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Accumulated Plastic Strain of Silty Clay under
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Abstract; In order to provide reference for the safety and stability evaluation during the design,
construction and operation of underground railway traffic engineering ,the deformation characteris-
tics of the silty clay under subway moving loads are studied. Through the dynamic triaxial tests,
this paper explores the development of accumulated plastic strain of silty clay under subway mov-
ing loads and uses mathematical statistics to calculate the influence of accumulated plastic strain
between factors and their couplings. The results show that accumulated plastic strain increases with
less pore pressure, less consolidation ratio,lager amplitude of dynamic stress, less frequency and la-
ger vibration times under the same experimental conditions. The greatest influence on accumulated
plastic strain is dynamic stress, the second is pore pressure and frequency, the last is vibration
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times. The interaction function to accumulated plastic strain of frequency and vibration times, pore

pressure and vibration times can be ignored. The interaction function is remarkable to accumulated

plastic strain than single factor under certain conditions.

Key words ; subway moving loads ;accumulated plastic strain ;coupling ; influence ratio

I JUAT:, Bt B A TR 9 R B i, b gk
iz B (R A A TR [R) L R i 22 1]
PR ] PR A 7 A N 4 ST T 5 B R T 4
BIKTUENSL.

H AT, A 22 5 i AT 42 24
T EARR AR R AT TR ARG, B Ah 2
# L. Auresch 251 3 5 i3 0h Sz B B A5 5 ik
A 3B , A5 30 420 2R IR 5 B 20 1k
J43 VA K53 A B ML F. M. Hussein™* A1 S.
Gupat ™ X ST B ST /M 2 B, M dkiz 17
T AR e A R R R A 8 D B AR A
B 1 5% W LUK I 7 284 35 D. Clouteau
LS T FOTKUE T B T vk HE S T 4
BRAT 22 Aar 2800 AR AR B IR Bl M R s ML
T. Yilmaz"' 3t T %30 = 4t 56 45 5 45 20mn
FOr XA XS TR RPN AR ;0. C.
Chai " 775 1 - VK 28 531 A8 PR UK 3K 1Y
S b A AR R ASE ARy
AT TGk

E P E B BT s gdE , %t
TR AR RS + A B REVE R AT T IR 4RI 5T
FEZEHE 5 o = R, RS T Ak e 2
Xof % 3 S L P U0 5 28t A BB RN AR 1) 5
S e = PR IR IS 4 g 2k s R B, 51 4
SEBRE AT A ) RBVE IR 5 IR 5% AR
RO R — 0 Ak DLV 2 Ak T 5
xR E A5 B HEK SRS R o T
HIERAT 25 Ay 28 % B A B 4 7 AR ) R T 5 F

BT BTN B ST T R D 1 SR AR
O/ 9 A FRE R 5 0 1) 2% P PR R
PNUNEY/S N IISESR PN EERE G o A
IO AR (R 5 3 T A B IS, 75 3
AT A 0T AR R i AT B
LI

VA b~ i B M | 5 iR e A
BROGAU, AT T D 20 AR AR B 3
Wi, A N R Z R AEAR S 1. T
SREAIXTT T BT (EOFFEAR A i BB
E—EIEEE, R T 2N R ZE B & 1
X L AR AR S I U ] 5 2k — 2P 5
HYE. BT, W sh =Rl S
TV P DX KA T A 28 A T B A L R
[ - SRARIBAE AL R SRR T T A&
SEVIGSESALIVEEE S (S ROR YAV L Ae:S
AR, LAS) S A 12 i DX T 0 <l T
REBEH it T LA K iz i 9 ) 69 22 e As e PE A
RUHEHES%.

1 2N GDS iR

1.1 REEHEMREFR

ARG A BE R BH bk LS 2 B
FUR2Ful B HE L HT TN, A s NFE Bt
P AR B0 A R B HOT iy R 1)k 5%
2 ARWHE R AT T2, A SEAY)
FRERFR AN 1 FiR, sh =8l sy B an#k 2
JIi7R.

F1 LRSEAY IR SR
Table 1 Physical properties of soil

HEE Ry & MVEFEEL TRPEFE AL RN PN BE 2 £y JEEEY AL
p/(g-cm™?) w/% 1, I ¢/kPa ©/(°) a,_,/MPa~'  E/MPa
1.91 30.43 14.9 0.25 11.3 17.7 0.4 4.1
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Table 2 Test plan
A Hilk o5./kPa B K, BRI og/kPa R HZ  HREHKEL n/IK 314
Al 130 1 30 0.5 10 000 HIETZ I
A2 180 1 30 0.5 10 000 e IE BRI
A3 80 1 30 0.5 10 000 IEBR R
Ad 180 1 30 1 10 000 A IESZ I
A5 180 1 30 2 10 000 2 IE L
A6 180 1 20 1 10 000 AIERR R
A7 180 1 40 1 10 000 IESZIE
A8 130 1 40 1 10 000 HIETZ I
A9 80 1 40 1 10 000 AIERR
Al10 80 1 30 1 10 000 IE BRI
All 80 1 20 1 10 000 HIETZ I
Al2 80 1 30 2 10 000 L
Al3 180 2 40 1 10 000 IERRIE
Al4 80 2 40 1 10 000 HIETZ I
Al5 180 1 20 2 10 000 e IE BRI
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Fig.1 Relationship between stress and strain
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Fig.2 Relationship between accumulated plastic strain and cyclic numbers under different confining pressures
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Relationship between accumulated plastic strain and cyclic numbers under different consolidation ratio
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Fig.4 Relationship between accumulated plastic strain and cyclic numbers under different cyclic loading
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Fig.5 Relationship between accumulated plastic strain and cyclic numbers under different frequencies
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Fig. 6 The variation curve of accumulated plastic strain under different cyclic numbers
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Table 3 Test factors (68,,f,n) and level

LR L PR HY BRUB RS R A T T 1, K M :
‘ o o4/kPa f/Hz n/K
Wi K % AR BRI N AR A B 1 20 1 4000
S0 2 30 2 9999
Fa4 W HEQ) Kalmas R
Table 4 Test plan (1) and the results
eSSl
KBTS RIZER/ %
oy f oy xf n o4 Xn fxn 2351
1(A6) 1 1 1 1 1 1 1 0. 080 132
2(A6) 1 1 1 2 2 2 2 0. 107 799
3(Al5) 1 2 2 1 1 2 2 0. 060 301
4(A15) 1 2 2 2 2 1 1 0. 092 345
5(A4) 2 1 2 1 2 1 2 0. 140 608
6(Ad) 2 1 2 2 1 2 1 0. 161 979
7(AS) 2 2 1 1 2 2 1 0. 102 380
8(A5) 2 2 1 2 1 1 2 0. 124 130

I TT 22 TSR B 3 Bl R R AR
SRYERR R RN 5 fros. WK 5l IR
BRI R LU PR R 2 R AR S S e AR
W, B PR B AR A K 3 T IR,
FLUCORMR , fre i ARSI KL R 2K Z 8] B

AR 20T BB RS — 5 B, 3
1WA IR VR PRI B K
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Table 5 Analysis of the influence ratio of every factor (8,,f,n) on the accumulated plastic strain

T5 2R N d S F 8
oy 0. 004 442 458 1 0. 004 442 458 2 224.155 253 498. 689 519
f 0. 001 550 196 1 0. 001 550 196 776. 119 242 174. 017 768
aq X f 0. 000 207 995 1 0. 000 207 995 104. 134 473 23. 348 537
n 0.001 321 818 1 0.001 321 818 661. 779 484 148. 381 050
oy xXn 0. 000 034 406 1 0. 000 034 406 17.225 614 3. 862 245
fxn 0. 000 002 827 1 0. 000 002 827 1.415 211 0.317 312
R 0. 000 001 997 1 0. 000 001 997 — —
2.2.2 [l ARSI F6 RBHEK (8, .f,n) BokF
e E R T i , T R R Table 6 Test factors (6, ,f,n) and level
RA B R TP 2 TR A I . W
FRIAPE N AR08 | TE AS T PR 28 K P iy ik 3./ kPa f/Hz /K
PEUNER 6 R i 5 52 (2) Mok g R ank ! 80 ! 4 000
7 R AR R 25T 4 e 8 2 150 2 9w

F7 REHEQ) Kmas R
Table 7 Test plan (2) and the results

e
W7 RIEER %
T3¢ f 03¢ xf n O3 X1 fxn el
1(A10) 1 1 1 1 1 | 1 0.204 545
2(AI0) I I I 2 2 2 2 0.225 808
3(Al12) 1 2 2 1 1 2 2 0. 159 274
4(A12) 1 2 2 2 2 1 1 0. 170 760
5(A4) 2 1 2 1 2 1 2 0. 140 608
6(A4) 2 1 2 2 1 2 1 0.161 979
7(A5) 2 2 1 1 2 2 1 0.102 379
8(A5) 2 2 1 2 1 1 2 0.123 014

R KPR (S, .f,n) X REIBIER AL TR R 3T

Table 8 Analysis of the influence ratio of every factor (8,.,f,n) on the accumulated plastic strain

72K S d S F 5
T3 0.006 751 651 1 0. 006 751 651 660. 862 252 148. 175 393
f 0. 003 938 800 1 0. 003 938 800 385.535 923 86. 443 032
T3 Xf 0. 000 066 848 1 0. 000 066 848 6.543 210 1. 467 087
n 0. 000 698 519 1 0. 000 698 519 68.372 182 15. 330 086
Oa XN 0.000 051 718 1 0.000 051 718 5.062 227 1.135 029
fxn 0. 000 013 816 1 0.000 013 816 1.352 338 0.303 215
PR 0. 000 010 216 1 0. 000 010 216 — —

M 8 FTLAF BN Z BB PEN A4S BRPRNAR ™ RS | BB 500 2 (e A 5 A
SEMRCR Y U R Z MR R ZE I, B R MR, U R S PRSI 8] A
PE A G R L ORI e SR, TR S PR Sh UcB ez [ s & 1 32
SRS, INRZ AR SRR R/ WA/ 1 SOA S e AR AR (452
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Table 9 Test factors (o, ,6,,n) and level

() 2, 31 50 i R i 3 o LES
KT
BRI R M R 2R Z 18] A 5V o SR AR os/kPa - ay/kPa WK
AR A FE SSRGS P R MK 2R a0 35 9 1 80 20 400 0
ﬁ%,lﬁ%ﬁ%(:’))&lﬁgﬁgﬁﬁﬁﬁﬂi 10 iR, 2 180 40 999 9
SRR T 220 RN 3R 11 B,
F10 KRR (3) SKikgns
Table 10 Test plan (3) and the results
‘ [K 2% 51 \
K75 IRIREE R %
(2% o4 05 X0y n O XN Oy Xn 235
1(All) 1 1 1 1 1 1 1 0. 142 853
2(Al1) 1 1 1 2 2 2 2 0. 162 815
3(A9) 1 2 2 1 1 2 2 0. 327 054
4(A9) 1 2 2 2 2 1 1 0.362 334
5(A6) 2 1 2 1 2 1 2 0. 080 132
6(A6) 2 1 2 2 1 2 1 0. 107 799
7(AT) 2 2 1 1 2 2 1 0.192 084
8(AT7) 2 2 1 2 1 1 2 0. 204 696
R KHERK (0,8, ,n) 0 BEIAMEN AR50
Table 11  Analysis of the influence ratio of every factor (o, ,8,,n) on the accumulated plastic strain
T 22K N d S F B
(2R 0. 021 047 785 1 0. 021 047 785 182.519 742 40. 923 709
Ty 0. 043 892 100 1 0.043 892 100 380. 618 435 85. 340 456
T3, X0y 0.003 822 464 1 0.003 822 464 33. 147 203 7.432 108
n 0. 001 140 559 1 0. 001 140 559 9. 890 570 2.217 617
O3 XN 0. 000 027 981 1 0. 000 027 981 0.242 644 0. 054 405
Ty Xn 0. 000 860 450 1 0. 000 860 450 7.461 540 1. 672 991
R2E 0.000 115 318 1 0.000 115 318 — —

MR 1L ATLAFE B 20 SRR B 1 i
ASYSIAT 25 SR S0 7 MR A 52 ) A A
R HUGERIE , e m e IRsh . (R Z Ay
FE A F 20 BRI IE I AR 7 A — 5 R,
) R {ES BB 2 (B A RE A IS I RO
LY B 7 18 (B IR Sl OB 8] R 15 4
F, T FELA S5 4R s R [ R A F s 5
ANT L BTN B X SR N A A 5 e
AN TSN TR NER 11 58] LU Y 3l
-5 R P 2 T] AR 5 1 PR SRR P b 2
SIS SR B 3. 4 5. Bk B, BRI
Z IR A AR I — 2 25 PF T HE L R0 3R
FRIEVE RS AN ROR 2 3

LR MR B, MR AT AR A,
Fs BhS MR AR SRR AR S B4 =+
PR RBUIBPE N AS AT — 2 RIS | B 3 g
M N KB IMRIR N 0 0 funs IR ZIH]
ARSI A R B IMRICR 0y, x 0

Oy Xf.o,Xn.0, Xf.o;, Xn fxn.
345

(D TEARRIZEAE T, RARIBIE N AL BE o
ERIUE DN %N i =R Ea A NE - PN %
Wt 0 17 WL ) M DR TR R, Bt 03 )
RIS , B IR SIS T .

(2) PR SR AREBPE AR RS2 AR

%



100 WHERKESMARBFR)

o535 3%

SN A B R B BN TR, A2 B s A

(3) PHZR =2 1] (8RB 1 P X SR AR 2 P i
ARHAT —RE BRI , BRAIR S PR S R 2 [ )
AR | s S PRshUB ez 18l i & R
P2 ] L2 AT LA, HA PR 2R 2 [) A4
E AR IS5 AN ] 2 0.

(4) R Z W] B A 1F A —E A T
FUEALIA 20T SRRV R AR AR RO B R
WS W 55 R e 22 T A 5 1 P 2 i R
JEIRBN UL 3. 4 1.

S25 3Lk

[ 1] AURESCH L. Ground vibration due to the rail-
way traffic calculation of the effects of moving
static loads and their experimental verification
[T]. Journal of sound and vibration,2006,293:
599 -610.

[2] HECKL M,HAUK G, WETTSCHURECK R.
Structure-borne sound and vibration from rail
traffic [ J]. Journal of sound and vibration,
1996,193(1) :175 - 184.

[ 3] HILDEBRAND R. Countermeasures —against
railway ground and track vibrations [ D]. Stock-
holm;Royal Institute of Technology,2001.

[4] HUSSEINMFM,HUNT H E M. A power
flow method for evaluating vibration from un-
derground railways [ J]. Journal of sound and
vibration ,2006,293(3 -5) :667 —679.

[ 5] GUPTA S,HUSSEIN M F M,DEGRANDE G,
et al. A comparison of two numerical models for
the prediction of vibrations from underground
railway traffic [ J]. Soil dynamics and earth-
quake engineering,2007,27(7) 608 - 624.

[6] CLOUTEAU D, ARNST M, AL-HUSSAINI T
M, et al. Freefield vibration due to dynamic
loading on a tunnel embedded in a stratified me-
dium [ J]. Journal of sound and vibration,2005 ,
283(1-2):173 —199.

[7] YANG Y B,HUANG H,CHANG D W. Train-
induced wave propagation in layered soils using
finite/infinite element simulation [ J]. Soils dy-
namics and earthquake engineering, 2003, 23
(4):263 -278.

[8] GUPTA S,LIUW F, DEGRANDE G, et al.
Prediction of vibrations induced by underground
railway traffic in Beijing [J]. Journal of sound
and vibration,2008,310(3) :608 —630.

[9] YILMAZ M T,PEKCAN O,BAKIR B S,et al.
Undrained cyclic shear and deformation behav-
ior of silt-clay mixtures of Adapazari, Turkey
[J]. Soil dynamics and earthquake engineering,

[12]

[14]

[15]

[17]

[18]

2004 ,24(7) :497 - 507.

CHAI J C,MIURA N. Traffic-load-induced per-
manent deformation of road on soft subsoil [ J].
Journal of geotechnical and geoenvironmental
engineering ,2002,128 (11) ;907 -916.

AR AT HBERAT AT 8T R L RO A A A T
WIRHLHIBEFE [ D], L [R5 K%, 2006.
(ZHAO Shukai. The study on the micro-struc-
ture distortion mechanics of soft clay under the
subway-included loading [ D ]. Shanghai ; Tongji
University ,2006. )

Pt MERAT AT A T IR E T+ R AR
FEEAIR GBS [ 7], TR Hb i~ 41, 2010, 19
(4) :460 —466.

(TANG Yiqun. Experimental study on the be-
havior of muddy clay under subway loading
[J]. Journal of engineering geology, 2010, 19
(4) :460 -466. )

B s 4 2 60 2l = g A4
[J]. A+ TRE2EHE,2011,33(2) 195 - 202.
(HUANG Bo. Simulation of high-speed train
load by dynamic triaxial tests [ J]. Chinese jour-
nal of geotechnical engineering, 2011,33 (2):
195 -202.)

AR HERAT AT A T B 2 R Sl o
REFILRE [ D], PG 4. 74 22 il SR B R,
2011.

(ZHANG Ke. Vibration and settlement of loess
due to subway moving loads [ D]. Xi’an; Xi’an
University of Architecture & Technology,
2011.)

O IBUS. 3t A 28 R TN AR AR D - 5 ) Rk
IS [ D] AN Wl Ry, 2013.
(LAI Shuna. Research on dynamic properties of
Hangzhou$ saturated silty sands under metro vi-
bration loading [ D ]. Hangzhou; Zhejiang Uni-
versity of Technology,2011. )

bl Bk AT RS R S
KR D], B At AR R ,2014.
(WANG Tingting. Study on the dynamic char-
acteristics of soft soil and the long-term settle-
ment induced by the dynamic load [ D ]. Nan-
jing; Southeast University,2014. )

K. AR AR AT N AN 45 B2 K 1 5l
TR IETFFE[ D], AT WK 2% ,2014.
(ZHANG Tao. Experimental study on dynamic
characteristics of remolded clay with different
consolidation degree under subway loading
[ D]. Hangzhou : Zhejiang University,2014. )
EIERE  FEARRE, XI5, s 2 f AN 1
SPBVEIEAFIELT]. [RITF R 224 (A R FL2
W) ,2011,39(7) :978 —982.

(YAN Chunling, TANG Yiqun,LIU Sha. Accu-
mulative deformation characteristic of saturated
soft clay under subway loading in Shanghai
[J]. Journal of tongji university ( natural sci-
ence) ,2011,39(7) :978 —982. )



