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Stability analysis of embankments on soft ground reinforced with soil-cement columns

using a finite element model
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Abstract

The construction of roads and drainage canals in the soft soil
regions of the Chao Phraya River basin frequently encounters

challenges related to embankment stability and displacement

due to the low strength and high compressibility of the soft clay
layers. To mitigate these issues, embankments are often
reinforced with ground improvement techniques such as the
cement deep mixing method. Consequently, the stability
analysis and design of reinforced embankments on soft clay are
of paramount importance. This study conducts a stability
analysis of embankments on soft ground reinforced with soil-
cement columns using the finite element method. A case study
is presented, focusing on a drainage canal construction project
in Ayutthaya Province, with the objective of evaluating the
stability of soft soil embankments by assessing factors of safety
at various stages of construction. The analysis incorporates soil
investigation data and laboratory test results from the project,
employing the Mohr-Coulomb model to simulate soil behaviour
under both construction and long-term usage conditions.
Preliminary findings indicate that the inclusion of soil-cement
columns  significantly enhances the factor of safety during
construction stages, with predicted embankment displacements
closely aligning with field measurement data. Key factors
affecting the analysis results include the choice of soil model,
the parameters selected for soft clay and soil-cement columns,

and the construction sequence.

Keywords: Embankments on soft ground, Stability analysis, Finite

element method, Factor of safety, Soil-cement column
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- e,- o PR ) y=16kN/m*> C =15kPa ¢ =0deg.
NITUATATDYTEYN E’U‘w 1 WARINTNAARNINLUIVINNVDITUAU (Soil

Profile Cross Section) @1n%34 Sta. 0+000 &4 Sta. 22+300 (@nngu 16.00

191% BH1-BH46) Faduuntuiunuguanwazal
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Y 4l o Dense Sand (SM)
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Embankment 4 ;0 e 1
y=20kN/m*> C=10kPa 0=30deg. | 7 -4.00m
T
Soft Clay (CL)
y =16 kN/m* C=15kPa ¢ =0deg. 7.00
¥ -11.00m
Sift Clay (CH)
y=19kN/m® C =150kPa ¢ =0 deg. 00
, 7-1800m
Dense Sand (SM)
y=20kN/m* C=0kPa ©=35deg.
11.00
7 -29.00 m

STA. 15+775 to 16+600
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- funeuil 1 (Ul 3a) UuugsRuduuilnefndaaidufiudind
Yausn SCC1 woufunaniandunuuiuuss (Bearing Unit) Lite
sosfulmssadnslusyezen

- Tunauil 2 (3U7 3b): YnAuaslieIEAv -4.00 AT ey

Nufidmiumsandauafufudiuudyaiiaes SCC2

- Fumeudl 3 (Uil 30) AndtuauRudund SCC2 wavyaiu
Wanduuieseiuriosnassiiiivun

- Sumouil 4 (3U71 3d): auRAuLAzUASALLLUS DA UAAD LD
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Step 1inatal:SEC1 SCC-Cement Column @ 1.20 m.

and Bearing unit B Precost Pile 0.22x0.22 m, 82.00 m.

M Precost slob 22.60x0.35 m.
Right of way

| +000

scet

=13.00

[
%
[
|
|
[
|
|
Soft clay
|
|
|
[ -17.00
[

Dense sand

(a) Fumeuil 1 USuugsiulaevih SCCluagmoniady Bearing unit

SCC-Cement Column @ 120 m.

Step 2 Excavate to elevation of SCC2

(elev.~4.00) and Install SCC2 =) B Precast Pie 0.22x0.22 m. ©2.00 m.

\ W Precast siob 22.60x0.35 m.
\
Right of way

Soft clay

-13.00

-17.00
Dense sand

\
L
\
\
\
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\
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(b) Tumoun 2 YARUAUTITYAU -4.00 Liereadha SCC2

SCC-Cement Column @ 1.20 m.
B Precost Pie 0.22x0.22 m. ©2.00 m.

+Right of way B Precost siab 22.60x0.35 m.

Step 3 Excavate to depth of canall

4.00
| +0.00

Vil ===
[EXCAVATE]

—SCC1

Soft clay
-13.00 -13.00

-17.00

Dense sand

(0) Tumaun 3 USudslaeviniu SCC2 way YaRuILESEAUYIDIAaRT

SCC~Cement Column @ 120 m.
W Precost Pie 0.22x0.22 m. 6200 m.
High! of way
| ‘Slep 4 Fill embankment and compaction

B Precast siob 22.60x0.35 m.

W Embonkment CBR. > 4%

[ Water level +2.00

~1190 Dense sand

(d) Tumopuy 4 puAULaTUADALLLLADADES S ULALARDY

U 3 funounisneatsauuduasedlulasinisiinu
2.3 mammuntuneuiiesizvluuuudiae

mavfulsnatesnnvesanduiululasimisil andiunisiaenns
wasuindalassadiiuseasdusenaundn loun andufugiuud,
dumeunIndaLsvuIn 0.22 x 0.22 Wwns wazgiusudmin (Pile
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cap) ¥ i Sasuanduliviausududwandungu (pile
group) lunsanedminainauuriudunasgunuudainuan lu
nsAATIERAIRuALE TN 0.22 x 0.22 Wwas WWunuuTIasIwuy
Embedded beam TdAamaudfrdmwestanaounin ndlandudiv
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2 §if (Plane strain) ilosanfufisvzinatiosviounuazseiilestu
Tupouidudufemstiuanssiusuduresiuiuaeldideuly
wssuAuluaneneatls (At-rest earth pressure) iitalfiuendasu
Tunsiesest Mnduinisfinfaaduiudiuusiaed 1 (scC1) uas
duneun3ndause (Bearing unit) W%@mﬁm'ﬁwﬁmﬁﬂmswﬂmﬂ
\3asdnsrioada souneeduasiessiu -4.00 was wazdeaiaady
AuBusinil 2 (5CC2) wanladmiinussynanniadesdng anduse
Audeilosauiasziuiunasiiuszana -8.00 wms wlelfmsnoadns
AapszUItanysal uarfinnsudmidnaniaiesdnsludumeud
seluvnisnufuuazundail ead1efunuuimionans ndawst
Ansanusinszyhnndminggas aavievhnPeneiiteduan

wrlrmasAuUasniolngsin (Global factor of safety) nel@aniag

Tgaua3a (Service condition)
2.4 917y UTIaed

nsaswuLTIaeIYaRuan Muuudiass 2 15 lneivundnuoe
vostgmudunuu ssuruanueien (Plane strain) @saziosinig
wlaswsfiwesluaudia Timnzauiunisiasgsiluaedia loun
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Alugdadangy, Alugdadeou dwiunsdiidnvauslasadadu
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d
anidanautRluusas Armdldmilouty (Anisotropic) desiilsis
anwugven1sidesu (Deformation) way nsnszareusslufianied
gndmean (Out of plane direction) Fsuvusiass 2 47 awauyAin
Tassarsdimnuensoidedlufiamaunu z-axs uuvliduga e
TinansiagiveswuudnassdinudenndodlnalAgsiuanInase
nsiaedlaseaselagld Plate element %58 Embedded beam
Faduesdusznouiilidarrumun (Zero-thickness element) n15
Auatudn msiansanlaeliiminuesdassaine wirfuainu
wansing sewdneiminuedlasiadiensuninfutmdnuesfui
Iﬂiaa%’mful,muﬁaau' Weliuuudassiiauaenadosiuaninaiy
Huase wimssasstamilumsanuilldidanneudmieimin
27nn1380¢ TIUAUYBY Embedded beam Element Uag Volume
Elemnent wingnslsiinunasenanaziinansenundnsarinisinden
flusyninaneadradnides wavdslinaremnsiasiziaiosan
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2.5 gndwelgluuuiiaesues-gasud

LLUUR]°TaEJ&3JEJ§—@JaEJJJﬂ (Mohr-Coulomb Model, MCM) vu
WUUTIADINEANTINTDIRUT Lesuaulonog1sunsnatslueiu
Frmnssussaimaiaiiosanniainuiseudiswagldnsinesnauise

wA1laannIsaaaunIsiesu URnsussauiulaenald Ined

= a o W °
M9 1 LUINNAITUINITIURNDIANUIULUUINABY Mohr-Coulomb

Amsiiwesudn 4 & Toun AuvuwLuensity , ) Anandeu
wiusznitugdafu (Cohesion, C) yuatgluzeudaiu (Angle of
internal friction, ¢ Tugaaaiugangu (Modulus of elasticity, E)
way dns1aruiives (Poisson’s Ratio, V) Tnonsdwmesiaenldly
wuuTraesldiSasuiisumatnmanisnaaevluauiuuas
wosfuAnig nsldauniaifesuszdng Empirical formula) 527
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Tasenswvunelng dedimnumanvanevesaniuiivazduinluus
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anduduiiasumdsoanduiuguusd (Soil cement column)
$1uru 2 JUuUUVan Fawansluguil 4 uag U7 5 welianuisa
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Material properties

furfinvieny (Coarse-grained soil)

fufinaziden (Fine-grained soil)

AugLus (Soil Cement)

o o q
NAFDULTIDALNULAET (UC), Cu:7u

€u=6.67Neo
(Terzaghi and peck., 1967)

Material behaviour Drained Undrained Undrained
Unit weight, ¥ (kN/m?) nadouluefufinig nogouluriesfiFing noaeuluielfiRnng
dusudiusau (Soft clay)
yaaouludiaiou (VST)
, NAHBULIIDAUNULAYY (UC) Cu—q—u
Cohesion, C (kPa) C =0 T2

Friction angle, ¢ (degree)

¢'=y/20(N1)go+20

(Hatanaka and Uchida , 1996)

$=0

$=0

Elastic modulus, E

(Denver , 1982)

Ey
— =Factor
Sy,
e Factor FuiuAMuLAIEAANTU

TuRy (Fudy uay WA, 2549)

Eso anmageuusidaunuiien (UC)

Poisson's ratio, V

ATy (Bowles, J.E., 1996)

UINE (Bowles, J.E., 1996)

U3 (Jamsawang et al,, 2015)

Neo Ao ArvesnisnagaunszusnnzaImIngIgIu (SPT-N Value) fiuss@vsnmwdsnunnnsenu smsg1uwiniu 60 %

(N1)eo Ao Arusuu Neo Widudunasgiuflenusuusserma Pa

19199 2 audRnuLazAmesauduSunuuiiaass Mohr-Coulomb

Material properties Embankment Soil-cement Soft clay Stiff clay Dense sand
Unit weight, 7 (KN/m?) 20 17 16 19 20
Elastic modulus, £ (kPa) 30,000 60,000 3,200 100,000 40,000

Poisson's ratio, V 0.30 0.25 0.35 0.30 0.30
Cohesion, € (kPa) 10 300 15 150 0
Friction angle, ¢(degree) 30 0 0 0 35
Material behaviour Drained Undrained type C Undrained type C Undrained type C Drained
asnsdi 3 aulRlaseairauagmsiioe g
Material properties Pile 0.22 x 0.22 m. Pile Cap
Unit weight, 7 (kN/m?) 8.00 8.00
Elastic modulus, E=33Wcl5\/ fc’ (psi) 4,269,987 4,269,987
Area, A (m?) 0.048 0.400
Moment inertia, | (m% 0.0002 0.0053
Axial skin resistance, T (kN/m) 198.00 -
Base resistance, F (KN) 6.50 -
Element type Embedded beam Plate

a o
A19199 4 EULLUUﬂimﬂﬂ'w’]

%o L. seiu AmEnEduALTL | sziu Anudnadureunsa
suuuu ANUUUNTUAUBDU (lAT) UInUAUTBLIUR (U o
(1um3) ALY (LUR3)

anfuRuEsuidseEdy

L. } 16.00 82.80 -13.00 -17.00

AUTIUR JULUUT 1
anfuRuEsuidseEdy

. ) 16.00 108.80 -13.00 -17.00

AUTLIUA JULUUT 2
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Plan view
Section view
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Plan view
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4. HAN1SANEN

9NN 5 uanswanIsiezinisindsuialuisiugean
(Maximum horizontal displacement: MHD) #aanTsfoadauazime
wosAuUasnse (Factor of safety: FS) sasaindufuiliasurids
Foandufufiauiieosguuuy nuh
ULUUT 1: fif1 FS = 1.240 WAz MHD = 0.490 wims
SULUUT 2: ff1 FS = 1.326 waz MHD = 0.239 s

o 4' @ o ' v 3
A15199 5 115LAA UM IULUITIURAINITABES 1Las LN ALADS AW

Uaeasievauuuinges
No. Model FS. MHD (m.)
1| anfuiuasuanduiudiuud suuuui 1 1.240 0.490
2. | awdufudmanduiudond suuuii 2 | 1326 0.239

Mewme: MHD fila Maximum Horizontal Displacement, FS @@ Factor of

Safety

MnuansAnwIUUTIesanduAua IS uAudug
2 duvunuImginssunnidesunsidesy wagnisimateuuy
2anan Sdnwasduioiy msiuadufiudsudezainsaannis
wd pudaluninsuredlaseaine wazanduuganatainidou
(Shear plastic point) leiogediddfy dwalildruvamasaing
Uaonoifissnntu

SUT 6 uae JUT 8 uansdnvairmsidhvedlasaisdufuinnis
nypf Edunsun3ndauss lnduAuduud ddnvaelfsetazin
nsYATu (Heave) vosAuuinduiliiugn dmiuguil 7 uay Uil
9 uanwmaNsLAAeUFIlULLATIL AllawesANUaensiy vos an
AuRueuan FufuBiuud sULUUT 1 wae JULUUT 2 s uith
Buduandufiuo indeuiilumnslugandufudiuud suuuuns
Wananguuuanay (circular failure) lnefiyndngauszanu 16 wWns
wilotuiumieudememiudt Juuuumsimaeresr

Auudulvgegmelutuiumieigou

Undeformed mesh

Dense sand

UM 6 nan1sd1aesnaidegy (Deformed mesh) Juluui 1

FS.Global = 1240

020
FUN 7 wan3dnaesrunAmesAIUannsit (FSympm) JULUUN 1

Undeformed mesh

nt soil-cement column

ent soil-cement column

Dense sond

5UN 8 nan3dnaesnaide gy (Deformed mesh) sUuU 2

FS.Global = 1.326

3UR 9 wan1sraesrunAwesAIUUaBRY (FSyem) JUWUUT 2
5. unagy

nsufulssRudeumsaduiuduuduasnistdiandusesiu
UULUY Bearing Unit gniwldlulasanisyapaosszuisivuiu
willergaungunne

nMsAnugluuUMaEsImMdsduRuuutuiuniesou 2
JULUU wanTAATEsilafiosnnvesaaAuNyn MsiaUTa
ndufuduuddy annsnannisiadeusiluuuisu uay Aule
wesauUasnfedaiiunndu szuiuiva (Slp surface) WnTu
wiloduiuuds Semneaui msiueusvena AU
eifiuduamesasasndy annisgadvesiu annisiadous
Tuwsu dwalilassaduiuiiafiosnmanniy

nsUfuURRmn Ay Tasfindaanduiuduudlusinuandy
Audenalyl useamidermeluiy wagidsiumuusadouvesiu
W@y Snientslfianduneunindauseiln Bearing Unit il
sessudwiinanouuduuesdisussasgduRuiuiusn 9o

annsngadnasiisatiosninlassiuvedasaieAuny Ay n1s
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6. NnRNITNUIZNA

va o e

A338v9 U0 UAMANINTTRATUABNTURIAUSITLIMYLANIZN
FAINTTUFTANANALALEIMAWINGN N1AIV1TIFINTSHLEsT Ae

AFINTIUANERS PNAINTUUNIN 1R
7. 12NH1581989

[1] Pintusorachai, P., Tanapalungkorn, W. and Likitlersuang, S.
(2024). Enhancing 3D geological and geotechnical engineering
model of Bangkok subsoil using optimal deep neural network
models. Environmental Earth Sciences 83, 64.

[2] Abusharar, SW., Zheng, JJ. and Chen, BG. (2009). Finite
element modeling of the consolidation behavior of multi-
column supported road embankment. Computers and Geotech,
2009;36(4):676-85

[3] Jamsawang, P., Voottipruex, P., Boathong, P., Mairaing, W. and
Horpibulsuk, S.  (2015). Three dimensional numerical
investigation on lateral movement and factor of safety of slopes
stabilized with deep cement mixing column rows. Eng Geol,
92015;188:159-67.

[4] Jamsawang, P., Yoobanpot, N., Thanasisathit.,P., Voottipruex,
and P, Jongpradist. (2016). Three-dimensional Numerical Analysis
of a DCM Column-supported Highway Embankment. Computers
and Geotechnics, 72, pp.42-56.

(5] Prakash, K.G. and Krishnamoorthy, A. (2023) Stability of
Embankment Constructed on Soft Soil Treated with Soil-
Cement Columns. Transp. Infrastruct. Geotech, 10, pp.595-615.
(6] Likitlersuang, S., Pholkainuwatra, P., Chompoorat, T. and
Keawsawasvong, S. (2018). Numerical modelling of railway
embankments for high-speed train constructed on soft soil.

Journal of GeoEngineering, 13(3), pp.149-159.

[7] Huang, Z.,, Ziotopoulou, K., and Filz, G. M. (2019). 3D
Numerical Limiting Case Analyses of Lateral Spreading in a
Column-Supported Embankment. Journal of Geotechnical and
Geoenvironmental Engineering, 145(11), 04019096.

[8] Likitlersuang, S., Surarak, C., Wanatowski, D., Oh. E. and
Balasubramaniam, A.S. (2013). Finite Element Analysis of a Deep
Excavation: A Case Study from the Bangkok MRT. Soils and
Foundations, 53(5), pp.756 — 773.

[9] vaan Iqvdlsiyna (2020). gledAanssugiusin. U3t Aide
gm%u i (W), i 589-627

[10] wiua lannaias, Adw lyenns way suina Asauysel (2564).
msfnusuuaduiudiuudiasuidiunaduiinlag sl lud
wasd.  nsUssgimmsimnssles e asi 26, ms
Uszguguuuuesulal, 23-25 figuigu 2564, w1 GTE-13

[11] Likitlersuang, S., Chheng, C, Surarak, C. and
Balasubramaniam, A.S. (2018). Strength and Stiffness Parameters
of Bangkok Clays for Finite Element Analysis. Geotechnical
Engineering Journal of the SEAGS & AGSSEA, 49(2), pp.150 - 156.
[12] Likitlersuang, S., Chheng, C. and Keawsawasvong, S. (2019).
Structural modelling in finite element analysis of deep
excavation. Journal of GeoEngineering, 14(3), pp.121-128.

[13] Mase, L.Z., Tanapalungkorn, W., Plengsiri, P., Neamcharoen,
K., and Likitlersuang, S. (2023). Subsoil Variability in the Bangkok
Metropolitan Area of Thailand Identified through Ambient Noise
Measurement. Indonesian Journal on Geoscience, 10(1), pp.1-11.
[14 ] Roeun, D. Sukkarak, R. and Likitlersuang, S. (2024).
Influences of Subsoil

Modelling on Underground Deep

Excavation Behaviour in Phnom Penh City, Cambodia.
International Journal of Geosynthetics and Ground Engineering,
10, 27.

[15] Muenpetch, N., Keawsawasvong, S., Komolvilas V. and
Likitlersuang, S. (2024). Numerical investigation on impact of
excavations in influence zone of existing MRT tunnels.

Geomechanics and Geoengineering, 19(3), pp.199-218.

GTE-14-9



