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Abstract

The present study demonstrates the use of soil nailing as a slope stabilization method along the Jamuna
Riverbank, considering toe erosion and surcharge load heaped over the bank near the floodplain. The riverbank
consists of clay, sandy silt and silty sand layers of soil. Stability analysis was performed by the Limit
Equilibrium Method (LEM) using Geo-Studio (SLOPE/W and SEEP/W) software to evaluate the factor of safety
(FOS). In the study, the piezometric dropdown was considered from 10.2 mPWD to 5 mPWD. From slope
stability analysis, the magnitude of FOS was found to be 1.159 at 60 KPa surcharge pressure with 5m scour
depth. This indicates failure of slope as the value of FoS was below 1.3, the minimum FoS for an untreated slope
as per the JKR guideline. Using solid concrete block and geotextile filter as riverbank protection measures, FoS
was found to increase by 1.414, which also indicated a failure of the riverbank, as the value was below 1.5, the
minimum FOS for treated slope according to the guidelines. After applying soil nailing, FOS was increased to
1.687 at the same arrangement of surcharge pressure and scouring, indicating a stable slope against failure. It was
found that stability for the existing slope and load condition improved significantly with three rows of 25 mm
diameter nails at an inclination of 60°, placing the nails at 2000 mm intervals. Soil nailing is a cost-efficient and
dependable method for reinforcing unstable slopes, providing a sustainable and long-lasting solution to problems
like erosion and slope instability.
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1 Introduction

An unstable riverbank is a major issue for river and floodplain management in the Brahmaputra-Jamuna River
system of Bangladesh. Floods cause significant changes in the morphology of braided rivers on alluvial plains,
including external bank erosion. (Ashraf et al., 2016). Variations in river water level, the composition of bank
materials, the severity of bankline shifting, unexpected floods, and unanticipated interventions are important
short-term drivers of riverbank failure (Coleman, 1969; Rahman et al., 2025). The riverside protection structure
is a crucial construction that shields the riverbank from both natural and man-made influences. In areas with
complicated geotechnical conditions, the failure of riverbank protection systems presents serious challenges to
environmental sustainability and infrastructure stability. Engineering problems can develop when design
requirements are faulty or environmental assessments are inadequate, compromising the effectiveness of the
structures and resulting in significant failures. Concrete revetme nt, soil nailing, anchor piles, and stone armour
layers are some of the typical structural measures that are utilised in riverbank protection constructions.(Bhuiyan
et al., 2002; Pham & Van Phu, 2025). Over the last two decades, the Bangladesh Water Development Board
(BWDB) has developed the widely accepted riverbank protection technology of revetment, consisting of a
single-layer concrete block with a geotextile filter sandwiched between the concrete block and the soil surface
(Oberhagemann et al., 2020).

There are many methods to stabilise the slopes that are on the verge of failure. The soil nailing technique is one
of them, in which the existing slope is reinforced with steel bars (Zhang et al., 2011). The basic idea behind soil
nailing is to reinforce the soil with closely spaced steel bars in pre-drilled holes, which are subsequently grouted
under pressure using a grout hose. The grout transfers load to the soil nails through friction, resulting in slope
stability. (Alsubal et al., 2017). The purpose is to support the tensile and shear stresses in soil and restrain its
deformation. Soil nailing is particularly beneficial for the existing slope due to its low construction cost, simple
installation method, and the ease and speed of construction (Bathini & Krishna, 2022; Deng et al., 2017) The
stability of the slope depends on various parameters, such as nail length, nail diameter, slope angle, and the angle
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of internal friction. It is widely known that the nail force by friction or bond to the surrounding soil can decrease
the principal strain in soil and hence improve the stability and decrease displacement (Mangnejo et al., 2019).

Various researchers have performed several studies to determine the effect of soil nailing on the stability analysis
of the slope. Idrus et al. (2023) analysed slope stability using Geo-Studio software, comparing geotextile with
soil nailing, and recommended soil nailing for remedial work as it needs an inexpensive and uncomplicated
installation technique. Rotte et al. (2011) performed a stability analysis to study the effect of slope geometry, nail
parameters, and the impact of rising water surface within the slope on the overall stability of a soil-nailed slope,
which was found to be dependent on nail location and inclination to the slip surface. Mittal and Biswas (2006)
Showed that the magnitude of the factor of safety increases with an increase in parameters like angle of internal
friction of soil, length of nail versus height ratio, cohesion of soil, and nail inclination with horizontal for
cohesionless soil nailed riverbank. The study also revealed that nail grouted with cement performs better than
driven nails. In this study, slope stability analysis was performed using the limit equilibrium method
(Morgenstern-Price) to compare the factor of safety for unreinforced and reinforced with soil nailing, considering
seepage pressure, surcharge load with scoured toe along the Jamuna Riverbank.

2 Methodology
2.1 Study area

The present study was conducted on the left bank of the braided Jamuna River, located in Chauhali Upazilla of
Sirajganj district, which is one of the most highly erodible reaches in Bangladesh (Figure 1). The Jamuna River
is typically braided and complex in its planform. The catchment area of the Jamuna River is about 47000 sq km
in Bangladesh. Average depth, width, and dominant discharge are 8m, 12 km, and 38000 m%/s, respectively
(Islam & Matin, 2023). On the Jamuna, generally the top 5 to 10m of the bank soils are slightly cohesive, while
below this depth up to around 20m, the subsoil mainly consists of micaceous silty sand. The composition of bank
material is predominantly 60% sand, 35% silt and 5% clay. The river is known for its high-bank erosion risks.

2.2 Geometry of slope

The geometry of the riverbank slope was schematised using SLOPE/W, a prominent and extensively used
software for stability analysis. In the study, Morgenstern-Price is considered to analyse the impact of nails on
slope. A 30.2 m height slope consists of three types of soil layers, i.e., clay, sandy silt and silty sand layers.
Geotechnical properties of different soil layers are shown in Table 1. In this investigation, three models are
considered for stability analysis with 60 KPa surcharge load and 5m scour depth. At the same location, the
Jamuna riverbank was found to have failed when the scour depth reached above 5m, as reported in Islam (2020).
The first model indicates the geometry with surcharge pressure and toe-scour without any riverbank protective
measure (Figure 2). The second scenario incorporates solid block revetment and geotextile filter with surcharge
pressure and scouring (Figure 3). The Third model includes soil nails with preexisting conditions (Figure 4). The
slope ratio for the riverbank was taken as 3:1.
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Table 1: Geotechnical properties of different soil layers
Layers Thickness Unit weight Cohesion Angle of Volumetric Saturated Kx
(m) (KN/m?®) (KPa) internal water (m/s)
friction (°) content
Clay 7.2 18 20 15 0.15 3x107°
Sandy Silt 10 16.28 6 29 0.05 1x10—4
Silty Sand 13 16 6 27 0.05 1x10—4

CC Block

Elevation
Elevation

Filter

Distarce

Figure 2: Geometry with Figure 4: Geometry with soil
surcharge and toe scour nailing

Elevation

Distance

Figure 3: Geometry with CC
block and geotextile filter

2.3 Soil nailing and riverbank protection parameters

Three rows of 12m long soil nails with a yield strength of 500 MPa were used to upgrade the existing slope. The
spacing of nails was considered to be 2m, and the inclination of the nail was 60° from the horizontal. The
grouted nails used in the analysis were made up of steel with a 25mm bar diameter and a 150mm grout diameter.
For slope modelling, the thickness of the concrete block and the geotextile filter(woven) was considered 300mm
and 5mm, respectively. Three layers of geotextile filter layer were sandwiched between sand and the concrete
block. Nail properties are shown in Table 2.

Table 2: Soil nail parameters

Number of bars 3
Length(m) 12
Inclination angle (°) 60
Spacing(mm) 2000
Bond diameter(m) 0.15
Pullout resistance (KPa) 150

2.4 Steps for modelling

The slope stability model was created using SLOPE/W and SEEP/W modules from the Geo-Studio 2018
software package. In this paper, these two modules were coupled to calculate the seepage field of the slope using
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SEEP/W, and then the computed result of the SEEP/W was connected with the SLOPE/W to calculate the safety
factor of the slope model when the water level dropped, using the limit equilibrium method. The initial condition
was first constructed in the SEEP/W model using a steady-state water level. Then SEEP/W was used to simulate
the transient seepage under the influence of the recession of the flood water. In this study, the rapid drawdown
condition was considered to examine the stability after a flood event. The duration of the simulation was 20 days
with an initial increment of 0.5 days, while this increment was exponentially increased when the rapid drawdown
analysis was considered. At the initial level, the boundary condition was set to a total head of water of
10.2mPWD. When rapid drawdown was considered, the boundary condition was determined with a constant
water level of 5SmPWD, while the upper portion of the riverbank was regarded as the seepage face of water.

3 Results
3.1 Slope stability analysis with surcharge pressure and toe-scour

The slope stability analysis result showed that when 60 KPa surcharge pressure and 5m scour depth were
considered, FOS was only 1.159, as shown in Figure 5. The outcome of this result indicates that the existing
slope does not meet the minimum safety factor of 1.30. From the FOS vs Time graph, it can be seen that FOS
remains constant at 1.15 after 5 days of initiation of the flood event. According to JKR guidelines for slope
design (2010), all untreated slopes, either cut slopes, fill slopes or embankments, shall be designed with a
minimum FOS of 1.30, while treated slopes must have a minimum FOS of 1.50 (Slope Engineering Branch,
2010). When the FOS of a riverbank does not meet the requirements, the slope needs to be re-analysed with
remedial measures to prevent failure.
FOS vs Time
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Figure 5: Slope stability analysis with surcharge pressure and toe erosion, considering no riverbank
protective measures

3.2 Slope stability analysis with concrete block and geotextile filter

When the riverbank was treated with 300mm cube concrete blocks and the geotextile filter beneath the CC block,
the FOS was found to be 1.414, which also does not match the minimum requirement of treated slope, as the
value was below 1.5 (Figure 6). From the FOS vs Time graph, it can be depicted that FOS does not change at a
value of 1.413 after 5 days of initiation of floodwater drawdown.
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Figure 6: Slope stability analysis with concrete block and geotextile filter as riverbank protective measures

3.3 Slope stability analysis with soil nailing
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After the application of soil nailing, FOS was found to be improved by 1.687, as shown in Figure 7, which
fulfilled the minimum requirement for the treated slope according to the JKR guideline. Also, the FOS vs Time
graph indicates that the magnitudes of FOS increase exponentially during the entire recession period of flood
water. From Figure 8, it can be said that soil nailing will be the appropriate protective measure for the left side of
the Jamuna Riverbank at Chauhali when stability analysis is performed with other remedial measures and load
arrangement.
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Figure 7: Slope stability analysis with soil nailing considering existing surcharge and scouring
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Figure 8: Comparison of FOS of the present study with the JKR guideline

4 Conclusions

The present study was made on the left bank of the Jamuna River near Chauhali in Sirajganj district. The study
site was marked as a very erodible area, as it frequently collapsed when treated with CC block revetment after
every monsoon flood period (Islam & Matin, 2023). In this study, slope stability analysis was carried out
comparing cement concrete block revetment with soil nailing technique, considering 60 KPa surcharge pressure
and 5m scour depth. In the analysis, SEEP/W was used to calculate pore water pressure. Then, stability analysis
was performed using SLOPE/W with the results from SEEP/W using the Morgenstern-Price limit equilibrium
method. FOS values for the untreated slope and the treated slope with cement concrete block were found to be
1.159 and 1.414, respectively, which do not meet the guideline requirement. When the soil nailing technique was
applied, FOS increased to a value of 1.687, confirming a stable riverbank. After the analysis, it can be concluded
that soil nailing increases the resisting force to protect the riverbank against failure and can be considered an
effective slope stabilisation method, which is easy to construct and requires low maintenance (Wang et al.,
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2024). This study is important because it will help to design a failed slope properly, ensuring a safer
environment, minimising loss of life and infrastructure.
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