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Abstract: At present,the analytical solutions of tunnel dynamic response under blasting disturbance are mostly
steadystate. However, the actual blasting disturbance propagates in engineering construction are in the form of transi-
ent wave,and most of the tunnels are lined Meanwhile , the study of transient solution mainly concentrates on unlined
tunnel ,but most tunnels have lining in practical engineering. Therefore , taking the deep buried circular lined tunnel
as the research object,the analytical solution of tunnel transient dynamic response under plane blasting P-wave dis-
turbance is studied by combining wave function expansion method with trapezoidal quadrature. In addition,by analy-
zing the wave field in the lining and surrounding rock when plane P-wave incident and considering the boundary con-
ditions of interaction between the lining and surrounding rock, the relevant parameters of steady-state response are

determined. Furthermore ,on the basis of the steady-state solution, a transient analytical solution of the dynamic re-
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sponse of a deep buried circular liner tunnel under plane blast P-wave perturbation is obtained by applying the trape-

zoidal quadrature method. The dynamic response of the dynamic stress concentration coefficient,radial and circumfer-

ential vibration velocity in the tunnel liner and surrounding rock contact surface and tunnel are then analyzed. The re-

sults show that :the theoretical solution in this paper are consistent with those obtained by FLAC and CASRock simu-

lations , which verifies the feasibility and correctness of proposed method. Besides, the tensile stress concentration oc-

curs in both sides of the tunnel during the dynamic disturbance,and the compressive stress concentration mainly oc-

curs on the top and bottom slabs. The radial velocity vibration at both sides of the tunnel is significantly larger than

that on the tunnel top,and the circumferential velocity vibration increases first and then decreases to zero with the ad-

dition and removal of the blast load. In a word , the analytical results can provide a theoretical basis for the support of

deep-buried tunnels.
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CASRock
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Fig. 1 Model of deep circular lining tunnel

under blasting P-wave disturbance

L1 SRR BIREE K 555
HRRE 1, P AT AR 1 P T 2o
QD“) = ¢()ei(a'\X7w£) (1)

P RBUR I , LTS

0" = Y &,i'),(ar) cos(nd) + ¢ (2)
n=0

KH:0p WAL P IR o, = 0/C, HESA T
AIPNBER A 0 S ASFHBATRE ; C, Al i) i) P s g
i SRR s NIRRT, N2 n B Bes-
sel %L, B, 2 n =0 Bf,e, =1,24n >0 B}, =2,

A P AL 5 Ae) R =2 [ A 4 fd T BT
22 S T 1) A7 A (0 25 A b 7 AR U PR S S SV
W, 7] R 55— Hankel TR A

ol = ZAnHi')(a_\_r) cos(nf) - e (3)
n=0

wir) = anHil)(IBSr) sin(ng) - e (4)
n=0

b, B, AT REG HY W —%Kn B
Hankel sR%0;8, = w/C,, , J A TP A I B 4K 5

C ORI S P .
TERTIXIR, a <r <b H 0 <0 <2w N,k BI4MA
DSCF'A = 5-6(75 = 0-535/0-05 = ZL
Bigor i=o

Flr=b b, A P U o)) AT HT SV B ¢l A
B RTINS 7 = a kb, 7R A U PR ol R Gt
SV Uk s BT R FE R

e = Y C.HY (ar) cos(ng) - (5)
n=0

g1 = Y MHP(Br) sin(ng) - e (6)
n=0

e = O DH (ar) cos(nf) - e (7)
n=0

gy = Y. NH"(Br) sin(nf) - e (8)
n=0

Ai:C, M, D, N, NEREEERBGH,” N5
—2& n B Hankel 5%, = /C,, , RWBII BTP Y
INPLE C, N RTEIH R P YcEoR B, = o/ C, ARGEFT
I B BRI, . A IR Y S G o
1.2 hREMFEES P A Eh T HIBh SN R A i

R 5 Bl 5 4ol 80 2 ) SRR e foh , B2 B8 A g

Mor=b I
{O-er = 0y ( 9 )
T = Oy
Mr=af}
=0
{a-rrL ( 10)
O-I'BL = 0

K 0, 0, 53 HFR B N R 12 1) B ) AT
IV ST 307,y 0 T3 SN BERA ) P BRDREK [0 7 0400 )
VP

NFEAEE G I IR R, BT 15 R
%A, B, .C, M, D, N,

L LB T AT B PN P A A% 4 O 18] L B9 1 )
SR B AT 73l 5 Ly

Oos = Msﬁfgpo - e (11)
Oo = Mlﬂi@o e (12)

DA A0 — A0 5, 5 SCRE G 01 Ak 64 3l 1 )

S R B(DSCF)

3 [@ee,i'es’ (ar) +Aey) (ar) + B,y (Br)] -+ cos(nd) (13)

_ 2 i
DSCF, = 04 = 04/ = ,32§0 2 Z I:Cngéf) (oyr) + Dr18;§> (Bir) + Mngg) (oyr) + Nngg) (Bir) ]+ cos(nd)
1¢¥0 n=0

I 2 0y 0 7390 75 [ S RS ) PN i A
eZN DA e X S Y NN O B N R R 8
(ALY T3k, A o e 3 L DAL ) R /S g, =

RVSF, = v, =v,/v), =

as@ﬂrn:()

v n
2 [¢Ogn,l’ S;IU (asr) + An‘(':'gl3> (axr) + BIIS;S) (Bsr) J

(14)
a,wQ, * e_iwl’UOL = oW, C e‘“%ﬁéfﬁlﬁﬁﬂl%rﬁl
M A —fb, & AR 1) R R 1) R b ) R T
(RVSF) f1( HVSF) i

- cos(nf) (15)



36

1

wk 2022 49 H

RVSF, = v, =v,/v,, =
apPor

HVSF, = v, = v,/v, =
SN

HVSF, = v, =v,/v, =

LPol n=0

o v, 0, 30 F 7 B R ) PN B A ) 42 1)
TR 50, vy 73 ) 2R 718 B RN ) PN JB A 1 B ] 3
J s FRBT VIR ; o) FOR AR TTHR o
1.3 Bazs P30 T 30 110 RE g AT AR
TE B PR A AR S P Pl T bR 3l g w1
BT e ) B b S RS AR T AR, AT 3 AT B S P
&I WA STERUE= DAL A
S WA SCHR[12-14 ], = AR T2 48 00k iy 288 R 5
FE SR AT B 1] P, B (19)
0, t <0
Ao = i/'t,, 0t <y (19)
(t, =)/ (1, —t,),t, <1t <t
0, 1=,
P 1 RRL R AT B 3R A R A0 1 A AR T
WPCRE 7= b B2 ) o 2 B9 T) ¢ g0 —1k
W AR EAR b T s ]
T =C,t/b (20)
I I R AR A R A R () TR R B
@%%ﬁume%Fﬁ

g(x;,t) =

X(xi,w)F(w) - dw (21)

/7—oc

K oy (=, 0) ARG H T REL, R AR TR

TRG RSN, o] AR (13) ~ (18) FIR;

F(w) MR 2% sk E (HE sl R0 £ (o) 1 B AR
1

T B 1 A A ) R Ay 2 R () P e

A5 F(w) F Heaviside [ 5K R 55 0 {5 B AR 400 6 7R

F(§) =

1
Im 0 22
Vot {> (22)
:_EEEF‘:Re(g) =axbo
RGN R En] LURI AL

x(%,0) = R(w) +il(w) (23)
KR (w) T (o) FE7R 50 2800 1 114 S8 F

o
X RS eR B, BT FH IE 5% BR AR /R IR S IR 0 3
11t Heaviside [ e& 5 A5 2 A ok oo 137 , ] LA FH
T BRI

z [c, 3;1)(0%’) +D 571><O‘Lr> +M8;§>(3Lr) +N<972>(BL’>]

2[99081381 (a,r) +Aeq (ar) +B88;>(Br)]

Z [Cngé;‘) <aLr) + Dn8?§13> (aLr) + Mngé;) (BLr) + Nu‘gé;) (BLr) J

+ cos(n@)
(16)

« sin(n@) (17)

« sin(n@)
(18)
2 o«
g, (x;,t) = ;‘L R(w) coswrdr =
AJ“’ R(w) sinwt (24)
T Jo 13)

H 45 Duhamel B0 AT ARSI R EL £ (1) B Bh 7S
M B 7 U

e(x0) = [l (1 —r)dr =

fO)g(0) + [f(Da (i -ndr (25)
Mo<t<iy,

1 . 2 R(w)sinw(t-7)
g(x;,t) —L . dr ’1T~L " do +
2 (* R(w) coswt
ﬁt,L — 0 dw (26a)

w

M, <t<i,

gla,t) = J’0 l w

f -1 dTlf R(w) sina)(t—T)dw:
I,té_tr Tt Jo

w

rLdle R(w) sinw(t —T)dw _
. T Jo

2 w -

ij“ R(w)[cos w(t —t,) — cos wt] 1
0 w

o,
R(w)[1 —cosw(t —1,)]
(e, —t)j w

dw

(26b)

M=,
M1, 2 R(w) sinw(t -
g(xi’t> - f() t, dT J; ®

f -1 dT;J R(w) sin w(t — 1) do =
o, bty — ¢, T Jo

0]

T>da) +

e o= G i)

f‘” R(w)[cos w(t —t,) —cos w(t —t,) ] 4

2
w

ij“ R(w)[cos w(t —t,)—coswt] 2

mt,

(26¢)

HH, R(w) A (13) ~ (18) By

AR RS 3 (26) KBRS SR A B AT 5 MR
A7 28R T R T 1 Tk 285 i AP A A% o



F39% W3 A M EEE MRS IR P sl T IR B AT IR E RS S W LT 37

2 BEKRIEBTBEREERIE

R T I UE A TR SR BRI SR AT 1) i A 45 SR 1 1
P, 38 1 FLAC™ B0 TR VRl S ad R o A 5
( CASRock) Hr i3l J1 53 Btk CASRock. Dyna 145
MRS 45 R 5 Matlab 355 04 ff# B7 fff 2547 %5 10 50
ﬁEHS—lN .

TEICCHR L6 ] rh ity 451, 1% T8 A6 W T Ay [, N
Ha=6.0m MR b=6.5 m, Wil S0 T REEHETH
AR R )4 400 m x400 m x2 m, WE] 2 iR,
FE AR (1 A 00 i S5t I A A 1 3 0, A AL o
2 I WIBET s 130 8l , o ] DA 10 iy 3 A% 28 Bk 3 42
il AT AL TF AR T3 , B B A 28 b FHI [H) 2.5 s, SR A
r it A (] 12,5 ms o FLAdR A5 B O RG HEA
T R 2% R R I . HABSECK Bl
SRR £, =50.00 GPa % 2700 kg/m’ JAHA
Fb 0. 20, 4f i) () S PE R & E, = 30. 00 GPa, % JiF
2500 kg/m* JHFAEL 0. 25,

2571

—=— CASRock
2.0 | —— FLAC3D
—— AR

0 0.01 0.02 0.03 0.04
B[] /s
(a) FEl 5 55 6 8 4 T 2 fish TG 4 DSCF
(a) DSCF of contact surface between

surrounding rock and tunnel lining

ARG R REE DSCF 41k 3 Fim, fi
T BT A R i Ak M ) DSCE R R T
WP I, BEIE TR DSCEF W I K TR
L DSCF e, H A ELA5 R 5 HIS 45 R 10 22 SR A 1L
HHZR PRI/, 22 S m] 2w , U R I SR AR5
FRREHL SN A AT R 8 1 3l 7 We R B

Frh R AN

P,
e A

= o S i%
< = .' 3| #
= *
== 100 F
- 400
ik &

B2 BB (A m)

Fig. 2 Numerical model (unit;m)

25r1

—=— CASRock

20F —e—FLAC 3D

—— ARIHR

1.5
s 1.0
0.5
0
-0.5 L L 1 )
0 0.01 0.02 0.03 0.04
B 18] /s
(b) B & 4B N DSCF

(b) DSCF in tunnel lining

Bl 3 Sl 4 R B BRIE SR B 5 FLAC3D ${E B HL Ak

Fig. 3 Comparison between trapezoidal quadrature solution of

DSCF and FLAC3D numerical simulation solution

3 BEW P M T B+ HEE D
770 Bz 53 4T
3.1 IREE=
HRBE ORI 14, 3#5 | KBS TR, 51K BE
AR F TBM RS 43 1k 25 5 TR 42, TR 46 ¥ K %
16. 67 km , 43— HE 7€ 1500 ~ 2000 m, £ K HE IR
2525 m, v TBM F4Z B R DR B, 42 2
6.6 m, f IS 0.6 m, & T 3R A RIS KRR
SUKBE FE G =B R T 5 A4l b
g gl EhHE I 5 B2 #E TBM 42 BEHERE

B H N 38 1 1 L2 22 v e e T 1K
I 1) 4 4 125 ) A DA TSR AT, AR TR B
YIRS RN R 1 g

®1 MEYEZSY

Table 1  Physical and mechanical parameters of materials
PPERTE/GPa MR P/ (kg m )
[l 40 0.18 2770
) 28 0.20 2500

3.2 FERBRADH 0 R 4 7 AR
K AR AT R A U S AR P 8 T BE TR B S



38 o ) 2022 459 H
Bl 3 W 3 A LA, IR I ey 28 o AL B - 1) ] o, EERBNPIN IR T 0 =0 F1 w &b, H B )
7, =5, GRS AR HAE o /e, =5, HAphi R BT o=n/2 4k, 0 =0 Fl w 4t DSCF B 2 £k

SR 1 s PR RSEIE Sl Bk ] 4 i i Ak 1 % 3
TR PN R BIV A BE r AR RO IRl EE 81 TR )
SEEERANEE 4 7R o BRI A A P -5 i 2 fk v Ak 114
gl e N ZEARAR TR, W5 R 250k )N

AR AT 20 8B 28 0o e o 7 A 4 B g B R AR
DLIE 4 (a) MIE4(b) KRS AR v, BRI A )
Hef i b K B T PN R AR X AR T I S A Sl AR

SRR, A F H , DSCF T3 1 Jin 21 5

ANIEUEARL, SR 5 T B 21 die /M 80 30 & v, DSCE
M/ MESE R B UIEWEAE, AR5 N B % 0 = /2
Ab ) DSCE fif A fh 2 SR ST, s 2 7 v

DSCF 38 /il 21 2 — A~ 1E W F 5 P e 2 B /ML, e
WNEE
——0=0 ——60=0
——0=7/2 ——0=xn/2

257 257
——9=0
2.0t ——0=x/2 2.0t
——0=1
1.5} 1.5}
It;ﬁ 1.0 Ibé. 1.0
0.5 0.5
0 0
-0.5

0 20 40 60 80 100 120 140
T
(a) FIA 5 BB AT ) 2 fik T 4L DSCF
(a) DSCF of contact surface between
surrounding rock and tunnel lining

1.0

——0=n/2 0.8

——0=1 0.7

0.6

205

1> 0.4

21 0.3
4r 0.2
6r 0.1
8r 0
-1.0 -0.1

0 20 40 60 80 100 120 140

(d) BXEFTHI AN RVSF
(d) RVSF in tunnel lining

\

0 20 40 60 80 100 120 140

-0.5
0 20 40 60 80 100 120 140

T
(b) B+ ]  DSCF
(b) DSCF in tunnel lining

——0=n/6
——0=n/2
——0=57/6

O)::k= %%ﬁﬁm&ﬁm&mvw

(e) HVSF of contact surface between

0 20 40 60 80 100 120 140
T
() Bl 5 B8 18 + ) 4 ik T A& RVSF
(¢) RVSF of contact surface between
surrounding rock and tunnel lining

——0=7/6
——0=n/2
——0=57/6

vﬂL

¢ eeLeooooeom
—Oo=DWwhUoawwoo

|
=]

0 20 40 60 80 100 120 140

(f) BEE A I N HVSF
(f) HVSF in tunnel lining

surroundin

grock and tunnel lining

Bl 4 SPIRIERE P ISl T B8 30 7 N A4l

Fig. 4 Analytical results of tunnel dynamic response under plane blasting P-wave disturbance
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