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Long-term settlements of soft soil ground induced by train traffic loadings

BIAN Xue-cheng, ZENG Er-xian, CHEN Yun-min

(Key Laboratory of Soft Soils and Geoenvironmental Engineering of Education Ministry, Zhejiang University, Hangzhou 310027, China)

Abstract: A dynamic coupling model of track structure and underlying ground under moving load action is developed by employing
the 2.5 dimensional finite element method together with thin layer element method. First, the distribution of dynamic stress in ground
due to train traffic loadings at different speeds is computed; then, incorporating Li and Selig’s Method (1996), a computation
procedure to evaluate long-term settlement of subgrade ground is proposed. The Swedish high-speed railway X-2 000 running on soft
ground in the West Coast is introduced as an illustrative case study to demonstrate the development of long-term settlements with
time and its distribution inside ground. Also a parametric study is conducted to consider to influence of train’s running speed on
long-term settlement in soft soil ground.

Key words: high-speed railway; ground subgrade; dynamic residual settlement; traffic loading; dynamic deviator stress

PrigA—u A2, (X3S er 8 A WP H

1 51 & BRTET LTSN R, DA H B

SR LR BB RIE A BRI Bk LR g, LA
R R AT ET BEMABIER T RUREMNRE
AR, HIN IR, A8 A B A AR
FREAM AT, BIEATAIE, X5 AT A
EEE LT E WA IR, (BIEFERZ IR (1%
S, AUl B, BT EB TR
SR HER S FENERKEIE, G2 M
FRRAR R TN T iaid A Bt 3L i .

R M EE TRV 7V H 1923 4F Terzaghi [F 45
gLk, BRI e, R E
W SR SEK A M EREB N A EYLR BE

RS HHH: 2006-06-25

(1) Hyodo &R M & & Hk5h 8R4 R, X
H 2 BHUESN 12 M R TN AT B 3 T (Y M AL AR
¥, {2 TR AR SEBR BB J W N A2 3 4 i) J,
WOZ T v H AR SE bR TAR A e R R . (2) Kutara®™
A Fujikawal” %55 5 32 H R S g0 B RT
WS, Kutara®%H—4%E BB RWITEST
AR, (H R I8 AN I AT £ 1) 3 B AR 18 AL ) A0 e £
TEFF = A UM%, Fujikawa® 76 S 0 56 5B e
TERMBIERAENN M ERB =AM, X
Pt B AR B SUTREA B . (3) 2RAR,
HA Ll Monismith" 48 (15 H RN B,

HEMH: BERBERBFES (No.10702063); HE L S5HE S (No.20070335086).
VEERIM: AR, B, 1976 4, BIEdR, HAR L KREREE TR EL, TENFPUERERAH N EATBRE TREHFEMNHIL . E-mail:

bianxc@zju.edu.cn



F11H

RS FIEATBAEAE T L B K R 2991

SR FH 87 B 4 SO AL B0l & BB - O B N AR S i A
BB R, ZER AR, ERaSHS
BYEE XA RS, EBHERAK, A5EH
HisE. Li M Seligl'% 5|t LB AESE, B
st RS EH e soE T vk, e T B k%
BEWERES, FHAHZERST TR EmER”
AR T UIRERIZ A TAESES]. Chai A1 Miura ™78 1l
Euh b, ZEBAGMN AR, H—SR BT H
RIFEBEAL, TTART Li A Selig®'SHEUEARE H
FHE MR E, BFIASEENFEE —E
R 3

S4h, fERKEA AR THBERT
BE TR TR ERE, T DA e K s
BNt AR T R AR . ES B AR
BARR AT T ANEINEB A TR L8 — 4D
REAE . THAR U o R (R R ATBh R 4 A1
LT RN EE - ARHKE SR = 5%, 31X
R 1K B8, 08 T BRI, FiE
ST T BARBEMES MK R EMT
. ACEDL 2.5 AR TEEEERITCHE, &
ST FIEBIT AR TP RS DA AR 3
HEITIERL, RIR T AFEITEEFERBERT
HRTENEMIEFSRN M5, &4 Li
Seligh 42 tH PRI ST 8 4 A T 4K 1 i BARIE M N A
Hit, #37BRETEEEE S ESITHEIEH
T TR RS AR

2 AEMBAEH T BRUTRERTHE

2.1 BHRHAEEAT RIBHNERTE
A4 Monismith" &R H T LRI T
RS T B RREMTRRER A K.

€P=AN” (D

Kh: g, AMEE T AR BB N ATEHA
BIRE: AR b RT3 AT 8 MR 3 b 4 1
WESH. NTFEEZELER, S 8EES M
K, WHIRER K. Li # Selig?' 3o TxS% A
W E «

A=alq,/q)" (2

A g AZSEEIRFTR THIBMRMN F1; g, hHuZE
TERBERORN 1 a Flm HESH. NHTEEMN
T, av b Ml miX 3 NSES HARRKRIFIE M
B K, Li M Selig $&H T X & LA 28K
BUUE, WK1, g (NE5HELAEHRERESE X,
EiptiBus:ify- MiF=xsIn

£ 1 Lif Selig RSB
Table 1 Constants suggested by Li and Selig (1996 £F)

L SHHUE
a b m
CH (&¥E 1.2 0.18 24
CL (fREMHF 1+ 1.1 0.16 2
MH Gkt £ 0.84 0.13 2
ML (#1) 0.64 0.1 1.7

gia30 (D ML (2), WTUMEH R HiR7E
PR3N 2T I RN AR v A 5

£, =a(qy/q;)" N’ (3

KNP &SRR LFERT. B (3) "4, gkt
Ht K BRUIE, XER EML TS
BATH B R E T B WA S, RAALREET
WHER. KX ) EEEBES RS, B
THE M N A B B TEF E BT R B AEA T
UikE. B4, B 3) IRE1, S8a. g RXTEM
AV N AR B B AR T BT (R B, 1T e T R
AR A .

22 FEZBEHRIEA THESINHNHE

FZEBAT AR T PUE SRS = L R e
FE B o 12 5 © 2 H K& 2 07 8 LR BR R R
UL RS T 5218 4T #7507 A i U P i B
I3 a3 A R HEARe M A0 LT SCRR . TRIL RS RS fn sy
)23 8] ER) Timoshenko ] LA R 4347 51 %47
IR AN, 1T S2ER TR Bk B
THEFAERE, BENTIREWIERIE, £
RRHVE NSRBI E R, E s
— A5 T AR 4 B T RS SRR, e
AR PRI VTR BRR T ) 25 M F B AT #Y
fEARAL.

AR 2.5 BRI SEE BRI AR
SEFVEIBATRTBAE F THE RSN A6, M
BRI 1 frn, FF HEBE P ERERR A RN
AN AR AR — 3. A THAE
BATHIEAE N B JE BRI BE 45 M R0 G PR 3 25 R B
BTN ATEE, EARENIE RBHTREE
T B oot LT 7 ) T T R S 5 A R S 5
ITHEMRITER, MK 3 4Erl BN 2.5 4k Bk
RO, XA R DR, RNERTME L
RT3 (B A R R . AR, BUERA
T BR SEAR R BR P R B TR, S E B EIEAT A WF
H_EH R TR A WSS B oERl, K
I L (9 P U B3 57 2 v ST R LA S AR SR 7
TCAE AR SR . WA DA H & C V& X



2992 = *

2008 4E

EFMBE, X SEtEsm T, Bk
DEHALE N y=0m, ZBLLFATNIE, ERER
kb z=0m. FIFEZGEMEA, BT LA A
i 3 YehE TR AE R ZEIEAT A R 2 ]
REAY, B ERLE LR KNI A TR,
TR (3) T R ISR 1 912 A0 T AR
IR H B (K 0% .

X oS Bl
ﬁiy

Z b2
T

HEE T

i

1T

1
HERIT ‘ﬁlﬁﬁ$7—h‘

1

1

1 HRIC-BE LTSS NIE S - R
Fig.1 Finite element-thin layer element hybrid
analysis model

B B IE RGBS E R T 1998 4E7E Ledsgard %%
tEE FIZAT X2000 ERE S E R T BB R
PR, RN BT BT T 2 W M T
B ARICERATHUE 0TI SR %3 4 5 2
BT ATREAT 447, DURRBR IR L AR 5| A0 T A
BAEH T RIUT R =4 R R 4 A A

3 BRI XSH

RA S T EE R T ENE K BITTRE, Rt
KM PR N REIR AR AEE, S5
W 2.

#2 X2000 S
Table 2 Track properties of X2000

MIERE BAKERE 5 d R
2B /m MKtm ™) EI(MN-m™%)

3.0 10.8 200 0.10

FEBLL

WETNFAZBERLMIE, LESHASHW
B2 F, BBV, po B30 HARKIBTUIBEE.
FEMEE R LFRIETH X2000 BES 4 H 5
WEMAR, FRERSH 1 HHOHE, B3 H
TRME B, ERREEENNT 1 MR
BEAME, PIEMEEERER TSR Y
ERF RS 10 m, ¥ ZEEREEREN 15 m,
FE R E L EEEAES . SRS RFIZEST
HEE 1 R, BESRE 40 5 X2000 7
e, WHPEER IS, AitE T E, ®EH%E
A

TR TR R V. =T2m/s, p=1500kgim’, A=0.04 11.1m
HHE L V,=41m/s, p=1260kg/m’, £=002 [3.0m
HFEE1 V,=65mfs, p=1480kg/m’, £=0.05 |4.5m
FtE2 V,=87m/s, p=1480kg/m’, f=0.05 [6.0m
EXE| V,=100m/s, p=1480kg/m>, =005 |5.4m

2 HEMBEMG
Fig.2 Ground condition of X2000 railway

29 66 29 29 148 29 29 148 29 29 148 29 29 e 29

12KN 12kN 122kN 12KN 12KN 122KN 117kN

1SIKN  180KN 160KN

3 X2000 PIERMHARIA (AL m)
Fig.3 Geometry of wheel axle load distribution

of X2000 train (unit: m)

4 WS v EA T

WRYESCHRI3, 1017740, ROBATEE K Lk
KV K E B R R RESM S (g, A3
VRSN I I 2 AR AE, 3F ELAE T SO 3 ke 71
ZERTIE AT B A BT R AT TR 04 . R0
SCRR(3], SRR A T R

Qd=\/ﬁ 4

A T, WD NARER, AN 2.5 HRT
FRALRAR 1 6 MR J) 43 BRI E
4.1  BhORRE 77 BEEE B I 2R AL

TARIIBh R Sy R AR T AR R R R R
TR U EE YT AR 2 AT 0 B XY Bl I 1 3 B 43 A
FRILIAT — L8R . B 4 R [RIB1 23 e
B B U AN (] B S AL B e D R B I AR A L. 7E
HUIMBGRELAL, BRI R R, 4 2~4 m
RETCRE PO IS W E, R SRR 3 m i
ReAFFER S T R i EMRREN LEm, %
A ORIEAL, BRI (.
4.2 BN BN S W

Bl S DB O AE R BERS ) 5 m 4B ZEH
St RSN S, FIERERK, F—
AL B RIBN MY ) B BT A, MR 250
kmv/h AL (A SETE 2540 R AR 3L 0%, BB RY
TR B K.



11

R FIESTBRBRIEH T 5K+ BRI 2993

R z/m

MR FT g4 /kPa

() #FF ¢ =70km/Mh
RS g4 /kPa

4

W z/m

6 8

10 12 14

(b) IEE ¢ =200 km/h

B4 7R EE T R 5 BEEE S B2 4k

Fig.4 Dynamic deviator stress variation with distance

at different speeds
BRI S) g4 /kPa
00 2 4 6 8 10 12 14 16 18
3 L
E 6f
~
>
b 9t
R
2l —v— ¢=70 km/h
—a— ¢=140 km/h
—e— =200 km/h
—e— ¢=250 km/h
15¢
() BEHLA y=0m
BRI ST g4 /kPa
00 2 4 6 8 10 12 14 16 18
3 L
£ sf
N
%
b 9t
HE
—— ¢=70 km/h
12 1 —— c=140 km/h
—e— ¢=200 km/h
—a— ¢=250 km/h
15t
(b) y=5m

5 BN A R RS Ab B REY B

Fig.5 Effect of the speed on g4 under different distances

43 BEJIRETE AT
431 A[FIBR I A KT RR- Bt 1] gt 2

B 6 A IR AN ] B R 00 5 0T e B )
RIARILHIZR, L9 5 MUAS: 1 M hEBERE R
LAl HAh 4 MR FRESO FEBER 1,
2,5, 10m &b BERFEBIIGK, REW S LTS
A, BAREETRE. WBREPLOEE,
MR HR, UTRRRRIN . BT A1 3T R B B g A
B FRRENLE. HEBA, X RTRBA,
EARREE R, BT S R — B8, I
PRACIR I, Bl A AR, R R R 5
W, BEETRE.

0.0 h=10m
h=5m
o K\\\'
B o02¢ h=2m
o
B 03¢
h=lm
04} h=0m
0'5 1 i 1 1 1 J
0 60 120 180 240 300 360
t/d
(a) B ¢ =70 km/h
&
¥
=

t/d

(b) HfE ¢ =200 km/

Bl 6 7RI BE T B2 B U - B il 2%

Fig.6 Development of settlement at different speeds

432 RIRIVREE LB

P 7 Ay 0 A 4 A B 3 - A
KTHE S A S B . WIS, MR BT
EHMTIER, MABM, B0
HEEFEBI N Y, BSAHNT BN, s
R A, BFERERRM, MG, M5
Bl O — AL (AT T 10 m) JIMAE
RN, T,
433 RN BRI RR 0

P 8 Ay /N 5 25 i B ) 538 XL e 4 A (0
W, BB, SIZEHERA, KERESR, B



2994 =] +

51 = 2008 4F

y/m
-100-75 =50 -25 00 25 50 75 100
0.0 —
a1t
E o2t
o
B 03 F

—— z=00m
0.4F —— z=20m
—a— z=50m
—— z=100m

05t
(a) #E ¢=70km/h

y/m
-100-75 -5.0 25 00 25 50 7.5 100
0. e
02}
E
& 04f
B
06 —— z=0.0m
—— Z=2.0 m
—a— z=50m
0g L ——2z=100m
(b) HEH ¢ =200 km/h
B 7 AEEREEA NS
Fig.7 Subgrade settlements variation with depth

y/m

-10.0 -75-50-25 00 25 50 7.5 100
0.0

03F

06

P /m

12+ —a— ¢=70 km/h
—e— ¢=140 km/h
—a— ¢=200 km/h
15t —v— ¢=250 km/h
(a) z=0m
y/m

-10.0-75 -50 =25 00 25 50 75 10.0
0.0

02 \../
E o4
B
B s}
—a— =70 km/h
08F —e— ¢=140 km/h
—— ¢=200 km/h
—— C=250 km/h
10*¢
(b) z=50m

8 HEBEX AN IR ¥R BE Ak B 2 T M U R W
Fig.8 Effect of the speed on settlements at different depths

DR R B ) B R RS R B Rl
R LHEIAE BN E RN SRR, A
SPBYLFEAR Y SRS b o
4.3.4  BREUTFE-RE i 2 REER B AR Ak

Bl 9 A ANFELRSE . AR E AL B B A DR
FEER B HIARALAE AL B 9 WT4n, MEEAEF AT
PR TRV ERTERME R N
(AHETHA 7 m), FERAMFERE LTI
BTRRR. EHETORZE, JIREMBN.

UiF% /m
0.0 0.1 02 03 04 05

£
%
=9 —— y=0m
—~— y=20m
12 — §:4.0m
—— y=60m
—— y=10.0m

(a) & c =70 km/h
Uik /m
0.0 0.1 02

i =

3 0.4

E

"

*

% 9 —— y=0m
—— y=1.0m
—~— y=20m
—— y:6.0m

15 ~— y=100m

(b) A ¢ =200 km/h

9 BEUIREREERRIEL

Fig.9 Variation of subgrade settlement with distance

43.5 RN EREEUTIE-EE LR r

B 10 A BRI O AR R B 5 25 8 R o s
VIR IR EAR M W] LR E ) 23 2
m, BRFEKHIEN S NIt R M
BV ZEIBAT W B Bl Bl T M S B U i e, B SE
Mtk R AR, mHURFREHRHER KKK,

5 T4

ASCGE 2.5 BHMRITTE, G565 30RBIR L
Kt SADBE M AEH T RN A,
T T AR 5 R R B3
YT R IR 2 A 3, B LUT 458



11

LFEREE: FIEAERTRAE T 5 B K I

2995

Vi /m
00 02 04 06 08 10 12 14
0 T v T T T 1

E
N
i
® 9 R
~e— =70 km/h
12 —— ¢=140 km/h
—— ¢=200 km/h
15 —v—¢=250 km/h
(a) BEFL y=0m
iR /m
0.0 0.1 0.2 03 04
0 y r T —_
3
g ¢
nN
i
X 9

pr. 33
——¢=70 km/h
——c=140 km/h
—— ¢=200 km/h
——¢=250 km/h

(b) y=50m

B 10 S50 BE X B AL U R R B i 4% 1 A
Fig.10 Effect of the speed on settlement

distribution with depth

(D ZEFHEAEA T, BETEE KL
FRIHC AT 28 B ] ¥ 88 A TR BT 8K, (B
EEBHRAN, BRI TRE.

(D) BEIIESTERBNBITEEE X, £
B B I SRR LLRT, SRR U R R
TE AT BRI R E T A

(3> BEIIETEBERAEENIET S, IFEIHIE
IERT7 BRI R K BB R4 B s A
P, EREBESIE KRR RN, TR
B o

(@) BBV X BN — & R
BB, EXMRELUT, JREREDEN.

BAERGL, T IBIEF A FHRE L
KV ZBRTF 2 M EIERAR: —4
RRE T EIERSA A F s e, 5—4
RERT RS HE I 3 YL E) 7w SR M o 5 oy
HI5AR. AICE 2.5 R RILITERIF AR R T
Jad#, X T BRI + 7 K A B R AT 2
TERT TR FEHLRIAEER, 3B BB A XA AT
FRAEREAT HE — 25 19 2 I AMAR I LR GAIR,

(1]

(2]

3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

2% XM

MREEL BRCM, A2 BE s T RIS & i
FIJLA L0722 A RICYB T Sk B R 52+ T
BREDARRE HIM: BHLAZHER, 2002: 165
—177.

Jin-Chun CHAI, MIURA N. Traffic-load-induced per-
manent deformation of road on soft subsoil[J]. Journal of
Geotechnical and Geoenvironmental Engineering,
2002, (10): 907 —916.

LI D, SELIG E T. Cumulative plastic deformation for
fine-grained subgrade soils[J]. Journal of Geotechnical
Engineering, 1996, 122(12): 1 006—1 013,

R, BBl 2R —8K. sh R e R o 0%
REFWEMEAD. FLH%, 1996, 17 (1): 54—60.
ZHOU Jian, TU Hong-quan, YASWHARA K. A model
for predicting the cyclic behavior of soft clay[J]. Rock
and Soil Mechanics, 1996, 17(1): 54—60.

B, Bk KBRS 8ER T80 — R Ui,
ATTRER, 2001, 23 (3): 366—369.

JIANG Jun, CHEN Long-zhu. One dimensional settlement
due to long-term cyclic loading[J]. Chinese Journal of
Geotechnical Engineering, 2001, 23(3): 366 —369.
FHME, FRN, TEHE TERBEA TR ImER
MBHEZR I S EABEM, 2006, 19 (1): 1
—5.

LI Jin-jun, HUANG Mao-song, WANG Yu-de. Analysis
of cumulative plastic deformation of soft clay foundation
under traffic loading[J]. China Journal of Highway and
Transport, 2006, 19(1): 1—5.

HYODO M, YASUHARA K, MURATA H. Deformation
analysis of the soft clay foundation of low embankment
road under traffic loading[C]//Proceeding of the 31st
Symposium of Japanese Society of Soil Mechanics and
Foundation Engineering, 1996: 27 —32.

KUTARAK, MIKI H, MASHITA Y, et al. Settlement and
countermeasures of the road with low embankment on
soft ground[J]. Technical Report of Civil Engineering,
JSCE, 1980, 22(8): 13—16.

FUIIKAWA K, MIURA N, BEPPU L. Field investigation
on the settlement of low embankment road due to traffic
load and its prediction[J]. Seils and Foundations, 1996,
36(4): 147—153.

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



2996 & +

71

=4 2008 4E

[11]

[12]

[13]

[14]

[15]

[16]

HRAS, FUE, FENR. AR L ARG R
BB UAFIED]. &L TR%M, 2006, 28 (7): 891—
895.

HUANG Mao-song, LI Jin-jun, LI Xing-zhao,
Cumulative deformation behaviour of soft clay in cyclic
undrained test[J]. Chinese Journal of Geotechnical
Engineering, 2006, 28(7): 891 —895.

%Y, BB, KL BIEET Kelvin i b
TR AR AW N [1). WL R (LMD,
2004, 38 (10>: 1328—1333.

ZHOU Hua-fei, JIANG Jian-qun, ZHANG Tu-qiao.
Steady-state response of infinite beam on Kelvin
foundation under moving loads[J]. Journal of Zhejiang
University (Engineering Science), 2004, 38(10): 1 328 —
1333.

W, BB FIFERRER T HRIEM bR
REG AT, %54k, 2005, 37 (4): 477—485.
BIAN Xue-cheng, CHEN Yun-min. Dynamic analyses of
track and ground coupled system with train loads[J]. Acta
Mechanica Sinica, 2005, 37(4): 477 —485.

4T, IKAITE. PUBSER SR EIE R T 1A AR
VIR TFES%, 2004, 21 (5): 100—102.

LIU Wei-ning, ZHANG Yun-qing. A periodic analytical -

solution of railway track structure under moving loads[J].
Engineering Mechanics, 2004, 21(5): 100—102.
DIETERMAN H A, METRIKINE A V. Steady-state
displacements of a beam on an elastic half-space due to a
uniformly moving constant load[J]. European Journal of
Mechanics A/ Solids, 1997, 6(2): 295—306.
HIROKAZU Takemiya, Xue-cheng BIAN. Substructure

[17]

(18]

{19]

[20]

[21]

simulation of inhomogeneous track and layered ground
dynamic interaction under train passage[J]. Journal of
Engineering Mechanics, ASCE, 2005, 131(7): 699—
711.

METRIKINE A, POPP K. Steady-state vibrations of an
elastic beam on a visco-elastic layer under a moving
load[J]. Archive of Applied Mechanics, 2000, 70: 399—
408.

AR Ga. FIEBER AR T 22 R Ny
ML AEANFETE¥R, 2007, 26 (1): 182—189.
BIAN Xue-cheng, CHEN Yun-min. Characteristics of
layered ground responses under train moving loads[J].
Chinese Journal of Rock Mechanics and Engineering,
2007, 26(1): 182—189.

EHE BB 5B 58 KN S Sy
Wil B N5 TREER, 2005, 24 (7): 1 178—
1186.

WANG Chang-jing, CHEN Yun-min. Analysis of stresses
in train-induced ground[J]. Chinese Journal of Rock
Mechanics and Engineering, 2005, 24(7): 1 178 —1 186.
W, BRa® BT 2.5 g RTTES s E 3
FERMERD]. A0 ¥ 5 TEEMR, 2006, 25
(11): 2335—2342.

BIAN Xue-cheng, CHEN Yun-min. Ground vibration
generated by train moving loadings using 2.5D finite
element method[J]. Chinese Journal of Rock Mechanics
and Engineering, 2006, 25(11): 2 335—2 342.
Banverket. High speed lines on soft ground-evaluation
and analysis of measurements from the west coast line[R].

[S. 1.]: Banverket & SGI, 1999,



