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ABSTRACT

This study investigates the two-dimensional vibrational response of a poroelastic medium subjected to both an
initial static stress state and an external magnetic field. The theoretical formulation is based on Biot’s theory of
poroelasticity and incorporates electromagnetic effects through Maxwell’s equations, enabling a fully coupled
description of solid deformation, pore-fluid pressure, and magnetoelastic interactions.

The governing equations account for mechanical pre-stress, fluid solid coupling, magnetic body forces, and
variations in pore pressure. From these equations, a generalized wave equation is derived, and closed-form
solutions for displacement components, stress fields, and pore pressure are obtained for harmonic wave
propagation. The influence of key material and field parameters, including porosity, permeability, magnetic field
intensity, and initial stress, on wave number and frequency characteristics is systematically analyzed.

Numerical results demonstrate that both magnetic loading and pre-stress significantly modify the effective
stiffness of the medium, leading to noticeable changes in wave dispersion behavior. The outcomes of this work
are relevant to applications in geomechanics, seismo-electromagnetic phenomena, and the development of
magneto-sensitive porous materials.

Keywords: Poroelasticity; Biot theory; Magnetoelasticity; Initial stress; Two-dimensional wave propagation;
Coupled field modelling; Pore-fluid interaction; Magnetic body forces; Compressional and shear waves; Elastic
porous media.

INTRODUCTION

Poroelastic solids consist of a deformable porous skeleton permeated by fluid, and their mechanical behaviour
depends on the interaction between solid deformation and fluid movement. Biot’s theory offers an established
foundation for describing such media, predicting the existence of two compressional waves fast and slow and a
shear wave, each influenced by factors such as porosity, permeability, and the strength of solid—fluid coupling.

Understanding the vibrational response of poroelastic materials is essential in various applications, including
subsurface characterization, soil-structure interaction, seismic exploration, acoustic damping, and smart
material engineering. In many practical engineering and geological environments, poroelastic materials are
subject not only to dynamic disturbances but also to pre-existing static stresses.

These initial stresses may originate from in situ geological loads, residual manufacturing stresses, or deliberate
pre-stressing in structural components. Such stresses significantly influence the elastic response of porous
media, modifying wave velocities, deformation patterns, and dynamic stability.

Therefore, incorporating initial stress into vibration analysis yields a more realistic representation of natural and
engineered systems. Another influential factor is the presence of a magnetic field, especially in porous media
containing electrically conductive fluids or magnetic particles.
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Magnetoelastic coupling arising from the interaction of mechanical deformation with electromagnetic fields
governed by Maxwell’s equations—introduces additional forces that can stiffen or soften the medium. Magnetic
fields can alter wave speeds, control attenuation, and enable tunable properties, making them relevant in sensors,
non-destructive assessment, and magneto-sensitive composite structures.

Although poroelasticity, initial stress, and magnetoelasticity have each been studied independently, the combined
influence of these factors on two-dimensional vibrations has received limited attention. In reality, many systems
experience mechanical loading, pore-fluid pressure effects, and magnetic influences simultaneously, leading to
complex multiphysics behaviour. Addressing these interactions requires an integrated mathematical formulation
that accounts for all coupling mechanisms.

Biot [1] first formulated the fundamental theory describing the propagation of elastic waves through a porous
solid saturated with fluid. His subsequent work [2] further expanded the mechanics governing deformation and
acoustic behavior in such media.

Willson [3] examined the behavior of magnetoelastic plane waves, while Narain [4] analyzed torsional
magnetoelastic waves in an initially stressed bar. Mahmoud [5] explored how magnetic fields and initial stress
influence wave propagation in bone.

Pandey and Sharma [6] studied shear wave behavior in a dissipative magneto-poroelastic isotropic medium, and
Singh and S. Singh [7] investigated shear wave propagation in a magneto-poroelastic layer enclosed between
two media. The combined influence of initial stress and rotation on magnetoelastic waves in an isotropic half-
space was reported by Abd-Alla [8], who also examined magnetic field and initial stress effects in poroelastic
materials [9].

Lopatnikov [10] developed a thermodynamically consistent formulation for magneto-poroelastic materials,
while Dorfmann and Ogden [11] provided insight into nonlinear interactions in magnetoelastic systems.
Ramagiri et al. [12] analyzed the role of initial stress on torsional vibrations in an anisotropic magnetoporoelastic
hollow cylinder.

Magneto-poroelastic wave propagation under initial stress was considered by AlShujairi and Younis [13], and
Sharma and Tomar [14] studied the combined effects of magnetic fields and initial stress on coupled waves in
poroelastic solids.

Singh and Rai [15] examined the dynamic behavior of prestressed poroelastic media subjected to a magnetic
field within a generalized thermoelastic framework. Magneto-thermo-poroelastic wave behavior in fluid-filled
porous materials under initial stress was investigated by Sahu and Acharya [16].

Al-Bazaz and Othman [17] explored temperature-dependent magneto-poroelastic wave characteristics in media
with pre-existing stress. Plane wave propagation under magnetic fields and initial stress, based on Biot’s theory,
and was discussed by Singh and Tripathi [18].

El-Sayed and Abd-Alla [19] studied wave propagation in a magneto-poroelastic half-space with uniform initial
stress, while Pandey and Gupta [20] analyzed the impact of magnetic fields and prestress on wave dispersion in
porous elastic structures. The effect of magnetic fields on transversely isotropic poroelastic materials was
presented by Manjula and Sree Lakshmi [21], and Manjula Ramagiri [22] investigated wave motion in magneto-
thermoelastic solids in the presence of static stress.

The present study introduces a unified framework for analyzing two-dimensional vibrations in a poroelastic
medium subjected to both static stress and a transverse magnetic field. By integrating Biot’s poroelastic theory
with magnetoelastic and initial stress effects, a comprehensive set of governing equations is formulated.

Analytical solutions for harmonic wave propagation are derived, and the influences of poroelastic material
parameters, magnetic field strength, and pre-stress levels on wave dispersion and modal behavior are
systematically evaluated. The findings contribute to an improved understanding of coupled multi-field dynamics
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in porous media and have direct relevance to seismic wave modelling, geomechanics, and the design of magneto-
responsive smart materials.

Governing equations

Consider an isotropic poroelastic solid in cartesian coordinate system (X,Y,z) . Let (u,v,w)and (U,V,W) be

the solid and fluid displacements. The governing equations are taken from [23], with initial stress and magnetic
field, fluid pressures are given in [1, 3].

[1+(1-9) 8""O][a" aayxy]+[1+ 29 aa"ZO]agzﬂ _p M, a;\f“ F = st—zz(pnu + p,U),
[L+(1-9) °][ aayw]+[1+ 29 6;20]521 P, 2“)’(3 +F, = ;—Z(pnwplzv;
[L+(1-9) °][ ég;y]+[l+ 29 aa"‘f]agzﬂ P, aa"‘f IF, :aat—zz(pllw+ P,

2§ s: (PrU+ prU),

% 5: (PrV + P2V,

% = ;—22(,012W+ P W),

()

In eq. (1) o;;are the stresses, Sis the fluid pressure. p,,, o), p,, are the mass coefficients. F,, F,,F;are the

components of Lorentz force long the x, Y,z directions. Taking into the account the absence of displacement

current the linearized Maxwell equations governing the electro-magnetic fields for slowly moving solid medium
having electrical conductivity are [24]

curlh = J,Curl E :—%%h,divﬁ=o,div€ —0,h = Curl (zx Hy),

2)

- - -
In eq. (2) E,J,H,, ,, h are the electric intensity, electric current density, primary magnetic field, magnetic

permeability, perturbed magnetic field over the constant primary magnetic field. Solving J of equ. (2) and then

put the value of J in the equation of Lorentz force F = 1, (Jx H,) we get the components of Lorentz force as

8u o°v  o*w o%u 8v o°w o’u  9°v  o*w
F = ,uoH ( 2 + )szzluoH ( ) F1:/JOH§( + + 2),
o oxey | oxz oxoy oy ey oxdz oy oz
1 ou ow 1 ov adu
wy =2 (-, = (-2
2 0z OoX 2 0X oy

3)
Now considering the problem in X—z direction and substituting the eq. (3) in eq. (1) we get the following
equations
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In eq. (4), P, is the initial stress, 9 = ﬁis the poisson ratio, o are stresses and fluid pressure Sis given
+
in[1]
o; =2Ne; +(Ae+Q¢g)s; (i, j=xY,2)
s=Qe+Re¢
(5)

In eq. (2) e; are strain displacements, A, N,Q, R are poroelastic constants, J;; is the kroneckar’s delta function,

eand ¢ are the solid and fluid dilatations. Substituting eq. (5) in eq. (4) we get the following equations
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2 2 2 2 2
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(6)
Ineq. (6) Y —wls the young’s modulus, o, is the static stress. The solution of eq. (6) can be

decomposed in the following form.
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(7)
Substituting eq. (7) in eq. (6) we get the following equations
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(3
Numerical results

To demonstrate the combined influence of poroelastic properties, initial static stress, and magnetic field intensity
on two-dimensional wave propagation, numerical computations were carried out based on the derived dispersion
relation. The material is characterized using representative parameters consistent with Biot’s theory and
variations in magnetic field strength, porosity, permeability, and initial stress are considered to evaluate their
impact on wave modes and velocities the eq. (8) reduces to the following form
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Where
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To ensure a non-trivial solution to the system, the determinant of the coefficient matrix must vanish. This
condition leads to the following frequency equation.

Bin|=0, I,m=1234
(10)

Equation (10) provides an implicit relationship linking the frequency with the wavenumber. For the numerical
evaluation, the material properties reported in [25] and [26] are used.

Material-I (Sand stone saturated with kerosene)

A=0.4436x10" N =0.2765x10",Q = 0.7635x10", R = 0.0326 x10"°,
Py, =1.926137x10°, p,, =—0.002137x10°, p,, = 0.21537 x10°,

Material-II (Sand stone saturated with water)

A=0.306x10", N =0.922x10",Q =0.013x10", R = 0.0637 x10°,
Py, =1.90302x10°, p,, =0, p,, = 0.2268x10°.

For given materials, the above obtained frequency equation, (10), constitute a relation between the frequency
and the wavenumber for different angles 0°,30°,45° 60°,90° and magnetic field and initial stress
H, =P, =0.1,0.2, 0.3. Figures 1-5 illustrate the variation of frequency with wavenumber for Material-I under

a fixed static stress level (ST-5), considering different propagation angles, initial stress values, and magnetic
field strengths. From these figures, it is evident that an increase in initial stress, magnetic field intensity, or
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wavenumber leads to a corresponding rise in frequency. Similarly, Figures 6-10 present the frequency—
wavenumber behavior for Material-II under the same static stress condition (ST-5). These plots show a trend
comparable to Material-I, where higher initial stress, stronger magnetic fields, and larger wavenumbers result in
higher frequencies. In the limiting case where both magnetic field and initial stress are absent, the results reduce

to those reported in [27].

For given materials, the above obtained frequency equation, (10), constitute a relation between the frequency
and the wavenumber for different angles0°, 30°, 45°, 60°, 90°and magnetic field and initial stressH, =P, = 0.1,0.2, 0.3.
Figures 1-5 illustrate the variation of frequency with wavenumber for Material-I under a fixed static stress level
(ST-5), considering different propagation angles, initial stress values, and magnetic field strengths. From these
figures, it is evident that an increase in initial stress, magnetic field intensity, or wavenumber leads to a
corresponding rise in frequency. Similarly, Figures 6—10 present the frequency—wavenumber behavior for
Material-II under the same static stress condition

(ST-5). These plots show a trend comparable to Material-1, where higher initial stress, stronger magnetic fields,
and larger wavenumbers result in higher frequencies. In the limiting case where both magnetic field and initial
stress are absent, the results reduce to those reported in [27].
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Fig:2 Variation of frequency with wavenumber for Material-I at (6 = 30°)
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Fig:6 Variation of frequency with wavenumber for Material-II at (9 = 0°)
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Fig: 10 Variation of frequency with wavenumber for Material-II at (6 = 90°)

CONCLUSION

This study presents a detailed investigation of two-dimensional wave propagation in a poroelastic solid subjected
to an initial static stress and an external magnetic field. By integrating Biot’s poroelastic framework with
magnetoelastic coupling and pre-stress effects, a comprehensive set of governing equations was established. The
resulting analytical formulation yields a generalized dispersion relation describing waves, along with shear-type
modes affected by the coupled poroelastic—-magnetoelastic environment.

The numerical results reveal that initial static stress significantly alters the dynamic behaviour of the medium,
modifying wave velocities, increasing anisotropy, and influencing dispersion for waves at various propagation
angles. The magnetic field enhances stiffness through Lorentz-type forces, leading to increased frequencies.
Interactions among magnetic intensity, porosity, and permeability produce distinct trends not observed in purely
elastic or conventional poroelastic systems.

Overall, the combined action of initial stress, poroelastic coupling, and magnetic fields results in complex and
enriched wave behaviour. The developed formulation offers a strong theoretical basis for analysing
magnetoporoelastic media and is applicable to geomechanical studies, earthquake engineering, reservoir
characterization, biomedical elastography, and magnetically tunable porous materials. Future extensions may
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incorporate nonlinearity, anisotropy, and numerical schemes such as finite-element models or physicsinformed
neural networks (PINNs) for enhanced predictive capabilities.
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