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Variable stiffness leveling of old and new pile groups considering soil creep
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Abstract: The formation of a mixed pile foundation, integrating new and existing piles, is an effective approach for reusing old piles.
Based on an elasto-viscoplastic model, this study analyzes the evolution of mechanical properties of the soil surrounding piles during
long-term service, and introduces the quasi-overconsolidation ratio to characterize changes in soil shear modulus. By introducing a
pile interaction coefficient, we establish an interaction model for old and new pile foundations of different lengths and propose a
variable stiffness leveling design method for mixed-pile systems. Furthermore, the effectiveness of this method is verified through
comparison with finite element analysis results. Findings indicate that after 30 years of service, the void ratio of soil around old piles
reduces by 10.5%, and the shear modulus increases to 3.04 times the initial value due to creep. In addition, increases in the in-situ
overconsolidation ratio, decreases in the secondary consolidation index, and prolonged creep time necessitate greater pile lengths
during leveling. When the length of new piles increases from 30 m to 37.8 m, the interaction between short piles and long piles
decreases, and the settlement difference decreases from 2.07 cm to 0.09 cm.
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Fig.1 Schematic diagrams of mixed pile foundation and
reconstruction design in engineering projects (unit: mm)
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Fig.9 Variation of pile length required for leveling center
piles with secondary consolidation index

9T 3 B A A AR A &k 2 TR AR LA
FIFI52m, #£ OCR =1, @=0.006 5, t=5 a f5IL
THE T BEIALAR BLAE B 2R 2500 O A A AR
WIEE 10 FrR o FP A A 30 m IZ#THE inE] 37.8 m
bR, AR IIAEAH BAE F R AL S ), X



6 3

FEZE WA 58 ARV KT I H TR S A AR I B2 3~ T 7 1905

PO OO RINIEEAR R, HI85 T AR AT e A
AR, AMEAE B ST B TR O™ A 1
BRI R TH DBl o RN AH ELAR AR 5 &, thAT P
%, B ERCN, XU O HELE B SR
XS R RN TR S B B AR E TR PR
B LL AR BN X T &, » TR MbE, i,
B RO BRI AN 2 S E A 12 8] (AR T
TERT, BIfRFFAZE. BEAh, T BRSO AR AE,
AR R0 AR LA AN S rpvCo b A% 336 2y b, A
U 1 REAT 5 M I ANAEAEAE T R 8

12 r
OCR=1,2=0.0065,t=5a
1 ——3p
- 10} ——&i
NH
= —— &
o
E 08F
<
i — <+ .
= —e
06 F \'\v\v
0.4 1 1 1 ]
30 32 34 36 38

HLHEEK L/m

B 10 AR AR R AR P DA A AR R
Fig.10 Variation of pile interaction coefficient with center
pile length

B 11 A oA T 2 i O T G
ARSI FFCE AN 30 m TG INE] 37.8 m 1)
REFEH, A AR A AT 2 S DURE A 2.07 em 95
/NE0.09 emo [ 12 95 YRR 53 Bl H O K11
BAEDL . HERLLE S, 25U & 3
KB T o O TR IR D, X R RN T
HOO AR B = AR IIWIEE, A A AT oA PR A
HAERARSS, SARHONEAE A S EAER TR

5.10 0 BB TR TR s
51 4.65 I A BERE TR s
428 o oo -
ar 72350

= 331314 39
9FP.95-2.94 393

METTF% s/cm

30.0 31.0 32.0 33.0 34.0 35.0 36.0 37.0 37.8
AR L/m

B S AEAE TR BE PO A A AR R L
Fig.11 Variation of pile top settlement of each pile with
center pile length

——5]] —0— 512 —&— 513 —¥— 53] 533

0.7 4

EAEDCRR 5> & si/cm

0.6

05 1 1 L )
30 32 34 36 38

RO L/m

B 12 BHEIRES BT DA R (AR
Fig.12 Variation of settlement fraction of each pile with
center pile length

VIR A P, (HXA R EER K. RN A
i, FAAESZ B ACAE H BRI AT BTk, (EE
FEEN

5 4

ASCHM AR A TS T R, I
AERBEEA TARE R 5L 78 IHR SRR
W LR k. TS i R 4518

(1D IEMEAERIIARSCL AR T, ARSI 38 7=
Az R SENE N AR AT ] AR FLRR EL 32— 2P,
G HAE AR AR TN BE S i o

(2D IHBEABRAR T B 1 KT BT AR Y fiE
DNSEDUET IFAE P, 5 S I g R Bk
SETHBHE AR AR BALIERE S, INTTIE 2R 1
HOREN:IP

(3) XFFHOHEEAE, AR 5 HE2
fith, 22 SR IS 22 B AT DL I A A A 1
INSEIL, 2B d T RO A KR I B X
TR RO ELAE UGS, A5 TFATE 5 ) B
YURER I A

(4) A I FERTRR A% th 1 5 Wi Ak 1) AH T4 ) 224
MR R, OB AEAR A (8] Bt AT DL CS e A 5
Z IR AR ELAE B o A SCAR T I 6 R 3R AT VELH 23 BT 5
J BRI AT — 2 PR 1] N4 X5 8 [ H AR A2 M
VA RE M o

2 % X W

[1] FEZZ. ARy 8 LR N 58 vk e mkv e 2=
BT [D]. 0% KZKE, 2020.
WANG Meng-meng. Research on differential settlement
control technology of pile foundation used in widenned
beam bridge for expressway widenning project[D]. Xi’an:
Chang’an University, 2020.



1906 b +

71

& 2025 4F

(2]

(3]

[10]

ZIMZE. AN 21 AR A [D]. i R KR
*%,2009.

LI Yong-jun. Safety evaluation of old bridge and reuse of
old pile[D]. Jinan: Shandong University, 2009.

WiV, WA AR BT IR A TR & 58 P 25 i
JEFTAE I TR T2 7 [0]. BEHH T, 2016, 38(4):
402-405.

YAO Jian-ping. Study on construction control technology
for new static pressure piles under condition of recycled
existing piles and new-old mixed piles[J].
Construction, 2016, 38(4): 402-405.

THRT, KRB, KRE. TR LG R R I AT 5
M5 R ()] A Ji%, 2013, 3435 T 2): 1-17.

YIN Zhen-yu, ZHU Qi-yin, ZHU Jun-gao. Experimental
investigation on creep behavior of soft clays: review and
Rock and Soil Mechanics, 2013,

Building

development[J].
34(Suppl.2): 1-17.
AUGUSTESEN A H. The effects of time on soil
behaviour and pile capacity[D]. Denmark: Aalborg
University, 2006.

LI Lin, LI Jing-pei, SUN De-an. Anisotropically elasto-
plastic solution to undrained cylindrical cavity expansion
in Ko-consolidated clay[J]. Computers and Geotechnics,
2016, 73: 83-90.

RANDOLPH M F, WROTH C P. Analytical solution for
the consolidation around a driven pile[J]. International
Journal for Numerical and Analytical Methods in
Geomechanics, 1979, 3(3): 217-229.

WANG You, LI Jing-pei, LI Lin. Settlement of jacked
piles in clay: theoretical analysis considering soil aging[J].
Computers and Geotechnics, 2020, 122: 103504.
KELLN C, SHARMA J, HUGHES D, et al. An improved
elastic-viscoplastic soil model[J]. Canadian Geotechnical
Journal, 2008, 45(10): 1356-1376.

T, BREE, SR, & B A N RCR R
SHSHERI. &%, 2022, 43(2): 317-326, 336.
YU Hong-dan, CHEN Wei-zhong, LU Chen, et al.
Experimental and theoretical study of the time-dependent
deformation characteristics of clayey rock[J]. Rock and
Soil Mechanics, 2022, 43(2): 317-326, 336.

SEKIGUCHI H. Theory of undrained creep rupture of
normally consolidated clay based on elasto-viscoplasticity[J].
Soils and Foundations, 1984, 24: 129-147.

CUI Ji-fei, LI Jing-pei, ZHAO Gao-wen. Long-term
time-dependent load-settlement characteristics of a driven
pile in clay[J]. Computers and Geotechnics, 2019, 112:
41-50.

MYLONAKIS G, GAZETAS G. Settlement and additional
internal forces of grouped piles in layered soil[J].
Géotechnique, 1998, 48(1): 55-72.

JE, BERE, W, & BT R AR KR+
o B A B — DT e e L T TV (0], D05, 2024,
45(6): 1686-1698.

ZHOU Pan, LI Jing-pei, LI Pan-pan, et al. Prediction
method for load-settlement response of a single pile in

[15]

[16]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

sand based on an interface constitutive model[J]. Rock
and Soil Mechanics, 2024, 45(6): 1686-1698.

ZHANG Qian-qing, ZHANG Zhong-miao, HE Jing-yu. A
simplified approach for settlement analysis of single pile
and pile groups considering interaction between identical
piles in multilayered soils[J]. Computers and Geotechnics,
2010, 37(7-8): 969-976.

WANG Zhong-jin, XIE Xin-yu, WANG Jin-chang. A new
nonlinear method for vertical settlement prediction of a
single pile and pile groups in layered soils[J]. Computers
and Geotechnics, 2012, 45: 118-126.

MR, SR BTN U BT DR K SRR
AR E A B FE[I]. & 1%, 2024, 45(5): 1457-1471.
YE Shuai-hua, XIN Liang-liang. Settlement and bearing
capacity of single pile based on shear characteristics of
pile-soil interface[J]. Rock and Soil Mechanics, 2024,
45(5): 1457-1471.

MR, BB AT 5 RSN A RO A SRR
PEGURETHET]. LA 254K, 2015, 23(1): 178-185.
LIN Zhi-yong, DAI Zi-hang. Settlement calculation of pile
groups in layered soil with consideration of reinforcing
and restraining effect[J]. Journal of Engineering Geology,
2015, 23(1): 178-185.

B2 . AR D 2 A R i A R (B 0 A St B v S AT
FE[D]. MaIRIE: WA /RE M K2, 2017,

CUI Tao. Study on numerical analysis of performance
and settlement calculation of pile-group foundation with
variational rigidity[D]. Harbin: Harbin Institute of
Technology, 2017.

BJERRUM L. Engineering geology of Norwegian
normally-consolidated marine clays as related to the
settlements of buildings[J]. Geotechnique, 1967, 17(2):
83-119.

BJERRUM L. Problems of
construction on soft clays and structurally unstable

soil mechanics and
soils[C]//Proceedings of 8th International Conference on
Soil Mechanics and Foundation Engineering. Moscow:
International ~ Society for Soil Mechanics
Geotechnical Engineering (ISSMGE), 1973.

LI Lin, GONG Wei-bing, LI Jing-pei. Effects of clay

creep on long-term load-carrying behaviors of bored piles:

and

aiming at reusing existing bored piles[J]. International
Journal of Geomechanics, 2020, 20(8): 04020132.

FAR. B AARURAR 1 TH B AR SRR 5 [H A VR
BALBTD]. ki [FTFRAE, 2021,

WANG You. Load carrying behavior of old piles considering
soil aging and optimized design for pile groups consisting
of new and old piles[D]. Shanghai: Tongji University,
2021.

INGESR, ARANVL. 25 RS UUAE I RO BB IH A AR T 5 1
5PikEa ). M LHEAR, 2016, 45(20): 101-105.

SUN Xiao-chen, ZHU Jie-jiang. Analysis of pile deformation
characters and settlement of pile group including new and
old piles considering pile timeliness[J]. Construction
Technology, 2016, 45(20): 101-105.



