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ABSTRACT: The aim of this research is to determine the effect of sodium hydroxide molarity 2M combined with variations
in slag percentage, ratio of alkali activator to binder (Al/Bi), and ratio of sodium silicate to sodium hydroxide (SS/SH) on the
transport properties of fly ash-slag-based GPC cured at ambient temperature. The result is increase in slag percentage and SS/
SH ratio lead to a decrease in porosity, water absorption rate and chloride permeability. The alkali activator to binder (Al/Bi)
ratio of 0.45 produces the lowest porosity, water absorption rate, and chloride permeability. The porosity, sorptivity, and chloride
penetration depths of all GPC are lower than those of OPC. The recommended mix compositions for GPC that exhibit lower
transport properties than OPC are GPC4 (slag 40%, SS/SH ratio 1.5, Al/Bi ratio 0.45); GPC5 (slag 50%, SS/SH ratio 1.5, Al/Bi
ratio 0.45); and GPC7 (slag 30%, SS/SH ratio 2.0, Al/Bi ratio 0.45).
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RESUMEN: Propiedades de transporte del hormigén geopolimero fabricado con escorias y cenizas volantes con hidroxido de
sodio 2M con variaciones en el porcentaje de escoria, la relacion Al/Bi y la relacion SS/SH. El objetivo de esta investigacion es
determinar el efecto de la molaridad de hidréxido de sodio 2M combinado con variaciones en el porcentaje de escoria, la relacion de
activador alcalino/binder (Al/Bi) y la relacion de silicato de sodio/hidréxido de sodio (SS/SH) sobre las propiedades de transporte
del GPC a base de escoria y cenizas volantes curado a temperatura ambiente. Los resultados indican que un aumento en el porcentaje
de escoria y en la relacion SS/SH conducen a una disminucion de la porosidad, la tasa de absorcion de agua y la permeabilidad al
cloruro. La proporcion de activador alcalino/binder (Al/Bi) de 0,45 produce disminuciones en la porosidad, la tasa de absorcion de
agua y la permeabilidad al cloruro. La porosidad, la sortividad y las profundidades de penetracion de cloruro de todos los GPC son
menores que las del OPC. Las composiciones de mezcla recomendadas para GPC que exhiben propiedades de transporte mas bajas
que el OPC son GPC4 (escoria 40 %, relacion SS/SH 1,5, relacion Al/Bi 0,45); GPCS (escoria 50 %, relacion SS/SH 1,5, relacion
Al/Bi 0,45); y GPC7 (escoria 30%, relacion SS/SH 2,0, relacion Al/Bi 0,45).

PALABRAS CLAVE: Molaridad de hidroxido de sodio; Porosidad; Sortividad; Permeabilidad al cloruro; Geopolimero basado en
cenizas volantes y escorias.
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1. INTRODUCTION

The production of Portland cement has been found
to be a leading contributor to the release of green-
house gas emissions into the atmosphere, particularly
carbon dioxide (CO,). An estimated 0.95 tons of CO,
are released for each ton of the cement produced (1).
It has been further found that of the total CO, emis-
sions associated with concrete production, a stagger-
ing 76-80% is attributed to the production of the ce-
ment (2, 3). In fact, these CO, emissions account for
about 75% of all greenhouse gas emissions (4). This
alarming rate of emission necessitates the need to de-
velop alternative binders to reduce the environmental
impact of cement production.

Geopolymer binder, which releases 80-90% lower
CO, emissions, currently represents one prospective
alternative binder that can considerably minimize
the environmental impact (1). Geopolymer binder is
created by activating precursors that contain alumino-
silicates like fly ash, silica fume, ground granulated
blast furnace slag, and metakaolin, with an alkaline
activator such as sodium hydroxide (SH), sodium
silicate (SS), sodium sulfate or carbonate, potassium
hydroxide (KOH) and potassium silicate (K,SiO,)
(5-7). The matrix and strength of this type of cement
does not require the formation of hydrated calcium
silicate (C-S-H) gel, as with ordinary Portland cement
concrete (OPC), but instead relies on aluminosilicate
polycondensation (8). When a low calcium precursor
is used to create geopolymer binder, a sodium alumi-
num silicate hydrate (N-A-S-H) gel with a three-di-
mensional structure is produced (9).

Many studies have focused on GPC made from
low-calcium fly ash and using SS and SH as an alkali
activator. However, the moderate temperature curing
required for this type of geopolymer limits its prac-
tical use (10-13). To address this issue, researchers
have explored the potential of new geopolymer for-
mulas that can be cured at lower temperatures. One
possible solution is to increase the calcium content
in the binder by introducing slag, which has high cal-
cium content, to the low-calcium fly ash-based geo-
polymer mixture. This can enhance the mechanical
and microstructural properties of GPC by promoting
the formation of hydrated calcium aluminum silicate
(C-A-S-H) gel, the primary product of polymeriza-
tion (14-17).

Geopolymer concrete with 20% fly ash substitu-
tion with slag has higher strength than that made from
100% fly ash. One positive finding is that when cured
at room temperature, using 100% slag results in the
highest strength (7). The addition of slag also reduc-
es pore size and porosity, ultimately decreasing the
amount of water it can absorb over a period of time
(18). The reduction could be identified concerning the
water absorption rate with time. At first, the water ab-
sorption rate in GPC was relatively high because of
the absorption of pores at a size larger than 200 nm.

Over time, the rate diminishes. In contrast, the water
absorption rate in OPC specimens initially starts low
due to fewer pores with a size larger than 200 nm but
continues to increase. Another report indicated that;
the water absorption rate of GPC containing 30% slag
was comparable to that of OPC specimens (19). Oth-
er research showed that by using a higher slag per-
centage and lower SS/SH ratio in GPC, shrinkage can
be decreased, making it comparable to OPC (20). It
has been observed that as more fly ash substitution
by slag in GPC, the water absorption, sorptivity, and
porosity of the material are all reduced (21, 22). This
phenomenon is due to the slag and alkaline activator
reaction, resulting the formation of denser C-A-S-H
gels than the N-A-S-H gels (18). Furthermore, the
smaller size of slag particles makes them function as
micro fillers (23).

Research has shown that GPC has comparable or
even superior physical and mechanical properties to
OPC. In terms of durability, GPC has been studied for
its resistance to aggressive environments, including
sulfate attack, chloride ingress, carbon dioxide pen-
etration, and acids (24). Chloride ingress can destroy
the passivation layer on the steel reinforcement, trig-
ger corrosion caused by electrochemistry, and subse-
quently, decrease the structural strength of concrete.
Although chlorides can have such detrimental effect,
they generally do not disintegrate the concrete matrix
since the rates of degradation caused by chlorides are
shown to be lower (25). Many researchers found that
compared to GPC, OPC demonstrated a greater ca-
pacity to bind chloride. This is because of the reaction
among the AFm phase (alumina, iron oxide, mono
sulphate) in OPC with chloride ions, forming Friedel
salts. On the other hand, GPC has a minimal ability to
bind chloride as there is no visible reaction between
the geopolymer binder and chloride ions; however,
the ability to bind chloride is dependent on the ad-
sorption or encapsulation of chloride in the network
of geopolymer pores (25-27).

Through the use of the Rapid Chloride Permeabil-
ity Test (RCPT), a comparative study was conducted
to analyze the chloride permeability of OPC and fly
ash-based GPC. The results showed that the permea-
bility of OPC and fly ash-based GPC is similar when
compared using the same compressive strength. Nev-
ertheless, the addition of a higher proportion of slag
to the geopolymer concrete leads to a decrease in the
total charge passed and a change in the permeability
classification of the concrete (22, 28). The reduction
in concrete permeability is due to the addition of hy-
drated compounds based on calcium, which act as
micro aggregates and coexist with the geopolymer-
ic components to create a dense microstructure that
impedes the infiltration of water from the capillary
pores. Furthermore, slag is more reactive than fly ash
particles in alkaline media, making it easier for the
abundantly available alumina and silica ions to dis-
solve and improve the polycondensation mechanism
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(22, 29). The total charge passed decreases with ex-
tended curing time, as a denser matrix of geopolymer
is created, impeding the penetration of chloride ions
(30).

GPC is much more resistant to chloride attack,
showing a longer time to experience cracking due
to chloride-induced corrosion in comparison to
OPC. At 40 mm depth, GPC’s chloride content is
ten times lesser than that of OPC, which is insuf-
ficient to initiate chloride-induced corrosion (31).
Additionally, the pore structure of GPC becomes
disconnected as it matures (5). With increasing cur-
ing time of GPC, the porosity is reduced owing to
the space-filling properties of the C-(N)-A-S-H
phase (18). The main reaction products of GPC
with slag content are C-S-H, C-A-S-H, N-A-S-H,
and the hydrotalcite phase, with an increase of slag
content resulting in greater amounts of C-S-H and
C-A-S-H, as well as an increase in the hydrotalcite
phase. C-A-S-H has a higher ability than N-A-S-H
to bind chloride ions, reducing their entry (25). Hy-
drotalcite (Mg, Al (OH)16CO,4H,0) is a compound
that has a double-layered hydroxide structure. This
layered crystal structure consists of an outer layer
with hydroxides and an inner layer with anions and
water molecules. The addition of hydrotalcite to ex-
ternally contaminated chloride-contaminated con-
crete results in a reduction in the chloride content
in the concrete compared to without the hydrotalcite
structure (32).

To date, research on fly ash-slag-based GPC has
predominantly employed sodium hydroxide solu-
tion with moderate to high molarity (16, 22, 33—
35), resulting in significant CO, emissions during
the production of alkaline activator solution (2, 36—
38). To address this issue, the present study pro-
poses using a combination of SS and SH molarity
of 2M as an alkaline activator to represents a more
sustainable GPC that can be cured at room tempera-
ture. The use of sodium hydroxide with a molarity
of 2M is based on preliminary tests on fly ash-slag-
based geopolymer paste and mortar. This test uses
variations in SH molarity of 1M, 2M, 4M, 6M, 8M,
and 10M, a slag percentage of 30%, the SS/SH ra-
tio of 0.5, 1.0, and 1.5, and the Al/Bi ratio of 0.40,
0.45, and 0.50. Based on the setting time with an
SH molarity of 2M, the results were obtained at SS/
SH ratios of 1.0 and 1.5, and at all Al/Bi ratios,
the final setting time was around 100—160 minutes.
Based on the compressive strength of the mortar,
the results showed that sodium hydroxide with mo-
larity of 2M had a compressive strength similar to
other SH molarities.

Based on these preliminary tests, this research
used SH molarity 2M to assess the transport prop-
erties of the GPC, focusing on porosity, sorptivity,
and chloride permeability properties. The inves-
tigation examines the impact of various mixture
compositions, such as slag percentages, alkali ak-

tivator to binder (Al/Bi) ratios, and SS/SH ratios.
The results offer insight for engineers seeking to
determine the optimal composition of durable and
environmentally friendly GPC for practical appli-
cations.

2. MATERIALS AND METHODS

2.1. Materials

In this study, the fine aggregate was sourced from
Yogyakarta, Indonesia, and coarse aggregate with
a nominal diameter of 12.7 mm was obtained from
Central Java, Indonesia. The binder materials con-
sisted of type F fly ash from Tanjung Jati B PLTU,
Central Java, Indonesia, and slag obtained from PT.
Krakatau Semen Indonesia, Banten, Indonesia. Both
fly ash and slag must pass sieve no. 200 with a di-
ameter of 75 um, according to cement fineness spec-
ifications (SNI 15-2530-1991). X-ray fluorescence
(XRF) testing was employed to determine the chem-
ical compositions of fly ash and slag, and the results
are shown in Table 1. The fly ash had a low calcium
oxide (about 8.64%) but a high total content of SiO,,
Al O,, and Fe O, (about 83.8%), so it includes type
F fly ash according to ASTM C618 standards. On
the other hand, the slag had a high calcium oxide
content (about 62.1%).

Alkaline activators were prepared using a mixture
of SH and SS, with varying ratios of SS/SH at 1.0,
1.5, and 2.0. The SH solution was created by dissolv-
ing 98% pure SH flakes in distilled water, maintaining
a constant concentration of 2M across all mixtures.
The SS solution used in this study was a commer-
cially available gel with the production code BE-58.
Figure 1 and Figure 2 show the raw materials and
alkaline activators used in the manufacture the geo-
polymer concrete.

TasBLE 1. Chemical compositions of fly ash and slag.

Component % Fly Ash Slag
Sio, 41.00 23.50
AlLO, 15.00 8.20
Fe,O, 26.94 0.95
CaO 8.64 62.10
MgO 0.74 0.30
SO, 0.50 0.94
K,0 243 0.10
TiO, 1.71 1.20

Others 2.5 2.61
Lol 0.54 0.1
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FiGure 1. Materials in GPC (a) Fly ash, (b) Slag, (c) Fine aggregate, and (d) Coarse aggregate.

@

(b)

Ficure 2. Alkaline activators (a) Sodium hydroxide flakes, and (b) Sodium silicate gel.

2.2. Preparation, casting, and curing of specimens

In order to achieve a 25 MPa design strength for
normal concrete, the study employed a mixture de-
sign that followed the guidelines of SNI 7656:2012
(39), a modified version of ACI 211.1-91 (40) for
Indonesian context. The GPC production involved
replacing the cement with fly ash and slag, with the
slag to total binder percentages ranging from 10% to
50%. To substitute the water-cement ratio, an alka-
line activator was utilized with varying Al/Bi ratios of
0.40, 0.45, and 0.50. The aggregates and total binder
were kept constant throughout the study. In Table 2,
the results of the concrete compressive strength test
according to the mix design are presented.

Ten mixtures were produced, consisting of nine
GPCs and one OPC as a control (Table 2). The mix-
tures were designated as GPC1 to GPC9, each with
different components. GPC1 to GPC5 were created
to investigate the impact of slag percentage. Mixtures
GPC3, GPC6, and GPC7 focused on the variations
in the SS/SH ratio, while GPC3, GPC8, and GPC9
examined the effects of varying the Al/Bi ratio. The
GPC mix designation represented the components of
the mixture, for instance, S30-1.5-0.50, indicating a
GPC mix with a 30% slag content, the ratio of SS/SH
1.5, and the ratio of A1/Bi1 0.50. No additional water or
superplasticizer was used in the mixtures.

The GPC mixing process began with the preparation
of the necessary materials. A two-molar SH solution
was prepared the day before its use, while the alkaline
activator, comprising of SS and SH, was mixed and left
to settle until it had reached room temperature. After
that, a container was filled with a homogeneous mix-
ture of precursor materials, which are fly ash and slag.
Then, the GPC constituents were blended in a specific
order: sand and coarse aggregate were mixed together
for one minute, followed by the addition of a fly ash
and slag binder and a two-minute mixing time. The al-
kaline activator solution was then added according to a
precise ratio, and the mixture was given five minutes of
blending time to ensure thorough homogeneity.

After the mixing process, the specimens underwent
slump testing and were subsequently cast in cylindri-
cal molds with dimensions of 100 mm in diameter and
200 mm in height. The casting was performed in two
layers, ensuring compaction in each layer to avoid
any cavities. The specimens were allowed to remain
in the molds for 24 hours prior to being taken out and
cured. For the OPC, curing is done by submerging the
specimen in water, while GPC curing involves storing
it in an airtight plastic container to maintain moisture
at room temperature. Prior to testing, all specimens
were shaped into cylindrical forms with a diameter
of 100 mm and a height of 50 mm, a process that oc-
curred after 28 days of curing.

Materiales de Construccion 74 (354), April-June 2024, e343. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2024.359623


https://doi.org/10.3989/mc.2024.359623

Transport properties of fly ash-slag-based geopolymer concrete with 2M sodium hydroxide combined with variations in slag... * 5

TaBLE 2. Mix Proportions.

Concrete Mixture Quantity (kg/m?)

Mix ID Designation

Aggregate Binder (Fly ash/Slag / Activator Compressive

(CAg/FAg) Cement) (SS/SH/Water) Strength (MPa)
GPCl S$10-1.5-0.45 858/863 360/40/ - 108/72/ - 23.930
GPC2 $20-1.5-0.45 858/863 320/80/ - 108/72/ - 36.793
GPC3 S30-1.5-0.45 858/863 280/120/ - 108/72/ - 46.667
GPC4 S40-1.5-0.45 858/863 240/160/ - 108/72/ - 50.402
GPC5 S50-1.5-0.45 858/863 200/200/ - 108/72/ - 56.076
GPC6 S30-1.0-0.45 858/863 280/120/ - 90/90/ - 39.620
GPC7 S30-2.0-0.45 858/863 280/120/ - 120/60/ - 38.531
GPC8 S30-1.5-0.40 858/863 280/120/ - 96/64/ - 35.704
GPC9 S30-1.5-0.50 858/863 280/120/ - 120/80/ - 42.839
OPC - 858/863 -/-1/400 -/-/216 27.068

Abbreviations:

CAg: Coarse Aggregate; FAg: Fine aggregate; SS: Sodium Silicate; SH: Sodium Hydroxide

2.3. Testing procedure
2.3.1. Porosity test

The porosity test is specified in ASTM C642-97
(41). The specimen has a cylindrical shape with a
height of 50 mm and a 100 mm diameter. The Equa-
tion [1] is used to calculate the porosity.

Volume of Permeable voids(Porosity) (%) = Ez:gx 100 [1]

where:

A = Oven-dried specimen mass (g). The test is carried
out by drying the sample in an oven at a temperature
of 100-110C for no less than 24 hours. Then it is re-
moved from the oven and allowed to cool to a tem-
perature of 20-25C and then the mass is determined.
C = Surface-dry specimen mass in air (g). After im-
mersion and boiling for 5h, let it cool to a temperature
of 20-25C. Then remove surface moisture with a dry
towel and determine the mass.

D = Apparent mass of specimen in water (g). After the
sample has been soaked, boiled and cooled, the next
step is to determine the mass of the sample in the water.

2.3.2. Sorptivity test

The sorptivity test, following the procedure out-
lined in ASTM C1585-13, is conducted to measure

the rate of water absorption and sorptivity of a cy-
lindrical specimen. This test involves monitoring the
weight change of the specimen as it absorbs water
over time (42). The specimens used in this test have a
diameter of 100 mm and a height of 50 mm.

To perform the test, the specimen is positioned on
supports within a pan filled with tap water. The water
level is adjusted to be 1-3 mm above the bottom edge
of the specimen, as depicted in Figure 3. The weight
of the specimen is then recorded at regular intervals
for up to 9 days, following the guidelines of ASTM
C1585. These measurements are used to determine
the amount of water absorbed, and subsequently cal-
culate the sorptivity value and the rate of water ab-
sorption using Equation [2].

==t [2]

axd

where:

1= the absorption,

m= the increase in specimen weight (g), at time ¢,
a = the area of exposed surfaces (mm?)

d = the water density (g/mm?)

Initial sorptivity (mm/s'?) is identified as the slope
of the line acquired from plotting water absorption,
I, to the square root of time (s?). This slope is deter-
mined by utilizing least squares from linear regres-
sion, using all of the data from 1 minute to 6 hours.
The secondary sorptivity (mm/s'?) is identified as the
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slope of the line obtained from plotting water absorp-
tion, 7, to the square root of time (s'?) utilizing all the
points from 1 to 7 days. The slope was determined
using least-square linear regression.

Plastic sheet

100 £ 6 mm Sealing material

Pan R 1 e

Specimen

50 £ 3 mm

2+1mm

Specimen Support

FiGure 3. Schematic of the sorptivity test (42).

2.3.3. Rapid Chloride Permeability Test (RCPT)

The Rapid Chloride Permeability Test, as specified
by ASTM C1202-12, is used to measure the electrical
current passing through cylindrical specimens with a
diameter of 100 mm and a height of 50 mm. The test
duration is six hours. In this test, a direct current (DC)
voltage of 60V is applied to the ends of the specimen.
One side of the specimen is submerged in a sodium
hydroxide (NaOH) solution, while the other side is
submerged in a sodium chloride (NaCl) solution. The
overall charge passed through the specimen in Cou-
lombs is then calculated to determine the resistance
of the specimen to the penetration of chloride ions
(43). As an additional measure, a solution of silver
nitrate (AgNO,) is sprayed onto the exposed surface
of the concrete to assess the penetration depth of chlo-
ride ions. Figure 4 illustrates the configuration of the
RCPT test.

FiGcure 4. Rapid chloride permeability test setup.

3. RESULTS AND DISCUSSION

This research aims to examine how various inde-
pendent variables, such as different levels of slag in

place of fly ash, variations in Al/Bi ratios, and vari-
ations in SS/SH ratios at a constant SH molarity of
2M, influence the transport properties of geopoly-
mer concrete (GPC). The results and discussion will
be presented separately, based on the type of tests
carried out, including porosity, sorptivity, and chlo-
ride permeability.

3.1. Porosity

The influence of various independent variables on
porosity are presented in Figure 5. Based on Figure
5(a), an increased in the slag content causes the poros-
ity to decrease. The highest reduction value of 10.4%
occurs at a slag percentage of 10% and the lowest
(7.5%) occurs at 50% slag. The porosity value in OPC
is 14.4%. Compared with the OPC, the GPC with slag
recorded lower porosity.

The decrease in porosity with increased slag con-
tent is likely due to the binder reactions. The forma-
tion of C-A-S-H gel is due to the presence of slag,
which is denser than geopolymer type gels, resulting
in a less porous structure (14, 21). The slag used in
this study contains a significantly higher CaO content
than fly ash, at 62.1% and 8.6%, respectively (see
Table 1). By increasing the amount of slag used in
place of fly ash, more C-A-S-H gel will form, which
will, in turn, decrease the number of pores in the con-
crete. In addition, at similar SS/SH ratio, GPC based
on fly ash-slag has a larger amount (79%) of 10nm or
smaller pores than GPC based on fly ash (16%). This
can be attributed to the formation of C-S-H through
slag activation in geopolymer concrete, which can fill
most of the capillary pores (14). On the other hand,
the increased porosity of the fly ash-based GPC is
probably related to the gel’s binding, mainly in the
form of N-A-S-H, which is less dense and more po-
rous (13, 44).

The findings presented in Figure 5(b) suggest that
the Al/Bi ratio plays an integral role in porosity.
When the ratio reaches 0.45, the minimum poros-
ity of 8.82% is achieved. This can be attributed to
the OH- ions from the alkaline activator, which act
as catalysts in the geopolymerization process and
facilitate the release of Si*" and AI’* ions from the
binder. If the amount of alkaline activator used is
less, the leaching process of the aluminum silicate
will also be slower, resulting in a poor geopolymeric
structure with larger pores and lower strength (28).
Meanwhile, at a higher Al/Bi ratio, the amount of
alkaline activator used also increases so that the
mixture is more dilute. The excess alkaline activator
not utilized in the geopolymerization process will
eventually become a pore in the concrete after it has
hardened. The increasing number of pores causes
the porosity to increase and, when compared with
OPC, all GPC samples with various Al/Bi ratios
have lower porosity.
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(a)

(©

(b)

FiGure 5. The relationship between (a) porosity and the percentage of slag (SS/SH ratio 1.5, Al/Bi ratio 0.45); (b) porosity and Al/Bi
ratio (Slag 30%, SS/SH ratio 1.5); and (c) porosity and SS/SH ratio (slag 30%, Al/Bi ratio 0.45).

Figure 5(c) depicts an increased SS/SH ratio that
reduces porosity. The highest porosity of 9.2% was
observed for the SS/SH ratio of 1.0. On the other
hand, porosity decreased to 8.8% and 7.6% for the
SS/SH ratios of 1.5 and 2.0, respectively. The de-
crease in porosity is due to the higher SS/SH ratio
and the higher proportion of sodium silicate results
in a greater provision of free silicate. Increasing the
amount of silicate in the mixture can increase the po-
lymerization reaction and will form a N-A-S-H gel.
Besides that, the presence of high calcium content in
the slag will form a denser C-(A)-S-H gel. This is in
line with the finding by other researcher (45), who
stated that the smaller pores at high SS/SH ratios
were due to the increased silica content resulted in
a denser polymerized gel with excellent mechanical
properties.

According to the description above, porosity is
closely related to the number of pores in the con-
crete. GPC with low molarity SH (2M) and vary-
ing slag percentages, Al/Bi ratios, and SS/SH ra-
tios show lower porosity than OPC. This indicates
that GPC has fewer pores and a denser structure,
which will increase the mechanical properties of
concrete.

3.2. Sorptivity

The sorptivity test results indicate that the water
absorption rate on the concrete surface and the initial
and secondary sorptivity have a strong relationship
with the time'?. This can be seen from the data pre-
sented in Figure 6, which demonstrates the correlative
relationship between the two variables.

The rate of water absorption can be seen in two
different phases. Initially, a faster rate of absorption
process take place and started to decrease after 1 day.
This condition is most likely caused by the pores in
the concrete, which are partially saturated (46). In
Figure 6(a), the initial absorption of OPC is higher
than the other GPC mixtures. However, after 1 day
it showed that GPC with 10% slag content (GPC1)
had higher absorption than OPC. Based on the data
presented in Figure 6(b) and 6(c), it can be observed
that all GPC, regardless of the Al/Bi ratios and SS/
SH ratios, exhibit lower water absorption values
compared to OPC. This trend is observed both at the
initial stage of water absorption and throughout the
extended water absorption period. This shows that the
proportion of the GPC2-GPC9 mixture has resulted
smaller pores than OPC.
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In accordance with ASTM C1858, the slopes of the
graphs in Figure 6 may be used to determine the ini-
tial and secondary sorptivity values. However, some
requirements must be met, where the graph of the re-
lationship of water absorption with time must show
a linear relationship, with a coefficient of correlation
of more than 0.98. The sorptivity values obtained
through the analysis of these slopes are shown in Fig-
ure 7.

Figure 7(a) confirms that a higher percentage of
slag used will result in lower initial and second-
ary sorptivity. Samples with 20%, 30%, 40%, and
50% have initial sorptivities of 10.4, 9.6, 8.2, and
6.0 x 10° mm/s'?, respectively. The proportion of
GPC1 mixture with 10% slag has a slightly differ-
ent sorptivity value, which has an initial sorptivity
of 9 x 10 mm/s'"?, lower than the initial sorptivity
of GPC2 and GPC3. However, GPC1 has a greater
secondary sorptivity compared to other GPC mix-
tures. The secondary sorptivity of GPC is much
lower than OPC with a very significant difference,
except for GPC1. Because GPC1 has the lowest
slag content, relatively less C-A-S-H gel is formed,
which causes the concrete to be less dense. As a
result, GPC1 has the highest secondary sorptivity
when compared to other geopolymer concretes.

The secondary sorptivity of GPC2, GPC3 and
GPC4 is 3.0, 2.0, and 0.8 x 10“*mm/s'?, respective-
ly. Meanwhile, GPC1 has a secondary sorptivity of
12 x 10*mm/s'?, almost the same as the secondary
sorptivity of OPC of 13 x 10*mm/s!?. Unfortunate-
ly, the coefficient of correlation of the GPC5 graph
is less than 0.98, so it isn’t possible to figure out its
secondary sorptivity.

The decline in sorptivity value as the slag con-
tent increases signifies that the inclusion of slag in
the fly ash-based GPC mixture enhances the micro-
structural performance, which, in turn, makes the
concrete last longer, in terms of water access so that
the sorptivity value becomes low (28). The increase
of slag will cause the formation of denser C-A-S-H
gel with finer pore sizes, thereby preventing water
from entering deeper into the concrete (18). In gen-
eral, the presence of C-A-S-H and N-A-S-H gels
in fly ash/slag concrete describes the beneficial be-
havior that occurs in this material. The formation
of N-A-S-H gel during the geopolymerization pro-
cess is instrumental in reducing the porosity of con-
crete. This gel fills the voids in the paste and inter-
faces between the paste and the aggregate, leading
to a denser material. The C-A-S-H gel is associated
with greater densification and compactness, due to
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3,5 - Slag 30% ’
30 Slag 40% 3,0 o =——0=0:0:0)
7 2’5 —&B—Slag 50% ) 2,5
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. | 7 Al/Bi 0.50
1,0 0 | 28 oPC
0,5 05 |/
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(a) (b)
4,0
3,5
3,0 w——-R—R-RRn
z 2,5
£20 —8—SS/SH 1.0
=15 4 SS/SH 1.5
¥ SS/SH 2.0
p OoPC
05 '
0.0 b,
0 200 400 600 800 1000
Time (s'?2)
(©)

FiGure 6. The relationship between time and rate of water absorption on variations in (a) slag percentage (SS/SH ratio 1.5, Al/Bi ratio
0.45); (b) Al/Bi ratio (Slag 30%, SS/SH ratio 1.5); and (c) SS/SH ratio (slag 30%, Al/Bi ratio 0.45).
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(2)

(b)

(©

Ficure 7. Initial and secondary sorptivity of concrete with (a) variations in the percentage of slag (SS/SH ratio 1.5, Al/Bi ratio 0.45);
(b) variations in the Al/Bi ratio (slag 30%, SS/SH ratio 1.5); and (c) variations in the SS/SH ratio (slag 30%, Al/Bi 0.45).

the fact that fly ash/slag concrete has fewer porous
capillaries or pores (9). In addition, the less porous
matrix is also associated with a smaller slag parti-
cle size than the fly ash particles which develops a
micro filler effect (22).

As shown in Figure 7(b), the sorptivity coeffi-
cient exhibits an increase in conjunction with the
rise in the Al/Bi ratio. This can be attributed to the
higher volume of liquid present, which results in a
more diluted mixture. After the concrete hardens,

this dilution leads to the formation of additional
capillary pores. The lowest initial sorptivity value
of 8.1 x 10 mm/s"* was achieved at an Al/Bi ra-
tio of 0.40, followed by Al/Bi ratios of 0.45 and
0.50, which yielded initial sorptivity values of
9.6 x 107 mm/s'? and 10.6 x 10~ mm/s"?, respec-
tively. When compared with the initial sorptivity of
OPC, GPC has a lower value, but the difference is
not significant. This indicates that GPC and OPC
have almost the same ability to absorb water at the
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beginning of the period. In GPC, variations in the
Al/Bi ratio have no effect on secondary sorptivity,
whereas the three variations have the same second-
ary sorptivity. Meanwhile, the value of secondary
sorptivity on GPC and OPC differs very signifi-
cantly. The GPC with all variations of the Al/Bi
ratio has a much lower secondary sorptivity of 2
x 10*mm/s"?, while the OPC is 13 x 10*mm/s'?,
This is because GPC has fewer pores and a denser
structure which is indicated by a lower rate of water
absorption value than OPC, as seen in Figure 6(b).

Figure 7(c) illustrates the effect of the SS/SH ra-
tio on the sorptivity coefficient. As the SS/SH ratio
increases, the initial sorptivity decreases. This de-
crease was caused by the fact that the alkaline acti-
vator was mostly composed of sodium silicate which
has a high viscosity. In the end, it leaves fewer pores
after the concrete hardens. In addition, the smaller
pores at high SS/SH ratios are because the increased
silica amount produces denser polymerized gels with
superior mechanical characteristics (45). In contrast,
the secondary sorptivity shows a direct relationship
with the SS/SH ratio. As the SS/SH ratio increases,
the secondary sorptivity tends to increase as well,
although the observed increase is not substantial. It
is worth noting that all GPCs with varying SS/SH ra-
tios exhibited lower initial and secondary sorptivity
values compared to OPC. When the SS/SH ratio was
1.0, 1.5, and 2.0, the initial sorptivity value was 9.8,
9.6, and 7.2 x 10 mm/s'?and the secondary sorptiv-
ity was 2.0, 2.0, and 3.0 x 10* mm/s'?, respective-
ly. The OPC has an initial and secondary sorptivity
value of 10.6 x 103 mm/s"?and 13 x 10 mm/s'?,
respectively.

Based on the previous description, it can be seen
that the sorptivity coefficient is closely related to the
level of water absorption in concrete. The higher the
water absorption level, the more the sorptivity coef-
ficient increases. In general, GPC with low molarity
SH (2M) and with variations in slag percentage, Al/Bi
ratio, and SS/SH ratio has lower sorptivity than OPC.
This shows that GPC has a lower rate of water absorp-
tion, which is related to the smaller number of pores.
So it can be concluded that the sorptivity coefficient
is directly proportional to the porosity of the concrete.

3.3. Chloride Permeability

Through the RCPT test, the chloride permea-
bility of GPC was evaluated, as illustrated by the
total charge passed value in Figure 8. To further
ascertain the depth of chloride penetration, silver
nitrate solution (AgNO,) was sprayed on the GPC
surface, and the results of this test are displayed
in Figure 9.

As seen in Figure 8(a), when the proportion of
slag increases as a replacement for fly ash, the chlo-
ride permeability of the GPC decreases. This is in-

dicated by the smaller total charged passes. Mixes
with slag content of 10%, 20%, 30%, 40%, and 50%,
the total charged successively passed was 845.33
C, 739.80 C, 527.18 C, 438.08 C, and 379.13 C, re-
spectively. The presence of calcium-based hydrated
materials is responsible for the decreased chloride
permeability as the percentage of slag increases,
which form together with the geopolymer gel and
produce a strong and compact microstructure, thus
preventing the entry of chloride ions through pore
capillaries. In addition, in the presence of slag, alu-
mina and silica ions (which are very soluble and
widely available) will be more easily soluble, there-
by increasing the polycondensation mechanism
(22). The matrix formed with a decrease in pore
size diameter is also associated with a smaller slag
particle size than fly ash particles, which develops
a micro filler effect (23). The correlation between
chloride ion penetration and other pore characteris-
tics, such as tortuosity, is evident according to (18).
When fly ash is replaced with slag, the tortuosity of
the pore structure increases, which could be a ma-
jor factor in the decrease of chloride penetration.
According to the category in ASTM C 1202-12, all
GPC mixtures with varying percentages of slag and
OPC have chloride permeabilities in the very low
category because they have total charged passes of
less than 1000C.

Figure 8(b) shows that the Al/Bi ratio 0.45 produc-
es the least chloride permeability, as indicated by the
charged passed value of 527.18 C while the charged
passed values of 0.40 and 0.50 Al/Bi ratios were
565.43 C and 628.43 C, respectively. The general
trend is that higher Al/Bi ratios will lead to higher po-
rosity and a higher rate of chloride penetration (47).
However, as stated in the sub-discussion on porosity,
at an Al/Bi ratio of 0.40, the amount of alkaline acti-
vator is insufficient for the geopolymerisation process
to produce a geopolymeric structure with larger pores
(28). Likewise, if the Al/Bi ratio increases from 0.45
to 0.50, the excess alkaline activator that is not used
in the geopolymerisation process will leave pores
with a larger size and volume. This condition causes
higher chloride permeability.

When the SS/SH ratio is increased, the chloride
permeability is lessened, as illustrated in Figure
8(c). The highest total charged passed of 560.25 C
was noted at SS/SH 1.0, followed by SS/SH 1.5
and SS/SH 2.0, with the total charged passed of
527.18 C and 353.03 C, respectively. At the same
SS/SH ratio, the reduction in chloride permeability
is in line with the decrease in porosity and sorptiv-
ity in concrete. This is because a high SS/SH ratio
will increase the silica content and cause the gel to
polymerize into a denser matrix, making the pores
smaller. In GPC, with all variations of the SS/SH
ratio and OPC, it has a very low chloride permea-
bility category because it has a charged passed val-
ue of less than 1000 C. When compared to OPC,
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(a)
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(b)

FiGure 8. Chloride permeability in GPC concrete with various variations (a) slag percentage (SS/SH ratio 1.5, Al/Bi ratio 0.45); (b)
Al/Bi ratio (slag 30%, SS/SH ratio 1.5); and (c) SS/SH ratio (slag 30%, Al/Bi 0.45).

which has a total charged passed of 472.50 C, the
mixture of GPC with slag percentages of 40%,
50%, and SS/SH ratio of 2.0 have lower chloride
permeability.

Based on Figure 9, the depth of penetration of
chloride at various percentages of slag, variations in
Al/Bi ratios, and variations in SS/SH ratios is directly
proportional to the value of porosity, rate of water ab-
sorption, and chloride permeability.

As illustrated in Figure 9(a), an increase in slag
content as a replacement for fly ash leads to a de-
crease in chloride penetration depth. The depth was
found to be the greatest (31.5 mm) when 10% slag
was used and the lowest (5.7 mm) when 50% slag
was used. This phenomenon can be attributed to the
dense matrix that slags with a high CaO content cre-
ates, resulting in a reduction in the size and number
of the concrete pores. Subsequently, the slag in GPC
promotes a lower amount of chloride attack since the
chlorides penetrate concrete through capillary pores.
When compared to OPC, GPC based on fly ash-slag
has better durability in a chloride environment, as evi-
denced by a much lower depth of chloride penetration
(OPC has a chloride penetration depth of 39.6 mm).

The Al/Bi ratio that produced the lowest chlo-
ride penetration depth is 0.45, with a depth of
16.1 mm. At 0.40 and 0.50 ratios of Al/Bi, the
GPC has chloride penetration depths of 24.6
mm and 18.0 mm, respectively, as shown in
Figure 9(b). Meanwhile, Figure 9(c) shows that
geopolymer concrete with a minimum chloride
penetration depth of 16.1 mm is noted at an SS/
SH ratio of 1.5. The SS/SH ratios of 1.0 and
2.0 result in deeper penetration depths of 24.3
mm and 18.2 mm, respectively. Compared with
OPC, which has a chloride penetration depth of
39.6 mm, GPC exhibits a much lower penetra-
tion depth for all variations of the Al/Bi ratio and
SS/SH ratio. These levels of chloride penetration
depth can be seen in Figure 10.

The depth of chloride ion penetration in concrete
relates to the amount and size of pores, water absorp-
tion, and the presence of external pressure. Based on
the previous description, GPC with SH 2M molarity
has fewer and smaller pores, as well as lower water
absorption. As a result, GPC has a lower chloride ion
penetration depth and greater resistance to chloride
attack than OPC.
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FiGure 9. The relationship between the depth of chloride penetration with variations (a) the percentage of slag (SS/SH ratio 1.5, Al/Bi
ratio 0.45); (b) the Al/Bi ratio (slag 30%, SS/SH ratio 1.5); and (c) SS/SH ratio (slag 30%, Al/Bi 0.45).
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FiGure 10. Depth of chloride penetration in GPC1, GPC3, GPC5, GPC6, GPC7 and OPC.
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CONCLUSIONS

In this paper, the results of the research are presented
for the effect of low molarity SH (2M) with variations in
slag percentages, variations in SS/SH ratios, and varia-
tions in Al/Bi ratios on porosity, sorptivity and chloride
permeability in fly ash-slag-based GPC. Based on the
results of the study it can be concluded that:

* The higher the percentage of slag as a substitute
for fly ash, and the higher the SS/SH ratio, the
lower the porosity of the concrete. A slag con-
tent of 50% and SS/SH ratio of 2.0 resulted in
the lowest porosities (7.53% and 7.65%, respec-
tively). Meanwhile, the Al/Bi ratio that produc-
es minimum porosity, is the Al/Bi ratio of 0.45
(8.82%). All GPC has lower porosity than OPC.

* Increasing the slag percentage and ratio of SS/SH
reduces the level of water absorption and sorptiv-
ity. The lowest sorptivity was 6 x 10 mm/s"?and
7.2 x 10 mm/s'?, obtained at 50% slag content
and an SS/SH ratio of 2.0. The increase in the
Al/Bi ratio causes the sorptivity of concrete to in-
crease. Meanwhile, the lowest water absorption
rate was obtained at an Al/Bi ratio of 0.45. All
variations of GPC mixes have lower levels of wa-
ter absorption and sorptivity than OPC.

*  The higher the slag percentage and ratio of SS/
SH, the lower the chloride permeability. The low-
est chloride permeability was obtained at 50%
slag content and an SS/SH ratio of 2.0, with a to-
tal charged passed of 379.13 C and 352.03 C, re-
spectively. The optimal Al/Bi ratio is 0.45, which
produces the lowest total charged passed of
527.18 C.

*  When compared to OPC, the mixture of GPC
with slag percentage of 40%, 50%, and SS/SH
ratio of 2.0 have lower chloride permeability. All
mixtures, both GPC and OPC have chloride per-
meabilities in the very low category because they
have total charged passes of less than 1000C.

* The lowest chloride penetration depth was ob-
tained at a 50% slag content (GPCS5) of 5.7 mm
and the highest at a 10% slag content (GPC1) of
31.5 mm. All chloride penetration depths in GPC
are lower than OPC, with a chloride penetration
depth of 39.6 mm.

* The recommended proportions of fly ash-slag
based GPC mixes with porosity, sorptivity, and
chloride permeability lower than OPC are GPC4
(slag 40%, SS/SH ratio 1.5, Al/Bi ratio 0.45);
GPC5 (slag 50%, SS/SH ratio 1.5, Al/Bi ratio
0.45); and GPC7 (slag 30%, SS/SH ratio 2.0,
Al/Bi ratio 0.45).
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