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PREFACE

In keeping with our policy of releasing information
which may be of general interest to the geotechnical
profession and the public, we make available selected internal
reports in a series of publications termed the GEO Report
series. The GEO Reports can be downloaded from the
website of the Civil Engineering and Development Department
(http://www.cedd.gov.hk) on the Internet. Printed copies are
also available for some GEO Reports. For printed copies, a
charge is made to cover the cost of printing.

The Geotechnical Engineering Office also produces
documents specifically for publication. These include
guidance documents and results of comprehensive reviews.
These publications and the printed GEO Reports may be
obtained from the Government’s Information Services
Department. Information on how to purchase these documents
is given on the second last page of this report.

7

R.K.S. Chan
Head, Geotechnical Engineering Office
December 2006
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FOREWORD

This Report presents the results of a study for the effects
of inclination, length pattern and bending stiffness of soil nails
on behaviour of nailed structures.

Numerical simulations have been carried out to examine
the inclination effects of soil nails on nailed slopes and
excavations. A review on the stabilization effect of bending
stiffness of soil nails has also been undertaken.

From the study, guidance on some design aspects of soil
nails are provided.

The study was carried out by Mr Y.K. Shiu and
Dr GW.K. Chang of the Standards and Testing Division.

/ [_. l o
{ ,/ (-‘ Lot

WK. Pun
Chief Geotechnical Engineer/Standards and Testing
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ABSTRACT

The soil nailing concept involves providing a stable block of composite material by
reinforcing the in situ ground with soil nails. The reinforcing action is achieved through two
fundamental mechanisms of soil-nail interaction. They are the soil-nail friction that leads to
axial tension or compression; and the bearing failure of soil nails that leads to development of
shear forces and bending moments in nails.

A study has been carried out to review these mechanisms and examine the mechanical
behaviour of soil nailed structures in respect of the following aspects:

(a) the effect of nail inclination on development of nail axial
force distribution and stability improvement of slopes and
excavations;

(b) the influence of nail length patterns on facing deformation
in a staged-excavation;

(c) the contribution from bending stiffness of soil nails to
stability improvements of slopes and excavations.

In the study, numerical simulations have been conducted to investigate the effects of
nail inclination using finite difference and finite element methods with strength reduction
technique. The results are compared with outcomes from limit equilibrium methods.

From the results of the study, inclinations of soil nails can affect the reinforcing action
of the nails. Increase in soil nail inclination would decrease the reinforcing forces in the
nails and in turn reduce the stabilizing effect. For steeply inclined soil nails, axial
compressive forces may be mobilized in the nails. The compressive forces would reduce the
stability of the nailed structure.

Nail length patterns influence the displacement characteristics of nailed excavations.
Soil nails placed in the upper part of a nailed structure in a staged-excavation contributes
more towards reducing the horizontal displacement. Those installed in the lower part are
more effective in improving stability of the structure.

Under working conditions, shear and bending resistance of soil nails have little
contributions to the system of forces maintaining stability within the soil nailed structure.
Even when failure conditions are approached, the contribution of shear and bending action
may be more significant but is still small. Soil nail used in axial tension is much more
efficient than that used in shear and bending.

This report presents the details and results of the study. It also provides guidance on
some design aspects of soil nails.
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1. INTRODUCTION

The soil nailing concept involves providing a stable block of composite material by
reinforcing the in situ ground with soil nails. Without considering the effect of soil nail
heads, the reinforcing action is achieved through two fundamental mechanisms of soil-nail
interaction. They are the soil-nail friction that leads to axial tension or compression; and the
nail bearing failure that leads to development of shear forces and bending moments in nails.
In these two mechanisms, the interactions between soil and nails are complex and the forces
developed in the nails are influenced by many factors such as the bearing capacity of the soil
to resist stresses from the nail, relative stiffness of the nail and soil, and the tensile strength,
orientation, shearing strength and bending capacity of the nail.

This study examines the mechanical behaviour of soil nailed structures in respect of
the following aspects:

(a) the effect of nail inclination on development of nail axial
force distribution and stability improvement of slopes and
excavations;

(b) the influence of nail length patterns on facing deformation
in a staged-excavation;

(c) the contribution from bending stiffness of soil nails to
stability improvements of slopes and excavations.

2. EFFECT OF NAIL INCLINATION
2.1 General

Unlike the reinforcement in reinforced fill structures, which are placed in horizontal
direction, soil nails can be installed in the ground at various inclinations. In cramped sites,
soil nails are sometimes installed at large inclinations with little attention being paid to the
effect of the nail orientation on the strength of the soil mass. Different nail inclinations may
produce different effects on the behaviour of nailed structures.

In this report, nail inclination, o, is the angle of a soil nail made with the horizontal;

and nail orientation, 0, is the angle between soil nail and the normal to the shearing surface of
soil. The typical relationship between a and 0 is presented in Figure 1.

2.2 Previous Laboratory Studies

Many researchers have carried out different laboratory tests to study the effect of soil
nail inclination on strengthening of soil. A review of the previous studies by Jewell (1980),
Jewell & Wroth (1987), Marchal (1986), Hayashi et al (1988), Palmeira and Milligan (1989)
and Johnson et al (2002) has been conducted and the results are presented in Appendix A. A
significant finding of these studies is that the overall shearing strength of a reinforced soil is
dependent on the orientations of reinforcement.
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By varying the orientation of the reinforcement, the reinforcement can either increase
or decrease the shear strength of the soil. When the reinforcement is placed in the direction
of tensile strain of soil, tensile forces are developed in the reinforcement. Consequently,
there is an increase in shear strength of the reinforced soil. When the reinforcement is
oriented in the direction of compressive strain of the soil, compressive forces are induced in
the reinforcement. This leads to a decrease in the shear strength of the reinforced soil.
Results of the previous studies are given in Appendix A.

3. NUMERICAL ANALYSES - EFFECTS OF NAIL INCLINATION AND NAIL LENGTH
PATTERN

3.1 General

To study the effects of nail inclination and nail length pattern, numerical simulations
were carried out using the two-dimensional finite difference code, Fast Lagrangian Analysis
of Continua (FLAC), which was developed by Itasca (1996). The simulations were divided
into three principal parts:

(a) investigation of the effect of soil nail inclination on stability
of a slope,

(b) investigation of the effect of soil nail inclination on
deformations of nailed excavations, and

(c) investigation of the effect of nail length patterns and
shotcrete facing thickness on deformation and stability of
nailed excavations.

The soil nail was modelled as a cable element which does not take any shear and

bending moment. Soil-nail interaction was represented by a spring-slider system having
shear springs located at the nodal points along the cable elements.

3.2 Effect of Soil Nail Inclination on Stability of Slopes

3.2.1 Slope and Material Parameters

A simulated slope of 20 m in height, standing at an angle of 55°, and with an up-slope
of 10° in gradient was adopted for the analysis. The initial shear strength parameters of the
soil were assumed to be ¢' = 10 kPa, and ¢' = 43°. For the slope without soil nails, FLAC
analysis gave a Factor of Safety (FoS) of 1.0, which compared well with a value of 1.1 using
the Morgenstern & Price (M&P) limit equilibrium method. Figure 2 shows the geometry of
the slope and the material parameters used in the numerical analysis. Seven rows of nails
were provided and this corresponds to a vertical nail spacing (Sy) of 2.5 m. The horizontal
spacing of the nails (S) was taken to be 1.5 m. Each soil nail was 20 m long with a 40 mm
diameter steel bar in a 100 mm grouted hole. The nail heads were modelled as infinitely
long concrete beams of 400 mm in width and 250 mm in thickness for a plane strain analysis
in FLAC.
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A Mohr Coulomb model was used for the soil. The nail heads were modelled as
elastic elements. A cable element was used to represent the soil nail as the bending stiffness
of the soil nail was not considered. Developments of the tensile forces in the nails were
governed either by the tensile strength of the nail or the peak shear strength at the soil-grout
interface.

3.2.2 Analytical Approach

Slope stability analysis was first carried out on the unreinforced slope. From the
results of the analysis, the unreinforced slope has a minimum factor of safety (FoS) close to
1.0 for the initial soil strength parameters of ¢;' = 10 kPa, and ¢;' = 43°.

In slope engineering, the FoS is conventionally defined as the ratio of the actual soil
shear strength to the minimum shear strength required for equilibrium. As pointed out by
Duncan (1996), FoS can also be defined as “the factor by which the shear strength of the soil
would have to be divided to bring the slope into a state of barely equilibrium”. FoS can
therefore be determined simply by reducing the soil shear strength until failure occurs. This
strength reduction approach is often used to compute FoS using finite element or finite
difference programs (Dawson et al (1999), Krahn (2003)). In this study, the approach was
adopted to determine the FoS of the slope with different nail inclinations.

The nail inclination was varied between 0° and 65°. For each nail inclination, the
factor of safety (FoS) was determined by progressively reducing the shear strength of the soil
in the model until numerical non-convergence of unbalanced forces and displacements at
chosen monitoring points occurred. This analysis was done by trial and error using
parameters cp,' and ¢p,', where

Cm' =Ci'/FoS=10/FoS (kPa) ...ccooveeriieeiieeiieeeeeeieeee (1)

Om' = tan™ (tan ¢;' / FoS) = tan™ (tan 43°/ FOS) .evevreeeeeeereerns ()

Knowing that the FoS before provision of soil nails was 1, increase in FoS due to the
soil nails with that inclination angle could then be determined.

3.2.3 Results of Numerical Simulations

Outputs of axial nail forces and shear strain distribution of soil obtained from the
FLAC analyses are given in Appendix B (Figures B1 to BS).

In the simulation, increases in FoS (AFoS) due to the soil nails were calculated for
different nail inclinations a.. Figure 3 shows the relationship between the calculated AFoS
and a for the model slope. The AFoS is close to 1.0 with little variations for the range of o
between 0° and 20°. The AFoS decreases substantially as a increases beyond 20°, reflecting
that the reinforcing action of the nails reduces rapidly with increasing nail inclinations.
When a equals 65°, the AFoS is close to 0. This indicates that soil nails (modelled as cable
elements) at such large inclinations do not provide any appreciable stabilizing effect.
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Figure 4 compares the distribution of axial nail forces at limit equilibrium between two
nail inclinations of 20° and 55° at limit equilibrium condition. For a = 20°, tensile forces
are mobilized in all the soil nails and the nail orientations 6 are all positive. For o =55°,
compression forces are induced in the upper four rows of the nails whereas tension forces are
developed in the lower three rows. The nail orientations are negative for the nails with
compression forces and positive for nails with tensile forces.

The forces in the upper nails change from tension to compression when the nail
orientation changes from positive to certain negative values (Figure 5) where the orientations
of the nails are close to the directions of the compressive strain of the soil. This is consistent
with the experimental test results reported by Jewell (1980) and Jewell & Wroth (1987).

The maximum axial force in a nail is Tp,.x Which is taken to be positive if in tension
and negative if in compression. Figure 6 shows the variations of the maximum nail forces
with depths for o = 0° to 55°.

The total of the maximum tensile forces mobilised in all the soil nails (XTyax) at limit
equilibrium condition of the model are given below:

Inclination of Soil Nails, o Total of Maximum Nail Tensile Forces, > Tmax

0° 949 kN/m

5° 933 kN/m
10° 981 kN/m
20° 974 kKN/m
30° 850 kN/m
45° 725 kN/m
50° 342 kN/m
55° 60 kN/m
65° 0 kN/m

The above values are plotted in Figure 7 which shows that XT. decreases with
increasing a. AFoS tends to be zero when XTy,x is close to zero. The similarity between
Figure 3 and Figure 7 indicates that AFoS is related to XTy.x. To study the relationship
between T, and the AFoS, the AFoS of the slope at different o are re-calculated using the
Morgenstern & Price (M&P) method. Nail forces derived from the FLAC analyses are used
in this analysis. The following two cases have been considered:

(a) maximum axial forces (Tma.x) at individual nail locations;
and

(b) the total of the maximum axial forces of the nails is
represented by the single force ZT,.x which is applied at the
surface at the mid-height of the slope, i.e. at the same
location of nail SN4.

A typical arrangement of applied forces for the above two cases at o = 55° is shown in
Figure 8. The relation between AFoS and o for the two cases is presented in Figure 9. The

SJuaJuUo) Jo 3|geL

SJuaJuUo) Jo 3|geL SJUaJU0) JO 3|geL

SJua)uUo) JO 3|geL



- 12 -

results obtained from the FLAC analysis are also included in the Figure for comparison. It
can be observed from the Figure that the trend of increase in AFoS is similar for all the three
cases and the maximum difference in AFoS is only about 0.2 at oo = 10°.  This indicates that
the FoS of a nailed slope is related to XTy.x . The finding agrees with the results of
numerical simulations reported by Shiu & Chang (2004).

Shear and bending resistances can also be developed in soil nails. As will be
discussed in Section 4 below, the beneficial effect of shear and bending capacity of nails is
small, and the reinforcing action of the nails is predominantly derived from axial tensile
forces.

3.2.4 Discussion of Results

Conventional limit equilibrium approach using the method of slices is commonly
adopted for soil nail design. In these methods, required nail forces are computed for different
potential failure surfaces. The lengths of the nails extending beyond the potential failure
surfaces are considered to contribute to the stabilising forces. These forces are assumed to be
acting in tension. This assumption is valid only if the nails are placed at small inclinations, i.e.
close to the direction of principal tensile strain increment in soil. It may not be valid for
steeply inclined soil nails. As demonstrated in the numerical simulations above, compressive
forces rather than tensile forces can be induced in steep nails. In such a case, the limit
equilibrium approach would over-estimate the reinforcing effect of the nails and the overall
factor of safety of the slope. An example is presented below to illustrate this.

3.3 Illustrative Example - Effect of Soil Nail Inclination on Slope Stability

Cut slope no. 11W-B/C41 is a slope feature with mixed maintenance responsibility. It
is located at Tai Po Road, Sham Shui Po. The upper portion of the slope lies within
unallocated Government land and the lower portion within a private lot. A Stage 3 Study
was carried out in 2000 on the Government portion of the slope (GEO, 2000). The study
showed that the slope portion under consideration had a minimum factor of safety of 0.72
which is below the required value of 1.2. Soil nailing was recommended to improve the
stability of the slope. The soil nailing scheme called for 4 rows of 9 m long soil nails with
vertical and horizontal spacings of 1.5 m and 2 m respectively. The design was based on the
conventional limit equilibrium approach using the Morgenstern and Price method. The
required stabilizing force was calculated to be 60 kN/m and it was assumed that this force was
distributed evenly between the nails. The inclination of the soil nails was 10° and the size of
nail head was 400 mm x 400 mm x 250 mm thick. Typical details of the soil nailing works
are shown in Figure 10.

FLAC analyses were undertaken to determine the factors of safety of the slope for two
cases: (i) slope without soil nails; and (ii) slope with the recommended soil nails as shown in
Figure 11. Again the analyses adopted the strength reduction approach. The FoS for the
cut slope without the soil nails was calculated to be 0.72, the same as that determined from
the M&P method. For the slope with the soil nails, the FLAC analysis gave a factor of
safety of 1.6 which is higher than the designed FoS of 1.2. This is considered reasonable
because the total nail length provided is actually longer than that required for the purpose of
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maintaining constant nail length in different rows. Figure 12 shows the distributions of axial
forces along the soil nails at limit equilibrium condition. Tension forces are developed in all
the soil nails.

In order to examine the effect of nail inclination, the inclination angle o was increased
from 10° to 55° while the number and spacing of the nails were kept unchanged. This is a
hypothetical case. The length of the soil nails was determined using the conventional limit
equilibrium design approach. Tension forces were assumed to be developed in all soil nails.
For a minimum FoS of 1.2, the total nail force required for o of 55° was 156 kN/m. Using
this total nail force, the required nail length was calculated to be 10 m, i.e. 1 m longer than
that required when o = 10°.  Figure 13 shows the details of the soil nail pattern derived from
the limit equilibrium method.

FLAC analysis was carried out using the same nail pattern as that shown in Figure 14.
The calculated factor of safety was 0.85 which is well below 1.2. Figure 15 shows the
distributions of the axial forces developed in the nails. Compression force was developed in
the top row of nails whereas tension forces were mobilized in the lower three rows of nails.
The variations of the maximum nail forces (o« = 10° and o = 55°) with relative to depth are
plotted in Figure 16. The total of all the maximum nail forces (XTy.x) is about 170 kN/m for
a = 10° and 27 kN/m for a. = 55°.  The results show that increased nail inclination results in
substantial decrease of nail tension forces, leading to a significant decrease of the reinforcing
effect of the nails. This agrees well with the analytical results of the simulated slope
presented in Section 3.2.3 above. In the limit equilibrium analysis presented above, the
assumption that tensile forces are developed in all the nails is not valid.

3.4 Effect of Soil Nail Inclination on Deformation and Stability of Nailed Excavations
3.4.1 The Model

To acquire a better understanding of the influence of nail inclination, numerical
simulation was also conducted on nailed excavations. The vertical excavation was taken to
be 6 m in height (see Figure 17). Four rows of 10 m long nails, each with a 40 mm diameter
bar in a 100 mm diameter grouted hole, were assumed. Both the vertical and horizontal
spacings were taken as 1.5 m. The soil parameters were ¢' = 10 kPa and ¢' = 40°,
unit weight = 19 kN/m’ and an elastic modulus = 20 MPa. The shotcrete facing used was
100 mm in thickness and it was assumed to be connected to the soil nails.

The construction sequence of the nailed excavation was modelled in the analysis, see
Figure 18. Construction progressed incrementally in a top down manner by repeating two
steps of construction. The first step began with soil being excavated to a depth of 0.5 m
below the level of soil nail. Step 2 consisted of installing the soil nail and concrete facing.
Steps 1 and 2 were repeated until the full excavation depth (6 m) was attained. Figure 18
shows the excavation sequence considered in the analysis. The effects of nail inclinations
were studied by changing the nail inclinations between 0° and 35°.

For a = 35°, the excavation collapsed when the excavation reached a depth of 5.5 m,
before installation of the bottom nail. For o less than 35°, the excavations were stable
throughout the whole construction process.
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3.4.2 Axial Forces Mobilised in the Soil Nails

Figure 19 shows the variations in maximum axial nail forces (Tmax) With excavation
depth for different a values. The maximum forces mobilized in the nails are not constant
and they vary with depth. Relatively large forces are mobilised in the first nail. This may
probably be due to the cantilever effect before the second row of nails is placed. The forces
increase from row 2 to row 3 of the nail, below which they start to decrease with depth. This
variation in maximum nail forces is consistent with the field monitoring results observed by
Shiu et al (1997), see Figure 20. Except for row 1, the maximum tensile forces mobilised in
individual nails generally decrease with increasing nail inclinations, indicating that the
reinforcing action of the nails reduces when nail inclination increases. As mentioned above,
for oo = 35°, the excavation collapsed before the installation of the bottom nails.

Plots of the results of the FLAC analyses showing the distribution of axial forces along

individual nails and shear strain and displacements of the nailed soil mass for o = 0° to 35°
are given in Appendix C (Figures C1 to C6).

3.4.3 Horizontal Deformation of the Excavation Face

The development of nail forces is a function of the displacements in the nailed soil
mass. As reported above, the distribution and magnitude of the axial forces are affected by
the nail inclinations, and hence the deformation. Figure 21 shows the profiles of horizontal
deformation of the excavation face as a function of nail inclinations at the final stage of
excavation. The horizontal deformation increases with increasing nail inclinations, and there
is a sharp increase in deformations when o increases from 25° to 30°.  The analytical results
show that the magnitude of the horizontal displacement is influenced by nail inclination.

3.5 Effect of Nail Length Pattern on Deformation

For limit equilibrium design methods, it is possible to define a wide variety of nail
length patterns that satisfy stability requirements but that may not be satisfactory in terms of
serviceability. It is specially the case for soil nailed excavations using the top-down method
of construction.

FLAC analyses have been carried out to review the effect of different nail length
patterns on deformation of excavations. The excavation was taken to be 6 m deep with four
rows of soil nails. The following three nail length patterns were considered in the analysis
(Figure 22):

e Pattern (1) - nail length increasing with depth;
e Pattern (2) - constant nail length;
e Pattern (3) - nail length decreasing with depth.

In each of the three patterns, the total length of soil nails was 32m. The
reinforcement was 40 mm diameter steel bar grouted in a 100 mm hole. The nail inclination
was 10°.  Both the vertical and horizontal spacings were taken as 1.5 m. The soil strength
parameters used were ¢' = 5 kPa and ¢' = 39°, with a unit weight of 19 kN/m> and an elastic
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modulus of 10 MPa. The shotcrete facing used was 100 mm in thickness and it was
connected to the soil nails. The excavation sequence for the three cases is the same as that
shown in Figure 18.

From the FLAC analysis, the FoS corresponding to patterns (1), (2) and (3) after
completion of construction are 1.8, 1.7 and 1.5 respectively. The profiles of horizontal
deformations of the excavation faces obtained from the FLAC analysis for the three nail
length patterns are plotted in Figure 23.  Although nail length pattern (1) has the highest FoS,
its horizontal deformation is the largest and this is followed by pattern (2). Nail length
pattern (3), despite its lowest FoS, has the smallest deformation. This illustrates that in a
nailed excavation, installing longer nails at the top of the excavation will help limit the
amount of horizontal ground movement.

The result shows that soil nails placed in the upper part of a nailed structure in a
staged-excavation contributes more toward reducing the horizontal displacement. Those
nails installed in the lower part are more effective in improving stability of the structure. It
is due to their larger anchorage lengths beyond the potential failure surfaces.

3.6 Effect of Shotcrete Facing Thickness on Deformation of Nailed Excavation

The effect of shotcrete facing thickness on nailed excavation was also studied using the
FLAC model as shown in Pattern (2) of Figure 22. Different facing thicknesses (t) of 25 mm,
75 mm, 100 mm and 200 mm were used in this parametric study. The maximum nail force
(Tmax) for each nail, the total of the maximum nail forces for all nails (ZTn.x) and the
horizontal deformation AH at the crest are tabulated in Table 1.

It can be seen from Table 1 that the nail forces are quite similar for all thicknesses (t),
indicating that the FoS after the nailed excavation are about the same for all cases. However,
the horizontal deformation at crest is 12 mm when t = 25 mm. The deformation decreases
by about 21% to 9 mm when t is increased to 75 mm. When t is increased beyond 75 mm,
the horizontal deformation is not sensitive to facing thickness. Similar results were reported
by Babu (2002), which showed that for facings of 75, 100 and 150 mm thick, there was no
significant difference in respect of horizontal displacement.

3.7 Overseas Practices for Soil Nail Inclination

Most of the overseas design approaches recognize the importance of soil nail
inclinations in respect of nailed structures. For the practice in USA (FHWA, 1998), France
(French National Research Project, 1991) and Japan (JHPC, 1988), nail inclinations are to be
kept to be as small as practicable. For installation reasons, they are normally placed at
angles of inclination of 5° to 15°.  According to French National Research Project (1991), if
soil nails are placed in such an inclination that compressive forces are developed in the nails,
the effect of compressive forces should be taken into account in design.

SJuaJuUo) Jo 3|geL

SJuaJuUo) Jo 3|geL SJUaJU0) JO 3|geL

SJua)uUo) JO 3|geL



3.8 Discussion

Behaviour of nailed structures is a strain compatibility problem. A nail force
develops through the interaction among the deforming soil, the nail and nail head. An
important point here is that depending on the nail orientation, compressive forces rather than
tension forces can be mobilized in soil nails. This contradicts the common design
assumption used in limit equilibrium methods that only tensile forces are developed in nails.
The limit equilibrium methods do not consider strains and displacements, and as a result, they
would give rise to invalid results in calculating nail forces and factors of safety of nailed
slopes with steeply inclined nails. Care is therefore required when using these methods for
the design of steeply inclined soil nails. The development of compressive force in soil nails
should be considered in such cases.

4. EFFECT OF BENDING STIFFNESS OF SOIL NAILS

4.1 General

Steel nails can also sustain shear forces and bending moments and this ability may also
enhance the shear strength of soil. The development of shear force in nails involves a
mechanism which is dependent on the relative stiffness of the nail and the ground mass, the
soil bearing strength, orientation and shear deformation of reinforcement and the thickness of
shear zone.

The ability of soil nails to increase the shear strength of soil by acting under combined
loading of shear and tension is one of the more controversial aspects of design. The
presence of axial tensile/compressive force in a bar reduces the maximum bending moments
that can be supported. In turn, the maximum shear force that can be developed in a bar
depends on the maximum bending moment. There is therefore a connection between the
maximum axial force and the maximum shear force that a soil nail can support.

4.2 Multicriteria Method

Schlosser (1982) developed a multicriteria method to determine the combination of
limiting forces causing failure. The method takes into account the contribution of
reinforcement shear and bending moments. Other methods, such as those proposed by
Juran et al (1990) and Bridle (1989), either fully or partly employ the multicriteria method.
The multicriteria method is based on four failure criteria:

(1) the friction between nail and soil (pull-out failure);

(i1) the bearing capacity of soil for resisting loads imposed by
the nail;

(ii1) the capacity of the nail to resist shear while being subjected
to axial force at the same time (strength criterion for soil
nail); and
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(iv) the capacity of the nail to resist shear once it has started
deforming plastically by bending (plastic hinge).

The multicriteria method is a combination of elastic and plastic analyses. Figure 24
shows the graphical presentation of these criteria in terms of axial and shear force. In
considering the deformation of the nail caused by lateral earth pressure, the nail is assumed to
behave like a laterally loaded pile, see Figure 25. According to Schlosser (1982), the

strength criterion is given by:
) (1Y
S = | S e 3)
TP TP

where T and P are the nail axial force and nail shear force respectively, and T, is the axial
capacity of the nail. This criterion is applicable to the location where the bending moment in
the nail is zero, i.e. where the nail intersects the shear plane.

There has been much debate on the Schlossor’s multicritera method. The main issues
are related to the validity of the failure criteria of the nail under the combined loading e.g. the
link between shear stress and bending moment in a nail is not defined, use of Mohr’s Circle to
define the strength of nail is not valid, etc. Details of the discussion are given in Schlosser
(1982, 1991), Juran et al (1990), Jewell & Pedley (1990 and 1992) and Pedley et al (1990a
and 1990b). Subsequently, the multicriteria method has been refined to incorporate these
issues. Details of the refined method can be found in Recommendations Clouterre (French
National Research Project (1991)).

Although there have been debate amongst researchers as to the behaviour of soil
reinforcement under the combined loadings, there appears to be a common understanding that
the reinforcing action of soil nails is predominantly derived from the axial tensile forces in
nails and the beneficial effect of shear and bending capacity of nail is of secondary influence
only. Furthermore, it is also a common view that the shear and bending forces are mobilised
in nails only when a nailed structure is close to failure. Schlosser (1991), who has developed
the multicriteria method, stated that

“at failure, the bending and shear resistances of grouted nails are
mobilised and therefore have to be taken into
account...However, one should note that the principal resistance
remains the tensile force exerted in the nails and that bending
and shear resistances have always a limited effect on the global
safety factor (less than 15%)”.

4.3 Previous Studies Relating to Bending Stiffness

Apart from the work by Schlosser (1982), the effect of the bending stiffness of the nail
on nail forces and displacements has also been investigated by many other researchers. A
review of the previous studies relating to bending stiffness (Marchal (1986),
Gigan & Delmas (1987), Pluemelle et al (1990), Pedley (1990), Jewell and Pedley
(1990 & 1992), Davies et al (1993), Bridle & Davies (1997), Davies & Le Masurier (1997),
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Smith and Su (1997) and Tan et al (2000)) has been undertaken and the findings are
summarised in Appendix D. The most notable and comprehensive investigation is the
laboratory and theoretical study reported by Pedley (1990) and Jewell and
Pedley (1990 & 1992). In that study, both the laboratory and theoretical results show that
reinforcement bending stiffness allows only a small additional shear force to be mobilised in
the soil nail, and that soil nail used in shear and bending is much less efficient than that used
in axial tension. Details of the study are also given in Appendix D.

5 NUMERICAL ANALYSIS - EFFECT OF BENDING STIFFNESS

5.1 Slope and Material Parameters

Numerical simulations using the two-dimensional plane strain finite element
programme PLAXIS were undertaken to examine the effect of bending stiffness of soil nails.
The model slope shown in Figure 2 was again adopted in the simulations. The nail was
modelled as a beam element which can take axial force, shear force and bending moment.
For grouted nails, the grout tends to crack under tension. As such only the bending stiffness
of the steel bar was considered.

The plastic axial capacity of the steel bar (T}) is given by:

VT AT N (4)

where A, is the cross-sectional area of the steel bar and o, is the steel yield strength. The
plastic bending moment capacity of the steel bar (M,) is given by:

where D is the diameter of the steel bar.

When the combination of a bending moment (M) and an axial force (T) occur in a bar,
the actual bending moment or axial force at which plasticity occurs is lower than M, or T,
respectively. According to Calladine (2000), the relationship between M, and T}, is shown in
Figure 26. The limiting plastic envelope, which is safe for a bar of any cross-section, is
given by:

£+l=l ......................................................... (6)

MP

In the simulations, the FoS of the slope with the soil nails at a given inclination was
determined by the strength reduction approach. The nail inclination was varied between 0°
and 65°. The increases in FoS (AFoS) due to the soil nails were then determined on the basis
that the slope had a FoS of 1 before provision of the soil nails.
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5.2 Results of Numerical Simulations

Outputs of the PLAXIS analysis for the two cases of o =20° and o = 55° are given in
Appendix E (Figures E1 to E10). They include the axial forces, shear forces and bending
moments mobilised in the nails, the deformed shapes of the nails and the shear strains
developed in the slope. Tensile forces are mobilized in all the soil nails for o = 20° whereas
for oo = 55°, compressive axial forces are mobilised in the upper nails and tensile forces in the
lower nails. This modelling result is similar to that of the FLAC analysis described in
Section 3.2 above.

Figure 27 shows the total of the maximum tensile forces mobilised in all the soil nails
(ZTmax) at limit equilibrium condition of the slope model. The maximum shear force in a
nail at the location where the shear plane intersects the nail is Psy.x. The total of the
maximum shear forces (ZPsmax) mobilised in the soil nails at limit equilibrium condition of
the model are plotted in Figure 27. The value of ZPsnyay rises steadily with increasing nail
inclination. The rise is small, from 31.4 kN/m at a=10° to 76 kN/m at oo =55°. In
contrast, the value of XT,.x decreases rapidly with increasing nail inclination, very similar to
the result of the previous FLAC analysis (Figure 7). For small nail inclinations, XTpax 18
much larger than XPsp,y.

Figure 28 shows the relationship between the increase in FoS (AFoS) and nail
inclination (o) determined from the PLAXIS analysis. The results obtained from the earlier
FLAC analysis are also included in the Figure for comparison. Despite the fact that the
PLAXIS analysis has considered the bending stiffness of the soil nails and the FLAC analysis
has ignored this aspect, there is only small disparity in the values of AFoS calculated by these
methods. The results of both the PLAXIS and FLAC analyses indicate that the AFoS
decreases substantially as o increases beyond 20°. They also show that AFoS at o =55° is
close to zero, indicating that the nails at this inclination have no reinforcing effect.

Comparing between Figures 27 and 28, it can be noted that both AFoS and ZTax
generally decrease with increasing nail inclinations. This similarity illustrates that AFoS is
strongly influenced by the nail axial force. On the other hand, XPs,, shows an opposite
trend to that of AFoS, i.e. XPsm. increases with increasing nail inclinations.  This
demonstrates that AFoS is not sensitive to the shear resistances in the nails.

The modelling result indicates that only small shear forces are mobilised in soil nails
and they provide little reinforcing effect to the slope. The resisting mode of the nails relies
primarily on axial tensile forces, except for the case of a = 55° where the total maximum
shear force is comparable to the total tensile force.

5.3 Development of Axial, Shear and Bending Resistances with respect to Failure Criteria

The results of the PLAXIS analysis are compared with the different failure criteria
mentioned in Section 4.2 above. These criteria include soil bearing failure, plastic hinge and
nail material strength. Pullout failure is not considered as long soil nails (20 m) have been
used in the analysis and the modelling results do not show any signs of pullout failure.
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For the soil bearing failure, the following equation derived by Jewell and Pedley (1992)
has been used to determine the soil bearing capacity, c'y:

Gy = @ tan{% + %} exp{(g + ¢') tan (I)} ............................ (7)

where K, is the active earth pressure coefficient and o' is effective vertical stress in the soil.

For the plastic hinge failure of the soil nail (steel bar), the following equation
developed by Pedley (1990) is used:

h_ 8 1{1} .......................................... ®)
T 3z (./D)| |T

p p

where I is the distance between the points of maximum moment in the nail on either side of
shear plane (see Figure 25) and D is the diameter of the bar. The derivation of the equation
can be found in Appendix D.

Figure 29 shows the limiting envelopes for the three failure criteria. It can be noted
that the limiting envelope for the plastic hinge failure is most critical. The shear forces and
axial forces developed in the individual nails for the two cases of o =20° and a = 55° are
shown in the Figure for comparison. The shear and axial forces are taken at locations where
the soil shear plane intersects the nails. The Figure indicates that all the shear and axial
forces are within the limiting envelope for plastic hinge failure. The shear forces mobilised
in nails of o = 55° are larger than those in nails of o =20°, but the differences are small. In
contrast, nails of o = 20° have much larger mobilised tensile forces than nails of o = 55°.

Figure 30 presents the stress conditions of the nails for the two cases of a=20° and
o =55°  The bending moment (M) and the axial force (T) developed in the nails at limit
equilibrium condition of the model slope are normalised by the plastic moment capacity (M)
and the full plastic axial capacity (T,) respectively. The values of M and T are the maximum
moment and maximum axial force at or near the location where the shear plane intersects the
nail. It can be observed from the Figure that the bending resistances mobilised in the nails of
o = 55° are close to the fully plastic moment (M/M, = 1). Even though the moment capacity
is almost fully mobilised, the shear resistances induced in the nails are still small
(see Figure 29). For nails of a=20°, the bending resistances developed in the nails are
much smaller.

5.4 Discussion

It has been demonstrated by many researchers by means of laboratory tests, theoretical
analysis and monitoring of in-service and test nailed structures that the contribution of
shear/bending is negligible under the service load conditions. Large soil displacements are
required to mobilise shear and bending forces in the nails. As explained by Géssler (1997),
in limit equilibrium design, it is assumed that “the maximal resistance of the soil and of the
nails in the various rows is simultaneously mobilised at failure. For vertical or near to the
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vertical slopes this hypothesis is only valid for tensile resistance (in other words: the
pulling-out resistance) of the nails, but not for shear forces due to bending. In sandy or
clayey soils, the latter are mobilised too late! This was measured by instrumented nails
during failure of several full scale test walls”.

Even when failure conditions are approached, the contribution of shear/bending action
may be more significant but is still small. Under such conditions close to failure, the amount
of soil displacements renders the nailed structure unserviceable. For these reasons, most soil
nailing design methods of soil nailing design, such as those used in USA (FHWA, 1998),
UK (Department of Transport, 1994), Japan (JHPC, 1998) and Germany (Gissler, 1997)

ignore any beneficial effects from the mobilisation of shear force or bending stress in the nails.

An exception to this is the French design approach (French National Research Project, 1991)
in which the contributions of shear and bending of the nails are considered. It should
however be noted that the French National Research Project (1991) emphases that shear
forces are mobilised in nails only when the structures are near failure.

It is stated in FHWA (1997) that a design approach which considers both the axial tensile
forces and shear forces has created confusion in respect of the terminology and design of soil
nailing: “for many, the term nail is used to define a tensile reinforcing element (whereas shear
reinforcing elements are termed dowels), whereas for others, the term nail appears to define any
small diameter reinforcing element that can act in both tension and shear. Similarly, the
confusion appears to extend to the designers themselves, wherein certain designers orient the
reinforcing elements approximately parallel to the direction of anticipated maximum tensile
strains (nailing action) and others orient the reinforcing elements approximately perpendicularly
to the anticipated direction of maximum shear strain (doweling action)”.

To avoid unnecessary confusion, the function and role of soil nailing are clearly
defined in FHWA (1998): “in soil nailing, the reinforcement is installed horizontally or
sub-horizontally (approximately parallel to the direction of major tensile straining in the soil)
so that it contributes to the support of the soil partially by directly resisting the destabilizing
forces and partially by increasing the normal loads (and hence the shear strength) on potential
sliding surfaces”.

6. CONCLUSIONS

Inclinations of soil nails can affect the reinforcing action of the nails. Increase in soil
nail inclination would decrease the reinforcing forces in the nails and in turn reduce the
stabilizing effect. For steeply inclined soil nails, axial compressive forces may be mobilized
in the nails. The compressive forces would reduce the stability of the nailed structure.

The behaviour of a nailed slope is affected by strain compatibility of different
components. The limit equilibrium method of slices does not consider strains and
displacements and as a result, it may create difficulties in calculating nail forces and factors of
safety of nailed slopes. Care is therefore required in using this method for the design of
steeply inclined soil nails.

Nail length patterns influence the displacement characteristics of nailed excavations.
Soil nails placed in the upper part of a nailed structure in a staged-excavation contributes

SJuaJuUo) Jo 3|geL

SJuaJuUo) Jo 3|geL SJUaJU0) JO 3|geL

SJua)uUo) JO 3|geL



- 22 -

more towards reducing the horizontal displacement. Those installed in the lower part are
more effective in improving stability of the structure. This is because of their contribution in
relation to the potential failure surfaces and their larger anchorage beyond the potential failure
surfaces.

Under working conditions, shear and bending resistances of soil nails have little
contributions to the system of forces maintaining stability within the soil nailed structure.
Even when failure conditions are approached, the contribution of shear and bending action
may be more significant but is still small. Soil nail used in axial tension is much more
efficient than that used in shear and bending. Soil movements required to mobilise axial
force are much less than those required for shear force in the reinforcement. As a result of
the mobilization of shear and bending resistances at large deformations, a nailed structure
tends to exhibit relatively ductile failure rather than sudden failure.

To ensure that the predominant action of nails is in tension, soil nails should be
installed at small inclinations which correspond to tensile strains of soil. Under this
condition, shear force and bending moment that are mobilised in the soil nails would be small.
Besides, steel soil nails can undergo large shear deformations and the deformations can induce
additional axial tensile forces in the nails, which in turn help strengthen the soil. As such,
there is no need to check the shear and bending capacity of the steel soil nails in normal
designs. However, if the nails are steeply inclined, shear forces and bending moments
induced in the nails will become more significant. The structural capacity of the nail to
sustain the combined loading of tension (or compression), shear and bending should be
considered.

7. RECOMMENDED DESIGN APPROACHES

It is recommended that soil nails should be installed at inclinations close to the
horizontal so that the predominant action of the nails is in tension. An inclination angle of
10° to 20° is preferred for better reinforcing effect and facilitating grouting of drillholes under
gravity or low pressure. At these inclinations, contribution from the shear and bending
resistances mobilised in the nails is not significant and may be discounted.

Where it is necessary to increase nail inclination to meet physical constraints, careful
consideration should be given to the effectiveness of the soil nails and the amount of slope
deformation to mobilise the nail force. Designs using nails with inclinations greater than 20°
should demonstrate their effectiveness, for example, using stress-strain analysis. For steeply
inclined nails, the capacity of the nails to take the combined loads of tension (or compression),
shear and bending should be checked.

Where deformation of a nailed excavation may cause damage to nearby structures,
services and land, a deformation analysis should be carried out to demonstrate that the
anticipated ground movements are within acceptable limits. Stress-strain finite element or
finite difference softwares or other suitable tools may be used for the analysis. Increasing
the length of soil nails near the top of the nailed excavation beyond the potential slip surface
can be an effective means to reduce its horizontal deformations.
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Table 1 - Summary of Nail Head Forces, Maximum Tensile Forces in Nails and Horizontal Deformations at
Crest for Different Thickness of Facing

Tnax (kKN)
Nail no. z (m)
t=25 mm t=75 mm t=100 mm t=200 mm
NI 0.5 19.04 18.83 18.86 17.48
N2 2.0 18.51 15.83 15.50 17.19
N3 3.5 23.37 25.77 25.23 25.27
N4 5.0 13.08 14.67 15.08 12.90
2 Tinax (KN) 74.00 75.10 74.67 72.84
AH at crest (mm) 11.82 9.28 8.60 7.46
Legend:
AH Horizontal deformation at crest t Shotcrete facing thickness
T inax Maximum axial soil nail force / metre run z Vertical distance measured from crest

LT
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Soil nails

Figure 1 - Relationship between Nail Inclination a and Nail Orientation 6
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H=20m

Bending stiffness (EI) of nail = 10.993 kNm?m (for PLAXIS analysis only)

Grout hole diameter = 100 mm

Bar diameter = 36 mm (40 mm bar with 2 mm sacrificial thickness)

Soil nail length =20 m

fy = 460 N/mm?

Vertical spacing = 2500 mm

Horizontal spacing = 1500 mm
—F Nail head width =400 mm

Nail head thickness = 250 mm

o varies

SN 7

20 m

¢' =10 kPa (initial)

SN 1 ¢' = 43°(initial)
vy =19 kN/m’
E =10 MPa

v =0.25 D#

20 m

85 m

Figure 2 - Geometry and Material Parameters of Model Slope for Study of Nail Inclinations

1€

Table of Contents Table of Contents

Table of Contents

Table of Contents



Table of Contents Table of Contents Table of Contents Table of Contents

75

70

60

40
Inclination of Soil Nail, a (°)

25
Figure 3 - Variation of AFoS with Nail Inclination

15

® | | | | | | | | o
— *® = ° b < @ N —
=) S (=) (=) =) S S (=)

S0V ‘K1ajes Jo 10308, Ul 9SBIOU]

1.1

0.9




Slip plane

All soil nails are in tension

(a)

Slip plane
o =55°

Soil nails in tension Soil nails in compression

(b)
Legend:
+ve Tensile force in soil nail
-ve Compressive force in soil nail

Figure 4 - Axial Force Distribution in Nails for (a) a =20" and (b) o = 55°
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A
Slip plane

Figure 5 - Relationship between Nail Inclination o and
Orientation 6 for the Simulated Slope
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X o = 55° soil nail inclination

Figure 6 - Variation of Maximum Axial Nail Forces in Nails with Depth
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Figure 7 - Variation of Total Maximum Tensile Force (XTax) and Nail Inclination
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Slip plane

Case (a) - Maximum Axial Nail Forces (Tax) Applied at Individual Nail Locations

Slip plane

Case (b) - Single Force £ Tnax Applied at Mid-slope Height (SN4 Position)

Figure 8 - Simulation of Applied Forces on Slope Surface at o = 55°
for the Study of Nail Inclination Effect
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> Thax applied at mid-slope height
(see Fig 8(b))
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Result from FLAC analysis

Figure 9 - Comparison of Results of Limit Equilibrium Methods and FLAC
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Results of Analyses (by Slope/W - M & P)

. . Nail Force (kN/m)
Slip Existing Slope . .
’| Required to Attain
No. FoS
FoS>1.2
1 0.72 44
2 0.76 60
. 3 0.95 56
\ 4 1.22 ———-
N 5 1.35 -———-
NN 6 1.45 -——-

CDG

¢'=2 kPa
$'=35"

Y =19 KN/m?

Grout hole diameter = 100 mm
Bar diameter = 25 mm

Soil nail length =9 m

Figure 10 - LPM Design for Slope No. 11NW-B/C41 (Section 1-1) (Extracted from GEO, 2000)
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Soil Nail Properties #1
Grout hole diameter = 100 mm
30 | Bar diameter = 25 mm CDG
¢'=2 kPa
Vertical spacing = 1500 mm ¢'=35°
25 | #C Horizontal spacing = 2000 mm ¥ =19 KN/m°
Nail head = 400 mm x 400 mm x 250 mm v=025 s
E =20 MN/m
20 -
0 2 4m
Ll |
Scale

a = 10, soil nail length =9 m

Figure 11 - Geometry and Parameters Used in Numerical Simulation for

Cut Slope No. 11NW-B/C41
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| JOB TITLE : Slope with modified top—part and installed with 9m long soil nails inclined at 10°

FLAC (Version 4.00)

LEGEND

31-Aug-04 18:28

step 30583

-7 B00E+00 << 4.250E+01
9.320E4+00 =y= 5.932E+M1

Max. shear strain increment
0.00E+00
5.00E-02
1.00E-01

Contour. Interval = 5.00E-02
Axial Force on

Structure Max. Value

# 1 (Cable) -4.984E+04
#2 (Cable) -4.718E+04
#3 (Cable) -3.901E+04
#4 (Cable) -3.320E+04

CEDD

FoS=1.6
o=10°<«—
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Figure 12 - Axial Nail Forces and Soil Shear Strains for Slope No. 11NW-B/C41 (Section 1-1), o= 10°
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CDG

¢'=2 kPa
$'=35"

Y =19 KN/m?

Grout hole diameter = 100 mm
Bar diameter = 25 mm

Soil nail length = 10 m

Results of Analyses (Morgenstern & Price)

. . Nail Force (kN/m)
Slip Existing Slope . .
Requirded to Attain
No. FoS
FoS=1.2
1 0.72 152
2 0.76 156
3 0.95 100
4 1.22 -——-
5 1.35 -——-
6 1.45 -——-

(44

Figure 13 - Results of Limit Equilibrium Method for Nail Inclination o = 55°

(Slope No. 11NW-B/C41 (Section 1-1))
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Soil Nail Properties #1
Grout hole diameter = 100 mm
Bar diameter = 25 mm CDG
¢'=2 kPa
Vertical spacing = 1500 mm ¢'=35°
Horizontal spacing = 2000 mm Y =19 kN/m’
Nail head = 400 mm x 400 mm x 250 mm v=025
E =20 MN/m
0 2 4m
Ll |
Scale

o = 55, soil nail length = 10 m

Figure 14 - Geometry and Parameters Used in Numerical Simulation for

Cut Slope No. 1INW-B/C41, o= 55"
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JOB TITLE : Slopq \_Ni_th m_odif_ied top—part an_d ir_1ta||ed with 10rr_1 long soil nails _incI_in(_ad_at _55° | 101

|_ 4400

FLAC (Version 4.00)

FoS =0.85

o =55° ;;

nail
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Figure 15 - Axial Nail Forces and Soil Shear Strains for Slope No. 11NW-B/C41 (Section 1-1), a = 55°
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Maximum Axial Nail Force, Tyn.x (kN)
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Maximum Axial Nail Force
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Legend:
L] a=10° A o =55°

Figure 16 - Variations of Maximum Axial Nail Forces in Nails with Depth
(Slope No. 11NW-B/C41 (Section 1-1))
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100 mm Shotcrete —»|

4l -
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A
I
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///

3500

5000
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o varies
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/1)
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Soil Nails Properties:

Grout hole diameter = 100 mm
Bar diameter = 40 mm

Soil Nail length =10 m
Vertical spacing =1 500 mm
Horizontal spacing =1 500 mm
fy = 460 N/mm?

All dimensions are in mm

Soil Parameters:

¢'= 10 kPa
$'= 400

Y =19 kN/m’
E. =20 MPa
Voir = 0.25

Figure 17 - Numerical Model for the Study of the Effect of Nail Inclination (o)

on Nailed Excavation
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Stage 1 Stage 11 Stage 111 Stage IV
z=0m z=0m z=0m z=0m
AN z=0.5m Z%@ I
\V
z=1m - z=1m - | -
VA
RN RO
z=2m
\V
z=25m g —| z=25m
RN RN
Stage V Stage VI Stage VII Stage VIII
z=0m z=0m z=0m z=0m
RN IR RN
-— -— -— | -— |
z=3.5m
A4
z=4m - | z=4m - -— |
(I VA I
RN RN
z=5m
\V4
z=55m - z=355m
(I VA
A\ RN
Stage I1X Stage X
z=0m z=0m
ARG RN
/ /
- -
- -
- -— z = Depth of excavation
[ z=6m z=6m
W%Q RN
Notes: Stage I: Excavate to z=1 m. Stage 11I: Install soil nail at z= 0.5 m and shotcreting.
Stage III: Excavate to z=2.5 m. Stage [V: Install soil nail at z= 2 m and shotcreting.
Stage V: Excavate to z=4 m. Stage VI: Install soil nail at z= 3.5 m and shotcreting.
Stage VII: Excavate to z= 5.5 m. Stage VIII:  Install soil nail at z =5 m and shotcreting.
Stage 1X: Excavate to z =6 m. Stage X: Shotcreting to full depth.

Figure 18 - Excavation Sequence Simulated in Numerical Analysis
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Figure 19 - Variations of Maximum Axial Nail Forces with Depth for the Excavation Models

at Final Stage
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(a) Section of the Soil Nailed Slope

(Fy = Tnax/(y-H-Sv-Sh))
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(b)
Legend:
Sv Vertical spacing of soil nails
Sh Horizontal spacing of soil nails

Figure 20 - Distribution of Measured Normalized Maximum Nailed Forces from Field

Monitoring (after Shiu et al, 1997)
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Horizontal Deformation of Excavation Face (mm)
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Figure 21 - Profiles of Horizontal Deformations of Excavation Face
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100 mm Shotcrete ——”——
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HoN

N1 length = 5 000 " |
N2 length = 7M
N3 length = 9 000

N4 length = 11 000,
a=10°

4000

18 000

Pattern (1)

Soil Nails Properties:

Grout hole diameter = 100 mm

Bar diameter = 40 mm

Soil Parameters:

¢'=5kPa
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100 mm Shotcrete *—"——

N1 lcngtW
N2 length y
#C N3 length = M
N4 length = W
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Pattern (2)
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fy = 460 N/mm?

Vioit — 0.25

Figure 22 - Nail Length Patterns (1), (2) and (3)
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Horizontal Deformations of Excavation Face (mm)
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Figure 23 - Horizontal Deformation Profiles of Excavation Face for Different Nail Length Patterns
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Criteria for Strength of Soil Reinforcement
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Legend:
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Reinforcement strength (Ellipse)
Normal earth pressure with bending
plastification (Parabola)

Normal earth pressure without bending
plastification (Straight line)

Soil-reinforcement friction

Th
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Axial tensile force
Tensile capacity
Shear force

Shear capacity

Figure 24 - Multicriteria and Final Yielding Curve (after Schlosser, 1982)
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Legend:
ks Coefticient of subgrade reaction 1o Transfer length of nail
o Lateral displacement of nail E Modulus of Elasticity of nail
I Nail moment of inertia D Nail diameter
Mmax  Maximum bending moment in nail P Shear force in nail
Iy Minimum required length beyond point of maximum bending moment
I Distance between points of maximum moment on either side of shear plane
b’ Maximum soil bearing pressure

Figure 25 - Nails Subjected to Bending Moment and Shear Force (after Schlosser, 1982)
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T
2
I\I\/;[p + (TTp) =1 (Rectangular cross section)
Legend:
T Axial force per nail M Bending moment per nail
T, Axial force capacity per nail M, Bending moment capacity per nail
assuming M =0 assuming T =0

Figure 26 - Relationship between M and T, (after Calladine, 2000)
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Figure 27 - Variation of Total Maximum Tensile Force (XTmax) and Total Maximum Shear Force (P max) with Nail Inclination (o)
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Figure 28 - Variation of AFoS with Nail Inclination (FLAC Analysis and PLAXIS Analysis)
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Figure 29 - Failure Envelopes and Combined Loading in Reinforcement Bar
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APPENDIX A

PREVIOUS LABORATORY STUDIES ON EFFECT OF NAIL INCLINATION
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A.1 PREVIOUS LABORATORY TESTS ON EFFECT OF NAIL INCLINATION
A.1.1 Jewell (1980) and Jewell & Wroth (1987)

Jewell (1980) investigated the fundamental behaviour of reinforced soil by carrying
out a series of direct shear box tests on sand samples reinforced with bars and grid
reinforcements. One of the significant findings of his work was that the shearing strength of
the reinforced soil is dependent on the orientations of the reinforcements. Jewell’s
investigation shows that reinforcement significantly modifies the state of stress and strain in
soil, and that by varying the orientation of the reinforcement, the reinforcement can either
increase or decrease the shear strength of the soil. Figure A1 compares the pattern of strain
in soil between the unreinforced and reinforced tests. The presence of the reinforcement
causes a significant reorientation of the principal axes of strain increment of the soil (see
Figure Al(b)). The soil strains close to the reinforcement are small because the
reinforcement inhibits the formation of the failure plane. When the reinforcement is
orientated in the same direction of the tensile strain increment of soil, tensile forces are
induced in the reinforcement through the friction between the soil and the reinforcement.
Likewise, compressive forces are induced in the reinforcement if the reinforcement is placed
close to the compressive strain increment of the soil.

Figure A2 shows the orientations of the reinforcement in which compressive or tensile
strain increments are experienced. The shear strength of the soil starts to increase when the
reinforcement is placed in the direction of tensile strain increment, and it reaches a maximum
when the orientation of the reinforcement is close to the direction of the principal tensile
strain increment. When the reinforcing elements are oriented in a direction of a compressive
strain increment, there is a decrease in shear strength of the reinforced soil. This shows that
in order to optimise strength improvement of soil, the reinforcement should be placed in the
directions of principal tensile strain in the soil. When the reinforcement deviates from its
optimum orientation, strength improvements decrease.

Jewell & Wroth (1987) demonstrated that the tensile reinforcement force improved the
shearing strength of the soil in two ways:

(1) reducing the driving shear force on the soil; and

(i1) increasing the normal stress on the failure plane of the soil
and consequently increasing the frictional resistance of the
soil.

For the case shown in Figure A3, the benefit of the reinforcement is to increase the
shearing resistance t by an amount:

r:i—R(cosetand)Jrsine) ............................................ (A1)

S

where Pr is the reinforcement tensile force, A is the area on the central plane in the direct
shear apparatus, 0 is the orientation of the reinforcement and ¢ is the friction angle of the soil.
This equation indicates that the effect of the reinforcement on the soil shearing strength
depends directly on the mobilised reinforcement force Pr.
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A.1.2 Marchal (1986)

Marchal (1986) reported a laboratory study on the behaviour of soil reinforced with
nail. The apparatus used was a circular shear box, 600 mm in diameter and 500 mm in
height. Two types of reinforcement were used: (i) rigid steel bar having a width of 50 mm
and a thickness of 8.8 mm; and (ii) flexible aluminium alloy flat bars with a thickness of
2 mm and width varying between 10 and 20 mm. The nails were instrumented with strain
gauges for measuring the stresses and bending moments. They were placed at various
orientations in the study. Figure A4 shows the arrangement of the test.

Marchal (1986) observed that the shear resistance for the reinforced soil showed the
presence of a peak followed by a decrease to constant value at large shear strains. Ratio of
the measured shearing resistance mobilized in the reinforced soil (t') to that of the
unreinforced soil (1) is plotted in Figure AS for different reinforcement orientations. Figure
A6 shows the variations in the relationship between the axial reinforcement force and the
shear force (P/Ps) developed in the reinforcement as a function of nail inclination (0) and
shear displacement of the soil (Al). Same for both rigid and flexible reinforcements, tensile
or compressive forces were first mobilised when the reinforcements were gradually subjected
to shear force. After certain shear displacements of the soil, 20 mm for rigid reinforcement
and 60 to 70 mm for flexible reinforcement, the curves of the P/P; ratios moved towards a
constant minimum value.

The study result shows that the orientation of the reinforcement plays a significant role
in the improvement of overall shear strength of the soil. A negative orientation can lead to
the development of compressive force in the reinforcement and consequently losses of shear
strength of the soil (see Figure A5). The study also indicates the existence of an optimum
reinforcement orientation in terms of strengthening of the soil. This is consistent with the
findings of Jewell (1980).

A.1.3 Hayashi et al (1988)

Hayashi et al (1988) presented results of simple shear tests carried out on sand samples
reinforced with bronze bars or polymer grids. Strain gauges were installed in the
reinforcement for measuring changes in stresses in the reinforcements during testing. The
orientation of the reinforcement was varied between 20° and -20°. Figure A7 shows the
changes in shear strength of the soil in relation to the reinforcement orientation. The test
result confirms the importance of the orientation of reinforcement in improving the shear
strength of the soil.

A.1.4 Palmeira and Milligan (1989)

Palmeira and Milligan (1989) reported results of experimental direct shear tests on
sand samples reinforced by different types of grid and sheet reinforcement. A large direct
shear apparatus (I m’) was used for the experiments. The orientations of the principal
strains in unreinforced and reinforced samples at peak stress ratio (ratio of shear stress to
normal stress) are presented in Figure A8. Figure A8(a) shows that the principal tensile
strain was inclined to the vertical direction by approximately 30 degrees in the case of
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unreinforced sand samples. Figure AS8(b) indicates that the presence of the inclined
reinforcement affected the general distribution of the principal strains of the soil at peak stress
ratio. A greater portion of the soil sample was strained than in the unreinforced case,
although the orientation of the principal tensile strain in the central region and away from the
reinforcement was still predominantly parallel to the reinforcement plane. According to
Palmeira and Milligan (1989), the presence of a reinforcement layer aligned in the direction of
principal tensile strains caused a remarkable increase in the shear strength of a reinforced
sample in comparison with an unreinforced one under the same operational conditions.
Reinforcements placed in the direction of principal tensile strain inhibited shear strain
development more due to the contribution from the horizontal component of the
reinforcement force. They indicated that for the range of values tested, reinforcement
bending stiffness was not an important parameter. However, no test data were presented.
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(b) Principal Strains in Sand Reinforced by a Grid at an Orientation 6 = +30°

Legend:

-

|

Principal strains

Compressive
Tensile

= 5% strain

Figure Al - Incremental Strains at Peak Shearing Resistance in (a) Unreinforced Sand (b)

Reinforced Sand (after Jewell, 1980)
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Figure A3 - Increase of Shearing Strength of Soil due to Tensile Reinforcement Force
(after Jewell & Wroth, 1987)
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Figure A4 - Soil Laboratory Test Apparatus (after Marchal, 1986)
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Legend:
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Figure A5 - Development of the Ratio of Shear Strength of Nailed to Soil Alone
as a Function of Nail Orientation (after Marchal, 1986)
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Figure A6 - Development of the Relationship T/Ps as a Function of Shear
DisplacementA/ and Nail Orientation,0 (after Marchal, 1986)
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Figure A7 - Ratio of Shearing Resistance of Reinforced Soil to Shearing Resistance
of Unreinforced Soil for Reinforcement (Bronze Bar) at Different
Orientations (after Hayashi et al, 1988)
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Figure A8 - Principal Strain Orientation at Peak Stress Ratio (after Palmeira and Milligan, 1989)
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APPENDIX B

RESULTS OF FLAC ANALYSIS FOR NAILED SLOPES - AXIAL NAIL FORCE
DISTRIBUTIONS AND SHEAR STRAINS OF SOIL FOR
VARIOUS NAIL INCLINATIONS
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10°

(*10M)

FLAC (Version 4.00)

LEGEND

17-May-04 14:39

step 27689
-5.176E-01 <x< 5.378E+01
-1.176E+01 <y< 4.254E+01

Max. shear strain increment
0.00E+00
1.20E-01
2.40E-01
3.60E-01
4.80E-01
6.00E-01
7.20E-01
8.40E-01
9.60E-01
Contour interval= 4.00E-02
Axial Force on
Structure  Max. Value

#1 (Cable) -1.973E+05
#2 (Cable) -1.766E+05
# 3 (Cable) -1.507E+05
# 4 (Cable) -1.408E+05
#5 (Cable) -1.078E+05
# 6 (Cable) -8.915E+04

#7 (Cable) -8.683E+04

a=0

o

3.500

2.500

0.500

-0.500

| T | T
2.500 3.500 4.500

Figure B1 - Axial Nail Force Distribution and Shear Strains of Soil, o = 0°
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10° (10%1)
FLAC (Version 4.00)
o=5°
LEGEND 3500
11-May-04 17:11
step 26686

-9.672E-02 <x< 5.504E+01
-1.218E+01 <y< 4.296E+01

Max. shear strain increment

0.00E+00

8.00E-02
1.60E-01
2.40E-01
3.20E-01
4.00E-01
4.80E-01
5.60E-01
6.40E-01

Contour interval= 4.00E-02

Axial Force on
Structure  Max. Value

# 1 (Cable)
# 2 (Cable)
# 3 (Cable)
# 4 (Cable)
# 5 (Cable)
# 6 (Cable)
# 7 (Cable)

-1.796E+05
-1.773E+05
-1.538E+05
-1.407E+05
-1.045E+05
-8.641E+04
-9.063E+04

2.500

1.500

0.500

_-0.500

I J I |
1.500 2.500 3.500 4.500

Figure B2 - Axial Nail Force Distribution and Shear Strains of Soil, o = 5°
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10° 10M)
FLAC (Version 4.00) 3.250
a=10°
LEGEND

2.750

17-May-04 21:34

step 25933

1.137E-01 <x< 3.968E+01
-5.858E+00 <y< 3.371E+01

2250

Max. shear strain increment
0.00E+00
1.00E-01
2.00E-01
3.00E-01
4.00E-01
5.00E-01
6.00E-01
7.00E-01
8.00E-01
Contour interval= 5.00E-02
Axial Force on
Structure  Max. Value

1.750

1.250

_ 0.750

#1 (Cable) -1.767E+05 | 0.250
#2 (Cable) -1.808E+05
#3(Cable) -1.586E+05
# 4 (Cable) -1.490E+05
#5 (Cable) -1.211E+05 0.250
#6 (Cable) -9.676E+04
#7 (Cable) -9.777E+04

Figure B3 - Axial Nail Force Distribution and Shear Strains of Soil, o = 10°
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10°

FLAC (Version 4.00)

12-May-04 9:38

step 27940

1.137E-01 <x< 3.989E+01
-5.738E+00 <y< 3.404E+01

Max. shear strain increment
0.00E+00
5.00E-02
1.00E-01
1.50E-01
2.00E-01
2.50E-01
3.00E-01
3.50E-01
4.00E-01

Contour interval= 5.00E-02
Axial Force on

Structure

#1 (Cable)
# 2 (Cable)
# 3 (Cable)
# 4 (Cable)
# 5 (Cable)
# 6 (Cable)
# 7 (Cable)

o =20°

LEGEND

Max. Value
-1.745E+05
-1.712E+05
-1.563E+05
-1.504E+05
-1.300E+05
-9.711E+04
-9.455E+04

(*10M)

3.250

_ 2.750

L 1.750

1.250

0.750

0.250

_-0.250

Figure B4 - Axial Nail Force Distribution and Shear Strains of Soil, oo = 20°
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10°

(*10M)

FLAC (Version 4.00)

o =30°

10-May-04 9:41

step 28515
-3.072E-01 <x< 3.989E+01
-5.948E+00 <y< 3.425E+01

Max. shear strain increment
0.00E+00
5.00E-02
1.00E-01
1.50E-01
2.00E-01
2.50E-01

Contour interval= 5.00E-02
Axial Force on

Structure
1 (Cable)
2 (Cable)
3 (Cable)
4 (Cable)
5 (Cable)
6 (Cable)
7 (Cable)

CEDD

LEGEND

Max. Value
-1.434E+05
-1.547E+05
-1.577E+05
-1.395E+05
-1.164E+05
-7.590E+04
-6.200E+04

3.250

2.750

_ 2.250

_ 1.250

0.750

0.250

-0.250

Figure B5 - Axial Nail Force Distribution and Shear Strains of Soil, o = 30°
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10°

(*10M)

FLAC (Version 4.00)

9-Mar-04 9:45

step 33477
-9.672E-02 <x< 4.010E+01
-5.836E+00 <y< 3.436E+01

Max. shear strain increment
0.00E+00
1.00E-01
2.00E-01
3.00E-01
4.00E-01
5.00E-01

Contour interval= 1.00E-01
Axial Force on

Structure

# 1 (Cable)
# 2 (Cable)
# 3 (Cable)
# 4 (Cable)
#5 (Cable)
# 6 (Cable)
#7 (Cable)

CEDD

o =45°

LEGEND

Max. Value
-1.629E+05
-1.977E+05
-1.747E+05
-1.228E+05
-6.322E+04
-3.590E+04
3.190E+04

3.250

2.750

_ 2.250

1.750

1.250

_ 0.750

Figure B6 - Axial Nail Force Distribution and Shear Strains of Soil, oo = 45°
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10°

FLAC (Version 4.00)

o =50°

LEGEND

24-Apr-04 15:22

step 113944

1.137E-01 <x< 3.989E+01
-5.625E+00 <y< 3.415E+01

Max. shear strain increment
0.00E+00
5.00E-02
1.00E-01
1.50E-01
2.00E-01
2.50E-01
3.00E-01
3.50E-01
4.00E-01
4.50E-01

Contour interval= 5.00E-02
Axial Force on
Structure Max. Value

# 1 (Cable) -1.232E+05
#2 (Cable) -1.425E+05
#3 (Cable) -B8.668E+04
#4 (Cable) -3.328E+04
#5 (Cable) -3.159E+04
#6 (Cable) 4.115E+04
#7 (Cable) 3.424E+04

(*10M)

3.250

_ 2.750

2.250

1.750

1.250

_ 0.750

_ 0.250

_-0.250

Figure B7 - Axial Nail Force Distribution and Shear Strains of Soil, oo = 50°
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10° (1011)

_ 3.250

FLAC (Version 4.00)

o =55°

LEGEND
2.750

7-May-04 17:34
step 21720
-9.672E-02 <x< 3.947E+01 Sk
-5.520E+00 <y< 3.405E+01 '
Max. shear strain increment
0.00E+00
1.00E-01
2.00E-01
3.00E-01
4.00E-01
5.00E-01
6.00E-01
7.00E-01
8.00E-01

1.250

0.750

Contour interval= 1.00E-01
Axial Force on

Structure  Max. Value 0250

#1 (Cable) -1.170E+05

#2 (Cable) -1.228E+05

#3 (Cable) -4.124E+04

#4 (Cable) 5.266E+04 0.250

#5 (Cable) 6.076E+04
# 6 (Cable) 6.103E+04
#7 (Cable) 4.706E+04

Figure B8 - Axial Nail Force Distribution and Shear Strains of Soil, oo = 55°
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APPENDIX C

RESULTS OF FLAC ANALYSIS FOR NAILED EXCAVATIONS - AXIAL NAIL FORCE
DISTRIBUTIONS AND SHEAR STRAINS OF SOIL FOR
VARIOUS NAIL INCLINATIONS
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JOB TITLE : Temporary Excavation using soil nails o = 0°

(*107M)

FLAC (Version 4.00)

LEGEND

30-Jul-04 21:32

step 473154
-5.000E+00 <x< 1.900E+01
-1.200E+01 <y< 1.200E+01

Max. shear strain increment
0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02

Contour interval= 2.50E-03
Cable Plot

Axial Force on

Structure Max. Value

#1 (Cable) -1.154E+04
#2 (Cable) -1.156E+04
#3 (Cable) -2.108E+04
#4 (Cable) -1.321E+04
CEDD

_ 1.000

| 0.600

| 0.200

|- -0.200

_ -0.600

| -1.000

|
-0.200

|
0.600

("10M)

Figure C1 - Axial Nail Force Distribution and Shear Strains of Soil, o = 0°
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JOB TITLE : Temporary Excavation using soil nails o = 10°

(*10M)

FLAC (Version 4.00)

LEGEND

30-Jul-04 21:35

step 474249
-5.000E+00 <x< 1.900E+01
-1.200E+01 <y< 1.200E+01

Max. shear strain increment
0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02

Contour interval= 2.50E-03
Cable Plot

Axial Force on

Structure Max. Value

_ 1.000

| 0.600

| 0.200

|- -0.200

_ -0.600

| -1.000

#1 (Cable) -1.385E+04
#2 (Cable) -1.086E+04
# 3 (Cable) -1.853E+04
#4 (Cable) -1.266E+04
CEDD
10,200 0.200 I 0.600 I 1.000 I 1.400

(10M)

]
1.800

Figure C2 - Axial Nail Force Distribution and Shear Strains of Soil, o = 10°
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JOB TITLE : Temporary Excavation using soil nails a = 20°

(*10M)

FLAC (Version 4.00)

LEGEND

30-Jul-04 22:57

step 491411

-5.000E+00 <x< 1.900E+01
-1.200E+01 <y< 1.200E+01

Max. shear strain increment
0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02

Contour interval= 2.50E-03
Cable Plot

Axial Force on

Structure Max. Value

1.000

| 0.600

| 0.200

|- -0.200

_ -0.600

| -1.000

#1 (Cable) -1.609E+04
#2 (Cable) -9.207E+03
# 3 (Cable) -1.460E+04
#4 (Cable) -1.164E+04
CEDD
10,200 0.200 I 0.600 I 1.000 I 1.400

(10M)

]
1.800

Figure C3 - Axial Nail Force Distribution and Shear Strains of Soil, o = 20°
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JOB TITLE : Temporary Excavation using soil nails o = 25°

(*10M)

FLAC (Version 4.00)

LEGEND

29-Jul-04 22:06

step 444690
-5.000E+00 <x< 1.900E+01
-1.200E+01 <y< 1.200E+01

Max. shear strain increment
0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02

Contour interval= 2.50E-03
Cable Plot

Axial Force on

Structure  Max. Value

_ 1.000

| 0.600

| 0.200

|- -0.200

_ -0.600

| -1.000

#1 (Cable) -1.744E+04
#2 (Cable) -7.556E+03
# 3 (Cable) -1.361E+04
#4 (Cable) -1.135E+04
CEDD
10,200 0.200 I 0.600 I 1.000 I 1.400

(10M)

]
1.800

Figure C4 - Axial Nail Force Distribution and Shear Strains of Soil, oo = 25°

98

SJUBU0D JO 3jgeL

SJUBU0D JO BjgeL SjUaU0D JO 3|geL

SjUaU0D JO 3|geL


leeck
Line



JOB TITLE : Temporary Excavation using soil nails o =30°

(*10M)

FLAC (Version 4.00)

LEGEND

29-Jul-04 22:03

step 438916
-5.000E+00 <x< 1.900E+01
-1.200E+01 <y< 1.200E+01

Max. shear strain increment
0.00E+00
2.50E-03
5.00E-03
7.50E-03
1.00E-02
1.25E-02
1.50E-02

Contour interval= 2.50E-03
Cable Plot

Axial Force on

Structure  Max. Value

#1 (Cable) -1.785E+04
#2 (Cable) -7.196E+03
# 3 (Cable) -1.388E+04
#4 (Cable) -1.067E+04
CEDD

_ 1.000

| 0.600

| 0.200

|- -0.200

_ -0.600

| -1.000

|
-0.200 0.200

I
0.600

("10M)

1.000

1.400

]
1.800

Figure C5 - Axial Nail Force Distribution and Shear Strains of Soil, oo = 30°

L8

SJUBU0D JO 3jgeL

SJUBU0D JO BjgeL SjUaU0D JO 3|geL

SjUaU0D JO 3|geL


leeck
Line



JOB TITLE : Temporary Excavation using soil nails a. = 35°

(*10M)

FLAC (Version 4.00)

LEGEND

30-Jul-04 1:45

step 219227
-5.000E+00 <x< 1.900E+01
-1.200E+01 <y< 1.200E+01

Max. shear strain increment
0.00E+00
2.50E-02
5.00E-02
7.50E-02
1.00E-01
1.25E-01
1.50E-01
1.75E-01
2.00E-01

Contour interval= 2.50E-02
Cable Plot

Axial Force on

Structure Max. Value
#1 (Cable) -4.493E+04
# 2 (Cable) -4.481E+03
# 3 (Cable) -1.034E+04

CEDD

_ 1.000

| 0.600

| 0.200

|- -0.200

_ -0.600

| -1.000

T T | . I
-0.200 0.200 0.600 1.000 1.400
("10M)

]
1.800

Figure C6 - Axial Nail Force Distribution and Shear Strains of Soil, oo = 35°

38

SJUBU0D JO 3jgeL

SJUBU0D JO BjgeL SjUaU0D JO 3|geL

SjUaU0D JO 3|geL


leeck
Line



APPENDIX D

PREVIOUS STUDIES ON EFFECT OF BENDING STIFFNESS OF SOIL NAILS
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D.1 PREVIOUS STUDIES RELATING TO EFFECT OF BENDING STIFFNESS OF SOIL
NAIL

In the direct shear tests by Marchal (1986) as described in Appendix A, shear forces
developed in the reinforcements were measured. The variations in the relationship between
the axial tensile/compressive force and the shear force (T/Ps) developed in the reinforcement
are shown in Figure A6 of Appendix A. Same for both rigid and flexible reinforcements,
tensile or compressive forces were first mobilised when the reinforcements were gradually
subjected to shear force. After relatively large shear displacements of the soil, 20 mm for
rigid reinforcement and 60 to 70 mm for flexible reinforcement, the T/Ps approached a
constant minimum value. Marchal (1986) observed that the shear displacements necessary
to reach the peak shear of the reinforced soil were larger that those of unreinforced soil.

Gigan and Delmas (1987) presented a comparative study of various soil nail design
computer programs. Some of the programs can incorporate the shear and bending
contribution of nails. The study results showed that including the contribution of reinforcement
shear stress in the calculation resulted in a maximum increase in factor of safety of about 10%.

Bridle and Davies (1997) reported results of a series of instrumented large scale shear
box tests. The experiments revealed that the pull-out strength of the reinforcement was
taken up prior to any significant development of shear load. Following mobilization of
pull-out strength, shear loads increased with shear deformation. Typical test result for a
reinforcement at right angle to the shear plane is shown in Figure D1. This is the optimum
reinforcement orientation for mobilizing shear force in the reinforcement.  Axial
reinforcement forces developed due to the shear deformation of the reinforcement. Other
results of the shear box tests indicated that there was an increase in maximum axial nail force
with rotation from the normal to the shear plane up to a rotation of approximately 30°. This
is in agreement of the findings of Jewell (1980) and Pedley (1990).

Davies and Masurier (1997) presented results of large scale shear box tests. The
shear box measured 3 m x 1.5 m x 1.5. Steel and aluminium nails of 2.8 m long and
25 mm diameter were tested. They observed that tensile forces in the nails developed
immediately shear load was applied to the sample. The tensile forces increased rapidly to a
peak after approximately 30 mm shear displacement and then remained constant with
increasing shear displacement (Figure D2). The tensile force was mainly controlled by the
pull-out capacity of the nail. Shear force in the nail did not start to develop until up to
20 mm shear displacement had occurred, the shear force then increased steadily. The
maximum possible shear force was limited by the plastic moment at the nail.

Tan et al (2000) used a series of simplified failure modes to describe the behaviour of
the soil-nail lateral action. They include: (i) failure due to soil yielding, (ii) failure due to
nail yielding, and (iii) failure due to soil and nail reaching yield simultaneously. These
failure modes are dependent on the relative stiffness and strengths of soil and nail as well as
the relative lateral displacement. The extent to which the nail is deformed determines the
shear force and the axial load developed in the nail. Expressions for calculating soil-nail
lateral resistance were derived for the failure modes.

Smith and Su (1997) reported results of 3-dimensional finite element analysis of a soil
nailed wall. The results indicate that little bending and shear resistance is developed in the
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nails during construction and under service load. Shear stresses and bending moments were
mobilised when the wall was under large surcharge load and close to collapse.

Pluemelle et al (1990) presented test results of an instrumented soil nailed wall (7 m in
height) which was taken to failure by progressively saturating the nailed soil mass. Failure
zone developed in the nailed wall is shown in Figure D3. It was reported that “the tensile
force is the first mechanism mobilised, and it is developed progressively during
excavation...Close to failure and under large deformations, the bending stiffness is mobilised,
giving an additional safety factor”. Shear forces and bending moments in the nails were not
measured.

D.2 LABORATORY AND THEORETICAL STUDIES BY PEDLEY (1990) AND JEWELL
AND PEDLEY (1990 & 1992)

Pedley (1990) conducted a comprehensive experimental and theoretical study to
examine the performance of soil reinforcement in respect of reinforcement orientation,
bending and shear. In the study, a series of direct shear tests were carried out in a large-scale
direct shear apparatus (1 m x 1 m x 1 m). Three different types of circular cross sections
were tested. They included solid steel bars (16 to 25.4 mm in diameter), metal tubes (15.88
to 25.4 mm in external diameter and 13.19 to 22.36 in internal diameter) and grouted bar
(50.8 mm in diameter with steel bar diameters 6.71 to 16 mm). Strain gauges were fixed to
the reinforcement to measure the axial and bending strains during shear.

In the direct shear tests, the effect of reinforcement in shear and bending was studied
by varying the reinforcement cross-section, reinforcement orientation and the relative
soil-reinforcement stiffness and strength. The problem can be simplified to that shown in
Figure D4. The bending moment (M), shear force (Ps) and lateral stress (c') of the
reinforcement were determined from the direct shear tests. Figure D5 shows the
distributions of: (a) the reinforcement bending moment (M) normalised by the plastic moment
capacity (Mp); (b) the reinforcement shear force (Ps) normalised by the full plastic axial
capacity (T,); and (c) the lateral stress on the reinforcement (c')) normalised by the limiting
soil bearing stress (c',). These distributions were the stress conditions of the reinforcement
at a shear displacement of soil of 60 mm. The test results show that even when the measured
bending moments were close to the fully plastic moment (M/M, = 1) in all the tests, the
maximum shear force (Ps) in the reinforcement was less than 6% of the plastic axial capacity
(Pp). Figure D6 displays the shapes of the some grouted and ungrouted nails after the tests.
Some nails had been deformed to an S shape. Pedley observed that the soil had fully
strain-softened before mobilisation of the limiting shear capacity of the reinforcement. The
laboratory results were confirmed by theoretical analysis discussed below.

Pedley (1990) derived elastic and plastic models for determining the maximum shear
force mobilised in the reinforcement bar. These models were also reported in Jewell and
Pedley (1990 & 1992). The elastic analysis simply defines the stress condition before the
reinforcement reaches plasticity, it does not represent the failure condition. As such, only
the plastic analysis is discussed here. The plastic analysis will always give a larger
reinforcement shear force than the elastic analysis.

The relationship between axial force T and bending moment M of a soil reinforcement
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is shown in Figure 26. The limiting plastic envelope for a bar of rectangular cross-section is
given by (Calladine, 2000):

Equation D1 is slightly conservative for circular bar. Since no simple relationship
can be derived for circular bar, this equation has been adopted by Jewell and Pedley (1990).

The relation between maximum shear force P and the maximum moment M.
depends on the magnitude and distribution of the lateral loading on the reinforcement bar.
For plastic analysis for a soil nail under the lateral loading shown in Figure D7, the equations
for this distribution of lateral loading are:

4M max
(P) = T (D2)
and
4
(I—Sj e (D3)
D 36,

where [ is the distance between the points of maximum moment on either side of the potential
shear surface, (see Figure D7), D is the diameter of reinforcement bar, o, is the yield stress of
the bar and and ' is the limiting bearing stress between soil and reinforcement.

The limiting bearing pressure (cp') between the soil and the reinforcement required to
achieve the plastic equilibrium is:

8Mmax
1.’D

(Gb )max =

The theoretical plastic limiting maximum shear force P that can be generated in an
ungrouted round bar that also supports axial force, P, is:

B —L{l{l} } ......................................... (D5)
T, 3n (,/D)| |T,

Details of explanations and derivation of Equations (D1) to (D5) can be found in
Pedley (1990).

An important point to note is that the reinforcement shear force P is limited by the
shear width (I/D) which is related to the bearing capacity of soil (c'y). If no axial nail force
is developed (1.e. T/T, = 0), the maximum possible shear force is approximately:
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According to Pedley et al (1990b), the bearing capacity of soil limits the lateral loading
that can be exerted on the reinforcement and as such the shear width for typical soil nailing is
of the order (I/D) = 10 to 20. From equation (D6), the limiting shear force is then of the
order (Py/T,) < 10%.

The limiting shear force and the axial force for an ungrouted reinforcement bar can be
determined using equations (D3) and (D5). Jewell and Pedley (1992) presented envelopes of
limiting combinations of shear force Pg and axial force T for ungrouted nail bar of 25 mm
diameter with typical soil parameters. The equilibrium for a soil nail at depths of
approximately 5 m, 10 m, and 20 m in a steep-sided excavation was considered. The
envelopes are shown in Figure DS.

As discussed by Jewell and Pedley (1992), for grouted bar, there is very little benefit to
the reinforcement bending stiffness from the grout. As such, a grouted reinforcement bar
has the same overall bending stiffness as the bar alone (no benefit from the grout) but the
effective diameter of the soil nails equals the diameter of the hole D,. The larger diameter of
the grouted bar D, reduces the ratio (/D) and equation (D3) is modified as follows:

The limiting envelopes of allowable load for the range of cases examined above can be
recalculated to allow for the effect of grout. For a typical grouted hole diameter
Dg =100 mm, with all the other parameters unchanged, the results of the recalculation are
summarised in Figure D9. It can be observed from both Figures D8 and D9 that the
magnitude of the limiting shear force in the reinforcement can only be a small proportion of
the axial force capacity. This is the case even when the reinforcement is oriented so as to
mobilize the maximum shear force.

D.3 Overall Improved Shearing Resistance of Soil

The implication from the test and analytical results reported by Pedley (1990) and
Jewell and Pedley (1992) is that reinforcement bending stiffness allows only a small
additional shear force to be mobilised compared with the axial force capacity of the
reinforcement.

According to Pedley (1990), the overall influence of reinforcement shear and axial
force on soil shearing strength can be analysed by considering reinforcement crossing a
potential shear surface at some orientation, angle 0, see Figure D10. The net change in shear

strength of the soil (AS) due to the reinforcement axial force (T/T,) and the reinforcement
shear force (Py/T),) is:
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{A—S} = {Tl}(cos Otan ¢' + sin 0) + [%}(cos O—smnOtan ') .....c.......... (D)

TP P P

It can be noted that the reinforcement shear force has a much smaller influence on soil
shear strength improvement than the reinforcement axial force for two reasons: (i) a
component of the reinforcement shear force reduces the normal stress in the soil and thereby
decreases the soil strength; and (ii) the limiting reinforcement shear force is only a small
percentage of the axial capacity of the reinforcement T,. This shows that reinforcement used
in shear and bending is much less efficient than that used in axial tension.

Pedley (1990) has back-analysed an instrumented 6 m high nailed wall that was loaded
to failure. He found that the highest contribution of reinforcement shear force to soil
strength improvement was less than 3% to that due to reinforcement axial force. This is in
agreement with the theoretical study result that only very small amount of shear force can be
mobilised in nail.
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Stage 1: A rapid linear development in tensile load T in the nail with displacement.
The shear force S in the nail rises relatively slowly.
Stage 2: The gradient of the tensile force curve changes markedly and there is an
increase in the rate of development of shear force in the nail.
Stage 3: The nail undergoes permanent deformation. There is small increase in
tensile load in deflection.
Legend:
S Shear force in soil nail
T Tensile force in soil nail
Note: Nail orientation - normal to slip surface.

Figure D1 - Development of Tensile and Shear Forces During Deflection of a Soil Nail

(after Bridle & Davies, 1997)
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Figure D2 - Development of Shear Forces and Tensile Forces in Soil Nail
(after Davies and Le Masurier, 1997)
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Figure D3 - Failure Zone Developed in Soil Nailed Wall (after Plumelle et al, 1990)
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Legend:

Gross shear resistance of unreinforcement soil
Additional shearing resistance due to nail
Reinforcement orientation

Reinforcement axial force

Reinforcement shear force

Reinforcement resultant displacement
Reinforcement axial displacement
Reinforcement shear displacement

Figure D4 - Reinforcement Crossing a Potential Rupture Surface (after Pedley, 1990)
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Bar diameter Nail orientation 6° Bar diameter Nail orientation 6°
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O 15.88 0° L J 25.4 0°
O 15.88 15° u 25.4 15°
A 15.88 25° A 25.4 25°
Legend:

M Bending moment of nail

Mp Fully plastic bending moment of nail

Ps Nail shear force

Tp Fully plastic axial force in nail

G'l Lateral stress on nail

c'b Limiting bearing stress

Figure D5 - Profiles of (a) Bending Moment (M/M,), (b) Shear Force (Ps/P,) and (c) Lateral

Stress (c')/c"y) at a Shear Displacement of 60 mm (after Pedley, 1990)
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02 15°
03 25°

(a) Post Test Deformation of D = 16 mm Reinforcement Tested at Different
Orientations 0 to the Vertical

(b) Post Test Deformation of Grouted Reinforcement of External Diameter
D, = 51 mm and Internal Diameter D = 6.5 mm and D = 16 mm.

Figure D6 - Post Test Deformation of Reinforcement (after Pedley, 1990)
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Mmax

Legend:

Ps
Mmax
Iy

Is

[

Oy

Shear force

Maximum bending moment in nail

Minimum required length beyond point of maximum bending moment

Distance between points of maximum moment on either side of shear plane

Limiting bearing stress between soil and reinforcement

Figure D7 - Plastic Analysis of Soil-nail Interaction (after Jewell and Pedley 1992)
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Legend:
T Axial nail force Ps Shear nail force
Tp Fully plastic axial force in nail oy Vertical stress in soil
c, =100 kN/m*> - —_ o, =200 kN/m’

"""""""""" 6, = 400 kN/m?

Figure D8 - Limiting Combinations of Shear Force and Axial Force of Ungrouted
Reinforcement for Plastic Analysis (after Jewell and Pedley, 1992)
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Soil Nail Parameters

Steel bar diameter = 25 mm

Grouted nail diameter = 100 mm

Modulus of subgrade reaction = 50 x 10° kKN/m’

o'=35°
Legend:
T Axial nail force Ps Shear nail force
Tp Fully plastic axial force in nail oy Vertical stress in soil
c, =100 kN/m*> - —_ o, =200 kN/m’

"""""""""" 6, = 400 kN/m?

Figure D9 - Limiting Combinations of Shear Force and Axial Force of Grouted
Reinforcement for Plastic Analysis (after Jewell and Pedley, 1992)
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Legend:
T Axial nail force Ps Shear nail force
Tp Fully plastic axial force in nail Oy Vertical stress in soil
AS Additional shearing resistance due to nail ~ As Area of soil sample
S Gross shearing resistance of unreinforced soil

Figure D10 - Improvement in Shearing Resistance of Soil Reinforced with Nails
(after Pedley, 1990)
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Figure E4 - Shear Strain Increment of Soil, o = 20°
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Figure ES - Deformation of Soil Slope, a = 20°
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Figure E7 - Bending Moment Distribution in Nails, o
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