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Approach of soil dynamic response analysis based on physical state
constitutive relationship
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Abstract: A new approach based on the effective stress and physical states for analyzing the seismic response of soil was
emphasized as the center of this paper on the wide basis of discussing current analytic methods. The first one was the effective
stress-physical state dynamic constitutive relationships established on the revealed dynamic stress-strain characteristics. It could
be used to consider the soil properties of non-linearity, hardening, shear dilatation-contraction, compression-swelling, as well as
the soil properties of stress path dependence and coupling of spherical stress to deviator stress. The second achievement of this
research was the fundamentals of a 3-D dynamic consolidation with governing equations established on the basis of the
transient dynamic theory, characterized by combining the effective stress and physical states dynamic constitutive relationships
and coupling the dynamic response and dynamic consolidation, static stress and dynamic stress, generation, diffusion and
dissipation of pore water pressure so as to simulate the actual process of stress-strain response of soil mass and form a complete
theoretical framework system of the seismic response analysis approach based on the effective stress and physical states of soil
mass. Finally, a new 3-D dynamic consolidation FEM calculation program was developed, and inspected through seismic
analysis of a saturated road foundation, not only the reasonable soil properties were obtained, but also the validity of the
proposed method and program were proved.

Key words: effective stress and physical state dynamic constitutive relationship; transient dynamics; seismic response analysis;

coupling analysis; finite element method

0 3l B Moo B34, BUMKERIRMERE ), LA R MR .

— it ZEEN ARG, A SRl R R AR FAALRAS, 76 BiRitREh, fEpiA
TR DATER, TR RS MGk TR, BRAEILBUKE DK S, BE
. TN IIERN, P0ERS Fkmims  REmt . XA SR FLIE K PR

JPREMET G, R LW E M nah R,
’Jl@i'é{)/JI\[E{JJEUJ'F”JJL&EIJJ’{"UJ‘VWJZ‘?E]B (“\?‘m\ Iul WIS HE: 2007 -06- 14



504 o

L TR ¥ M

2008 4

AN H AR A A A SE AR BT, AR A e R R
AW EAT P A EE  A, AWTH SR AN S
S 2] A R AR S T IR i I 0 R R 4
fiE, fFATE. WA, FLH L AGBALAS W e AR AL
Fo MXECRRAER B ZIA L DL S B AR R A
BRI ETEX . WAL, HARRD K25 B B ke
P, R4 ARRED KA,

AR, AE ARSIy s N3k R4y i e R A T kb S
AR I A RS . AT T A
W ARTEREE R R A AR, Hairrikst
JEE T T BN o Hridi. AL UK A 80N 4 #
Jitdi SLE S T AT 280N 3 43 M 7 i AL A
R AT N T M 7 i

BN TEPEAE A IR 4P B B AR (i
A RAB I 65 %) A (R R FIBE JE L EATi%AR,
FAFYCEACK H BRI AE RN ST AR )36 A2 24 (AT
WRZERT, 19 B bR AT G S 1738 20y B N AR R 3 5
BN 13y, KA SR AUR AT N Sy, fife AR
W

TeAU IR T R AR A 2808 43 b 5 2 Ik BBy A28k
RERR I B By N A Sy, V353l BY N ) 3y v S ik
BERMFLBSAK ) CHFLABERY) Ry 240w )y, Hitt
A3 NG TEIEARTE B B AR R — AN B T
SEMIGATE . ey I M RS e R — AN+
TARTBR PN, B TORT

FLIR S K S 119 (004 2808 1 40 B 7 v R L s A
TP BN BOR ALK I AT 80w A e, FH LB
IKHE T3 R A I BRI AG AL, P - il g [ 5 (1 2
WAL TG, 120 BOR LUK Jg, 5%
HAER AN B SR AL, B 5 F AN
Bk SR B fL I — i 2 5 g [ 4500, kit 55
FHbAZ A, W ALG B — AR L K i R R A
Fed B JRE GBI A0 0 b
Jikie WA W7 v B 0 S N RN o [ 45 A8
17, BWAHIED LS, fFEMR ERHE.

FUIE A R 75 (00 0% 1 40 b7 7 9RO S g L B
g I Ngh [ 5 B 8 1V i RE, IR S AT AL
JEIBRES TRk, RT3 8T R 3 Y
J1+ BINAR RS AR I R, B A BT R 2 )
BN 135, SNARSH R ESLIES 39 00 Al o AEIX BT
FREE SRR, LR I S B, A Zige
s B R BN FLBRAK He 384 KT S 3 7 A R AL
B 3 (R AR, P LA A B 2 A A 8

S ) 5N g[8 G5 R BT I T DA &5 FEAS
&AL R, O ASTT B FLBRIK s ) Kt
i, PR A RE RS SIE R BB LI 5 8)) ) [
IR T o

[, Wi s A 5 3hFLHE KA A B AS 2 1
W, XA RE S BRSBTS A R, Rl
Wy G IR A AR (R R AR RS AR —
FE MR,

IR M T WL, M7 BN [ 4510 3 o1 i
TR G NFLI AN SE AR S GE,  IF% FE P e ) 5
WIS, SRR . BREEHT I A2 04 s &
ARRIEERL, ANAEMES EoT LA R phiE, HATENS b
F 2k, i H, BT EEER T AN A T HER
SEMFLHBAY, W HA N EME S EAUESL
K SRS, E3))5E 538 1E4HEE,
i HAE SN [ 45 5 230 3 S SRS Ay, AZA N 24 i
— AR AT R S T

1 B 7S HyE R
1.1 BIYSAHeERBR

ARSI AR ) A AT RN T N AR K R (1) 3
ASBEEWTE .

(D) LA RIS AE R b AT
i IS BY4R . BY KR BY D) A AS [R) 4 BEIR 25 i 1
i~

OB AE R R 3R #8242
W1, HAN G LS RN (1 5

(3) — SN PRE RN 1 p (7 IEMN
TN TR ) g FgtESH 0, kB, ALY
YERIN ) p RN SCBYR ) g TRIRR A BRI R . A7

(4) FR-TAKY RIS, SRR EE SE B3 N 1) 2218 i
2, XN AR R R N A TR AR, R
MR RA R4, K. 8945, 9Kk, 351)
S5 NI IR NAR G R, RIERR ) p SRR AR
£ IR, BAMANARRR, W) g 5k
RN e Z KR, LASARNAERTR, WHNTT q
EHNAS & WK R WL 1), 3XFE, w]EREZN 7148
WHE LA, R AN IR N B AS R A F AR
(R g A8 e At S tH % I BRI N AR, SR H N ) A8k
MR RN AR XEE, AL, T
LAAT 8545 (Cyr Gy G Bl (Py, Py BYGR (ET,
E) Y] (R', R) 4K 9MmEk, %EHE
~E=E CBIR/N), R"=R=R CGHLWIAK), il
itk 4 28 7 Mdds, (B2 A B 40 5 BT K,



55410

Al AF BT PES AR k) 0 s oy B Tk 505

EATTIE R A A B R

(5)— R AR AR A F AR R AR g R SCBY R AR
£, KR, Ty HAA N AZ 0] LA Sy fift g BRAA AR % A 44
NS o Rl H IR D) p 808 AN A 6, R
Sy B N Sy AR A A (AR N A CRVIE T UG BY 46 BY
MRS, Romh e, » AR KIDEZT LR D &,
(n=Cy, G, Cs, P)o Wifie, = +é&,, [AFEDM
AR T LA i by 3R A AR B AR i A% o i R R )
Y4 A VR AR s S A R B I ) AR A A T AR
A5 CHIEH BTG RN A, T e, Roke A% &
BRIy p ZRAC = AL I BR A AR I, T SCBY R AR g
TN g o

05

-1.0 1 | ]
-0.5 0.0 0.5 1.0 1.5

E1 5\,p—q;’p9§?§

Fig. 1 Relationship between &, and ql/p
1.2 WErMSHERENEEXRRETL
COIRRS) p 55 AR RS 2, 195 (BR
RN R )
ERRBGEN RS Cop, kD F, B4R
N g A, TINAEIRAEACHIERN ) p I, PrdEAT 1
KEIREG S5 R R W], FEAE R Infar AEN ff LR op, 10
AN A B Bk AR N AR B ER Y. B84 o) kg GO,
EIEAE i Cv [k S P03 a4 B ik A2
£,y 5 L 5 B 1 A e, 5 4 BRI B
CP/Py) [0 B 2 W) S8 A7 4E KA X R,
Jis i A BB R Kpe A0 R[5 AR BUBE L K 70 073

dp _p
K = = 1 l
P‘: davp,c j":k ( )
K = dp P , (2)

. dgv‘p.s j’sk
EHE RS (A, A PN B 4
R IPRE (per ge oy s k) MEIPRE Cp, ) L
e p MFERAE X8 (N) fk.
(2) WRLT) g HNAE €, BIRFR (Rifd 28k
2)
PARFFERN ) p AAZ, AT 32 AR ) D . )

g W, LR A ARV T 2 BT D) R TR R R 5
LI, IXFRALEY ST T AR AR A S e T AT
) B 455 5 05 IR ) A AR RR P o ZES AT . ) 4 1F
RSN AN [v) 5 P A RS b, FEAS [) [ 45 3 RS
(o, k) FAT T REMIREVIT, g5H8EKH,
AT 3R o Aoy F0GED Ao sk R b, VR ) e A 1 AR B
i N ) G Gk, ATRESEEL 3 i 2k R (1 BY 4
(Cyy, Gy Cy). Bl P FIBIY) R HEMA . TEAR
R BT 45 (C) BT 4. C, RUBT4 A Cs BB 455)
FETHK P YIS A RN I g/p SRENAE & 2
) {0 AR B ml Al ALl ) L&, LKA

qu.n =&k~ Auk 'Q/pc 4 (3)
S5 JH B U BB K, 2675
dg _»p
K, =-% _2 4
" dg\ﬂqﬂ Ank ( )

by pe HEIGERN T), B8 A €, (n=C1» Cas
Csy PYor AT KRB By 4 F g ik A 0, ANT)
WREAAT kB ELRRRR R P 25 A, 01,
XpCy BUug 4 h i, AR NIEE. WAZENE
AMUEWER K, i HIBEA R &M & (R
R A5 Ty TR IREE) it K, IR
[Fi) W7 g =% (i) e 1 Y )

(3) Wl )1 g BHNAS e IR R (Yo% R

ST R, n R PR S PR N g N AR G
Ak, RA WA WMWY S g 56N
6. (8,=6) K F WITIFEY, MMM F,
B EE. TGRS ) - BN AR K R
BRI R, EAIEHBIA R R (g—e, )
FRRrRLE y

gs,r E'” ( 5 )
q, = = R
1 R
ar + brgs.r —_ i Es.r
GOr ‘.’?fr

X, an b A LTESEL EATAIX gk, 3k,
TR T %o 7 1) 82 g 2 W) o P 3 S 5

Gor AT 17 15 m (BBHALKR R I R D 9]
BT YRR, B Gor (S1/a) A g~ &, FRMLZM
VIR DI R, Xk, EEk. PN R 4 IR
At FO6T R (R P 2 R B 1) 1 me B IR Cory
ko) TR P20 € o

Re % 75 B 3 A4 bk N 1Y B IR N ) L
Ry =G,/ qy,» b BB MZE R HTEE ques g, N
A0 2 2 ) 1 m Ak ) 6 iR

U, ARSCAGR] TN BERN )5 R ) 22 [E]
(1) HAHAE SRS i, IR BN ) - BN AR K R =



506 o

2008 4

RIEA I S AR KRR
1.3 BHEIMSHAMRASHNHE

A SCHT LS BN AR KRR I W
10 M EEZE: OGRS A, MPKES A, . @
WABIMKZE A (n=C1, Gy C3, P); OMIEH
S ol AT RN PEB AR 9f : @IRIGTTVIBLE Go
FIRIRLE Reeo Jorh HHASEE A A1) ol FOAT RN PERE £1)
oy AT Eh R = Ak Sk E S, JLE i 2 M i
) = iR 5 5
1.4 WESAIRER A

RAIED S AR, 27 EA
YRR AT E RN

s,
dei-- = —L ]
Yl (6)
de, =de, +de ’
T 5 g
de, =Lap+ Lgg=-% .9 | (3
ap a Kpm Kl[l
ds,
de, =—v 45 9 (8)
172G 3K
Horp
11,149
K Kpm andp
Gr = ﬂ = GOr(l Rerr)q
de

X m=C, S, B K, W R4 ¢ MK s 9
VIS ML n=C, Cy Csy Py Bl Ky XA
[F P35 W52 s n=R W, Kg=0s K=Kp,; H§H
N3 - AR R Z 1 B T X
{do} =[Dl{de} - 9)
2930 bk ) B 5 R AT RN D) A A K R
S TN ]

_K+iG, K—EG, K—EG, 0 0 0]
do | 3 3 3 [de, ]
do, K—Ec;r K+iGr K—EG, 0 0 0 |de,
do. 3 3 3 de
(Tlk-26 k-26 k+36 0 o o4,
dfx_‘. 3 r 3 r 3 r d}’n
dr, 0 0 0 G 0 o9
dr, 0 0 0 0 G 0|97
[ 0 0 Gf_
(10)
2 (AFAR T RB VMNP SHE R
SAE

Y D’ Alembert B B A, AR AT 20N

IR EE R RO PR &, L B ) R N4 B
EBRMBG R, Wa) )R nh
o’u o’u &u

+E3_'>+E36_7)+(Ez +Ey)
3 2 :

ol
( ' ox? oy

0%y
+
axoy

2

B+ By, T g S g OY
7 Oxoy oy~ ox~ 0z

2 2
BN P iy pPligy, b
ovozr oy o o
2 2 2

(E,+E,) i +(E, +E,) ov +(E3a—‘:”+
Ox0z - Oyoz ox”
o’w w. Op ow
E +E,—)-—-C.+Z= —+g.
e 36,) 5 C p(a g.)
ALl AN R A
"o0'x 0y "0z o ox Oy O
;-T—tlll El:K'f‘%G L] E2:K_§Gr! E3:G]_ L]

ko=k. /v, k=kly,, k.=kly, ik, k, k
Hx, vy, z HMBERE: u, vo w, Xo Y, Z
AR xs ys oz Ji W IALEE o WERARRL s Cy
Cy 1 C, 5B e 43 i I
R AL 4 ISR oot B [ 45 O AT A5
)45k 1) 29 1, S A5 B O AT BRIT I BE AR E R
T 4 30 B a0 o0 G o 0 OB e BT o i B
B, AL BN, IS R B R, AT A
SRAR RS A 7 B AT IR e . )5 A Wilson- 6 %
A B 6 -1 R REAT I e i, IR T RR A
F e B ¢+ A (28 50Kk, 2 ) [l 45 07 Rl 5
(Ko} =[F]., (12)
Ay [K] B[ F T 53500 3 %5 13 B 55 24
&) ) 4 43 B
(K] =[K] +a[C] +a,[M]" .  (13)
Aot [KT. [CT A [MT 4250 o 5076 00 91 R 4 9
BELJE S M AR R W @, R ay BB RBL.
A EAERE, A AR A — AN Bl N a) 1T A A
KB )3 R N A8 Yy, e B B i T R g % [i] 37
BAE, BT T ALE KRR
(1 210 R R A A B 1R B0 8 g (1 28 AT 5 1 5 18
NN T8 TR B S B 111 B) A 7 AV V1 L6 A
fiffy 5 I 5] £ 30) 18 ) 39 R ) % 28 3 ] ) FL I 3 o D i
VESEIER R, AT AR BT
FARTF S0 B R0



55410

Al AF BT PES AR k) 0 s oy B Tk 507

CU TR ST, AR 7 A ie o oF 53 5 15 21 1)
VLG 137, v 55 3% oG ER Y ) p RN 1) g o
oF M I R 25 4 N2 g R e S ) 43 i R 2 F g
BRI ) p B 5E & SR ICHE Y g 23 () (R 8 8k, P
HR VIR L R UH B IR Gy FIAARBUBL R Koo

(2) AR 1k 2 ok 580 g [ 45 it W 2 R B
K]+ BB MIABEE R FE[CY, T BEAE 28 T W
ELHATER

(3 Fh 4 N 11 1 508 o gk 52 s 2 ot 2 T ff 5 %
A5 (1 b RE N TH R, V1A ph b R | RS 1) M R A 3
A b R0 A AL BT 5 1S R L s fr K, 7 i 2K
W DA St it BELJE BT 5 RS 1) oy 4084 4 S N AE —
FC T A B 2 1) S 2050 1 [ 5 Ao 43 8 B B {AF)

(4) FRHE 5520 3h 7 I A e (K ) N 25 %k sh g T
G B BE {AF} . ] Wilson- @ YR i ) Jy [ 45 14 bt
JiRRAL, 14 BZIN R BT A B 1 i RIAL
1 1 {Aé:f-um}:{&uf-um AV Ay Ap:-nm}"‘ .

(5) WA ZE 2 A B 37, SRk % 5 o0 I AR
RN Sy, PR S AHR FIERN. ) p R J) . B
S I R 245 4 o SR 4 T DU 3 S 0 s p RN g (R K
SIS, PR ) g FIIREY ) p 43 4% 8 )
P S M D R ) s % B T A N % ) R N g

(6) WA HERN (0,=0,=0,=0), I
SE R ICRET WA . BRI, G R
JCI B PR G=50 kPa.

(7) SR - FEAS MR AE I, ) 5E 75 B0
(RN g A A R A T S, i BB, WREAT B
N EEE.

(8) JI 0T 2% 5 T ) 32 Ny 2 A ik - i i
£, WSS RL,  WREAT X LN )8 IE AT Hih
.

(9) WAL, VA H I 20 () A7 2% 8
No,=0,—u (=1, 2, 3, o AYHENT) &
H AT BRI ST pon AN T g0

(10D 245 H I AE N J) 25 6] o (0 3 I 8 4
AR, WY b AN DA (] 0 2 0 e
Bitd K, G WCOZRAAL, WeTHE B E
TR I 1) SRR S AR (FL, 180 X 37 1 2 g 4l ff e
K, Go fENT W BOE— SO B, [F] I
ST I R G A

(1D MPFAMPERSE (2) ~ (10) #, i
Bl by 7 45 Ay 1l

fu g IR, B D HEAT IR, A S A

A, R ALRE NIA AL .

3 ®WARERZN RN ST
3.1 HRTHEEEIRITESIANER

AR AR A (R R0 A B S D A B i 5, R v
(I IERD T 20T Z J5 ) DR 43 m, X 7 1) BEFE R 60
m, Y5 RHACREEN 80 m, BRFILEIEN S m. Hh R KHE
MR 3 mo F /SRS TR S 147 PROTAE AR
% 2 fror.e

E 2 sk

Fig. 2 Finite element model
W VSR E-B B, S EOE L, 3
WSOV YIS ARER, THESHE 2.
3.2 MIAHYHBRANEE
AR B RE I A G Y KPR, I

& 3.

10
e filfs

E 3 wEmnRE
Fig. 3 Earthquake acceleration

3.3 HEERESH

DT HM TSN RIS . N, R TE
WA, W YZ Ve s e g AN .

1) HEE B AL « R4 FLHRIFL K- 40 A
ek

EHEAE R, AS IS Z1 0% A5 L s 60 K /N R 3 A
Wit A N (R AR AT FEAN BT R AR AR A, TR
AL EEW, B ASSLEAR R LR, KT ikR AL
Je, B SN AR AL, BEhAAk,  BEASSL AR
A AL SR A B A b R S 8E 1 34 ORI 1 7% 17 I i
B0 BT, FLSEI O T AR AL 9 3 AR
Ao P MR TR R A AL I B TR AR AL R (1)
FEEE, HMTHEA N, TR ot k5 Jyte e
PRI A RINE R, B%IEIEREE I P 5 R FLE K LA,
X 55 17 BNy 4 M R B TR fi 0 RS S A A



508 wob (N 2008 4
#F1 E-BHEEMITESY
Table 1 Calculation parameters of E-B constitutive model
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Fig. 4 Contour of the residual pore water pressure after 8 s
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Fig. 5 Contour of the residual pore water pressure after 20 s
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Fig. 6 Contour of the residual pore water pressure after earthquake
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Fig. 7 Contour of the transient pore water pressure after 8 s
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Fig. 8 Contour of the pore water pressure after 8 s
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Fig. 9 Contour of the transient pore water pressure after 9 s
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Fig. 11 Contour of the vertical displacement after 20 s
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Fig. 14 Residual pore water pressure of element during earthquake
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