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Undrained deformation characteristic of saturated soft clay under
traffic loading

SUN Lei', WANG Yuke’
(1. School of Resources and Civil Engineering, Suzhou University, Suzhou, Anhui 234000, China;
2. School of Water Conservancy and Transportation, Zhengzhou Univerisity, Zhengzhou, Henan 450001, China)

Abstract: Previous studies on the undrained deformation behavior of saturated soft clay under traffic loading
usually ignored the effect of cyclic confining pressure. In the present study, a series of undrained constant
confining pressure (CCP) and variable confining pressure (VCP) cyclic triaxial tests were conducted on Wenzhou
soft clay through GDS cyclic triaxial test system to investigate the deformation behavior of saturated soft clay
subgrade under different stress paths due to traffic loading. Special attention was paid to the effects of cyclic stress
ratio (CSR) and stress path (a) on the dynamic resilient modulus as well as axial accumulated strain. The test
results show that under undrained conditions, the dynamic resilient modulus decreases with the increase of CSR

and a, while the axial accumulated strain increases with the increase of CSR and a. It suggests that cyclic confining
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pressure can improve the stiffness and restrain the axial strain accumulation of saturated soft clay under cyclic

loading. Based on the test results and the existing empirical models, a dynamic resilient modulus empirical model

and an axial strain accumulation model were established, respectively, which consider the influence of stress paths

due to traffic loading, and can be used to calculate and analyze the long-term deformation of soft clay soil

foundation under traffic loading.

Keywords: saturated soft clay; stress path; resilient modulus; axial accumulated strain; empirical model
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2 #EGKIEER

Bl 34 1 T CSRHJ 0.25BF, i3k 7F S0 % ) CCP
(a=71.6°) F1 VCP(0=26.6°) = %l |\ 7 B% # 18 B i 4% 2+

08 CSR=0.25
o CCP
(71.6°)
0.6 } l” [
§ ’
E( VCP
= 0.4 o
= (26.6°)
=
0.2
el
&l
Y 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000
HiF ) /s
Ca) %l B AE A R T 26
30 Q
CSR =0.25 M. ccr PO /\@ /‘>°Q /\@
()L=71.60 C $/ $‘/ §/ $/ $/
XY
20 +
<
[-W
24
=
= B
& ampl D
10 q
& Ea
A E y i 1
0 0.2 0.4 0.6 0.8

A1) 18 A5 /%
(c) W Jp-RAs R Z e (CCP)

PR SR A G I 25 R . AR 3(a) R il R 72
VCP Fl CCP i J7 B4 T B b 1) 7 A% B 2 il £ X b &5
RATLLE I, 2 Z B TR EA R Z 58, HIgRA &k
J R S A — 30, TR ARG I 3 A v A 0 Bl e
A5 () F Bl 1) SRR AR (&2 ) ] 3 R AR (&) B 30 43 #)
A, Horb e 7R IR RE 2 B 1000k 16 35 n 2% Jm 36 A 4 54
FE, e LETT 100 YA PR 2k 7 v i a B, Bl S SR
SR T T AR AR T L S PR IR S L 1 3 () A A R
DL, 7EARHEAK S&60E T, 24 CSR Al — 2 i, 630 &
{18 7 AE I 2R R 1 Jalt 1 10 2% i B I 28 1k 8 1 i
FERRAE 7 5 ), (02 S F — B B b BRI A il )
AR B A, ] 3(a) HIAREAE VCP I ) BE AR N 1 &8 Al
eI /N F M CCP R 7 A2 T By Sl 45 51
WAEETE VCP M CCP N J7 42 19 RN 77 i 1%
KRR 1 AN & 3(b) fras o B UL, SE BRI Y
BN 1 T LAY N T AR SR I T %6 v S 0 R

0T coroos CCP (716°)  VCP (26.6°)
20
<
[=
=
=
=
E
10 f
0 — '
40 60 80 100 120 140 160
HRCF- 3 J1/kPa
(b) W IJ1AR
30 Fo oo (Moo o
csk =025 (M 0 o S
< «/«/ Y »
oo
[=™
=
=
‘]z‘

0 0.2 0.4 0.6 0.8
A1) 18 A5 /%

(d) RiJJ-RiAE R ML (VCP)

B3 BAK CCP 5 VCP ZHBEIRMEIRIER
Fig. 3 Typical CCP and VCP results during cyclic triaxial loading
T N BRI, M, copn Mrver 535 HIAFELE CCPL VCP 1 %42 T 1 285 ol Ui i



- 130 - 7K SC L T

5% 6 4

1 AR A — 3, R B I R e X B i 2 B v B
N7 7 4 AR HORE . X ER B 3(b) B VCP R CCP 4%
1 B RN 1 AR T LB Y, BB B A A7 16 o iR
F AT R g B A 7 A P S R, Y o — s B, SRR A
A8 A o 285 2 v O B A RN T B AR Y AR R 5 L R
N A7 AR AR — S BAh, K 3(0) iR AT LA
i, CSR E—E i, IFETE VCP 254 T HLAH L Y CCP
M BA RSN I IME(pay = Pr/2+ Prin/2)
FA B8 3 B T3 BB (ply = Pl /2 + Plia/2) » U KL
FE VCP 54 HA SR A WIRE , 8 1717 B ] 7 3R Al o)
ITEANE 5

 3(c) (d) #t—25 00l d 22 T il EE7E CCP il VCP
N 7 BT 28 7 1000 YR ARG P00 48 A v S A
JI-RiAE KRN . T B IEME T LR, F8 50 1 U
FRUBL(N) M 1, 10, 50, 100, 500 F1 1 000 ()7 [n] i £k
LR EIE S0 L2 3, B 3(e) Hrn] LA Hl ke
FE— WAE I 3 A8 rp 22 42 D7 i 4% (ABC) F #1 4% (CDE)
2B B, BT RN AR e 1R A, IR L 2R 4BC 5l
2 CDE JFANEE A MZTE B —AFF H i [l i 2k, HAE
Wi A 2 U0 A 14 o G T B R /N, B 3(d) v VEP
AR T ] i 2t Bl 2 0 PR UK B TRRE 1 T
FERLEE . Tt [ 3(c) FnE 3(d) Hh i [l i £k 19 e gl
DL, AE A 00 45 AR AR R 1 00, 1M ZE veP
N 77 A% T el il 2 i RS B /N F A B CCP
N 7 B AR T A Tl il 2 T R, 15 B R 7R 48 05906 P
R A R LT H R 0 RE R PR T 2 Pk R G R AR
) 14 00 328 1T 08 /N A, 3 25 R T AR A B 04 A7 7E T DR
ANe BEAN, W 3(e) H TR, LASE — R ER 7= Az 1 i e
M2 A, 4 055 E 252 B 07K FBE B AR R e &
Bl — A R B IR S AR &2, T E S — IR FR

- CSR=0.20 —*~CSR=0.30
—~CSR=0.25 —*CSR=0.40
—+-CSR=0.45 22

—CSR=0.55

[N}
wn

[}
(=}

W

] A/ MPa
M A/ MPa

(=]

14-(-——-"_—“—'

B RN AR (C s A7 I 8 B 2 ) 22 ) Y 7K - R 8 Dy [l
SN ), R E M C AR BB H LR EC R R A AT
SE SR Bl 2 SR i M, RIVIEER O B ) B9 R A g™ 5
(e 5L 1N 728 5 PR FUAEL, 2 R A S G T 45 4 B T R E I
T ) TSR

M, = g™, (2)

A P A B LR 3(e) (d) P iy M, LA
TE VCP i JJ B8 A2, A6 2 Fil I 09 249 R0, 5 BURAAETE
BB i A8 b 5 R B g A e S A, R AT B
RETRIE o

3 SISt

3.1 AR

R T AE TR A AR [ B 8 T 7K F- (CSR) R
T AR (o) T IRE 9 3l 25 Il S AR i (M), (8] 4(a) 25
TIAETE CCP N ) R TE A N T, CSR AR B, M,
BEAE PR EL(N) 1 & R IR, K] 4(b) (o) W43 45 T
£ CSR=0.30 F1 0.55. o (EAREIET, oK M, 5 N C R
Mk, Zia K4y M A& e LIE AR )
PR R, M AEZ 07 100 ~ 200 AR 5, HAE#G# T1E
EH BN . 24 CSR< 0.30 if, M, 2 E %
W14 B B 28 T3 — A JE 080U 3 0 ) Ok R 2
CSR 3 0.30 J& , M, FEAR NP G wgf 2 20 R 9 /)
IR TRUE R . M, RAE RN ) FH 2R Ar
WA A It RN EES R —. R
Pt M, 0y (K 2) , FLAR B F T it i 4 2l 107 7 g e
LR ARRE 72 A A [ 500 A 2 AN T T, Y B kN 4 3
T3 BRAE — 2 B, D) AR A R AR R T [ 53 7 A0 B 47
MBI AR A& 4 B, SO sl

<

[a¥

2

I8
~-a=45.0° = s
~+-0=33.8° =

5 1 1 1 1 1 12
0 200 400 600 800 1000 0
EERVN S
(a) CCP (0=71.6°)

Y e 6

200 400 600 800 1000 0
AR

(b) VCP (CSR=0.30)

200 400 600 800 1000
{[EEIRVS 5
(¢) VCP (CSR=0.55)

4 CCP 5 VCP HABETHHELEESR,
Fig. 4 M, under CCP and VCP stress paths



2024 4F

P, S SEEATECR AR L A A HEK R TR R - 131 -

T % /NE, B CSR B %38 /Nt (CSR=0.30. 0.25. 0.20),
M, BEE N 50 2 B0 SN 5 3G R AR T g
FH JHL ] 3 7 % il 5 906 P U 0 %) 388 i 2 0 5 34 R
INBY AR AR R, o8 HL R T BRI S i T RCIR BB £ ]
A — B RS, HLA R 5 B 5 B it 1 3h g g 7
6 8 285k B b A EVE B &5 R . 2t n i) sh i
W AEL A /INEE, E A0 B0 00 280 393 30 100 235 g P ot
SR, SRR 4 [l 5 R AR A, AR T A B O B i 2 vk B
u&ﬂ@ﬁﬁ%?%%,wﬁﬁm R P TR R
5 RGP R R T R R, DR T AR G [ TR 7 A A U

It FRE .

He 5 & 4(a) AR FELE CCP Y T A2 T, M AEAR
6] CSR 9 285 S 0T LU Y, NOAH DR, it Jon %) i 1o
i (B A, R = AR 1 M (SRR /N . Yl in 9 CSR
{8 & N AR F7 #8642 o AR, WnE 4(b) (¢) iR,
IFELE VCP I ) BEAR N 19 Sl 25 [ 3B 6 M,y W SR
FAH R CCP N 3 B 42 T By 8l 25 101 3B B M, cep, HL
o ELER /N M, AE R, Uk BT A BB 6 i AR 1 3l
25 [l AR g HL A AN ] 2200 1 B 0

h T it AR S H(CSR. o) 5 M, Z A1
KR, B M Gribe %50 X} o] A% 5 ) b B 5 %, R
PR ZE D7 1000 YR AE PR 0 28 11 [l A5 i S 2506 (M)
A DRy e A S A0 B 0 285 A v (o A ) R
{EL, DA 20 #r v BT i 1% ] A £ 359 98 M

BS 25 T ORTRIN ) B2, 3R 1 M Bl 2 5L
CSR (7R AL, T LUE Y, ZEAH R A 1 AR T, M
Bl & CSR E 1 38 0 M RE 06k, 2 B B0 0 102 7 X6 4
AEE 1 0 B A Il ST i EL A I 3 s e, AR R Li 48R
B I T SR ) R B S M 5 CSR Z MY RN R

MY =K-CSR" (3

0.2 0.3 0.4 0.5 0.6
CSR

5 AENABETM>S CSR ZEHXER
Fig.5 Relationships between M2'and CSR under
different stress paths

Ko K, n——il 3 = AE R IR g IR AR LA S 8
VEHL CCP R F1 #6542 T 19 2h 2 [nl 35U AsE it ( M2, ) %t
FT A R B Mo R AT I3 — A Ak B, H 85 5 5 R ) A
a Z IR WME 6 B, WEIHATLE I, B&E2Z
[ SR ¢ R H 5S4 CSR Tk, Bl
Mo

=-0.01la+1.723 ©))
Ma

A 20 (3) A= (4), W aT DL 2 5] B 25 & 406 26 3l

I 7 7K LA % A7 %44 XUER S R A R AR A 0 3
A5 AR i 25 55 /0 3

M™ =(1.723-0.01a)-K-CSR" (5)

K7 gt —2 a0 T RO Bk bR IH— AR 3 45 [ 5
B (M™ /M%) 513 —ALBR R T1 (p™'/ e ) Z 18] 56
Fo HEAT UL, W 2 6] AR SO AR AR T ) S ek
KA, A

M ;w pampl
@(Mw ) ong(am) )

r,CCP Cccp

A2 (3) A= (6) [R) FE AT DA 2 [A] B 2% 18 5 %0

n CSR=0.20
12+ e CSR=0.25
A CSR=0.30
v CSR=0.40
1.1+ & CSR=0.45
<4 CSR=0.55
—AE
25 30 35 40 45 50 55 60 65 70 75
al (°)
Ee6 H—hashSEMEEENNBREZENXER

Fig. 6 Relationship between normalized dynamic resilient

modulus and stress paths

[ = CSR=0.20
o CSR=0.25
a CSR=0.30
v CSR=0.40 >
141 o CSR=0.45 v
. <« CSR=0.55
9 — A °
g W < 0.212
B ° 1
S 12t
1 2 3 4 5 6 7
pampl/p(zll?gl

B7 P—UsECEEESR—UFHERHZ EEXER
Fig. 7 Relationship between dynamic resilient modulus and
normalized mean principal stress



- 132 - 7K SC L T

%64

CSR 5 o 2345 ROV B4 M A - 1) 2l 285 [ RS o 22

/L}I‘:
0.212
vaz(—) -K-CSR" (7
tana

3.2 fhim R AR

8 25 i T #B43iFEAE CCP Al VCP I J1 %42 F,
22197 1 000 YA HEZK =Sl 24 in 28 7™ Az 1) S 784 gl ) 22
TR A% g SIS 25 5 . 1] 8 B, 41 A Jon 28 v 5 i) 34
i, R TEAS [R] (4 2 7 7 KPR 7 B AR T X S B —
HAE AL . K 8(a) AT LAE H, 1 J1 48—

—a— CSR=0.20 —v—CSR=0.40
—o—CSR=0.25 —*—CSR=0.45
—4—CSR=0.30 —¢-CSR=0.55

A1) AN AL /%

0 200 400 600 800 1000
TR UKL
(a) MR IIEEAE (0=71.6°) , RSN J1KF

i) EARAE /%

R, RGP0 A e v X A e o ) 488 B fi 07 1
R (CSR B M), 5 B0 il 1) BB AZ bR . 9%
1 40 P 8(b) Bt 715, 247t it B4 47 26 g 107 3 Wi {EL— =& 1,
TEAE P00 o A rh R i T A 478 B L R R
Cou {ELRE/IN ) 7 A2 ) el ) SRR A2 S T /0, 358 I A A
HEZK =Bl BRI 46 B4 1 B0 T, A1 2R 1 2 410 i 6 8
o Tl g 07 A SRR, LT T ) 47 B AR A
G QIR oL S e S = oy i s R XL B2 \V) | E= SR R
TR A Bl 17 ) e AN WS A4 ] A8 e T ) 47 2R
il JE 1 285

0.5

—eo—0=45.0°
0.4+ _a 0=33.8°

0.3

0.2

0.1

0 200 400 600 800 1000
([EEZRVS
(b) ARZN K- (CSR=0.2) , RIFIN J1 42

B8 HhimRRETRE BTN L

Fig. 8 Variation of axial accumulated strain with the number of cycles

Ve RETE A R J7 A2 T 22193 1 000 YCAE 20 A
A3 R Bl 1) R RN AR SN (87, o0 ) I 22 W) 5 25K
CSR Z Al 2 (K1 9) o M H AT LIE H, &) 0 BE &
CSR B3R A5 B A K, A

£ oo = ae®e® (8)
X o, b— WA SEL SN 1HEEA K.
35
. 0=71.6°
=45.0°
300 7 o3
v a=26.6°
Sl —r

O0.2 013 014 015 0:6
CSR
B9 REEAKET 1000 KERMEFHERALES
CSR Z K% %

Fig. 9 Relationship between axial accumulated strain after 1 000
cycles and CSR under different stress paths

R JH 5 3 25 ] S 1 2 LAY UH — AR A 3 T 12, ik
B CCP B Sy 42 T, iURE 2 7 1 000 YR AN 25 I (14 il i)
BB AR &8 X FT A RE 25 7 1 000 YRAG IR 19 %l 17)
SN AR &8 oo AT I — ko Ak 3 5 8 57 L 55 1 ) B A%
a ZIEEFR (K 10) . MR LLE 5 — 4kl m)
BRUNEAR (7 000/ €N 000 ) T N ST JE A% 0 Z (B SR PE K R

1.0
= CSR=0.20
o CSR=0.25
09} a CSR=030
v CSR=0.40
. o CSR=0.45
S2081 « CSR=0.55
Y|
7 0.7 1=0.009x+0.337
R*=0.99
0.6}
0.5

SIO 6I0 7I0 8I0

al (°)

10—t 1000 KA MBEHE RAKE S HBEZ B
B% R

Fig. 10 Relationship between normalized axial accumulated

20 30 40

strain after 1 000 cycles and stress paths



2024 4 P, S SEEATECR AR L A A HEK R TR R - 133 -

H5 CSR{HICx, B

&
8;;20,," =0.009 +0.337 »

a,1 000

565 = (8) A= (9) W) AT L A4 4 4 22 118 PR R BT
[F) B 2% AT 28 80 7 1 7K S LA R 7 38 A AU 330 7
T RN R Bl 1) RAN AR 22888 5K, @i (10) Frs .
& 0 = (0.009a +0.337)ae” (10)

P11 HE— 25 1R T 03—k Bl 1) BB AE (&0 00/

& oo ) T VA — AL 34 3 R S AE (p'/ pien ) 22 [ 114 ¢

Z o IWEH ] LIE W, 78X B bR R, P& 2Z [0 1
TEUF MR, H:

1g(8“‘°°°) —02891g(pa:pl) (1D

ccp
Eato00 Pecr

45 30 (8) AN (1) )4 AT LA 2 45 5 1 R 4
TR ESECCSR 5 o 2545 300 1 10 R R S 1 Ja

) BRN AR 2 AR WL (12) .
3 -0.289
p _ (b-CSR)
Earon = | T ae 12>
a,1 000 (tan (Y)
1.0%_
0oL
0.8
<07} = CSR=0.20 L
= o CSR=0.25 N
El Ao CSR=0.30 A
06l v CSR=0.40 L
o CSR=0.45 .
<« CSR=0.55
— A
05 1 1 1 1 1 1
! 2 3405 67
Ppes
11 A—4 1000 XEFHMBEHEBREESH—HFEHE
MAZEX R

Fig. 11 Relationship between normalized axial accumulated
strain after 1 000 cycles and normalized mean principal stress

3.3 z'ﬂj;lm;%ﬂ Y2 NN

BT A AR 7E CCP N 77 42 T 1 il ) 2R
JO7 A% S 235 5RO 22 o) G55 0 B U K = 1) Y O A it 2k
( 12).
10 YA FR IS, A 1 il ) SRR
() 3 BL2 T R 2Pk G &R

AR SEHR IR B Z

N
Ig&l e = 1g8:10+k1g1—0 (13>

a,

—CCP )i 7'3 %é?ﬁt# ) Bl ey R AR

VA

:T:t: ':F‘ a,CCP

alO

R

PNEL UV P O €LY T NP U

[ a=71.6°
§
=
=
E[é
? u CSR=0.20
= 4 o CSR=0.25
= ACSR=0.30
01k vCSR=0.40
) *CSR=0.45
<«CSR=0.55
0.05 L L L
1 10 100 1 000
TEFR UKL
B 12 CCP R A2 T ideE | R EREEIR R B8 =
2%
Fig. 12 Axial accumulated strain versus number of load cycles in
CCEP tests
AR
—zﬁﬁm;%}/\ WA i‘lﬁ K/S ,EI][E]EF‘FJ?TE_Q%
HIRER

E 13(a) (b) 73l 4 i T X (13) i =4k e i k.
CSR Z [ X Z o HHZ WA 20 B vl 1, 6 25 %8 B N )
AT o AUGFR B N R, KRR 00 Bl BB R A
CSR Z M R ZR . B, iR ()X 5

L4r a=71.6°
12k ® (CSR=0.20 =0.064¢5505x
o CSR=0.25 L
R*=0.99
A (CSR=0.30
LO- v CSR=0.40
¢ CSR=0.45
< 08F <« CSR=0.55
= — A E
< 0.6
0.4
0.2
0 . . . )
0.2 0.3 0.4 0.5 0.6
CSR
(a) CSR }Z%4 &b W52
041 a=71.6°
u CSR=0.20
® CSR=0.25
03 4CSR=030
’ v CSR=0.40
* CSR=0.45
<« CSR=0.55
~ 02} ATy <
L v
0.1F
0 0.2 0.4 0.6
CSR

(b) CSR ¥ ZH k 15210
El13 CCPRAKET CSR XSHe] (T k B3I

Fig. 13 Influence of CSR on parameters Sa,IO and & in CCP tests



- 134 - 7K SC L T

CSR Z IR KR AT A, AL R E 14(a) iy
SR, K (8) I HLE S48 a A1 b 4351 h 0.064 Fi
5.506, WAL 14(b) s, 724 SO Hooeh iR i fin 9
SR S KL N, S8k EBEE CSR 13 K43 #i
TE— N EEZE L R Y (0.160 ~ 0.215), VA BYAH 5T
S SR F WG IR B0 1% 7 7K X 5 W A /0N, 3 T AR 4
T 56 R A R S, B, SR (13) i 2
B EBURTE CSR T S8k 9 F M (019K 25,
Ak EACA K (13) 7] LUAS 2] CCP [ 7 i 42 T ilkE
4 Bl 1) B AR 2286 2 SRR

N 0.19
hcer = 0,064 (17 ) (14)

w1 T3 (14) FUBF S B AR SE , i 107 7 5080 A8 26 10
B TE BL, P G B AR JEIE Al b Ik — 20 9 4 i 1l L
HAg 2% [BUG PR UM I RE T o 18] 14 i3k Tl REAE
VCP N7 77 AR A P00 el e o 7= A 1) el 1) 3R BN AR
(& yep) S AR R CCP R 7 B AR AE 0 0 28 5k A v 77 A 110
b i) RPN AL (& ) Z RIS ZR, T DL, FEARTR] ) VCP
B BEAE R s €5 vep T Ehcep Z VUL 52 2R A 5C 28 0] ik
JES R EL TG B CSR o, UL, ol FI A 14
LA BHRRIRIR R E B RIEHE Z R KR
[ wo=45.0°

0 a=33.8°
40=26.6°

e cce/ %o
14 VCP A ES5HE CCP 7182 Tk m RAE
ZEFXRER
Fig. 14 Relationships between axial accumulated strains in VCP
and corresponding CCP tests

B 15— T R 50— 71 #6542 (aloce)
ZEKER . MNEFITLIEE RS alace Z BT BIE
WML AR,
&

P
Eaccp

R= = 0.686(a/acer) +0.306 (15)

B3 (14) Rz (1) I n] U 7 AN HER = S 356
TNET [R] i 25 A 26 80 ) K F (CSR) 76 31 8K
(N) LA KR g 6458 (o) 545 52 W) B) 0 R85 266 4 el 1) o7

5% 6
A B AT
N 0.19
& =(0.686-2— +0.306 0.06465'5"6CSR(—) (16)
Qccp 10

A (16) 5453 2 B URETE AN [R] B ) A2 — B
AN HEZKAE B0 0 28 A = A ¢ il e 3R BR R A% T
55 SEINEL 22 AL 7R XSO AR B T B8 % FE &5 R AN 16 Jie
No IWEIFRXTELE R 0T LI Y, i T 20 (16) i A 56
SRR AT 10 YUl B 0 48 B B 1) 28 AR A2 S
Beym e 1y, Pk (16) ZE SN AT 10 YAHER 8™ A
F Jly 1) 22 BRI AR N 8 22 B, AR T4 A0 PR RO i
10 J5 2256 232X (16) B9 B0 B 1 W e 32 7 HL B 3 796 25
YA 38 T i 3 3 S 0 A, Ul % 22 0 2 S RE A
DAy K T AL AR R A HE K = A 0 0 A S A R R
T AEASR B F7 7K LR AN [R] S 7 s A G 1] iz
R RBUTH

1.0 -

4 > o

09

— A
08}
4]

0.7+

0.6

0.5 1 1 1 1 1 1 ]
03 04 05 06 07 08 09 1.0

alocey

15 R5 dlace, ZEIHIFEFR
Fig. 15 Relationship between R and a/accp

4 it

(1) R0 FTER b - A HE K =2 07 24 22 RO A2 1 [m] 5
At 55 G A0 #9408 B 3l 157 g 2K S (O B0 B2 3 L 418 26
Jie) B HA 5 IO 3 AR B UIAR G o i %) 408 25 i B2
W (L A, 0 A AR 7 A 4 gl 28 [l S 4 /N, B
i) SRR A AR, R T [ A0 it o 4 06 3 ] T 20 3R B
55 Z A0 S B W R, A9 A PRI X 0 1 28 Al o 7
A8 ) SRR 3 B T Y 24 SRR

(2) FEA R B9 AS HE K =Jh L 7 B AR 20 0 2 2% 1F
T, VR R R A Bl 2 [ SR e R 45 5 7 PR OB (N=
1.000) I Ayl 7 SB35 1 2 157 7 B A 384 2R 1)
2 R RO A R RO K. Bt 81
Ak TR [ )9 53 A ST Bl 2 [l ORI R 45 5 7 PR Uk
BC(N=1000) T fy il 1) S22 BRI AL 73 531 55 107 7 s A8 S AT



2024 4 P, S SEEATECR AR L A A HEK R TR R - 135 -

5 -
IS
B
=
=
S
= .
e s TE
o1l = - m (CSR=0.20 vCSR=0.40
: e (CSR=0.25 &(CSR=0.45
A (CSR=0.30 <« CSR=0.55
0.05 L . !
1 10 100 1 000
PEFR AL
(a) CCP (0=71.6°)
5 -
TR
= (CSR=0.20
e (CSR=0.30
. s CSR=045
SN
g
=
=
Bk
E
e
0.05 L

1 10 100 1000
TEFRUCE
(¢) VCP (a=33.8°)

Al EAU AL %

N A5 /%

)

=

Tl 27

5

0.05

0.1

0.05

T fer

‘® CSR=0.20

e (CSR=0.30
A CSR=0.45

10 100 1000
TR EL, N
(b) VCP (0=45.0°)

T
= CSR=0.25
e CSR=0.40
A CSR=045

10 100 1 000
TEFRUEL
(d) VCP (0=26.6°)

B 16 i RAEEHNES SSUELR

Fig. 16 Comparison between the predicted and experimental axial accumulated strain

PRER I HT MR AE 2 0] A9 22 e AR

(3) TEFEBPR B EEARESL T, 456 VCP 5 M b
CCP [N J7 [ A% I 2 ™ 16 R0 A 28 4l 1) 478 240 3R R N A
Z 8] i G R M T T DL R 2 R ) K F
N 7 8% AR LA BTG BRI BAE S B ER  5 WA RN 1 £ R
BCRE e A R AR R A5

S E Xk ( References ) :

C1T BN, RS, BAE, 55 A 5T TREM T
PP S (0. R TR AR R, 2022, 55(7): 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 with English
abstract) |
(21 HFZE, WA SR, 458 50 BBk K1219 Bk L
B TR IR 1 B AR AL ] 5 4 6 5K (7). st R4
iE ), 2022, 41(6): 85 — 94. [ ZHOU Xiaoxin, TAN
Qinwen, LIN Zhiguo, et al. Deep sliding instability
mechanism and remediation measures: The subgrade soil
slope along the jingguang railway at K1219[J]. Bulletin of
Geological Science and Technology, 2022, 41(6): 85 —

[3]

(4]

[5]

94.(in Chinese with English abstract) ]
s Tk, XIRM, 34, 5. F K WG 5 009 H %
AR b O I I S W R AN R B A R R
1P S VYR e N S Uk N AN = R i
5[ i 2442, 2024, 35(4): 56 — 66. [ WU Yunlin, LIU
Tianxiang, WANG Feng, et al. Stability assessment
of the road cut slopes in the xigeda mudstone considering
long-term creep deterioration and suggestion for
countermeasures: A case study of cut slopes along the
Xichang-Panzhihua expressway[J]. The Chinese Journal
of Geological Hazard and Control, 2024, 35(4): 56 —
66.(in Chinese with English abstract) ]
BN, WEIE W IR R4 28T TR R 1 Y R RVETE
W AR s A TR A 4R, 2011, 33(3): 325 - 331
[ HUANG Maosong, YAO Zhaoming. Explicit model for
cumulative strain of saturated clay subjected to cyclic
loading [J]. Chinese Journal of Geotechnical
Engineering, 2011, 33(3): 325 — 331. (in Chinese with
English abstract) ]
AR, WA, TS, B R BE B UTRE S BT 3T
25 10] 5 TRE244, 2005, 1(1): 67— 74. [ Zheng Yonglai,
Pan Jie, Han Wenxing. Analysis on the settlements of

metro tunnels in soft soil [J]. Chinese Journal of



- 136 -

7K SCHb BT TR b S

5% 6 4

Le6]

(7]

[81]

(9]

[10]

[11]

[12]

[13]

Underground Space and Engineering, 2005, 1(1): 67 —
74. (in Chinese with English abstract) |

SRAK, SRR, £, 55 RKIWIIEFA 6 8 /E T RN 45
B M RS & 0 AR R B S (0D A b TR AR
2012, 34(12): 2249 - 2254. [GUO Lin, CAI
Yuanqgiang, WANG Jun, et al. Long-term cyclic strain
behavior of Wenzhou structural soft clay[J]. Chinese
Journal of Geotechnical Engineering, 2012, 34(12): 2249
—2254. (in Chinese with English abstract) ]

HYDE A F L, BROWN S F. The plastic deformation of a
silty clay under loading[J].
Géotechnique, 1976, 26(1): 173 — 184.

Al R4S, LA, TRIEAR, S5 WYL HORY 1 05 A8 e 1k e
R RERY (7], 7K SCHE T TR M, 2011, 38(1): 59 —
64. [ HE Lijun, KONG Lingwei, ZHANG Xianwei, et al.

creep and repeated

Creep properties and empirical model of soft clay in
Zhanjiang[J]. Hydrogeology & Engineering Geology,
2011, 38(1): 59 — 64. (in Chinese with English
abstract) |

T B w, HFE, ML N T R A A R K
YR B AT (). K SCH B TR M R, 2019,
46(2): 133 — 140. [ YANG Aiwu, ZHENG Yuxuan,
XIAO Min. An experimental study of the long-term
deformation characteristics of artificial structured soft
clay[J]. Hydrogeology & Engineering Geology, 2019,
46(2): 133 — 140. (in Chinese with English abstract) |
CHAI J C, MIURA N. Traffic-load-induced permanent
deformation of road on soft subsoil[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2002,
128(11): 907 - 916

GUO Lin, WANG Jun, CAI Yuangiang, et al. Undrained
deformation behavior of saturated soft clay under long-
term cyclic loading[J]. Soil Dynamics & Earthquake
Engineering, 2013, 50(7): 28 — 37.

P, FLAA, O R E B A AR T B L B
A R e BEARE T (T). 5 J1 5, 2017, 38(2): 435 -
442. [ ZANG Meng, KONG Lingwei, CAO Yong. An
improved model for cumulative deformations of clay
subjected to cyclic loading[J]. Rock and Soil Mechanics,
2017, 38(2): 435 — 442. (in Chinese with English
abstract) |

XS, £, £, 55 ARG FA 6 80T BE1E T Bh 4
WS SRt E (1], R TR 244, 2020, 533 1)
1): 194-199. [ LIU Zhigiang, WANG Bo, WANG Fei, et
al. Dynamic characteristics of the underlying soil of

subway tunnel under cyclic loading [J]. China Civil

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Engineering Journal, 2020, 53(Sup 1): 194-199. (in
Chinese with English abstract) ]

o b, BN, TR e B R IR BRSO A A6 B o 4
TR LR R AR A R (D). 05 R Tl K= 2= 4k,
2020, 52(11): 88 — 96. [ ZHENG Qingging, XIA
Tangdai, ZHANG Mengya. Stiffness degradation of soft
clay under cyclic loading considering intermittency
effect[J]. Journal of Harbin Institute of Technology,
2020, 52(11): 88 — 96. (in Chinese with English
abstract) |

B, B, WAk, 55 AR i a8k T RAR A
4 3h SRR IR W AT (3], UK SCHb R TR R, 2022,
49(3): 94 — 102. [ MU Rui, HUANG Zhihong, YAO
Weilai, et al. An experimental study of the dynamic
characteristics of the undisturbed laterite under graded
cyclic loading[J]. Hydrogeology & Engineering Geology,
2022, 49(3): 94 — 102. (in Chinese with English
abstract) |

W8, EERIR, TR . AN [E 0 R 3 04 3 38 i
IR L BRREER D] s M5 TREIR,
2022, 18(2): 476 — 486. [ SHEN Yang, WANG
Qincheng, WANG Junjian. Deformation characteristics of
clay under traffic load with different amplitudes and
frequencies[J]. Chinese Journal of Underground Space
and Engineering, 2022, 18(2): 476 — 486. (in Chinese
with English abstract) ]

WL, BIEE, R =, G IRF 68T 8 B LAY AR
S FERERE L], MR 25 1] 5 TR A1, 2023, 19(6):
1870 — 1877. [ YUAN Liang, YANG Zhengyu, WU
Zuyun, et al. Deformation and energy-dissipation behavior
of silty clay under cyclic loading[J]. Chinese Journal of
Underground Space and Engineering, 2023, 19(6):
1870 — 1877. (in Chinese with English abstract) ]

WANG Yuke, GAO Yufeng, LI Bing, et al. One-way
cyclic deformation behavior of natural soft clay under
continuous principal stress rotation[J]. Soils and
Foundations, 2017, 57(6): 1002 — 1013.

BN, B2, geadni, 55 7 JE AL Bl e D 3R A0 10 AN AR ARG
TG4 S R IR R R (1), A+ TR R,
2013, 35(7): 1307 — 1315. [ GU Chuan, WANG Jun,
CAI Yuangiang, et al. Undrained dynamic behaviors of
saturated clays under compressive stress paths considering
cyclic confining pressure[J]. Chinese Journal of
Geotechnical Engineering, 2013, 35(7): 1307 — 1315. (in
Chinese with English abstract) ]

BERAY, PR, fLR, S5 B IBIRFREE 5 4k s iR


https://doi.org/10.3969/j.issn.1000-3665.2011.01.011
https://doi.org/10.3969/j.issn.1000-3665.2011.01.011
https://doi.org/10.1061/(ASCE)1090-0241(2002)128:11(907)
https://doi.org/10.1061/(ASCE)1090-0241(2002)128:11(907)
https://doi.org/10.11918/201905025
https://doi.org/10.11918/201905025
https://doi.org/10.3969/j.issn.1673-0836.2022.2.dxkj202202015
https://doi.org/10.3969/j.issn.1673-0836.2022.2.dxkj202202015
https://doi.org/10.3969/j.issn.1673-0836.2022.2.dxkj202202015

2024 4F

P, S SEEATECR AR L A A HEK R TR R - 137 -

[21]

[22]

[23]

AR ORI e o A i S v v 3l e N A = i
2%, 2019, 40(1): 173 — 182. [ HUANG Juehao, CHEN
Jian, KONG Lingzhi, et al. Experimental study of dynamic
behaviors of saturated soft clay considering coupling
effects of cyclic confining pressure and vibration
frequency[J]. Rock and Soil Mechanics, 2019, 40(1):
173 — 182. (in Chinese with English abstract) ]

XM, E 352, sk 7R, &5 &4 HEK I 48 ks it 26
A P R =l 0 5T (0], A R %, 2019,
40(4): 1413 — 1419. [LIU Jiashun, WANG Laigui,
ZHANG Xiangdong, et al. Cyclic triaxial test on
saturated silty clay under partial drainage condition with
variable confining pressure[J]. Rock and Soil Mechanics,
2019, 40(4): 1413 — 1419. (in Chinese with English
abstract) |

FRIRE, 2% ) 8, BRIDE I . 7B B AR B 4 20T £ AR
B LA ASTBRRE [T]. VLTl K% 2412, 2023, 51(5):
509 — 513. [ WANG Chaohui, LI Xianghui, CHEN
Xiaobo. Deformation characteristics of saturated clay
under cyclic loading with variable confining pressure[J].
Journal of Zhejiang University of Technology, 2023,
51(5): 509 — 513. (in Chinese with English abstract) ]
HOER MG, T2, BRld, &5, )8 AR ARG 20 g 4
AR R AT R (7). & TR 24, 2023,
45(#% F) 1): 67 — 70. [ HUANG Juehao, WANG
Hongchao, CHEN Jian, et al. Effects of intermittent cyclic
loading with cyclic confining pressure on deformation
behaviors of saturated clay [J]. Chinese Journal of

Geotechnical Engineering, 2023, 45(Sup 1): 67 — 70. (in

[24]

[25]

[26]

[27]

[28]

[29]

Chinese with English abstract) ]

RONDON H A, WICHTMANN T, TRIANTAFYLLIDIS
T, et al. Comparison of cyclic triaxial behavior of unbound
granular material under constant and variable confining
pressure [J]. Journal of Transportation Engineering, 2009,
135(7): 467 — 478.

RN, JRAEA, WHAR B, G BE AL 1 BhAS Il R 1Y
WIRWFST (1], bR 48 6] 5 TR 244, 2010, 6(5): 919 -
925. [ LING Jianming, SU Huacai, XIE Huachang, et al.
Laboratory research on dynamic resilient modulus of
subgrade soil[J]. Chinese Journal of Underground Space
and Engineering, 2010, 6(5): 919 — 925. (in Chinese with
English abstract) |

GRABE P J, CLAYTON C R 1. Effects of principal stress
rotation on resilient behavior in rail track foundations[J].
Journal of  Geotechnical and  Geoenvironmental
Engineering, 2014, 140(2): 04013010.

LI D Q, SELIG E T. Cumulative plastic deformation for
fine-grained subgrade soils[J]. Journal of Geotechnical
Engineering, 1996, 122(12): 1006 — 1013.

MONISMITH C L, OGAWA N, FREEME C R.
Permanent deformation characteristics of subgrade soils
due to repeated loading[J]. Transportation Research
Record, 1975(537): 1 —17.

WANG Yuke, GAO Yufeng, GUO Lin, et al. Cyclic
response of natural soft marine clay under principal stress
rotation as induced by wave loads[J]. Ocean Engineering,
2017, 129: 191 —202.

YmiE: x| A A


https://doi.org/10.3969/j.issn.1006-4303.2023.05.006
https://doi.org/10.3969/j.issn.1006-4303.2023.05.006
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000009
https://doi.org/10.3969/j.issn.1673-0836.2010.05.008
https://doi.org/10.3969/j.issn.1673-0836.2010.05.008
https://doi.org/10.3969/j.issn.1673-0836.2010.05.008
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001023
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001023
https://doi.org/10.1061/(ASCE)0733-9410(1996)122:12(1006)
https://doi.org/10.1061/(ASCE)0733-9410(1996)122:12(1006)
https://doi.org/10.1016/j.oceaneng.2016.11.031

	1 试验条件及方案设计
	1.1 试验测试系统
	1.2 试样制备及试验过程
	1.3 试验方案设计

	2 典型试验结果
	3 分析与讨论
	3.1 动态回弹模量
	3.2 轴向累积应变
	3.3 轴向累积应变经验公式

	4 结 论
	参考文献

