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Scattering waves generated by cylindrical lining in saturated soil
based on nonlocal Biot theory
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Abstract: Based on the Biot theory and the nonlocal elastic theory, the nonlocal Biot governing equations are proposed. The
analytical solutions to the scattering wave fields generated by the cylindrical lining structure under incident plane waves are
obtained utilizing the wave function expansion method under specific boundary conditions. The solutions are verified by
degenerating the two-phase materials into single-phase ones and by comparing with the classical Biot theory as well. It is shown
that the dynamic stress concentration factors on the inner and outer surfaces of the lining decrease with the increasing nonlocal
factor. The distribution curves of dynamic stress concentration factor on the inner surface of the tunnel increase with the
decrease of nonlocal factor. The influences of pore size and porosity dynamics in saturated soils cannot be ignored when the
frequency of incident waves is greater than 0.045 MHz. For a certain nonlocal factor, the dynamic stress concentration factor
increases with the increase of the ratio of outer radius to inner radius of the lining. The dynamic stress concentration factor may
be negative on the inner surface of the lining for a thin lining.
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Fig. 5 Relationship between dynamic stress concentration factor
on inner face of lining and nonlocal factor (R;/R,=1.1)

1.30

1.25 ~

1208 e

—
—
wn

1.10
1.05

SRR E T of,

5

0.95

Il Il Il Il J
0 0.002 0.004 0.006 0.008 0.010

7/m

6 WWIMAR N NEFEFSIEEMWE T« KR
(R/R=1.1)

Fig. 6 Relationship between dynamic stress concentration factor
on outer face of lining and nonlocal factor (R;/R,=1.1)

l4r — HEHH BiotH#li£(r=0.01 mm)
| ---- BiotHlif

SR SIEWETF o
S Lo = =
A o ® o N

v l
0 R W T a7
ASHBERZE/(10*Hz)
7 6= AIHIAB R SR E D E TGRSR T
iiiE53

Fig. 7 Curves of dynamic stress concentration factor on inner face

of lining with frequency of incident waves at =7

2018 £F
121
— k)R Biot#i£ (:=0.01 mm)
- 1.0 -~~~ Biot#lifs
"
N 0.8F
Jics|
+ 06F
&
R 04t
,E‘
R 02}
0 2 :1 ) ’6 8 " 1:)» iz
ASHBAR#/(10°Hz)
8 0=m /2 LMW RA F R H & EFHEN SRR
T{rehzk

Fig. 8 Curves of dynamic stress concentration factor on inner face
of lining with frequency of incident waves at =T /2
945 T Ry/R=1.1 I, HERESET 7 =0.000,

0.005, 0.010 IASRIPIL T BRI REGEAT N

BF AT 2. B R, JE R K, Eh

LA SEH TN, HAE 90° ~150°  (8f 210° ~

270° DG N BN R AR R R T AR A AU

W, T HAR RO AR AU, U RTEn, AT &R

FOT RN B 15 30 50 57 g 6 b B K
10 REAEREA T £ =0.010 B, ##EELHN

Ri/Ry=1.05, 1.1, 1.15 I, AF@IPMIZHR 4 B 5

AT L F oAl 2. H AT, Ao R 5 0] P

RN REEOK, X5 Pao BTSSR —

B MWETER LR, FEAS IS RN, A

AT B R B RECATRe R, B AT A 0 S B

8 A8 5 NIHE R R 5 AH S o

goc BT (R1/Ry)=1.10
0.8

0.6
«5 041 150
02+

-180°

021
04l 210°

BRI PET o
S
(]

0.6 -
0.8"-

270°
9 NEIFEFFEFEFHRA RN DEHEF IRk

Fig. 9 Distribution curves of dynamic stress concentration factor

on inner surface of lining with different nonlocal factors

90° FEIERR H1=0.010

1.0
60° —R1/R,=1.05

0.8 LR

0.6

041 150°

0.2
0
-0.2
-0.4 -180°
-0.2
0

02
04
0.6
0.8 r
1.0~

SR IEHEF o),

270°
10 NEHFREERHBAME R D& P EF I Hr%

Fig. 10 Distribution curves of dynamic stress concentration factor

on inner surface of lining with different radius ratios



% 9 ] PR, S5 JE TR AL Biot BEG T U AN A b R [BAT T A R0 1 I 550 130 PO 1569
B[], B A2, 2004, 25(12): 1867 - 1872. (LI
6 g:l:li ie Wei-hua, ZHAO Cheng-gang. An analytical solution for

FTAERES Biot #ik, R REURIE, KiF
P RN, TR A 5T R B A TR AT A1) R g e
S ] 858 e SR AR PRLAN L P AT RIS T- [T P IR U R AL
SREARA R S AT A A RGP RS A, Rk
THELSE R 5 SRR RISCHR[9) 45 R Eb g, 455 —5. 1t
Gb, ARICE A HT T AR R R R X 3 B A R IR
Wi NSRBI T 51 . g B Hh DRl -8 A PRI il B Ao ) L
RSB R AR R 1IR2 e, 5 H A0 R 4518

(1) FIN AN 55 78 R 35 BE AR R A
IXE g PR . BAEME N n 2 &b, NSHHEFT5I#EE)
R R R T M N m 4.

(2) BENGFEAZsE N, E/E Biot HiR 54
#1 Biot BRILTHAE 25 RAEANZ /N T 0.045 MHz K, FFf
R TT A5 AR S B KN — B, (RS
YO A 0.045~0.08 MHz B}, JEfRH Biot #i& T 1
HAERPAMRERK, EMFEKT 0.08 MHz K, dE
Ji Biot RS RIEA N 0, 48 Biot BT
HERTEB/NIBS) . HILATR, NFER K
T 0.045 MHz B, M R0 FLRR R S A FLBR BB 7 1
SR AN e 2

(3) #WA AR — e, JRRERIE RO, T
NS EF TN, HAE 90° ~150° (8] 210° ~
270° 3 Bl N B8 8 R R R R AR AR
B, T AR A AR A B N

(4) JERERR & I, AR 52 0] P 321 5 5 18
T REGEOR,  HASW)E BERNGS, ) p i F
BN 15 R R UE

SE -

[1] PAO Y H, MOW C C, ACHENBACH J D. Diffraction of
elastic waves and dynamic stress concentrations[M]. New
York: Crane and Russak, 1973.

[2] LEE V W. Response of tunnels to incident SH waves[J].
Journal of Engineering Mechanics, 1979, 105(4): 643 - 659.

[3] LEE V W, KARL J. On deformation near a circular
underground cavity subjected to incident plane P waves[J].
European Earthquake Engineering, 1993, 7(1): 29 - 41.

[4] KARINSKI Y S, SHERSHNEV V V, YANKELEVSKY D Z.
Analytical solution of the harmonic waves diffraction by a
cylindrical lined cavity in poroelastic saturated medium[J].
International Journal for Numerical & Analytical Methods in
Geomechanics, 2007, 31(5): 667 - 689.

[5] 2t XA, PRt a] b AR TR LIR R P

diffraction of plane P-waves by cylindrical cavity in a
fluid-saturated porous media semi-space[J]. Rock and Soil
Mechanics, 2004, 25(12): 667 - 689. (in Chinese))

[6] 2R, 5Kk B VA bR BT A R 250 24P
B[], HOERMI PR, 2013, 56(1): 325 - 334. (LI
Wei-hua, ZHANG Zhao. Scattering of transient plane waves by
deep buried cylindrical lining cavity in saturated soil[J]. Chinese
Journal of Geophysics, 2013, 56(1): 325 - 334. (in Chinese))

(7] $AETT, EoLE, MR, & WA o P [ RNAR A R A
BB T[], HE AR, 1998(3): 300 - 307. (HU
Ya-yuan, WANG Li-zhong, CHEN Yun-min, et al. Scattering
and refraction of plane strain waves on a cylinder in saturated
soil[J]. Acta Seismologica Sinica, 1983(3): 300 - 307. (in
Chinese))

[8] GATMIRI B, ESLAMI H. Scattering of harmonic waves by a
circular cavity in a porous medium: complex functions theory
approach[J]. International Journal of Geomechanics, 2007,
7(5): 371 - 381.

[9] FAFE, FO6H], FrE. At b BT A W2 R0 s s
IR, A /285 TR, 2005, 24(9): 1572 - 1576.
(ZHOU Xiang-lian, ZHOU Guang-ming, WANG Jian-hua.
Scattering of elastic wave by circular cavity with lining in
saturated soil[J]. Chinese Journal of Rock Mechanics and
Engineering, 2005, 24(9): 1572 - 1576. (in Chinese))

[10] TOWWE, #52am, R, P2 A L AR 72 45 %t
SPT P OB IEC [0, AR J142, 2008, 25(12): 35 - 41.
(DING Guang-ya, CAI Yuan-qiang, XU Chang-jie. Scattering
of P waves by a cylindrical shell in a saturated half-space[J].
Engineering Mechanics, 2008, 25(12): 35 - 41. (in Chinese))

[11] BIOT M A. Theory of propagation of elastic waves in a
fluid-saturated porous solid: 2 higher frequency range[J]. The
Journal of the Acoustical Society of America, 1956, 28(2):
179 - 191.

[12] BIOT M A. Mechanics of deformation and acoustic
propagation in porous media[J]. Journal of Applied Physics,
1962, 33(4): 1482 - 1498.

[13] LEE K I, HUMPHREY V F, KIM B N, et al. Frequency
dependencies of phase velocity and attenuation coefficient in
a water-saturated sandy sediment from 0.3 to 1.0 MHz[J].
Journal of the Acoustical Society of America, 2007, 121(1):
2553 - 2560.

[14] SAHAY P N. Biot constitutive relation and porosity



1570 A= T

B ¥ Ok 2018 4F

perturbation equation[J]. Geophysics, 2013, 78(5): 57 - 67.
[15] ERINGEN A C. On differential equations of nonlocal
elasticity and solutions of screw dislocation and surface
waves[J]. Journal of Applied Physics, 1983, 54(9): 4703 -
4710.
[16] CHAKRABORTY A. Prediction of negative dispersion by a
Journal of the Acoustical

nonlocal poroelastic theory[J].

Society of America, 2008, 123(1): 56.

B3R
M, =@,&,i" [ R, (kR )-n),(kR)]
, =k RH (k,R)-nH (k,R)» Gj=nH)(kR,),
Gf;) k,RH, (k,R)—nH)(k,R); G =nH (k,R)
M, =n@e,i"J, (kR)» L, =nH)(kR),
Ly, =[k,RHY, (k,R)—nH" (k,R)]
Ly =nHY (k,R) » L) =[k,RH” (k,R)—nH,” (k,R)] »

inm

M3 =e?2 (g +a)e,@[(—4n(n—1)(n—2)+k'R>(Bn—4))-
. 2(kR )=k R (2n(n-1)+k! R, ,(KR)]>
—(&; +a){{-2n(n-1)+k;R*1k,R H (kR )+
[4n(n —1)(n—2)+kj R*(4-3n)H,(k,R)} o
. k E e”mg”goo{[—kl(’Rlé(lc +2u+aMe)c’ +8u(n—2)-
(n=Dn(n+D[R> +4(n+1)7°]1+2(n -k R*{R’[4A, —
2nA, +4p-5nu-2M(n-2)(—a+(-1+a)s |} —4un-
(n+1° )+ k' RAR - (—aM + A, +2u+ M (—-1+a)g) +
2(2(n=2)-(n—1DA, +[6+ un(=9+5n)]+2aMe, (n-2)-
(n-1)7°1-J,_,(kR)}
2k R kIR [(n—DA, +Qn—Dpu+(n-DaMec* +
2un(n+1)(n=1)-[R> +4n+ 1)’ 1+ k' R’[R* (A, +
p=n(A, +2u)—(n—-HM(a(e, -1)—¢)]-
Qun(n+1)*t*), (KR} »

Py = %{2;52’1 [16(2=2)(n=D)(n+1y'c* + K2R
3

G- +ki(1-3n)7*)+4(n* - DR*2-n+k; -

R
(1+m)>)HY, (kR + “k” L(=2+2n° —k2R?)-

3
(R>+(4+4n-Kk;R*)t*)H, (k,R)n } )

PY =[@n(n+D)u, —k2R’(Ay +2u,))HY (k,R)-2
ok, R, (k,R)]
Py =] 2np ke, RH, (kR = 2n(n+ 1) g HY (k,R) | »

[17] TONG L H, YU Y, HU W T, et al. On wave propagation
characteristics in fluid saturated porous materials by a
nonlocal Biot theory[J]. Journal of Sound & Vibration, 2016,
379: 106 - 118.

(18] H4x3e. PUBIIMLHE) /A M]. dbat: N RASHE Hih
ﬁﬂxﬁﬁﬁﬁé/&ﬁi , 2015. (GONG Quan-mei. Dynamics of rail

Beijing: China Communications

transit engineering[M].

Press, 2015. (in Chinese))

U | 2npye i
M= R—{k—
1 1
dn—kIR)t)I, L (kR)+(16(n—2)(n—-D)(n+1)7* -
AR*(n* —1)Q2—-n+kl(n+ D))+ k'R*B-3n+k’

[~kR (-2 +2n" —k'R*)R’ + (4 +

(Bn- 1)7"2 )]Jnfz (klRl ) } ’

u
o, _R_lzl{_

H“L(k R )+

2nR
%(—2 20 — KRR} +(4+4n—K’R*)7*]-

J

- "6(n—1)(n—2)(n+1)7> -

4R*(n* =D[2—-n+k;(n+ D)1+ kR G -3n+k;

(Gn—1)*)HY, (k,R) } ,

0., :i{ﬂ( 24207 — k2 (P + (4 + dn— k)R-
RI k3
HY. (k, )— [8(n 2)(n—Dn(n+1)r* —6kir'

(=1 +kr® +[32(n-2)(n—Dn(n+1)* -
8k;r* (n—Dn(n+1)° + kir* 2 +3n(n 1)) = kir®)r’]

H,, (kyr) }

@ =u [2n(n+1D)H? (k,R,)—2nk,RH, (k,R)] 5

5y = u [(2n(n+1)+k;R*H (k,R) + 2k, RHY, (kR
SO =[2n(n+ )y —k>R> (A, +2u,)] »
HY (k,R,)—2p,k, RH (k,R)]
e =] 21,4k, RHY, (ks R,) ~ 2n(n+ D HY (kg R,) |
TY =[2n(n+DHHY (k,r)—2nk, HY, (k)] »
T =[2k,rH, (kyr) + (=2n(n+ 1)+ k;r*)HY (k)]

X, Fhrj=1, 2, %=1 BRIk, 24 =2
I NSk, o EFRi=1,2, 240 =1 % —% Hankel
PREL, 47 =2 I NZE 2% Hankel PR,



