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Abstract Keywords:
The subgrade’s good performance is required to support the upper Alkali activator;
layers. Excessive subgrade deformation causes a degradation in Deformation;
pavement performance. Traditionally, cement is used to improve it, but POFA,;

it's environmentally unfriendly. Recently, modern methods have been Strength;
needed to diminish cement use. This study aims to promote Alkali Subgrade.

activator POFA (AAP) as a soil mixture binder for the subgrade layer.
The subgrade behaviour was assessed by plate load and CBR test on
soil, soil-POFA, and soil-AAP mixtures, as well as with SEM
morphology observation. The soil is clayey sand with poor gradation.
Applying a 2.0 KN load to soil and soil-POFA mixtures obtained
decreased deformation in settlements from 3.77 to 3.21 mm.
Meanwhile, the soil-AAP mixture exhibited a lower settlement of 0.86
mm only with applied a 5.0 KN load and has bearing capacity with
maximum load of 45 kN. Furthermore, a significant increase in the
CBR value from 4.4% to 54.0%. The soil-AAP stabilization can improve
the mechanism characteristic of the soil becoming denser and reduce
deformation. Incorporation of the POFA and alkali activator into soil
mixtures leads to the reaction of aluminosilicate synthesis type C-S-H
gel. Hence, the AAP is feasible for promoting modern stabilization.

1 Introduction

Excellent road pavement performance is vital for traffic during the road service life. Meanwhile,
achieving this depends on the bearing capacity of the sub-base course. One of the subbase courses is
subgrade as the support layer. Subgrade has the potency to deform cases due to the effect of the
overloads. Function the subgrade as a support layer with bearing capacity to hold the sub base and
traffic loads [1]. Many cases regarding the failure of the subgrade due to over-settlement limits and
lower bearing capacity. Therefore, regarding settlement limits for bearing capacity, the subgrade is 2.5
mm [2].

The stabilization method is often used to improve the subgrade. Cement and lime are popular
materials for improving soft soil's physical and mechanical properties to enhance bearing capacity,
and this is known as the traditional method. However, they have problems with environmental issues,
especially cement. In production, the cement requires high combustion with a temperature of 1450 —
1550° C. It releases carbon dioxide (CO3) into the atmosphere, which is a total emission equal to the
production of cement (1 ton cement = 1 ton CO2) [3].

Indonesia has the largest palm oil plantation, with an estimated total amount produced in 2020
reaching 49 million tons [4]. That certainly has potency toward escalation disposal of agro-waste palm
oil. In one ton the palm oil produces solid waste of 35 — 40% as the agro waste and derivative become
ash as the POFA by 5% [5] [6]. Recently, the development of agro-waste for soil stabilization has been
going up, and this is known as modern stabilization. Utilizing agro-waste for soil stabilization
constitutes a contribution to saving the environment. Using the wastes at present for soil stabilization
is environmentally friendly and economical [7]. The POFA (Palm Oil Fuel Ash) is agro-waste from a
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palm oil mill that is disposed to landfill in Fig. 1. The POFA is a material from the residual combustion
of fibers, kernel shells, and empty fruit bunches at a boiler furnace in palm oil mill [8]. The best way to
diminish the negative impact of industrial waste is by utilizing it for soil stabilization [9]. Unconcerned
regarding agro-waste issues that are disposed of in landfills, especially POFA, will be affected by
health and environmental issues. A view of the POFA is disposed of beside the Boiler unit in Fig. 1.

Fig. 1: The POFA is disposed of beside the Boiler furnace.

Incorporation of the POFA into soft soil can diminish the plasticity and swelling and enhance
CBR value [8-9]. There is a problem with utilizing POFA solely for soil stabilization, which only slightly
increases strength. The soil-POFA mixed can slightly increase unconfined compression strength [12].
Several researchers have reported that POFA is a pozzolan synthetic with silica (Si) and alumina (Al)
chemical compounds like fly ash. Despite this, the POFA is considered a soil mixture before treatment.
High combustion and grinding treatments lead to the best pozzolan yield and diminished carbon
content [11-12].

The POFA contains active pozzolan as the precursor, and it will be reactive if an alkali activator
is added (e.g., calcium). Revealed that adding calcium to POFA can produce Calcium-Silicate-Hydrate
(C-S-H) and enhance the strength of mortar [15]. The means of calcium are sodium silica (Na2SiO3)
and sodium hydroxide (NaOH), which are alkali activator materials. The alkali plays an important role
in the reaction of synthetic rock, which was found in ancient concrete and continues to be used in
modern cement [16]. Improvement of poor soil characteristics by incorporating POFA and alkali
activators in the mixture is required to optimize their potency.

POFA and alkali activators are potently used as binders for soil stabilization [17]. Also, soil
strength can be improved depending on POFA content, types of alkali activators, water content, and
curing conditions [18]. Previous studies revealed an effective POFA content of 20 - 25%, and using
sodium hydroxide of 10M was feasible to improve soil strength, economics, and practice [19]. The
POFA treated on soil mixture commonly exhibited enhancement up to 15% POFA, which is feasible to
apply [20].

The combination between sodium silica and sodium hydroxide (Si/Al) at ratios of 0.5, 1.0; 1.5,
2.0; 2.5, and 3.0 shows that a ratio of 2.5 and 12M molarity levels gained the higher compressive
strength on pasta geopolymer in fly ash mixture [21]. Subsequently, the combination of Si/Al: 1.0, 1.5,
2.0, and 2.5 shows that a ratio of 1.5 and 16M molarity levels gained higher compressive strength on
mortar geopolymer in fly ash mixture [22]. Then, the combination of Si/Al: 1.5, 2.0, and 2.5 shows that
a ratio of 2.5 and 14M molarity levels gained higher compressive strength on mortar geopolymer
compared to the fly ash and POFA of 75% - 25% [23]. Examination of the durability of AAP (alkali-
activated POFA), when immersed in peat water, gained a slight increase in unconfined compressive
strength on testing of 28 curing ages [24]. The study found that the effectivity of alkali activators was
the sodium hydroxide and potassium hydroxide obtained, enhancing the bearing capacity of soll
stabilization with sodium hydroxide [19].

Many studies have conducted assessments to understand the behaviour of soil after
stabilization. This study uses POFA as a precursor, and alkali activators are sodium silica, Naz2SiOs3,
and sodium hydroxide, NaOH. Measuring the chemical content of soil and POFA by XRF, observing
the scanning microscopic samples (SEM), and conducting physical and mechanical testing. Physical
tests were conducted to establish a model of subgrade layers on a laboratory scale. Deformation from
the subgrade due to applied loading was determined by plate load test. Subsequently, the capacity of
samples was determined by the laboratory CBR test. This study aims to evaluate the feasibility of soil-
stabilized POFA-based alkali-activated material, focusing on deformation and capacity as a subgrade
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structure. Having a novelty on innovation the development of soil stabilization method to subgrade by
adding the alkali activated POFA material in focus the strength and load-settlement. This study
attempts to encourage the POFA material as a modern stabilization agent. We need to think critically
to create a sustainable material that can diminish our dependency on cement while preserving
effective performance. Therefore, it can diminish the consumption of cement in the future.

2 Materials
2.1 Soil

The soil was a disturbed sample collected from an excavating field to an embankment project in
Pekanbaru City, Riau, Indonesia. The soil is then stored in the sack to keep its condition before testing
in the laboratory. Preparing the soil sample by drying it in the sun for sieve analysis is easier and is
useful for other soil properties tests. The characteristics and classified the soil sample can be seen in
Table 1. Classified soil samples according to the USCS (Unified Soil Classification System) and
AASHTO (American Association of State Highway and Transportation Officials) methods.

Table 1: Soil properties test

Parameter Item Values
Water content [%] 12.28
Specific gravity, Gs - 2.66
Liquid limit, LL [%] 31.59
Plastic limit, PL [%] 20.39
Plasticity index, PI [%] 11.20
Group Index, Gl - 1.42
Clay and silt [%] 5.12
Sand [%] 94.88
Uniformity Coefficient, Cu - 4.4
Coefficient of Curvature, Cc - 1.2
USCS classified SP SC Clayey sand poorly gradation
AASHTO classified A-2-6 Clayey sand

Refer to the USCS method, the soil grains greater than 50% were retained in sieve no. 200 (75
pgm), and greater than 50% were passed in sieve no. 4 (475 ym) can be classified into the symbols
SW, SP, SM, and SC groups. The abbreviation of SW is Sand Well graded, SP is Sand Poorly graded,
SM is Sand Silty, and SC is Sand Clayey. Furthermore, fine grains of sieve no. 200 of 5.12 % (5 — 12
% range) were passed into the double symbol of SW-SM or SP-SC classification limits. The C¢ value
of 4.4 is less than 6 minimum, and the Cy value of 1.2 is in the 1 — 3 range. Therefore, the value of Cy
< 6, the soil classified is Poorly graded. Subsequently, the index plasticity (PI) is 11.20% greater than
the 7% minimum. Hence, the soil can be classified as a symbol of the SP-SC group (clayey sand, poor
gradation). Subsequently, referring to the AASHTO method, the soil grains of 5.12% passed sieve no.
200, less than 35% maximum, and have a liquid limit (LL) of 31.59, less than 40% maximum, and
plasticity index (Pl) of 11.20% greater than 11% minimum with group index (Gl) of 1.42 less than 4
maximum. Therefore, it can be classified in the A-2-6 group (clayey sand) in good criteria as subgrade.

The chemical composition of the soil sample was obtained using X-ray fluorescence (XRF) to
identify the percentage of chemical content, which can be seen in Table 2.

2.2 POFA (Palm Oil Fuel Ash)

The POFA was collected from a palm oil mill in Pelalawan Regency, Riau, Indonesia, and is still
in the raw material category. To mix into the soil better, treatment by refining the raw POFA under
grinding is possible. The difference in the grain size between soil, raw POFA, and treated POFA can
be seen in Fig. 2. This Shows the effect of grinding on POFA, and the gained grain size is smaller than
raw POFA.

Subsequently, the raw POFA was reburn at + 250°C for 24 hours in a furnace to enhance the
requirement of chemical quality classified and diminish the carbon. This treatment refers to a previous
study from Alsubari et.al, 2018, regarding the burning way with high temperature in an electrical
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furnace to obtain better pozzolan [13]. Examine the chemical composition the raw POFA, treated
POFA and soil with an XRF (X-ray Fluorescence) test. The all chemical composition results can be
seen in Table 2. The burning procces affected to alteration the POFA quality by enhancing the
chemical composition requirements from 46.12% to 65.43%. Mentioned with exhibit the change in
classification from C to F and shows the POFA having good quality. According to ASTM C 618-19 is
related the chemical requirements for pozzolanic properties regarding the combination of silicon
dioxide, alumina oxide and iron oxide [25]. The raw POFA is classified as class C because it does not
have the alumina oxide, and it fails to meet the composition requirements of less than 50% minimum.
Instead, the treated POFA meets the applicable requirements for class F with its combination of more
than 50% minimum. The presence of the alumina oxide and acceptable chemical composition are in
better quality indication. Treated POFA was chosen as a precursor to incorporation into the soil, and
next, its called POFA.
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Fig. 2: Particle size distribution curve of soil and POFA
Table 2: Chemical composition of POFA and soil
Content
Composition Item
Raw POFA Treated POFA Soil
Silicon dioxide, SiO2 % 39.88 55.36 61.32
Alumina oxide, Al203 % - 3.64 24.50
Iron oxide, Fe203 % 6.24 6.43 5.45
Sulfur trioxide % 7.67 6.60 -
Ca0 % 17.43 14.81 0.91
Other % 28.79 19.77 7.82
Chemical requirements according to ASTM C 618 46.12 65.43
(SiOz+ AlO3+ Fey03) (class C) (class F)

2.3 Alkali Activator

The Sodium silica (Na2SiO3) and Sodium hydroxide (NaOH) as alkali activator was purchased at
the chemical store. Both are activators in soil-POFA mixed and function for reacting chemical
compounds (Silica and Alumina) in the POFA. Sodium silica or water glass is an aqueous solution
prepared by fusing silicon dioxide (SiO2) and sodium oxide (Na20). Constituent ingredients of sodium
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silica are 28% silica (SiO2) + 9% sodium oxide (Na20) + 63% water. Meanwhile, sodium hydroxide or
caustic soda has a 98-99% purity level. White pellets form by fusing sodium (Na), oxygen (O), and
hydrogen (H) atoms.

3 Methods
3.1 Compaction standard test

To obtain the optimum moisture content (OMC) and maximum dry density (MDD), a compaction
standard test was conducted on soil and soil-POFA mixed. It means determining the OMC chosen for
guidance on the solution content of alkali activator in soil-POFA mixed. The compaction standard test
is according to the standard Proctor method (ASTM D 698-91). Five compaction samples were
conducted in the mold for soil and soil-POFA mixed, respectively. Determining optimum moisture
content with a curve shape that shows the effect added to the water content on samples can be seen
in Fig.3.
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Fig. 3: Determining of optimum moisture content

Based on the curves in Fig. 3, attempts compacted test (Proctor standard) obtained the OMC
and MDD in Table 4. An alkali activator solution in the soil mixture will replace the OMC of soil + 20%
POFA mixed.

Table 4: Determining of the OMC and MDD

Samples OMC [%] MDD [gr/cm?]
Soil 13.60 1.84
Soil + 20% POFA 17.00 1.68

3.2 Samples preparation

The Soil sample and POFA as precursors, as well as the sodium silica (Na2SiO3) and sodium
hydroxide (NaOH), are subject materials. The POFA content added to the soil mixture was 20% of the
weight of the soil. Effective POFA content in the range of 20-25% and sodium hydroxide on solution
concentrate of 10M to improve the soil strength considering the economical and practice [16]. Sodium
hydroxide solution was prepared in 1 litre soluble with concentrate of 10M molarity level for 24 hours.
Furthermore, fusing the sodium silica/sodium hydroxide (Si/Al) of 2.5 ratio as a binder because it
provides higher compressive strength [17,19].

The strength characteristic of the subgrade is measured using the CBR and plate load tests.
Variations in the samples test consist of soil, soil + 20% POFA (soil-POFA), and soil + 20% POFA +
Alkali activator (Si/Al) 2.5 ratio (soil-AAP). For the CBR test, according to ASTM D 1883-99, the curing
of the sample was prepared for 4, 7, and 11 days in soaked condition for 96 hours after curing ages.
Each sample was treated with plastic wrap to keep the chemical hydration process.
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Subsequently, samples were prepared using a physical model of the subgrade layer in a box
test. The height total of the subgrade is 65 cm. Divided into a support layer of 50 cm and a stabilized
subgrade layer of 15 cm. Testing the subgrade layer was conducted thrice. First, to subgrade sail,
second to soil + 20% POFA, and third to soil + 20% POFA + Alkali Activator in ratio (Si/Al) of 2.5.
Mixturing the materials was performed manually until the admixture appeared homogenous. The
subgrade layer model was then cured for 7 days before testing to process a synthesis of the
aluminosilicate reaction, and the composition of the sample mixture is shown in Table 5.

Table 5: Composition of the soil stabilization mixture

Alkali
Mixture . Soil | POFA | Solution | NasSio; | 2O, Al
[ar] [ar] based OMC Si [gr]
[or]
[ar]
Soil Soil 128,400 - - - -
Soil + 20% POFA Soil-POFA | 102,720 | 25,680 - - -
Soil + 20% POFA + AA 2.5 Soil-AAP 102,720 | 25,680 21,828.0 15,5691.4 6,236.6

A set of equipment for the plate loading test, according to AASHTO T222-81, was prepared in
the laboratory to support the achievement of this study. Consists of an equipped steel box with length,
broad, and height dimensions of 80 cm x 80 cm x 80 cm, and one side is transparency glass. Be
equipped with a steel girder to hold hydraulic jack forces with a capacity of 120 kN. Subsequently,
three circular steel bearing plates thick of 2.54 cm, having diameters of 5 cm, 12 cm, and 20 cm,
respectively, and two dial gauges on the plate in Fig 4.

Girder

Piston

Dial gauges

Plates

Fig. 4: Plate loading test equipment.

Loading was slowly applied at a speed not greater than 0.02 mm/min and kept for three
consecutive minutes. Discontinue testing if a failure occurs on a sample or achieve the settlement of
25 mm as allowed. Equations from data plate loading test to gain modulus of subgrade reaction
empiric (ks1) as in:

_ i

k=22 (1)

Where:

ks1 - definition of modulus of subgrade reaction empiric,
P - definition of load,

A - definition of the diameter of plate empiric,

A - definition of settlement.

The standard diameter of a bearing plate is 750 mm, whereas this study used 200 mm.
Hence, correction is required with the equation as in:
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gy = 22 2
Where:

ks - definition of modulus of subgrade reaction standard,

ks1 - definition of modulus of subgrade reaction empiric,

as - definition of the diameter of plate empiric,

a - definition of the diameter of plate standard.

3.3 Microstructural test

Examine the microstructural of samples used a SEM equipment with the specification brand of
JEOL JSM-6360LA. Aim to know the morphology of samples on a microstructure scale and measure
the composition of the compound ingredients. Flake samples were formed, scanning was conducted
on soil, and soil-AAP was mixed.

4 Results and Discussions
4.1 California Bearing Ratio (CBR) test

Incorporating POFA and alkali activator affects soil characteristics exhibited for curing ages [Fig.
5]. Alteration of the behavior CBR values in soaked conditions revealed the unstable consistency
related to strength due to the water effect in the mixture.

70
—O—Soil + 20% POFA + AA 2.5 (soaked)

60
——Soil + 20% POFA (soaked)

50 —O— Soil (soaked)

40

CBR (%)

30

20

10

Curing (days)

Fig. 5: CBR values on curing ages

The CBR values of soil did not show a significant increase in strength with curing ages. From
curing ages 4, 7, and 11 days, the strength only slightly increased CBR 3.2% to 3.4 and 4.4%,
respectively. It does not meet the requirement for a subgrade of 6% minimum. Adding POFA to the
soil mixture exhibited an increase in strength. Proven for 11 days curing age, showed that 20% POFA
in soil mixture can improve the CBR values up to 8%. The evaporation of water in a mixture for curing
and the fine grain size of POFA has contributed to filling the void of soil pores and obtained an
increase of CBR values almost two times that of soil only. Despite for 4 and 7 days, the soil-POFA
showed a slight decrease in strength due to elevated moisture content.

Furthermore, soil stabilized with the incorporation of POFA and alkali activators that consist of
sodium silica (Na2SiOs) and sodium hydroxide (NaOH) showed a significant increase in soil strength.
The alkali activator solution content was added to 17% in soil-POFA mixed as optimum moisture
content replacement. The curing measure needs to let chemical reactions in mixtures. The result
shows that the performance of the soil + POFA + Alkali activator is exhibited from early curing for 4
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days, and its strength increased almost 6 times to CBR 18%. Then, curing for 7 days, the strength
increased by almost 10 times to CBR 39%, and for 11 days, it increased by 12 times to CBR 54%.

Incorporation of sodium silica and sodium hydroxide as binders in a soil-POFA mixture can
improve the mechanism characteristic of poor soil. Previous studies also revealed that adding sodium
silica and sodium hydroxide to soil-POFA mixed can increase the compression strength [17][26]. The
curing measure has a chance to hydration processes of synthetic aluminosilicate in the crystalline
phase. Changing the poor soil characteristics makes it dense, and the assessments of the subgrades
are excellent and comply with technical requirements.

4.2 Deformation of Subgrades

Determining the deformation of subgrades by conducting the plate loading test series. As a
hydraulic jack to loading, the piston is placed on the centre of the circular plates in a vertical direction.
Then, the peak of the load is recorded if the subgrade layer achieves the maximum settlement of 25
mm or imminent failure. The performance of plate bearing tests on samples can be seen in Fig. 6 and
7. The deformation behaviour of subgrade layers is also described as incremental loading.

Fig. 6: A performance of the plate loading test on subgrade stabilized

Loads (kN)

0 5 10 15 20 25 30 35 40 45 50

Settlements, § (mm}

30 —o— Soil —O0— S0il+20%POFA —O— Soil+20%POFA+ALZ .5

Fig. 7: The curve of loading to settlements.
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The plate loading test to subgrade the soil layer shows a lower capacity with failure on initial
loading. In the first stage, the soil layer was applied to 1.0 KN, and a settlement of 1.95 mm was
obtained. Subsequently, incremental loading continued when applied to 2.0 KN and gained the
settlement of 3.77 mm. After that, the incremental loading continued to 3 KN but stopped at 2.2 KN
due to no incremental loading occurring and its settlement of 7.21 mm. This indicates the soil layer
has failed before achieving peak loading.

Furthermore, soil + 20% POFA (soil-POFA) obtained a slight increase in the bearing capacity of
the subgrade. Applying an equal load of 2.0 KN shows a decreased settlement to 3.21 mm from 3.77
mm previously. Next, the load was applied every 1.0 KN and increments per 30 seconds were
recorded. Subsequently, due to the imminent settlement of a maximum of 25.0 mm, the loading
stopped at a peak of 7.5 KN.

Meanwhile, soil + 20% POFA + Alkali activator (soil-AAP) applied an equal load of 2.0 KN and
did not affect settlement behaviour. This means that the alkali activator, as a binder, is important in
interlocking soil-POFA mixtures. The initial alteration of the deformation occurred to increment the
vertical load by 5.0 KN, with the settlement only of 0.86 mm. Revealed stabilization soil-AAP can
reduce settlements with an equal load applied. Furthermore, the testing is continuous, with
incremental loading every 5 KN until the settlement is allowed. Hence, the peak load of 45.0 KN is
larger than that of the soil and soil-POFA subgrade layers.

Results of the performance of the subgrade layer by plate load test can be seen in Table 6.
Subsequently, Tabel 7 shows correction of the modulus of subgrade reaction (ks) in referring to
equations (1) and (2) for the standard plate in the contact area to the surface. Subgrades of soil and
soil-POFA mixed layers have a close value to the modulus of subgrade reaction. Meanwhile, soil-AAP
mixed has a higher value, which indicates that soil stabilizes, and AAP enhances soil strength. The
incorporation of sodium silica and sodium hydroxide has a significant effect on improving the strength
and stiffness [27].

Besides, relations between loading and settlement can lead to the prediction of the bearing
capacity of subgrades. The result of the performance plate load test shows that the subgrade to the
soil layer has a bearing capacity of 2.2 KN, and the testing was stopped because the increment
loading did not occur, and the subgrade had a failure condition. The soil-POFA mixed has a failure
condition on loading 7.5 KN as the bearing capacity. Furthermore, the subgrade to soil-AAP mixed has
a bearing capacity of 45 KN, with the decision being a larger bearing capacity.

Analysis of the modulus of subgrade reaction is determined by the contact area between plate
to subgrade surface based on a standard plate of 750 mm. Hence, the modulus of subgrade reaction
between soil and soil-POFA have close values of 4.35 and 4.80 kPa/mm respectively. Meanwhile, the
soil-AAP obtained a higher value of 49.64 kPa/mm. Having the modulus of subgrade reaction values
greater than others can indicate the resistance of the subgrade layer toward incremental loading is
already better with minimum deformation.

Table 6: Relationship between the loading and settlement

Mixture Loads Settlement
[kN] [mm]
Soil 2.20 7.21
Soil-POFA 7.50 24.31
Soil-AAP 45.00 24.75

Table 7: Correction of the modulus of subgrade reaction

Mixture Empiric ks Standard k.
[kPa/mm] [kPa/mm]
Soil 16.32 4.35
Soil-POFA 17.98 4.80
Soil-AAP 186.15 49.64
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4.3 Morphological analysis by SEM

Morphology observation by SEM (Scanning Electron Microscopic) test with the brand
specification of JEOL JSM-6360LA. Solid samples consist of soil, soil-POFA mixed, and soil-AAP
mixed and prepared before testing. The result of morphology observation can be seen in Fig. 8 with
magnifying 3000x. The morphology of soil shows the solid form in fine grains. Meanwhile, the POFA
shows that lamellar sheets coincide [Fig.8a]. Furthermore, the morphology of soil-AAP mixed shows
the bonding synthetic of aluminosilicate as C-S-H (Calcium-Silicate-Hydrate) gel that does not
perfectly disperse due to still having voids in the matrix structure [Fig.8b]. Mechanism the pozzolanic
reaction of POFA in a soil mixture that establishes the formation of calcium and silica elements and
then produces a reaction of calcium silica hydrate (C-S-H) form [24-25]. The crack is found in a matrix
structure close to voids, and the object appears dim, indicating poor bonding. The chemical reaction of
soil-AAP mixture through three phases is dissolving silicate-alumina, initially setting the silica-alumina
bonding structure, and hardening to be a polymer structure [30].
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[a] Soil-POF

Fig. 8: Morphology observation by SEM

5 Conclusion

Based on the discussion, evaluate of the feasibility of soil-AAP stabilization can be concluded to
answer the research objectives. Incorporation of the sodium silica and sodium hydroxide into a soil-
POFA mixture can significantly increase the CBR value at 11 days of curing by 54%. Stabilization of
soil-AAP mixture can diminish deformation and increase the bearing capacity of the subgrade with a
maximum load of 45 kN. The morphology observation from SEM analysis showed the bonding
synthetic of aluminosilicate form in the C-S-H gels.

Acknowledgment

The authors would like to acknowledge all members who supported the achievement of this
research and soil mechanics laboratory, Faculty of Engineering Andalas University. This research is
funded by the Doctoral Dissertation Research scheme of DRTPM No: 115/E5/PG.02.00.PL/2023,
Institute for Research and Community Service, Andalas University, Padang, Indonesia.

References

[11 NASUTION, L. - MUNIRWANSYAH, M. - SALEH, S. M.: Analysis the H-critical Toward Bearing
Capacity of Subgrade, J. Civ. Eng. Arch. Plan., vol. 1, no. 2, pp. 39-46, 2018, doi: DOI:
10.24815/jarsp.v1i2.10940.

[2] HAKAM, A.: Foundation Engineering,Padang: Bintang Grafika, 2008.

[3] IGARCIA-LODEIRO, I. - PALOMO, A. - FERNANDEZ-JIMENEZ, A.: An overview of the chemistry
of alkali-activated cement-based binders, Woodhead Publishing Limited, 2015.

[4] Secretariate of Directorate General of Estates, Tree Crop Estate Statistics of Idonesia 2018-2020,
Secr. Dir. Gen. Estates, pp. 1-82, 2020.

[5] DIRGANTORO, M. - ADAWIYAH, R.: Economic Value the Utilize of Palm Oil Waste Toward Zero
Waste Production, J. Biowallacea, vol. 5, no. 2, pp. 852-837, 2018.



Civil and Environmental Engineering Vol. 20, Issue 2, 730-741

[6] FAUZIAH, M.: Utilize of the shell palm oil waste as add material to increase the strength and
durability of Asphalt Concrete Binder Course (AC-BC), in Proceeding National Seminar 2013 To
Madani and Sustainable Society, 2013, pp. 377-384.

[71 KAMARUDDIN, D.: Improvement of marine clay soil using lime and alkaline activation stabilized
with inclusion of treated coir fibre, Appl. Sci., vol. 10, no. 6, 2020, doi: 10.3390/app10062129.

[8] MUJAH, D.: Compressive strength and chloride resistance of grout containing ground palm oil
AL-KHAFAJI, Z. - AL-NAJAR, A.: A review applying industrial waste materials in stabilisation of
soft soil, Electron. J. Struct. Eng., vol. 18, no. 2, pp. 16-23, 2018, doi:
https://doi.org/10.56748/ejse.182602.

[10] ANDRIANI, - PUTRA, H. G. - YULIET, R. - MAULANA, R. - MAREL, S. P.: Analysis of clay
improvement as subgrade using Palm Oil Fuel Ash (Pofa),” IOP Conf. Ser. Earth Environ. Sci.,
vol. 1173, no. 1, 2023, doi: 10.1088/1755-1315/1173/1/012024.

[11] TOYEB, M. - HAKAM, A. - FAUZAN - ANDRIANI: Palm Oil Fuel Ash (POFA) as Agro-Waste to
Modern Stabilization On Subgrade, J. Tek. Sipil, vol. 12, no. 2, pp. 165-171, 2023, doi:
10.24815/jts.v12i2.34639.

[12] POURAKBAR, S. - ASADI, A. - Huat, B. B. K. - FASIHNIKOUTALAB, M. H.: Stabilization of
clayey soil using ultrafine palm oil fuel ash (POFA) and cement, Transp. Geotech., vol. 3, pp. 24—
35, 2015, doi: 10.1016/j.trgeo.2015.01.002.

[13] ALSUBARI, B. - SHAFIGH, P. - IBRAHIM, Z. - JUMAAT, M. Z.: Heat-treated palm oil fuel ash as
an effective supplementary cementitious material originating from agriculture waste, Constr.
Build. Mater., vol. 167, pp. 44-54, 2018, doi: 10.1016/j.conbuildmat.2018.01.134.

[14] ELBASIR, O. - JOHARI, M. A. M. - AHMAD, Z. A.: Effect of fineness of palm oil fuel ash on
compressive strength and microstructure of alkaline activated mortar, Eur. J. Environ. Civ. Eng.,
vol. 23, no. 2, pp. 136-152, 2019, doi: 10.1080/19648189.2016.1271362.

[15] HAMADA, H. M. - JOKHIO, G. A. - YAHAYA, F. M. - HUMADA, A. M. - GUL, Y.: The present
state of the use of palm oil fuel ash (POFA) in concrete, Constr. Build. Mater., vol. 175, pp. 26—
40, 2018, doi: 10.1016/j.conbuildmat.2018.03.227.

[16] KRIVENKO, P.: Why alkaline activation - 60 years of the theory and practice of alkali-activated
materials, J. Ceram. Sci. Technol., vol. 8, no. 3, pp. 323-333, 2017, doi: 10.4416/JCST2017-
00042.

[17] KHASIB, I. A. - NORSYAHARIATI, N. - DAUD, N. - AZLINE, N. - NASIR, M.: Strength
Development and Microstructural Behavior of Soils Stabilized with Palm Qil Fuel Ash (POFA)-
Based Geopolymer,” Appl. Sci. 11(8), p.3572, 2021, doi: https://doi.org/ 10.3390/app11083572.

[18] POURAKBAR, S. - HUAT, B. B. K.: A review of alternatives traditional cementitious binders for
engineering improvement of soils, J. Geotech. Eng., vol. 11, no. 2, pp. 206-216, 2017, doi:
10.1080/19386362.2016.1207042.

[19] POURAKBAR, S. - HUAT, B. B. K. - ASADI, A. - FASIHNIKOUTALAB, M. H.: Model Study of
Alkali-Activated Waste Binder for Soil Stabilization, Int. J. Geosynth. Gr. Eng., vol. 2, no. 4, 2016,
doi: 10.1007/s40891-016-0075-1.

[20] DAUD, N. - NORSYAHARIATI, N. - MUHAMMED, A. S.: Geotechnical Assessment of Palm Qil
Fuel Ash (Pofa) Mixed With Granite Residual Soil for Hydraulic Barrier Purposes, Malaysian J.
Civ. Eng., vol. 28, no. spec.1, pp. 1-9, 2016, doi: https://doi.org/10.11113/mjce.v28.15990.

[21] AL BAKRI, A. M. - KAMARUDIN, H. - BNHUSSAIN, M. - RAFIZA, A. R. - ZARINA, Y.: Effect of
Na2SiO3/NaOH ratios and NaOH molarities on compressive strength of fly-ash-based
geopolymer, ACI Mater J., vol. 109, no. 5, pp. 503-508, 2012, doi: 10.14359/51684080.

[22] PAVITHRA, P. - SRINIVASULA REDDY, M. - DINAKAR, P. - HANUMANTHA RAO, B. -
SATPATHY, B. K. - MOHANTY, A. N.: Effect of the Na2SiO3/NaOH Ratio and NaOH Molarity on
the Synthesis of Fly Ash-Based Geopolymer Mortar, no. August, pp. 336-344, 2016, doi:
10.1061/9780784480151.034.

[23] HUMAEDI, M. D. C. - SALOMA - HANAFIAH - IQBAL - M. M.: Compressive Strength and
Microstructural of Palm Oil Fuel Ash-Fly Ash Based Geopolymer Mortar, J. Phys. Conf. Ser., vol.
1783, no. 1, 2021, doi: 10.1088/1742-6596/1783/1/012081.

[24] TOYEB, M. - MUBARAK, H. - NINGRUM, P. - GUNAWAN, T.: Decreasing the Soil Strength
Stabilized Palm Oil Fuel Ash Based Alkali Activated Material in Peat Environment, Racic, vol. 8,
no. 1, pp. 148-157, 2023, doi: 10.36341/racic.v8i1.3530.

[25] ASTM: Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use,
Annu. B. ASTM Stand., no. C, pp. 3—6, 2010, doi: 10.1520/C0618-19.2.

[26] SUKMAK, P. - SUKMAK, G. - HORPIBULSUK, S. - SETKIT, M. - KASSAWAT, S. - ARULRAJAH,
A.: Palm oil fuel ash-soft soil geopolymer for subgrade applications: strength and microstructural
evaluation, Road Mater. Pavement Des., vol. 20, no. 1, pp. 110-131, 2019, doi:



Civil and Environmental Engineering Vol. 20, Issue 2, 730-741

10.1080/14680629.2017.1375967.

[27] TMIRANDA, T. - et al.: Application of alkali-activated industrial wastes for the stabilisation of a
full-scale (sub)base layer, J. Clean. Prod., vol. 242, 2020, doi: 10.1016/j.jclepro.2019.118427.

[28] KWEK, S. Y. - AWANG, H. - CHEAH, C. B.: Influence of liquid-to-solid and alkaline activator
(Sodium silicate to sodium hydroxide) ratios on fresh and hardened properties of alkali-activated
palm oil fuel ash geopolymer, Materials (Basel)., vol. 14, no. 15, 2021, doi: 10.3390/ma14154253.

[29] ABDELDJOUAD, L. - ASADI, A. - NAHAZANAN, H. - HUAT, B. B. K. - DHEYAB, W. - ELKHEBU,
A. G.: Effect of Clay Content on Soil Stabilization with Alkaline Activation, Int. J. Geosynth. Gr.
Eng., vol. 5, no. 1, p. 0, 2019, doi: 10.1007/s40891-019-0157-y.

[30] AL BAKRI, A. M. - KAMARUDIN, H. - BNHUSSAIN, M. - KAMARUDIN, I. K. - MASTURA, W. I.
W.: Mechanism and Chemical Reaction of Fly Ash Geopolymer Cement- A Review, J. Chem. Inf.
Model., vol. 53, no. 5, pp. 1689-1699, 2013.



