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ABSTRACT: National transportation routes in the Seulawah region frequently experience damage due to
external factors, particularly intense rainfall and seismic activity associated with the Seulimum fault. These
impacts often trigger geohazards such as landslides, subsidence, and road deformation, which are strongly
related to weak subsurface geotechnical conditions. This study aims to characterize the geotechnical properties
of subsurface materials along the Seulawah route by integrating seismic refraction and Multichannel Analysis of
Surface Waves (MASW) methods. Data acquisition was conducted using PASI 16524-N instruments at two
survey locations, with two seismic refraction lines and two MASW lines at each site, and a geophone spacing of
2 meters. Data processing was performed using Seisimager and PlotRefa software to generate compressional
wave velocity (Vp) and shear wave velocity (Vs) models. The results indicate that the upper layer, at a depth of
approximately 8-11 m, is characterized by low Vp (295-1000 m/s) and Vs (112-350 m/s) values, low density
(1.73-1.86 g/cm?), and low bearing capacity (1.94-4.87), suggesting soft and unstable materials. In contrast,
the second layer exhibits significantly higher geomechanical properties, with Vp reaching 2411 m/s, Vs up to
897 m/s, density ranging from 2.14 to 2.92 g/cm3, and bearing capacity of 26.23, indicating dense volcanic
materials such as tuff or breccia. These findings demonstrate a clear transition from weak surface layers to
more competent subsurface formations and confirm that the integration of seismic refraction and MASW
methods provides an effective approach for detailed geotechnical characterization in landslide-prone areas.

Keywords: Landslide Hazard, Geotechnical Characterization, MASW, Seismic Refraction, Subsurface
Investigation.

1. INTRODUCTION beneath the Eurasian plate, with a convergence rate
of 5-7 cm/year [5]. This tectonic interaction forms

Landslides are a recurring natural hazard along the Sumatra fault system, a major NW-SE trending
the Seulawah highway in Aceh, causing significant dextral strike-slip fault extending approximately
infrastructure damage and economic disruption. 1,900 km [6]. One of its active segments, the
This road serves as a primary transportation Seulimum  segment, accommodates lateral
corridor connecting the capital of Aceh Province deformation and contributes to regional uplift,
with surrounding regions. The Seulawah area is producing steep slopes and rugged topography [7,
characterized by steep mountainous terrain 8]. Seismic activity associated with this fault system
composed predominantly of volcanic tuff deposits further exacerbates slope instability, particularly in
[1]. These materials play a critical role in slope areas dominated by weathered Quaternary deposits
instability due to their high porosity, which [9]. Consequently, morphotectonic processes in the
promotes water absorption and saturation, thereby region significantly increase geological vulnerability.
increasing unit weight and driving forces [2]. In Variations in lithology, fragmentation, and
addition, tuff is highly susceptible to weathering deformation result in heterogeneous subsurface
and alteration into kaolinite clay, which exhibits conditions with contrasting physical and mechanical
swelling—shrinkage behavior that further reduces properties [10]. These contrasts strongly influence
slope stability [3, 4]. slope stability and can be effectively investigated
Geologically, the Seulawah Hills are influenced using integrated geotechnical and geophysical
by the subduction of the Indo-Australian plate approaches. Near-surface geophysical methods,
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such as electrical resistivity, seismic wave velocity,
and density-based analysis, have been widely
applied to characterize subsurface conditions in
landslide-prone areas [11, 12, 13]. Previous studies
have demonstrated the application of resistivity and
seismic methods to identify weak zones, slip
surfaces, and subsurface structures associated with
landslides [14 - 18].

Among these methods, the Multichannel
Analysis of Surface Waves (MASW) is widely
recognized as an effective non-destructive
technique for characterizing near-surface shear-
wave velocity (Vs) structures [19]. MASW has been
successfully applied to identify subsurface layering
and potential slip planes [20, 21]. However,
previous studies generally focused on limited
geotechnical parameters, such as density or bearing
capacity, or on subsurface imaging alone, leaving
the integrated estimation of multiple engineering
and geotechnical parameters insufficiently explored
[22 - 25].

Therefore, this study aims to provide a more
comprehensive geotechnical characterization by
integrating MASW and seismic refraction methods.
The combined Vp and Vs data are utilized to derive
key engineering parameters, including Young's
modulus, bulk modulus, shear modulus, and
Poisson’s ratio [26-29], as well as geotechnical
parameters such as stress ratio, density, and
bearing capacity [24, 30, 31]. Unlike previous
studies, this integrated approach simultaneously
estimates multiple engineering and geotechnical
parameters to improve subsurface characterization
and provide a more reliable basis for landslide

hazard assessment and mitigation in the Seulawah
area.

2. RESEARCH SIGNIFICANCE

This study introduces an integrated geophysical—
geotechnical framework that simultaneously utilizes
MASW- and seismic refraction-derived Vs and Vp
data to quantify a comprehensive set of engineering
and geotechnical parameters. By integrating both
seismic methods rather than evaluating individual
parameters separately, the proposed framework
enables more reliable identification of weak zones
and subsurface mechanical contrasts in volcanic
terrains. The proposed approach improves the
resolution of weak zone detection and subsurface
layering. It provides a transferable and cost-
effective strategy for enhancing landslide hazard
assessment and  supports more reliable
infrastructure design in tectonically active regions.

3. DATA AND METHOD
3.1 Geological Setting

The study area is located in a mountainous
region with steep slopes and high landslide
susceptibility along the Seulawah highway.
Landslides frequently occur during the rainy season
due to the combined influence of rainfall, geological
structures, and human activities. The regional
geological map (Fig. 1) shows that the site is part of
the Lam Teuba Formation (QTvt), dominated by
volcanic materials such as andesite, dacite, tuff,
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Fig. 1 Geological map of the study area
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Fig. 2 Digital Elevation Model and Elevation of study area

agglomerate, and pyroclastic
deposits [32]. Near-surface layers consist of
unconsolidated Holocene mudflow deposits
and loose sediments, indicating ongoing volcanic
and fluvial processes.

Topographic conditions derived from the Digital
Elevation Model (DEM) (Fig. 2) indicate elevations
ranging from 100 to 500 m, with steep slopes and
confined valleys that are highly susceptible to
landslides [33]. The study site is located
approximately 7 km from the active Seulimum
segment of the Sumatra Fault, emphasizing the
strong tectonic control on slope instability.

pumice breccia,

3.2 Seismic Methods

Seismic methods are applied to investigate
subsurface structures based on wave propagation in
elastic media. Seismic velocities are influenced by
physical properties such as density, porosity, and
lithology [12]. In this study, seismic refraction and
MASW were used as active seismic methods with
artificial energy sources [20].

3.3 Data Acquisition

Data acquisition was conducted along the
Seulawah road using a PASI 16S-24P seismograph.
Two survey lines were arranged perpendicular to
the slope and spaced 46 m apart, with
approximately 5 km between locations. Each line
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consisted of 24 geophones with 2 m spacing. A 12
Hz geophone was used for seismic refraction, while
a 4 Hz geophone was used for MASW. Seismic
energy was generated using a 12 Ib hammer.

For seismic refraction, shot points were
positioned along the line and at offset distances.
For MASW, shot points included 12 inline and 2
offset positions to enhance shear-wave detection.
Data acquisition geometry and workflow are
illustrated in Fig. 3 (seismic refraction) and Fig. 4
(MASW).

3.4 Data Processing and Modelling

Seismic refraction data processing involved first-
arrival picking and inversion using Seislmager and
PlotRefa software to generate 2D P-wave velocity
(Vp) models (Fig. 3). MASW processing included
dispersion analysis and inversion to obtain shear-
wave velocity (Vs) profiles [34]. Dispersion curves
were derived using phase-shift and Fourier
Transform methods, relating Rayleigh wave velocity
to frequency [21]. The inversion process produced
1D Vs profiles through iterative model fitting [35] as
illustrated in Fig. 4.

3.5 Geotechnical Parameter Estimation
Geotechnical and engineering parameters were

calculated from Vp and Vs values obtained from
seismic refraction and MASW. Elastic parameters,
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Fig. 4 Processing steps of MASW method

including Young’s modulus, bulk modulus, shear
modulus, and Poisson’s ratio, were derived using
established equations [26, 27]. Additional
parameters such as stress ratio, density, and
ultimate bearing capacity were also estimated [7,
11, 24]. These parameters were used to evaluate
subsurface material properties and landslide
susceptibility.

4. RESULT AND DISCUSSION

Field observations (Fig. 5) reveal active landslide
features, including road subsidence, at both steep-
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slope sites. Consistent with the DEM (Fig. 2), the
geomorphological setting and weak near-surface
materials indicate high landslide susceptibility.

4.1 Seismic Refraction and MASW Results

The seismic refraction results at Location 1 (Fig. 6)
and Location 2 (Fig. 7) show Vp values ranging from
295 to 2298 m/s, with a penetration depth of
approximately 17 m. The Vp models consistently
identify three subsurface layers. The upper layer
(Vp:  295-1000 m/s) is interpreted as
unconsolidated topsoil and sandy gravel. The
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second layer (Vp > 1000 m/s) corresponds to
compact volcanic tuff and breccia, while deeper
zones indicate more lithified materials. The Vp
contour patterns in Fig. 6 and Fig. 7 follow slope
geometry, suggesting structural control by
topography.

MASW results at Location 1 (Fig. 6) and Location
2 (Fig. 7) provide Vs profiles with penetration
depths up to ~30 m. Based on SNI 1726:2019

classification [36], two main layers are identified.
The upper layer (Vs < 350 m/s) represents medium
soil, interpreted as loose to moderately compacted
materials. The lower layer (Vs: 350-750 m/s)
corresponds to dense soil or stiff volcanic deposits.
These results, as shown in Fig. 6 and Fig. 7, indicate
improved stiffness and reduced settlement

potential with depth.

Fig. 5 Landslide condition of study area
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4.2 Geotechnical Parameter Analysis

The calculated geotechnical parameters at
Location 1 (Table 1) and Location 2 (Table 2)
indicate a consistent increase in material strength
with depth. The shallow layer is characterized by
low density (1.73-1.86 g/cm?), low Young's modulus
(6.1x10*-2.7x10°> Pa), and low bearing capacity
(1.94-4.87), indicating weak, unconsolidated
materials susceptible to deformation and landslides.
In contrast, the deeper layer exhibits higher Vp (up
to 2411 m/s), Vs (up to 897 m/s), density (up to
2.92 g/cm?), elastic modulus (up to 6.68x10° Pa),
and bearing capacity (up to 26.23), indicating dense
volcanic rocks with greater stiffness and load-
bearing capacity. As shown in Fig. 6 and Fig. 7, the
marked contrast between these layers controls

slope instability.

Layers with Vp <1000 m/s, Vs <350 m/s, density
<1.9 g/cm3, and bearing capacity <5 are interpreted
as mechanically weak zones with high landslide
susceptibility, whereas higher seismic velocities and
engineering parameters indicate competent
materials with lower failure potential. Although
these parameters were derived from established
empirical relationships, the interpreted subsurface
models agree with regional geology and field
observations, supporting their reliability for first-
order geotechnical characterization. Overall, the
integrated seismic refraction—-MASW approach
effectively identifies weak zones and provides a
reliable basis for slope stability evaluation and
landslide hazard assessment.

Table 1. Results calculation of Geotechnics parameters at Location 1

. Modulus Poisson .
X D(er;:;h (r::;)s) (r:ml/ss) I(Dg(;:;;t;; Young Bulk Shear Ration SRt;fieos CBae;anc?tgy
(Pa) (v)
22 333 389 234 1.85 247128 205015 101487 0.22 0.28 4.34
22 332 401 240 1.87 263537 219754 108061 0.22 0.28 4.48
22 331 392 241 1.86 250501 202331 109663 0.17 0.23 4.48
22 330 397 262 1.86 279128 197322 127663 0.10 0.12 4.87
22 329 693 307 2.14 559763 873679 206575 0.37 0.60 6.58
22 327 1452 304 2.58 701296 5249658 237384 0.48 0.91 7.82
22 326 1486 456 2.59 1556660 5316975 537466 0.45 0.81 11.80
22 324 1603 441 2.64 1513550 6398375 519738 0.46 0.85 11.64
22 321 1944 539 2.77 2377057 9852660 816860 0.46 0.84 14.93
22 319 2150 659 2.84 3664344 12182012 1272764 0.45 0.81 18.72
22 316 2167 993 2.85 7668605 11260224 2804492 0.37 0.58 28.25
22 317 2292 881 2.89 6332662 13483999 2240340 0.41 0.70 25.43
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Table 2. Results calculation of Geotechnics parameters at Location 2

. Modulus Poisson .
X D(emp;h (;]/75) (r:1//ss) I(Dg(;::‘ta\; Young Bulk Shear Ration S;;etzie;s CBae;:c?tgy
(Pa) (v)
22 237 295 112 1.73 61620 134156 21767 0.42 0.71 1.94
22 237 295 132 1.73 83140 128333 30237 0.37 0.60 2.29
22 236 320 162 1.76 122450 146301 46065 0.33 0.49 2.85
22 235 368 188 1.83 171315 199679 64712 0.32 0.48 3.44
22 234 369 229 1.83 227526 177228 95801 0.19 0.23 4.19
22 233 325 111 1.77 62429 170951 21764 0.43 0.77 1.96
22 232 327 114 1.77 65757 172006 22978 0.43 0.76 2.02
22 231 1880 238 2.75 464190 9591968 155575 0.49 0.97 6.54
22 229 2029 330 2.80 906797 11305247 305028 0.49 0.95 9.24
22 227 2227 378 2.87 1213648 13909872 408579 0.49 0.94 10.82
22 225 2410 585 2.92 2939119 16229095 1000592 0.47 0.88 17.10
22 223 2411 897 2.92 6683568 15225983 2354052 0.42 0.72 26.23
5. CONCLUSION 7. REFERENCES

This study demonstrates that the integration of
seismic  refraction and MASW effectively
characterizes subsurface conditions in landslide-
prone areas. Two distinct subsurface layers were
identified at both locations. The upper layer (8—11
m depth) exhibits low Vp (295—-1000 m/s), Vs (112—
350 m/s), density (1.73-1.86 g/cm3), and bearing
capacity (1.94-4.87), indicating weak,
unconsolidated materials susceptible to slope
failure. In contrast, the deeper layer is characterized
by higher Vp (up to 2411 m/s), Vs (up to 897 m/s),
density (up to 2.92 g/cm?), and bearing capacity (up
to 26.23), representing competent volcanic tuff and
breccia. The integrated Vp-Vs interpretation and
derived  engineering  parameters effectively
distinguish weak and competent subsurface layers,
enabling reliable identification of potential slip
zones. These findings demonstrate that the
combined seismic refraction—-MASW approach
provides an effective framework for geotechnical
characterization and landslide hazard assessment in
volcanic terrains.
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