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Nailed-Soil Retaining Structures: 
Design and Practice 

lLAN JURAN 

Soil nailing is an in situ soil reinforcement technique that has 
been used during the last two decades, mainly in France and 
Germany, to retain excavations or stablllze slopes. The funda
mental concept of soil nailing is the reinforcement of the 
ground by passive inclusions, closely spaced, to increase the 
overall shear strength of the in situ soil, to restrain its displace
ments, and to limit its decompression during and after excava
tion. The technology, construction process, design methods, 
and fundamental aspects of behavior and soil-nail interaction 
in nailed-soil retaining structures are discussed. 

Soil nailing is an extension of the "new Austrian Tunneling 
Method" (1), which combines reinforced shotcrete and rock
bolting to provide a flexible support system for the construction 
of underground excavations. However, its rapid development 
has been considerably enhanced by the increasing use of the 
Reinforced Earth® technique in mountainous areas. 

Soil nailing has been used in a variety of civil engineering 
projects including stabilization of railroad and highway slopes 
(2,3), construction of retaining structures for excavations as 
deep as 30 m (4-8), and tunneling and other civil and industrial 
projects (9). Typical applications are shown in Figure 1. As 
demonstrated by Gassler and Gudehus (10), nailed-soil retain
ing structures can withstand both static and dynamic vertical 
loads at their upper surface without excessive displacements. 

In this paper are presented the technology, construction pro
cess, design methods, and fundamental aspects of behavior and 
soil-nail interaction in nailed-soil retaining structures. A 
shorter version of this paper has been published elsewhere ( 11 ). 

TECHNOLOGY, STRUCTURAL 
ELEMENTS, AND CONSTRUCTION 
PROCESS 

The main components of a nailed-soil retaining structure are 
the in situ ground, the resisting inclusions, and the facing. The 
economy of the system is predominantly dependent on the 
technology and construction rate. The technology of soil nail
ing is flexible, and both the structural elements (inclusions and 
facing) and installation techniques can be easily adapted, even 
during construction, to provide iQe most appropriate engineer
ing solution for specific site conditions and soil profiles. To 
date, soil nailing has been used primarily in temporary retain
ing structures. Concerns about permanent nailed-soil systems 
are the durability of metallic inclusions in the ground and the 
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shortcomings of facing technology. Therefore, in recent years, 
technological developments have been mainly focused on pro
ducing low-cost, corrosion-protected nails and prefabricated 
concrete or steel panels that provide a more appropriate re
sponse to different aesthetic, environmental, and durability 
requirements. 

Inclusions and Installation Techniques 

The steel reinforcing elements currently used can be mainly 
classified as (a) driven nails, (b) grouted nails, (c) jet-grouted 
nails, and (d) encapsulated corrosion-protected nails. 

Driven Nails 

Driven nails, commonly used in France and Germany, are 
generally low-cost, small-diameter (15 to 46 mm) rods or bars, 
or metallic profiles, made of mild steel with a yield strength of 
350 MPa (50 ksi). They are closely spaced (2 to 4 bars per 
square meter) and create a rather homogenous composite rein
forced soil mass. 

The nails are driven into the ground at the designed inclina
tion using a vibropercussion pneumatic or hydraulic hammer 
with no preliminary drilling. Special nails with an axial channel 
can be used to allow for grout sealing of the nail to the 
surrounding soil after its complete penetration. This installation 
technique is rapid and economical (4 to 6 bars per hour). 
However, it is limited by the length of the bars (maximum 
length about 20 m) and by the heterogeneity of the ground 
(e.g., boulders). 

Grouted Nails 

Grouted nails are generally high-strength steel bars (15 to 46 
mm in diameter) with a yield strength of 1050 MPa (150 ksi). 
They are placed in boreholes (10 to 15 cm in diameter) with a 
vertical and horizontal spacing varying typically from 1 to 3 m, 
depending on the type of soil. The nails are conventionally 
cement or resin grouted by gravity or under low pressure. 
Ribbed bars can be used to improve the nail-grout adherence, 
and special perforated tubes have been developed to allow 
injection of grout through the inclusion. 

Jet-Grouted Nails 

Jet-grouted nails are composite inclusions made of a grouted 
soil with a central steel rod that can be as thick as 30 to 40 cm. 
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FIGURE 1 Main applications of soil nailing. 

A technique that combines vibropercussion driving and high
pressure (> 20 MPa) jet grouting has recently been developed 
and patented by Louis (9). The nails are installed (Figure 2) 
using a high-frequency (up to 70 Hz) vibropercussion hammer, 
and cement or resin grouting can be performed either during or 
after installation. The grout is injected through a small-

I. VIBRO-PRECUSSION HAMMER 
2 SLIDING SUPPORT 
3 . REINFORCEMENT TO BE INSERTED 
4. SLIDING GUIDE 
5. FIXED GUIDE 
6. SOIL TO BE TREATED 

FIGURE 2 Jet nailing: Installation of reinforcing 
elements with or without simultaneous grouting (C. 
Louis, unpublished results, 1985). 

diameter (few millimeters) longitudinal channel in the reinforc
ing rod under a pressure that is sufficiently high to cause 
hydraulic fracturing of the surrounding ground. However, for 
current applications, nailing with a significantly lower grouting 
pressure ("' 4 MPa) has been successfully used, particularly in 
granular soils. The jet-grouting installation technique provides 
recompaction and improvement of the surrounding ground and 
increases significantly the shear and pullout resistances of the 
composite inclusion. 

Corrosion-Protected Nails 

Corrosion-protected nails have been developed recently by 
French contractors (illtrafor-Cofor; Solrenfor) to be used in 
permanent structures. ill this type of inclusion, the steel bars are 
enclosed in grout to protect against water penetration. In the 
Solrenfor nail (Figure 3a), the steel bar and the surrounding 
grout are protected by casing made of steel or plastic. ill the 
illtrafor-Cofor nail (Figure 3b), the prestressing effect main
tains the grout under compression and thus keeps it from 
microcracking. However, other doubly encapsulated nails simi
lar in concept to the technology used in earth anchors could be 

used. ill American practice, contractors have proposed and 
used resin-bonded epoxy nails to achieve double protection. 
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FIGURE 3 TBHA nail developed and patented by Solrenfor for 
permanent structures (a) and prestressed multireinforced nail, Intrapac, 
developed by lntrafor-Cofor (b). 

Facing 

The main functions of the facing are to ensure the stability of 
the local ground between the reinforcement layers, to limit its 
decompression immediately after excavation, and to protect the 
ground from surface erosion and weathering effects. Therefore 
the facing has to be continuous, fit the irregularities of the cut 
slope surface, and be flexible enough to withstand ground 
displacement during excavation. Depending on the application 
and soil type, four kinds of facing are presently used. 

Sfwtcrete Facing 

Shotcrete facing (10 to 25 cm thick) is currently used for most 
temporary retaining structures in soils. This facing technology 
provides a continuous, flexible surface layer that can fill voids 
and cracks in the surrounding ground. It is generally reinforced 
with a welded wire mesh and its required thickness is obtained 
by successive layers of shotcrete (each 9 to 12 cm thick). This 
technique is relatively simple and inexpensive, but it does not 
generally provide the technical quality and the aesthetic aspect 
required for permanent structures. In particular, the durability 
of the shotcrete facing can be affected by groundwater, 
seepage, and environmental factors such as climatic changes 
and freezing, which may induce cracking. In addition, con
struction of a shotcrete facing makes provision of efficient 
drainage at the concrete-soil interface difficult. 

Welded Wire Mesh 

Welded wire mesh is generally used to provide a facing in 
fragmented rocks or intermediate soils (chalk, marl, shales). 

Concrete and Steel Facings for 
Permanent Structures 

Cast-in-place reinforced-concrete facing is, to date, most fre
quently used for permanent structures. However, prefabricated 
concrete or steel panels are now being developed for permanent 
structures. These panels can be designed to meet a variety of 
aesthetic, environmental, and durability criteria. They provide 
appropriate technical solutions for integrating continuous 
drainage behind the facing. Figure 4 (top) shows Solrenfor 
metallic panels for inclined facing (C. Louis, unpublished re
sults). The rectangular steel panels are bolted together and the 
soil nailing is performed through their common corners. Figure 
4 (bottom) shows prefabricated concrete panels with contin
uous geotextile drainage. Composite panels have also been 
used in association with prefabricated steel panels and cast-in
place concrete. 

Grout nails are generally attached to the facing (mesh or 
shotcrete) by bolting the bars to a square steel plate (30 to 40 
cm wide), whereas driven bars are generally attached to the 
facing by cladding or other suitable methods. 

CONSTRUCTION PROCESS AND 
MONITORING 

Construction of a nailed-soil retaining structure involves three 
main repetitive stages: (a) excavation of a limited height, (b) 
nailing and drainage, and (c) placing the facing. The technol
ogy and the construction process are fundamentally conceived 
to minimize disturbance of the ground during excavation, to 
limit its decompression, and to prevent deterioration of the 
original mechanical properties of the ground. Therefore the 
nailing system (facing and reinforcement) has to be placed as 
quickly as possible after excavation. 
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Excavation is done with small conventional earth-working 
equipment in typical incremental steps 1.5 to 3 m deep. In 
general, the short-term cohesion of the soil is sufficient to 
ensure local stability of each excavation step. The cut slope 
must be properly excavated to prevent local instabilities that 
could induce movement at the upper part of the nailed-soil 
wall. 

Where there is groundwater, an appropriate drainage system 
should be provided to (a) protect the facing elements by shal
low drainage (plastic pipes, 10 cm in diameter, 30 to 40 cm 
long) and (b) prevent saturation of the nailed ground, which 
can significantly affect the structure's displacements and cause 
instabilities during or after the excavation (slotted plastic tubes 
that are longer than the nails are generally used). In the case of 
permanent structures with prefabricated panels, a continuous 
drain such as a geotextile composite can be placed behind the 
facing. 

Soil-nailing technology relies on passive inclusions, and a 
certain soil displacement is required to effectively mobilize the 
resisting forces. Therefore it has been essential to monitor 
actual structures, to measure the facing displacements in dif
ferent types of soils, and to verify that they are compatible with 
design criteria for admissible displacements. 

BEHAVIOR AND DESIGN OF NAILED-SOIL 
RETAINING STRUCTURES 

Soil-Reinforcement Interaction 

The soil-reinforcement interaction in nailed-soil retaining 
structures involves two fundamental mechanisms: (a) lateral 
friction and (b) passive soil thrust on relatively rigid inclusions. 
The small-diameter inclusions, which are generally used in soil 
nailing, are relatively flexible. Therefore the soil displacement 
required to mobilize the normal passive soil thrust on the 
inclusion is substantially greater than that required to generate 
lateral friction at the soil-inclusion interface. For a given struc
turai geometry and soii profiie, the mobiiized interaction mech
anism depends mainly on the construction process and installa
tion techniques, the bending stiffness of the inclusion, and its 
inclination with respect to the potential failure surface. 

Lateral Friction 

The mobilization of lateral friction along inclusions (piles, 
reinforcing elements, etc.) has already been extensively stud
ied. Both laboratory studies and pullout tests on actual Rein
forced Earth walls have provided experimental data for the 
evaluation of the effect of various parameters (surface charac
teristics of the reinforcement, rib effect, density and dilatancy 
properties of the soil, type and amount of fines, normal stress 
on the inclusion, etc.) on the apparent soil-to-reinforcement 
friction coefficient ( 12-15). These experimental results are 
presently used in design guidelines for Reinforced Earth retain
ing structures (16). The principles of frictional soil-reinforce
ment interaction in reinforced embankments and nailed-soil 
walls are apparently similar. Consequently, an attempt has been 
made by Cartier and Gigan (7) to correlate the results of full
scale pullout tests on actual nails with design recommendations 
for Reinforced Earth structures. The results of full-scale pullout 
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FIGURE 4 Prefabricated steel panels (top) and prefabricated 
concrete panels and nail connections (bottom). 

tests performed by Cartier and Gigan (7) have shown (Figure 5) 
that the apparent friction coefficient(µ*) between a driven nail 
and a granular soil corresponds to that used in the design 
guidelines for Reinforced Earth walls. However, as indicated 
by different authors (17,18), the mobilization of soil-to-rein
forcement friction is highly dependent on the technique used to 
install the inclusions. In a Reinforced Earth wall the soil is 
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compacted around the inclusion and is practically at a K 0 state 
of stress, whereas in nailed ground the drilling of the borehole 
for the grouted nail produces an unloading of the disturbed 
surrounding soil that can significantly affect its mechanical 
properties. In the latter case, the soil-inclusion friction is gov
erned by soil recompaction due to grouting and the characteris
tics of the soil-grout interfaces are quite different from those of 
metallic surfaces in Reinforced Earth walls. In addition, the 
granular backfill material generally used in Reinforced Earth 
walls is rather uniform and can be significantly different from 
the ground to be nailed. Therefore, design guidelines for Rein
forced Earth walls should not be extrapolated to nailed-soil 
structures, and pullout tests are required to obtain a reliable 
estimate of the limit lateral interface shear stress (or the appar
ent friction coefficient). 

In soil nailing it is practical to use design parameters derived 
from the results of in situ tests. Guilloux and Schlosser (18) 
have shown (Figure 6) that empirical design methods for fric-
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FIGURE 6 Comparison of 
measured soil-bar lateral friction 
and design guidelines for friction 
piles using pressuremeter test results 
(18). 

tion piles using pressuremeter test results can provide a reason
able estimate of the lateral limit shear stress for driven nails. 
However, their results indicate that such empirical methods 
tend to significantly underestimate the limit shear stress along 
grouted bars in compacted dilatant soils. Figure 7 shows the 
variation of pullout resistance of grouted nails with adherence 
length in different types of soils. The large variation of pullout 
resistance with type of soil clearly indicates that in situ pullout 
tests are required to obtain site-relevant design parameters. 
However, correlations between limit lateral shear stress and in 
situ measured soil properties can be developed to provide an 
appropriate data base for preliminary design considerations. 

Normal Passive Soll 
Thrust on Inclusions 

In general, in nailed-soil structures, the small-diameter inclu
sions currently used are relatively flexible. Therefore tension is 
the major resisting force developed in the inclusions under 
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FIGURE 7 Variation of pullout resistance of 
reinforcing elements with depth of 
embedment (cement or resin grout) for 
different soils (C. Louis, unpublished results, 
1985). 
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working stress conditions. However, the development and po
tential use of stiffer reinforcing elements, such as jet-grouted 
nails or large-diameter nails, can result in mobilization of a 
normal lateral soil pressure on the inclusion at both sides of the 
failure surface. Consequently, this inclusion will have to with
stand tension forces, shearing, and bending moments. 

The normal soil pressure on the nail can be calculated using 
the conventional p-y method for laterally loaded piles. Because 
the nails are relatively flexible, available solutions for laterally 
loaded infinitely long piles can be used for design purposes. 
The lateral passive soil pressure on the inclusion must be less 
than the ultimate pressure (p), which is attained as the soil 
reaches limit state of plastic flow between the inclusions. 

Facing Displacement 

Several full-scale experiments have been reported on nailed
soil retaining structures (4,5,7,10,19,20). Figure 8 shows field 
measurements of facing displacements and ground movement 
in four instrumented structures. In spite of the significant dif
ferences among the types of inclusions, installation techniques, 
and soil profiles, the experimental results indicate that in non
plastic soils maximum facing displacement does not exceed 0.3 
percent of the structure height. 

The variations of the tension forces along the inclusions are 
similar to those observed on Reinforced Earth walls. The locus 
of maximum tension forces separates, in the nailed-soil mass, 
the "active zone" behind the facing from the "resistance 
zone" where the inclusion is being retained by the friction 
mobilized at the interfaces. It constitutes a potential failure 
surface for the nailed-soil mass and is quite different, even in a 
granular soil, from the Coulomb's failure plane that is conven
tionally considered in design of rigid retaining walls with a 
granular backfill. 

Although there is an apparent similarity between nailed-soil 
cut slopes and reinforced embankments, there are significant 
differences between these two retaining systems, particularly 
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FIGURE 8 Horizontal displacement of nailed-soil walls. 

(a) the construction process, (b) the installation technique used 
for the inclusion, ( c) the inclination of the inclusion and of the 
facing, and (d) the bending stiffness of the inclusion. 

embankment) result in a significantly different displacement 
mode of the facing and stress history of the retained soil. Figure 
9 shows the maximum tension forces measured in a Reinforced 
Earth wall (21) and in a nailed-soil wall (7) with driven nails in 
granular ground. In both structures. the reinforcement tends to 
maintain the retained soil in a K

0 
state of stress; however, the 

differences in construction process lead to quite different dis
tributions of the maximum tension forces with depth. Reduced
scale laboratory model tests performed by Juran and coworkers 

Effect of Construction Process 

The substantial differences between the construction process 
for nailed-soil and Reinforced Earth walls (excavation versus 
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(22) indicated that these distributions are associated with two 
different displacement modes of the facing . 

Inclination of Inclusions 

Inclination of the inclusions may be an important design pa
rameter. Laboratory model studies and finite element analyses 
(23) have indicated (Figure 10) that the locus of maximum 
tension forces in the inclusions and the failure surface in the 
soil are practically perpendicular to the inclusions at the upper 
part of the structure. Consequently, inclining the inclusion 
downward leads ·to a larger potential failure surface and re-
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duces the pullout resistance of the inclusions. These studies 
also showed that increasing the inclination of the reinforcement 
results in a significant increase of the facing displacement 
(Figure 10). The effect of the inclination of the reinforcement 
on the tension forces generated in the inclusions depends pri
marily on the construction process. As shown in Figure 11, in a 
Reinforced Earth model wall the inclination of the reinforce
ment results in a decrease of maximum tension forces, which 
approach the Ka line of the active earth pressure distribution, 
whereas in a nailed-soil model wall the increase of the facing 
displacement during excavation is associated with an increase 
of tension forces in the nails. However, within the range of 
inclinations encountered in practice (J3 = 10 to 20 degrees) the 
effect of inclination on tension forces is not significant. 
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FIGURE 12 Effect of bending stiffness of Inclusions on maximum 
tension forces and on failure of nailed-soil model walls (22). 

Bending Stiffness 

Bending stiffness can significantly affect the mobilized resist
ing forces and the failure mechanism. Its effect on nail forces is 
highly dependent on the inclination of the inclusion with re-
spect to the potential failure surface. The small-di~9!1eter nails 
presently used are relatively flexible. However, installation 
techniques such as jet grouting lead to the introduction of high
strength composite grouted inclusions that can be quite stiff. 
As indicated previously, the soil displacement required to mo
bilize the shear resistance and bending stiffn,ess is significantly 
larger than that required to generate tension forces. Therefore, 
as long as the soil displacements are relatively small, the 
bending stiffness of the inclusions has practically no effect on 
the behavior of the structure. Both laboratory model tests and 
finite element analyses (23) have shown (Figure 12) that, 
under working stress conditions, the shear forces (Tcj mobi
lized in the inclusions are relatively small (T/Tmax. < 10 per
cent) and have practically no influence on the locus and values 
of maximum tension forces (T max.) . 

The laboratory model tests have also demonstrated (Figure 
13) that, at failure by breakage of the inclusions, increasing 
their bending stiffness results in a significant decrease of the 
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FIGURE 13 Effect of bending stiffness on 
failure height of a nailed-soil model wall (22). 

critical failure height of the model wall. In these models, the 
polystyrene strips (6 mm thick) have the same tension resis
tance (Rrb: b ==width of the strips) as the aluminum strips (15 
µm thick) but a significantly larger bending stiffness, which 
depends on their vertical or horizontal position. As is shown in 
Figure 12, in the case of failure hy excessive bending of the 
inclusions, the locus of breakage points (points of maximum 
bending) is located behind the failure surface in the soil. The 
bending stiffness appears to have practically no effect on the 
failure surface in the soil, which corresponds to the locus of 
maximum tension and shear forces in the inclusions. However, 
further research is required to develop a better understanding of 
the potential effect of reinforcement bending stiffness on the 
behavior of nailed-soil structures. 

DESIGN METHODS 

The design criteria for nailed-soil structures include 

• Stability with respect to the potential failure of the soil, the 
inclusion (excessive tension or bending), and their interaction 
(pullout failure or plastic flow of the soil between the 
inclusions); 

• Admissible displacements with respect to expected perfor
mance of the structure; 

• Durability requirements for permanent structures, par
ticularly in aggressive environments; 

• Environmental and architectural aspects; and 
• Design of the facing generally done after conventional 

structural analysis. 

Two fundamentally different design approaches have been de
veloped: (a) modified slope stability analysis and (b) kinematic 
limit analysis. 

Modified Slope Stability Analysis 

The first design approach is based on rather conventional slope 
stability analysis procedures that have been adapted to evaluate 
the safety factor of the nailed-soil mass and the surrounding 
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ground with respect to failure along potential circular or 
wedge-shaped sliding surfaces. When such a method is used 
for the design of a nailed-soil structure, the conventional slope 
stability analysis procedure is modified to account for the 
available limit shearing, tension, and pullout resistance of the 
inclusions crossing the failure surfaces. 

Available design methods that are derived from this ap
proach (4,6,19) involve different assumptions about the defini
tion of the safety factors, the shape of the failure surface, the 
type of soil-reinforcement interaction, and the resisting forces 
in the inclusions. Stocker and coworkers (4) proposed a force 
equilibrium method that assumes a bilinear sliding surface, 
whereas Shen et al. (6) proposed a similar design method with 
a parabolic sliding surface. Both methods consider only the 
tension capacity of the inclusions. 

A more general solution, including the two fundamental 
mechanisms of soil-inclusion interaction (lateral friction and 
passive lateral soil reaction), has been developed by Schlosser 
(19). This solution involves a slices method (e.g., Bishop's 
modified method or Fellinius 's method) with a multicriteria 
analysis procedure. As shown in Figure 14, this method takes 
into account both the tension and the shearing capacity of the 
inclusions as well as the effect of their bending stiffness. When 
the inclusion is expected to withstand both tension (T maJ and 
shear (T,) forces, the available limit resisting forces in the 
inclusion depend on its inclination with respect to the failure 
surface. These limit forces are calculated according to the 
principle of maximum plastic work and considering Tresca's 
failure criterion. However, a parametric study on the effect of 
various design parameters (24) appears to indicate that, in the 
case of nailed-soil retaining structures, the bending stiffness of 
the inclusion has only a limited effect on the calculated safety 
factor (less than 6 percent). Therefore, for the practical purpose 
of a working stress design, a simplified stability analysis can be 
done assuming that the inclusions withstand only tension 
forces. In this analysis no consideration is given to the mo-
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ments generated in the nails, which, as shown in Figure 13, can 
significantly affect the critical height at failure by excessive 
bending of brittle reinforcements. In the case of steel reinforce 
ment, local plastic bending will not generate rupture of the 
reinforcement, which will withstand tension and shear forces. 

These design methods do not provide a solution for the 
maximum tension and shear forces developed under the ex
pected working loads. They can only be used to evaluate the 
safety factors with respect to the shear strength characteristics 
of the soil and the soil-inclusion lateral friction. It is implicitly 
assumed that the safety factors with respect to soil cohesion 
(F), friction angle (F ~· and limit lateral shear stress (F1) are 
equal and the required safety factor has to be greater than l.5. 
These methods have been successfully used to predict or ana
lyze failures in centrifugal models (6) as well as in a limited 
number of full-scale structures (24,25). 

It should be noted that most failures that have been reported 
in the literature occurred as a result of pullout of the inclusions. 
Postfailure analyses have shown that the failure could be ap
proximately predicted using an appropriate value of the limit 
shear stress mobilized at the soil-inclusion interfaces. These 
observations strongly suggest that pullout tests on actual inclu
sions should be carried out during excavation to verify the 
assumed design value of the soil-inclusion lateral friction. 

Kinematic Limit Analysis 

The second design approach (26) is based on a limit analysis 
that associates a kinematically admissible displacement with a 
failure mode as observed on model walls with a statically 
admissible limit equilibrium solution. The main design as
sumptions, shown in Figure 15, are that (a) failure occurs by a 
quasi-rigid body rotation of the active zone that is limited by a 
circular failure surface perpendicular to the uppermost inclu
sions; (b) at failure, the locus of maximum tension and shear 
forces coincides with the failure surface developed in the soil; 
(c) the quasi-rigid active and resistant zones are separated by a 
thin layer of soil at a limit state of rigid plastic flow; ( d) the 
shearing resistance of the soil, as defined by Coulomb's failure 
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FIGURE 14 Multlcriterla slope stability analysis method for design of 
nailed-soil retaining structures (19). 
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STATE OF STRESS 
IN THE INCLUSION 

FIGURE 15 Kinematic limit analysis approach (26). 

criterion, is entirely mobilized all along the failure surface; (e) 
the horizontal components of the interslice forces acting on the 
slices shown in Figure 14 are equal; and (j) the effect of a slope 
(or a horizontal surcharge) at the upper surface of the nailed
soil mass on the forces in the inclusions decreases linearly 
along the failure surface. 

The effect of the bending stiffness is analyzed considering 
available solutions for laterally loaded infinitely long piles. It is 
assumed that the maximum shear stress in the inclusion ('tc) is 
mobilized in the direction (a) of the sliding surface in the soil. 
Therefore, the ratio of Tc to T max depends only on the inclina
tion of the inclusion with respect to the failure surface (a-~). 
where the actual inclination of the deformed reinforcement is 
calculated from the elastic solution for laterally loaded piles. A 
unique circular failure surface that verifies all of the equi
librium conditions of the active zone can be defined. The 
normal soil stress along this failure surface is calculated using 
Kotter's equation, and the tension and shear forces in each 
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inclusion are calculated from the equilibrium of the slice com
prising this inclusion. This design approach provides an esti
mate of the locus and values of maximum tension and shear 
forces mobilized in the inclusions. 

Figure 16 shows a comparison between predicted and mea
sured values of maximum tension forces in a nailed-soil model 
wall (22) and in a 7-m-deep experimentai waii in granuiar 
ground [field data obtained on this wall were reported by 
Plumelle (27)]. The values of maximum tension forces (T max) 

are represented as a nondimensional parameter [k = 
Tm.J(y-H·S8 ·Sv)1 at the relative depth (z/H), where His the 
total structure height, Sv and S8 are, respectively, the vertical 
and horizontal spacings, and y is the unit weight. This com
parison indicates that the proposed design approach provides a 
reasonable estimate of tension forces mobilized in the inclu
sions. However, this design method can only be used to analyze 
cases involving relatively simple geometry and homogeneous 
ground with no water flow. 
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FIGURE 16 Comparison of measured tension forces In a laboratory wall 
model (22) and a full-scale structure and theoretical predictions using the 
kinematic method (27). 
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The main drawback of the design methods presented is that, 
as limit analysis procedures, they do not consider allowable 
displacements that are a key design criterion. This limitation is 
also associated with conventional slope stability analyses in 
which the required safety factor is generally related to the 
anticipated displacements by empirical correlations that depend 
on the site or the soil type. Further research and observations 
on full-scale structures are required to develop such empirical 
correlations for nailed-soil retaining structures as a function of 
soil type and nailing technology. 

ADVANTAGES, LIMITATIONS, AND 
CONCLUSIONS 

Soil nailing provides engineering solutions that can econom
ically replace more conventional cut-slope retaining systems 
such as cast-in-place reinforced-concrete walls, soldier pile 
walls, and bracing systems. Its main advantages are its 

• Relatively low cost, particularly in difficult site condi
tions. Typically a significant economy can be achieved by using 
the in situ ground as a main construction material with rela
tively cheap inclusions. The shotcrete or prefabricated facing 
has only a local role and it is therefore relatively thin and 
inexpensive. 

• Flexibility in adapting the technology (nails, installation 
technique, facing) to site conditions and soil profile and the use 
of light construction equipment, which is of particular interest 
in sites with difficult access. It is also relatively easy to modify 
or optimize the initial design during construction. 

• Structural flexibility, which provides the nailed-soil retain
ing system with the capacity to withstand larger total and 
differential settlements compared with more conventional rigid 
cut-slope retaining structures. 

Nailed-soil retaining structures are both flexible and massive 
and are therefore expected to have high resistance to dynamic 
loads. Consequently, this technique can be of particular interest 
in seismic zones. However, the seismic resistance of nailed 
grounds has not yet been investigated. 

At present the main limitations of the technology concern 

• Application in clayey soils where saturation and creep can 
significantly affect soil-inclusion interaction and structure dis
placements and 

• Durability of inclusions for permanent structures in agres
sive environments. 

The design methods presently used provide an efficient engi
neering tool for evaluating an assumed structure design and 
assessing the stability of the structure with respect to the 
potential failure of the soil, the inclusions, or their interaction. 
However, they do not provide an estimate of either the struc
tural displacements or the resisting forces mobilized in the 
inclusions under the expected working loads. The proposed 
kinematic approach appears to provide a reasonable estimate of 
nail forces. 

Because most failures that have been reported in the litera
ture occurred as a result of pullout of the inclusions, tests on 
actual inclusions should be carried out during excavation to 
verify the assumed design value of the soil-inclusion lateral 
friction. 
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Finally, it should be emphasized that development of soil
nailing technology has been essentially empirical and field 
experience has significantly preceded theory and fundamental 
research. However, with the increasing application of soil nail
ing in pennanent structures, full-scale experiments as well as 
laboratory experimental and theoretical studies on the system 
behavior and soil-inclusion interaction in different types of 
soils are required. These studies should lead to improvement of 
the available design methods, to development of appropriate 
guidelines for predicting structure displacements in different 
types of soils, and to formulation of design recommendations 
for nailed-soil cut slopes in soft clayey grounds. 
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