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Abstract

Significant stresses and progressive deformation in civil engineering and fracture mechan-
ics structures may result from the development of dynamic loads brought on by heavy
vehicle traffic and seismic disturbances in bridge construction areas. Investigating the
impact of different factors related to moving loads acting on rock media sitting over a
water medium is therefore crucial. The practical importance of the current study is estab-
lished by the observation of huge rock formations atop water-supported foundations in
various oceanic zones. In this work, the framework of geophysical fracture mechanics has
been used to analyze the stress produced by a moving load acting on a fiber-reinforced
rock medium. Examining the stresses caused by a normal moving load acting on the free
surface of an uneven fiber-reinforced rock layer sitting on a water medium is the study’s
primary goal. Three distinct kinds of surface imperfections have been examined and
visually explained. Additionally, pictorial representations have been used to highlight a
number of significant physical traits linked to stress behavior.
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1 Introduction

In its most basic form, horizontal layering shows that the Earth’s material has a verti-
cal axis of symmetry and is transversely isotropic, meaning that its elastic characteristics
change vertically while remaining constant horizontally. The dynamic marine environment
produces a variety of stresses that affect the behavior of rocks and other solid materials
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resting on the ocean floor. The Earth, which is made up of silicate and iron alloy compo-
nents, is frequently modelled as a multilayered medium with layers of varying density and
stiffness properties. These stressors can be caused by a variety of factors, including sediment
movement, wave activity, ocean currents, and water pressure. In geomechanics, the impact
of moving load on an irregular surface is an inspiring topic to study for all seismologist and
civil engineers due to its extensive application in different medium of transport engineering
containing project designing of construction of railways track, tunnels and bridges. Cole
and Huth [1], Craggs [2], Sneddon [3] and Cole and Huth [4] examined the stress induced
raised by but he employed a different approach to solving it. Past researchers have provided
notable investigation of single layered problem applied to moving load with consideration
of different irregularity induced by vehicles movement. Therefore, studying the dynamic
behavior of a transversely isotropic material under moving loads may be helpful for design
and construction applications. Furthermore, because the Earth’s crust is often full of flaws
of various sizes and shapes, rocks are rarely uniform in nature. Rocks become weaker due to
weathering, erosion, and other external influences, which can significantly raise the risk of
buildings like railroad bridges collapsing under high-speed trains. Moreover, some authors
have discussed problems involving single-layered structures, including Singh et al. ( [5] and
[6]). Further elaboration of the subject is provided in the studies by [7], [8], [9], [10] and
[11]) In geomechanics, the impact of moving load on an irregular surface is an inspiring topic
to study for all seismologist and civil engineers due to its extensive application in different
medium of transport engineering containing project designing of construction of railways
track, tunnels and bridges. Furthermore, rocks are rarely homogeneous in nature since the
Earth’s crust is frequently filled with imperfections of different sizes and shapes. Weather-
ing, erosion, and external factors cause a variety of irregularity in rocks that weaken them
and can greatly increase the likelihood that structures like railway bridges would collapse
under high-speed trains Analysis of surface waves in irregular media and sliding interface
is discussed by many authors including [12]- [13]. Many researchers have contributed their
research work based on moving load but their research work was limited to single medium
problem but in real situation it is found that moving load is happening in doubly layered
problem also. The combined effects of moving loads along with Hydrostatic stress in three-
dimensional having double-layered structures, have not been thoroughly examined. This
gap in the literature will be addressed in the current model to enable more comprehen-
sive studies of moving load interactions in complex, real-world structural systems under
moving load. The behavior of many composite materials reinforced with elastic fiber is
very anisotropic. Fiber-reinforced materials are characterized by their components acting.
When faced with an issue, it is crucial to consider the irregularities of the Earth’s crust,
which are generally irregular in size and shape. An intriguing mechanical problem with
applications to the medium’s stability is the stress generated in the body as a result of a
moving load causing fracture. Because it may be useful in estimating a structure’s strength,
the reaction of a moving load across a surface is being studied. Recently, Stress generated
due to moving load on orthotropic gravitational elastic plate and porous composite rock
structure [14]- [15]. However, the fact that various rocks float in the water motivates the
current problem, which has a real-world application, whereas earlier works were unrelated.
This study examines how the stress distribution caused by a load traveling at a constant
speed along the upper free surface of a rock medium resting over the ocean is affected by
a number of factors, including depth, material heterogeneity, maximum irregularity depth,
and rock layer thickness. The analysis takes the medium’s exponential heterogeneity into
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Fig. 1: Geometry of the Problem

account. For the upper and lower media, closed-form equations for tangential and normal
stresses are obtained. Graphical representations are used to investigate and comprehend
various surface irregularity scenarios, such as parabolic, rectangular, and no irregularity.
Additionally, the effects of the indicated parameters are assessed by numerical simulations,
and the resulting stress distributions are graphically depicted. The results are contrasted
with actual geological conditions found in the crust of the Earth, showing.

2 Formulation of Problem

We consider a model consisting of a transversely isotropic layer of thickness H with an
irregular surface. The surface irregularity is assumed to have a parabolic profile with width
a1 and depth hi. A rectangular coordinate system is chosen such that the origin O is
located at the midpoint of the span 2a of the irregularity. As shown in Fig. 1, the y-axis is
directed vertically downward into the layer, while a load F' moves with a constant velocity
v along the z-axis on the surface. The plane y = M represents the surface of the water
medium. The analysis is restricted to two-dimensional motion in the z—y plane.
The equation describing the surface irregularity is given by

Yy = Ef(l‘)v (1)

where f(x) denotes the shape function representing the parabolic irregularity and is defined
as
0, |x| > a,

flz) =9 2 (2)

. (a® —2?), |z|<a.

The perturbation parameter € is assumed to be extremely small and is defined as

h

€= 2 (3)
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where h is the depth of the irregularity and 2a is its span. It is assumed that the depth of
the irregularity is much smaller than its span, i.e.,

h

— <1 4

5, <L (4)
which implies that

e< 1. (5)

This assumption justifies the use of perturbation techniques and linearized boundary
conditions, thereby enabling an analytical treatment of the governing equations for stress
and deformation in the heterogeneous transversely isotropic medium.

2.1 Mathematical formulations for Upper fibre-reinforced rock medium

The constitutive relation between stress and strain for a fiber-reinforced elastic material
with preferred reinforcement direction a (Belfield et al. [? ]) is given by

Sij = )\ékkéij + 2/~0Téij + « (&k&mékméij + ékkfli&j)
+2(pr — pr) (GiGrer; + ajager;) + Barbmermaia;,
where 4, 5, k,m = 1,2,3, S;; and

(6)

R 1
éij = 5 (uiy + i)
denote the stress and strain components, respectively. Here, d;; is the Kronecker delta
and

a= (aly az, CL3)
represents the preferred direction of reinforcement. The elastic constants A, ur, ur, «,
and [ characterize the anisotropic response of the fiber-reinforced material, where py, and
wr denote the longitudinal and transverse shear moduli, respectively.
For the present configuration, the stress components reduce to

S11= A+ 2a+4pup —2ur + B) énn + (A + a)éaa + (A + a)éss, (7)
S2o = (A + a)érr + (A + 2ur)é + Aéss, (8)
S33 = (A + a)éir + Az + (A + 2ur)éss, (9)
and
Sag = 2puréas, S13 = 2preéis, S12 = 2préi2. (10)

The equations of motion for the fiber-reinforced medium are

8511 8512 . 82U1

0Sy1  0S9 0?vy
— . 12
oz oy Mor (12)

Substituting Eqgs. (7)-(10) into Egs. (11) and (12) yields
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82u1 62Ul

A+ 2 Apy, — 2 — A
(A + 2+ 4pg, — 2ur + B) 6x2+( +O‘+“L)axay
) (13)
+ 6211,1 . 0 Ul
/’LL 8y2 _pl 6t2 .
821}1 82161 821}1 321)1
— + (A A4 2Ur)—= = p1—5-- 14
prgg +a+uL)axay+( + MT)ayQ P (14)
The solutions of Egs. (13) and (14) are assumed in the form
up = / Are Y cos k(z — Vt) dk, (15)
0
v = / Age % sin k(x — Vt) dk, (16)
0

where k is the wave number, V' is the velocity of the moving load, ¢t denotes time, ¢ is an
unknown positive dimensionless parameter independent of k, and A; and Ay are arbitrary
constants. The parameter ¢ is chosen so that the displacement field remains bounded as
Yy — 00.

Substitution of Egs. (15) and (16) into the governing equations yields

Ay M+ 20+ 4pn = 2pr + B — prg® — pV?] + As(A+ a + pr)g =0, (17)
AN+ o+ pp)g+ Ao [(A+ 2ur)q® — pr + V] = 0. (18)
The consistency condition of Egs. (17) and (18) gives
¢'+ B> + ¢y =0, (19)
where
pV2—pr V2= (420 +4pp —2ur +6)  (A+a+pup)?
1= —+ + ) (20)
A+ 2pr 05 pL(A+2ur)
and
(V2 = pup) [pV? = (A + 20+ 4pp — 2ur + )]
C, = . (21)
pr (X + 2ur)
The roots are
—B1 ++/B? -4
@ =1 e (22)

2
For ¢ and ¢» to be real, both q% and q% must be positive. This requires

(p1V2 — L) [p1V2 — (AN +2a+4pr —2ur + B)] > 0,
which implies

1 Pl
Hence, the displacement field can be expressed as

A+ 200+ dpy, — 2
v JBE V>\/ + 200+ 4pg MT‘Fﬁ'
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U = / [Ale*k‘ﬂy + AQe*kqu] cosk(x — V't) dk, (23)
0

and

vy = / [Aldle_kqu + A252e_quy] sin k(x — Vt) dk, (24)
0
where

_ gt +p1V2 — (A +2a + 4 — 2ur + B)

o A+ a+pL)n ’ (25)
5y = prgs +piV? — (A + 20+ dpug — 2pr + 5)‘ (26)
(A+a+pr)g
2.2 Solution in case of lower half-space
The constitutive relation for the lower half-space is given by
(7ij)2 = nAdij + 2uwij, (27)

where 7 and p are the Lamé constants, d;; is the Kronecker delta, w;; denotes the strain
tensor, and A is the dilatation.

Accordingly, the equations of motion for the lower half-space under hydrostatic stress
are

0A 9%u
(n+ ,u)a—x + uV%uy — fVug = pzaT;, (28)
8A 2 2 82'02
(U‘FM)&""MV UZ_/BV U2:p2W7 (29)
where
0? 02
2

Since the lower medium is assumed to be a fluid, the shear modulus vanishes (1 = 0).
Therefore, Egs. (28) and (29) reduce to

82’&2 82’02 82’&2 82u2
(T/—ﬁ) 6$2 +778va _/B 622 = P2 atQ ) (31)
821)2 82UQ 821)2 8202
_ — = ) 2
=552 *15m0: ~ Pa2 =P ap (82)
Introducing the displacement potential 12 such that
7 oz S P
Egs. (31) and (32) reduce to
2 2 2
O%pa | 0%y 1 0%y (33)

or2 022 B3 o2

where
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n—ﬁ.

= 34
B2 p (34)
The solution of Eq. (33) is assumed in the form
oz, 2, t) = / Ge k% cos k(x — Vi) dk, (35)
0
where
V2
=4/1—-(= . 36
w=y1-(3) (36)
Consequently, the displacement components of the lower half-space become
[e.e]
ug = —k/ Ge %% sin k(x — Vt) dk, (37)
0
vy = —kqs / Ge %57 cos k(x — Vit) dk. (38)
0
2.3 Boundary Conditions
The boundary conditions at the irregular interface are
(S12)1 — €h'()(S22)1 = 0, (39)
(S11)1 — €' (2)(S12)1 = —Fé(z — Vi), (40)
where
1 [o¢]
dz—Vt)= / cos k(z — Vi) dk, (41)
T Jo
is the Dirac delta function.
At the interface, continuity conditions require
ul = ug, v = v, (S22)1 = (722)2, (S12)1 = (112)2- (42)
The stress components are
8u1 a’Ul
S = (A — 4+ A+ 2up)— 43
(S22)1 = (A+a) 5=+ ( +MT)6y’ (43)
Gul 61}1
S = — 4+ . 44
sn = (G + 52 (44)

The unknown coefficients are expanded in powers of the perturbation parameter € as
(Kaur and Singh [16])

A1 ~ A10 + A11€, A2 ~ A20 + A216. (45)

Since q1, g2, 01 and do are independent of k, the displacement components become
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w = / [(A10+Ane)e*kqw
0

+ (A + Anje)e™ qw} cos k(z — Vt) dk.

oy = / [(A10+Aue)5le—kqw
0

4 (Asg + A216)526_kq2y] sink(z — Vt) dk.

(46)

(47)

Substituting Eqgs. (46) and (47) into the boundary conditions yields the following system

of linear equations:

(A + @) + 011 (A 4 2p7)] Ao + [(A + @) + d2g2(X + 2u7)] A2o = 0,

[(A+ @) + 011 (A + 2u7r)] An
+ [(A+ @) + b2g2(A + 2pur)] A2z
— [kqrh(A + @) — kq?hér (A + 2u7)] A1o
+ [k’q2 A+ a) kq hda (A + Q/LT)] Aoy = 0.

F
01 —q)A 09 — q2) Aoy = —
(01 —q1)A10 + (62 — q2) A2 = -

(01 —q1)A11 + (02 — g2) A2

(kqlh (51q1kh)A10 + (kQO (52Q2kh)A20 =0.

Solving Eqs. (48)—(51), we obtain

L (EtbeED | (E+hgZ)D
10 = . , 20 = — .
. E1(02 — q2) = EAE+ 011 2) <D7TML>

11 — k I )
A — E(E+ 011 Z) — E1(61 — qu) (DWML>
21 = . 7 )

where
E=A+aq, Z =X+ 2ur,

F
D=—

Tz [(€ +02q22)(02 — q2) — (01 — 1) (€ + 011 2)]

E1=(E+ 022 Z)(E + 6101 2)(q1 — q2)hD,

E =€+ 0anZ)(q2 —02)q2 — (€ + 62022) (1 — 01)qu] hD.
The non-vanishing stress components are obtained as (Kaur and Singh [? ])

D(E 4+ 62¢22) [(A + 2a + 4pp, — 2ur + B) + 611 €]
?y? + (x — V)2

S =—
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D(E+ 6011 2) [(A+2a + 4pr, — 2ur + B) + 62¢2€]
+ 2,2 — V)2
a5y + (x )
@y [=(A + 20+ dpg — 2pr + B) — i1 €]
(422 + (x — Vt)?]”
@2y [(A +2a +4dpup — 2pur + B) + S1q1€] Dy,

+ 2¢e(x — V)

. (59)
kF [q%gﬂ + (.%' — Vt)Q]Q [52(5 + (516]12) — 51((51 — ql)]
G — D(E+ 0202 2)(€E + 611 2)
22 @y? + (v — V)2
D(E+ 011 2)(€ + 62q22)
@3y? + (z — V)2
+2e(w — Vi) | Y [£1(02 — q2) — E(E+ 191 2)] Drpg,
[aty? + (o = V)" kE
4 @y [E2(E+0q1Z) — E1(61 — q1)] Drpg (60)
[y + (= — V1)) kE
S — qyD(E + 92q22) (01 — q1)
12 q%y2 + (z — Vit)?
@yD(E + 62022)(q2 — 62)
@3y? + (. — Vi)?
ey | 1Y [£1(02 — q2) — E2(E + 611 2)] (y* + (@ — V)}) Dy,
[ady? + (@ — Vt)2]2 kF
n q@y(a3y? — (x = Vt)?) [E2(E+ 011 Z) — £1(61 — q1)] Dy (61)
(32 + (& = V)]’ kE

The normal stress in the lower half-space is

2 2
F o gy’ + (z — Vit)?

where

@GN (- Vi)?
naskN (g3 — 1)

< C§3q1n1 - C?:), CQSQZW - C?s

-Vt
GN2+ (z—Vt)2  @GN?2+ (z— Vt)2> (@ )

(ngmm - 093)‘11 (633‘12”2 - C?3)€J2
B 2 7\72 2 2 N2 2 N1 <63)
N+ (x = Vi) GN? + (z - Vi)
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Fig. 2: Plot of the normalized shear stress, Si2/F, in the upper medium as a function of
depth y for different values of the applied load F' and layer thickness H.

3 Numerical results and discussions

The numerical computations are carried out using the following material properties.
For the fiber-reinforced rock medium [? |,
pr = 5.66 x 10 Nm~2,
pr = 2.46 x 10° Nm ™2,
A =5.65x10° Nm~2,

a=-1.28 (64)
B =220.90 x 10° Nm—2,
p1 = 7800 kgm 3.
For the water medium (Ewing et al. [? ]),
Ao = 0.214 x 10 Nm~2,
(65)

po = 1.0 x 10® kgm 3.
Figures 2 and 3 illustrate the variation of the normalized shear stress, Si2/F, and
the normalized normal stress, Sao/F, in the upper medium with respect to the depth
coordinate y for different values of the irregularity depth H. It is observed that both the
normal and shear stresses decrease with increasing depth, indicating that depth has a
significant influence on the stress distribution. The first curve corresponds to the case of a
regular surface (H = 0), whereas the remaining curves represent different irregular surface
profiles. The results further reveal that the stress magnitudes are comparatively higher for
the regular surface than for the irregular surfaces, demonstrating that surface irregularity
reduces the stress concentration within the medium.
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Fig. 3: Plot of the normalized normal stress, Sa2/F, versus the depth coordinate y for
different values of the irregularity depth H.
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Fig. 4: Plot of the normalized shear stress, S12/F, versus the depth coordinate y for
various values of the applied load F' in the case of parabolic irregularities (x/a = 0.1, 0.2)
and a rectangular irregularity (z/a = 0).

Figures 4 and 5 illustrate the influence of parabolic irregularities (z/a = 0.1, 0.2) and
a rectangular irregularity (z/a = 0) on the stress distribution in the upper medium. The
results show that both the normalized normal stress, Seo/F, and the normalized shear
stress, S12/F, decrease with increasing depth parameter y. It is further observed that
surface irregularity reduces the magnitude of the generated stresses. A comparison of the
stress profiles indicates that the rectangular irregularity produces comparatively higher
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Fig. 5: Plot of the normalized normal stress, Sg2/F, versus the depth coordinate y for
different surface profiles, including parabolic irregularities (z/a = 0.1, 0.2) and a
rectangular irregularity (z/a = 0).

stresses than the parabolic irregularity, demonstrating the significant influence of surface
geometry on the stress distribution.

Figure 6 illustrates the variation of the normalized stress components with depth for
different values of the dimensionless wave number, kH = 0.1, 0.2, and 0.3. The results
indicate that an increase in the wave number leads to a corresponding increase in the
magnitude of the induced stresses in the upper medium.
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W
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Fig. 6: Plot of the normalized normal stress, Si;/F, versus the depth coordinate y for
different values of the dimensionless wave number, kH = 0.1, 0.2, and 0.3.
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Overall, the graphical results demonstrate that although a larger wave number enhances
the induced stresses, both the normalized normal and shear stresses decrease with increas-
ing depth and surface irregularity. Furthermore, the stress distribution is significantly
influenced by the geometry of the surface irregularity, with the rectangular irregular-
ity producing comparatively higher stress magnitudes than the parabolic irregularity.
These findings provide valuable insights into the stress behavior of fiber-reinforced geolog-
ical media subjected to moving loads and have potential applications in the design and
analysis of tunnel linings, bridge foundations, underground transportation systems, and
earthquake-resistant geotechnical structures.

4 Conclusion

The stresses caused by a moving load acting on an uneven fiber-reinforced rock medium
sitting on a water medium are examined in the current work. Three types of surface config-
urations, namely rectangular, parabolic, and no irregularity, have been investigated. The
analytical solution of the governing equations has been obtained by using the perturbation
method. Depth has adverse effect on normal and shear stresses, i.e., as depth increases
shear stress decrease. Both normal and shear stresses drop with increasing depth, accord-
ing to the graphical analysis, demonstrating the negative impact of the depth parameter on
stress propagation. Additionally, the irregularity factor and irregularity depth parameter H
lessen the produced stresses’ amplitude. In terms of stress generation, a comparison analysis
reveals that rectangular irregularity is preferable than parabolic irregularity. Additionally,
the wave number increases the upper medium’s shear and normal stresses. Understanding
stress behavior in geophysical structures, subterranean constructions, tunnels, and bridge
foundations subjected to movement loads and seismic disturbances may be made easier
with the help of the current model. The present study is based on the assumption of a small
perturbation parameter (¢) and idealized material properties, which may limit its applica-
bility in cases involving large surface irregularities or strongly non-linear material behavior.
Furthermore, the proposed model does not account for time-dependent porosity variations,
multi-scale interactions, or complex non-linear dynamic effects. Future investigations may
extend the present formulation by incorporating non-linear constitutive behavior, advanced
dynamic loading conditions, and numerical validation techniques. In addition, more realis-
tic geometrical configurations and multilayered geophysical structures may be considered to
improve the applicability of the model in practical geomechanics and structural engineering
problems.
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