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Abstract. Uneven pavement surfaces increase the dynamic loads generated by moving
vehicles. However, stability analyses of road embankments often neglect the influence of
vehicle vibrations on slope stability. Therefore, considering the interaction between vehicles,
pavement conditions, and slope response provides a more realistic evaluation of embankment
stability. In this study, vehicle dynamics are simulated using a quarter-car model (QCM),
pavement roughness is represented by the International Roughness Index (IR1), and slope
stability is evaluated using the Fellenius method. Numerical simulations were conducted for
an 8-m-high, 1:1 cut slope in homogeneous saturated cohesive soil under vehicle speeds of
20, 40, and 60 km/h. Four pavement roughness levels with IRI values of 2, 3, 5, and 7 were
considered. Dynamic wheel loads for car and truck models were simulated in MATLAB-
Simulink over 150 s using the Runge-Kutta integration method. The results show that the
static factor of safety (FoS) is 2.05 for the car and 2.03 for the truck. Under dynamic loading
with IRI=7, the FoS decreases to 1.96-2.00 for cars and 1.92-1.96 for trucks, depending on
vehicle speed. The findings indicate that increasing pavement roughness and vehicle loads
reduce slope stability and should be considered in road embankment design and assessment.

Keywords: Slope stability, factor of safety, Fellenius method, flexible pavement, dynamic
wheel loads.
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1. INTRODUCTION

Slope failures along road embankments remain a major hazard, especially in mountainous
areas where high and sharply inclined cut slopes are common. Such failures can cause serious

416


https://doi.org/10.47869/tcsj.77.4.6

Transport and Communications Science Journal, Vol. 77, Issue 4 (05/2026), 416-430

economic losses and safety risks for road users. In practice, slope stability is further reduced by
weather conditions that weaken soil strength and by dynamic loads generated by moving
vehicles. The landslides that occurred during the late-2025 storms in the central and highlands
regions of Viet Nam clearly demonstrate this problem.

Slope stability has been studied for many years using classical methods such as Fellenius,
Bishop, and Janbu [1-4]. In recent decades, research has increasingly shifted to numerical
modeling, especially the finite element method with software like Plaxis [5], GeoStudio [6],
and Flac [7]. These tools allow analysis under complex soil and groundwater conditions and
can include reinforcement measures.

Besides the traditional approaches, some studies use probabilistic methods [8], reliability
analysis [9], and field monitoring data [10]. Research has also expanded from 2D models to 3D
models for a more realistic representation of slope behavior [11]. In recent years, artificial
intelligence techniques have also been applied to slope stability problems [12]. For dynamic
loading, most studies focus on earthquake effects on road embankments [13,14]. Some authors
have examined vehicle loads [15,16], but these works mainly use static loads or equivalent
dynamic loads based on impact factors and do not consider the actual roughness of the pavement
surface.

In Viet Nam, research on the stability of road embankment slopes has been carried out with
a wide range of approaches. Several authors have applied numerical simulations using the
discrete element method [17], the limit equilibrium method [18], or a combination of both [19].
Using the finite element method, [20] analyzed slope stability following the AASHTO-LRFD
standard, while [21] incorporated artificial neural network models to improve prediction
capability. Besides studies focusing on specific structures or reinforcement solutions, many
authors have examined the influence of geotechnical and hydrogeological conditions [22-25].
Regarding dynamic loading, [26] assessed slope stability under vehicle loads based on the
Russian Federation standard, where the loads were converted into equivalent static loads.

In studies on dynamic loads transmitted from vehicle axles to the pavement, the vehicle
system can be modelled either as a full-vehicle system [27,28] or in a simplified form using a
QCM [29]. To represent pavement surface irregularities, [30,31] improved the power spectral
density model based on the 1ISO 8608 standard [32] by incorporating the IRI with a sinusoidal
function, consistent with Vietnamese specifications. More recently, [33] further refined the road
surface roughness (RSR) model by replacing the sinusoidal description with a Gaussian white
noise (GWN) function.

Although many studies have investigated road embankment slope stability, most consider
influencing factors separately and rely on simplified loading models. In practice, the dynamic
loads generated by vehicle interaction with uneven pavement surfaces can be significantly
higher than static loads. Therefore, incorporating these dynamic effects into slope stability
analysis is essential to reflect actual operating conditions.

This study proposes an integrated approach that combines the Fellenius circular slip surface
method with pavement self-weight and dynamic vehicle loads modelled using a QCM. The
method provides a more realistic assessment of slope behaviour by accounting for vehicle type,
speed, and RSR (represented by IRI value) with a GWN function. In this approach, the
interaction between the vehicle model and the uneven pavement is simulated in MATLAB-
Simulink to generate the dynamic loads. The model allows users to customize parameters such
as vehicle loads, soil properties, and slope geometry.

417



Transport and Communications Science Journal, Vol. 77, Issue 4 (05/2026), 416-430
2. PROBLEM FORMULATION

2.1. Fundamentals of the Fellenius method

Based on field observations, embankment and cut slopes in cohesive or layered soils
typically exhibit rotational failure. The failure surface often follows a curved, see Fig. 1 (a),
nearly cylindrical shape-steep at the crest (point C) and gradually flattening toward the toe
(point A) [3,4]. Following the recommendations of TCVN 13346:2021 [34], the circular slip
surface method of Fellenius is employed in this study to evaluate slope stability.
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Fig. 1. Fellenius method for slope stability analysis [3,4]: (2) Circular slip surface divided into vertical
slices, (b) Free-body diagram of it" slice.

In Fig. 1, the slip surface is divided into n vertical slices. Point O, which defines the center
of the circular slip surface with radius r, is also used as the moment point to simplify the
calculation of driving and resisting moments. For the it" slice, b;, h; and [; denote the slice
width, the slice height measured along its centerline, and the base length, respectively. The
inclination angle «; defines the orientation of the base of the i*" slice relative to the horizontal.

Fig. 1 (b) shows the free-body diagram of the i*" slice. Here, W; is the weight of the slice,
N; = W, cos q; is the normal force, N'; is the total normal force at the base, u; is the pore water
pressure. The effective normal force is given by N'; = N; — u;l;. S; is the shear force along the
base. H;; and Hpy; are the left and right inter-slice normal forces, while V;; and Vy; are the
corresponding inter-slice shear forces.

The factor of safety is a key parameter used to evaluate slope stability. It accounts for
uncertainties in soil conditions, loading, and design experience, serving as a practical tool to
ensure reliability under unknown or variable conditions. FoS is commonly defined using limit
equilibrium based on stress, force, or moment balance. For circular slip surfaces and the method
of slices, FoS is calculated as the ratio of resisting to overturning moments along the failure
surface [1-4]:

M,
FoS = M_d (1)

In Eq. (1), M, is the sum of the resisting moments, M is the sum of the driving moments.
In the Swedish method, which considers only moment equilibrium and neglects interslice shear
forces, these moments are computed as:

418



Transport and Communications Science Journal, Vol. 77, Issue 4 (05/2026), 416-430

{Mr = Yizqlcil; + (W cos a; — u;l;) tan @;]r @)
Mg = Y i(W;sina)r

where the shear strength is defined by ¢;, the effective cohesion; and ¢; , the effective internal
friction angle, both under effective stress conditions accounting for pore pressure.

By substituting Eq. (2) into Eq. (1), FoS based on global moment equilibrium can be
expressed in the following simplified form:
C'Zli+ybm tan (p'Zhicosai

YbmYh;sina; (3)

A slope is stable if FoS > 1, at limit equilibrium if FoS = 1, and unstable if FoS < 1.
According to [34], the required minimum FoS depends on the road classification: 1.30 for
expressways, 1.25 for class I-11 highways, 1.20 for class I11-VI highways, 1.15 for provincial
roads, and 1.10 for rural roads.

FoS =

4.5h

E
Figure 2. lllustration for determining the critical slip surface [3,4].

For a given slope, the FoS changes with the position of the slip surface, and the surface
that gives the smallest FoS is the critical one. This minimum value FoS,,;, controls the stability
of the slope and must meet the required safety level. Because only one slip surface gives this
minimum value, finding it is the main goal of stability analysis. To make this process easier,
W. Fellenius showed that the center of the critical circular slip surface lies on a line that passes
through the slope toe [3]. The procedure is described below.

For slopes with high plasticity (¢’ = 0) [3,4], the critical slip surface passes through the
slope toe. The center O is found at the intersection of lines 0A and OB, as shown in Fig. 2. Line
0A makes an angle ; with the slope face, and line OB makes an angle 5, with the slope crest.
The values of 8, and S, depend on the slope angle S, as given in Table 1.

Table 1. Values of §; and 3, [3,4].

Slope gradient Slope angle g B4 B>
1:0.58 60° 20° 40°
1:1 45° 28° 37°
1:15 33.78° 28° 37°
1:2 26.57° 26° 35°
1:25 21.80° 25° 35°
1:3 18.43° 25° 35°
1:5 11.32° 25° 37°

When the soil internal friction angle ¢’ is greater than zero [3,4], the center of the critical
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slip surface lies on the extension of segment OE, as shown in Fig. 2. In this case, several trial
centers 04, O, ... are chosen along this extension, and the corresponding safety factors FoS;,
FoS,, ... are calculated using Eq. (3). At each trial center, a line segment is drawn to represent
its FoS value. Connecting the ends of these segments forms a curve that shows how the safety
factor changes. The lowest point on this curve gives the center of the critical slip surface.

2.2. Wheel load model

As mentioned in Section 1, a vehicle can be modelled as a quarter-car, half-car, or full-car
system. For the 2D slope stability analysis along the road cross-section, the vehicle is
considered only in the transverse direction. Using a half-car model in this direction requires
simulating the uneven road profile between the two wheels, which complicates the analysis and
may place one wheel outside the slip surface. Therefore, QCM is used in this study, see Fig. 3.
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Figure 3. The quarter-car model [31].

In the QCM, the sprung mass m, represents the vehicle body, while the unsprung mass m,,
includes the wheel, tire, and half of the axle or suspension. The system has two degrees of
freedom: the vertical displacement of the wheel mass z,, and the body mass z,. The suspension
has stiffness k, and damping Cs, and the tire is modeled with stiffness k;. The road profile input
h(x) is treated as a random function along the motion direction (x).

The motion equations of the QCM in Fig. 3 are derived from the free-body diagrams of the
sprung and unsprung masses. The dynamic equilibrium is formulated using D’Alembert’s
principle. They are written as follows [30,31,33]:

{ mgZs = —cs(Zs — 2y) — k(25 — 2y) (4)
myZy, = ¢s(Zs — zy,) + ks(zs — z,,) — k(z, — h)

In this study, the road profile h(x) is modeled by combining the randomness of GWN with
the RSR described using an IRI profile, as proposed by [33]. The waveform of the GWN signal
over time is shown in Fig. 4.
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Fig. 4. Waveform of GWN function over 100 s.
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Accordingly, the random road profile h(x = ut) is a time-dependent function and is
defined by the following differential equation [33]:

h(t) = —2mngouh(t) + 2mngy/ 1.63KoIRIZuw(t) (5)
where ny, = 0.01, u is vehicle speed (assumed constant), n, = 0.1 m™ is the reference spatial
frequency, w(t) is the GWN with a power spectral density of 1.0 and mean of 0.0, and K, =
1076 m?,

The static force transmitted from the QCM to the pavement through the tire (F;) is given
by

F, = (ms + mu)g (6)

The additional dynamic force transmitted to the pavement (F,;) generated by the excitation
from the RSR, is expressed as

Fqg = ke(zy — ) ()
The total force transmitted to the pavement (F,) obtained by adding the static component

in Eq. (6) and the additional dynamic component in Eq. (7), is given by
Fe = k(z, — h) + (mg + mu)g (8)

where z, is the tire’s vertical displacement obtained by integrating Eq. (4), and g = 9.81 m/s?
is the gravitational acceleration.

2.3. Self-weight of flexible pavement structures

For flexible pavement structures, the self-weight of each pavement layer generates a vertical
distributed load acting on the road cross-section. The distributed mass w (kg/m?2) of a pavement
layer is computed from its unit weight and thickness as:

wi = pity ©)
where t; is the layer thickness (m) and p; is the material unit weight (kg/md).

The total distributed mass is obtained by summing the contributions of all pavement layers.
The corresponding gravitational load acting on the slope surface, expressed per unit length of the
road cross-section, is:

qp = gXWuy (10)

For illustration, a low-grade flexible pavement structure for a two-lane roadway with an A2
surface layer, as specified in Appendix E of specification 22TCN 211:2006 [35], is considered. The
pavement system consists of a double-seal asphalt surface layer (2 cm), a crushed stone base layer
type | (16 cm), and a natural granular subbase type A (34 cm). The unit weights of these materials
are taken as follows: asphalt surface 2400 kg/m3 (typical range 2300-2400 kg/ms3), crushed stone
base 2300 kg/m?3, and natural granular subbase 2100 kg/m?3 (typical range 2000-2200 kg/m3).

With the layer thicknesses of 2 cm, 16 cm, and 34 cm, respectively, and applying Eq. (9), the
distributed mass of each layer is: w; = 2400 x 0.02 = 48 kg/m?, w, = 2300 x 0.16 = 368
kg/m?, and ws; = 2100 x 0.34 = 714 kg/m?. Accordingly, applying Eq. (10), the total
gravitational load per unit length of the road cross-section is: g, = (48 + 368 + 714) X 9.81 =
11.09 kN/m.

2.4. Integrated slope stability analysis under wheel loads and pavement self-weight
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This section presents the proposed analytical model for evaluating the slope stability of a
road embankment and determining the corresponding FoS. In this model, the embankment is
subjected to wheel loads generated by the QCM, as described in Section 2.2, and the self-weight
of the flexible pavement structure, also presented in Section 2.3. These loading components are
incorporated into the Fellenius framework (Section 2.1) to compute the FoS and assess the
combined effects of dynamic wheel loads and pavement self-weight on slope stability.

r sin a;

rsin a;
0 —st
S L

(a) (b)
Fig. 5. Proposed analytical model for slope stability evaluation: (a) both loads inside, (b) one load
inside the slip surface.

For simplicity, the following assumptions are adopted in this study: (i) the QCM wheel
load is modelled as a concentrated vertical force P, transmitted through the tire-pavement
interface, and the vibration of the QCM does not alter the geotechnical properties of the
embankment soil; (i1) the flexible pavement structure does not contribute to the slope’s load-
carrying capacity and is considered only through its self-weight, which is idealized as a
uniformly distributed load g,, acting along the slope crest over a width b.

The slope and loading configuration are illustrated in Fig. 5. Each axle is assumed to carry
two-wheel loads P,, corresponding to the left and right tires, separated by a horizontal spacing
l,. For the considered axle, the left wheel load P, is applied at a horizontal distance I, from the
slope crest (point B).

When the external loads P, and g,, are considered, the slope becomes less stable because

both loads increase the driving moment. As noted in section 2.1, the Fellenius method evaluates
stability by taking moments about the slip-circle center O. In this model, the wheel load P, and
the pavement load g,, are not redistributed to individual slices. Instead, any part of these loads

located inside the slip surface is added directly to the driving moment M,.
The moment-equilibrium form of the Fellenius method can be rewritten as:

™ [ei i+ (Wi cos a;—u;l;) tan @]

) 7]
Y (Wisinay) +TO

FoS = (11)

where M, is the additional driving moment generated by the wheel load P, and the pavement
load g,,. All remaining parameters in Eq. (11) have been defined previously in section 2.1. The

value of M, is determined for two cases:

Casel: l; + I, < b, see Fig. 5 (a), both wheel loads P, of the considered axle lie inside the
slip surface. The additional overturning moment M,, is defined as
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My = qpb (g + OB cos ﬁz) + P, (2l + 1, + OB cos B,) (12)

Case 2: l; + 1, > b, see Fig. 5 (b), the right-side wheel load P, lies outside the slip surface
(to the right of point C). The additional overturning moment M,, is defined as

My = qpb (g + OB cos ﬁz) + P,(ls + OB cos f33) (13)

3. NUMERICAL INVESTIGATION

3.1. Input parameters and study cases

In this study, the basic parameters used to describe the random road profile h(x) in Eq. (5)
are listed in Table 2. The study is conducted for a class-111 road with speed limits of 60 km/h,
40 km/h, while a lower speed of 20 km/h is additionally considered to represent poor pavement
conditions [36]. For this road class, the RSR is evaluated using the IRI values according to
specification TCVN 8865:2011 [37], with four pavement quality levels: good (IRI = 2),
average (IRI = 3), poor (IRI = 5), and very poor (IRI = 7).

Table 2. Basic input parameters for simulating the random road profile [33].

Ko (M) | ng (M) wkmh) | t(s) | B(m) | An
10° 0.1 60,40,20 | 150 | 025 | 103

N
4x103

Parameter
Value

Moo
0.01

The basic parameters of the QCM for two common vehicle types, car and truck, are listed
in Table 3. In the QCM, the sprung mass mg represents the portion of the vehicle body and
payload supported by a single wheel, while the unsprung mass m,, includes the wheel, tire, and
half of the axle assembly. Thus, the total mass associated with the single-wheel system is mg +
m,, and the corresponding static wheel load is P, = F; = mg + m,, see the last row of Table
3.

Table 3. Fundamental dynamic parameters of the vehicle model [29-33].

Parameter | mg (kg) | m, (ko) | kg (10°N/m) | ¢4 (10°Ns/m) | k; (10°N/m) | Fg (kN)
Car 4000 550 32 1.0 1.7 44.64
Truck 4500 650 57 2.1 3.0 50.52

Subsystem:QCM Vibration
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Fig. 6. Simulation of QCM-road surface interaction using MATLAB-Simulink.

Fig. 6 shows the simulation model implemented in MATLAB-Simulink. The RSR
subsystem generates the road profile according to Eqg. (3), while the QCM Vibration subsystem
simulates the vertical motion of the vehicle model based on Eq. (4). The numerical integration
is performed over 150 s with a 0.01 s time step using the Runge-Kutta method. Based on the
parameters listed in Table 2, the simulated road profiles corresponding to vehicle speeds of 40
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and 60 km/h under different pavement conditions (IRI) are presented in Fig. 7. These road
profiles, together with the vehicle parameters in Table 3, are used as input data for the
simulation to obtain the QCM response, see Fig. 8.
x10°% %10

- *u=6‘0 km/h ——u=40 k‘m.’h

= =-u=60 km/h ——u=40 km/h

0 50 100 150 0 50 100 150

Time (s) Time (s)
(@ IRI =2 (b) IRI = 3
- —-u=60 kmfh —u=40 km/h 0.02

==-u=60 km/h ——u=40 km/h
0.01

0.005

h (m)

-0.005

-0.01

-0.015

0 50 100 150 0 5I0 ‘I[IJO 150
Time (s) Time (s)
(c)IRI =5 (d) IRI =7
Fig. 7. Road surface profiles h(x) corresponding to different IRI values.
Fig. 8 presents the time response of the QCM model, illustrated for the case of IRI = 5 at
speeds of 60 and 40 km/h. The results from this numerical simulation are used in Egs. (6)-(8)

to determine the total force transmitted to the pavement (F,). Table 4 summarizes the maximum
dynamic wheel loads on the pavement obtained from this analysis.

T
——u=60 km/h - — -u=40 km/h

Displacement {mm)

-15¢ | i b
0 50 100 150
Time (s)

(a) Vibration of the sprung mass.
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T
——u=60 km/h — - -u=40 km/h

Displacement (mm)

| |
0 50 100 150
Time (s)

(b) Vibration of the unsprung mass.
Fig. 8. Time response of the QCM car model for IRI = 5.

The results in Table 4 show that the maximum dynamic wheel loads are always higher than
the static wheel loads of 44.64 kN for the car and 50.52 kN for the truck. For the car, Fy ;0
increases to about 1.1-1.5 times the static load as the IRI rises from 2 to 7; the truck shows a
similar trend with an amplification of about 1.15-1.55. Vehicle speed also plays a clear role:
the higher speed (u = 60 km/h) consistently produces larger dynamic loads than u = 40 km/h
and u = 20 km/h for all IRI levels. These results confirm that both road roughness and vehicle
speed significantly intensify the wheel-pavement interaction force, especially under poor
surface conditions (IRI = 5).

Table 4. Maximum dynamic wheel load on the pavement.

IRI 2 3
u (km/h) 60 | 40 | 20 60 | 40 | 20
Vehicle Maximum dynamic wheel load F; ,,,, (KN)
Car 50.95 49.82 48.29 54.11 52.41 50.11
Truck 58.32 57.00 55.02 62.21 60.23 57.27
Table 4 (continued). Maximum dynamic wheel load on the pavement.
IRI 5 7
u (km/h) 60 | 40 | 20 60 | 40 | 20
Vehicle Maximum dynamic wheel load F; ,,,, (KN)
Car 60.43 57.59 53.76 66.55 62.91 57.41
Truck 70.00 66.65 61.77 77.79 73.10 66.27

According to specification TCVN 4054:2005 [36], the horizontal spacing between the two-
wheel assemblies on the axle is taken as the overall vehicle width, resulting in I, = 2.5 m. This
study considers a mountainous road with a design class 11, the road consists of two lanes with
a 6.0 m running width, 3.0 m per lane. The horizontal distance from the wheel load to the slope
crest is taken as the minimum shoulder width, so I, = 1.5 m [36].

In this section, the uniformly distributed load induced by the low-grade flexible pavement
structure is taken as the value computed in Section 2.3, giving q, = 11.09 kN/m. In this study,
the analysis is limited to a single slope case, with the following characteristics. The cut slope
of the road embankment (see Fig. 9) has a height of h = 8 m and a slope ratio of 1:1. The slope
soil is saturated cohesive soil, considered homogeneous. The geotechnical parameters are: unit
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weight of soil y = 19 kN/m?3, undrained shear strength ¢’ = 65 kPa, and internal friction angle
@' = 0°[4].
3.2. Slope stability analysis: results and discussion

Based on the slope ratio of 1:1 and the high-plasticity cohesive soil (¢’ = 0°), the
procedure outlined in Section 2 shows that the critical slip surface is a circular arc passing
through the slope toe (point A). According to Table 1, for a slope angle of g = 45°, the center
O of the critical slip circle is defined by the geometric angles g, = 28° along OA and 8, = 37°
along OB, see Fig. 9. From geometric relations, the radius of the slip circle is determined by:

hsin(B+p5) _ 85sin(45°+379) _
sin Bsin(B+B1+PB2)  sin450sin(450+289+370) 1193 m (14)

1 1
e A =1491m —

y =19 kN/m3, ¢’ = 65 kPa, ¢' = 0°

ISy

Fig. 9. Slope geometry and subdivision of the critical slip surface.

By geometric construction, the slope width is b = 6.91 m, and the horizontal length of
segment AC is AC,, = 14.91 m. With the pavement dimensions, where [ = 1.5 m and [, =
2.5 m, their sum is l; + [, = 4.0 m, which is smaller than the slope width b = 6.91 m. This
means that both wheel loads of the considered axle are located entirely within the investigated
slip surface.

Using the slice method presented in Section 2, the sliding mass is divided into vertical slices

of equal width. In this study, each slice has a width of b; = % = % = 1.491m. The

numbering of the slices is shown in Fig. 9. Since the soil is homogeneous and the slice widths
are equal, Egs. (3) and (12) becomes:

¢Sl +yb,, tan @'Y h;cosa;
FoS = Yli+ybm (le i (15)
YbmYhisina;

c’ li+ybm tan 'Sh;cosa;
. 1 .  —
YbmYhisina;+ TO

Table 5. Calculation of parameters for each slice.

: cosa; =
Sl}ll((')_:e (dcélg) hi (m) sin a; m hi sin a; (m) hi Ccos «; (m) li (m)
1 -13.32 0.92 -0.23 0.97 -0.21 0.90 1.53
2 -6.04 2.69 -0.11 0.99 -0.28 2.68 1.50
3 1.14 4.24 0.02 1.00 0.08 4.24 1.49
4 8.34 5.92 0.14 0.99 0.86 5.86 151
5 15.68 6.65 0.27 0.96 1.80 6.40 1.56
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. cosa; =
slTligé (doélg) h; (M) | sina; \/Tilnzai h;sina; (M) | h;cosa; (m) | I; (M)
6 23.30 7.52 0.40 0.92 2.97 6.91 1.62
7 31.30 6.76 0.52 0.85 3.51 5.78 1.74
8 40.12 5.69 0.64 0.76 3.67 4.35 1.95
9 50.62 4.13 0.77 0.63 3.19 2.62 2.35
10 63.40 1.94 0.89 0.45 1.73 0.87 3.56
Total values (m): 17.32 40.60 18.81

Substituting the values from Table 5 into Equation (15) gives FoS = 2.49. According to
FoS—FoSy

[4], the full-mass slip method yields FoS, = 2.48, giving a difference of A = ——— =

FoS
2'42;?48 X 100 = 0.4%. This very small deviation (< 0.5%) confirms that the calculation

method used in this study is sufficiently accurate.

With the geometric dimensions of the axle and the slope, together with the static wheel
loads from Table 3, where P, = F;. EQ. (12) is used to calculate the additional sliding moment

caused by the pavement structural load and the static axle load of car model: M, =

11.09 X 6.91(°= + 4.51) + 44.64(1.5 + 4.51) + 44.64(15 + 2.5 + 4.51) = 1258.51

65x18.81+19%x1.491%X0.0X40.60

KNm. Substituting this value into Eq. (16), one gets: FoS = Tox1491x17.32+ 2L = 2.05.

Similarly, using the static wheel loads of truck model in Table 3 and the dynam'ic wheel loads
in Table 4, the corresponding FoS values are summarized in Table 6, where P, = F; qy-

Table 6. Summary of FoS values under static and dynamic loads.

IRI 2 3
u (km/h) 60 | 40 | 20 60 | 40 | 20 | Static FoS
Vehicle Dynamic FoS
Value 202 | 203 | 204 | 2.01 2.02 2.03 2.05
Car Difference
F0S g1atic — FOS gymamic 0.03 | 0.02 | 0.01 | 0.04 0.03 0.02
Value 199 | 200 | 2.01 | 1.98 1.99 2.00 2.03
Truck Difference

0.04 | 0.03 | 0.02 | 0.05 0.04 0.01

Fosstatic — Fosdynamic

Table 6 (continued). Summary of FoS values under static and dynamic loads.

IRI > ! Static
u (km/h) 60 | 40 | 20 60 | 40 | 20 Fos
Vehicle Dynamic FoS
Value 1.99 | 200 | 2.01 | 1.96 1.98 2.00 2.05
Car Difference
FOSstatic — FOS aymamic 0.06 | 0.05 | 0.04 | 0.09 0.07 0.05
Value 195 | 196 | 198 | 192 1.94 1.96 2.03
Truck Difference
FOSstatic — FOS aymamic 0.08 | 0.07 | 0.05 | 0.11 0.09 0.07

From the results in Table 6, it is observed that:

a. Effect of dynamic loading: The FoS under dynamic loading is consistently lower than
that under static loading for both the car and the truck. The magnitude of this reduction increases
with pavement roughness (higher IRI). For the car moving at 60 km/h, the FoS decreases by
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0.03 at IRI = 2 and by 0.09 at IRI = 7. For the truck moving at 60 km/h, the corresponding
reductions are 0.04 and 0.11, respectively. These results show that dynamic wheel loads have a
stronger influence on slope stability as pavement conditions deteriorate, with the effect being
more pronounced for heavier vehicles; given that the allowable difference in the safety factor
for different road classes is about 0.05 according to [34], the observed reduction in dynamic
FoS is noteworthy.

b. Effect of vehicle speed: For a given pavement condition, the FoS decreases when
vehicle speed increases. The FoS at 60 km/h is consistently lower than that at 40 and 20 km/h.
At IRI = 2, 3, and 5, the reduction in FoS due to the higher speed is approximately 0.01 for
both vehicles. At IRI = 7, this reduction increases to 0.02, indicating that rougher pavements
amplify the influence of vehicle speed on slope stability.

c. Comparison between car and truck: In all evaluated scenarios, the truck produces a
lower FoS than the car because its greater axle load generates higher dynamic forces and larger
inertial effects. For example, at IRl = 7 and u = 60 km/h, the FoS is 1.96 for the car and 1.92
for the truck, confirming the greater destabilizing effect of heavy vehicles.

4. CONCLUSION

This study proposed an integrated analytical model for evaluating slope stability of road
embankments, combining the Fellenius circular slip surface method with the effects of flexible
pavement self-weight and dynamic wheel loads modelled by a quarter-car system. This
approach allows a more realistic assessment of slope stability under operational conditions,
capturing the influence of vehicle type, speed, and pavement roughness on the driving moments.

A numerical simulation was performed for an 8 m-high, 1:1 cut slope composed of
homogeneous saturated cohesive soil, under a mountainous class-111 road with speed limits of
20, 40 and 60 km/h and pavement roughness levels IRI = 2, 3, 5, and 7. Vehicle loads were
modeled using a quarter-car system for both a car and a truck, and dynamic responses to road
irregularities were simulated in MATLAB-Simulink over 150 s using Runge-Kutta integration
with 0.01 s time steps. The results confirm that dynamic loading reduces the FoS compared
with static conditions, with reductions increasing from 0.03 to 0.09 for the car and from 0.04 to
0.11 for the truck as pavement roughness rises from IRl = 2 to 7. Vehicle speed also affects
stability, where raising the speed from 20, 40 to 60 km/h decreases FoS by about 0.01 at IRI =
2to5and by 0.02 at IRI = 7.

The findings confirm that increasing pavement roughness, vehicle speed, and axle load
leads to a reduction in slope stability. Future studies should extend the model to 3D slopes with
full-car systems, non-homogeneous soils, and additional environmental influences such as
rainfall, variations in pore-water pressure, and seismic loading.

The findings confirm that increasing pavement roughness, vehicle speed, and axle load
leads to a reduction in slope stability. However, the present study considers a simplified slope
configuration, which does not fully represent the complexity of real road embankments. In
future work, numerical analyses should investigate road embankment structures with different
slope angles, multilayered soil profiles, and varying groundwater table depths to better capture
realistic geotechnical conditions. Future studies should also extend the model to 3D slopes with
full-car systems or longitudinal 2D vehicle models, and consider additional environmental
influences such as rainfall, variations in pore-water pressure, and seismic loading.
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