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Abstract 

 

Liquefaction-induced slope failure remains a critical geotechnical problem in seismic regions, particularly 

under saturated sloping ground conditions. This study investigates the effects of slope inclination and 

groundwater depth on liquefaction behavior using numerical simulation under seismic loading. Three slope 

configurations (i1–i3) and two groundwater conditions, W2 (3.84 m) and W3 (9 m), were analyzed to evaluate 

excess pore water pressure (EPP), seismic amplification, spectral response, and lateral deformation. Results 

show that steeper slopes and deeper groundwater conditions significantly modified soil dynamic behavior. 

Peak acceleration increased from 0.127 g under i1–W2 to 0.190 g under i3–W3, while the dominant spectral 

period shifted to T ≈ 1.443 s with maximum spectral acceleration reaching Sa,max ≈ 0.529 g. Groundwater 

lowering (GL) effectively reduced pore pressure generation and produced nearly drained conditions within 

the computational zone. However, the Encased Stone Column (ESC) system provided better performance in 

minimizing lateral deformation and liquefaction-induced flow displacement. These findings demonstrate that 

hydraulic control and reinforcement systems play complementary roles in improving the stability of 

liquefaction-prone sloping soils under earthquake loading. 

 

Keywords: Encased Stone; Groundwater Depth; Liquefaction; Seismic; Sloping Ground 

 

Abstrak  

 

Kegagalan lereng akibat likuefaksi masih menjadi permasalahan geoteknik yang kritis di wilayah 

rawan gempa, khususnya pada kondisi tanah miring jenuh air. Penelitian ini menginvestigasi pengaruh 

kemiringan lereng dan kedalaman muka air tanah terhadap perilaku likuefaksi menggunakan simulasi 

numerik di bawah pembebanan gempa. Tiga konfigurasi lereng (i1–i3) dan dua kondisi muka air tanah, 

yaitu W2 (3,84 m) dan W3 (9 m), dianalisis untuk mengevaluasi excess pore water pressure (EPP), 

amplifikasi seismik, respons spektral, dan deformasi lateral. Hasil penelitian menunjukkan bahwa 

lereng yang lebih curam dan kondisi muka air tanah yang lebih dalam secara signifikan memodifikasi 

perilaku dinamis tanah. Percepatan puncak meningkat dari 0,127 g pada kondisi i1–W2 menjadi 0,190 

g pada i3–W3, sedangkan periode spektral dominan bergeser hingga T ≈ 1,443 s dengan percepatan 

spektral maksimum mencapai Sa,max ≈ 0,529 g. Groundwater lowering (GL) efektif mengurangi 

pembentukan tekanan air pori dan menghasilkan kondisi hampir terdrainase pada zona komputasi. 

https://issn.brin.go.id/terbit/detail/1596537565
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Namun, sistem Encased Stone Column (ESC) menunjukkan kinerja yang lebih baik dalam 

meminimalkan deformasi lateral dan perpindahan aliran akibat likuefaksi. Temuan ini menunjukkan 

bahwa sistem pengendalian hidraulik dan perkuatan tanah memiliki peran komplementer dalam 

meningkatkan stabilitas tanah miring yang rentan terhadap likuefaksi akibat gempa. 

 

Kata kunci: Encased Stone; Kedalaman Muka Air Tanah; Likuefaksi; Amplifikasi Seismik; Lereng 

Miring 

 

INTRODUCTION 
Soil liquefaction drastically reduces slope 

stability, causing severe structural displacement and 

catastrophic earthquake-induced infrastructure 

collapse globally [1], [2], [3], [4], [5], [6], [7]. The 

1999 recorded over 90% structural collapse 

dominated by progressive slope reduction failures 

[8] (Fig. 1). Indonesia experienced devastating 

liquefaction-induced flowslides during the 2018 , 

particularly within densely populated Petobo 

regions [9], [10], [11], [12]. Limited understanding 

regarding liquefaction-area bearing capacity under 

sloping conditions still threatens long-term 

structural foundation safety significantly [13], [14]. 

 
(a) 

 
(b) 

Figure 1. (a) Geological Map of Palu (Hanifa 2018); (b) the red line indicates the Petobo research 

area which is composed of alluvial deposits and debris (Kusumawardani 2021) 
Source:[15] 

 

Groundwater lowering strategies significantly 

improve sloping soil stability, yet empirical 

liquefaction studies remain critically limited 

globally [1], [2]. Most previous studies emphasized 

arid regions, creating adaptation difficulties for 

vulnerable soft coastal liquefaction-prone soil 

conditions [3], [4], [5], [6]. Black-box predictive 

models frequently ignore mechanistic soil behavior, 

despite groundwater reduction strongly influencing 

lateral deformation stability [7], [8], [9]. Integrated 

slope-based liquefaction mitigation research 

remains urgently required to overcome 

conventional drainage system performance 

limitations effectively [10], [11]. 

 

Soil liquefaction transforms saturated ground 

into fluid-like material during earthquakes 

structures[28], [29], [30]. Modern mitigation 

prioritizes non-disruptive methods and advancing 

multidisciplinary innovations[20], [24], [31], 

[32].Vertical drains rapidly dissipate excess pore 

pressures underground[16], [18], [33].Maintained 

effective stress prevents liquefaction and 

damage[24], [29]. Groundwater lowers crust 

thickness and reduces liquefaction effects[16], [34]. 

Capillary stress increases strength and improves 

safety[35], [36]. Liquefaction slope damages 

houses; drainage and piles reduce risks[37]. In 1995 

Kobe earthquake, Tsukiji houses collapsed; 

groundwater lowered 1.5–2 m, filled 1.5 m soil, 

forming stable 3–3.5 m crust[34](Fig. 1; Table 1). 

 

 
(a) 

 
(b) 

Figure  2. (a) Lowering ground water level for mitigation[34]; (b) Tsukiji area of Amagasaki city where 
ground water level was lower[34]

 

 

 

Table1. Related Works 

No Author’s 
Pore 

Mechanics 

Drainage 

Model 
Stability 

Analysis Method 
Findings Weakness 
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1 [16] v   Centrifuge and 

FEM simulations 

Unsaturated soils 

showed higher seismic 

stability. 

Excluded flat 

residential liquefaction 

conditions. 

2 [18] v   Clay FEM modeling 

Saturation controls 

uplift reduction 

effectiveness. 

Black-box models 

ignored physical soil 

mechanisms. 

4 [19]  v  
Groundwater 

computational 

modeling 

GWL prediction 

reached NSE 0.94–

0.96. 

Required massive 

metropolitan 

stratigraphic datasets. 

6 [17] v   
Vadose zone 

simulations 

Thick vadose zones 

stabilized water flux. 

Limited only to arid 

soil conditions. 

7 [20] v  v 

Soft sand 

stabilization 

simulations 

Lower water increased 

shear strength 

significantly. 

Laboratory scale 

lacked seismic 

validation testing. 

8 [21]  v  
Groundwater 

fluctuation 

simulations 

Stable extraction 

maintained at 50 m 

spacing. 

Geotechnical behavior 

received limited 

investigation focus. 

 

This study offers a mapping of soil response 

due to the Groundwater Lowering (GL) strategy 

influenced by slope variations. Unlike previous 

studies, which focused on flat land, this simulation 

hypothesizes that increasing groundwater depth to 9 

m (W3) reduces the pore water pressure ratio to zero 

in the 7 m critical zone, even though the slope slope 

triggers lateral deformation (18.05 cm). The study 

contributes to new design parameters that 

demonstrate the superior effectiveness of GL in 

controlling pore pressure that requires structural 

support from Encased Stone Columns (ESC) to 

mitigate optimal lateral ground movement. 

 

METHOD 

This study applied 3D OpenSeesPL 

simulations evaluating liquefaction mitigation 

under nonlinear static-seismic loading conditions 

[38]. [39]. Six scenarios combined groundwater 

depths W2–W3 with slope inclinations i1–i3 

systematically for comprehensive seismic 

evaluation [32], [40], [41]. Groundwater depths 

reached 3.84–9 meters, while slopes varied between 

0° and 6° continuously simulated [42], [43] [44], 

[45], [46]. Scaled CHY002 earthquake acceleration 

reached 0.308g using DEEPSOIL before 

OpenSeesPL seismic input application [28], [47] 

(Fig. 3). 

 
(a) 

 
(b) 

 
(c) 

Figure 3. (a) Earthquake acceleration time history (1999.9.21 ChiChi EQ; CHY002; EW, 

PGA=0.110g); (b) Earthquake acceleration time history modified to the design PGA of 0.308g 
(1999.9.21 ChiChi EQ; CHY002; EW, PGA=0.308g); (c) Deconvoluted acceleration time history at 
30 m deep adopted as the input motion for current OpenSeesPL analysis (1999.9.21 ChiChi EQ; 
CHY002; EW, PGA=0.249g) 

OpenSeesPL simulations evaluate 

groundwater lowering effectiveness mitigating 

liquefaction-induced flowslides in three-

dimensional soils[38], [48]. CRAFD groundwater 

levels change coseismically, requiring 

approximately 250 days for recovery[22]. CRAFD 

groundwater dipped 250 days before; 78% stations 

rose coseismically significantly[49]. Groundwater 

lowering was evaluated for liquefaction mitigation 

using 620 elements and 896 nodes. Models included 

varying groundwater depths with 3 different ground 

inclinations[34], [37](Fig. 4; Table 2; Table 3). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure  4. (a) 3D full mesh of GL; (b) 3D half mesh of GL; (c) 3D Top Mesh of GL; (d) A cross section 

of Groundwater lowering in Soil Properties 
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Table 2. Analysis framework for geosynthetic-encased stone column (ESC) 

Analysis No. 

Diameter 

 

d (m) 

[d1, d2, d3] 

[0.4, 0.8, 1.2] 

Spacing 

 

s (m) 

[s1, s2, s3] 

[1.4, 2.8, 

4.2] 

Thickness of 

Geosyn 

 

t (m) 

[t1, t2, t3] 

[1E-3, 5E-3, 9E-3] 

Length 

 

L (m) 

[L1, L2, L3, 

L4] 

[4.5, 9, 18, 27] 

Ground 

inclination 

 

i (deg.) 

[i1, i2, i3] 

[0, 3, 6] 

ESCd2s2t2L4il*), 

i2*), i3*) 
0.8 2.8 

5.00E-03 27 0, 3, 6 

Note: *indicates duplicated cases and OG for Original 

Level of replacement ratio (Rr; %) is 1.6~25.66 

Permeability of stone column (kSC; m/s) is 0.01 

Permeability of geosynthetic-encased stone column (kgeosyn; m/s) is 0.001 

 

Table 3. Analysis framework for Groundwater Lowering (GL) 

Analysis No. GW Depth ; W (m) i (degrees) 

GL W2 i1 16 0 

i2 1 3 

i3 3.84 6 

GL W3 i1 9 0 

i2 16 3 

i3 1 6 

Note: GW – Groundwater Lowering 

W – Depth of groundwater lowering [W2 = 3.84 m; W3 = 9 m]. 

i – Ground Inclination [i1 = 0 deg; i2 = 3 deg; i3 = 6 deg] 

 

 

 

RESULTS AND DISCUSSION 

 

Numerical simulation evaluates 

groundwater lowering at depths 1m 3.84m 9m and 

slopes 0°, 3°, 6°. Groundwater lowering prevents 

excess pore pressure using W1 W2 W3 conditions 

effectively observed. For W2 depth 3.84m GL 

equals original ground condition across all 

inclinations exactly. Excess pore pressure ratio 

reaches 1.0 indicating liquefaction at W2 while W3 

zero. Steeper slope increases displacement yet 

slightly reduces excess pore pressure response 

overall value. Encased stone column outperforms 

groundwater lowering reducing liquefaction and 

lateral deformation most effectively. 

 

a. Excess pore pressure plots (Center of soil 

model) 

 

 
(a) EPP W2 i1 

 
(b) EPP W2 i2 

 
(c) EPP W2 i3 

 
(d) EPP W3 i1 

 
(e) EPP W3 i2 

 
(f) EPP W3 i3 

Figure  5. Excess pore pressure plots (Center of soil model) W2 & W3 [W2 = 3.84 m; W3 = 9m]; [i1 
= 0 deg; i2 = 3 deg; i3 = 6 deg] 

Note: 

Excess pore water pressure = EPP 

 

b. Acceleration time history  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure  6. (a) Acceleration time history of 0 deg. (OG-i1) and Groundwater Table (W2) 3.84 m of SC 

at 7-m deep for soils at the center of model (Amax = 0.127 g); (b) Acceleration time history of 0 deg. 
(OG-i1) and Groundwater Table (W3) 9 m of SC at 7-m deep for soils at the center of model (Amax 
= 0.170 g; (c) Acceleration time history of 3 deg. (OG-i2) and Groundwater Table (W2) 3.84 m of SC 
at 7-m deep for soils at the center of model (Amax = 0.163 g); (d) Acceleration time history of 3 deg. 
(OG-i2) and Groundwater Table (W3) 9 m of SC at 7-m deep for soils at the center of the model 
(Amax = 182 g); of 6 deg. (OG-i3) and Groundwater Table (W3) 9 m of SC at 7-m deep for soils at 
the center of model (Amax = 0.190 g) 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure  7. (a) Acceleration response spectra (5% damping) of 0 deg. and Groundwater Table (W2) 

3.84 m of SC at 7-m deep for soils at the center of model (Sa, max =0.527g and T=0.368sec.; (b) 
Acceleration response spectra (5% damping) of 0 deg. and Groundwater Table (W3) 9 m of SC at 7-
m deep for soils at the center of model (Sa, max =0.529g and T=1.443sec.); (c) Acceleration 
response spectra (5% damping) of 3 deg at 7-m deep for soils at the center of model (Sa, max 
=0.406g and T=0.471sec.); e) Acceleration response spectra (5% damping) of 6 deg. and 
Groundwater Table (W3) 9 m of SC at 7-m deep for soils at the center of model (Sa, max =0.511g 
and T=1.443sec.) 

 

c. Displacement time history plots (Center of soil 

model) 

 

 
(a)  

 
(b) 
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(c) 

 
(d) 

Figure  8. Displacement time history plots (Center of soil model) [W2 = 3.84 m]; [i1 = 0 deg; 
i2 = 3 deg; i3 = 6 deg] 

 
(a) 

 
(b) 

 
(c) 

Figure  9. Displacement time history plots (Center of soil model) [W3 = 9 m]; [i1 = 0 deg; i2 = 3 
deg; i3 = 6 deg] 

 

d. Displacement profile plots (Center of soil model) 

 
(a) 

 
(b) 

Figure  10. (a) Displacement profile plots (Center of soil model) W2 [i1 = 0 deg; i2 = 3 deg; i3 = 6 
deg]; (b) Displacement profile plots (Center of soil model) W3 [i1 = 0 deg; i2 = 3 deg; i3 = 6 deg]
 

Numerical simulations reveal strong 

interactions between groundwater depth, slope 

inclination, and seismic intensity at the model 

center. Fig. 5(a)–(f) shows W2 (3.84 m) produces 

more controlled EPP responses than W3 (9 m), 

where deeper saturation generates broader pressure 

distribution and higher fluctuation amplitudes. 

Fig. 6(a)–(f) indicates deeper groundwater does 

not consistently reduce seismic response. Peak 

acceleration increases from 0.127 g (i1–W2) to 

0.170 g (i1–W3), reaching 0.190 g under i3–W3, 

suggesting stronger amplification on steeper slopes. 

Spectral responses in Fig. 7(a)–(e) demonstrate 

W3 shifts dominant periods toward longer ranges (T 

≈ 1.443 s) compared with W2 (T ≈ 0.368–0.471 s). 

Spectral acceleration also increases significantly up 

to Sa,max ≈ 0.529 g, indicating altered dynamic soil 

behavior under deeper saturation. 

Deformation analysis from Fig. 8–Fig. 10 

confirms W3 combined with steeper slopes (i2–i3) 

generates larger cumulative displacement and wider 

lateral deformation zones. In contrast, W2 produces 

more localized deformation patterns with lower 

displacement continuity. 

Integrated results from Fig. 5–Fig. 10 confirm 

groundwater depth does not linearly improve 

stability. Instead, deeper groundwater significantly 

modifies pore pressure distribution, seismic 

amplification, and deformation mechanisms under 

inclined ground conditions. 

The groundwater lowering (GL) scenario using 
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W3 (9 m), positioned below the critical 

computational depth of 7 m, effectively suppresses 

excess pore pressure generation and produces 

nearly drained conditions during seismic loading. 

This mechanism reduces soil–water interaction and 

decreases liquefaction susceptibility within the 

computational zone. However, despite its 

effectiveness in reducing pore pressure, GL alone 

shows limitations in controlling lateral spreading 

and cumulative deformation under sloping ground 

conditions. 

In comparison, the Encased Stone Column 

(ESC) system demonstrates superior and more 

stable performance in mitigating liquefaction-

induced deformation. Unlike GL, which primarily 

modifies hydraulic conditions, ESC simultaneously 

increases soil stiffness, confinement, drainage 

capacity, and shear resistance. As a result, ESC not 

only reduces excess pore pressure generation but 

also significantly limits lateral displacement and 

flow deformation under seismic loading. The 

reinforcement effect provided by the geosynthetic 

encasement improves load transfer mechanisms and 

restrains soil movement more effectively, 

particularly under steeper slope configurations. 

Therefore, while GL is effective as a hydraulic 

mitigation strategy, ESC provides a more 

comprehensive seismic ground improvement 

solution for liquefaction-prone sloping soils 

because it combines drainage enhancement with 

structural reinforcement against deformation and 

instability.

 
Table 4. Originality 

Dimensions Specific Findings Key Originality 

Interaction 
Certain slope inclinations reduce 

((𝑖)Δu/σv
′ ) at specific depths. 

i = 0∘ → 6∘ 
Slope inclination does not always 
intensify all seismic response parameters. 

Mitigation 

Depth 
Threshold 

W3 (9 m) reduced excess pore pressure 

to zero at 7 m depth. 
Δu/σv

′ = 0 

Critical pump depth identified for 
eliminating liquefaction risk in vulnerable 
zones. 

Lateral vs 

Vertical 

Efficiency 

GL eliminated pore pressure, but lateral 

deformation remained higher than ESC 

Max Dis W2 =
 24.9 vs

Max Dis W3 =
 18 

GL requires ESC integration for effective 
lateral deformation control performance. 

Correlation 
of 

Frequency 

and 

Acceleratio
n 

Groundwater depth significantly altered 

Response Spectra and dominant 

vibration periods. 

T 
=  0.368s 
→ 1.443s 

Dewatering shifts natural vibration 
periods through effective stress 
modification. 

 

 

CONCLUSION 
 

Groundwater depth significantly alters excess pore 

pressure, acceleration, spectral response, and 

deformation behavior. W3 condition increases peak 

acceleration up to 0.190 g compared with W2. 

Deeper groundwater shifts the dominant period 

toward 1,443 seconds, indicating stronger dynamic 

amplification effects. Slope inclination intensifies 

response variability under both W2 and W3 

conditions significantly. Design strategies must 

consider groundwater depth effects since deeper 

conditions may amplify seismic response. Ground 

improvement approaches should prioritize 

combined hydraulic and mechanical mitigation 

rather than single control measures. Future studies 

should investigate coupled hydro-mechanical 

interactions under varying soil layering and 

heterogeneity conditions. Advanced probabilistic 

seismic modeling is recommended to capture 

uncertainty in groundwater-driven dynamic soil 

response. 
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