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Abstract

One method for improving highly compressible, low-permeability soft soils is the combination of Prefabricated
Vertical Drains (PVDs) and vacuum consolidation. Chai et al. (2005) proposed an analytical method for
estimating lateral soil movement based on field measurements using inclinometers. However, the model
parameter (o) in their method lacks an explicit explanation of its relationship with soil properties and depth.
This study aims to investigate the influence of soil parameters and depth on lateral ground displacement by
comparing inclinometer measurements from a case study with an enhanced analytical model derived from
Chai et al. (2005). The results identify the compression index (Cc) as the most influential soil parameter, while
the depth effect (z) is represented by the function f(z) = 0.001z3 - 0.0317z? + 0.2328z + 0.3345. The proposed
model was evaluated against field data using quantitative error metrics, yielding a coefficient of determination
(R?) of 0.9710, a mean absolute error (MAE) of 0.0435, and a root mean square error (RMSE) of 0.0482.
These results indicate strong agreement with field measurements and relatively low prediction errors.
Nevertheless, further validation under different soil conditions is required to establish the model's broader
applicability.
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INTRODUCTION operational period, increase the bearing

capacity of the soil, and improve embankment

Soft  soils  characterized by  high
compressibility and low permeability require
ground improvement to enhance their
engineering  performance. One  ground
improvement method that can be applied is the
use of Prefabricated Vertical Drains (PVDs)
combined with vacuum preloading [1], [2]. The
application of PVDs in combination with
vacuum consolidation aims to accelerate the
rate and degree of consolidation settlement,
reduce post-construction settlement during the

stability. In addition, this method can reduce or
eliminate the need for surcharge fill material
required in conventional preloading by
utilizing the atmospheric pressure induced by
the vacuum consolidation process. It can also
eliminate the need for additional soil fill along
the edges of the improved area to enhance
slope stability [3], [4].

Field applications of ground improvement
using Prefabricated Vertical Drains (PVDs)
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combined with vacuum preloading include the
construction  of  roads, = embankments,
reclamation areas, ports, airports, building or
tank foundations, and other infrastructure. To
assess and validate the performance of PVD-
vacuum consolidation ground improvement in
the field, appropriate monitoring
instrumentation should be installed. One of the
essential field monitoring instruments is the
inclinometer [3], [5]. The primary purpose of
inclinometer installation is to monitor lateral
soil displacement resulting from the preloading
process.

The greatest lateral soil displacement induced
by embankment loading generally occurs at the
toe of the embankment; therefore,
inclinometers are typically installed along the
embankment perimeter [6], [7]. In PVD-
vacuum consolidation ground improvement,
the direction of lateral soil movement is
generally toward the improved area [8], [9].
Monitoring the magnitude of lateral soil
displacement is essential to ensure that ground
stability ~within the improved area is
maintained throughout the improvement period
and to minimize potential adverse effects on
the surrounding environment [10].

One of the existing methods for estimating
lateral soil displacement is the method
proposed by Chai et al. (2005), which was
developed based on field experiments using
inclinometers as field monitoring instruments
[11]. In this method, an empirical assumption
is introduced through the variation of the model
parameter (o), although the factors governing
this variation are not explicitly explained. Chai
et al. (2005) developed this approach for
estimating lateral soil displacement based on
field observations.

The assumption involved in estimating lateral
soil displacement in PVD-vacuum
consolidation ground improvement using the
Chai et al. (2005) method should therefore be
minimized. Such assumptions introduce
uncertainty and may limit the applicability of
the method when it is applied to case studies
with different soil and site conditions.
Compared with the method of Chai et al.
(2005), the proposed modification explicitly
relates variations in the model parameter (o) to
soil parameters and soil depth, which are not
explicitly considered in the original method.
This modification is based on the theoretical
relationship between the increase in vertical
stress induced by loading and soil depth, as
well as the soil deformation response to
loading, which is generally governed by the
geotechnical properties of the soil.

METHOD

Based on the Universal Transverse Mercator
(UTM) coordinates, the study area is located
within the coordinate boundaries presented in
Table 1. The location of the study area is
shown in Figure 1.

Figure 1. Study Site

The data required for this study consisted of
secondary data obtained from relevant and
authorized institutions or agencies. The
collection of secondary data is presented in
Table 2.

Table 1. Study site boundaries

Left Boundary

Right Boundary

Upper: 683326.635 m E and 9333945.675 mS  Upper: 683401.839 m E and 9333740.501 m S
Lower: 683309.290 m E and 9333940.572 m S  Lower: 683385.629 m E and 9333732.609 m S

Table 2. Data acquisition
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Source (Collection

No. Data Period) Purpose
1  Study location map Google Earth To identify the coordinates of the study
(2024) site.
2 Geological map Geologi ESDM To analyze the types of rock formations
(2024) present at the study site.

3  Standard Penetration  Geosistem (2024) To analyze the soil stratification and soil
Test & (SPT) & borlog types at the study site.

4  Laboratory soil test Geosistem (2024) To determine the soil parameters for each
results soil layer at the study site.

5  Softsoil distributionmap Geologi ESDM To verify and confirm that the soil at the
of Indonesia (2024) research site is classified as soft soil

based on the Indonesian soft soil
distribution map.

6  Technical data and Geosistem (2024) To identify the technical data and
drawings of the PVD drawings related to ground improvement
Combined with Vacuum using PVD combined with Vacuum
Consolidation Ground Consolidation, which  support the
Improvement Works analysis of lateral ground movement.

7 Summary of lateral Geosistem (2024) To verify the actual lateral ground

ground displacement

displacement occurring at the study site.

The research flowchart is presented in Figure 2.
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Figure 2. Research flowchart

RESULTS AND DISCUSSION

Chai et al. (2025) developed one of the
methods for estimating lateral ground
displacement based on field experiments using
field instrumentation, specifically
inclinometers (Hu & Liu, 2021; Song et al.,
2022). The method incorporates an assumption
regarding the variation of the model parameter.
The lateral ground displacement (&) at the

boundary of the improved soil area is
determined using Equation (1).
6 = B 1)
where:
& Horizontal strain
B Half the width of the improved

soil area

Jurnal Teknik Sipil Cendekia (JTSC) Volume 07, No0.04, October 2026

The horizontal strain is determined using
Equation (2).

1 Ao
&y = E(l — 0()1 +eln(1 +ﬁ) @
where:
a Assumed variation in the model
parameter
A Virgin Compression Index (Cc)
from the e — Inp' Curve
e Void ratio
AG yac Additional vacuum pressure in

the improved ground area
o',0 - Vertical effective stress of the
soil in the improved ground area

The visualization of ground improvement
using PVD combined with Vacuum
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Consolidation [12], [13] is presented in Figure
3. The soil stratification at the study site, based on
the processed data, is shown in Figure 5.
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Figure 5. Soil Stratification at the study

site

The lateral ground displacement data for soil
improved with PVD combined with Vacuum
Consolidation at the study site are shown in
Figure 4. Lateral Ground displacement Table 3.
in Soil Improved with PVD Combined

with Vacuum Consolidation

Table 3. Summary of measured lateral ground displacement at the study site

Depth  Initial 12/7 12/8 12/9 12/10 12/11 12/12 12/13
(m) Reading (mm) (mm) (mm)  (mm) (mm) (mm) (mm)
(mm)
0.50 0.00 30457 30526  305.93 306.58 307.35 308.11 308.86
1.00 0.00 256.78 257.35 257.91 258.45  259.09 259.72 260.35
1.50 0.00 229.06 22956 230.10 230.60 23119 231.76 232.34
2.00 0.00 221.09 22158 22207 22254 22310 223.65 224.19
2.50 0.00 211.83 21230 212.76 21321 21374 21426 214.78
3.00 0.00 205.29 20571 206.11 206.51 206.98 207.44 207.90
3.50 0.00 195.62 19597 196.32 196.67  197.07 197.46 197.86
4.00 0.00 186.25 186.58  186.89 187.20 187.57  187.92 188.28
4.50 0.00 176.22 17650 176.78 177.05 177.37 177.69 178.00
5.00 0.00 174.16 17441 17465 17488 17516 17543 175.70
5.50 0.00 160.77 16097 161.16 161.35 16158 161.80 162.02
6.00 0.00 148.37 14854  148.71 148.87  149.06 149.25 149.44
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6.50 0.00 141.18 14131 14144 14156 14171 14186 14201
7.00 0.00 135.16 13524 13532 13540 13550 13559 135.68
7.50 0.00 131.83 13186 131.89 13191 13195 131.98 132.01
8.00 0.00 123.75 12373  123.71 123.69  123.67 123.65 123.62
8.50 0.00 11416  114.09 11402 11395 113.87 113.79 113.71
9.00 0.00 102.06  102.06 102.06 102.06  102.05 102.05 102.05
9.50 0.00 90.36 90.32 90.27  90.23 90.18 90.13 90.08
10.00 0.00 77.58 77.44 7731 77.18 77.03 76.88 76.73
10.50 0.00 66.37 66.18 66.00 65.81 65.60 65.39 65.18
11.00 0.00 57.41 57.22 57.04  56.86 56.64 56.43 56.22
11.50 0.00 47.61 47.45 4729 47.14 46.96 46.78 46.61
12.00 0.00 37.51 37.42 3733 37.24 37.14 37.04 36.94
12.50 0.00 30.86 30.76 30.66 30.56 30.44 30.33 30.22
13.00 0.00 23.06 23.05 23.05 23.04 23.03 23.02 23.01
13.50 0.00 14.33 14.47 1461 14.75 14.90 15.06 15.21
14.00 0.00 7.71 7.94 8.16 8.37 8.62 8.87 9.11
14.50 0.00 4.96 5.21 5.46 5.70 5.99 6.26 6.54
15.00 0.00 2.07 2.30 2.53 2.75 3.01 3.26 3.52
15.50 0.00 0.67 0.79 0.90 1.02 1.15 1.28 1.41
16.00 0.00 0.81 0.87 0.99 1.11 1.17 1.29 1.17
16.50 0.00 -0.70 -0.66 -0.62  -0.58 -0.53 -0.49 -0.44
17.00 0.00 0.94 0.97 0.99 1.02 1.05 1.08 111
17.50 0.00 1.18 1.19 1.21 1.23 1.25 1.27 1.29
18.00 0.00 0.81 0.83 0.84 0.86 0.87 0.89 0.91
18.50 0.00 -0.27 -0.26 -0.24  -0.23 -0.21 -0.20 -0.18
19.00 0.00 -1.81 -1.80 -1.80 -1.79 -1.78 -1.77 -1.76
19.50 0.00 -1.93 -1.93 -1.94  -1.95 -1.96 -1.97 -1.97
20.00 0.00 -2.21 -2.23 -2.24 -2.26 -2.28 -2.30 -2.32
20.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

The soft clay layer requiring ground
improvement using Prefabricated Vertical
Drains (PVD) combined with Vacuum
Consolidation at the research site has a
thickness of 15 m. The analytical calculation of

the lateral ground displacement was performed
using the formulation proposed by Chai et al.,
as modified by Fitriana Sarifah, as presented in
Table 4.

Table 4. Comparison of Lateral Ground displacement Based on Field Inclinometer
Measurements and the Chai Method Modified by Fitriana Sarifah

B= 10 m H= 15 m

GWL 2z y 6'vo Ac'vo Cc C, e f(2)fiea  &ot.B  f(Z)model  On (Chai on
(Chia  (Fitriana etal field

etal) Sarifah) modified

by

Fitriana

Sarifah)
m m  kN/m®  kN/m?  kN/m? cm cm cm
05 16 8 81.02 05 145 150 0.44 697.17 0.44 30.89 30.89
1 16 16 81.02 05 145 150 050 52151 0.54 27.98 26.04
15 16 24 81.02 05 145 150 054 427.11 0.62 26.30 23.23
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2 16 32 81.02 0.5 145 150 0.61 365.11 0.68 2487 2242
25 16.76 40.38 81.02 161 145 150 0.67 318.50 0.73 23.38 21.48
3 16.76 48.76 81.02 161 145 150 0.73 283.25 0.77 21.94 20.79
35 16.76 57.14 81.02 161 145 150 0.77 25547 0.80 2054 19.79
4 16.76  63.558 81.02 161 145 150 0.79 23781 0.82 19.56 18.83
38 45 1676 67.033 81.02 161 145 150 0.78 229.28 0.83 19.06 17.80
5 16.76  70.508 81.02 1.61 145 150 0.79 22137 0.83 18.40 17.57
55 1676  73.983 81.02 1.61 145 150 0.76 214.01 0.82 17.60 16.20
6 16.76  77.458 81.02 1.61 145 150 0.72 207.14 0.81 16.70 14.94
6.5 1676 80.933 81.02 1.61 145 150 0.71 200.72 0.78 15.72 14.20
7 16.76  84.408 81.02 161 145 150 0.70 194.70 0.75 14.68 13.57
75 1676  87.883 81.02 161 145 150 0.70 189.04 0.72 13.60 13.20
8 16.76  91.358 81.02 161 145 150 0.67 183.71 0.68 12.49 12.36
85 1676  94.833 81.02 161 145 150 0.64 178.68 0.64 11.38 11.37
9 1387 96.863 81.02 161 145 150 0.58 175.87 0.59 10.39 10.21
95 1387 98.893 81.02 161 145 150 0.52 173.16 0.54 939 9.01
10 13.87 100.923 81.02 1.61 145 150 045 170.52 0.49 8.40  7.67
105 13.87 102.953 81.02 1.61 145 150 0.39 167.97 0.44 742  6.52
11 13.87 104.983 81.02 161 145 150 0.34 165.50 0.39 6.46 5.62
115 13.87 107.013 81.02 161 145 150 0.29 163.10 0.34 555 4.66
12 13.87 109.043 81.02 161 145 150 0.23 160.77 0.29 468 3.69
125 13.87 111.073 81.02 161 145 150 0.19 158.50 0.24 3.88 3.02
13 13.87 113.103 81.02 161 145 150 0.15 156.30 0.20 3.14 230
135 13.87 115133 81.02 161 145 150 0.10 154.17 0.16 247 152
14 1387 117.163 81.02 161 145 150 0.06 152.09 0.12 189 091
145 13.87 119.193 81.02 161 145 150 0.04 150.07 0.09 141 0.65
15 13.87 121.223 81.02 1.61 145 150 0.02 148.10 0.07 1.02 035
155 13.87 123.253 81.02 1.61 145 150 0.01 146.18 0.05 0.74 0.14
16 13.87 125.283 81.02 1.61 145 150 0.01 14432 0.04 058 0.12
165 13.87 127313 81.02 1.61 145 150 0.00 14250 0.04 0.53 -0.04
17 13.87 129.343 81.02 161 145 150 0.01 140.73 0.04 062 011

A comparison of the field-measured
lateral ground displacement with the results
obtained using the Chai et al. method, as
modified by Fitriana Sarifah, is presented in
Figure 6. The maximum lateral ground
movement at the research site was 30.89 cm,
occurring at a depth of 0.5 m below the ground
surface. Since the soil compression index (Cc)
varies along the 15 m thick, soft soil layer, an

average compression index (Cc) was adopted
to represent the soil layer in the analysis. This
approach was inspired by using average soil
parameter values for site classification in SNI
8460:2017. The influence function describing
the relationship between soil depth and lateral
ground movement is expressed as f(z) =
0.001z% - 0.0317z%> + 0.2328z + 0.3345, as
presented in Figure 7.
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Figure 6. The comparison between the field-measured lateral ground

movement and the Chai et al. method modified by Fitriana Sarifah

Figure 7. Influence function of soil depth on lateral ground movement in soil

improved with PVD combined with vacuum consolidation

The accuracy of the proposed model
was evaluated by comparing its predictions
with field data using the coefficient of
determination (R?) according to the equation
(3), mean absolute error (MAE) according to
the equation (4), and root mean square error
(RMSE) according to the equation (5) as
guantitative error metrics.

R*=1-

) (f(z)field - f(z)model)2

?:1 (f(z)ﬁeld - f(Z)field)2

L
MAE = ;Z|f(z)field - f(Z)modell
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1 n
RMSE = E;(f(z)field _f(Z)model)z (5)

The obtained (R?) value of 0.9710
indicates a strong agreement between the
model predictions and field measurements,
with 97.10% of the variance in the field data
explained by the model. Furthermore, the MAE
and RMSE values of 0.0435 and 0.0482,
respectively, indicate relatively  small
prediction errors in the units of the evaluated
parameter. The slightly higher RMSE than
MAE suggests that some prediction errors are
larger than the average absolute error, although
the difference between the two metrics is
relatively small. Overall, these results indicate
that the proposed model can adequately
reproduce the general trend of the field data
with  relatively low prediction errors,
supporting its accuracy in representing the
observed depth-dependent profile.

CONCLUSION

This study identifies the compression
index (Cc) as the predominant soil parameter
influencing lateral ground displacement during
PVD and vacuum consolidation. Considering
the variation of Cc along the 15 m thick, soft
soil layer, an average Cc approach is proposed,
with the depth effect represented by f(z) =
0.001z% - 0.0317z% + 0.2328z + 0.3345. The
proposed model was evaluated against field
data using quantitative error metrics, yielding a
coefficient of determination (R?) of 0.9710, a
mean absolute error (MAE) of 0.0435, and a
root mean square error (RMSE) of 0.0482.
These results indicate strong agreement with
the field measurements and relatively low
prediction errors. However, further validation
under different soil conditions is necessary to
assess the model's general applicability.

ACKNOWLEDGEMENT

The authors  gratefully  acknowledge
Universitas Siliwangi for its support in
conducting and completing this research.

BIBLIOGRAPHY

[1]

(2]

(3]

(4]

[5]

[6]

[7]

(8]

H. Lei, L. Anyi, and S. and Feng,
“Consolidation effect of prefabricated
radiant drain vacuum preloading
technology: A physical model case
study,” Marine Georesources &
Geotechnology, vol. 41, no. 10, pp.
1187-1197, Oct. 2023, doi:
10.1080/1064119X.2022.2119904.

T. N. Nguyen, D. T. Bergado, M.
Kikumoto, P. H. Dang, S. Chaiyaput,
and P.-C. Nguyen, “A simple solution
for prefabricated vertical drain with
surcharge preloading combined with
vacuum consolidation,” Geotextiles
and Geomembranes, vol. 49, no. 1, pp.
304-322, 2021, doi:
10.1016/j.geotexmem.2020.10.004.
SNI 8460, Persyaratan Perancangan
Geoteknik. Badan Standarisasi
Nasional., 2017. [Online]. Available:
https://binamarga.pu.go.id/uploads/file
s/546/sni-84602017-persyaratan-
perancangan-geoteknik.pdf

J. L. Borges, “Vacuum preloading and
PVDs in soft soils beneath
embankments: 3D coupled analysis
incorporating overall stability study,”
Soils and Rocks, vol. 45, no. 3, pp. 1-

17, 2022, doi:
10.28927/SR.2022.072821.

J. Ni and J. Chai, “PVD and DCM
columns combined ground

improvement for embankment
construction,” Acta Geotech., vol. 17,
no. 7, pp. 3087-3098, 2022, doi:
10.1007/s11440-021-01405-4.

F. Hariati, N. Chayati, and L. R. Jannah,
“Analysis of Soft Soil Improvement
Using Prefabricated Vertical Drains (
PVD ): A Case Study of Rorotan,

Cilincing, North Jakarta,”
ASTONJADRO, vol. 14, no. 2, pp. 565—
572, 2025, doi:

10.32832/astonjadro.v14i2.17519.

L. Liliwarti, D. Archenita, M. Misriani,
and A. Refnaldo, “Effect of Installation
Pattern of Prefabricated Vertical Drain
(PVD) on Degree of Consolidation in
Soft Soils,” Fondasi: Jurnal Teknik
Sipil, vol. 12, no. 1, p. 110, 2023, doi:
10.36055/fondasi.v12i1.16175.

I. N. Hamdhan and N. L. Rahmanisa,
“Pemodelan Perbaikan Tanah Lempung
Lunak Menggunakan Vacuum

Jurnal Teknik Sipil Cendekia (JTSC) Volume 07, No0.04, October 2026 836



9]

[10]

[11]

[12]

[13]

[14]

[15]

Fitriana Sarifah?, Intan Nuriskha Rachma?, Sarah Oktaviani Dewi?, Pengki Irawan*, Shanti Astri Novia®

Preloading,” JMTS: Jurnal Mitra
Teknik Sipil, vol. 6, no. 3, pp. 775-786,
2023, doi: 10.24912/jmts.v6i3.21128.
N. T. Nghia, “Modelling of a vacuum
consolidation project in Vietnam,”
Engineering and Technology, vol. 9,
no. 1, pp. 78-101, 2020, doi:
10.46223/hcmcoujs.tech.en.9.1.354.20
19.

A. C. Mert, A. Onalp, and E. Arel,
“Analysis of a Prefabricated Vertical
Drain (PVD) Soil Improvement
Project,”  Teknik  Dergi/Technical
Journal of Turkish Chamber of Civil
Engineers, vol. 33, no. 1, pp. 11521-
11541, 2022, doi:
10.18400/tekderg.641218.

J. C. Chai, J. P. Carter, and S. Hayashi,
“Ground Deformation Induced by
Vacuum Consolidation,” Journal of
Geotechnical and Geoenviromental
Engineering, no. December, pp. 1553—
1561, 2005, doi: 10.1061/(ASCE)1090-
024(2005)131:12(1552).

M. M. Pardsouie, M. H. Pardsouie, S.
M. A. Zomorodian, and M. Mokhberi,
“Numerical Study of efficiency of the
Vacuum Preloading in Weak Clay
Treatment (a case study),” Journal of
Civil Engineering and Materials
Application, vol. 6, no. 2, 2022, doi:
10.22034/jcema.2022.347725.1086.

F. Sarifah and N. Anggraini, “Prinsip
Perencanaan Continuous Improvement
Program Perbaikan Tanah Lempung
Lunak Menggunakan PVD dengan
Vacuum  Preloading untuk Jalan
Berkualitas, Estetik, dan Ramah
Lingkungan (Studi Kajian Proyek
Strategis Nasional Jalan Tol Trans
Sumatera),” in Prosiding KRTJ HPJI,
2022, pp. 19-25. doi:
10.58674/phpji.v15i1.49.

S. Feng, B. Weiwei, L. Huayang, S.
Xugen, L. Wei, and X. and Cheng,
“Vacuum preloading combined with
surcharge preloading method for
consolidation of clay-slurry ground: A
case study,” Marine Georesources &
Geotechnology, vol. 42, no. 4, pp. 348—
361, Apr. 2024, doi:
10.1080/1064119X.2023.2185843.

T. Kawamura and T. Umezaki, “Lateral
displacement of unsaturated clay slurry

Analysis of the Effects of Soil Parameters and Depth on the Lateral Movement of Soil Improved by Combined PVD-Vacuum
Consolidation

subjected to vacuum consolidation,”
15th Asian Regional Conference on Soil
Mechanics and Geotechnical
Engineering, pp. 2021-2026, 2015, doi:
10.3208/jgssp.JPN-069.

Jurnal Teknik Sipil Cendekia (JTSC) Volume 07, No0.04, October 2026 837



