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ABSTRACT: Peat soil is classified as problematic soil when used as a subgrade. The bearing capacity of this
soil is generally very low, including a low CBR (California Bearing Ratio) value, settlement, and relatively
high water content. This soil is not sufficiently reinforced, so it requires an embankment as a subgrade of
stabilized soil to achieve a sufficiently high CBR value. This study aims to evaluate the performance of a
bamboo mat reinforcement system, combined with reinforced piles and a subgrade of marble ash stabilized
soil. The study began by testing the interaction between the peat soil and the reinforcement material, followed
by observations from a series of CBR tests that measured load-penetration relationships in a test box placed on
subgrades consisting of soil reinforced with piles and bamboo mats. Reinforcement piles are distinguished by
their lengths of 20-50 cm as single piles and pile groups. Bamboo mats are placed between the peat soil surface
and the subgrade. The subgrade is compacted in 10 cm and 20 cm increments. CBR tests are conducted on
each reinforcement system scheme. The results showed that bamboo mat reinforcement increased the CBR
value by 1.8 times, reinforced piles increased the CBR value by 1.2-1.5 times, and the combination of both
increased the CBR value by 2.2-2.7 times compared to the reinforced soil. Long-term curing of the subgrade
of clay soil with 6% marble ash had an impact on increasing the CBR value by 1.1-1.3 times compared to the
short-term subgrade CBR value.
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1. INTRODUCTION stability of the structure above it. The size and shape
of pavement material particles, including the
subgrade, affect the performance of the pavement
layer above it [10]. Reinforced subgrades and
underlying layers can provide improved
performance. The horizontal reinforcement system
can use up to three layers of geotextile [11].
Simulations of embankment loads on clay soil
without a reinforcement system resulted in
significant settlement [12]. The characteristics of
the embankment, which also acts as a subgrade,
influence the performance of the construction above
it. Occasionally, the subgrade is soft clay or
expansive clay. These types of soil exhibit low
density and low CBR [11,12]. This soil needs
improvement with additional stabilization materials
such as chemical stabilization methods [13,14].
Several soil stabilization materials have the
potential to improve soil properties and strength,
such as geopolymer, waste oyster shell, polystyrene,
cement, lime, volcanic ash, and fly ash materials
[15-21]. Environmentally friendly waste materials,
such as marble ash, are a beneficial alternative. The
use of this material can reduce environmental
pollution and increase the unconfined compression
strength by 3.5 times [21,22].

The pile reinforcement system contributes to
increasing the bearing capacity and modulus of
subgrade reaction [3]. Several reinforcement
systems can be used, including concrete slabs,

Peat soil is a type of soil characterized by low
bearing capacity and significant excessive
settlement [1]. This type of soil requires a
reinforcement system to improve its performance.
The reinforcement system can include piles or
lateral reinforcement. Pile foundations are
substructure elements that transfer construction
loads to the soil layer through skin friction between
the pile wall and the soil, plus end-bearing [2]. Pile
capacity is influenced by the degree of roughness of
the pile wall in relation to frictional resistance [3].
Applying polymer along the pile walls can increase
the frictional resistance component by up to 30% [4].
The connection between the pile and the pile cap, in
addition to frictional and end resistance, determines
the strength of the pile. Piles connected with a steel
jacket can produce good tensile strength [5]. The
pile cap, which connects the group of piles, can be
constructed as a slab [6]. The reinforced pile head
as a retaining wall can use a reinforcement system
made of geosynthetics or bamboo mattresses and
bamboo pile mattress [7-9].

Construction performance over reinforced peat
layers will improve if embankments are provided as
a subgrade. The subgrade contributes to supporting
the loads above it. Soil with poor characteristics
results in high settlement, which can reduce the

10



International Journal of GEOMATE, June, 2026 Vol.30, Issue 142, pp.10-20

geogrids, bamboo reinforcement, reinforced piles,
and riveted plate systems. Reinforced piles can act
as shear resisters, thereby reducing the risk of
landslides [25]. Reinforced piles are capable of
significantly increasing the resistance [26].
Reinforced piles can also be useful in reducing the
development of expansive soils [27].

The pile capacity is obtained from the friction
component along the pile as frictional resistance,
also known as skin friction, and the pile end
resistance component as end bearing [28]. The end
bearing of soft soils such as peat is less dominant
than the frictional resistance. Increasing the
frictional resistance along the pile can be achieved
by using polymers, resulting in a 30% increase in
pile capacity [4]. The frictional resistance of piles is
influenced by the roughness of the pile walls. The
friction angle between the soil and other materials
increases with the roughness of the material's
surface. This suggests that piles used for
reinforcement can provide higher frictional
resistance between the pile and the soil if the pile
walls are modified with rougher skin friction.
Increasing pile capacity can be made possible by the
use of screw piles [29].

Reinforced piles woven with bamboo can
increase the pile's ruggedness and also function as a
pile restraint. Woven bamboo is known to have high
shear strength and can restrain the pile system,
thereby reducing horizontal deformation. The high
shear strength of woven bamboo can contribute to
increasing the skin friction of the reinforced pile,
thereby increasing the pile’'s capacity. Using
stabilized soil made from waste material, such as
marble ash, improves subgrade performance above
the peat layer. The mixture of marble ash added to
the clay soil is as much as 6%, according to previous
research [30].

Previous studies have employed various
methods of pile reinforcement development, each
with its own limitations and varying degrees of
success. Therefore, continuous development efforts
are needed in pile reinforcement systems, especially
in the skin friction component. The object of this
research is peat identification and its relationship to
skin friction, the thickness of the peat soil layer in
relation to the bearing capacity, and the design load.
This study aims to obtain the performance of the
bamboo mat as a reinforcement installed between
the peat surface and the subgrade, the performance
of the reinforcement system from the combination
of the bamboo mat and reinforced piles, and the
subgrade performance of marble ash stabilized soil
in the short term and long term.

2. RESEARCH SIGNIFICANCE

bamboo combined with
can be an alternative

The use of
reinforcement  piles
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reinforcement system for peat soil layers. This
material is readily available and easy to shape due
to its flexible nature. It is durable when
continuously submerged in water-saturated soil
layers. This research aims to enhance the
performance of the reinforcement system by
incorporating embankments, which also serve as a
subgrade. The subgrade is designed from clay
material stabilized with marble ash obtained from
industrial waste, making it readily available,
economical, and having a positive impact on
reducing air pollution. The performance of the
reinforcement system and subgrade is reviewed
through CBR tests in a laboratory-scale physical
model.

3. MATERIALS AND METHODS

3.1 Materials

The reinforcement materials used in this study
consisted of piles, woven bamboo, and bamboo
mats placed between the peat surface and the
subgrade. The shape of the reinforcement piles and
bamboo mats is as shown in Fig. 1. The subgrade
placed on top of the bamboo mat is clay soil
stabilized with marble ash Fig. 2. The properties of
the bamboo used show that the maximum bending
load obtained is 2693.5 N with a deflection of
22.739 mm and the maximum tensile force obtained
is 6407.1 N with a deformation of 22.739 mm. The
soil used was clay soil from Meikarta, Bekasi
Regency, West Java. Meanwhile, the marble ash is
waste from a marble factory in Banten. The marble
ash has a main content of CaCQg is 76.78%, Al20;
is 14.30%, and SiO; is 1.28%.

3.2 Preparation of Testing Scheme

The reinforced layer consists of peat, while the
stabilized subgrade consists of clay. The model test
conducted in the study used a test box measuring
120 cm x 90 cm x 90 cm. The test box was filled
with peat soil compacted every 10 cm to 50 cm
according to field density. The peat soil layer was
reinforced with a system of piles and bamboo mats.
The reinforcement piles were distinguished as
single piles and pile groups consisting of 4 (four)
piles with a distance of 10 cm. The diameter of the
pile (d) was taken as 5 cm by considering the ratio
of length to diameter of the pile for the model test,
which gave satisfactory results of 1:10 [31]. The
pile spacing can be between 2 and 5 times the pile
diameter, but reducing it from 5 times the pile width
to 2 times the pile width results in a 60-90%
increase in bearing capacity [32].
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Fig. 2. Mixture of clay and 6% marble ash

The reinforcement system and its dimensions
can be seen in Table 1. The length of the pile (L) is
differentiated at 20 cm, 35 cm, and 50 cm,
respectively, with a diameter of 5 cm. It can be used
as a deep foundation model [33]. The length of the
pile required to produce satisfactory performance is
obtained at a ratio of the length of the pile to the
thickness of the peat soil layer > 0.3 [34].
Meanwhile, to obtain a small settlement and
substantial bearing capacity, the minimum pile
length is 3/5 of the thickness of the peat layer [35].
The size of the bamboo mat for a single pile is 10
cm, while for a pile group it is 20 cm x 20 cm (

Fig. 3).
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The clay soil is stabilized with 6% marble ash.
The use of 6% marble ash was determined based on
previous research [30]. Subgrade CBR values
reached above 5% in soil stabilized with 6% marble
ash at a thickness of approximately 20-30 cm [30].
The base soil is compacted with a thickness of 10
cm and 20 cm, respectively, according to the density
obtained from the results of standard compaction
tests in the laboratory, both the maximum dry
density and the optimum moisture content [30].
This soil mixture is used as a subgrade layer with a
thickness of 10 cm and 20 cm.

Table 1. Reinforcement system testing scheme

Symbol Bamboo mat size (cm) Pile length (cm)
SBLO D10 0
SBL20 D 10 20
SBL35 D 10 35
SBL50 D 10 50
GBLO 20x 20 0
GBL20 20x 20 20
GBL35 20x 20 35
GBL50 20x 20 50
3.3 Methods

The process of using bamboo mat reinforcement
started with conducting a direct shear test on soil
specimens that included the bamboo mat
reinforcement. For comparison, steel and concrete
were also used as reinforcement materials.
Specimens for the direct shear test consisted of soil-
steel, soil-concrete, and soil-bamboo mat. The
lower portion consisted of reinforcement material
and the upper portion consisted of soil, each tested
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at different normal stresses.The results of this test
are presented in the form of interactions between the
soil and the reinforcement system. The parameter
obtained from this test is the friction angle between
the soil and the reinforcement material.

The performance of the reinforcement system
was observed through CBR testing in each test
scheme. Load readings are taken for each
penetration that occurs according to the specified
times. CBR testing was conducted on a 10 cm thick
subgrade for both single pile and pile group
reinforcement. CBR testing was conducted after the
subgrade had been cured for 7 days for the short-
term model. After testing the first layer, compaction
of the stabilized soil was continued until it reached
a thickness of 20 cm. CBR testing was again
conducted on the subgrade surface after the soil had
been cured for 7 days. As a control, testing was also
conducted on unreinforced peat soil and bamboo
mats without piles. This physical model test was
conducted to illustrate the implementation of the
reinforcement and subgrade system in the field [3].
The complete physical model test scheme in the
laboratory is shown in Fig. 4.

Fig. 4. The physical model test in the laboratory

The 20 cm subgrade was further cured for 70
days to determine the CBR performance of the
stabilized subgrade over the long-term. CBR tests
were conducted at each point along the peat soil
reinforcement system. The field CBR testing

procedure followed ASTMDA4429 [36]. The CBR
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of stabilized soil was tested on the ground surface
with load penetration.

4., RESULTS AND DISCUSSIONS
4.1 Soil Interaction with Bamboo Mat

The interaction between the soil and the
reinforcement material is obtained from the results
of the direct shear test. The results of the clay soil
gradation test are shown in Fig. 5. The results of the
direct shear test between soil and reinforcement
materials are shown in Fig. 6. The interaction
between soil and reinforcement materials is
presented in the friction angle parameter. The
friction angle value between soil and steel is 28.87°,
between soil and concrete is 37.33°, and between
soil and bamboo mat is 38.15°.
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Fig. 5. The gradation curve of clay

The shear strength parameters obtained from the
direct shear test results are shown in Table 2. The
roughness of the bamboo mat surface can contribute
to the increase in the friction angle between the soil
and reinforcement materials. Concrete material
appears to produce a smaller friction angle than a
bamboo mat because it has a smoother surface. The
same thing is obtained on the steel surface, which is
much smoother, resulting in a much smaller friction
angle compared to the other two materials.

Table 2. Shear strength parameters

Materials Cohesion (kPa) Friction angle (°)
Soil-bamboo mat 4.16 38.15
Soil-concrete 1.75 37.33
Soil-steel 4.84 28.87
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Fig. 7. CBR test result for peat soil

4.2 California Bearing Ratio Test

The results of the CBR test on unreinforced peat
soil can be shown in Fig. 7. The unreinforced peat
soil with bamboo mats and piles showed a very low
CBR value of 0.75%. The CBR value of the studied
peat soil was quite low and was classified as very
soft soil because it had a CBR value of less than 3%
[37]. Peat soil has low shear strength and high water
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content [38].

This type of soil cannot be used as a construction
subgrade, so a reinforcement system is needed on
the peat soil layer. In addition to the reinforcement
system, the construction base soil above the peat
layer needs to be planned with a good subgrade to
achieve the CBR value required for road
construction. Peat soil improvement provides
opportunities for infrastructure development in
areas with poor soil conditions [39].

The CBR test results on a 10 cm thick subgrade
with a 7-day curing period are shown in Fig 8. The
CBR test results on a single pile are shown in Fig
8a, and the CBR test results on a pile group are
shown in Fig 8b. The CBR test results are presented
in terms of load-penetration relationships.

The load appears to be higher with the use of a
reinforcement system. Reinforcement with bamboo
mats without piles (SBLO) has a significant impact
on supporting the load. The performance of the
reinforcement piles on single piles with length of 20
cm (SBL20), single piles with length of 35 cm
(SBL35), and single piles with length of 50 cm
(SBL50) can contribute to increasing the subgrade’'s
ability to support the load.

The reinforcement performance of the bamboo
mat-piled combination is even more evident in the
pile groups with length of 20 cm (GBL20), the pile
groups with length of 35 cm (GBL35), and the pile
groups with length of 50 cm (GBL50). The loads
supported by the subgrade are significantly higher
than those of unreinforced peat soil. The
performance of the pile group is still significantly
higher than that of a single pile. The pile group and
the surrounding soil work together to support the
loads above it.

A 10 cm thick subgrade appears to limit its load-

bearing performance to a certain penetration. This
may be due to the pressure distribution having
reached the peat surface and the reinforcement
system having reached its maximum strength. This
effect is evident from the decrease in load after
reaching the maximum load.
The subgrade thickness was increased to 20 cm to
achieve better load-bearing performance. The
results of the short-term CBR subgrade test with a
thickness of 20 cm for both single piles and pile
groups are shown in Fig. 9. The results of the long-
term CBR subgrade test for 70 days are shown in
Fig. 10. The subgrade above the peat soil
contributes to supporting the load; this is seen in
unreinforced peat soil. All reinforcement systems,
including both bamboo mats and the combination of
bamboo mats with single piles and pile groups,
appear to be quite significant in supporting the
working load. The pile capacity consists of shaft
friction and the end bearing [40].
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The relationship between load and penetration
in a 20 cm thick subgrade shows an increase in load
as penetration increases for both single piles and
pile groups. This suggests that the 20 cm thick
subgrade acts as a supporting factor in supporting
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the load. The soil layer has not yet collapsed,
allowing the subgrade to support the additional load.
Long-term curing appears to increase the subgrade's
load-carrying capacity compared to short-term
curing. This implies that extended curing has



International Journal of GEOMATE, June, 2026 Vol.30, Issue 142, pp.10-20

enhanced the subgrade's performance.
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4.3 Performance of Subgrade

The CBR performance of the subgrade on each
reinforcement system is shown in Fig. 11. The
addition of the 20 cm of subgrade thickness in the
short term resulted in an average of 3.49 times
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higher than the 10 cm subgrade CBR. The long-
term CBR value increased 4.20 times higher than
the 10 cm subgrade CBR value and 1.21 times
higher than the 20 cm subgrade CBR value. Thus,
over a longer period of time, the soil CBR value still
increased by 1.21 times.

A thicker subgrade has a higher CBR value.
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This can be related to the higher soil density. The
long-term strength of the compacted soil increases
as the density increases and the water decreases,
resulting in a harder soil due to the integration of the
soil with the stabilizing material, as indicated by the
increase in maximum dry density [15]. Stabilizing
materials such as cement can increase the density
and hardness of the stabilized soil [41]. Subgrades
that have high density can provide high CBR values
[13]. Soil density is related to the soil pore cavity;
reducing the pore cavity contributes to increasing
the density so that the soil can support loads with
low penetration, and ultimately the CBR value of
the soil increases [42].

4.4 Performance of Bamboo Mat and Piles

The increase in the subgrade CBR value
demonstrates the performance of the bamboo mat
and reinforced piles. Several CBR test points each
on a single pile with a subgrade thickness of 10 cm
(SP10), a pile group with a subgrade thickness of 10
cm (PG10), a single pile with a subgrade thickness
of 20 cm short term (SP20ST), a pile group with a
subgrade thickness of 20 cm short term (PG20ST),
a single pile group with a subgrade thickness of 20
cm long term (SP20LT), and a pile group with a
subgrade thickness of 20 cm long term (PG20LT).
The relationship between pile length and CBR value
was shown in Fig. 12. Bamboo mat reinforcement
without the use of reinforced piles was seen to
produce a relatively high subgrade CBR value,
especially at a subgrade thickness of 20 cm. The soil
CBR value for a 20 cm thick subgrade without
reinforced piles was found to be 13-20%, much
higher than the CBR value of the subgrade without
reinforcement of 8-11%. Bamboo mat
reinforcement can increase the soil CBR value by
about 1.8 times. The use of bamboo with horizontal
reinforcement, such as geotextiles, is effective in
supporting heavy construction on soft soil [43].

Percutaneous piles have a significant effect on
increasing the subgrade CBR. The results showed
an increase in the CBR value for 20 cm piles of 1.2
times, for 35 cm piles of 1.4 times, and for 50 cm
piles of 1.5 times. The combination of bamboo mats
with reinforced piles can increase the subgrade
CBR value; for the combination of bamboo mats
with reinforced piles, L 20 increased by 2.2 times,
for the combination of bamboo mats with reinforced
piles, L 35 increased by 2.5 times, and for the
combination of bamboo mats with reinforced piles,
L 50 increased by 2.5 times.

The use of composite reinforced bamboo with
concrete showed a much higher ultimate load
capacity compared to conventional concrete piles
without bamboo reinforcement [44]. Long-term
subgrade curing contributes to increasing the
subgrade CBR value by approximately 1.1-1.3
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times more than the short-term subgrade CBR value
for both single piles and pile groups.
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5. CONCLUSIONS

Some conclusions obtained in this study include
the interaction of soil with reinforcement materials,
the performance of bamboo mat reinforcement, the
performance of reinforcement piles, and the
subgrade performance of stabilized soil. The
friction angle between the soil and the
reinforcement indicates the shear strength of the soil
with reinforcement materials. The results showed
that bamboo mats provide a higher friction angle
than other materials because their surface is rougher,
which also provides friction when the soil receives
shear stress. Bamboo mat reinforcement can
contribute to increasing the subgrade CBR. The
results showed that the increase in soil CBR can
reach 1.8 times even without the use of
reinforcement piles. The effect of piles on the
subgrade CBR value was found to increase by 1.2-
1.5 times compared to the subgrade CBR with
bamboo mat. The combination of bamboo mat and
reinforcement piles can increase the subgrade CBR
value by 2.2-2.7 times compared to the CBR value
without reinforcement. Long-term subgrade curing
contributes to an increase in the subgrade CBR
value that is about 1.1-1.3 times higher than the
short-term subgrade CBR value. Thus, based on this
research, it can be suggested to use reinforcement
from a combination of bamboo mats with piles and
embankments as a subgrade for soil stabilization on
peat soil.
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