 34.09<
(26). Calcium hydroxide from the hydration of cement
provided protection as a passive layer on the steel
reinforcement [33]. Chloride ions entering the concrete
neutralized the passive layer, which activated the steel
reinforcement to form an anode and the passive surface
became a cathode. At this time, the corrosion process on
the steel reinforcement has started. The crystalline analysis
of OCC bhefore the corrosion test was 62%, and after the
corrosion test it decreased to 55.20%. Therefore, the
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percentage of crystalline degradation of OCC was 6.8%,
indicating that the corrosion process has changed the
microstructure of the OCC.

Figure 13 shows the XRD spectra of the GPC specimen,
before and after the accelerated corrosion test. XRD
analysis on GPC before corrosion showed the peaks were
crystals of anorthite (CaAl,Si,Og/calcium aluminosilicate),
quartz (Si0y), and diopside/ augite
((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)20g). The crystal peaks at 20°
to 32° (20) showed the relationship with Si, Na, Ca and Al
compounds, which form sodium aluminum silicate hydrate
(N-A-S-H) and calcium aluminum silicate hydrate (C-A-S-
H) in the polymerization process. The formation of a three-
dimensional bonding phase in the gel matrix reduced
porosity and increased the matrix resistance to chloride ion
infiltration [34]. XRD analysis of GPC after the corrosion
test showed that the crystal peaks were dominated by
anorthite crystals at 13° to 35° (26). The peak of anorthite
before corrosion was at 27.82° (20), there was a decrease
in the crystal peak caused by corrosion. The formation of
gypsum crystals (Ca(S0.)(H20),) at 20.73° (20) occurred
due to the reaction between calcium and sulfate.

Analysis of crystalline GPC before corrosion showed
59.2% and after corrosion decreased to 57.6%. The
crystalline degradation of GPC concrete (sodium alumino-
silicate hydrate, N-A-S-H) due to corrosion was 1,6%. The
corrosion process in GPC did not show significant changes
in the geopolymer matrix.

OCC - before corrosion test

A - Anorthite
C - Calcite
D - Diopside/Augite

H - Hydrocalumite
P - Portlandite

10 20 30

40 50 60

20(°)

Figure 12. Analysis XRD of the OCC specimen, before and after the accelerated corrosion test
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Figure 13. Analysis XRD of the GPC specimen, before and after the accelerated corrosion test

3.4.2. Scanning Electron Microscope-Energy Dispersive
X-Ray (Sem-EDX)

Figure 14 presents SEM images and EDX spectra of
OCC before and after corrosion. OCC surface before
corrosion showed a smoother and more solid morphology.
However, the OCC after corrosion showed a rougher
surface topography and was not solid.

EDX analysis of OCC before corrosion showed elements
of carbon (C), oxygen (O), Calcium (Ca), and Silica (Si).
These elements were hydrated calcium silicate (C-S-H),
which was a binder in concrete produced from the cement
hydration process. After the corrosion process, the C-S-H
compound was degraded and replaced with the dominant
Fe element. The Fe element in OCC after corrosion showed
the production of corrosion not only on iron oxides, but also
on the hydration of cement such as orthoclase, calcium
silicate hydrate, and calcium aluminate hydrate which were
infiltrated by corrosion to cement paste [35].

Figure 15 presents a representative SEM image of GPC
before and after corrosion. In this case, GPC showed a
more heterogeneous and dense morphology. As can be
observed, the fly ash has reacted to produce spherical
grains of unreacted fly ash as well as a sodium aluminum
silicate hydrate gel (N-A-S-H).

The morphology of GPC after corrosion showed a
porous and brittle structure. EDX analysis of GPC before
corrosion showed the dominant elements were silica (Si),
sodium (Na), calcium (Ca) and aluminum (Al). The Si/Al
ratio of 2.65 indicated that the sodium aluminum silicate
hydrate gel reaction has been formed. The analysis results
of GPC after corrosion showed an increase in the element
Fe. The main constituents of the geopolymerized gel were
degraded due to the corrosion process. Likewise, in OCC
concrete after corrosion, Fe dissolution of steel re was also
infiltrated in GPC paste.
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Figure 14. Representative SEM images and EDX spectra of the OCC concrete specimen, before and after the accelerated corrosion test
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Figure 15. Representative SEM images and EDX spectra of the GPC concrete specimen, before and after the accelerated corrosion test
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4. Conclusions

This study aimed to conduct experiment on the
mechanical and corrosion resistance of high-calcium fly
ash-based GPC compared to OCC in the marine
environment using concrete cover variations. The
conclusions of the experiment are as follows:

1. The compressive strength and split tensile strength
of GPC concrete based on high calcium fly ash with
curing at room temperature, is able to achieve the
same strength of OCC. The compressive strength
and split tensile strength of GPC concrete are close
to the predicted values recommended by ACI and
higher than the values recommended by Gomaa et
al. and Ryu et al (2018).

2. GPC shows better durability than OCC in terms of
corrosion resistance because GPC has lower
permeability, lower absorption, and lower
permeable voids than OCC.

3. Higher GPC corrosion resistance than OCC is
indicated by the longer time of initial cracking in
GPC than OCC, which is caused by the pressure of
corroded steel reinforcement.

4. The equivalent equation of the concrete cover
thickness between OCC and GPC is shown in
Equation (9).

5. XRD analysis of GPC concrete shows that the
corrosion process in GPC concrete shows an
insignificant degradation of the crystalline
structure of 1.60%. Meanwhile, the OCC concrete
shows a significant degradation of the crystalline
structure of 6.80%. Representative SEM images of
OCC and GPC concrete after the corrosion process
show a porous and brittle morphology.
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