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Steady State Response of Radial Heterogeneous Saturated Soil-circular

Tunnel Lining Based on Theory of Porous Medium

YAN Qifang” , LIU Linchao
(College of Architecture and Civil Engineering, Xinyang Normal University, Xinyang 464000, China)

Abstract;: Considering the influence of liquid phase of soil, construction and in-situ stress on the soil around
the tunnel, the soil around the tunnel was regarded as heterogeneous saturated soil, and it was assumed that the
solid shear modulus of solid phase changed along the radial direction. Using the multi circle model, the saturated
soil around the tunnel was divided into the undisturbed saturated soil and disturbed saturated soil, and the
disturbed saturated soil was divided into multiple thin concentric rings. The steady-state solutions of saturated
soil in undisturbed area and each circle were solved, and the transfer matrix between radial displacement of solid
phase and liquid-phase, radial stress of solid phase at the outer and inner boundaries of saturated soil in the
disturbed region was obtained. Taking the circular tunnel lining as elastic medium, the radial displacement and
radial stress of the circular tunnel lining were obtained by using the elastic dynamics theory. Considering the
continuity condition and the boundary condition of the problem. the analytical solution of the steady-state
response of radial heterogeneous saturated soil-circular tunnel lining was obtained. Numerical examples showed
that there were obvious peaks and troughs in the curves of radial displacement and radial stress of saturated soil
varying with frequency, and there was a certain mutation near when Rw/v=1. 0. The ratio of shear modulus in

the affected area and the variation law of shear modulus along the radial direction had a great influence on the
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steady-state response of heterogeneous saturated soil-circular tunnel lining system, and the influence of tunnel

lining thickness had a certain relationship with frequency. The influence of heterogeneous characteristics and

the liquid phase on the dynamic characteristics of saturated soil-circular tunnel lining system could not be ignored.

Key words: heterogeneous saturated soil; circular tunnel lining; theory of porous medium; multi-cycle

model; steady state response

0 35l

UTAE SR BRI bR L A IS TR R R R
TR, 0 MR TR 5 A R SR R A TR B0 ) R Y
5T AT LA Ry b TR 45 4 40 4 oo e it B 2 g 3
WS ERE, [ X g TR 4S5 APt e it sl il
MEFEEEA T EENE X, H, Tk A
O] % A 25 K8 B A5 Wah R 5 3l 77 e R A 8l 2 R
AT T AR

AR Jy 2 G TR TR R 3 B E R
M AR A PR I 7 B F e A 2% Ml I Hh B TR 45 4 B
WAESR ORI A S S DA = 23 & i S S e s ]
AR 12 AN I R WA T T, AR 4
PEUN G AT A RS R AR, Y RS S e R
NSRS K e i O o 2 O R S 3 D O R |
v B G A Bl A g 2 N A) L XTE 26N FE Biot
e 30 5 R g A b 8 AR AR A A e A3 B P A
015 % bk T8 1) 2y g e 1 AT TR L AE S AR
e 35 AT B T O BRI AL gk g R B R T A RS A
FLBR R 3 B R BT A% . WANG 255 4ot 1) 25 1 1 JE)
BBl = 14 73 1] 0k 400 Ay 347 o s A Joi 4 A 22 LAY o
XoJ Aol 1) % G 7E 5 W AE R R B = 4k S Jy e g R AT T
IR 5 300 2o A S I A 48 L 7 307 AR e L S T
A2 8% R T ML BR K R 7 DA S 3 57 A% 14 e
=Y. JET Biot WA L FEE . HU S5 BF 5%
TR AR 228 AR R £ v (B R 8 Y 3)
AL AL R i OB i A P e
Biot 1 il - 3 iE ¥ & 11, /R4 Biot #ig C WL ) i
H T8 2 TR B e B R A A — 2 i Bk
BEE LTS T S A IR A 2 BRI R AR o B
B Z LA BTHEIS , BR SR A T B TEOUR A T B
Ik 75 M BRI L A AN T BN R E T, T A
43 7 AR R LA R e Pk S5 AR 75 T Hb S i 7E £
R JET 240 RIS, B AR S A R
h BT 5y B B R G R B Z AL e I R A AR
A Z LA FRHIS L WF 9T T K R I/ FH T AR A4 s
P+ R R SR SR . B FE A £

il

FLA 5 HE AT 1 3 B 0 LR B 0 BT
TR 505 550 L T R 0 R L [ O o IR 58 e ) A
VEFH RS G B IR sh EAT TR 5T, 48 8 1 AR R 33
P B A YD T 1R R B 1 A S8 A AT

SR A A 7 2 A R R it T b R A
S o O RE G JE R A e TR M ) A T
F 3 5 2 5 30R% 18 TR il 4= 4k 0 23 b s AR Ak L an
BY YIRS R AR 0] 1 28 Ak o DA T 5 S50k 18 TR A AR
E [T R F SR /(I 1 W0 | o i 7 B = R v R
WESE IR DL HRE . BE % B 55 R TR 45 4 1 P
R x5 A M T A% 1R R R 3B Bh )RR I AT O
AT A L, DR UL A A B R R ) AR R -
[5R] JE Bk 35 e B 235 40 %) 3l AR B AR A B 9 o Rl
Y A R b R T A TR TR AR B . L AR
SCE P I BRI A A Al BB I R A R A
M) F 155 0 3 ok Ky 4 R T B 9 A 1) A 38 A
T -5 T 6 8 Ao ) 194 7t 25 i 7 (] A8

1 ZmIEHREHNL-BEFEERER SR

75 X T FRAR A v TR AL 5 JE B T A 45 4 n
1R,

TR P B X 5k

)

T

N

TR B AR B X 35

1 ZEdEHRie L -EERE R
Fig. 1 Model of radially inhomogeneous saturated

soil-circular tunnel lining
(581 JE2 5% 33l P ) S TR 5 - sER A A 8 A A
(624 qo BT TR T g = qoe™ o T W PN TR 7 #9 93
R w R BECAL ., TR BEE ) 8 1 2 22
JEEE 350 R A d R T8 ) 18 %) B A B A
PRI AN+ ZEH AR 10 R B R o A+ & 2R
499



BTk HaW

{55 BR324 11 SRR D

http://journal. xynu. edu. cn 2024 4F 10 H

TS B A L AR ST DR AR A A T
K 2 Fros B84k, Z IS0k [10-11 ], B4 i 4 [
FH O IR AT 5 W F 25X

/l?)f‘(?”)’ R<7’<R()v
p(r=1{"_ (D
Koo r}R(),
S R.—
fxm:4441—5§x—%—iwu 2)
Ho S

g A et A3 500 A A Bl XS o G e R S
PR AZ A0 A6 0 - A B9 VIR 5, R Sl 0 F + WY A2
WAL B m R IE R TR 8. R X
TR =05 5

H(r)

B2 BMtEEFVRELGEEETLRE
Fig. 2 The change rules of shear modulus of solid phase of

saturated soil with the radial direction

2 rm A RE R B R E 8
REE % B BB A

AR [ AE % S ] O A P 5 e A T 30
AR TN F KA, DU 1. [ A o R E X AR
AR 40 R 300 23 R e A ) [0 B DX TR
A DR A 2 TR0 B DX S0 A - 0 S 2 T A A
b X B R T8 A 8 A AR R AR 2 ALY
Jo LS A A L 7 A TR R A B AR [ AR 8] 5f
¥ o tH 225 SCHR [ 12-13 J 07 45 2R $8 3l DX 504 A 4 A
Yo Bl IR @ 2 40 A A O R

A3 R xtef £

2—2vy ¢ 9 uy,  ul, s Ip

w00, 0 T e

2 s F <
S I u, Juy,  Juy,

Pk)?TLS()KT* 2 )=0, (3

Ip *u I(F)z» Ju F)r Ju ?)7»
nh 3_‘_‘05 Py +So. ( o )=0,(4)
19 S Juy, F au(F)y—
rar[r no BT +n Yy ) = (5)
W RRF i B Emde L
2—2v0 S d au?m u?)u' gapz

1o 5 ( + )—n] ——

1—2vy, dr  Ir r dr

500

2 s F S
S I U gy Jue,  Jugy,

pk)iTtg+S()iv(77 97 )=0, (6)

Ip; Puk, b
F z F )ir o _
n; (/)r +(o() 9[2 +S() ( ’)Z 7[ O, (7)
19
Ta[r(nfu?)ir+nfuf)ir‘)]:09 (8)

Hud, Moul, vul, Fwg, 5350 0 AR AE 3 X I
Yool X3R5 0 B2 00 R e (36 M SRR A 42 1) 07 5
no Ml ng .l Flnt 430 0 AR A 3h X A 8h XA
i P2 R A [ RE R AE R AR R A B, HL R R
notno="1.n]+n; =15 po 59K X
BB XA 2 RN AR A BT IR Ao
vo; TN R AR B DI P B XU 0 PR ) R
AR s 00 F o6 w000 R0, 4350 R B0 3l X 38
Yo sh XA @ Bl )2 0 R - [ R 0 A 2 0
ppi SR A B X Sk B XS ¢ B2
FALBRAKE 15 S 00 Son 2350 R A AR 2l XL 5
XI5 0 P2 AR R A R R

H1 - R % 18 78 6 38 8 R 0 7E R e s
P& 3l AP Bl X SR 4 3 XA 0 P2 i R AR £
1 TN B YR A28 ) A7 A% R [T AF A% 1] 13 7 36 A2

S _ 7S e F __TF dwm S __ 7S i
U —UOE sUO —UO,C U, — UOrC

F _"F i SE __ TSE _iwt _SE __ “SE it
UOir — UOirC 5 00— 00/s€ 90— 0;,€

A ud, ul, b, uly oo, o A AR E X
SRR 2l DX o V) JZ 0 0 e [ A AR 1] 32 B8 L WA
A 1) 57 A% FAR 1) 7 7 ) i A o AR A S (3) — 5

(&), JF%
7S ur 7S ar
or . or S Oir . Oir
U}g):?» U{;Z?,U}%: R ,U}-: R ’
- r - Ro F 7RS()V
VF— 75y W— 7 sV — T S0 — ’
R vo v [0?) © P?)‘U()
d d b b
0 5 0 :1_898:*,P_7‘,P =—,
R 7 R /l?) #?)
s
o R—d o0
H :%’770: R =1—3d.p0 :9
Ho 0
o Soi o (0?), _p (3)1
S 20, — T g i g s
S()v e ?) eo (0?)1
T it
2—2vq d aUEq) Uf) . JdP
—(—+—)—ny —+
1=2v00r ar r "o dr
w’Up Fiws o (U, —U) =0, 9
¢ 9P 2prF | - F s
no 5 _P()w_U(>+1w5()(U()_U})):O, (10)
dr



EUE T KA. T 2 FL A BB I8 A% 1 A 2 46 A0 - 8 T8 B T el 0 S 285 o L F 5

19
T?[T(H?)U?)+HF)UF))]:O, 1D
r dr
2— 200 d 9U?+U§)7 S 9P,Jr
1*2U(),‘#i E); (7; ; oitti r’)}t
p[a:ZU‘?)i—Fig)s;s()(UF*U?):O, 12)
. dP, . . .
775), T_P,PUI‘CUZU?» +i555()w(Uf _U?):O’ a3
dr
1d STTS Fy7F
——[rU+niUH =0, (14)
rdr
h TR R —4) 5] ABREL
S_a(P() S_O\Fo
(O - 9 F [
ar (’)r
(15
G0 e Y,
i a; wU 9; °
B ADMRAFT R — A, fEFE TS
2—2v,

AP, —no P+’ ®P,+
1—2v,

iws o, (Ty—0,)=0, (16)
nBP*p()cy11’()+ic;s()(11’0*@0)ZO,
n?)AQD()+n(F)A‘I’()=O,

2— 20 S JdP; pic;Z
A ®i 77’1; — + ®i +
1—=2v¢, Ir Hi
iws.so
— (¥, —®,)=0, an
Hi

n'P *pip();ajz v, +
is;500 (¥, —P)n’A D, +nfA ¥, =0,

. 71D
A .A=—+——RFhEHRHEF.
dr  rdr
e M= (17) 5
AA—ni)D,=0, (18)
AA—nDP, =0, (19)
A,
2 nsﬁ 2 71?
Wt == =B sh? =B =B »
no n;

Foo_ .o
1—2vonHw” —iws,

Bon =5— F s
2—2v o

. s __ S 2

‘8 71 ZU()IQ)S() nppow

027 o __ F ’
2 ZU() no

1—9 F_ —2_ - S e o F
8= Voil; 0w ;8 SoM;w ™ 1ws;Son;
i1 o F

2= 20 n;p;

b

_ S F s 2.8
7] 200 11, WS ;S o N (0,000 +injpsisow

o

27 o F
2 2U()I- ;L

WA R s, 4
D=9 teos 20)
AR Q815
(A—hE)gw =0, 2D
Agpy, =0, (22)

k2 MR (22), ZIE LT m A il
%15
Do=AyK,(hor)+

BoI,(hor)+Dg lnr, (23)
[A] 2, ] 75
&, =A,K,(h,r)+B,I,(h,r)+
C,+D,lnr, 24)

KPR ERBAGAGA L By WDy AT S
SR s SURIBERAd i LR P

F 20 (15) AT 45 54 3 3h X 3840 A 4= A 3 X3
555 0 TR0 A R RBORE 4 AR 1) 5 B 43 D

- 1
?)ZiA()lh()Kl(ll()r)+TD()19 (25)
r
. hy+ .
[]:‘: = [Q()]h()Kl (hor)Ag _B;[D()l ’ (26)
B Boer
Ul=—A,h.K,(h;r)+
1
B,-]}L,I](h,-?‘)‘kiD,[’ (27)
r
. IR, _
U= ﬁ%xxmmAf—
Bz
BB, ) [
&hummww—mD”o (28)
B Bi2r

F L g FIASE B OG 28 5 T A4S 21 R 4 3 DX 8 1
LRI X ¢ Rl JZ AR AN L AR AR 1] 15 A7 2350 A

- 7[2*20()
OO —

1472U0h@1<0<h0?)—%

2 _
ho =K, (hor)]Ag +
r

2—2v _
[1*21):}1?)[0(}”)")7
2 - 2
h() TIl(h()r)]B()li?D()ls (29)
r r
. 2— 20, _
o =[ SR, Chr)+
172[}()1’

2 -
hy =K, (hoir) Jp A+
r

501



BTk HaW

17 BT 95 272 B8 27 41 C AR B2 JO

http://journal. xynu. edu. cn 2024 4F 10 H

2 _ 2
h, jII(h,‘r)]/xiB,‘l*j)/l,Dilo (30)
r r

XA XS ¢ B )Z A L 7RSS 0 R
A 55— 1 BEMA 38 FAL BRI » =) B [
AHAR ) 6 B8 5 42 [l 1N 3 43 51

Ui(r, D=—A h.K,(h,r, )+

- 1
Buh 1, (h,r, D+—D,, (3D
Y
— h[z—’— i —
UG =P K Gy AL —
hi+B, - :
Blh,ll(h,r,-,l)B,-lf P D,. (32
B Biario

272U()1
1—2v,

hK,Ch,r. D)+

—SE _
O'm(r;fl)*[

2
h; 7K1(h()1”1 1)]#1Ail+

ri

2=, 2 -
[1_?”:]1;10 Ghri D—h, —1,(h,r, D]

i

2
/‘iBiliTﬂiDil o (33)

ri—1
MV R S HOER R ¢ B2 5h il 5 b A s 5
Qb [ KA 1) 57 8% IRORARE 1) (57 B A [0 KA [ 1z 7 #Y
1=206,NU (ri )

Ui(r))=— =
1=vo hir, - M,
BuFi . — rio Bn;ﬁl s —
UG W (ryo )+
M, ey,
i2 Vi~ ;- nE, -, -
B 21U£<r,,1>—ij UiGrio)—
rin; i i
1_2U();N;;?:;(7:,‘71) (34)
2—2v; #,hiMi ’
hi+BiBiF,
Uf(r)= 7 B‘fz‘M USGr, D+
i2 i i
h?+ﬁ,‘1172(1()i 2N1 U5<* )
- i\ i1/
Bie 27 2voih,r,_ M, '
Sy Baria
gw - 1+Bih91>U?<r,ﬂ>+
Zor,; rin;
hi+BaBeF, . -
ﬁlﬁ; U}:(r,‘fl)*
Bz hiM,
Bil;;’flUr(;. )h?+ﬁz’11*2U()z .
h?;i ’ o B 2—2v0
N, o -
#‘hiMig;rrj(rI*l)’ (35)

502

L.
a?,E(ri)ZMia}f(rlﬂ)+
1—2vo, N, _. _
oGS+
L=v0 h,r M,
2= 200,080 G, g, —
1~ 20q, h,M, O 0T
2upnFi . 2ul,
;B]U‘?(r, D+ USCr, D+
i AL ri— vl
1—2vo,  2u.N, -
o USGro)—
1=, hirr, M,
rion Barion o -
2p0, (—— +ﬁ—jz DU+
rit rhi
Z_ZU();#,',B;QG; F,—
1_2U()l hiM{ U;(7171)+
2piBak L 2p:Bizr s ;
mUw, 1)—”1;2‘U1<r, D
lri i rl i
(36)
A

M, =K,(h,r. DI, (h;r, )+
K (hir, DI, Chri ),
N, =K, (hior )1, (hir.—)—
K Chri- DI (hir )
F,=K,(h,r)I,(h,r,_ )+
KoChri- DI (hir )
G, =K,(h,r DI, (hir. ) —
KoChir,- DI, Chir),
L.=K,(h;r I, Chr,-))+
K, (hior, DICh,r),
XHE K CoOF K, Ce o050 0 B 1 Birés —28
ARTE DL IR R T, C DR T, C 40512k 0 By il 1
W 5 — 25 AR P DL ZE R R AL

H2 (34— (36) B s I =, g

U (ro) 4 aw an] UG

UG | =lam  am am| UG, | BD

o (rpy) M dim isd {6 ()
£

a,.M:—l*Z“”" N, 75,.1F,»_'_

I=voih,r, M, hiM,
}l?;i*l+ﬂ[l;i*l

’

e
hir;
o B F, +Bi2 ri—1
Az — = ’
I hiM, riht



EUE T KA. T 2 FL A BB I8 A% 1 A 2 46 A0 - 8 T8 B T el 0 S 285 o L F 5

_1*2U()[ N,
C7',13_2*2!)(),‘/11‘/1[]\41'7
B GiABOF | A=26)RI BN,
iz — 2 - B
“ B;zth ﬁ,zh,i rio (I—vo M,
Biri o (hi+B)
Burh?
Wi HBF, Bari
A2 — h?M, o hz; ’
7(1_2U()i)(h;2+ﬁil)Ni
o3 — (2_2U();)Bi2#fhiM,- ’
:(Z—ZUU,-))U,'BHG,' ZﬂiﬁilFi+
@i (1—2v4;)h M, hir M,
2pL, 4+ 21— 2v0,)p; N, o
7:;—1M; (l—u(),-)h,-;,-;,-f]M,'
2/1;;;7](h,2+ﬁ,-])
ronn
_(Z_ZU()i)/liﬁiZ(;i
G (1—2v4)h M,
2p B Fi 2piBuri s
hir M, rhl
L. (1—2v4) N,
VA :

M. (Q—vo)h.r M,
FIER S KA 5 1 B2 R
i VB2 P9 1 A i - [ RE AR 1) 52 B8 L VAR AR ) AL
% R[] AR A2 1) 1 g AH 4 0 3 2 M 45
JU’?(ril)U}gl(r,),
Ui Grio)=U{, (r,), (38)

oo (rio)=0% 1), (r)),

W SR AF 20 (38) HEAT 2 3, T A5 56 n 18R M
A AN 52 1 Bl JZ AR R P s A T AR A 1]
31 K IR i) (37 % 00 1 K A2 16 137 7 #9328 6 By

U (r,) a, ap ap) (UG
Ul(r,) | = |an an  asx| [UNGr,) , (39)
EACHR Bl A G
A

_an ap Aag Ay Ayriz Ay
Az Ay Aoz | = |Ap21 Auzz Apo
|31 Az dsg Ap31 Auzz Aysg

ain  dijp A A Az dug

g1 digg Az | 0 ® Ay Ay dig| s

iz dizp Az Az A dis

N R SN B 55 1 R A A Ll
T A0 A R0 e [ AR A 1) 32 8% LR A 1 A3 B A I AR A
[ V7 ) A% 136 LB
3 AR BtE 0 L -E BB A #3275 i A
KA

B BE 1 R TP B 18 A R L R R S 5 A
i AT B A B AR 0] (2 RS . TR RE L ol T AR 2 5
(ORISR AP STER SR S e S R A DA A R (SN
TSR B B DL ) B9 42 18] 7 3% W) RE 3l 2w, =
we, € A we, AW AR B ALFE we, RSB
P AR DR AR TR AL BR R AT LA 3158 & 49 1L Y
IR 30 5

’U. 1JdU. U ,
=T 4iU.=0, (40)

at 7 oar g

s
,__172cpew’  pe —_pe
B R TR T

ve e Flpe G0 ST R0 AT B BE L B DRSS L R B
U1 ZE /R J7 3 (40) B3 fit
Uc(r)=Au K, (ger)+AoT (ger), (41
Aoy Ae BTFE R HIEATBI 0 R I Fl
B AR 5 ZR 12X (A1) AT R SR A Al 1) 11 42 1 1o ) 1)

2 _ 2—2v _
Ucn-:*[TKl(CIC”>+1_72LQCK0(QC”)] °
r Ve

#(:A(‘1+
2—2v¢ 2
[17721}1‘1(:10 (Q(‘V)*jll (CI(:T)]#<‘A(:Z ’
42>
TEART ) N 320 B AL AT B4R [ 15 7 36 A2
;Cz»r:Q ’ (43)

iﬁEP:Q:Z%ﬂ]o:1fé‘o RN 5 3 X R
A ol T b A L R4 16 o7 B TR 16 3 S

R AR 1] S92 73 6 A2
Ue(DH=U}Gr)=Ui(r,),

(44)

oo, (D=0, (ry),
P B0 X 385 5 A B0 3h DX e v A 52 L A [ A A
I 057 5 YR AH A% 1) 57 B R[] 4 A8 ) o2 i
JUf(r,, )=U3(R)
UM (rH)=U5(R), (45)

e (r,))=0,(Ry).
AR 25— 0. G738 R
503



BTk HaW

17 BT 95 272 B8 27 41 C AR B2 JO

http://journal. xynu. edu. cn 2024 4F 10 H

(40) —X (45) [ 15

- 1
_A()lh()Kl (h()R())+R7D()I =

O

(ay+ta )[A(‘l K, (QL‘)+A(‘2 I (QC)]_

au[ZK (Q()Jr — 2, QLK (QL )]ll(AuTL

2—20¢
als[l_Z QLIO(q() 21, (QL)],U(A(N (46)
ho+
- Bmh()Kl(hoRo)Am* B(i Do =
Ber BeRo

(ay +a7? )[A(‘IK (Q(‘)+A(t211 (Qv)]_

aN[ZK (Q<)+ — 2, Q(K (Q( )]#(A<1+

I()(Q() 2[ (Q( )]/l( 2 (47)

2=
1—2

[ h()KO(h()R())+h() R K (h()Ro)]A(n

O

(ay +a22 )[A(‘IK (QI )+A(72 I, (f{(: ):I*

A3 [ZK (q( )+ KO ((1( )]/l( A(l_'_

1 2 (1(

2—2v¢
a%%[l 2 (I(,I (fIL) 211(<IC):|/1(.‘AC27 (48)

72Uj
*[*K1 ((Ic’]o >+172U( qcKo <(1c7]o )]ﬂCAm +
c

2—2v¢

[1 2 “qelo(geno)— Il(qcno)]'

teAe=Q, 49
12 (46) A (47) AT 75
hiK, (hoRO)AG =
[Boi(antap,)+Bo(ayn+taz)]:.
[AaK (g)+AcT (go)]—
(Boras Jrﬁoza%) .

[ZK (Qc)Jr — 20, th()(QI)]#(A(l+
(ﬂ()1a13+ﬁ<)za23) *

2—2v

[#%I (Q() 211((](:)]/1(‘,A(‘zo

(50)
2 (46) A= (48) 1] 15
hiK,(hoR)OAG =
[BoiCaytapn) TR0 (antay)]:.
[AaK,(ge)TALT (ge) ]1—
(Borays tBozazs) -
504

[2K, (q()Jr . qIK (g JpcAa +

(B()l aq; +B(>za23 ).

2—2v¢
[1 2 (I(I ((1() 211(Q(‘)]/1(:A(‘20

(51)
K49 —KX GO
Ay=
A—=2090bpb, —b1,by) Q (52)
(hayby —b1,b,)cy by by —by by pec
An=
A—=2090b11by —byby) Q (53)
(hayyby —b1,b,)cy (b —byby)eppc
A
b =h,K,(hoRy),
2—2v¢
b,= kﬂomﬁx(m&m

by =[Bm (ay; ta,)+
BozCay taz) K, (g)—
(Borars TBoar)[ 2K, (q.)+
2—2v,
T Iq[K o (i) Jpen s

bw :[B()l (a11 +a|2 )+‘8()2 (aZI +ao7 )]Il (q1)+

(,8()16115 JVB()?a?s)[

21, (QL)]#L’
b :[(a:ﬂ +ay, )R()+2(a11 +a12):|K1 (gu)—
(E()asg +2a13>|:2K1 (ql,)+

2—2v,
1—2v, QIK (QI)]/M’

2 QII(q])_

b;z:[(a31+a39)R()+2<a11 +a12):|11((IL)+

(R )ass+2a13)[ —20, QII m

21, Cq) Iy »
en="200=20)p K (qry,) —
2=2v)qLyou Ko (grny) s
cr2=Q2=2v )q pour T (qryy) —
200—2v ) 1, (g 900
A AT LAAS 2R 35 T i R0 4 5 (R ] % G e i) 4
fik TE A2 RN A R B9 AR 1] 57 B FRAR [ 1 7 53 3010 R

U A—2ve)n, Lob, K, Cqe)+bb,1,(ge)] (54
“UTQ PR '

7(&;,(1) 7_2(1*2UL)1]0/7/)1K1 (q.) -
Q bbycy, Tbb,cy,
(2—2v)9,bb,q, K, (q.)
bbycy +bbycy,




EUE T KA. T 2 FL A BB I8 A% 1 A 2 46 A0 - 8 T8 B T el 0 S 285 o L F 5

7000, [ (2—20)q 1, (g ) —20—20 )1, (g, )]
bb,cy, +bb,c,,

A 60, =000, —b13by sbby=b,,0,—b, 0,
4 HEEMG ST

Xof T 3 X J5 A R AH RS A 1w A X 5 A AN -
(I FE % 168 Aok 0 A 285 A 17 P9 52 W) o 3 o 80 53 491) A
SBTITIE . i BB AR £ BT R - 0 3 R R a3 S
10 A~ B 2 oA MU0 A 25 2 BB A0 R 2 el =
0.67, n,=0.33, ny=n;=--=n),=0.67,n =
ny=+-=nl,=0.33,v,=v,=+-=v,,=0.33, 6=
0.05,s, =35,
ce=p0,0=1.0, 50 =0.01,p00 =p02 =

, (65)

= =5,=0.33, m=2.0,p, =p, =

cee :‘0”10 —

1/2.05="0.33, vc=0.33, p=0.1, pc=2.0,
Ro=21,p.=2.5,

R T S ] AR 55 el 0 5 S Ak A R AR A2 1) o7
R FNAR ) 0 g AT R A A th e dn ] 3 RNET 4 R

050
0.45
0.40
035
030}

= 025
0201
0.15
0.10
0.05

0

i )
0 02 04 06 08 10 12 14 1.6 18 20
RaNv

3 B XiEE V)4 & Lt R [E B
EREm BRI R

Fig. 3 Curves of radial displacement of solid phase

varying with frequency for different shear modulus

ratio of influence region

AT DU Y A A R T A I N A L A
T 3 £ J5T 46 R -5 E B G A R S8 A7 7R 3R 4R B
% . FELEAPWHE Ro/v=1.0 Kt i, & A w07
o BE A 38 A A7 A B0 W) 0 T B T A2 1 )37 g i 4t
HRAR T Ze I A7 TR B A B TR DR W DX 0T
DIRELL g X5 425 1) 3 B8 AR ) 17 3 1) 52 i AT LA
H L DB DX R A D - [ AR B DR 4 A Al X Al 4
PR - 58 ]2 % 3 A ) 2R B2 3 i B R 5 R K
L3 52 00 DX ds B DA LU A 38 K il T 3l
I8 ) L 0 A 555 1 A )N 0 D - 5 R 3 6 [
FHAR 1) 2 /N A2 i) IO TR A  PRT S 2 ) X
DDA LEF AR 29 J5 A - B B T ) 5 R
R B UL RN A 9 AR 2 SR b 200 % O

052
0.50}
048}
0.46 |
044
k-3
0.42
0401

0.38

0.36

0.34 . . . . . . . . . )
0 02 04 06 08 1.0 12 14 16 18 20
Rw/v

B4 &0 XiE 5 & E b A i
[ 48 12 5] Kz 7 B 370 22 2 4 i 2%

Fig. 4 Curves of radial stress of solid phase
varying with frequency for different shear modulus
ratio of influence region

T6L T A VR R A R BN 2R B B 0 R 5 e
VLI 5 FIEL 6, 16 0 - I R 5 28 20N [ AR A% 18] iz
R RV ) 17 7 ) 52 W) 3 2 B rh 7R W (E A (AL . B
TR I R R R A8 1) o7 B FFNARS [ 7 g ) 06 {00
NV ONNIER (Y FE SN SR IEA (RPN
BRI, AT A R A TR S 2R O AR 2 B A
- B T A i) 2% 8 L R R R B R R R
SR .

9.0 -

8.0+
7.0L : 5,=0.015
6.0+ i
500 i
40 f
3.0+ i

2.0+ i

0 02 04 06 08 1.0 12 14 16 18 20
R/

Bs5 HEBRSRBARMN
& 18 12 5 i 7% BB 47 2 A 4L # 4%
Fig. 5 Curves of radial displacement of solid phase varying

with frequency for different liquid-solid coupling coefficient

AR AR K o Xof A A [ AR AR 1) 52 8% FAR 1)
JO7 F7 (R e LI 7 RN R 8. AT LA Y L 7RI Bl
Pda B m 0952 Wi AR 5 R AR ¥ 5 e R/
(m=1F m =2 B, 1 F0 A [ AH A2 ) 5 7% 142 )
IO 77 FE A 3R A8 Ak it 2 I Bl AR L W (E B R Bl . R
By AR BRI G =3 il m =4 B L 4 1 [ A
Ao 1) A3 RVARS 1) 7 AR A Al il £ 0 3l B 3520
WP /0N o A (R AN s A 35 S A 5 om X 46 0 A [
FRAR T T B9 R W 8/ o ol T R BT O R A

505



BTk HaW

17 BT 95 272 B8 27 41 C AR B2 JO

http://journal. xynu. edu. cn 2024 4F 10 H

T 149 222 A o A 42 o 4 A - [ Bl A ) R SE 3 g
W] 17 F) 582 M) 68 A o 0 0 A8 1 ) 9 49 S5 R R X R
GE Bl 3 R B 5 0 AN BE 220 (] A ads R 0 5 v A
AR A 89 5 45 K 22 im0 £ R0 BT U0 R A 1) A A2 Ak
A

2.5
5,=0.005
— == 5,=0.010
201 i 5,=0.015
g ————— 5,=0.020

]

150 i

i

N ii

li

1.0} Ii

ii

1

i

05+
B
0

0 02 04 06 08 10 12 14 16 18 20
Roiv

B 6 KREHBSRHUTEN
& 8 12 18 iz 71 Bl 30 2= 2 4 ih £
Fig. 6 Curves of radial stress of solid phase varying with

frequency for different liquid-solid coupling coefficient

I

EEEE]
B —
ocooo

051

) L I ‘l g 1
1.0 12 14 16 18 20
RoN

B 7 AEHREHAR
[ 8 72 1m i 75 BB 47 2R 25 4L B 2%

Fig. 7 Curves of radial displacement of solid phase varying

0 02 04 06 08

with frequency for different inhomogeneous index

S E 3k

10702 04 06 08 10 12 14 16 18 20
Ro/v

8 AEHFRIEHAE B
El 842 @ Bz S BE SR R T 4k B 2%
Fig. 8 Curves of radial stress of solid phase varying with

frequency for different inhomogeneous index

T 25 JE R TE A T A A 2 5 R A AR
X BRI B 2 e 8 8 0 ek 4 R o ST T AR 1 AR
P4 I A A - [ TR R T A A R i B 22 R R A% i
BT N T A T AR 1) AR B B A -
152 FE2 B 8 e ) A 2855 M 7 P4 A0 A e o e e A {EL SR 081
3BT UL S 0 B 2 0k A 4 B A A - [
T B% 18 A 1) B ) 5 R B S R A B A ERAE A

IO B 0 e [0 AR AR 1) A2 % RIS [ o7 g AR 36 7
el Ao MR R /v =1. 0 B I A7 A 5] i
RAE

(2) 5 i) DX 8 39 DA B L0 A 249 5 4 A -5
FE I 3 A T 14 8 285 W) A K Y 82 ) L - AR BT )
R A 1] A 728 A AL X Sl 24 J5 A - [ % G
F B 2 58 8l 7 0 LA R o AR K B g G ] R A
A1 B AR 249 R 205

(3 B0 70 e 0 10 A 45 2 28O [ A B R A8 o 3 %
I i) 187 77 B 300 24 728 Ak ph 2 9 2 1 S i ke 2
A VPR DA L M A R AL YRR X A% 1 Al 27 5 A
-8B B G A 8 B 0 R AR L G B SR S TE

(1) EdE, st saal. ST 500 980 B0 i BE T8 o i) 25 44 TT 2L0 R /Y B (8 20 A LT 1. A5 BRI 9 2 e 2 4 (A AR B

AR, 2013, 26(3); 461-464.

WANG Shige, GAO Hongbo, ZHANG Zongling. Numerical analysis of cracking in lining structure of tunnel based on

damage plasticity theory[ J]. Journal of Xinyang Normal University (Natural Science Edition), 2013, 26(3): 461-464.

[2] HUANG Jingqi, LI Huifang, CHEN Su, et al. Simplified analytical solutions for seismic response on cross section of

circular tunnel with composite linings[ J]. Computers and Geotechnics, 2021, 136: 104169.

(31 otde, PR M. R4, 45, % T8 b T30 0 3 %) 32 8 W BRGE - L AR R ST sh e R A R AT L ). PR3 S bk

2023, 42(15): 210-218.

SU Guangbei, DI Honggui, ZHOU Shunhua, et al. Effects of disturbance during tunnel construction on dynamic

506



EUE T KA. T 2 FL A BB I8 A% 1 A 2 46 A0 - 8 T8 B T el 0 S 285 o L F 5

(4]

(5]

(6]

7]

(8]

[9]

[10]

[11]

(12]

(13]

response of tunnel-soil body system during tunnel construction period[J]. Journal of Vibration and Schock, 2023, 42
(15): 210-218.
XIE Kanghe, LIU Ganbin, SHI Zuyuan. Dynamic response of partially sealed circular tunnel in viscoelastic saturated
soil[J]. Soil Dynamics and Earthquake Engineering, 2004, 24(12): 1003-1011.
WANG Y, GAO G Y., YANG ]J. Three-dimensional dynamic response of a lined tunnel in a half-space of saturated soil
under internal explosive loading[J]. Soil Dynamics and Earthquake Engineering, 2017, 101: 157-161.
HU Anfeng, LI Yijun, DENG Yuebao, et al. Vibration of layered saturated ground with a tunnel subjected to an
underground moving load[J]. Computers and Geotechnics, 2020, 119: 103342,
EDELMAN I, WILMANSKI K. Asymptotic analysis of surface waves at vacuum/porous medium and liquid/porous
medium interfaces[J]. Continuum Mechanics and Thermodynamics, 2002, 14(1): 25-44,
EAEE, BN, St RN R b AT BRI A AR S AR LT, PR3 AR AR, 2012, 25(4) . 380-387.
GAO Huaxi, WEN Minjie, ZHANG Bin. Vibration characteristics of a cylindrical tunnel in saturated viscoelastic soil
[J]. Journal of Vibration Engineering, 2012, 25(4): 380-387.
Whe, S, A BB R S R R B A B R S s ke ], TR 14, 2012, 29(12): 248-
259.
YANG Xiao, WEN Minjie. Dynamic characteristics of saturated fractional derivative type viscoelastic soil and lining
system with a deeply embedded circular tunnel[J]. Engineering Mechanics, 2012, 29(12) . 248-255.
HAN Y C, SABIN G C W. Impedances for radially inhomogeneous viscoelastic soil medial J]. Journal of Engineering
Mechanics, 1995, 121(9): 939-947.
NAGGAR E I, HESHAM M. Vertical and torsional soil reactions for radially inhomogeneous soil layer[ J]. Structural
Engineering and Mechanics, 2000, 10(4): 299-312.
DE BOER R, LIU Zhanfang. Propagation of acceleration waves in incompressible saturated porous solids[J]. Transport
in Porous Media, 1995, 21(2): 163-173.
DE BOER R, LIU Zhanfang. Plane waves in a semi-infinite fluid saturated porous medium[]J]. Transport in Porous
Media, 1994, 16(2): 147-173.

RERE Rk

(E#&F 497 7

[11]

[12]

(13]

[14]

[15]

[16]

[17]

KA, . WL D Ak X B KR S P BE R s i ST () ). BT R ERSIAT R, 2020, 47(1): 112-116.
SONG Shaomin, ZHOU Hao. Study on the effect of high adsorption stone powder on the performance of waterproof
mortar[J]. New Building Materials, 2020, 47(1);: 112-116.

Bk, XU, 5KUK, 5. BRI B KBTI 0P e X B A w4 A [T]. IBEE L, 2015(2): 107-109.

YANG Lin, LIU Yaming, ZHANG Bing. et al. Analysis of performance and microstructure of waterproof and
anti-crack phosphorus slag mortar[J]. Concrete, 2015(2): 107-109.

KERT, LR, E/VC/VL =odb R XK e i AL a5 Atk e n e L1 ], gt siph k3. 2013, 16(1): 111-
114, 120.

ZHANG Guofang, WANG Peiming. Effects of ethylene/vinyl chloride/vinyl laurate redispersible terpolymer on pore
structure and properties of cement mortar[ J]. Journal of Building Materials, 2013, 16(1): 111-114, 120.

5, 5ok, Wik, % NBECE LB KIS R SRR AR sE [T ], BRE ST, 2016(1) . 89-91, 95.

JIN Hao, YI Zhonglai, WEN Hao, et al. Influence of internal mixing type organo-silicone waterproofing agent on
mortar performance[ J]. Railway Engineering, 2016(1): 89-91, 95.

e AR SR B R S . AP S AR AR I IS O i AR v . TGT/T 70—2009[S]. dbxt. dE@ES Tl
A, 2009.

Ministry of Housing and Urban Rural Development of the People’s Republic of China. Standard for test method of
basic properties of construction mortar: JGJ/T 70—2009[S]. Beijing: China Architecture &. Building Press, 2009.
E Rt B E MR, B RS MZE R 2. KRR o BE A 360 77 ¥ (ISO %)« GB/T 17671—2021[S]. Jbxat:
FP B o R AL 2021,

State Administration for Market Regulation, Standardization Administration of China. Test method of cement mortar
strength(ISO method) : GB/T 17671—2021[S]. Beijing: Standards Press of China, 2021.

TR NRIEHMEEZ R REMECER G 2. BEW Rk KL M DL/T 5126—2001[S]. Jbat: HhEA T
AL, 2001,

National Development and Reform Commission of the People’s Republic of China. Test code on polymer-modified
cement martor: DL/T 5126—2001[S]. Beijing: China Electric Power Press, 2001.

RERBE R

507



