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ABSTRACT 

Soil nailing is a widely adopted and cost-effective technique for 

enhancing the stability of soil slopes in excavations, landslide-

prone areas, and infrastructure projects. In this paper, with 

optimum soil nail inclination angle, an attempt has been made 

to find an effective way of nailing the slopes for better stability 

in terms of Factor of Safety (FOS). Using SLOPE/W 

(GeoStudio 2018 R2), several nail inclination angles with a 

horizontal axis were applied to a simulated homogenous soil 

slope (slope angles 30°, 45°, 60°, 75°, and 90°) to get a higher 

Factor of Safety. The factor of safety was calculated using the 

Mohr-Coulomb expression and the limit equilibrium (LE) 

approach in the Morgenstern-Price method, considering pore 

water pressure as the Ru value. The results indicate that using 

the upper nails inclination angle below the optimum angle (25° 

for 30° and 45°, 20° for 60°, and 15° for 75° and 90° soil slopes) 

used in the lower nails increases the Factor of Safety for gentle 

(30°) and medium (45° and 60°) soil slopes. The upper nails 

inclination angle ranging from 5° to 15° gives a higher value of 

FOS than with the optimum nail inclination angle for those 

slopes, but for the steep soil slopes (75° and 90°) the higher 

FOS value is obtained by nailing the upper and lower nails with 

the optimum inclination angle. Better stability and a greater 

Factor of Safety (FOS) result from nailing a soil slope with the 

optimum nail inclination angle at the lower nails and a lower 

nail inclination angle at the upper nails (between 5° and 15°) 

for gentle and medium soil slopes and for steep slopes with 

optimum nail inclination all over the slope. 
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1. INTRODUCTION 
Soil nailing has emerged as an efficient and economical 

technique for stabilizing soil slopes and excavations by 

installing passive reinforcing elements, typically steel bars 

grouted into the soil, which mobilize tensile resistance through 

soil-nail interaction. In soil nailing, the reinforcement is 

installed horizontally or sub-horizontally so that it improves the 

shearing resistance of the soil by acting in tension [1]. The 

grout is applied to protect the steel bars from corrosion and to 

transfer the load efficiently to the nearest stable ground [2].  

Among the key design parameters of soil nailing, the 

inclination angle of the nails significantly influences the overall 

stability, pull-out resistance, and deformation behavior of the 

nailed soil mass. The Factor of Safety (FOS) of slopes increases 

with an increase in the nail inclination angle with the horizontal 

axis, and at an optimum angle of nail inclination it obtains the 

highest value, then starts decreasing with further increase in the 

nail inclination angle [3][4]. At the optimum nail inclination 

angle, the nails provide a sufficient perpendicular force to resist 

sliding, maintaining a significant horizontal force for 

anchorage [4]. Numerous studies have employed the classical 

limit equilibrium method to analyze the stability of reinforced 

soil slopes [3][4][5][6][7][11][12]. A study developed an 

optimal computer-based design method for nailed soil slopes, 

in which the ideal spacing, orientation, and diameter of the nails 

are determined to maximize the factor of safety while 

identifying the critical slip surface [8]. Experimental and 

numerical analyses have shown that, in addition to slope 

geometry and soil characteristics, factors such as nail angle, 

length, spacing, and cable properties significantly influence the 

stability of nailed soil slopes [9][10].  Very few studies 

considered the influence of back slope inclination [9][13]. 

Many studies are conducted worldwide to find the suitable nail 

inclination, and numerical simulations revealed that horizontal 

nails are most effective for vertical slopes, while for inclined 

slopes, optimal nail orientation varies with slope gradient [14]. 

A case study further revealed that soil nail inclination has only 

a slight effect on the stability of soil-nailed walls when the 

inclination angle varies between 5° and 20° from the horizontal 

[15]. Experimental studies on 60° sand slopes further showed 

that nails installed at 0° (horizontal) are more efficient in 

providing stability compared to those at 15° and 30° 

inclinations [16]. A numerical analysis again indicated that the 

FOS improved significantly at nail inclination of 40° [17]. 

These variations observed across previous studies establish a 

strong foundation for conducting a detailed slope analysis. In 

this study, an attempt was made to determine the optimal nail 

inclination angle for different positions on the inclined slope 

surface using three sets of nails (upper, middle, and lower). 

Obtaining the optimum nail inclination angles, an attempt was 

also made to find the effective nailing on the soil slopes.  

2. METHODOLOGY [4] 
In this study, numerical simulation was carried out using 

GeoStudio SLOPE/W software. The analysis aimed to evaluate 

the factor of safety (FOS) under different design conditions 

using the limit equilibrium method. Hypothetical slope models 

were created in SLOPE/W to simulate the behavior of 

reinforced soil slopes. The Morgenstern-Price method was 

selected as the analysis type. The slip surface was defined using 

the “Half-Sine” function for both the entry and exit sides. The 

Entry and Exit slip surface search method was applied with 

movement from left to right, storing one critical slip surface 

without optimization, and no tension crack was included. 

Geometry was defined with a minimum slip surface depth of 

0.1 m, divided into 30 slices. Factor of safety (FOS) 

convergence was achieved using the Root Finder search 

method, allowing up to 100 iterations with a tolerable FOS 

difference of 0.001. The analysis used effective stress strength 

parameters to represent the behavior of the homogeneous soil 

slope with and without nailing. Pore water pressure conditions 

were defined by the Ru method, with Effective Stress Strengths 

considered for staged pseudo-static analysis and a unit water 
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weight of 9.807 kN/m³. The physical properties of soil were 

considered as described in Table 1. The pore water pressure 

(PWP) condition and seismic coefficients were defined as 

described in Table 2. 

Table 1. The soil properties of slope [4] 

Parameter Unit 

Weight, g 

(KN/m3) 

Cohesion, 

c 

(KN/m2) 

Angle of 

Internal 

Friction, Φ 

( ° ) 

Value 18 05 33 

Table 2: Pore water pressure and Seismic coefficient [4] 

Parameter value 

Horizontal seismic coefficient (kh) 0.15 

Vertical Seismic coefficient (kv) 0.10 

PWP as Ru coefficient 0.25 

 

Table 3. The soil nail properties [4] 

Parameter Value 

Tensile Capacity 300 KN 

Pullout Resistance 100 kPa 

Bond Diameter 0.318 m 

Resistance Reduction Factor 1.5 

Tensile Capacity Reduction Factor 1.5 

Shear Reduction Factor 1.0 

Apply Shear Parallel to slip 

 

The soil nail’s properties used in this study are described in 

Table 3. The designated bar capacity used 300 KN with a safety 

factor of 1.5 and a spacing of 1.5m. Consequently, the 

maximum load that can be applied 133.333 KN (300/1.5/1.5). 

The defined bond skin friction used 100 kPa with a safety factor 

of 1.5. Thus, the bond resistance that can be applied 44.444 

KN/m (100/1.5/1.5). In this situation, the necessary bond length 

for the bar to utilize its allowable load of 133.333 KN is 3m 

(133.333/44.444). Therefore, the bond length available behind 

the slip surface must be sufficient to permit the nail to employ 

its maximum load [6]. So, the available bond length behind the 

slip surface should be long enough to allow the nail to use its 

maximum load.  

2.1 Model parameters used in the stability 

analysis of slopes 
For the purpose of the study, a variety of nail inclination angles 

were used. With a 5° increment in each analysis, the 

inclinations vary between 5° to 50° with the horizontal axis. For 

the hypothetical homogeneous soil slopes of gentle and 

medium gradient (30° to 60°) three sets of nails (upper, middle, 

and lower) and two sets of nails (upper and lower) for steep 

slopes (75 ° and 90°) were used in four rows with 1.5m spacing. 

The soil nail sets are applied to the hypothetical soil slopes at 

different positions depending on the height along the slope. 
Figure 1, Figure 2 and Figure 3 show the position of the upper, 

middle and lower nail sets accordingly. In this study, an 

optimum inclination angle was determined for each set of nails.  

 

Fig 1: Shows FOS with upper nail set inclination angle 5° 

in modeled soil slopes of 30° 

 

Fig 2: Shows FOS with middle nail set inclination angle 

15° in modeled soil slopes of 30° 

 
Fig 3: Shows FOS with lower nail set inclination angle 25° 

in modeled soil slopes of 30°  

The model parameters used in the analyses are described in 

Table 4. 

Table 4. Model parameters used in analysis  

Soil Slope 30° 45° 60° 75° 90° 

Slope Height 14m 12m 10m 

Nail Length 16m 14m 

. 
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3. RESULT AND DISCUSSION 
This study was conducted to determine the highest Factor of 

Safety (FOS) for used three sets of nails to evaluate the 

optimum nail inclination angle with respect to the position of 

the nails according to height. The FOS obtained its maximum 

value at the optimum angle and indicated the suitable nail 

inclination angle for this position of the slopes. For three sets 

of nails (upper, middle, and lower), three different nail 

inclination angles are obtained with the highest FOS for a given 

slope. Figure 4 shows the variation of Factor of Safety (FOS) 

with nail inclination angle for different nail sets on soil slopes. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Fig 4: Shows the variations of FOS with respect to nail 

inclination angles for nail sets on the soil slopes of (a) 30°, 

(b) 45°, (c) 60°, (d) 75°, (e) 90° 
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The analysis determines the optimum nail inclination angle that 

yields the highest Factor of Safety (FOS). However, the 

optimum inclination angles varied for different nail sets on the 

same simulated soil slope. This variation occurs because of the 

shape of the critical slip surface generated during slope 

analysis, which governs the failure mechanism. At the optimum 

nail inclination angle, the soil nails provide better resistance 

against slope failure. The horizontal component of the nail 

force contributes to pullout resistance, thereby anchoring the 

nails firmly in position, while the vertical component resists the 

movement along the slip surface, enhancing overall slope 

stability. 

From this study, the optimum nail inclination angle was found 

to be 25° for the 30° and 45° soil slopes, 20° for the 60° soil 

slope, and 15° for the 75° and 90° soil slopes at the lower nail 

set. For the middle and upper nail sets, the optimum inclination 

angle ranged between 5° and 15° across all slopes. 

Since the optimum nail inclination varies with the position of 

the nails along the slope height, an attempt was made to identify 

the most effective nailing pattern over the entire slope. It was 

observed that, for gentle to medium slopes (30° to 60°), 

installing the lower nails at their respective optimum 

inclination while keeping the middle and upper nails at 

inclinations between 5° and 15° yielded a higher Factor of 

Safety (FOS) compared to using a single optimum inclination 

angle throughout the slope. However, for steep slopes (75° to 

90°), using a single optimum inclination angle (corresponding 

to the lower nail set) across the entire slope produced the 

highest FOS. The results found in these analyses were shown 

in Figure 5 and Table 5. 

 

Fig 5: Shows Factor of Safety with respect to soil slope 

angle.

 

Table 5. The soil slopes with nailing 

Slope 

Angle 
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60° 

 
 

75° 

  

90° 

 
 

4. CONCLUSION 
This study was conducted to determine the effective nail 

inclination for reinforcing soil slopes. Reinforcing soil slopes 

using the soil nailing technique significantly improves slope 

stability in terms of the Factor of Safety (FOS). Based on the 

results of the investigation and the discussion presented above, 

the main conclusions can be summarized as follows: 

➢ Installing nails at the lower portion of the slope is more 

effective than placing them at the middle or upper 

portions. 

 

➢ To obtain greater stability in terms of FOS, the nail should 

be installed at its optimum inclination at the lower height 

and at the middle and upper heights with the inclination 

between 5° to 15° for gentle and medium soil slopes (30 ° 

to 60°). 

 

➢ For the steep slopes (75° to 90°) of medium height, the 

nails should be installed at its optimum inclination angle 

(found at lower height) all over the slope height to obtain 

greater stability with higher FOS. 
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