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Abstract

Geopolymer is an inorganic form of alumina-silica that is synthesized through materials containing lots of silica (Si) and
alumina (Al) originating from nature or from industrial by-products. The geopolymer binder is a two-component inorganic
system consisting of solid components that have sufficient amounts of SiO2 and Al20z to form compounds such as fly ash,
rice straw ash, pozzolan, laterite soil, slag, etc. This study aims to analyze the compressive strength, chemical compositions,
and geopolymerization process of geopolymers produced from fly ash, rice straw ash, and lateritic soil bound with an
alkaline activator, sodium hydroxide (NaOH), with a concentration of 12 M. The durability of the geopolymer mortar was
determined by soaking for 3, 7, and 28 days using water curing and sulphate curing (Sodium Sulphate, Na2SOs, and Sulfuric
Acid, H2S04). The results showed that sodium hydroxide (NaOH) can release silica and alumina in the amorphous phase
and can be used as a binder for geopolymer mortar made from straw ash, fly ash, and laterite soil without using oven heat,
according to compressive strength, chemical compositions, and the geopolymerization process. The results of this study
can be used to support the use of waste materials (fly ash and laterite soil) and local materials (straw ash) as geopolymer
mortar-forming materials. Furthermore, it can aid in the development of eco-friendly (environmentally friendly) national
infrastructure by eliminating the need for oven heat to initiate the polymerization reaction. However, this research can also
be developed to increase the compressive strength of geopolymer mortar, which resembles that of conventional concrete
in general.
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1. Introduction

Mortar and concrete have long been used both in structural and non-structural buildings [1, 2]. In general, sand and
cement are the two main ingredients in the mortar that is frequently used for building construction. As time and
technology progressed, so did mortar materials. In addition to employing sand as aggregate and cement as an aggregate
binder, they started to use geopolymer as an alternative to cement as an aggregate binder [3—6]. One type of material
used to produce geopolymer is fly ash and rice straw ash. Fly ash is one of the by-products of coal combustion in a steam
power plant (PLTU) [7-9]. The use of geopolymer fly ash and rice straw ash as material binders has also been developed
in order to provide environmentally friendly products, bearing in mind that the cement factory, in addition to producing
cement, also produces quite large carbon dioxide emissions into the atmosphere [10, 11]. Fly ash is rich in silica and
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alumina. The content of silica and alumina in fly ash can react with alkaline liquids to produce binders. Sodium silicate
(Na2SiO3) and sodium hydroxide (NaOH) are used as alkaline activators [12, 13].

Sodium silicate functions to accelerate the polymerization reaction, while sodium hydroxide functions to react with
the Al and Si elements contained in fly ash so as to produce strong polymer bonds. In addition to the activators of sodium
silicate and sodium hydroxide, the strength of the fly ash geopolymer bond is also influenced by the concentration and
ratio of the alkaline activator used [14, 15]. Other alternatives that can be used as geopolymer materials other than fly
ash, which comes from by-products or is waste from a product, include silica fume, slag, rice-husk ash, rice-straw ash,
and others [16]. These materials have been tried in several studies that have been carried out both in mortar and in
concrete. Rice straw ash is a waste from agricultural products containing silica, which can be used as a partial substitute
for cement in concrete mixes. In addition to the types of geopolymer materials that have been developed, mortar and
concrete aggregate types have also been developed [17]. Mortar aggregate material, which usually uses sand, has begun
to be developed using other materials, namely material from laterite soil, in place of sand material. Trying to replace the
use of cement and sand in mortar with other alternative materials, namely by using geopolymer fly ash, rice straw ash,
and laterite soil.

This is possible due to the availability of quite a lot of laterite soil in Indonesia, especially in Kalimantan and Papua.
Laterite soil is a group of highly weathered soils in tropical or sub-tropical areas [18]. Formed from the results of the
hydration concentration of iron and aluminum oxides, which contain relatively high clay minerals [19, 20]. This laterite
soil, along with geopolymer fly ash and rice straw ash, is being tried to be used as a mortar material and binder and is
expected to be developed to become one of the existing mortar materials.

An aggressive environment is one that contains aggressive compounds such as acids, sulfates, chlorides, etc. that
can damage concrete. This aggressive environment is usually found in areas such as swamps, rivers, or soil contaminated
with waste or aggressive chemicals, or in atmospheric environments such as exposure to clouds containing acids [21].
One of the compounds in an aggressive environment that can damage mortar and concrete materials is a compound
containing sulfate ions. Mortar and concrete that have been exposed to sulfate environments will experience a decrease
in quality and a reduction in volume. Almost all types of sulfates found in aggressive environments will damage the
binder in mortar and concrete [22].

In several research studies using geopolymer fly ash as a binding material to replace cement, it seems that it always
requires a curing oven temperature to be able to develop and increase the strength of mortar or concrete. Of course, this
is a difficult thing to implement in the field. This study examines the compressive strength, chemical compositions, and
geopolymerization process of geopolymers made from fly ash, rice straw ash, and lateritic soil bonded with sodium
hydroxide (NaOH) at a concentration of 12 M, an alkaline activator. Using water curing and sulphate curing (Sodium
Sulphate, Na2SO4, and Sulfuric Acid, H2S04), the geopolymer mortar's durability was assessed by soaking for 3, 7,
and 28 days.

Previous research has used mortar geopolymer fly ash from sand and oil ash. While laterite soil has been used in the
form of laterite gravel with cement as a binder for pavement and soil stability, laterite soil has also been used in the form
of laterite gravel with cement as a binder for pavement and soil stability. Whereas in this study, the novelty lies in the
use of laterite soil as a mortar material and the use of geopolymer fly ash and rice straw ash as binder materials.
Geopolymer is produced without using oven heat for the geopolymerization reaction to take place. Of course, this
research can also support the development of national infrastructure based on environmentally friendly practices.

2. Previous Empirical Research Studies

Geopolymer concrete was studied by Matalkah et al. in 2016 [23] using a binder composition of hot straw ash, coal
fly ash, metakaolin, and gypsum at a weight ratio of 0.50: 0.25: 0.05. A thorough experimental study was conducted
using Portland cement as the control material and straw-ash-based concrete as the experimental subject. In comparison
to conventional Portland cement concrete, the experimental results demonstrate that non-wood ash-based geopolymer
concrete materials can offer the requisite mechanical characteristics, moisture equality, durability, and fire resistance
with the proper binder formulation.

According to Detphan & Chindaprasirt (2009) [24], materials such as fly ash (FA) and rice husk ash (RHA) were
used to create geopolymer. There were differences in the burning temperature of rice husk, the fineness of RHA, and
the proportion of FA to RHA. The mass ratios of RHA and FA in geopolymer mortar were 0/100, 20/80, 40/60, and
60/40, respectively. Heat, sodium silicate, and sodium hydroxide are used to activate the geopolymer. With a sodium
silicate/NaOH mass ratio of 4.0, the sample was heated in the oven for an hour before being baked for 48 hours at 60°C.
The result was a mortar with a moderately high FA-RHA content. According to Rosello et al. (2017) [25], there are
various management issues with waste biomass from rice straw, including field burning, which results in severe air
pollution, and natural organic decomposition, which produces methane emissions. This trash may be repurposed in the
production of geopolymers after being converted into ash. The RSA: hydrated lime paste's results showed that the
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pozzolanic reactivity of the ash was significant (82% hydrated lime fixation for 7 days and 87% for 28 days), and they
cemented the CSH gel created after 7 and 28 days at room temperature. After 28 days of curing, the compressive
strengths of Portland cement mortar with 10% and 25% substitution by RSA produced 107% and 98%, respectively, of
the strengths of the control mortar. The pozzolanicity of the cement made with RSA-mixed is confirmed by the Frattini
test. In terms of the possibility of reusing ash as a raw material for creating geopolymers, the results of this reactivity
are highly encouraging.

Using sodium hydroxide and sodium silicate, Kim et al. (2014) [26] carried out an experimental inquiry to create
geopolymer concrete based on alkaline husk ash (RHA) activated waste. The influence on the geopolymer mortar's
compressive strength, NaOH content, curing process, and ideal mix proportions was examined. The findings indicate
that increasing the oven time and alkaline activator concentration can boost compressive strength. Studies on resistance
were conducted using sulfate and acidic media such as H2SO., HCI, Na,SOs, and MgSO4. RHA has a lot of potential as
a substitute for regular Portland cement concrete because investigations using fluorescence optical microscopy and X-
ray diffraction (XRD) have shown the generation of new peaks and improved polymerization processes, which are
responsible for strength development.

Al-Akhras et al. (2007) [27] studied the impact of wheat straw ash (WSA) on concrete performance in response to
thermal cycling. The concrete specimens' compressive strength, electrical resistivity, and fracture visibility were
measured and analyzed. The findings demonstrated that numerous cracks dispersed over the specimen's surface caused
the heat cycle of WSA concrete. In addition, the performance of WSA concrete in response to thermal cycling improved
with increasing WSA content. WSA concrete was found to be more resistant to the effects of thermal cycling than plain
concrete. Tough aggregate-containing WSA shows greater resistance to thermal cycling.

It appears that the ability to grow and increase the strength of concrete always requires a strong oven temperature,
according to various research investigations using fly ash geopolymer as a binding agent to substitute cement. Therefore,
oven heat is needed to make geopolymer concrete or mortar made from straw ash, laterite soil, and fly ash. This should
be able to supply the heat required for each application of fly ash geopolymer to increase concrete strength to normal
levels.

3. Materials and Method

Rice straw ash, fly ash, and laterite soil were the materials employed in this investigation. In order to ascertain the
physical qualities and chemical characteristics of these materials in the form of the dominating chemicals contained
therein, testing of physical characteristics and chemical characteristics using XRF was conducted. An experimental
laboratory procedure was used for this study. The Indonesian province of South Sulawesi provides the laterite soil, straw
ash, and fly ash needed to make geopolymer mortar, as well as the alkaline activator sodium hydroxide (NaOH). After
the treatment (durability), which involved soaking in water, Na>SOa, and H.SOa, the compressive strength assessment
and chemical composition tests (XRD) were conducted.

3.1. Rice Straw Ash

After the seeds have been removed, straw is agricultural waste in the shape of dried leaves, stalks, and plant leaves.
Burning rice straw, one of the main agricultural wastes in Indonesia, produces rice straw ash. In Gowa Regency, South
Sulawesi Province, rice cutting waste is converted into rice straw ash by burning it at a temperature of 500°C. The
physical characteristics of the rice straw ash employed in this study are depicted in Figure 1. The laboratory tests on rice
straw ash are shown in Table 1 together with the results of those tests, and the laboratory tests on the chemical
characteristics of rice straw ash are shown in Table 2.

Figure 1. Physical appearance of rice straw ash
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Table 1. Physical characteristics of rice straw ash

No. Type of examination Method of examination Result of examination
1 Specific gravity SNI 03-1964-2008 2.36
2 Fine Aggregate water absorption SNI1970:2008 172.78%
3 Sieve analysis SNI 03-1968-1990 > 50 % pass sieve no. 200

Table 2. Chemical characteristics of rice straw ash (XRF test)

No. Oxide Content Result of examination Malasyi et al. (2014) [28]

1 Fe,05 2.31% 0.2%
2 AlO; - 1.78%
3 SiO, 70.80% 65.92%
4 K20 15.89% -

5 CaO 5.34% 2.4%
6 P20s 3.61%

7 MgO - 3.11%
8 SO, - 0.69%

According to the results of the examination, the specific gravity was 2.36. The percentage value of straw ash water
absorption was 172.78% based on the findings of the fine aggregate water absorption test. As can be observed, straw
ash is a bigger substance that can pass through filter no. 200 at 50%. As can be observed, silica compounds (SiO>),
which make up 70.80% of straw ash, are the main component. Other significant components include K-O, which makes
up 15.89%; CaO, which makes up 5.34%; P,0s, which makes up 3.61%; Fe,Os, which makes up 2.31%, and ClI, which
makes up 1.45%. It is envisaged that the silica in the straw ash will be able to solidify into crystals in the geopolymer
mortar by joining with other substances.

3.2. Fly Ash

Fly ash is used as a solid substance in this investigation. One industrial by-product called fly ash is the leftovers from
the coal-burning process in steam power plants. Fly ash is classified as a "pozzolon™ material, which is a siliceous or
aluminous material with little to no cementious ingredient, like Portland cement, in it. At specific temperatures, fly ash
material may chemically react with alkaline liquids to produce substances with cement-like characteristics. The physical
characteristics of the fly ash employed in this study are shown in Figure 2. The physical and chemical properties of the
fly ash created by the laboratory XRF test are displayed in Tables 3 and 4, respectively. Fly ash was obtained from the
PLTU's trash in South Sulawesi Province's Jeneponto Regency, Punagayya Village, and Bangkala District.

Figure 2. Physical appearance of fly ash

Table 3. Physical characteristics of fly ash

Type of examination Method of examination ~ Result of examination
Specific gravity SNI 03-1964-2008 2.65
Fine Aggregate water absorption SNI1970:2008 26.42%
Sieve analysis SNI 03-1968-1990 > 50 % pass sieve no. 50
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Table 4. Chemical characteristics of fly ash (XRF test)

ASTM C 618-03, 2003 [29]

No Oxide Content Result of examination
Class N Class F Class C
1 Fe,03 19.96%
2 Al,O3 19.16% Min. 70% Min. 70% Min. 50%
3 SiO, 34.63%
4 MnO 0.25% - - -
5 TiO, 1.26% 2.4% - -
6 KO 1.33% - - -
7 CaOo 12.74% 3.11% - -
8 SrO 0.13% - - -
9 Cr,03 0.07% - - -
10 MgO 8.1% - - -
11 SO3 1.80% Max. 4.0% Max.5.0% Max. 5.0%
12 CoO 0.05% - - -
13 BaO 0.21% - - -
14 PrsO11 0.05% - - -
15 Nd,O3 0.07% - - -
16 Moisture - Max.3.0%  Max.3.0% Max. 3.0%
17 Loss of Ignition (LOI) - Max. 10.0% Max.6.0% Max. 6.0%

According to the inspection of the fly ash's specific gravity, it was 2.88, which was higher than the specific gravities
of straw ash and laterite soil. According to ACI Committee 226, fly ash has fine grains that pass sieves No. 200 (>90%)
and No. 325 (45 microns) (27%). Fly ash is divided into three groups by ASTM C 618-03 [29]: class N, class F, and
class C. Fly ash in the class N and class F categories must include a minimum of 70% SiO,, Al,Os, and Fe,Os
compounds, whereas the content in the class C category must range from 50% to 70%.

As a result, compared to the class C category, where the CaO concentration is greater than 10%, fly ash in the class
N and F categories has a considerably lower CaO content [29]. Meanwhile, fewer than 20% of fly ash with a class F
category contains the CaO element, according to Temuujin et al. (2009) [30]. The fly ash utilized in this work is type F
(low calcium fly ash) according to ASTM C618-03, 2003 [29] and Temuujin et al. (2009) [30].

3.3. Laterite Soil

Red soil, sometimes referred to as laterite soil, is a red to brown soil that develops in a moist, chilly environment
with standing water. Red soil, in particular, is beneficial for building foundations because it rapidly absorbs water, has
a deep soil profile, a moderate amount of organic matter, a neutral to acidic pH, and contains a lot of iron and aluminum.
The Latosol soil type includes laterite soil. In the humid equatorial and tropical regions, latosol soils are created. Latosol
is relatively low in plasticity (stickiness) and very brittle due to the mineral presence of silicate clay (clay), which allows
water to easily penetrate this soil. Actually, latosols are only found in warm, humid climates, which makes them ideal
for the equatorial region's temperature. Because all of these soil layers have lost their plant nutrients due to extreme heat,
latosol soil types rapidly lose their fertility. Latosol soils, on the other hand, are ideal for the expansion of vast tropical
rain forests. The tropical wet-dry climate regime is intimately related to areas of dense forest.

In Gowa Regency, South Sulawesi Province, laterite soil was collected from the area surrounding the Hasanuddin
University Faculty of Engineering campus. The findings of assessing the physical and chemical features of lateritic soils
obtained from laboratory XRF testing are shown in Tables 5 and 6, respectively. The physical characteristics of the
laterite soil are shown in Figure 3.

Table 5. Physical characteristics of laterite soil

No. Type of examination Method of examination  Result of examination

1 Specific gravity ASTM D-162 2.65

2 Plastic limit (PL) ASTM D-424 33.90%
3 Liquid limit (LL) ASTM D-423-66 65.46%
4 Plastic index ASTM D-427 31.57%
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Table 6. Chemical characteristics of laterite soil (XRF test)

No. Oxide Content Result of examination Todingrara et al. (2017) [31]
1 Fe,O3 12.49% 5.61%
2 Al,O3 49.38% 17.49%
3 SiO, 34.81% 73.74%
4 MnO 0.10% -

5 TiO, 1.39% 1.82%
6 K,0 0.35% 0.14%
7 Mgo - 0.70%
8 CaO 0.85% 3.11%
9 P,0s 0.44% 0.69%
10 V;05 0.06% -
11 SO; - 0.10%
12 ZrO, 0.05% 0.82%
13 Cl - 0.05%
14 SrO 0.03% -
15 Cr,03 0.02% -
16 CuO 0.02% -
17 ZnO 0.011% -

Figure 3. Physical appearance of laterite soil

Results of assessing lateritic soil's physical qualities According to the findings of the sieve analysis test, soil can be
categorized into groups A-4, A-5, A-6, and A-7 if more than 76.03% of it passes through a No. 200 sieve (0.075 mm).
Liquid limit (LL) = 46.10%; if > 41%, the area is classified as belonging to group A-5. It belongs to groups A-5 (PI
10%) and A-7 (Pl > 11%) and has a plasticity index (PI) of 21.79%. Both categories A-7-5 (PL > 30%) and A-7-5 (PL
> 30%) can be used to categorize these soils. The area belongs to group A-7-5 because the plastic limit (PL) is greater
than 30%, at 30.29%. The lateritic soils employed in this study are classified as clays with high plasticity and are in
group A-7-5.

The results of the XRF test were used to determine the chemical properties of the laterite soil. As can be seen, SiO;
(55.51%), Fe203 (25.93%), Al203 (15.01%), TiO; (1.38%), K20 (2.31%), and CI (1.29%) made up the majority of the
laterite soil used in this study.

3.4. Liquid Alkaline Activator

Caustic metallic bases include sodium hydroxide (NaOH), commonly referred to as caustic soda or sodium
hydroxide. When basic sodium oxide is dissolved in water, sodium hydroxide is created. When sodium hydroxide is
dissolved in water, a potent alkaline solution is created. NaOH is utilized in many different industrial sectors, primarily
as a base in the manufacture of textiles, drinking water, soaps, and detergents, as well as wood pulp and paper. In
chemical labs, sodium hydroxide is the most widely used basic. The white solid form of pure sodium hydroxide can be
found as pellets, flakes, granules, or as a 50% saturated solution. It is a wet liquid that ingests carbon dioxide from the
atmosphere on its own. It is particularly soluble in water and, when dissolved, releases heat. Additionally, ethanol and
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methanol can dissolve it. On paper and textiles, sodium hydroxide solutions will leave yellow stains. The elements Al
and Si present in fly ash are reacted by sodium hydroxide in geopolymers, enabling them to form robust polymer bonds
and bind well. Figure 4 shows the physical appearance of the sodium hydroxide (NaOH) used in this study. A sodium
hydroxide (NaOH) solution with a concentration of 12 Molar was used as the liquid alkalin activator.

Figure 4. Physical appearance of sodium hydroxide (NaOH)

3.5. XRF Analysis

Semi-quantitative assessments of the samples are an alternative to the empirical tests used to assess geopolymer
mixes. The XRD (X-Ray Diffraction) test is in dispute. To detect elements, compounds, phases, and crystal structures
that are generated qualitatively, XRD testing is used. Atoms organized to create crystal formations and micro- or phase
structures can essentially be analyzed using experimental methods based on diffraction. The fired wave will strike the
substance in the diffraction experiment and be detected by the detector. The detector determines the wavelength and
power of the waves that are reflected or emitted from the substance. Waves emitted by atoms of various sorts and places
can interfere with one another. In crystals and complex structures, the diffraction pattern created by the geometry
represented by the wave direction can be utilized to identify the unit cell [32, 33]. XRF (X-Ray Fluorescence) test results
for rice straw ash, fly ash, and laterite soil's chemical composition.

3.6. Mixtures Design

Lateritic soil, Rice Straw Ash, Fly Ash, and sodium hydroxide activator are all components of the Lateritic Soil-Rice
Straw Ash-Fly Ash geopolymer. The Fly Ash content in this study was set at 41.60% of the total mix. Fly Ash ratios
were 41.66: 16.66: 41.66 in Lateritic soil:Rice Straw Ash. The composition of the mortar geopolymer design was
determined by the early mixed experiments. Table 7 shows the components of the mortar mixture design.

Table 7. Geopolymer mortar mixtures (1 m?)

Water (kg) NaOH (kg) Ricestraw ash (kg) Fly Ash (kg) Laterite Soil (kg)

655.71 7548.95 7548.95 18872.37 18872.37

3.7. Mixing Procedure

The goal of this study was to identify the mechanical and chemical properties of using fly ash, rice straw ash, and
laterite soil in geopolymer mortar using silinder mold with a size of 5x10 cm. The following is the mixing procedure
employed in this study:

1. Making a mix design silinder mold with a size of 5x10 cm.
2.Making alkaline activators.

3. Test samples made from laterite soil, fly ash, and rice straw ash were mixed under dry conditions for 1 minute
(slow speed).

4. Enter the activator solution (Sodium Hydroxide, NaOH) and water; mix for 2 minutes.

5. Stir manually for 1 minute, and after that, mix the laterite soil, fly ash, rice straw ash, activator solution, and water
for 2 minutes at high speed for 10 minutes. So the total mixing time is 14 minutes.

Figure 5, shows the flowchart of the research methodology through which the objectives of this study were achieved.
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Figure 5. Research flowchart

3.8. Consistency Flow

The goal of flow consistency testing is to establish the ideal water content for producing mortar that is simple to
work with. The workability of a mortar mixture is highly correlated with the amount of water utilized. Traceability, or
workability, refers to how easily a combination can be manipulated. According to SNI 03-6825-2002 [34], the mortar
traceability test was conducted using a melting table and melting ring. The mortar was fed into a melting ring that was
set on a melting table and had dimensions of 200 mm on the bottom, 70 mm on top, and 50 mm on the height (300 mm
in diameter and 20 mm in thickness). The mortar mix becomes thinner as the spread value increases. The formula
indicated in Equation 1 is used to calculate the consistency of the mix flow.

K=2x 100 % 1)
Do

where K is consistency of mix flow (%), D; is diameter of mortar after lifting tronconique (cm), and Dy is diameter in
tronconique (cm).

3.9. Compaction and Curing Method

This study's design utilized a silinder mold with a mortar geopolymer that was 5 x 10 cm in size. All specimens
underwent treatment (curing), which entails room cooling. After being removed from the silinder mold, the specimen
can be treated in one of two ways. The first is an air treatment, in which the test object is kept in the specimen’s storage
area at room temperature. A typical test object is a test specimen that is handled at room temperature. For 24 hours, the
second treatment is cooled to room temperature. The test sample should be taken out of the mold and submerged in
sulfate salt (Na,SO4), sulfuric acid (H2SO.), fresh water, sulfuric brine, and sulfuric acid water until it reaches the test
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time depicted in Figure 6. Sulfuric acid and salt were both soaked in water that had a 2% by weight concentration of
sulfuric acid. The specimens that were immersed in sulfate had the highest molarity concentrations. Compressive
strength tests are performed on the specimen at ages 3, 7, and 28 days after it has been submerged in water with Na;SO4
and H,SO, solutions for curing. The test component underwent treatment up until compressive strength testing was
done.

Figure 6. Curing in water, NazSOs and H2SO4 solutions

3.10. Compressive Strength Test

According to SNI 03-6825-2002 [34] and SNI 1974-2011 [35], the specimen is loaded between two loading rods
with a continuous monotone load at a consistent pace to produce compressive stress on the specimen. In the compressive
strength test, the test item, which is shaped like a cylinder, is in a standing or upright posture when loaded. The test
object will eventually collapse or be destroyed due to the compressive stress that it is being subjected to. In the
geopolymer cylindrical concrete compressive strength test, which employs the LVDT as a measuring instrument for
horizontal displacement due to the applied load, Figure 7 depicts the location of the test object.

UTM Machine

LVDT Vertical
Load Cell

LVDT Horizontal

Specimen

Figure 7. Test of compressive strength

4. Results and Discussion
4.1. Flowability

The outcomes of flow tests on geopolymer mortar mixtures with molarity concentrations of 12 M are depicted in
Figure 8 and demonstrate how geopolymer mortar behaves under fresh conditions. Fresh geopolymer mortar had the
same flow at each molarity concentration, or 112.50 mm, and had a specific gravity of 1901.3 kg/m? at that time. The
geopolymer mortar combination has the ability to bond laterite soil, allowing new geopolymer mortar to flow and
disseminate evenly without clumping or building up in the center of the circle. Saleh et al. [36] investigated the use of
rice husk ash as a cementitious material in geopolymer mortar and found that using more replacement agricultural waste
resulted in a smaller flow diameter. Additionally, according to Chen et al. [37], the effect of increased SiO2/Al>O3 and
CaO could shorten the setting time. Each geopolymer mortar component that accelerated setting time in our experiment
has demonstrated it.
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Figure 8. Flowability of fresh mortar geopolymer

A criterion that can only be utilized as a guideline for the flow value in this study's diameter is the specific gravity
aligned for each geopolymer material employed in it, specifically rice straw ash, fly ash, and laterite soil. Additionally,
the geopolymer material's specific gravity ranges from 2.36 to 2.65. But additional investigation is needed into the
flowability of geopolymer effect indicators based on the physical and chemical characteristics of the bonds created
during the geopolymerization process or the geopolymerization itself.

4.2. Compressive Stress

With a concentration of 12 M curing water, sulfuric salt (Na,SO.), and sulfuric acid (H.SOs), the compressive
strength test results of straw ash geopolymer mortar at ages 3, 7, and 28 are summarized in Table 8. As can be seen,
stress values were 1.287 N/mm?, 1.475 N/mm?, and 3.209 N/mm? for curing water aged 3, 7, and 28 days, respectively.
Na,SO. immersion curing of sulfate salts was 1.444, 1,538, and 2.214 N/mm?, respectively. In the immersion curing of
sulfuric acid (H2SO.), they were, in order, 1.346 N/mm?, 1.354 N/mm?, and 1.785 N/mm?. Comparatively to specimens
treated in water, the compressive strength of the specimens immersed in sulfuric acid and sulfuric salt decreased. When
specimens were exposed to sulfuric acid for curing, the compressive strength decreased by 25.11%, 27.10%, and 84.64%
at the ages of 3, 7, and 28 days, compared to 16.62%, 11.89%, and 48.87% for specimens exposed to sulfate-salt for
curing. The compressive strength of geopolymer mortar is depicted in Figure 9.

Table 8. Compressive strength of geopolymer mortar water, Na2SO4 and H2SO4 curing

Curing Age (Days) Compressive stress (N/mm?)
3 1.287
Water 7 1.475
28 3.209
3 1.444
Sulfuric Salt (Na,SO.) 7 1.538
28 2.214
3 1.346
Sulfuric Acid (H2SO4) 7 1.354
28 1.785
35 -
EWater Curing B Sulfuric Salt Curing ® Sulfuric Acid Curing
3
£
£ 25 -
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Figure 9. Compressive strength of geopolymer mortar water, Na2SO4 and H2SO4 curing
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It is clear that the specimen that underwent water curing had a higher compressive strength value than the specimens
that underwent sulfuric salt and sulfuric acid curing. This is because, in contrast to the sulfuric salt and sulfuric acid-
cured specimens, the polymerization reaction on the specimen that has been water-cured occurs flawlessly. The blend
of the geopolymer components (rice straw ash, fly ash, and lateritic soil) as a result of the ideal polymerization reaction
impacts the test object's hardness and density. The reaction of sulfate ions with the geopolymer mortar binder, which
lowers the bonding strength between the binder (alkaline activator) and geopolymer materials, results in the decrease in
compressive strength produced by salt and sulfuric acid immersion (rice straw ash, fly ash, and laterite soil).

Concrete can undergo extensive microstructural reconfiguration as a result of exposure to mild sulfate solutions.
Sulfate ions enter the material by a variety of processes, including the dissolution of calcium hydroxide and C-S-H
decalcification as well as the precipitation of sulfate-bearing phases like ettringite and eventually gypsum. This will be
significant since the chemical composition discovered through testing with the XRD equipment will ultimately influence
the geopolymerization process. This is what results in the production of the geopolymer in this study without the usage
of oven heat.

4.3. Chemical Compositions, Geopolymerization Process and Physical Appearance of the Test Object

Figure 10 depicts the correlation between the phase angle and the intensity of the geopolymer mortar test object's
XRD data after air curing with a NaOH concentration of 12 M. Fe3Os, which is 31.88%, CaCOs, which is 16.16%, MgO,
which is 10.83%, Fe,Os, which is 11.53%, SiO2, which is 10.13%, CaO, which is 5.07%, KOH, which is 4.37%, and
P,0s, which is 5.07%, are the major components in the geopolymer mortar test specimens, as can be seen. According to
the results of the compressive strength test, the test object's strength is supported by the presence of crystallization that
can be seen under a microscope in both the XRD and SEM test results. This is due to the fact that crystallization has a
significant impact on the test object's hardness.
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6 MgO 10.83
7 KOH 4.37
8 P,Os 5.07

Figure 10. Correlation between phase angle and intensity of the geopolymer mortar water curing

Based on the findings of the compressive strength test of the geopolymer mortar test object, the presence of
microscopic crystallization also supports the object's strength. This is because crystallization significantly affects
hardness. Silica oxide compounds have a significant impact on a material's degree of crystallinity. Calcium silicate
cement is created when fine pozzolanic elements such as straw ash interact. Fly ash's primary component, silica, interacts
with straw ash to produce a gel known as [Ca(Si)s]. When straw ash, water, and fly ash are combined, the fly ash's
pozzolanic characteristics cause a reaction that results in hydrated calcium silicate (C-S-H). Geopolymer mortar
undergoes crystallization with regular atomic structures. The materials that make up the geopolymer mortar, namely
straw ash, fly ash, and laterite soil activated with NaOH, are able to blend well, harden, and have good density.

Under sulfate immersion circumstances, the geopolymer mortar's chemical properties (Na.SO4 and H,SO.) were
tested using XRD to determine the chemical composition's properties (X-Ray Diffraction). Figure 10 depicts the
correlation between the 26 angle and the intensity of a geopolymer mortar specimen submerged in sulfuric acid and
sulfate salt (H.SO4 and Na,SO.). Under sulfate immersion circumstances, the geopolymer mortar's chemical properties
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(Na2SO, and H2SO4) were tested using XRD to determine the chemical composition's properties (X-Ray Diffraction).
Figure 11 depicts the correlation between the angle and the intensity of a geopolymer mortar specimen submerged in
sulfuric acid and sulfate salt (Na2SO.) (H2SOs4).
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Figure 11. Correlation between phase angle and intensity of the geopolymer mortar Na2SO4 and H2SO4 curing

Figures 12 to 14, respectively shows the physical appearance of the water curing test object, curing sulfuric acid and
sulfate salt (H.SOsand Na;SO4). The physical appearance shows the initial damage that occurred to the test object before
the compressive strength test was carried out, especially on the specimen that was immersed in sulfuric acid and sulfate
salt (H2SO4 and NazSOs).

Figure 12. Physical appearance of specimen curing water

1467



Civil Engineering Journal Vol. 9, No. 06, June, 2023

Figure 14. Physical appearance of specimen curing sulfate salt (Na2SOa)

Likewise, 21.05% and 23.41%, respectively, of CaCOz molecules. The chemical SiO,, which is in charge of the
polymerization reaction in geopolymers, is present in concentrations of 8.92% and 9.02%, respectively, with intensities
of 270 a. u. and 570 a. u. But the concentration and intensity that increased with the addition of sulfuric salts to sulfuric
acid revealed distinct silica components, including crystalline silica in the specimens exposed to the sulfate salts and
amorphous silica in the specimens exposed to sulfuric acid. This is caused by the presence of rice straw ash in this mortar
mixture, which contributes to the heat; hence, without the curing of the oven temperature, the fly ash geopolymer mortar
with this laterite soil material can still provide strength. This result also indicated that compressive strength increased
without oven curing similar because the oxide content of rice straw ash, laterite soil, and fly ash (SiO2) was able to bind
well and produce amorphous silica.

Because they are sulfate pollutants brought on by chemical reactions in cement or concrete, sulfate salts are harmful.
These salts, sodium and magnesium sulfates, are common in soils with an alkaline pH. These salts are more harmful
than gypsum's (calcium sulfate) drawbacks because they are not only more soluble but also produce more sulfate in
groundwater and interact with cement minerals, completely ruining the cement paste [2, 3, 26, 31, 35]. Sulfate salts from
different bases can also destroy hardened cement. In order to harden cement, the sulfate salt combines with calcium
hydroxide to produce calcium sulfate and with hydrated calcium aluminate to produce further insoluble calcium
sulfoaluminate salts.

5. Conclusion

Fly ash reacts with straw ash, laterite soil, and alkaline solutions to generate alumina-silica binders in fly ash-
based geopolymer binders without the need for cement. The aggregate is then joined together by the geopolymer
binder to create mortar or concrete. According to various existing studies, geopolymer concrete or mortar needs to
be baked for 24 hours at temperatures between 35 and 80°C to equal the strength of conventional existing concrete.
This study was able to demonstrate that alkaline sodium hydroxide (NaOH)-bound fly ash, rice straw ash, and laterite
soil geopolymers can solidify without the use of oven heat. This suggests that a proper polymerization reaction can
occur. The creation of a sustainable breakthrough in geopolymer concrete and mortar technology that makes use of
waste materials (straw ash), PLTU waste (fly ash), and laterite soil, all of which are plentiful in Indonesia. The results
of this study can be used to support the use of waste materials (fly ash and laterite soil) and local materials (straw
ash) as geopolymer mortar-forming materials. In addition, it can also support the development of eco-friendly
(environmentally friendly)-based national infrastructure without the use of oven heat for the polymerization reaction
to take place. However, this research can also be developed to increase the compressive strength of geopolymer
mortar, which resembles that of conventional concrete in general.
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