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A B S T R A C T   

The limit equilibrium method LEM is widely used for static and pseudo-static soil nailing designs. Soil nailed wall 
stability is usually evaluated based on a global factor of safety FSG under a predefined failure mechanism. When 
appropriate failure surfaces are adopted, FSG should reduce with the soil nailed wall inclination β for different 
nail geometries (length L, inclination α and diameter D), soil–nail strength rs, soil cohesion c’ and angle of friction 
ϕ’. However, nail spacing S can change this trend since FSG increases with β under certain combinations of β and 
S. In this study the nail spacing effect has been evaluated using LEM assuming a bilinear failure surface with two 
rigid blocks and the Morgenstern-Price method where the failure surface is neither linear nor circular. However, 
it was found that FSG increases with β for S < 2.00 m, which can lead to potentially unsafe designs. Alternatively, 
the finite element method FEM was chosen including the strength reduction factor SRF methodology which is 
equivalent to FSG under failure conditions. It was found that results from FEM represent a significant 
improvement respect to those from LEM because curves in a FSG-β-S plot follow a logical trend as with the other 
parameters (L, α, D, rs, c’ and ϕ’). Finally, it is recommended to choose FEM instead of LEM in soil nailing de-
signs. In case of using LEM, results should be carefully assessed, in particular for steep walls and close nail 
spacing.   

Introduction 

The soil nailing technique is a geotechnical solution used mainly for 
reinforcing slopes and vertical excavations that are or may become 
unstable. This is achieved by installing passive bolts known as nails, 
whose length and spacing are determined using different calculation 
procedures with the aim of increasing the soil shear strength. Soil nailed 
walls have become technically and economically more efficient than 
traditional walls (e.g. gravity and cantilever). By comparison, earth 
reinforced structures (also known as mechanically stabilised earth walls, 
MSE-wall) are composed of reinforcement elements such as a geo-
synthetics (geogrids, geotextile), metal rods, stripes or meshes which 
rest on layers of well compacted fill material (e.g. [35,19]). Contrarily, 
soil nailing does not incorporate a fill material, but introduces inclined 
axial reinforcement elements (nails or bolts) within the natural ground 
as shown in Fig. 1. 

Soil nailing designs are mainly performed using the limit equilibrium 
method LEM because is straightforward to use and results can be easily 
interpreted by means of a global stability factor of safety FSG. However, 

the use of LEM requires the assumption of a failure surface geometry and 
when nails are relatively close to each other, FSG results become 
inconsistent [43]. 

This paper presents a study of the nail spacing effect on the soil 
nailing global stability. Pioneer experimental research projects on soil 
nailing and the application of LEM to interpret and analyse the results 
from these projects are first described. Then, numerical studies on soil 
nailing where comparisons of results from LEM and the finite element 
method FEM are discussed. 

From the above studies it can be concluded that research focusing on 
nail spacing has not yet been carried out and therefore there is a need for 
this investigation. Consequently, in this study the nail spacing effect is 
approached by applying LEM and FEM to two examples. Subsequently, a 
parametric analysis involving the variation of FSG for a pertinent range 
of values of nail spacing S and soil nailed wall β is performed. The scope 
and objective of this paper is to show that nail spacing can have an 
important effect on the FSG values obtained from LEM and FEM, 
depending mainly on the shape and extension of the failure mechanism 
developed. 

* Corresponding author. 
E-mail addresses: svillalobos@soenco.cl (S.A. Villalobos), avillalobos@avillalobos.cl (F.A. Villalobos).  

Contents lists available at ScienceDirect 

Transportation Geotechnics 

journal homepage: www.elsevier.com/locate/trgeo 

https://doi.org/10.1016/j.trgeo.2020.100454 
Received 3 October 2019; Received in revised form 22 August 2020; Accepted 4 October 2020   

mailto:svillalobos@soenco.cl
mailto:avillalobos@avillalobos.cl
www.sciencedirect.com/science/journal/22143912
https://www.elsevier.com/locate/trgeo
https://doi.org/10.1016/j.trgeo.2020.100454
https://doi.org/10.1016/j.trgeo.2020.100454
https://doi.org/10.1016/j.trgeo.2020.100454
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trgeo.2020.100454&domain=pdf


Transportation Geotechnics 26 (2021) 100454

2

Finally, it is important to highlight the relevance of this study since 
LEM is widely used in geotechnical engineering practice with the po-
tential risk of leading to unsafe static and pseudo-static soil nailing de-
signs. The authors are aware of a few cases of soil nailing failures in 
Chile, which might be associated to an under design due to a higher 
global factor of safety for narrow nail spacing and steep walls. However, 
no access was possible to the information of these projects due to 
confidentiality. 

Soil nailing experimental research 

It is considered that the first soil nailing application was carried out 
in 1972 for the construction of a wall due to a vertical excavation for a 
railway widening in Versailles, France [34,47]. In 1986 started the 
Clouterre research programme in France which involved three experi-
mental large scale soil nailed walls in prepared fill in addition to the 
monitoring of six structures in service. The results from this project led 
to a soil nailing design method based on limit equilibrium where the 
nails apart from axial resistance, they can also resist bending [5,34]. 

Another soil nailing research project was carried out in Germany 
between 1975 and 1981, which involved seven instrumented large scale 
in situ tests and laboratory scaled models [12,11,41]. The limit equi-
librium method LEM was also applied for soil nailing designs assuming a 
bilinear failure surface considering only the nail axial resistance in the 
soil-structure global stability. A research project was carried out in the 
USA as well, where the soil nailing technique was called ground lateral 
support [1]. This project included a large scale instrumented model, in 
situ measurements and centrifuge testing. A design method was pro-
posed based on LEM where a parabolic failure surface was assumed as 
well as only nail axial resistance. Moreover, other research projects with 
soil nailing instrumentation and monitoring have proposed a kinemat-
ically admissible logarithmic spiral as a failure surface using LEM [23]. 
Furthermore, soil nailing design and construction manuals have been 
published where LEM has been adopted with recommendations 
regarding the failure surface shape and a minimum nail spacing of 1.0 m 
[3,26,16]. 

It can be concluded that a bilinear failure surface is normally adopted 
in LEM analyses because it matches the failure surface found in labo-
ratory and field experiments under static and seismic loading. Results 
from static tests in the laboratory [12] and in the field [41] have shown 
the development of a rigid block with a bilinear shape. Moreover, results 
from dynamic experiments of scaled soil nailed walls in a centrifuge 
have shown a bilinear failure surface shape under accelerations up to 
0.45g for horizontal and vertical nail spacing of SH = 1.9 m and 
SV = 2.5 m and 90◦ of wall inclination β [42]. Then, there is evidence 
that for relatively distant nails, LEM and FEM provide similar results of 
FSG, where the experimentally found failure surface can be properly 
modelled by LEM and FEM. However, there are combinations of narrow 
nail spacing S and β for which LEM cannot provide appropriate values 
(following a rational trend). In this paper it will be shown that FEM does 

not have this problem or at least not so pronounced because the failure 
surface (shear bands) although extend behind the nails with a large 
wedge as LEM does, these shear bands are weak and hence without 
increasing resistance beyond physical possibilities (FSG). 

Soil nailing calculation methodologies 

In Hong Kong soil nailing is widely used in heavily weathered granite 
with spacing usually between 1.5 and 2.0 m [14]. It is worth mentioning 
that Geoguide 7 [14] not only recommends the use of LEM that satisfy 
force and moment equilibrium, but it also suggests the use of stress–-
strain analyses in particular cases, for instance, when nails are steeply 
inclined by undertaking numerical analyses with a strength reduction 
factor SRF. 

The use of LEM for soil nailing design is widely used in geotechnical 
engineering practice because it is simple and more convenient in terms 
of time and resources. In addition, LEM allows direct assessment of the 
soil nailed wall stability by means of a global stability factor of safety 
FSG. As it has been presented above, calculation procedures from pre-
vious research programmes are based mostly on LEM and they have 
been incorporated within computer programs which are relatively 
straightforward to use (e.g. [38,40]). Nevertheless, LEM has limitations 
arising mainly from the fact that this method does not consider strain 
and displacement compatibility. Moreover, a priori shape and location 
of the failure surface are assumed. It is also assumed that the shear 
strength is at once and simultaneously reached along the whole length of 
the failure surface. A priori relations have to be assumed regarding the 
forces between blocks or slices. Furthermore, the sliding mass is 
assumed to move as a rigid block and only along a predefined failure 
surface [18]. Therefore, the application of LEM can result in misleading 
FSG values and unrealistic force distributions especially in conditions of 
stress concentrations [24]. 

Indeed, in a parametric study of soil nailing design using LEM with a 
bilinear failure surface Villalobos et al. [43] found that while FSG re-
duces with the soil nailed wall inclination β for different combinations of 
nail geometries (length L, inclination α and diameter D) and for different 
soil–nail strengths rs, soil cohesion c’ and soil angle of friction ϕ’, FSG 
increases with β under certain combinations of nail spacing S and β. Even 
though Villalobos et al. [43] introduced modifications to restrain 
excessive extensions of the failure surfaces which led to changes in the 
FSG trend, this procedure is not practical and reliable because the user 
instead of the program algorithm has to search for the critical failure 
surface to obtain the minimum FSG. 

In this study, LEM will be first evaluated adopting a bilinear two rigid 
blocks failure surface using the commercial software Stability [40]. This 
is similar to the work by Villalobos et al. [43], although they used an 
earlier version of Stability [40]. In addition, the slice Morgenstern-Price 
method MPM [29] will be considered in this study. MPM is not only 
more rigorous since simultaneously complies with force and moment 
equilibrium in each slice considering interslice normal and shear forces, 

Fig. 1. Typical soil nailing applications, reinforcing: a) natural slopes and b) excavations.  
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