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Study on failure mode and optimization design of embankment supported by
multi-pile type composite foundation

Liu Jian', Xia Boyang’, Zheng Gang’
(1. Cangzhou Qugang Expressway Construction Co. Lid. 5 2. School of Civil Engineering, Tianjin University)

Abstract: To systematically investigate the influence of different pile types on the failure modes and overall stability of embankment
supported by composite foundations, a three-dimensional finite element analysis method was employed to study pile failure
characteristics and the evolution patterns of shear strain in foundation soils. A full lifecycle cost and benefit analysis framework was
applied to evaluate the economic performance of various composite foundation configurations, thereby identifying the optimal design
strategy with the highest cost efficiency. The results demonstrate that under embankment loading conditions, pile type significantly
alters the failure mode of embankment supported by composite foundations. As pile stiffness increases, the failure mode transitions from
shear failure to flexural failure, and the failure development pattern shifts from simultaneous failure to progressive failure. Specifically,
in gravel pile composite foundations, the plastic shear strain in soils exhibits progressive development along the embankment centerline.
In contrast, the shear strain evolution in plain concrete pile composite foundations displays distinct forward propagation at the
embankment center and backward propagation at the slope toe region, ultimately forming a continuous critical sliding surface.
Compared to strengthening piles across the entire area, installing high-strength piles only beneath the embankment slope toe to the
shoulder of the embankment can significantly enhance the overall stability of the embankment, demonstrating superior return on
investment and cost-effectiveness.
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Table 1 Material parameters

R AFPREAR M A K P e, v k/(m/d)  y/(kN/m*)  E/MPa c/kPa @/(°) Y/ (°)
L/ MCC 1.02 0.26 0.05 1 3.28 0.37 4.32x10™* 18.00
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Fig.4 Failure modes of pile under different schemes
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Fig.5 Development process of plastic shear strain in Scheme 1
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Fig. 6 Development process of plastic shear strain in Scheme 2
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Fig.7 Development process of plastic shear strain in Scheme 3
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Fig.8 Development process of plastic shear strain in Scheme 4
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Fig.9 Failure modes and critical failure surface characteristics of different composite foundation types
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Table 2 Cost and benefit ratio of foundation treatment methods under different schemes
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1 0. 64 82821 46587 37633. 36 1.24
2 0.49 63410 65998 49978. 16 1.32
3 0.33 42255 87152 66437.90 1.31
4 0.25 31782 97626 71866.57 1.36

4 & it

a. TEFSSRATEME AT WE Ao 5 S M K A BT UTIIIR | ELESSR T BT A AR R S AR R s e ik
RARGE L AR 5 52 G M HEAR AR [R) A7 7 35 DI 5525 i AR IR R, b S TR e AR R A i ik xS i A 3R
TRE 1A 525 Ml R VAR I ey SRR o7 8 Ak fk e ) S8 St v Lo T W A 8, 350U A SIS 2 4 A P 25T IR AR
FERHEARSY o b b R 3 ANERSY, B AR STR ARBE A SR I B i A, AT A D] SR B i 1A
TEI A5 3R 22 18R v i JR 5 T By L AR — U I A S8 o e S R TR R 1

b. BEAMEE S HFEAE IR AT AR T, LI D Se e Bt vl DO R A, S ik Uk e 3 ek
FRGCE IR ST U)X, S EURSERAT . FRIRBE H AR 5 3 HE 0 B g St v 09 87 78 0 ) B i o 55 5
BRI 7 8 R AFAE LL PRI 20, 5 1K B BRI S ARCHT ooy B I, i 571 20 o o7 A A P
BB Z 1], SBM-S R 2 I A e R TR Atk P AT 8 i SR e A SR 0 A | SRR
SEPEHRE R

c. FHEET P v A AR AR AACHR L | 380 5 7 % S I B0 22 B SRR 2 (A U S SR AR | 2 A2 TUAR B R Tt )
AR R T AR e, B R BB [ SR A €30 SRIRSE LA C50 ZK IR BE £ 3 s Ak 41 g K
PR A MR AR 4 D J7 R R A M B O7 58 it 7 S RER IR 1 R I e AR S R e
[Fi) P i R BIR J3E 3 R ARG 17 e T LA B 2 ) gy i et v i 2 ) AR

S 3k

[1] 2B0m. T XEAGMIEEI X TREMALI]. &2 TRE2%H,2007,29 (1) :1-13. ( Gong Xiaonan. Generalized composite
foundation theory and engineering application [ J]. Chinese Journal of Geotechnical Engineering, 2007,29 (1) 1-13. (in
Chinese) )

[ 2] KRNI, 220ERG , AR, 5. HhBEALFRIH R & LR ]]. + AR TRE2£4],2012,45(2) . 127-146. ( Zheng Gang, Gong Xiaonan,
Xie Yongli, et al. State-of-the-art techniques for ground improvement in China[ J]. China Civil Engineering Journal ,2012,45(2) .
127-146. (in Chinese) )

[ 37 9KFH, Eils e, . W AES A FEAE N 3 PR s B A B b g R I [0 ] T 224t ( A SRR 2021,
49(5) : 455-459. ( Zhang Xiuyong, Wang Hailong, Li Jie. Application of gravel pile composite foundation in improving soft
subgrade of Da-Li Highway[ J]. Journal of Hohai University ( Natural Sciences) ,2021,49(5) :455-459. ( in Chinese) )

[ 4] KRNI, JEEAE. S8 M B BRAR S STE MR ERE[ T ], KA 2 ( AR 5 TR ) ,2020,53(7) :661-673.
(Zheng Gang,Zhou Haizuo. State-of-the-art review of ultimate bearing capacity and stability of composite foundations[ J]. Journal
of Tianjin University ( Science and Technology) ,2020,53(7) :661-673. (in Chinese) )

[ 5] Almeida M S S, Davies M C R, Parry R H G. Centrifuge tests of embankments on strengthened and unstrengthened clay
foundations[ J]. Géotechnique, 1985,35(4) ;425-441.

[ 6 ] Kitazume M, Maruyama K. Internal stability of group column type deep mixing improved ground under embankment loading[ J].
Soils and Foundations,2007,47(3) :437-455.

[ 7] XVEA, %, i e, 6. R T CRG A & M B AR R R PE B ARG [ 1] 4+ TR 41, 2022,44(8) + 1502-
1511. (Liu Hongyang, Luo Qiang, Xue Yuan, et al. Centrifugal model tests on failure characteristics of CFG pile composite
foundation under embankment[ J]. Chinese Journal of Geotechnical Engineering,2022,44(8) ;:1502-1511. (in Chinese) )

[ 8 ] Zheng Gang,Xia Boyang,Zhou Haizuo,et al. Influence of deep-cement-mixing column rows on the performance of geosynthetics-



51 X815 SRR G M SORBSEBIM AL BT 5T 101

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

[26]
(27]

reinforced column-supported railway embankment[ J]. Transportation Geotechnics,2023,41.101012.
Zheng Gang, Yang Xinyu, Zhou Haizuo, et al. Numerical modeling of progressive failure of rigid piles under embankment load
[J]. Canadian Geotechnical Journal,2019,56( 1) :23-34.
Chai J C,Shrestha S, Hino T, et al. 2D and 3D analyses of an embankment on clay improved by soil-cement columns[J].
Computers and Geotechnics,2015,68.28-37.
FRMI, RETRN, R, A A SR TS M BRI SR [J]. AR TR, 2022, 55(7) 1 1-38. (Zheng Gang,
Cheng Xuesong, Zhou Haizuo, et al. Resilient evaluation and control in geotechnical and underground engineering[ J]. China
Civil Engineering Journal ,2022,55(7) ;1-38. (in Chinese) )
Jamsawang P, Yoobanpot N, Thanasisathit N, et al. Three-dimensional numerical analysis of a DCM column-supported highway
embankment[ J]. Computers and Geotechnics,2016,72:42-56.
Xia Boyang,Zheng Gang, Zhou Haizuo, et al. Stability analysis and optimization of concrete column-supported embankments in
soft soil[ J]. Acta Geotechnica,2024,19(5) ;:2515-2531.
Dennemann K L. Life-cycle cost-benefit (LCC-B) analysis for bridge seismic retrofits[ D]. Houston ; Rice University,2010.
Shadabfar M, Mahsuli M, Zhang Y, et al. Resilience-based design of infrastructure: review of models, methodologies, and
computational tools[ J]. ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems, Part A ; Civil Engineering,2022,8
(1):03121004.
KRR S0 — Ao, &5 MR I B 6T 52 45 3 B SOR B S R R R B M S R B [ 0] 2+ TR 440, 2019, 41 (4 7
1) :49-52. ( Zheng Gang, Guo Zhiyi, Yang Xinyu, et al. Influences of stiffness of piles on failure modes of embankment of
composite foundation[ J]. Chinese Journal of Geotechnical Engineering,2019,41(Supl) :49-52. (in Chinese) )
KM, Az e, JRIER A | S5 1 7 R R IR 10 S B2 T WP o 52 5 ot R O A R e A B AR [ ). A R TR 24, 2017, 39
(4).581-591. (Zheng Gang, Yang Xinyu,Zhou Haizuo,et al. Stability and control strategy of ground improved with rigid piles to
support embankments based on progressive failure[ J ]. Chinese Journal of Geotechnical Engineering,2017,39(4) :581-591 (in
Chinese) )
Liu K W, Rowe R K. Numerical study of the effects of geosynthetic reinforcement viscosity on behaviour of embankments
supported by deep-mixing-method columns[ J]. Geotextiles and Geomembranes,2015,43(6) :567-578.
FoI505 AL, B, 25 10 b BRENETE AL A T R EPERE[ ) ] I R 22 (A SRBRARR) ,2024,52(2)
77-83. (Wei Fangfang,Bao Shumin,Shao Sheng, et al. Bearing performance of helical piles in sand under oblique tensile load
[J]. Journal of Hohai University ( Natural Sciences) ,2024,52(2) :77-83. (in Chinese) )
Wk e, XU, WA, AF. BE R AR R AR N R AR T [ )] T R A 24 (A SRR L 2025,53(4)
108-115. ( Yao Yunlong, Liu Xin,Shao Zhiwei, et al. Test on internal friction angle of shallow cushion layers in pile-soil composite
subgrade [ J]. Journal of Hohai University ( Natural Sciences) ,2025,53(4) :108-115. (in Chinese) )
BRI, B T RIREE LA G I TR R ARHLI 5 TS ENR G OFFE [ D] n#8 . P4 R 5838 K, 2014
Liu Hanlong,Ng C W W, Fei Kang. Performance of a geogrid-reinforced and pile-supported highway embankment over soft clay;
case study[ J]. Journal of Geotechnical and Geoenvironmental Engineering,2007,133(12) ;1483-1493.
Montazeri M, Amiri G G, Namiranian P. Seismic fragility and cost-benefit analysis of a conventional bridge with retrofit
implements[ J ]. Soil Dynamics and Earthquake Engineering,2021,141.106456.
WS, B AL JE T ABAQUS MYSN-R NIRRT 43R S5k 1 30 1 B PE A M AL U e WP FE [ 1] . TR 12,2017, 34
(12):131-142. (Chi Yin,Huang Le, Yu Min. Calibration method of damage plasticity model for steel-polypropylene hybrid fiber
reinforced concrete based on abaqus [ J]. Engineering Mechanics,2017,34(12) ;131-142. (in Chinese) )
Zheng Gang,Zhang Xiaokai,Zhang Tianqi,et al. Numerical study on mechanical behavior and ultimate bearing capacity of shield
segment joints under different load conditions[ J]. Tunnelling and Underground Space Technology,2023,139:105204.
Villalobos F A. Model testing of foundations for offshore wind turbhines[ D ]. Oxford ; University of Oxford ,2006.
Padgett ] E,Dennemann K, Ghosh J. Risk-based seismic life-cycle cost-benefit ( LCC-B) analysis for bridge retrofit assessment
[J]. Structural Safety,2010,32(3) :165-173.

(ke A 91:2025 -07 -29 Gk . KO



