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ABSTRACT

Soil instability, including slope failure and creeping, frequently occurs in the
research area of Bundu Tuhan, Sabah. The lithology in this region primarily
comprises interbedded sandstone, metasandstone, shale, and argillite from the
Trusmadi formation. Intense weathering contributes to the formation of thick, clayey
soil profiles. Geotechnical laboratory tests classified clayey soils from three distinct
locations as poorly sorted materials of sandy-silty clay and silty clay textures. X-ray
diffractograms revealed the presence of kaolinite and illite in the clayey soils.
Electron microscopy images demonstrated the microfabric characteristics of clayey
soil, such as pseudohexagonal plate shapes of kaolinite and ribbon-like projections
of illite. Shear strength analysis results of the clayey soil samples indicated values
ranging from 128.28 to 155.01 kPa, classifying the soils as strong. The
presence of clay minerals in the soil facilitated water adsorption into the mineral
structure, potentially softening the soil and reducing its shear strength.
Understanding the mineralogical composition of these soils is essential for
mitigating soil instability by implementing measures like lime treatment on slopes,
particularly in high-risk areas.
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The presence of well-graded and poorly sorted clayey
materials resulting from weathering processes influences

The occurrence of mass movement and slope failure in the
research area has been extensively examined by earlier
studies (Roslee et al, 2005; Jr. Joe et al, 2018). The
significance of weak soil planes on the sliding surface
cannot be overstated as a leading contributor to slope
failures (Roslee, 2020). The soil composition in the area
predominantly stems from the weathered rock of the
Trusmadi formation. Consisting of interbedded sandstone,
metasandstone, shale, and argillite ranging from the
Paleocene to the Middle Eocene period, the Trusmadi
formation has been well-documented (Jacobson, 1970).
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apparent soil cohesion due to the existence of clay
minerals. Landslides are triggered by a disruption in the
equilibrium between stress and strength of the slope
materials, ensuing when shear stress or applied loads
exceed the shear strength or maximum resistance of the
material (Yalcin, 2007). Accordingly, this research delves
into the behavior of clay particles concerning the shear
strength of the entire sample. These clay minerals,
however, can impede the slope materials’ stability due to
external factors like heavy rainfall, where data from the
Malaysian Meteorological Department (Sabah) for the
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years 2012 to 2020 reveals precipitation levels exceeding
4000 mm annually, categorizing the area as very wet
(Smith et al,, 2006; Azizi et al., 2020). The clay minerals’
ability to expand and contract based on moisture
conditions results in reduced soil cohesion when cracks
develop.

The study area in Bundu Tuhan, encompassing about
100 km?, is situated on the West Coast of Sabah, delineated
between Kota Belud and Kundasang, with coordinates
ranging from 116°028’11” to 116°033’38” East longitude
and 5°057°23” to 6°002’52” North latitude. Geologically,
the dominant formations in the research area are the
Trusmadi formation, dating from the Paleocene to the

Middle Eocene, and the Crocker formation, from the Late
Eocene to Early Miocene. These formations are
demarcated by a significant North-South-oriented wrench
fault with dextral displacement, as depicted in Figure 1.
Additionally, minor exposure of igneous rocks is observed,
comprising the Triassic to Cretaceous crystalline
basement and the Late Miocene to Pliocene igneous
intrusion (Jr. Joe et al, 2018; Sanudin & Baba, 2007).
Sampling sites were strategically selected based on
observable signs of slope instability and the high
vulnerability of infrastructure and local residents in the
area, such as undulating surfaces, road surface cracks,
erosion, and leaning structures, as illustrated in Figure 2.
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Figure 1. Geological map of the study area
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Figure 2. Signs of slope instability were found in the study area; (a) an undulating surface on the slope surface (height of
surveyor: 1.70 m), (b) a longitudinal on the road surface, (c) severe sheet erosion on the slope surface, and (d) a tilting pole

at the toe of the failing slope

2. MATERIALS AND METHODS

Geotechnical and mineralogical analyses are essential to
assess mineralogy’s impact on clayey soil’s shear strength.
Both disturbed and undisturbed samples were gathered
from three specified sections of the Trusmadi formation’s
slopes - L1, L2, and L3 (Figure 3). The disturbed samples
were stored in plastic bags, whereas the undisturbed
samples were obtained using PVC tubes and carefully
coated with paraffin wax to maintain their original
moisture content.

2.1 Geotechnical analysis
Basic soil properties and geotechnical analyses were
carried out to determine the strength of clayey soil at three
sampling sites. The analyses included testing for moisture
content, particle size distribution, soil specific gravity,
Atterberg limits, Proctor compaction test, triaxial
compression test, and permeability test (falling head).
These assessments were conducted in accordance with the
protocols outlined in the American Society for Testing and
Materials Code of Practice ASTM D698-2012 and the
British Standard Code of Practice BS 1377-1990 (Methods
of Test for Soils for Civil Engineering Purpose) (ASTM
International, 2012; British Standards Institution, 1990).
The moisture content of soil was determined according
to BS 1377-Part 2: 3.2, using an oven-dry method at 105°C.
Particle size distribution was analyzed using two methods:
the pipette method (BS 1377-Part 2: 9.4) for silt and clay
percentages determination post-deposition, and the dry
sieve method (BS 1377-Part 2: 9.3) for the sand percentage
based on retained grains post-sieving. The soil-specific
gravity, as per BS 1377-Part 2: 8.3, was determined
using the pycnometer method that involves creating a
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vacuum and immersing the apparatus in a water bath to
calculate the ratio of soil density to water density.

The plasticity chart was used to determine the
Atterberg limits, which include the plastic limit (BS 1377-
Part 2: 5), liquid limit (BS 1377-Part 2: 4.3 & 4.4), and
plasticity index (BS 1377-Part 2: 5). These tests are
crucial for clayey soils to evaluate their plasticity degree
(Terzaghi & Peck, 1996).

The dynamic compaction method was utilized on a soil
sample that received 27 blows from a standard hammer as
per the Proctor compaction test (BS 1377-Part4). This test
yields the maximum dry density (MDD) and optimum
moisture content (OMC) values to ascertain the necessary
compaction for achieving maximum strength and
compressibility of the soil sample in the research location.
The MDD and OMC values are crucial for determining the
precise quantities of soil sample and water required for
preparation in the triaxial compression and permeability
tests.

Using a semi-automatic compression machine, the
triaxial compression test (BS 1377-Part 8) applies the
static compaction method to an undisturbed soil sample.
This method is utilized to determine and classify shear
strength properties through the consolidated undrained
test following the classification system (Terzaghi & Peck,
1996). Moreover, the permeability of fine-grain samples
can be assessed and categorized through the permeability
test (BS 1377-Part 5), which typically runs for a duration
of six h (Terzaghi & Peck, 1996).

2.2 Mineralogy analysis

Mineralogical analysis is crucial for recognizing a soil
sample’s mineral composition and microstructure, which
significantly affects its shear strength properties. One of
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the common methods used for this purpose is X-ray
diffraction (XRD), which is employed to identify the
primary minerals present in a finely crushed soil sample
(Andrei et al,, 2015). Subsequently, the identification of
clay minerals revealed in the XRD analysis was further
confirmed through scanning electron microscopy (SEM)

analysis, which helps to identify their distinct patterns.
These analyses were conducted in accordance with the
guidelines provided in the British Standard Code of
Practice BS EN 13925-2003 and BS 1SO 16700-2016,
respectively (British Standards Institution, 2003, 2016).
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Figure 3. Failing slopes of Trusmadi formation in the study area; (a) rotational debris slide on the slope from location L1,
(b) soil creeping on the slope from location L2, and (c) soil creeping on the slope from location L3

3. RESULTS AND DISCUSSION

3.1 Basic properties

Table 1 presents a detailed analysis of clayey soils obtained
from three sites (L1, L2, and L3). The slopes at these sites
exhibited high weathering, with residual soil being
predominant, categorized as grade VI. Soil from L1 is
identified as sandy-silty clay, whereas L2 and L3 as silty
clay (Head, 1982). The specific gravity readings fall below
the standard range of 2.70 to 2.80, resulting in reduced soil
density (Bowles, 2012). The soil samples are classified as
high-plasticity material based on their liquid limit and
plasticity index percentages (Terzaghi & Peck, 1996). For
optimal performance, the soil samples should be
compacted within the specified range from 25.0% to
26.4% for moisture content and 1.45 to 1.54 mg/m3 for
maximum dry density, ensuring their maximum bearing
capacity (Balasubramanian, 2017). As per the triaxial
compression test results, the soil samples exhibit strength,
while the permeability rate across all samples is deemed
impermeable (Terzaghi & Peck, 1996).

3.2 Engineering properties

Figure 4 illustrates the stress-strain curve, depicting the
correlation between axial stress during compression and
axial strain as indicated by the specimen's height. Three
intact soil specimens are extracted from each soil sample
and subjected to compression under varying cell pressure
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conditions: 25 kPa (blue line), 50 kPa (orange line), and
75 kPa (grey line). The stress-strain curves of the soil
samples from the distinct locations display a ductile
failure mode, initially demonstrating a direct relationship
between stress and strain, transitioning to an inverse
proportionality post reaching the peak axial stress.

Ductile materials exhibit high ductility, allowing them
to endure substantial strains before fracturing, a
characteristic commonly found in highly plastic materials
like wet clay (Roylance, 2001). For instance, the mineral
illite in clay plays a crucial role in enhancing plasticity by
absorbing more water into its mineral structure compared
to kaolinite. The higher the ductility of a material, the more
pronounced the curve will be. In this context, the soil
samples from location L1 display the most pronounced
curve compared to those from locations L2 and L3,
indicating superior ductile capacity as supported by the
highest value of unconfined compressive strength (qu).
This indicates the ability of the material to endure
significant deformations without failing. On the other hand,
samples from location L2 exhibit an intermediate behavior
with a less steep curve than those from location L1 but still
showing notable ductility and qu values. Conversely,
samples from location L3 present the least steep curve
among the three locations, signifying lower ductility and
qu values, suggesting a tendency to deform less before
failing and a reduced resistance to compression strains
(Mashiri et al., 2015).
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Table 1. Geotechnical properties of the clayey soil samples from Trusmadi formation

Slope name L1 L2 L3 Classification

Weathering grade VI VI VI Residual soil (Head, 1982)

Moisture content (%) 25.98 37.10 34.98 Wet to very wet (Malaysian Meteorological
Department (Sabah), 2022)

Sand (%) 11.20 11.20 10.51 L1 is classified as silty clay with sand, while L2 and

Silt (%) 64.22 51.89 56.19 L3 are classified as silty clay (Head, 1982)

Clay (%) 24.57 3691 33.30

Specific gravity 2.61 2.61 2.64 Inorganic clay (Bowles, 2012)

Plastic limit (%) 31.72 31.47 34.52 -

Liquid limit (%) 55.64 53.15 53.37 -

Plasticity index (%) 23.91 21.68 18.86 High plasticity material (Terzaghi & Peck, 1996)

Optimum moisture 25.10 25.00 26.40 The soil in the area should be compacted at

content, OMC (%) calculated OMC and MDD for maximum strength

Maximum dry density, 1.54 1.53 1.45 (Balasubramanian, 2017)

MDD (Mg/m3)

Shear strength, T (kPa) 155.01 143.82 128.28 Strong soil (Terzaghi & Peck, 1996)

Permeability (m/s) 6.671x10? 5.271x10° 8.515x10° Impermeable soil (Terzaghi & Peck, 1996)
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Figure 4. Stress-strain curve of the clayey soil samples from Trusmadi formation; (a) location L1, (b) from location L2,
and (c) from location L3
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Figure 5 illustrates the Mohr-Coulomb criterion,
depicting the relationship between shear stress and
normal stress. Shear stress is determined by the cohesion
and friction angles, with cohesion being dominant,
especially in fine-grained soil (Terezie et al., 2016). Soil
samples from location L1 exhibit the largest Mohr-
Coulomb circle radius compared to locations L2 and L3,
indicating higher shear strength supported by significant
cohesion and friction angles, resulting in increased
resistance to shear forces.

Moreover, soil samples from L2 show an
intermediate-sized Mohr-Coulomb circle, reflecting
substantial shear strength but lower than that of L1,
suggesting a moderately effective combination of
cohesion and friction angles in providing shear
resistance. On the other hand, soil samples from L3
display the smallest Mohr-Coulomb circle radius,
pointing to the lowest shear strength among the three
locations. These samples exhibit lower cohesion and
friction angles, leading to reduced ability to withstand
shear stress.

3.3 Mineralogy and microfabric

Figure 6 displays the XRD results for the soil samples. The
XRD illustrates the relationship between intensity,
indicating well-formed crystals, denoted by higher peaks,
and 20, confirming the existing mineral type with at least
three prominent peaks. The XRD of the clayey soils
indicated the presence of silicate mineral quartz
alongside clay minerals kaolinite and illite. Concerning
the abundance of clay minerals, the majority of samples
reveal that kaolinite's peak prominence surpasses that of
illite, except for L1S3 and L2S3, with the highest average
intensity value for illite.

Each specimen’s XRD is complemented by its
microscopy image from SEM analysis, showcasing the
microfabric of clayey soil, depicting interactions between
small clay platelet groups, assemblages of clay particles,
and the presence of pore spaces within clay particles.
Figure 7 exhibits the SEM images of clayey soils from
three distinct locations, represented by solid-form
images. Clayey soil nature is commonly characterized by
an increased proportion of clay minerals. The clay
mineral framework comprises two unit layers, tetrahedral
and octahedral, that bind together to form an
aluminosilicate layer (Juergen, 2011). Consequently,
well-crystallized authigenic kaolinite denoted by K is
present in all soil samples. This clay mineral manifests
pseudohexagonal plate shapes stacked face to face, with
crystal diameters ranging from two to five um. The
proximity of kaolinite crystals is due to strong hydrogen
bonds among aluminosilicate layers. Additionally, fine-
grained authigenic illite denoted by I is evident in all soil
samples, presenting thin flakes with ribbon-like
projections. The distribution of illite crystals is more
dispersed due to weaker ionic bonds of potassium ions
within aluminosilicate layers. Alongside clay minerals,
silicate minerals such as quartz overgrowths are also
visible in the electron microscopy images of the soil
samples from location L3, denoted by Q. These minerals
display symmetry properties of a helix on the atomic
lattice and form individual crystals without layering
(Welton, 1984). Moreover, the porosity percentage in
the specimens can be approximated from the electron
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microscopy images, typically falling between 51% and
58%.

3.4 Effect of the clay mineral on shear strength
Clay minerals are formed as a byproduct of the chemical
weathering processes commonly occurring in sedimentary
rock. Consequently, clay minerals constitute the
predominant mineral composition in clayey soils (Nelson,
2014). The shear strength of soil masses denotes the
internal resistance per unit area that the soil can exert to
prevent failure and sliding along any internal plane within
the soil body (Jackson & Dhir, 1996). In the examined area,
the undisturbed, saturated, and consolidated soil samples
exhibited shear strength values ranging from 128.28 kPa
to 155.01 kPa, categorizing the soil as strong. However,
disturbed soil samples lacking such reinforcement
measures inherently display lower shear strength,
rendering them highly vulnerable to landslides. This
susceptibility is attributed to the abundance of clay
minerals like kaolinite and illite, which play a significant
role in these occurrences. The clay mineral structure
comprises a tetrahedral and octahedral units that are
bonded together, forming an aluminosilicate layer. This
structure triggers several key factors leading to a reduction
in shear strength (Juergen, 2011).

The primary concern in geotechnical studies often
revolves around the swell-shrink behavior of clay minerals
in response to varying moisture levels (Birchmier, 2005).
Through mineralogical analysis, the prevalent clay
minerals identified in the study region were kaolinite and
illite. Kaolinite is classified as a non-swelling clay mineral
characterized by a one unit layer of tetrahedral and one
unit layer of octahedral structure bonded together by
strong hydrogen bonds (Juergen, 2011). Hydrogen bonds
result in a lower cation exchange capacity, leading to
minimal fluctuations in expansion and shrinkage rates as
only a limited amount of water molecules can penetrate its
structure. On the other hand, illite is a swelling clay mineral
formed by two unit layers of tetrahedral and one unit layer
of octahedral structure bound by potassium ions, creating
spaces that facilitate higher cation exchange capacity,
enabling greater water absorption compared to kaolinite
(ValaSkova & Martynkova, 2012).

Previous research has indicated that cracks may
develop during the swell-shrink cycles of clay minerals,
often causing infrastructure failures built on clayey soils
(Zhou et al, 2021). These cracks result from two
mechanisms: a) shrinkage-cracking and b) swelling-
cracking (Zhou et al, 2021). Shrinkage-cracking occurs
when clay minerals lose moisture in dry conditions,
inducing tensile stress on the mineral’s surface due to
differential evaporation rates inside and outside the
mineral. The development of tensile cracks is initiated
when the stress surpasses the tensile strength of the
mineral. Conversely, swelling-cracking occurs when clay
minerals absorb moisture in humid conditions. Non-
uniform moisture absorption due to variations in clay
mineral properties prompts internal swelling stress,
softening the soil and breaking the bonds between clay
particles, leading to swelling cracks (Zhou et al, 2021;
Soehady Erfen et al, 2018). These cracks weaken the
interparticle bonds in the clayey soil, thereby reducing its
shear strength, as observed at locations L1, L2, and L3 in
the study area.
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Figure 5. Mohr coulomb circle of the clayey soil samples from Trusmadi formation; (a) location L1, (b) location L2, and
(c) location L3
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Clayey soils with a high clay mineral content rely on
cohesion forces for shear strength, requiring water
molecules to initiate this force (Bullock et al., 1988). The
second factor influencing these soils is heavy rainfall,
indirectly impacting them by increasing the water content.
In the study area, soil moisture content ranges from
25.98% to 37.10%), classified as wet to very wet due to the
region’s high average annual rainfall, leading to increased
water infiltration. As water fills the voids between clay
particles, displacing air molecules, the soil becomes fully
saturated, resulting in positive pore water pressure (Suhaimi
& Selaman, 2013). Pore water pressure, caused by water
molecules in pore spaces, can reduce cohesion forces and
shear strength when pressures are elevated (Prasad, 2017).

The third factor concerns the porosity and
permeability of the clay particles. Porosity estimates the
void spaces in the soil mass, while permeability measures
water transmission speed through the soil at a given time
(Huggett, 2018). Clayey soil contains small clay particles
(<2 m), tightly packed during sedimentation, creating
numerous small pores and leading to high porosity.

The compacted particles limit the connectivity between
voids, resulting in low permeability (Terzaghi & Peck,
1996). This reduced permeability hinders the drainage of
water molecules infiltrating the ground, leading to water
retention in the soil mass. Consequently, this water
retention increases the weight of the soil mass, impacting
the angle of safety and reducing the slope’s shear strength,
ultimately causing instability and landslides (Eric, 1996).

Active weathering processes in the research area are
influenced by weather conditions, constituting the fourth
factor contributing to the high percentage of clay minerals
in the study location. Clay minerals are a product of
chemical weathering prevalent in the wet tropical climate
of the study area, characterized by high precipitation even
during the dry season (Nelson, 2014). Chemical weathering
involves the breakdown of substances through various
chemical reactions, such as the formation of clay minerals
like kaolinite from the hydrolysis of silicate mineral
orthoclase, as demonstrated in the following equation
(Birchmier, 2005). The increased production of clay
minerals due to heightened weathering rates exacerbates
the aforementioned issues.

4KAISi30s + 4H* + 2H20 — 4K* + Al4Sia010(OH)s + 8Si02 D

Based on the results of the mineralogy analysis, a
predominant presence of the clay mineral kaolinite was
observed in the specimens, which is regarded as less
reactive compared to illite. Soil samples from location L1
exhibited seven distinct peaks of kaolinite as opposed to
five peaks of illite. Similarly, soil samples from location L2
displayed five prominent peaks of kaolinite compared to
four peaks of'illite, while those from location L3 showcased
five peaks of kaolinite instead of three peaks of illite.
Despite the prevalence of kaolinite, the presence of illite in
the soil composition could significantly enhance the
adsorption of water molecules, thereby contributing to the
aforementioned issues.

4. CONCLUSION

The shear strength values of the soil are significantly
affected by the presence of clay minerals and the
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microfabric of the soil. The primary clay minerals
identified in this study were kaolinite and illite. The shear
strength values of the unaltered clayey soil samples ranged
from 128.28 to 155.01 kPa, indicating a classification of
strong soil. The specific arrangement of these minerals,
forming assemblages that layer together, allowing for
increased water absorption and discharge, notably impacts
soil cohesion, which is a critical factor in determining the
shear strength of slope materials. The prevalence of
kaolinite and illite, particularly in a region characterized by
high moisture levels, can significantly diminish soil
cohesion, consequently lowering the shear strength of the
slope materials as a whole. Clay minerals, due to their
higher propensity for water absorption within their
mineral structure compared to other minerals, play a
crucial role in this process.
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