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Abstract

This paper probes into the propagation characteristics of Rayleigh waves in a partially
saturated, porous, thermo-viscoelastic half-space, with full consideration of the fractional
viscoelastic effect and thermal coupling effect. A fractional Zener model is introduced to
depict the thermo-viscoelastic mechanical behavior of the solid skeleton by constructing a
complete set of governing equations that include mass balance, generalized Darcy’s law,
momentum balance, and generalized heat conduction. Field equations are derived by
means of Helmholtz vector decomposition, and the dispersion equation, and the phase
velocity expression of Rayleigh waves are obtained by combining the traction-free and
adiabatic boundary conditions of the medium. The impacts of key material properties,
such as medium saturation, intrinsic permeability, medium viscoelasticity, and thermal
expansion coefficient, on the dispersion feature of Rayleigh waves are discussed in detail.
Numerical analysis results show that an increase in the thermal expansion coefficient will
lead to a rise in Rayleigh wave phase velocity, in which the increase in P1 compressional
wave velocity plays a dominant role among the velocities of various types of waves.
Meanwhile, the attenuation coefficient of Rayleigh waves presents a decreasing trend
and gradually tends to be stable with the growth of the thermal expansion coefficient.
Similarly, the phase velocity of Rayleigh waves also increases with the rise in fractional
order index, which is jointly dominated by the velocity enhancement of P1 waves and S
waves. In addition, the attenuation coefficient of Rayleigh waves increases first and then
decreases with the increase in fractional order index and reaches the peak value when
the fractional order index is about 0.4. The research results reveal the influence of laws of
thermal expansion characteristics and viscoelasticity on Rayleigh wave propagation and
provide theoretical support for the analysis of wave propagation characteristics in porous
media in relevant engineering applications.

Keywords: partially saturated medium; rayleigh wave; poro-thermo-viscoelasticity;
fractional order derivative; wave propagation

MSC: 86-10

1. Introduction

Viscoelastic constitutive models have become core tools for seismic wave propaga-
tion and dynamic analysis of oil-gas reservoirs [1-3]. They can effectively describe the
frequency-dependent stress—strain behavior and historical memory effects in geological
media. Traditional integer-order viscoelastic models (e.g., Maxwell, Kelvin—Voigt) are
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capable of characterizing basic attenuation properties but fail to capture the multiscale
coupling effects between the solid skeleton and pore fluids in porous media [4].

By introducing the Caputo derivative [5], fractional-order models extend constitutive
relations to the nonlocal domain, significantly improving the accuracy of dispersion and
attenuation descriptions in complex media. Recent advances in nonlocal analysis have
provided rigorous mathematical foundations for such frameworks. Specifically, Sharma [6]
established a comprehensive existence and nonexistence theory for mixed local-nonlocal
elliptic problems involving both classical and fractional Laplacian operators under mixed
Dirichlet-Neumann boundary conditions using variational methods. This rigorous math-
ematical treatment of nonlocal operators and mixed boundary value problems directly
supports the validity of the Caputo derivative formalism used in our fractional Zener model.
The fractional Zener model [7-9] can continuously simulate the elastic-to-viscoelastic transi-
tion behavior by adjusting relaxation time and fractional order, making it highly suitable for
gas-liquid-solid three-phase partially saturated media [10,11]. This paper investigates the
dispersion feature of Rayleigh waves in porous half-spaces by integrating fractional thermo-
viscoelastic theory with three-phase coupling mechanisms, and its results can directly serve
engineering scenarios such as medium parameter inversion in seismic exploration and
thermo-mechanical coupling analysis of geothermal reservoirs [12,13].

The theoretical framework for wave propagation in porous media originated from
Biot’s theory of elastic wave propagation in saturated media [1], which laid the foundation
for subsequent research by proposing the propagation mechanisms of fast/slow P-waves
and shear waves. White revealed the controlling role of microscale fluid distribution on
wave attenuation through the patchy saturation model [14]. Dvorkin and Nur further
combined Biot’s macroflow with the microscale mechanism of squirt flow to propose
the BISQ model [15], successfully explaining the strong dispersion observed in partially
saturated rocks. However, these models are all based on integer-order viscoelastic as-
sumptions and fail to accurately describe the influence of historical strains on the solid
skeleton [16]. With the development of fractional calculus, Mainardi systematically es-
tablished fractional-order viscoelastic constitutive relations [5], providing a mathematical
framework for complex-medium modeling. Wei et al. introduced the fractional-order
Zener model into liquid-saturated porous layers [7,17], finding that the fractional-order
parameter and permeability jointly regulate the attenuation of reflected wave energy, and
the looseness of the interface significantly affects high-frequency waves. In the field of
thermo-mechanical coupling, Liu et al. established Rayleigh wave dispersion equations in
thermoelastic media [12,18]. Recent developments in generalized thermoelasticity have
extended classical frameworks to incorporate non-classical heat conduction laws that are
critical for describing transient thermal responses in geological media. Notably, Chen [19]
systematically analyzed the global existence, asymptotic behavior, and finite-time blow-
up of solutions for a class of generalized thermoelastic systems with p-Laplacian heat
conduction. This work demonstrates the growing interest in extending thermoelastic
theory beyond the classical Fourier law and provides important theoretical context for
our adoption of the Tzou dual-phase-lag generalized heat conduction law. In multiphase
flow coupling, Santos [20] and Garg [21] and Nayfeh [22] developed dynamic models
for dual-fluid saturated porous media but did not address the interaction between gas
compressibility and heat conduction.

Notably, few current studies have simultaneously considered thermal effects, frac-
tional viscoelasticity, and three-phase coupling when investigating Rayleigh waves in
partially saturated porous media. Most existing works either ignore thermal-mechanical-
flow coupling, rely on integer-order viscoelastic models, or focus only on fully saturated
systems—creating a critical gap in addressing the complexity of real geological media.
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The core novelty of this work lies in bridging this gap: this study establishes a porous
half-space model that integrates a fractional-order viscoelastic skeleton, pore liquid-gas
two-phase fluid, and generalized heat conduction. Its primary objective is to derive the
thermo-mechanical-flow-coupled Rayleigh wave dispersion equation and systematically
clarify how thermal expansion and viscoelastic parameters regulate Rayleigh wave phase
velocity and attenuation.

To achieve this goal, first establish the governing equations of the model, includ-
ing mass balance, generalized Darcy’s law, momentum balance, and generalized heat
conduction. Then introduce the fractional Zener model to characterize the viscoelastic
behavior of the solid skeleton, and derive the wave equations through Helmholtz decompo-
sition. Finally, combined with adiabatic and traction-free boundary conditions, we obtain
the dispersion equation and analyze the influences of key parameters on Rayleigh wave
propagation. This research is expected to provide more accurate theoretical support for
engineering problems involving wave propagation in complex porous media.

2. Basic Equations of Unsaturated Porous Thermo-Viscoelastic Media

Partially saturated porous media are composed of three phases, namely, solid
grains (s), pore liquid (1), and pore gas (g). The liquid saturation degree S' represents the
fraction of void volume occupied by the liquid phase, while the gas saturation degree notes
the fraction of void volume occupied by the gas phase, with the constraint S' 4 S8 = 1.

2.1. Governing Equations

When there are no nonconvective terms between components, the partial mass conser-
vation equation for the multiphase medium is as follows [22-24].

w +V. [(1 — ns)psus} =0 (1a)
a<”sastlpl) +V-(ns'pli') =0 (1b)
% +V- (nSSgpgﬁg> =0 (1)

where 1° refers to porosity, and the notations p” and u” represent the density and displace-
ment vector of phase b(b = s, 1, g) respectively.

In general, the products of spatial derivatives and time derivatives of dependent
variables are terms of higher order relative to their time derivatives alone. Thus, by
expanding Equation (1), the mass balance equations can be re-expressed as

on® dp° .
= (1) g+ (L= )V =0 (2a)
as!  on’ op! .
s I sol 9P sql !
PR — — . pu— Zb
nat—i—S o5 —l—nSplat—i—nSVu 0 (2b)
asl ons 008 .
s 1 s _ql 4 s _cl S
- () L s>—pgat+n(1 s') Vi =0 (20)

In partially saturated porous media, the densities of the solid phase p* and liquid
phase p! may be written as [25]

o = pexp [ Bop (ps — Phoy) — Bor(T = To)] (3a)

https://doi.org/10.3390/math14101751


https://doi.org/10.3390/math14101751

Mathematics 2026, 14, 1751

4 of 26

o' = p"exp[Bup(pw — Pwo) — Bar(T — To)] (3b)

where p*0 denotes the reference density of solid particles under reference pressure p?, £ and
reference temperature Ty, 0'° is the reference density of the liquid phase under the ref-
erence pore water pressure pyo, the two parameter sets Bsp, fuwp and Bst, Byt are the
compressibility and thermal expansion coefficients of the solid particles and the liquid
phase, respectively; and ps and p;, refer to the mean net pressure, pore-liquid pressure,
and pore-gas pressure, respectively.
In partially saturated porous media, the density of the gas phase p$ can be formulated
as [25]
s = abs
RT
where p refers to pore-gas pressure, M, = 0.0288kg/mol denotes the molar mass of
dry air, R = 8.3144J/ (mol-K) stands for the universal gas constant, and T stands for the

(8¢

medium temperature of the partially saturated poro thermo-elastic medium.
The time-dependent variations in densities can be derived via the chain rule, leading
to the following expressions:

ap E)p ;0T
-~ = ,Bsp : P o (4a)
d d oT
Ai—meWﬁmd (4b)

0p8 _ M, 9dpg  Mapg oT

ot  RT ot RT2 ot

(4)

Given that the saturation S' is dependent on matric suction (¢ = pg — pw) and
temperature T, the time evolution equation of saturation can be expressed as

(5)

as! as’(apg apw> oS! oT
ot

9t op\ ot ot ) aT ot

using the soil-water-retention curve model proposed by Van Genuchten [26], the derivative
of saturation S’ with respect to matric suction ¢ can be derived as

5! 1 o

w = _de<ssat Sies) (SE)mH [(SG)_W - 1} (6)

where x, m and d serve as material parameters of V-G model; the effective water saturation
Se is given by S, = (Sl Sﬁes) / (Ssat Sies). Sl and S! , are the residual saturation and
full saturation of the medium, respectively.

Meanwhile, the matrix suction ¢ can be regarded as a function of the actual tempera-
ture T and the reference temperature Ty [27]:

¢ = (To)exp[—py(T — To)] @
where 1(Tp) denoted the matrix suction at the reference temperature Ty, while B represents

the surface tension temperature-dependent coefficient.
Based on Equations (5)—(7), the time derivative of saturation ! is formulated as

oS! B apg Pw -1 -1 a0T
m—A4m“m>—W&X(5“—0 o ®

Hsh-1) 7

where A; = —ymd (Séat Sres) (Se)
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By substituting Equation (4a) into Equation (2a), the time derivative of porosity is

given by
S

aait = (1—n5)(V.{15+‘BSPP5_‘BSTaa’f> (9)

Equation (9) indicates that porosity is influenced by temperature, pressure, and de-
formation imposed on the partially saturated porous media. However, considering the
compressibility of the solid skeleton is negligibly smaller than other terms in Equation (9),
the simplification Bs, = 0 is subsequently employed [25], This assumption is reasonable
for engineering scenarios such as medium and shallow strata under low pressure levels.

By substituting Equations (4b,c), (8) and (9) into Equation (2b,c), the resulting equations
are obtained as

Anpy + Anpg + AVl + AVl + AV i + AT =0 (10a)

Antpyy + Ay + A Vi + Ay Vit + Aps Vi + AggT =0 (10b)

where coefficients A1; — Apg are defined as

A1y = n°S'Bup, Ay = 1° (1 - Sl) p?/II{aT’ Ay =1—1n°, Ay = n*S'
M
Ais = (1-8), Asg = —(1 = n°)er — Sy — n* (1 - 8') pg;’:’rgz
scl 1 s s scl 1 M,
Ay = 1S (1—s)ﬁzup—n As, Agy = n°Ag — 1°S (1—s)pgRT,A23:o

Agy = —Ags = 1n°S! (1 - sl)

1 : M
Agg = _nsﬁlPAsX71 (567ﬁ - 1) ‘ +n°s! (1 - Sl) <pg;£~g2 - /3wT)

By solving Equation (10a,b) yields simplified expressions for pore-liquid pressure and
pore—air pressure as

—-p, = 011V'ﬁs + a12V~ﬁl + ﬂ13V~ﬁg + ﬂMT (11a)
Pw

—p, = an Vi +ap Vi +apVad +ayT (11b)
Pg

where coefficients 217 — a4 are expressed as

oy = A Az 01y — A Ay — ApAn ays — A A5 — ApAss
ApAp — ApAy’ ApA — ApAny’ Axn A — ApAn
o1a = A At — A12A2 0y — Ax Az iy — A1 A1y — A11Any
ApAr — ApAy’ ApArp — A11Ag’ AnAp — A1Ap

fys — A1 A5 — A11Ass ~ AnArs — An1Age

7 a -
AnAp — ApAn' T AyAn — AnAn

The generalized Darcy’s law is usually used to characterize the seepage movement
of liquid and gas in the pores of partially saturated porous media. For isotropic media,
neglecting the action of gravity, the seepage equations can be derived as [25,28]

ns! (u’ - us) — —k;’lk (pr + pliil) (12a)
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s (i = i) = -2 (0 i) (125)

where k represents intrinsic permeability. The parameters y;, u g and kL, k¥ denote the
dynamic viscosities and relative permeabilities of the liquid and gas phase, respectively.
Their specific definitions are as follows [25,29]:

VT

0y = (243.18 x 10—7)10%?0 e =148 x 1076 Y-
e 1+119/T

(13)

O (T PR (R ) A

From Equation (12a,b), the following expressions can be derived:

. . ..l
—Vpw = %nssl (u - us> + ol (15a)
—Vp = % 7 (1 . s’) (ug - ff) i (15b)
T

2.2. Constitutive Equations

In the absence of body forces, the momentum balance equation for partially saturated
porous media is expressed as

0ij; = plii; + plii; + piif (16)

in which ¢;; is the total stress, and the three apparent densities p°, p' and p° can be written
asp® = (1—n%)p°, p = n°S'p! and p& = n°S8p8, respectively.

The effective stress for partially saturated soils can be described using the single
stress-state variable proposed by Bishop, expressed in the form of the Cauchy effective
stress tensor or Bishop stress as

0ij = 07; — pdjj (17)

where §;; is the Kronecker delta, and the pore pressure p is expressed as

p:“effpw+(1_“eff)f7g (18)

where ¢ is an effective stress parameter denoting the fraction of matric suction that
contributes to the effective stress. Schrefler proposed approximating a, s as identical to the
saturation S' [30]. Although strictly speaking, the relationship between them should be
more complex and nonlinear, this assumption is employed herein to simplify the model.

Considering the strain effects of pore—fluid pressure and temperature change on solid
grains, the constitutive relation for a homogeneous porous medium is given by

/ T
Uij = Cijkl (Skl — Sil — Skl) (19)

where s‘,:l represents the strain induced by pore-fluid pressure, and EZI stands for the strain
resulting from temperature variation; both can be further elaborated as

1
ey = ehy = ehg = —2p (20)

el = oupro (21)
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where K denotes the compressibility modulus of solid grains, Bt is the thermal expan-
sion coefficient for partially saturated porous media, and § = T — Tj represents the
temperature change.

After a series of mathematical manipulations, we derive the equation as follows:

K
U'i/j = 2pueji + Aeydj + épdij — 3Kypr00i; (22)

where A and y refer to the Lamb’s constants, ¢, = V-u® represents the volumetric strain,
and K, = A + %}4 denotes the bulk modulus of the soil skeleton.
Inserting Equation (22) into Equation (17) yields the following equation:

ij = 2}{8,']' + )\evfsij - D‘péij o Aleéii 2

wherea =1 — % and A" = 3K} Br.
Inserting Equation (23) into Equation (16) and following a series of mathematical
manipulations, the momentum balance equation for partially saturated poro-thermo-elastic

media is derived as

Vit + (A + ) V(V-ud) — aterfVpw — tx(l - zxeff) Vpe —A'VT

=pi’ 40’ +psid (24)

2.3. Fractional Zener Model of Viscoelastic Solid Frame

Traditional poroelastic models are based on the premise that the solid skeleton is purely
elastic. In fact, the solid skeleton of porous media such as clay-containing sandstones has
obvious viscoelastic characteristics. Considering the time-harmonic nature of relevant
mechanical quantities, the elastic coefficients A, 4 and Ks ought to be substituted with
complex moduli A(w), 7i(w) and Ks(w). The bulk moduli of the liquid and gas phase, y;
and 14, are not strictly constants; however, their contribution to attenuation is minimal,
allowing them to be considered frequency-independent [2,31]. In his early research, Stoll
treated the forms of Kj(w) and 7(w) as complex constants as a special case. Carcione
characterized complex moduli using the generalized Zener model, which consists of several
Zener models (or Standard Linear Solid models) connected in parallel [32]. Nevertheless,
increasing the number of Zener models typically leads to a greater number of model
parameters that need to be determined. To minimize the number of model parameters, the
fractional Zener model emerges as the most promising option [33,34].

In the classical viscoelastic model, the spring represents the elastic body following
Hooke’s law, and the dashpot represents the viscous body obeying Newton’s law. A spring
connected in series with a dashpot forms the Maxwell model, and a spring connected in
parallel with a dashpot constitutes the Kelvin model. The Zener model (Standard Linear
Solid) makes up for the defects of the Maxwell model (no stress relaxation) and the Kelvin
model (no strain creep), which is constructed by connecting a spring in series with a Kelvin
model or in parallel with a Maxwell model. The constitutive equation of the Zener model
is given by [35]

o+ TU%T = Gpe + G()Tg%

in which o and € represent stress and strain, respectively. 7; and 7, stand for strain relaxation

(25)

time and stress relaxation time, respectively, while Gy denotes the relaxation modulus as
t — oo.

The fractional derivative acts as an extension of the integer-order derivative and can
capture the historical dependency of physical phenomena. Replacing the integer-order time
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derivative with a fractional derivative usually introduces a time-nonlocal characteristic. In
this study, the constitutive equation of the Zener model (i.e., Equation (25)) is modified by
incorporating the fractional derivative, which is expressed as

o+ (1)"§D] o = Goe + Go(Te)"§ D, 0 < y < 1 (26)

in which § D} represents the time-domain Caputo fractional derivative operator, formulated
as [35]

_ 1 b )T (pdr, 0<y <1
EDTF(E) = i} ”f(”(t):{}%b‘(?);f‘)( O e

where I'(z) = [;” e~ 't?~1dt(Re(z) > 0) denotes the Gamma function; 7 indicates the frac-
tional derivative order; f(1)(t) stands for the first-order integer derivative; and ol repre-

27)

sents the y-order Riemann-Liouville fractional integral, expressed as [35]

TE(t) = {F(l’”fot (t—7)" f(r)dr, 0<y<1 (28)

ok £, y=1

Under thermodynamic constraints, Bagley and Torvik proved that the fractional orders
associated with stress and strain in Equation (26) must be identical. Notably, this model
degenerates into the classical Zener model when y = 1.

The Fourier transform of a continuous function f(t) integrable over the entire real line
is defined as [36]

— oo
FUWOY=Flw) = [ e f(m)de 29)
For integer-order derivatives and convolution integrals, the subsequent relations
are valid
F{fmm} = o) Fif(1) (30)
FU () xg(t)} = FLf()1F{8(t)} (31)

where f(")(t) represents the n-th order integer derivative, and the symbol * denotes the
convolution operation. The Caputo fractional derivative, i.e., Equation (27), can be refor-

mulated as

DY f(t) = hy(t) = fD(t) (32)
where - oo

hy(t) = {5(1—7) O (33)

By setting x = iwt and utilizing the definition of the Gamma function, the Fourier
transform of 114 (t) is given by

—+00 =

+00 .
e—lwtdt
—00

F{hy(t :/ h te_i“’tdt:/ —
{ +< )} +() 0 F(l—'y)
T(1—7v)Jo iw iw I(1—9)Jo
If f(#) satisfies the condition of the initial value being zero, f(t) tends to equal zero as
t — o0, and both f() and its relevant derivatives possess sufficient smoothness over the
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defined interval and meet the integrability requirements. Employing expressions (30), (31),
(32) and (34), the Fourier transform of the y-order Caputo fractional derivative is

FISDIf(0} = Flhe @} F{fD 1)} = (i0) (i) F{f (D)} = (i) F{f(H)}  ©5)
By applying the Fourier transform to Equation (26), we obtain
0(w) + (iwt,) 10 (w) = Gog(w) + Go(iwT:) e(w) (36)

where 0(w) = F{o(t)} and €(w) = F{e(t)}.

The complex modulus G(w) of the fractional Zener model is expressible as

—= o(w) 1+ (iwt)?
= = 7
Glw) g(w) Gol + (iwty)Y 37
in which i denotes the imaginary unit and w represents the angular frequency.
Analogously, the complex moduli A(w), Ks(w) and 7i(w) can be presented as
- 1+ (iwt)M
=Ag————2 = A0 < <1
Mw) = Aoz W) 0o (w), 0< 71 < (38)
— 1+ (ia)ng)”
= = < <
Ks(w) = Ko (w7 Ko (w), 0 <12 <1 (39)
— 1+ (lwTega)™
Hi(w) = po forms)® _ poQ3(w), 0< 13 <1 (40)

1+ (iwtys)7s

where Ay (bulk strain) and po (shear strain) are the relaxation Lame constants and
Ky is the relaxation compressibility modulus for t — co. Here, 1, 72 and 3 denote
the fractional derivative orders for the complex moduli of A, Ks and y, respectively.
Te1/ To1, Te2/ To2 and T3/ 7,3 represent the relaxation times of bulk, compressibility and
shear strain/stress, respectively.

2.4. Thermodynamic Governing Equations

Using the generalized non-Fourier heat conduction law put forward by Tzou [37,38].
q(xt+ 1) = —KVT(x,t + 1) (41)

where q denotes the heat flux vector, K represents the thermal conductivity, 7; stands for
the phase-lag of the heat flux, and 7y refers to the phase-lag of the temperature gradient,
with the constraint that 0 < 79 < 7,.

The heat conduction equation for partially saturated poro thermo-elastic media takes
the following form:

D \orr— (1002 (2] o e g 20
K(1+Tgat)VT—(1+Tqat>(mat+AToat PrTos, (42)

where the weighted specific heat 71 for partially saturated soil is given by
i = (1—n®)p°cs +n°S'plc; +n°S8p3cy (43)

in which ¢, (b = 5,1, g) denotes the specific heat capacity of phase b.
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2.5. Wave Equation of Poro-Thermo-Viscoelastic Model

Letu/ = n¢! (ul — u5> and u® = n°S8(uf — u’). By combining Equations (11), (15),
(24) and (42), and incorporating the viscoelastic properties of the solid frame, the govern-
ing equations are modified by introducing frequency-dependent complex moduli. The
wave equations for partially saturated porothermoviscoelastic media are finally derived
as follows:

(@) V2 + (X (@) + (@) ) V (V) + Dy () V (V-ul ) + Do) V(T -u”)

+D3(w) VT = pit’ + plit + psit” (44a)
BV (Vow) + BV (Vowf) + BV (Vo) + By VT = pli” + 0"’ + o' (44b)
BsV(V-u') + BV (V.uf) +B,V(V-u) + BsVT = p8ii’ + 980" + 080" (440)

Ci(w)V- (us + Tqﬁs) 1OV (uf + Tqﬁf) LGV (ﬁ” + Tqﬁ”) n C4(T n TqT)
- K(V2T+ TQVZT) (44d)
where
N (@) = M) + F()tepsBr +F(w) (1= apy ) Bs,p = 5° + 7' + 78
D1 (w) = &(w)effBa + &(w) (1 - aeff)B& Da(w) = &(w)eefsBs + () (1 - aeff) B,
Ds(w) = (c)ategBa + T(w) (1~ epy ) By — X' (w),
Ci(w) = A'(w)To + BrTo | Bravegy + Bs (1~ tegy ) |, Co = BrTo [ Basteps + Bo (1 — g ) |

Cs = BrTo [Bgvéeff + By (1 - txeff)} ,Cy =1+ Brih [B4Déeff + Bg (1 - txeff)]

B, — A B, — A Ay — A1pAn By — A A5 — A1pAss
ApAr — ApAny’ A14(AnAn — ApnAn)’ A15(ApnAr — ApAg)
B, — A Ag — A1p Az s = Ao B — A Ay — A11Axn
ApAp — ApAgy’ An A — A’ A14(An A1y — A1Ag)
_ AnApis — ApAss _ AnAig—Anhx 4 P ¢ _ pf
B7 - ’ B8 - /19 - 17 98 = i
A15(A21Ar — AnAn) AnAp — AnAp nss ns(1— S
I L T
U= 08 =
kLk KKk

in which #(w) and by (w) denote the value of « and A’ when complex moduli A(w), Ks(w)
and 7i(w) are considered.

3. Rayleigh Wave

Using the Cartesian coordinate system in Figure 1, Rayleigh waves travel in the x — z
plane along the boundary of a partially saturated poro-thermo-viscoelastic half-space. The
positive z-axis points into the interior of poro-thermo-viscoelastic medium.
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Partially saturated
porothermovisco-
elastic half-space

Figure 1. The semi-infinite system of partially saturated poro-thermo-viscoelastic media.

3.1. Field Equations

Based on the Helmholtz vector decomposition, the vector field decomposes into the
gradient of scalar fields (ips, ¢ and ¢,) and the curl of vector fields (Hs, H ) andH,):

u =V¢,+VxH, r=sf,a (45)
where H, = H,i,.

Substituting Equation (45) into Equation (44) and applying divergence and curl opera-
tors to both sides of the resultant equations, we derive the subsequent equations:

(X" (@) +27(w) ) V29 + D1 (w) Vs + D3 (@) V24, + D(w) T

= oy, +p'¢5 + 059, (46a)
BiV2s + BaV2y + B3V + BaT = p'h, + 09 + o', (46b)
BsV2ps + BeV29ps + By V2, + BsT = pS1p, + 08¢, + 03¢, (46¢)

Ci(w)V? (¢s + Tqips) + V2 <¢f + rqij;f) + C3V2 (ipa + rqi/}ﬂ) +Cy (T + r,,T)

— KV? (T T T) (46d)

pHs +p'Hy + p8H, = fi(w) V2 H, (46€)
p'Hs+0'Hp +0'Hy =0 (46f)
pSHy + 08H, + v$H, = 0 (46g)

Suppose the potential solutions for plane waves take the form:

Pr = Arexp|—mz +i(krx — wt)] (47a)
H, = Brexp[—ipz +i(krx — wt)] (47b)
T = Arexp[—mz +i(krx — wt)] (47¢)

where kg denotes the complex wave number of a Rayleigh wave, and w = 27f is the
angular frequency (f stands for frequency), A,(r =s, f,a), At and B, are amplitudes of cor-

responding potentials. Decay exponents are defined as 171 = ,/k% — k%, and 7y = \/ﬂ,
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where 77 > 0 to ensure decay into the half-space, and with kj, (compressional wave, includ-
ing the thermal wave) and k; (shear wave) as their complex wave numbers.

Substituting Equation (47) into Equation (46) and carrying out algebraic manipulations
to yield the dispersion equations for body waves in partially saturated poro-thermo-
viscoelastic media gives

b (w) bp(w)  bi3(w) bia(w) As

by by ba3 by Af

—0 (48a)
_ba by bss b3 Ag
by (w) by by by At

cn(w) c2 s\ [ Bs
21 C c || B[ =0 (48b)

€31 C32 (33 B,

where

b (w) = pw? = (X (@) + 2(w) ), ba (w) = plw? = Dy (w)k2

bi3(w) = pSw® — Dy(w)ky, bra(w) = D3(w), by = p'w? — Biky,

by = 0'w?® + vliw — Byky, bys = —Bsky, boy = By, b3y = pSw® — Bsks, bsy = —Bek;

byz = B8w? + v8iw — B7kf,, b3y = Bg, by (w) = Cq(w) (iw + quz)kfj

by = Cy (iw + quz)kg, bys = Cs (ia) + rqwz)kf,, by = K(1 — iw)k3 — Cy (iw + quz)

= 2 2 12 2 12 1,2
c11(w) = pw” —H(w)kS, c12 = p'w?, c13 = PSw*,co1 = p'w?, cpp = Fw” + v'iw

31 = pfw?, c33 = BSw? + vfiw, c3 = c3p = 0

For Equation (48a,b) to have non-trivial solutions, the determinant of their coeffi-
cient matrices must vanish, leading to the dispersion equations. At a given frequency
w, 8 and 2 complex wavenumber roots (in the form k, = Re(kp) + ilm(kp) can be
solved for Equations (48a) and (48b) respectively. Here, the real part corresponds to
the propagation wavenumber of body waves, and the imaginary part reflects attenuation
characteristics—since wave amplitude decreases along the propagation direction, the imag-
inary part must be greater than zero. Thus, Equation (48a) yields only four physically
meaningful roots: the first three are complex wavenumbers of compressional waves (de-
noted as P1, P2, and P3 in descending order of wave speed) and the fourth is that of the
thermal wave (denoted as k). Equation (48b) has only one physically meaningful root, i.e.,
the complex wavenumber of the shear S-wave. Correspondingly, the frequency-dependent
phase velocities of compressional waves (including the thermal wave) and the shear wave

w

are defined as v, = W(n =1,2,3,4) and vs = w/Re(k;) respectively, while their
}7”

attenuation coefficients are ap, = Im(kpy) (n =1,2,3,4) and a5 = Im(ks) respectively.

Rayleigh waves arise from the superposition of compressional and shear waves at the
free surface of a partially saturated poro-thermo-viscoelastic half-space [39,40]. However,
thermal waves also participate in forming the Rayleigh wave in such media. Thus, Equation
(47a—c) can be rewritten as

go =Yooy [Aexp (=) Jexplilknx — wr)] (49a)
pr =Yoo [APexp(=n{"z) Jexplitinx — wt)] (49b)
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P = 2::1 [A(”)exp< 11(”) )}exp[ (krx — wt)] (49¢)

T = Zn 1 [ T exp( )}exp [i(krx — wt)] (494d)

Hs = Bsexp(—maz)expli(krx — wt)] (49e)

Hy = Brexp(—mz)expli(krx — wt)] (49f)

Hy = Baexp(—12z)expli(krx — wt)] (49g)

where 175") = /K% — k3, and n = 1,2,3,4 correspond to the pl, p2, p3 and p4

waves, respectively.

From Equation (48a,b), the amplitude ratios of potential functions for each wave are

derived as )
n —_ — —_ —
50 w) = A2 _ A (@) () = 2 ()
14 n —(n n n
A A () - 35 (w)

AP (@) (w) — ) (w)dag

5(n)
Oy (W) = =
ap n = n
AV a3 )y - B d (@)
50 () = AT _ ) ()5 () — 855 (w)dsg
A d )l - 8 (@)
B
_f__n
o = Bs  »
Bus(w) = By _ ca1c1p —Cui(w)ex

B €13€22

where dﬁf ~ d( )(n =1, 2, 3, 4) are expressed as

ayy () = b6 — B ()b, 315 (w) = B ()b — bS5 (w)
a1y () = by (w)bls) — b (w), 41 = vbs) — by
diy) () = by ()bl — bV (), di) = b0 — o)

a5y (w) = b6~ ()b, 355 (w) = By ()bl — B ()

35 (w) = B ()bl — BB (), dsy) = b — b b

A (w) = B ()bl — BB (), a5y = Vb — bb, 3 (w) = 3L (w)

a5y () = a1 (w), A5 (@) = Byl ()b — b0 (w), dsy) = b8 — b1

a5 (w) = B (w)nll) — BB (w), d) = bWl — b bl

3.2. Boundary Conditions

(50a)

(50b)

(50c¢)

(50d)

(50e)

For the boundary of the poro-thermo-viscoelastic medium at z = 0 it is assumed to be

traction-free, liquid-permeable, gas-permeable, and thermally insulated, resulting in a zero

normal derivative of temperature at this boundary. Accordingly, the boundary conditions

at z = 0 are expressed as

oT
02z = 0,002 =0, py :O,Pg:(),g =0

(51)
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where - ?ps  I*Ps ’Ps  PHs\

Opz = A(w)( 52 T 92 ) + 25 (w )( 52t axaz> —A(w)T (52a)

b (o0 4 Dt P

pw = —B (8824;5 + 8;:,05) - Bz<aazlpf a:’g) - 33(8321’;“ + ) BT (520)

Ps = —35(22;/;5 + a;;’;) — Bs (a;j;f + a;fzf ) — B7<882;/J2“ a"; ) BsT  (52d)

By utilizing Equations (49), (51) and (52), the
the amplitudes of potentials can be derived.

subsequent linear relations concerning

111(6") llz(w) l3(w) la(w)  Iis(w) A
bi(@) (@) In(@)  Iaw) Ds() |[a®?
I31(w)  Ip(w) 133(w) I34(w) I35 AP =0 (53)
ln(w) lp(w) lg(w) lulw) s AW
bi(w) In(w) Isw)  Is(w) s Bs

where the coefficient matrix of Equation (53) is designated as L and Lis a 5 x 5 matrix. The

elements of matrix L are given as follows:

I (@) = M(@)ky + 271(w) (B — k) + X (@)35) (@)

Ia(w) = @)k + 27(w) (B, — k) + X ()37 ()

Iis (@) = M)k +20(w) (5 — k) + ' ()37 ()

() = ()2 + 20(w) (B4 — k) + X ()31 ()
hslw) = w)ikRm’Bl(“’) w)ikg /Ky — k21, I (w) = 2fi(w )sz\/m
Tt o1t

(w)
(w)
(w)
(w)

(w)

Iy1(w) = K2y (By + Bady, () + Baduy (w)) — 3439,3 ()

Ina(w) = KBy + B2 () + Baduy (w)) — BadY

I3 () = K25 (By + Bad (w) + Bsdsy) () — Badiy

Isa(w) = kjy(B1 + BZEJ(;;) (w) + 333((1;? (w)) = 343(T4p)

I3 (w) = K2 (Bs + Bed') () + Brdyy (w)) — Bsdy,

Iip(w) = K2 (B5 + Bedyy (w) + Brdy (w)) — Bsdiy (w)

Ii3(w) = K24 (Bs + Bed ') () + Brdyy (w)) — Bsdyy

lua() = K24(Bs + B3y () + Byd,,) () — By ()
Isi(w) = 3(Tlp) (w)\/mjsz( ) =5 )( W)y /K — Ky, I3 (w) = Sg"p)

(w)\/k% —k§3
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. —(4
Isy(w) = 5(Tp)(w)m, I35 = Iy5 = Is5 = 0

The condition for the nontriviality of solutions for Equation (53) is that the determinant
of matrix L must be equal to zero. Therefore, the dispersion equation for complex wave
number kg of the Rayleigh wave in the partially saturated poro-thermo-viscoelastic media
can be obtained. Furthermore, the velocity and attenuation coefficient of the Rayleigh wave
can be represented as vg = w/Re(kr) and ag = Im(kg), respectively.

4. Numerical Results and Discussion

To investigate the propagation characteristics of the Rayleigh wave in partially satu-
rated poro-thermo-viscoelastic media, velocity-related parameters of Rayleigh wave are
examined via numerical examples. Physical parameter values for the subsequent numerical
examples are presented in Tables 1 and 2.

Table 1. Thermophysical properties of the partially saturated porous media [18,41].

s! S S, m d n F (Hz) k (m?)
0.6 0.05 1.0 0.5 2 0.4 1000 1x10710
p° (kg/m?) ol (kg/m3) 8 (kg/m?3) K (J/s/m/K)
2650 1000 1.3 0.4
o (Pa”) par (K7) o (<) pr (<)
458 x 10710 7.80 x 107° 2.09 x 1073 1.0 x 10*
X (Pafl) Ty (8) g (s) T (K) Pg (Pa)
0.0001 1.5 x 1077 2.0 x 1077 293.2 1.013 x 10°
Cs (1/kg/K) Ci (J/kg/K) Cy (/kg/K) To (K) Bor (K77)
1000 4180 1900 300 2.10 x 1074

Table 2. Viscoelastic parameters [7,33].

Ao (Pa) Kso (Pa) to (Pa) T T2 3
4.4 x 10° 3.6 x 1010 2.8 x 10° 0.5 0.5 0.5
Te (S) Te2 (S) Te3 (S) To1 (S) To2 (S) To3 (S)

5.0 x 1072 5.0 x 1072 5.0 x 1072 1.0 x 1072 1.0 x 1072 1.0 x 1072

Figure 2 illustrates the variation law of the Rayleigh wave phase velocity vg with
respect to the fractional order index y under different thermal expansion coefficients St
(specifically, B = 0.0001 K~!, 0.0003 K~! and 0.0004K ). It can be seen that, regardless of
the value of 7, vg exhibits a monotonically increasing trend as -y increases. This is because
when the fractional order index -y increases, the viscoelastic response of the solid skeleton
transitions from “viscosity-dominated” to “elasticity-dominated”; in general, the higher the
proportion of elasticity in the material’s viscoelastic response, the greater the wave velocity.
Consequently, the equivalent stiffness of the skeleton increases, which in turn promotes the
rise of vgr. In addition, for the same 7, the higher the S, the greater the vg, which implies
that the thermal expansion coefficient also exerts a positive regulatory effect on the phase
velocity of Rayleigh waves.
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Figure 2. Variation in the phase velocity of the Rayleigh wave against the fractional order index for
different thermal expansion coefficients.

Since the Rayleigh wave can be regarded as the superposition of compressional waves
and shear waves, in order to study how the increase in the fractional order index leads to
the monotonic increase in the Rayleigh wave velocity, let us respectively plot and analyze
the variation trends with frequency of four compressional waves (P1, P2, P3 waves and T
wave) and shear wave (S wave) under different fractional order indices.

Figure 3 shows the influence of the fractional order index on four compressive waves.
It can be seen that the fractional order index has almost no effect on the wave velocities
of P2, P3, and thermal waves. While for the P1 wave, as can be seen from Figure 3a, at
low frequency (1 Hz), the wave velocities under the four fractional order indices are very
close. As the frequency increases, the curves gradually separate. When y = 0.8, the wave
velocity rises more steeply in the low frequency region. At higher frequencies, each curve
approaches a constant value, and the larger the fractional order index, the larger the final
constant value. This indicates that the fractional order index -y has a significant influence
on the wave velocity of the P1 wave. Larger -y values lead to higher wave velocities at high
frequencies and affect the growth rate of wave velocity at low frequencies.

As can be seen from Figure 4, the influence of the fractional order index on the S wave
is basically the same as that on the P1 wave. Thus, when v — 1, the wave velocities of
the P1 wave and the S wave increase accordingly, while the wave velocities of the P2, P3,
and T waves remain almost unchanged. Therefore, the wave velocity of the Rayleigh wave,
which is composed of the superposition of these waves, also increases monotonically.

Figure 5 shows the influence of the thermal expansion coefficients on the phase velocity
of the Rayleigh wave. It can be seen that as the thermal expansion coefficients increase,
the wave velocity of the Rayleigh wave shows an increasing trend. Meanwhile, Figure 5a
also indicates that the phase velocity of the Rayleigh wave increases with the increase
in porosity.

Figures 6 and 7 investigate the influence of thermal expansion coefficients on the phase
velocities of each component wave of the Rayleigh wave (four compressional waves and
one shear wave), respectively. It is found that as the thermal expansion coefficient increases,
the phase velocity of the P1 wave shows an increasing trend, while that of the thermal wave
(T wave) shows a decreasing trend, and the phase velocities of the other three waves remain
almost unchanged. Moreover, the phase velocity of the P1 wave is much higher than that
of the T wave. From this, it can be inferred that the P1 wave dominates the superposition
contribution to the Rayleigh wave’s phase velocity. This mechanism thus provides an
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explanation for the phenomenon observed in Figure 5, where the phase velocity of the
Rayleigh wave increases with the increase in the thermal expansion coefficient.

5500 : : : 300
— =02 — =02
s000f —— 7=04 950 ——-7=04
——7 =06 —=0.6
R — y=08
4500 - : 200 |
= =
& 4000 & 150
< 3
X s
3500 100
3000 - 50|
2500 . - . . i 0 ‘ . o - i i
100 100 102 10°  10* 10° 10° 107 10° 100 102 10° 10* 10° 106 107
f/Hz J/Hz
() (b)
5 4
—y =02
———-y=04
4+ —y =06
3r ¥ =038
= 3f Q
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e 9 Y
$27 5
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0 . . C . i 0 ‘ : ‘ - e s
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Figure 3. Variations of compressional wave phase velocity with frequency under different fractional
order indices: (a) P1 wave; (b) P2 wave; (¢) P3 wave; (d) thermal wave.
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Figure 4. Variation in the phase velocity of the S wave against frequency for different fractional
order indices.
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Figure 5. The influence of the thermal expansion coefficients on the phase velocity of the Rayleigh
wave: (a) Under the joint regulation of porosity and frequency; (b) Under the joint regulation of

saturation and frequency.
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Figure 6. The influence of the thermal expansion coefficients on the phase velocities of four compres-
sion waves: (a) P1 wave; (b) P2 wave; (c) P3 wave; (d) thermal wave.
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Figure 7. The influence of the thermal expansion coefficients on the phase velocities of the shear wave.

Figure 8 illustrates the variation in the Rayleigh wave’s phase velocity with saturation
for different frequencies. It shows that the phase velocity decreases linearly as saturation
increases; however, at high frequencies (f = 500 Hz, f = 1000 Hz), the phase velocity be-
gins to rise after reaching a specific saturation threshold. Notably, the higher the frequency,
the lower the saturation required for the occurrence of this inflection point.

1800

—— f=10Hz

———— f=100Hz |
—— f = 500Hz
v f = 1000Hz

1750

1700 -

1650 + T

1400

1350 . . . L . L .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 8. Effect of liquid saturation on Rayleigh wave velocity at different frequencies.

Figure 9 depicts the variational trends of the Rayleigh wave’s phase velocity with inher-
ent permeability under varying saturations in partially saturated poro-thermo-viscoelastic
media. Saturations are set as 0.01, 0.6, 0.7, and 0.8, with other material properties kept
constant as listed in Table 1. As illustrated in Figure 9, the phase velocity stays constant in
both high and low permeability regions, yet it rises sharply with permeability growth in
the intermediate permeability range. Eventually, the phase velocities converge to a uniform
value across different saturation levels. Moreover, higher saturation shifts the phase veloc-
ity variation curve toward the low-permeability zone. Calculation results further indicate
that at extremely low saturation (S! = 0.01), the phase velocity remains unaffected by
inherent permeability. This is because the viscous and inertial coupling effects between
gas-liquid phases and solid particles are negligible when the soil approaches dryness.
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Figure 9. Effect of intrinsic permeability on Rayleigh wave velocity at different liquid saturations.

Figure 10 shows the attenuation characteristics of Rayleigh waves. It can be observed
that as the fractional order index increases, the attenuation coefficient of Rayleigh waves
exhibits a trend of first increasing and then decreasing, with the attenuation coefficient
reaching a peak around the fractional order index v = 0.4. As the thermal expansion
coefficients increase, the attenuation coefficient of Rayleigh waves shows a decreasing trend
and gradually levels off. In the low-frequency range, saturation and porosity have almost
no effect on the attenuation coefficient of Rayleigh waves. In the high-frequency range,
when saturation reaches a certain threshold, the attenuation coefficient of Rayleigh waves
increases with the increase in saturation. In contrast, the attenuation coefficient of Rayleigh
waves decreases as porosity increases.

Figures 11 and 12 show the effects of the fractional order index on the attenuation
coefficients of the five body waves. It can be observed that the fractional order index has
no effect on the attenuation of P2 and P3 waves. As the fractional order index increases, the
attenuation coefficient of P4 waves increases; meanwhile, the lower the fractional order
index, the larger the peak value of the attenuation coefficient of P1 waves in the mid-to-
high frequency range. Moreover, at high frequencies with a relatively small fractional
order index, as saturation increases, the attenuation coefficient of P1 waves shows a trend
of first decreasing, then increasing, then decreasing again, and then increasing again.
The attenuation coefficient of S waves decreases as the fractional order index increases.
Additionally, it can be seen that the attenuation coefficients of P2, P3, and P4 waves are
much higher than those of P1 and S waves.

Figure 13 compares the wave velocity results obtained from the elastic model, the
integer-order Zener model (v = 1), and the fractional-order Zener model proposed in this
paper. Unlike integer-order derivatives, fractional-order derivatives exhibit a nonlocal prop-
erty, which makes them more suitable for characterizing the history-dependent viscoelastic
behavior of materials. By merely adjusting the fractional exponent of the fractional-order
Zener model, the proposed model can describe any transitional state between classical
elasticity and Newtonian viscosity. Therefore, the present fractional Zener model represents
a more flexible viscoelastic constitutive model.
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Figure 10. Variations of Rayleigh wave attenuation coefficient under different material parameters:
(a) fractional order index; (b) thermal expansion coefficient; (c) saturation; (d) porosity.

Figure 14 illustrates the influences of thermal expansion and viscoelasticity on the
attenuation index of Rayleigh waves in different frequency bands. Under small pertur-
bations of the same magnitude applied to both the thermal expansion coefficient and the
fractional-order index v, the vertical axis represents the difference in the attenuation index
before and after perturbation. It can be seen that the attenuation of Rayleigh waves is more
sensitive to variations in viscoelasticity than to variations in thermal expansion. In the
low-frequency band, for instance at f = 180 Hz, the variation in the attenuation index
induced by the viscoelastic perturbation is 0.0042 m~!, while that caused by the thermal
expansion coefficient perturbation is 2.69 x 10 >m~!. At this frequency, both factors exert
a relatively limited influence on Rayleigh wave attenuation.

To verify the correctness of the solution in this paper, fractional order indices
71 = 72 = v3 = 0 (defined in Equations (38)—(40)), and the relaxation times are set to zero
to degrade the model in this paper to a general thermoelastic model. Figure 15 shows the
comparison of Rayleigh wave velocities at different frequencies calculated by the degraded
model in this paper with the simulation results of Liu et al. [12]. The results indicate that
the variation trends of the Rayleigh wave obtained by the model in this paper are consistent
with those in the literature by Liu et al. [12], but the absolute value has some deviation. For
example, when f = 18,000 Hz, the wave velocity obtained by the degenerated model in this
paper is 1200.514 m/s, while the wave velocity reported in Reference [12] is 1200.216 m/s,
with a relative error of approximately 0.025%.
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Figure 11. The effects of the fractional order index on the attenuation coefficient of four compression
waves: (a) P1 wave; (b) P2 wave; (c) P3 wave; (d) thermal wave.
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5. Conclusions

This study focuses on the influence of thermo-viscoelastic coupling on the dispersion
feature of the Rayleigh wave in partially saturated porous media with the solid-fluid-gas
three-phase system. A thermo-viscoelastic porous half-space model is established based on
the fractional Zener model, and the main conclusions are as follows:

(a) The phase velocities of Rayleigh waves, P1 waves, and S waves all increase as the
fractional order index rises, while the phase velocities of P2 waves, P3 waves, and
T waves are almost unaffected by the fractional order index. Additionally, as the
thermal expansion coefficient increases, the phase velocity of Rayleigh waves also
increases accordingly.

(b) The attenuation coefficient of Rayleigh waves first increases and then decreases in
v increase in fractional order index <y (peaking at y ~ 0.4), and decreases with the
increase in thermal expansion coefficient. Among body waves, the increase of y has no
effect on the attenuation of P2 and P3 waves, but it makes the attenuation of P4 waves
(thermal waves) increase and the attenuation of S waves decrease. The attenuation
peak of P1 waves in the medium-high frequency range increases with the decrease
of 7. Additionally, the attenuations of P2, P3, and P4 waves are significantly greater
than those of P1 and S waves.

(c) The phase velocities of Rayleigh waves increase with frequency and permeability
but decrease with saturation. At very low saturation, permeability scarcely affects
wave velocity. For attenuation, in the low-frequency range, saturation and porosity
barely affect the Rayleigh wave attenuation coefficient. In the high-frequency range,
the attenuation coefficient decreases with porosity and first stabilizes, then increases
with saturation.

The thermal expansion coefficient and viscoelasticity are key factors controlling the
propagation and attenuation of the Rayleigh wave. Both regulate wave propagation and
attenuation characteristics through solid-liquid coupling and skeleton stiffness. This study
provides theoretical support for thermo-mechanical coupling wave analysis under complex
geological conditions.
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