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Abstract: Inherently, the mechanical properties of soil determine the stability of a slope.
These vital properties require serious scrutiny since slope instability can lead to a hazardous
phenomenon. Geophysical approaches are recognised to give a detailed characterisation of
slope stability. However, these approaches are only capable of providing limited information
about the dynamic property of soil. Thus, this study assesses the heterogeneity of soil profile
using P- and S- wave velocity for the different types of slope conditions. Distinctively, this
study emphasises the elastic moduli and soil competence for stability measurement for
Universiti Sains Malaysia and Lojing areas. It is well understood that the velocity profiles
successfully delineate the subsurface material. A zonation map was produced and reveals that
the Universiti Sains Malaysia area provides a more stable zone based on various geotechnical
parameters. These parameters include the shear modulus, Gy; Young modulus, E; Poisson’s
ratio, v; material index, M;; stress ratio, Si; concentration index, C;; and density gradient, D;.
We conclude that the Universiti Sains Malaysia area exhibits more competent soil deposits
compared to the Lojing area. The values of geophysical and geotechnical parameters provide
the preliminary data on defining the competency of the soil, besides reducing the uncertainty
of the ground model.

Keywords: seismic refraction, multichannel analysis surface waves, geophysics, geotechnics,
environmental geoscience, soil dynamic

INTRODUCTION

Heterogeneity in the topsoil profile plays a detrimental role in widespread severe damages
and causes foundation failure [1]. These phenomena result from the lack of subsurface geological
information caused by structural features or horizontal variation in stratification [2]. Crucially,
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understanding the behaviours of the subsurface requires a collection of comprehensive geological
information. This must also include the site characterisation since it necessitates the understanding
of soil materials and conditions. Generally, soil response to ground motions has become the basis of
site characterisation. For instance, seismic events which promote liquefaction and landslide could
pose a significant threat to the stability of the structure. Therefore, increasing the capacity of risk
assessment and prediction by employing different mitigation methods helps to reduce the severity of
the hazard [3].

In the past decades, slope stability assessments have led to the development of numerous
modelling methods. These methods involve predicting slope response to various triggers and
evaluating slope deformation. The investigation of subsurface landslide features is necessary to
provide preliminary input for forward modelling and subsequent predictions of potential failure
events [4]. However, such models still require access to detailed information on geological,
mechanical and hydrogeological properties as well as boundary conditions. The application of
seismic methods can also provide information on subsurface characteristics and lithology.
Essentially, the seismic velocity is dependent on the elasticity and density of the material through
which the energy passes. Therefore, the seismic velocity can potentially provide information about
the material strength and rock quality [5]. Seismic refraction involves the estimation of P-wave
velocity (Vp) of the earth's near-surface material. It has been used to investigate landslides since the
early 1960s. The depths estimation of the failure and the lateral extent of the landslide requires a
refraction survey [6]. The method relies on the differences in physical properties of the sliding
materials and the underlying undisturbed sediment or bedrock that result in different seismic
velocities [7]. Multi-channel analysis of surface waves (MASW) is a non-invasive method of
estimating the shear-wave velocity (Vs) profile from surface wave energy. The technique gained
popularity in the geotechnical and engineering geological fields [8] as well as various shallow
geophysical soundings [9]. The most common use of the surface wave's dispersive properties is to
obtain the V;profiles. Generally, the surface wave's dispersive properties produce Vs profiles by
analysis of plane waves. An inversion technique retrieves the information measured from surface
wave dispersion, which is the phase velocity change across frequencies. With decreasing
frequencies, the wave propagates to deeper layers with high velocity due to increasing wavelengths
[10]. In the present study, seismic refraction and MASW were employed to assess site
characteristics for Universiti Sains Malaysia (USM) and Lojing areas. Here, the derivation of elastic
moduli and the competence scale based on the velocity information is also presented. The outcome
highlights the advantages of considering the geophysical parameters and deriving geotechnical
parameters for defining the competency of the subsurface. This study provides insights into
adopting spatial distributions of geophysical and geotechnical properties to minimise the uncertainty
in the ground models, with validation from the soil test.

MATERIALS AND METHODS
Study Area and Geology

This study focuses on the stable and the critical slopes, i.e. USM and Lojing areas
respectively. A stable slope is a slope with no active modifications. On the other hand, a critical
slope is a slope with existing soil movements that exhibit instability. The USM study area is in
Penang district, and the geomorphology consists of terrain topography with hills and plains (Figure
1d). Penang is considered granitic due to the substantial underlying igneous rocks. On this basis the
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granitic region in Penang can be divided into the northern Penang Pluton and southern Penang
Pluton. Essentially, the northern Penang is divided into Feringgi Granite, Tanjung Bungah Granite
and Mukah Head Granite (microgranite) [11]. The southern Penang Pluton, on the other hand, is
classified into Batu Maung Granite and Sungai Ara Granite. Figure 1b illustrates the geology map
and the study area of USM.

The critical slope of the Lojing area is situated along the Gua Musang-Cameron Highland
highway; it covers part of the Western Belt Main Range. The Main Range is generally of the Late
Triassic age, majorly consisting of granite (Figure 1c) with several enclaves of metasedimentary
rocks [12]. The Main Range Granite is located in the west of the state, stretching along with western
Kelantan up to the state boundary of Perak and Pahang. It also serves as the international boundary
of Malaysia-Thailand. The geomorphology of the area reveals reserved forests surrounded by
mountainous landscapes. Since high topographic landscapes span the region (Figure le), it is highly
susceptible to slope instabilities. Therefore, data acquisition was performed at the hill-slope
topography, spanning along the highway (Figure 1c). The slopes in the study area are unstable due
to creeping activities, thus making it an ideal choice for this study. Based on field observation, the
surface condition of the slopes is severely disturbed due to ongoing creeping activities. The
activities occur at the estimated soil dimensions of 20-m length by 30-m width from the surface.
Moreover, broken concrete drainage at the top of the terrace appears due to the instability of the
ground motion.
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Figure 1. Study areas: (a) Location of the areas and geological setting of Peninsular Malaysia [12];
(b) Geology map of USM [13] and survey area;
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Figure 1 (continued). (c¢) Geology map of Lojing [13] and survey area; (d) Topography of USM
[14]; (e) Topography of Lojing [14]

Methodology
Geophysical survey

This survey employs seismic refraction and MASW methods, which constitute three main
parts: the source, detector (receiver) and recorder. Both surveying techniques use inline
configuration to provide good data correlations. A 5-kg sledgehammer was used as the source of
impulsive waves. The wave energy propagated throughout the media and was detected by
geophones and recorded by a 24-channel Aktiebolaget Elektrisk Malmletning-Signal Averaging
System (ABEM) Terraloc Mark 8 (Mk8) seismograph. A remote trigger geophone triggers the
seismograph as soon as the sledgehammer hit a steel striker plate. The seismic refraction technique
uses seven-shot points to acquire detailed velocity distributions. Five of these points are inline and
the remaining are positive and negative offsets (Table 1). Different geophone spacings were applied
based on site constraints and the extension of the failure boundaries. Otherwise, the MASW survey
was conducted using low-frequency geophones of 4.5 Hz. This research focuses on the active
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acquisition where 24 geophones (detectors) were lined up at a constant spacing (dx) and connected
with the seismic cable. The roll-along technique (Table 1) was applied by moving the half-spread of
the geophones forward. The half-spread needs to move at least four times to provide four different
inline mid-points (in the middle of the receiver spread) in the survey lines. Finally, two-shot points
were used at two different negative offset distances. Table 1 shows the survey parameters of seismic
refraction and MASW of this research.

Table 1. Survey parameters of seismic refraction and MASW

Seismic Refraction Survey Parameters

¥ Shot point Trigger remote  Recorder (ABEM Terraloc MK8)
)

)
@ Source

/ Gl/G2 G6/G7 G12/G13 i18/G19 123/G24
i =ve offsct uv V£ A £ w +ve offset b 3
“—>

Receivers (Geophones)

Study area USM Lojing

No. of line Five (US1-USS) Four (LS1-LS4)
Total length 46 m 115 m
Geophone spacing 2 m Sm

MASW Survey Parameters

Trigger remote  Recorder (Terraloc MKS8)

Source

Receivers (Geophones)
Gl G2 Go G7 Gl2, G21 G22 G23 G224
R coma VIV VY VA, V. dx Y dx YV dx ¥
1

Source offset, » Receiven spread, S1 o
h q @ G2 GI3 G2 G
M’t A 4 Yix ¥ Ydx ¥
Source offset, | Receiver spread, S$2 o
i‘ >
Study area USM Lojing
No. of line Five (UM1-UMS5) Two (LM2, LM4)
Total length 23 m x 4 spread (S) 23 m x 4 spread
Geophone spacing 1 m 1m
Mid-point with 0m (SI), 12 m (S2), 24 m (S3), 32 m (S1), 44 m (S2), 56 m (S3), 68 m
spread (S) 36 m (S4) (S4)

In this seismic refraction survey the data were analysed using Firstpix software [15] for
velocity and SeisOpt@?2D software [16] used to derive the velocity distribution of the subsurface.
Essentially, an accurate picking method ensures the reliability of the velocity model produced. In
general SeisOpt@2D operates using a nonlinear optimisation technique known as adaptive
simulated annealing, which involves forward modelling [17]. The calculated travel time was then
compared with the observed data and the errors between them were optimised, thus generating
velocity models with minimum travel time errors. MASW operates based on the dispersive
properties of surface waves in a vertically heterogeneous medium. The analysis extracts a
dispersion curve from the acquired time series of the Rayleigh waves. The required fundamental
mode of the Rayleigh wave dispersion curve was extracted using the Picking tool of the software. It
was later re-processed in the DINVER program to generate Vs profile [18]. Inversion analysis
produces a shear wave velocity profile from Neighbourhood algorithm computations.

Geotechnical properties

The body wave components can be directly related to the medium of wave propagation's
elastic moduli. The most commonly used moduli to characterise soil are the small strain shear



140
Maejo Int. J. Sci. Technol. 2022, 16(02), 135-150

modulus, Gy, and Young's modulus, E. Both moduli provide the measurement of the material's
stiffness. Here, stiffness is the ratio of stress to resulting strain along an axis resulting from shear
(Gy) or loading (E) [19, 20]. Essentially, it describes the ability of the material to resist shearing (i.e.
change of shape without change of volume). Thus, the shear modulus is equal to the ratio of shear
stress to shear strain while Young's modulus, E, is referred to as the compressibility behaviour.
Equations (1) and (2) (Table 2) show the relationship of Shear modulus, Gy, and Young's modulus,
E, with p as the density of the material. The bulk density, p, refers to the measurement of the total
amount of solid and water per unit volume [21] and is expressed with Equation (3). Another
commonly used parameter in slope stability analysis is the Poisson's ratio, v [22, 23], which relates
the stress field in the slope and the degree of saturation of the soil material [24]. Compared to the
shear and Young's moduli, the density estimation does not require the calculation of v. Thus, it
eliminates the potential uncertainties arising from an assumed density. Table 2 shows the summary
of the equations used in this work for calculating the elastic moduli.

Table 2. Types of elastic moduli

Elastic modulus Equation used References
Shear modulus, Gy Gy= pvz (1) where [19, 20]
Vs= S-wave velocity
p= density
Young modulus, £ pvf(3vg.4vf_) where [19, 20]

(2) V&= S-wave velocity

2 2
(5v.) V= P-wave velocity
p= density
p=§ (3) where g =98l r(rll/s & st clay [21]
0=16 (loose sand, silt, cla

¥=Yt0.002Vy @ zo =17 (dense sand and grazel)

vo=18 (mudstone, limestone,
conglomerate)
vo=20 (cracked sandstone, tuff, schist)
yo=24 (hard rock)
Poisson’s ratio, v vg.zvf_ where [22, 23]

0 (VZ vz) (%) Ve=S-wave Veloci'ty
i V= P-wave velocity

The soil competence scale includes the material index, concentration index, stress ratio and
density gradient. The material index, M; refers to the degree to which the material’s modulus of
elasticity varies [25]. Also, M; measures the competency level of the material and it depends on the
mineralogical composition of and the physical environment affecting the soil or rock [1]. Equation
(6) (Table 3) displays the expression of M; expressed in terms of elastic modulus, where v refers to
the Poisson’s ratio. The concentration index, C; is the velocity square ratio as shown in Equation
(7). The index shows the compaction status of the soil which depends on both the elastic moduli and
the pressure distribution with depths [1]. The stress ratio, S, refers to the pressure state where the
soil is in a condition of zero horizontal and vertical strains [26]. Essentially, S; is expressed in terms
of v as given by Equation (8). In general S; tends to be higher for finer soil compared to coarser soil
and is high in loose and cohesionless soil. The density gradient, D; represents an increase in bulk
density under tectonic stress [1] and is related to the degree of consolidation settlement [27].
Equation (9) displays the expression of D;, and its calculation requires the value of V;, and V. Table
3 shows a summary of equations for the determination of the competence scale.
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Table 3. Types of competence scale

Competence scale Equation used References
Material index, M M=1-4v (6) where [25, 28]

v = Poisson’s ratio
Concentration index, C; _(3-40) 7) where [25,29]

" (1-2a)

2
. A
a refer to velocity square ratio, (v—’)
P

Stress ratio, Si Sl.:ll (8) where [27,29]
> . .
v = Poisson’s ratio

Density gradient, D; where [25,27]
Vs= S-wave velocity

V= P-wave velocity

p=[v-2v" o

The zonation map of the study area was visualised based on the elastic moduli and
competence scale measurement of the soil. The map displays the spatial distribution of potential
hazards. The mid-point of the S-wave was used as a reference to generate the integrated analysis
using the established equations given in Tables 2 and 3. The data were thoroughly analysed and a
contour map was generated using Surfer software. The zonation map is represented by various geo-
seismic layers and is based on the initial interpretation of the velocity distribution of P- and S-
waves.

RESULTS AND DISCUSSION
Geophysical Parameters

In the presentation of the seismic refraction and MASW data for the USM area using the line
sequences of US1&UMI-US5&UMS, these lines follow the slope geometry since US1&UMI are
located at the crest, moving downward to the toe of the slope (US5&UMS). Figure 2 presents the
seismic refraction (US1-US5) and 1-D MASW (UM1-UMSY) profiles of the area. The locations of
the S-wave velocity mid-points are shown in the seismic refraction profiles and marked as S1-S4.
The range of P-wave velocity (V) for all seismic refraction profiles is 300-3200 m/s. For 1-D
MASW profiles, the S-wave velocity (Vs) ranges between 180-500 m/s. The investigation depths
for both P-wave and S-wave velocities are 15 m and 20 m respectively. In the US1 profile the P-
wave velocity distribution covers the range of 300-1600 m/s, with a gradual velocity increment.
Such a velocity increment happens because of the increase in material stiffness, as the S-wave
velocity (UM1) shows a gradual increase in the depth of investigation.

This work also studies the two-layer cases for the US1 profile. The 1% layer rests at a depth
of <5 m and the corresponding P-wave and S-wave velocities are V, =300-800 m/s and Vs =200-
280 m/s respectively. In the 1% layer the velocities indicate the presence of loose sand from the
residual soils. The 2™ layer lies at a depth of >5 m and the corresponding wave velocities are
V,>1000 m/s and V=280-380 m/s. Thus, such velocity values may indicate the presence of dense
or saturated sand from the residual soils. On the other hand, the 1-D MASW profile has an
investigation depth of up to 20 m with high S-wave velocity, 1.e. V= 380-430 m/s. Such a high V,
value may suggest the presence of hardened materials or cohesive soil. The result shows a good
correlation with the previous study [30], stating that the velocity of Vi is greater than 380 m/s. Such
an observation indicates the existence of hard silt at a depth of >20 m [30].
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In the US2&UM?2 profile (Figure 2b) the velocity distribution shifts toward higher values
compared to the previous line profiles. Note that the profile is slightly lower than the US1&UMI1
line, which indicates that the depth is marginally deeper. In the US2 profile the P-wave velocity
(Vp) covers the range of 300-3200 m/s at a depth of up to 24 m, while in the 1-D MASW of UMI
profile the S-wave velocity (Vs) ranges betweenl180-450 m/s at a depth of 20 m. The profile
indicates three main layers of velocity, which corresponds to the three types of geo-material with
possibly different characteristics. The profile also displays the three distinct zones with V,=300-800
m/s at depths of <5 m, representing the topsoil of the study area. With V,=800-1800 m/s at depths
of <10 m, it indicates the presence of cohesive material (sandy silt). Alternatively, V,>1800 m/s
suggests the presence of firm material or moderately weathered rock of the subsurface. Such an
interpretation is consistent with the previous work conducted by Abu Samah et al. [31] in 2016,
which revealed the presence of cohesive soil in the USM area with V, ranges of 808-1483 m/s and
1735-2974 m/s for very stiff and hard soils respectively. The result proves the stability of the profile
with the higher measured velocity.

In the seismic refraction models a solid black line indicates the layer profiles. Also, it is
plausible to classify the 1-D S-wave model generated from the MASW survey into three subsurface
layers. The 1% layer with the velocity of V=180-240 m/s at a depth of <5 m predominantly
represents the topsoil with unconsolidated material. The 2" layer at a depth of <10 m with a
velocity of V=250-340 m/s represents cohesive materials (sandy silt) in the subsurface. Meanwhile,
the 3™ layer of the profile with V=350-460 m/s at a depth of >10 m indicates hard material/
moderate weathered rock. For the US3-US5 and UM3-UMS profiles (Figures 2c-2e), the
distribution of P-wave and S-wave velocities display the same trend as the US2&UM?2 profile. In
the US4 profile the P-wave velocity (>1800 m/s) and S-wave velocity (280-480 m/s) increase
towards the end of the profile line (30-46 m). The UM4 and UMS profiles indicate a slight
difference in the S-wave velocity pattern at a distance of 30-46 m (S4) compared to other velocity
profiles (S1-S3). Also, UM4 and UMS5 exhibit higher velocity ranges, i.e. Vi=280-480 m/s and
V=200-480 m/s respectively. Here, S4 has a slightly higher S-wave velocity in the UM4 and UMS5
profiles, which indicates the presence of hard materials.

Figure 3 shows the 2-D seismic refraction models of LS1-LS4 for the Lojing area. Here, V,
ranges between 300-2800 m/s and the investigation depth is about 30 m. The results present the
three main layers of velocities, which correspond to the three types of geo-materials with possible
different characteristics. The 1% layer indicates V,;=400-600 m/s with a depth of <6 m from the
surface. Also, V, increases with the penetration depth of up to 20 m. Next, the 2™ layer exhibits
V,=800-1400 m/s. The 3" layer is at depth >20 m, with a velocity of V,>2000 m/s. In this study the
velocity profiles of the Lojing area show heterogeneous subsurface models of the creep zones. The
LS4 profile shows the upper condition of the creep zones followed by LS3-LS1. Most importantly,
V,=400-600 m/s represents the materials' loose soil and V,=800-1400 m/s represents the highly
weathered materials. The trends are continuous for LS4-LS1 (Figures 3a-3d) with hard
materials/bedrock identified at depth >20 m with a velocity of V, >2000 m/s. Such an observation
implies that the material is a weathered granite.

Figure 3 presents the 1-D MASW profiles of LM4&LM?2, which are in line with seismic
refraction profiles of LS4&LS2 for the Lojing area. Here, V&=150-500 m/s with depth up to 30 m,
and the range comprises three categories, which correspond to three subsurface layers. The 1% layer
with Vi=150-200 m/s at the depth of <5 m may represent the topsoil with unconsolidated material
of loose sand or gravel. The 2™ layer with V=200-400 m/s at the depth of 5-10 m indicates a stiff



144
Maejo Int. J. Sci. Technol. 2022, 16(02), 135-150

soil profile, representing the extent of unconsolidated material, which is probably the loose sand.
The layer indicates the weak zones of the profile, which is where creep zones occur. The 3™ layer
(Vs >400 m/s at depth >10 m) indicates the profiles' weathered layer. For the LS4&LM4 profile
(Figure 3a), the high velocities of V, (>1200 m/s) and V; (>400 m/s) indicate the weathered bedrock
at a depth of >15 m. Meanwhile, in LS2&LM2 profiles (Figure 3b) the weathered layers are at a
depth of <10 m, where velocities range from 600-800 m/s and 200-350 m/s for V, and V;
respectively. The presence of unconsolidated material at the depth of <5 m is the preliminary
indicator for the instability of the profiles, plus the observation that the profile is highly weathered
due to the lower seismic velocities of P- and S-wave distributions.
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Figure 3. Seismic refraction models and 1-D MASW profiles of Lojing area: (a) LS4&LM4; (b)
LS2& LM2; (c) LS3; d) LS1

Geotechnical Parameters

The geotechnical parameters such as the dynamic elastic moduli and the competence scale
were derived based on the P- and S-wave velocities. Tables 4 and 5 present the results for both the
USM and Lojing areas. According to Akhter et al. [32], there is a direct relationship between the
seismic velocity and density. Higher velocity values indicate a higher density with a substantial
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degree of soil/rock compaction. In this study the USM study area shows higher dominant density
values for three different layers. Comparatively, the Lojing area has a mean density of 1.75-2.06
g/cm’. The density p shows an increasing trend with depth, which implies an increase of soil
compaction. The Poisson’s ratio v in the USM area displays a broader range, i.e. v =0.11-0.5. Here,
v=0.5 indicates an incompressible fluid, whereas v approaching 0.5 indicates the fully saturated
clay. Finally, partially saturated silt or clay has a lower v value between 0.2-0.4 [26]. The value of v
in the Lojing area shows a non-constant trend. From the 1%to the 2™ layer, the mean v is between
0.4 - 0.37. In the 3™ layer v increases to the value of 0.41. The inconstant v values confirm that the
higher v material is overlain by the lower v one. In this study the threshold value of v is 0.4, where
v>0.4 indicates saturated sand. Otherwise, v<0.4 signifies partially saturated sand or silt [23].

Table 4. Geotechnical parameters of USM study area

Geoseismic layer (USM)

First layer Second layer Third layer
Parameter Min. Max. Mean Min. Max. Mean Min. Max. Mean
Density, p (g/cm?) 1.69 1.95 1.75 1.75 2.87 1.88 1.82 3.00 2.06
Poisson's ratio, v 0.11 0.49 0.37 0.23 0.50 0.45 0.27 0.50 0.47
Shear modulus (Pa), Go 5.61E+07 2.17E+08 8.68E+07 | 6.29E+07 6.13E+08 1.57E+08 | 1.08E+08 3.46E+09 3.50E+08
Young Modulus (Pa), E 2.68E+07 5.00E+08 2.22E+08 | 3.28E+07 1.67E+09 4.36E+08 | 4.85E+07 9.18E+09 9.38E+08
Material index, M; -0.96 0.57 -0.47 -0.99 0.10 -0.80 -0.99 -0.07 -0.89
Concentration index, C; 3.04 10.30 4.09 3.01 5.44 3.25 3.01 4.74 3.13
Stress ratio, S; 0.12 0.96 0.61 0.29 0.99 0.83 0.37 0.99 0.90
Density gradient, D; 4.05E-07 2.43E-05  6.04E-06 | 2.71E-08 4.81E-06 1.23E-06 | 2.21E-08 1.33E-06 3.59E-07

Table 5. Geotechnical parameters of Lojing study area

Geoseismic layer (Lojing)

First layer Second layer Third layer
Parameter Min. Max. Mean Min. Max. Mean Min. Max. Mean
Density, p (g/cm?) 1.70 1.74 1.72 1.72 1.79 1.75 1.75 1.99 1.83
Poisson's ratio, ¥ 0.33 0.45 0.40 031 0.45 0.37 031 0.47 0.41
zhear modulus (Pa), 3 )5p107  755B107  SATEFO7 | 6.78E107 222E+08  1.10E+08 | 123E+08  495E+08  2.37E+08
0

Z"‘”‘g Modulus (Pa), g 295407 2.61E+08  1.60E+08 | 1936108 S9SE+08  3.0SE+08 | 3.61E+08  1.38E+09  6.90E+08
Material index, M; 0.78 031 20.61 0.80 023 0.48 0.87 023 0.65
gf’“cemra“"“ index, 3.4 4.06 3.50 323 426 3.74 3.13 426 3.44
Stress ratio, i 0.49 0.80 0.68 0.44 0.81 0.60 0.44 0.88 0.71
Density gradient, D; 393E-06 1.16E05 6.85E-06 | 2.14E-06 8.54E-06 4.74E-06 | 3.51E-07  4.53E-06 1.58E-06

Other implemented elastic parameters are the shear modulus (Gy) and Young modulus (E).
The USM area exhibits higher values of Gy and E compared to the Lojing area. Such observation
reveals that the overburden condition is more stable in the USM area. The competence scale shows
the USM study area is more stable than the Lojing area. The 1% layer displays a broader range of
material index, i.e. M; = -0.96 - 0.57, which indicates fair to high competence compared to the
Lojing area. Also, the 1% layer exhibits M; = -0.78 - -0.31, which represents an incompetent
condition. In the USM area the concentration index value C; for the 1% layer is broader in range and
decreases with a range of 3.01-5.44 and 3.01-4.74 for the 2™ and 3™ layers respectively. These
ranges imply a fairly competent condition for the overburden [27, 28]. In the Lojing area the value
of C; indicates an incompetent condition with lower range values as compared to the USM area.
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A zonation map classifies and visualises the overburden condition of an area; it considers the
relation of the seismic velocity to the geotechnical properties. The mid-point location with Vi
velocity is integrated to the V, velocity based on the relation to the geophysical properties. The data
are rearranged based on the seismic velocity layer and are presented in Figure 4. Three different
parameters are selected and mapped based on the depth condition for different seismic layers as in
earlier interpretations. The shear modulus Gy proportionally increases with depth. For the USM
area, the 1% layer has a Gyvalue of <1.4x10® Pa at <5 m depth. The zone is stable compared to the
Lojing area, which has a low Gy (8.0x107 Pa). A small Gy represents unstable soil conditions, which
implies weak material competence. Also, Gy increases with depth, and the USM area shows a
broader Gy range in contrast to the Lojing area. The 3™ layer has a relatively higher Gy. Here,
G4>3.0x10® Pa and Gyp>1.5x10® Pa for the USM area and the Lojing area respectively. Recall that
the Young modulus E represents the elastic stiffness of the material and note also that Tables 4 and
5 display the definition of E. The USM area shows a higher E for a different layer, which reveals
the stability of the soil condition.

The Poisson’s ratio v in the USM study area shows an incompressible condition in the 3™
layer. It also corresponds to the saturated condition with values of v>0.4, indicating an increase in
the moisture content [33]. In the 1% and 2™ layers of the Lojing area v dominates with the values
<0.38, which indicates a fairly to moderately competent condition. The material index M; addresses
the degree of material competence based on their elastic moduli, where the values generally lie at a
range of +1 and -1 [1]. The USM area shows a variation of M; between -1 - 0.5. The 1% layer at a
depth of <5 m has M; ranging between -0.7 - 0.1. The range increases with increasing depth, where
M; is between -1 and -6 in the 3" layer at a depth of >10 m. These conditions reveal that the USM
area has less competent material within this depth profile. In the Lojing area the M; value lies
between  -0.76 and -0.26, which indicates a dominant incompetent condition. Also, the 1% layer
profile (<5 m) shows a lower value of M;, i.e. between -0.68 and -0.36. Previous researchers [1, 27]
indicated the ranges of -1<M;<-0.5, -0.5<M;<0, 0<M;<0.5 and M;>0.5 as incompetent to slightly
competent, fairly to moderately competent, competent, and highly competent materials respectively.
The USM study area shows a broader range of competent material and it has a more stable
condition than the Lojing area. In general the Lojing area has a value of M; ranging from -0.7 to
-0.4, which indicates incompetent materials. Figure 4 shows the zonation maps of the USM and
Lojing area.

Table 6 shows a summary of the direct shear test results for both study areas. In the USM
area three undisturbed soil test samples were collected using a hand auger at a depth interval of 1.0
m. From the results, the values of effective friction angle ¢’ are subtle for the depth range of 1-3 m.
Such an observation indicates the same soil material, but as the depth increases to 3.0 m, the values
of ¢’ increase slightly. It is clear that the material at this depth is cohesive or dense (sandy silt),
which tends to promote slope failure compared to low values of ¢’ that represent less cohesive or
loose material. The residual soil shear strength parameters are highly inconsistent, and they increase
in strength with increasing depth [34, 35]. The higher values of ¢’ shows a slope whose condition is
considered to be stable.
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Figure 4. Zonation maps of USM and Lojing area: (a) Shear modulus; (b) Poisson’s ratio;
(c) Material index

At the Lojing area, ¢’ ranges between 27.3-47.3°, and the effective cohesion ¢’ ranges
between 9.58-29.9 kPa. Such a high value of ¢’ implies a critical slope condition. In contrast, the
USM archaeology area (a stable slope) has lower values of shear strength parameters. The reason is
that at the Lojing area (a critical slope) the soil sample was taken at a slightly stronger soil area,
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which gives the difference in the value range. In addition, the soil type in Lojing is gravel silt,
which gives high values of shear strength parameters. From the results, the shear strength
parameters decrease with increasing depth, and ¢’ is from 43.3° to 27.3°, which indicates an
unstable condition of soil materials.

Table 6. Summary of results of shear box test for USM and Lojing area

Shear strength parameter of USM
¢’ (kPa) tan ¢’ ¢’ (degree)  Depth (m) Soil type

29 0.441 23.8 1 sandy SILT
5 0.385 21.0 2 sandy SILT
-13 0.55 28.8 3 sandy SILT

Shear strength parameter of Lojing
¢’ (kPa) tan ¢’ ¢’ (degree)  Depth (m) Soil type

9.58 0.9743 433 0.5 gravel SILT
29.9 0.5174 27.3 1 gravel SILT
CONCLUSIONS

The zonation maps present the site classification of the study areas. The maps indicate that
the USM area has more competent soil deposit compared to the Lojing area. The results clarify the
site conditions, facilitate seismic hazard assessment, and ascertain the rank of site, revealing the
competency of the subsurface material. The integrated geophysical method with supported data
from the geotechnical analysis help to understand the behaviours of the slope properties. The
geotechnical parameters form a vast improvement of the standard discrete sampling/testing of site
investigations, where a large volume is often characterised by very sparse data. The main benefit of
this study is to provide spatial information relating to the saturation state and potential strength of
the ground. This information is crucial for an accurate definition of ground models.
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