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Abstract

Evaluating the impact of gully erosion on slopes parallel to mountain roads is crucial due to its role in altering
slope geometry, thereby affecting overall slope stability. This study addresses the significant reduction in slope
inclination from 60° (originally in 1984) to 35° caused by erosion, raising concerns about whether such changes
enhance stability or increase slope fragility and collapse risk. One of the main objectives of this study was to
analyze and evaluate the impact of gully erosion on slope stability, particularly by assessing changes in slope
safety factors resulting from alterations in slope angles due to erosion. To achieve this, detailed field
measurements were conducted to analyze the geometry of the gullies, complemented by laboratory tests using
the direct shear apparatus to determine the cohesion and internal friction angle of slope materials under varying
water content conditions. Additionally, the RocPlane software was employed to simulate the mechanical behavior
of the slope and assess its stability under different scenarios. Results indicated that an increase in water content
from 17% to 25% led to a marked decrease in cohesion (from 104 to 51 t/m?) and internal friction angle(from
22.2° to 16.5°). RocPlane analyses revealed a substantial decline in safety factors for slopes impacted by erosion
and moisture—dropping to zero in some cases—while unaffected slopes maintained stability with a safety factor
of 2.92. These findings highlight the critical role of gully erosion in reshaping slope geometry and compromising
stability. The study recommends proactive removal of unstable rock blocks and enhancement of drainage systems
to mitigate the risk of future slope failures.
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1. Introduction

The movement of materials on the slopes of mountain roads is one of the most hazardous
geological phenomena due to the risks it poses to road users This risk increases with rapid and
sudden movements, which amplify the resulting damage [1] The causes of slope failures on
mountain roads are varied, including the slope geometry and the impact of rainfall [2] Water
plays a significant role as one of the primary triggers, affecting slope stability both directly and
indirectly, with one of its most prominent effects being gully erosion [3]Gully erosion is
defined as the process of rock and soil erosion caused by water flowing through natural gullies
on mountain slopes [4] This process gradually removes soil, weakening slope cohesion,
particularly in areas composed of soil and rock debris [5] Erosion also deepens gullies, creating
steeper slope angles that concentrate runoff in specific areas, which increases their fragility and
susceptibility to collapse [6,7] As the depth of the gullies increases, cracks and voids form,
further reducing the cohesion of both surface and subsurface layers, which can lead to partial
or full-scale collapses [8] Additionally, gullies fragment slopes into small, unstable blocks,
heightening the likelihood of independent movement [9] Heavy rainfall accelerates this process
by saturating the soil with water, further intensifying erosion and landslides [10] Clay, sandy
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soils, and rocky debris are particularly vulnerable to this phenomenon [11] Gully erosion does
not only result in morphological changes; it also leads to the destruction of the structural
integrity of slopes, increasing their susceptibility to collapse and posing a threat to mountain
roads [12] The research issue arises from the observation of erosion gullies on the slopes
parallel to the Rujban mountain road, where the slope is composed of rocky debris of varying
sizes Figure 1 It was noted that erosion had created a new slope angle of 35° within the gullies,
compared to the original angle of 60°, This observation raised two key questions: What is the
effect of gully erosion on slope stability? Can erosion, contribute to slope stability by reshaping
slopes into more stable angles?. Consequently, the aim of this research is to analyze and
evaluate the impact of gully erosion on slopes parallel to mountain roads, and to determine the
slope safety coefficients with changes in slope angles resulting from erosion.
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Figure 1: Gully erosion model [13] Figure 2: Gully Erosion On study area

The study area is situated on the northern edge of Jebel Rujban, with the road extending
northward to connect to the Aziziya-Nalut road Figure 3 Geologically, as shown in Figure 3,
the study area lies between the Sidi as Sid Formation [14] and the Kikla Formation [15] The
rocks in this area represent diverse sedimentary environments, formed through cycles of sea
advance and retreat, where both continental and marine species were deposited in a transitional
environment [16], In the study area Figure 3, the stratigraphic sequence culminates with the
Qasr Taghrana Formation, which is dated to the Upper Cretaceous [17].
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Figure 3: Location of the study area [18] Figure 4: Outcrop formations Rujban Area [18]
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2. Material and Methods

e Field study phase: The field study was conducted to collect data on slope geometry
Measurements and field data were recorded in two cases: first, when the slope
inclination angle was 60°, representing the natural slope cut in 1984 and considered
unaffected by gully erosion; and second, at an angle of 35°, "These results reflect the
effects of water erosion within the gullies. The slope geometry data are shown in Table
1. Accurate field measurements are crucial for realistically representing slope
conditions and enhancing the reliability of simulation models.

Table 1: On-Site Slope Geometry Data

Cases A | B C | D
Slope Condition unaffected by erosion affected by erosion
Water Quantity 30mm 60mm 30mm 60mm
Slope Height 9m 9m 9m 9m
Slope Angle 60° 60° 35° 35°
Failure Plane Angle 35° 35° 1° 1°
Upper Face Angle 10° 10° 10° 10°
Bench Width 6m 6m m3 3m
Seismic Coefficient 0.04 0.04 0.04 0.04
Tension Crack 90 ° 90 ° 90 ° 90 °
Water Pressure On Failure Plane On Failure Plane at toe of slope at toe of slope

One of the important field data recorded is the information on erosion gullies, which includes
the following variables: width of the gully at the surface, depth of the gully at the surface,
length of the gully, and affected area these data are presented in Table 2. The aim of calculating
these variables is to determine the Gully Erosion Rate GER, measured in m3/m?/year, which is
calculated using the relationship outlined in (1) [19].

Table 2: Field Data and Gully Erosion Analysis

Slope Slope Total Gullys Average Gullies Average Gullys Time Period
Length Height Length (L) Width (W) m Depth Years-T
200 m 9m 960 m 70 cm 80 cm 40 Years
Affected Area Gully Length | Gully Width (W) m Gully Depth
1800 m? 960 m 0007 m 0008 m Road Cut 1984
GER = — 1)
TXA
Where:

V = Gully volume (m3),
T = Time period years,
A = Affected area (m?)

The volume of groove erosion V m? is calculated by the relationship (2) [19]
V=—>r (2)

2XWXDXL

Where:
L= Gully Length (m)
|
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W = Gully Width at the surface (m),
D = Gully Depth (m)

Using Equation 2, the volume of gully erosion was calculated as 0.02688 m3. Substituting into
Equation 1, the gully erosion rate (GER) was determined to be 3.733 x 1077 m3/m?/year.
Comparison with Table 3 shows a very low erosion rate, indicating minimal fluting impact in
the area. A detailed interpretation will follow.

Table 3: Gully Erosion Severity Classification [20]

Gully Erosion Rate m3/m?/year Classification
Less than 00001 Very Weak
00001 — 00005 Weak
00005 — 0001 Moderate
0001 — 0005 Severe
Greater than 0005 Very Severe

Laboratory study phase: A sample of rock debris from a slope affected by gully
erosion was collected at a depth of 30 cm and transported to the lab The sample was
dried in an oven at 120°C for 24 hours, and then 30 mm of water was added for
homogenization Vertical and shear stress tests were performed using a direct shear
apparatus with a loading rate of 025 N/s and a 36 cm? loading frame, as described in
reference [21] The test aimed to determine cohesion and friction angle, with the linear
relationship between normal and shear stress recorded using a pre-prepared Excel curve
Figure 5, The test was conducted with three weights (4 kg, 8 kg, and 16 kg) Figure 6
According to reference [21], a collapse of the rock debris occurred at a water volume
of 80 mm, with internal saturation reaching 65%, leading to the loss of internal cohesion
and a value of 0 t/m? The extracted values for (C and ) are listed in Table 3, and these
data are essential for input into the RocPlane program
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Figure5: Relationship between normal &shear stress ~ Figure 6:Variable horiz sample at load( 4,8,16 kg)

The same tests were repeated on the original specimen with the addition of 60 mm of water
The results from the laboratory study are listed in Table 3 Direct shear tests are influenced by
factors such as rock type, surface roughness, water presence, and pore pressure [22].
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Table 4: Data and results obtained from the laboratory study

Water quantity 30mm 60mm
Saturation % 17% 25%
Cohesion C 10.4 t/m? 5.1t/m?
Friction Angle @ °22.2 °16.5
Unit Weight 1.7 glem? 2.1 glcm?
¢ RocPlane software phase: An interactive software tool for assessing the stability of
slope components. The tool enables users to estimate the required support to achieve a
specific safety factor in slope analysis and design by generating 2 and 3D models [23].
Figure 7. The software relies on several inputs, including:Slope geometry Figure 7,
based on the data listed in Table 1.Cohesion and friction angle Figure 8, listed in Table
4.External forces, such as water pressure and the seismic coefficient of the study area
[24].
Slope Failure Flane Deterministic Input Data 7 a X
Ange (deg): [ m S [ —E Geometry  Strength |Fort:es|
Height {m): Waviness (deg):
Unit Weight {./m3); = Waviness = [Avg. Angle] - [Min. Angle] Sl
¥ Tension Crack Upper Face Mohr-Coulomb v E=Gw oy g
Angle [deg):  [30 Angle (deg): j Friction Angle (deg): Cohesion §/m2):
= Minimum FS Location _g I™" Bench Analysis Safety Fact e
actor = |
¢ Speciy Location [472388 Wedge Weight = 3260 2 tonnes/m
o Normmal Force = 2670.6 tonnes/m
a‘lafzty F‘?Mc:h_:rr; ]ggégﬁzt y Distance in meters Resisting = 3061 26 tonnes/m
Noermg; Fo:_-fg = ég—,rﬂ_e'tononner;e/fnm Force in Tonnes (1000 kg) Drivina = 1869.97 tonnes/m
Distance in meters Resisting = 3061 26 tonnes./m
Farce in Tonnes (1000 kg) Driving = 1869.97 tonnes/m 0K | Cancel | Apply
Figure7: Inputs Geometry Slope Figure8: Inputs C & @ Angle.

To determine whether the slope is stable, the coefficient of safety, derived from the relationship
between the resistive force and the impulse, is compared with Table 5. This table categorizes
the stability of slopes, both parallel and adjacent to mountain roads [25].

Table 5: Highways slope stability classification [25]

Slope stability actor of safety
Stable >15
Intermediate stability 1.25-15
Precarious stability 1-1.25
Instable <1

3. Results and Discussion

The studied slope consists of rocky debris of various sizes, primarily composed of limestone,
clay, and marl rocks from the Sidi as Sid Fm of the Ain Tabi Member. During excavation, these
rocks were displaced, and the debris was used to form a new artificial slope made of soil, clay,
and rock blocks. The grooves observed in the slope reflect the effect of rainfall, which
contributed to lateral erosion of the grooves, removing soil and debris from the sides and
bottoms of the rock blocks Figure 9.This erosion, affects the stability of the rock blocks, soil,
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and clay, particularly in the absence of protective concrete barriers. Additionally, gully erosion
has altered the slope’s geometry, with an inclination angle of 35° within the gullies, indicating
the strong impact of this process. The Gully Erosion Rate (GER) is 3733 x 1077 m3/m2/year,
which is categorized as "very weak" Table 3, meaning the rate of material loss is relatively
slow and does not result in the formation of new gullies or channels.

Erosion of\ti'\e bottom and
sides of rock masses

‘Debris And CoHapsed %% =
. Rocks -

Figure 9: Section of the Slope Affected by Gully Erosion

This suggests that the erosion is gradual and continuous, but not significant enough to cause
rapid collapses or drastic changes to the slope in the short term. Moreover, the gullies have
contributed to the formation of new stabilizing angles within the slope. However, the greatest
risk lies in the potential collapse of large and medium-sized rock blocks that are currently
stabilizing the slope, especially within the gullies. It is expected that continued erosion over
time will lead to the collapse of these rock blocks, particularly with external factors like rainfall.
Additionally, the mud and collapsed debris have blocked the water drainage channels parallel
to the road path Figure 9, some of the rock blocks have collapsed, serving as an indicator of
the weakened state of the slope. The field study reflects the impact of geomorphological and
Hydrological factors on the stability of the studied slope. This is consistent with the results of
the laboratory tests conducted using the direct shear device. Laboratory data indicate that
increasing the water content from 17% to 25% led to a decrease in cohesion from 104 t/m2 to
51 t/m? Table 4, while the internal friction angle decreased from 22.2° to 16.5°.This finding is
directly related to the field study results, which showed that the flow of water inside the gullies
caused erosion of their sides, removing soil and debris. This erosion led to the collapse of rock
blocks, soil, and clay, particularly in the absence of concrete barriers. These observations are
consistent with the laboratory results, which indicated that an increase in water content reduces
shear strength and increases the risk of collapses. This makes large and medium-sized rock
blocks, located either on the slope or inside the gullies, more susceptible to future collapse.
Moreover, the laboratory data confirmed that the low internal friction angle of 16.5° Table 4
reflects the weak resistance of the slope components to collapse. This is connected to the
changes in slope geometry, as the angle of inclination inside the gullies reached 35°, suggesting

that gully erosion plays a major role in reshaping the slope's topography and affecting its
|
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stability. The closure of drainage channels parallel to the road due to debris is consistent with
the effect of increasing pore pressure from the high water content, which leads to the
disintegration of soil and rock debris. Consequently, the accumulation of eroded materials in
low-lying areas may further increase the risk of future collapses due to poor water drainage.
The data in Table 6 present a slope analysis using Rocplane software.

Table 6: Rocplane software output

Cases A | B [@ | D
Slope Condition Unaffected by erosion affected by erosion
Water Quantity 30mm 60mm 30mm 60mm

Normal Force 47.1065 t/m 0t/m 8.16441 t/m 10.0778 t/m
Resisting Force 93.2851 t/m 0t/m 43.4434 t/m 22.6553 t/m

Driving Force 31.9539 t/m 43.7766 t/m 0.470195 t/m 0.580829 t/m
Factor of Safety 2.92 0 92.3945 39.0051

In Case-A, Figure 10, the slope unaffected by erosion, indicating good stability at this location.
The Water Quantity in this case was 30 mm, which is relatively low and helps maintain
stability. Additionally, the vertical force was 47.106 t/m, reflecting a moderate weight effect
on the slope. Furthermore, the resistive force in Case A was the highest 932.8 t/m among all
cases, contributing to greater stability. The safety factor reached 2.9 confirming that the slope
in this case is stable, Table 5.
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Figure 11: Slope Unaffected by Erosion at 60mm

Figure 10: Slope Unaffected by Erosion at 30mm

On Figures 10 and 11, It is observed that the effect of water pressure is concentrated in two
locations. The first is in the vertical direction (tension crack - 90°, Table 1), extending from the
top surface to a depth of 4.31 m. This position is considered a weak point behind the wedge
and can only be observed in the field. The second place of water pressure concentration is on
the failure plane, where the pressure value varies depending on the amount of water.In case A,
the water pressure is 4.676 t/m3, while in case B, it is 8.41 t/m3.

In Case-C, Figure 12, the slope was affected by gully erosion, with a water amount of 30 mm,
the same as in Case A. The vertical force was 8.16 t/m, indicating a greater weight effect on
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the slope compared to Case A. However, the resistive force was lower than that in Case A,
suggesting that stability was slightly affected by erosion. Nevertheless, the safety factor in this
case was significantly high (92.39), indicating that the slope is stable Table 5.

In Case-D, Figure 13, the slope affected by gully erosion, with a Water Quantity of 60 mm,
similar to that in Case B. The vertical force in this case was 10.07 t/m, indicating greater
pressure on the slope due to weight. However, the resistive force was 2,266 t/m, which is lower
than in Case A, suggesting that the slope is relatively weak. Nevertheless, the safety factor in
this case was 39.01, indicating relatively good stability compared to Case B.

| Dist to Slope Crest |Upper Face Width | | Dist to Slope Crest | Upper Face Width |
| 2856 m | 1.000m | | 2856 m | 1.000 m |
Upper Face Height

Upper Face Height 0.176 mi— /4 pper Fac
0.176 m}— /-4 ace Angle Te ackAngle

Wedge Height
Wedge Height 2000m
2000 m C

¥ < - ._.__l Driving Force 0.47 t/m
S/ il 3
- 4 ‘ | -
Peak Water Pressure ly e o 46 um
L 0.022 tm*2

Figure 12: Slope affected by gully Erosion at ~ Figure 13:Slope affected by gully Erosion at
30mm 60mm

®

Y n ce 10.08 t/m
Peak Water Pressure Reme Foms,¥).08

0.039 tm*2

‘Suure Liane A —f—liDvmng Force 0.58 tUm~
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4. Conclusion

The study results revealed that gully erosion contributed a pivotal role in the stability of the
slope parallel to the Al-Rujban mountain road, directly affecting the slope's geometry.
Additionally, gully erosion indirectly contributes to the collapse of rock masses and debris, as
confirmed in the analysis. Water-induced gully erosion leads to the erosion of gully sidewalls,
exposing rock masses and soil to the risk of collapse, particularly in areas lacking engineering
support structures such as concrete barriers. Furthermore, the effects of erosion were evident
in the formation of new slope angles, with the inclination angle inside the gullies reaching 35°,
reflecting the significant changes caused by erosion in slope geometry. Rocplane software
analysis assessed slope stability under water erosion. Findings showed that increased water
content reduces cohesion and friction, weakening slope resistance. Pour water pressure from
excess moisture raises landslide risks, especially without proper drainage. Hydrological factors
significantly affect stability, as large water volumes alter slope forces. Despite its "very weak"
erosion rate, gully erosion causes gradual instability, posing a long-term collapse risk. The
study recommends regular monitoring and removal of unstable rock masses
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