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Abstract: The propagation characteristics of Rayleigh waves in saturated pore media were investigated based
on the couple-stress poroelastic gradient theory. Firstly, the fluctuation equations containing material intrinsic
lengths were established based on the couple-stress theory, and the 2 sets of coupled fluctuation equations were
decoupled into 4 scalar Helmholtz equations through the potential function decomposition of the displacement
field to control the propagation of the P, ,P,, SV and SH waves, respectively. Further, for Rayleigh waves, the
specific form of the potential function was determined through solution of the eigenvalue problem of the Helm-
holtz equation. Then, the propagation characteristics of Rayleigh waves were solved under introduced boundary
conditions. Finally, the influence rule of the material intrinsic length on the propagation characteristics of Ray-

leigh waves was investigated by numerical examples.
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Table 1  Fluid saturated porous media material parameters( Hard sediment )

(80)

property parameter value

frame shear modulus w /MPa 26.1

frame bulk modulus K /MPa 43.6

porosity b /% 0.470

solid density pb 7/ (kg/m?) 2 650

pore-fluid density pb /(kg/m?) 1 000

solid bulk modulus K, /GPa 36.0

pore-fluid bulk modulus K, /GPa 2.25
fluid viscosity coefficient n/(Pa-s) 1.0x1073
permeability coefficient % /m? 1.0x1071°
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130

120

Rayleigh wave velocity /(m/s)
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— /=0
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100 . . . ‘
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frequency /Hz
1 Rayleigh i I8 AR A AR Ak (19 11 2%
Fig. 1 Comparison curves of the Rayleigh wave velocity
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(a) The curve of the Rayleigh wave number with frequency (b) The curve of the attenuation coefficient with frequency
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Fig. 2 Comparison curves of Rayleigh wave numbers and characteristic attenuation at different material intrinsic lengths
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Fig. 3 Quality factors as a function of the frequency for the Rayleigh wave

FER R AR LN B BEXT Rayleigh TR BE T ) TEBAFIE A 52 M AL 6 4 25 17 [T (AR 22



%5 10 1 ZE[E R A5 o BRI SRR R PR RO AIFLBR A BT Rayleigh 04 A& R 45 1339

A AR w/uy SRS wl/ul, ORI T R A R . P MR SR i 2 A% A T (2 A% 19 D0 20
b, FIH Rayleigh 04 A (A = ep/f) BEATERBETT 1] B TGN

P 4 RO I A % W I PR B8 1 38 o T U3 S 06K, Rayleigh 0 ) 80 1 43 TR BE 249 S B B IS
TE 2= 0.102A b, K- A% B MR A 2, BIFE T T BTG x 7 1) B SL RS | 2SR BE ARS8 i, 2K~ 3% A e
BT A BORALAR SN, I A IK B — AR MBS B8 R 2. M 7E 2 = 0.126 Ak 68 i) (57 7 i {E U
WRARL, FF AR IS HE BB S0 53 A0 A P S5 B X7 % I M T T8 B2 T o) 140 S DA 488y Y. 3 )R Wi Ao e
PR L JEE RS KPS AR5 i (52 A I M 140 52 MR ML [ B0 A Ak PR 8 8 48 T, A7 6% 0 L P40 2 Dl i 55 [+
AT AT H |, Rayleigh 35 A 2814 R IEE REF B A S BE (938 i i s A7 6 .

0_

2.0f

-0.5 0 0.5 1.0
ug /ug,ul /s,

B4 R AR — A KPR 6 LA T — LR E et 2k (f = 1000 Hz)

Fig. 4 The normalized horizontal and vertical displacement curves of the solid skeleton along the normalized depth (f = 1 000 Hz)

""" =0
0.4Ff 0.4 1=0.001
1=0.1
) )
S 0 S0
=) s)
""" =0 \
-0.4 1=0.001 -047T
/1=0.1
-0.3 -0.1 0.1 -0.3 -0.1 0.1
u./c U./cC
(a)z=0 (b) z = 0.6A

B 5 RFiEsh#al (f = 1000 Hz)
Fig. 5 Particle motion trajectories (f = 1 000 Hz)



1340 A R~ G SO | ) = 2025 4 5 46 &

K5 25 0 TS RIAERN BN BUSAEA [FRBEAL 5932 S0 W T LU H 35 T Ry et i
TR AIAL B B B A9 32 S I3 5 3 T 2 L M T 9 BRURH A S v 5T 93 Bl B — 2, B Ray-
lelgh BAEAERE R D B Az S0 i 15, LAV I A9l - AR . 53 8, BERE P B RE X [ i Bl

B - W S TR, Rayleigh 52 (937 8% W (ELVT TR EE 7 il iU 0ok, iX — 25 R 140 4 T fry 45 R — 2
9 & 4

AR SCHETAH R 7 G S E BV A AFL IR B P Rayleigh 3 A RE R IEAT T 0F 9814 2, 2 T
TIPS HE T AL AR BT BE BB s R, IE R F RS 37 B 35 BRBC A3 fidk A P R BRIk Bl R i
F K 4 MHREE Y Helmholtz J5 e, 43 B4 P, {& P, % SV I F SH U IAERE SRS, BE X223 M) R AL 45 1Y
Rayleigh % , B T # R B0 BRI 2055 Bt 5 1A H i R 1 A 4 SRR T Rayleigh 3 (0156 55k
F AT BUE B3 BT T RN B X Raylelgh g SR e b= A IR e hE L I i p S S
XF Rayleigh U5 0I5 45 (-t RIVIpE 380 ) R SR8 ok 22 H00E AT S 38 52 ), (L2 | ol 6 0036 P 1R, 6 Ak PR K 5 0 2
(-t BB ) 1o ok 22 501405 el 2% 37 i . L A1, Rayleigh I8 7R A% 45 15 2 vh 9 BE B FE UL 32 M4 B PR B K B8 5%
M), Bt 25 Rk PR B B A3 I, Rayleigh 3% A BE S AEH0GZ W8l /N 7F Rayleigh I A& 3% R v, 5 sk A48 B
TS IR L AP 1 8 (L Bt A Ak PR S 5 1 e o T 34 K,

T, 2808 5 7 A AN FL B A I A9 s B BRI AT 2 1 2 A8 B B T 38 1 a6 ke ) 8 i B v
IR R B B A R — 25T 53 A0, AR SO T G i 000 (4 45 SRt A 15 SR A S ik A 7 ik —
Y BAIE.

2 3% 3k ( References) .

[1] RAYLEIGH L. On waves propagated along the plane surface of an elastic solid[ J]. Proceedings of the London
Mathematical Society, 1885, 1(1); 4-11.

[2] KIM G, INC W, KIMJ Y, et al. Air-coupled detection of nonlinear Rayleigh surface waves in concrete: appli-
cation to microcracking detection[ J]. NDT & E International, 2014, 67 . 64-70.

[3] VOIGT W. Theoritical studies on the elasticity relationships of cristals[ J]. R Soc Sci, 1887, 34. 3-51.

[4] COSSERAT E, COSSERAT F. Theory of Deformable Bodies| M ]. Paris: Scientific Library A. Hermann and
Sons, 1909.

[5] TOUPIN R A. Elastic materials with couple-stresses| J]. Archive for Rational Mechanics and Analysis, 1962,
11(1) : 385-414.

[6] TOUPIN R A. Theory of elasticity with couple-stress|J]. Arch Rat Mech Anal, 1964 ,17. 85-11.

[7] KOITER W T. Couple stresses in the theory of elasticity I & Il [J]. Proceedings of the Kowinklijke Neder-
landse Akademie Van Wetenschappen, 1964, 67. 17-44.

[8] MINDLIN R D, TIERSTEN H F. Effects of couple-stresses in linear elasticity [ J |. Archive for Rational Me-
chanics and Analysis, 1962, 11(1) . 415-448.

[9] YANG F, CHONG A CM, LAM D C C, et al. Couple stress based strain gradient theory for elasticity[ J]. In
ternational Journal of Solids and Structures, 2002, 39(10) . 2731-2743.

[10] ZHENG P, LI G, SUN P, et al. Couple-stress-based gradient theory of poroelasticity [ J |. Mathematics and
Mechanics of Solids, 2024, 29(1) . 173-190.

[11] BIOT M A. Theory of propagation of elastic waves in a fluid-saturated porous solid, I : low-frequency range
[J]. The Journal of the Acoustical Society of America, 1956, 28(2) . 168-178.

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



SR, A SET I SRR R B R A FLERA B P Rayleigh 3 HOA& 8 1 1341

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

DING H, TONG L H, XU C, et al. On propagation characteristics of Rayleigh wave in saturated porous media
based on the strain gradient nonlocal Biot theory[ J]. Computers and Geotechnics, 2022, 141. 104522.
HIRAI H. Analysis of Rayleigh waves in saturated porous elastic media by finite element method[ J]. Soil Dy-
namics and Earthquake Engineering, 1992, 11(6) . 311-326.

LIU H, ZHOU F, WANG L, et al. Propagation of Rayleigh waves in unsaturated porothermoelastic media[ J].
International Journal for Numerical and Analytical Methods in Geomechanics, 2020, 44(12) . 1656-1675.
TONG L H, LAI S K, ZENG L L, et al. Nonlocal scale effect on Rayleigh wave propagation in porous fluid-sat-
urated materials| J|. International Journal of Mechanical Sciences, 2018, 148 . 459-466.

SU C, GUAN W, YIN Y, et al. Elastic waves in fluid-saturated porous materials with a couple-stress solid
phase[ J]. Journal of Sound and Vibration, 2024, 569 117993.

MUNCH I, NEFF P, MADEO A, et al. The modified indeterminate couple stress model: why Yang et al.’ s ar-
guments motivating a symmetric couple stress tensor contain a gap and why the couple stress tensor may be
chosen symmetric nevertheless[ J|. ZAMM-Journal of Applied Mathematics and Mechawics, 2017, 97(12) :
1524-1554.

HADJESFANDIARI A R, DARGUSH G F. Couple stress theory for solids[ J |. International Journal of Solids
and Structures, 2011, 48(18) : 2496-2510.

HADJESFANDIARI A R. On the skew-symmetric character of the couple-stress tensor[ J/OL]. ArXiv: General
Physics, 2013 2024-10-25]. https://api.semanticscholar.org/CorpusID; 116973411.

AKI K, RICHARDS P G. Quantitative Seismology[ M ]. 2nd ed. University Science Books,2002.

ZHENG P, DING B. Potential method for 3D wave propagation in a poroelastic medium and its applications to
Lamb’s problem for a poroelastic half-space [ J]. International Journal of Geomechanics, 2016, 16 (2) :
04015048.

CHENG A H D. Poroelasticity[ M ]. Switzerland: Springer International Publishing, 2016.

MAVKO G, MUKERJI T, DVORKIN J. The Rock Physics Handbook[ M]. 2nd ed. Cambridge: Cambridge Uni-
versity Press, 2009.



