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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 last page of this report.

lai...
R.K.S. Chan

Head, Geotechnical Engineering Office
December 2005
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FOREWORD

This Report presents the results of a study of the design
of soil nail head.

In this study, a review of the role and load transfer
mechanism of soil nail heads, previous studies and international
practice in nail head design has been carried out. Numerical
simulations have also been performed to examine the functions
of nail heads and local stability of soil between nail heads.
From the study, guidance on determination of size of nail head
is provided.

The study was carried out by Mr Y.K. Shiu and
Dr G.W.K. Chang of the Standards and Testing Division.
Dr H-W. Sun of the Landslip Preventive Measures Division 1
has provided useful advice on the numerical simulations.
Miss Florence Ko of the Planning Division performed
simulations of active zone failure on nailed slopes. Their
contributions are gratefully acknowledged.

by

W.K. Pun
Chief Geotechnical Engineer/Standards and Testing
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ABSTRACT

Soil nails are extensively used for slope improvement
works in Hong Kong. A study has been carried out to review
the role and load transfer mechanism of soil nail heads.

This study comprises a review of the fundamental
mechanism of soil nail heads, case histories of previous studies
and technical guidance documents from France, Japan, UK and
USA. In addition, numerical simulations have been carried out
to examine analytically the functions of soil nail heads. Local
stability of the soil between soil nail heads has also been
examined.

From the results of the study, soil nail heads can enhance
stability of slopes. This beneficial effect is attributed to the
lateral confinement to the soil resulting from combined action of
the nail heads and soil nails.

Three options of design methods including design charts
derived from numerical analyses, lower-bound solution as
proposed by HA 68/94, and prescriptive design approach are
provided to assist engineers in determining the dimension of nail
heads. Guidance on prevention of local instability of soil
between nail heads is also given.
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1. INTRODUCTION

The Geotechnical Engineering Office (GEO) of the Civil Engineering Department
engaged Maunsell Geotechnical Services Ltd. (MGSL) to undertake a review of soil nail head
design. The review report (MGSL, 2003) recommends that the role of soil nail head in
mitigating slope failure should be further investigated.

This study examines the role and mechanism of soil nail heads and proposed
guidelines for determining nail head sizes. It comprises a review of the fundamental
mechanism of soil nail heads, case histories of previous studies and international practice in
nail head designs. In addition, numerical simulations have been carried out to examine
analytically the functions of soil nail heads. Local stability of the soil between soil nail
heads has also been examined and suggestions to minimise such failures have been made.

In Hong Kong, soil nail heads are usually in the form of concrete pads. They are

either isolated or integrated into a shotcrete facing or grillage beams. In this study, only
isolated concrete pads for soil nails in soil cut slopes are addressed.

2. LOAD TRANSFER MECHANISM OF SOIL NAIL HEADS

2.1 General

As part of the earlier study by MGSL (2003), an opinion survey was carried out to
collect views on the design approach of soil nails. In the survey, questionnaires were sent to
a number of local and overseas consultants. Many of the respondents indicated that nail
heads could enhance the internal stability or the external stability of a nailed structure whereas
some considered that there was no need to provide soil nail heads. This difference in views
points to the need for a review of the basic mechanism of load transfer of soil nail head.

2.2 Fundamental Mechanism

To understand the fundamental behaviour of soil nail heads of a nailed structure, it is
necessary to look at the whole load transfer mechanism of the structure. The soil in a nailed
structure consists of two distinct zones, namely the active zone and the resistant zone as
shown in Figure 1.

The load transfer mechanism of a nailed structure is the development of tensile forces
in the nails as a result of the restraint that the nails and the nail heads provide in response to
deformations of the structure. In the case of stabilization of marginally stable slopes, the
deformations are associated with movements of the slope as a result of inadequate support.
In the case of a soil nailed retaining wall, the deformations are due to expansion of the
reinforced zone as a result of removal of lateral support as excavation proceeds from the top
downwards. In either case, movement of the soil relative to the nails generates shear stresses
at the soil/nail interface. Loads are induced within the soil nails as a result of the interfacial
shear stresses between the nails and the soil in the active zone, and by the soil-structure
interaction between the nail head and the soil (see Figure 1). In the active zone, the nails and
the nail heads interact with the soil to support the ground. The tension loads induced in the
soil nails are redistributed into the soil in the resistant zone through the nail/soil friction.
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Under working conditions, shearing and bending resistance of the soil nails have little
contributions to the system of forces maintaining stability within the soil-nailed structure.
At failure condition when large deformations of the soil have taken place, the contribution can
be more significant but still small (Jewell & Pedley (1992), Kitamura et al (1988), Plumelle &
Schlosser (1990), Hong et al (2003)). As such, the influence of the shearing and bending
resistance is often ignored in soil nail designs and the nails are considered to act in tension
only. To ensure that the predominant action of the nails is in tension, soil nails are usually
placed at inclinations close to the horizontal. These inclinations correspond in general with
those of maximum tensile strains developed in the soil in the active zone (Jewell & Wroth
(1987), Hayashi et al (1988)).

Interaction between the nail head and the soil gives rise to tensile load at the head of
the nail. The soil nails and the nail heads act together to tie the active zone to the resistant
zone. The reaction on the nail head and the pull-out resistance of the nail in the active zone
must be adequate to provide the required nail tension at the slip surface between the active
and resistant zones in order to prevent the active zone from sliding off the soil nail. This is
illustrated in Figure 2. Plates 1 and 2 show examples of failures with the active zone sliding
off the soil nails. For stability to be achieved, the soil behind isolated nail heads must have
sufficient strength against bearing failure in the soil. For soil nail heads attached to a
continuous reinforced shotcrete facing, bearing failure of the soil is usually not a controlling
factor. To provide the support force to stabilise the active block, the nails must give
adequate tensile strength. In addition, the nails must also be embedded a sufficient length
into the resistant zone to prevent pull-out failure.

3. CASE HISTORIES

3.1 General

Our understanding of the magnitude and distribution of the nail head loading
developed in nailed structures is not as good as our knowledge of the tensile loads developed
within the nails (FHWA, 1998). This is because of the lack of good quality field monitoring
data. The available data from instrumented nails are difficult to interpret in the vicinity of
nail head, where bending effects of nail tend to be more significant as a result of the weight of
nail head or facing (Thompson & Miller (1990), Shiu et al (1997)). There has been little
field monitoring data obtained from load cells installed at the heads of soil nails probably
because of the difficulties of placing load cells between nail heads and the soil (Stocker &
Reidinger, 1990).

Despite the lack of good quality field monitoring data, a number of studies including
model tests, full-scale field tests and numerical simulations have been carried out at different
parts of the world. The results of these studies provide useful insight into the role and
behaviour of soil nail heads. Many of the studies are related to soil nailed retaining walls
where soil nail heads are integrated into a concrete facing.

3.2 Experimental Full-scale Structures and Laboratory Model Tests

Full-scale experiments on instrumented, sub-vertical nailed walls were carried out by
Gissler & Gudehus (1981). Soil nails and shotcrete facing were constructed during
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excavation. The soil nails were installed by driving bars into the ground. The test walls
were 20 feet high. Earth pressures behind the shotcrete facing of the walls were measured
by hydraulic cells and forces along selected soil nails were monitored by strain gauges.
Figure 3 shows the instrumentation of the test walls. The reinforced soil bodies were
brought to failure either by surcharging the wall crest or by pulling out the lowest row of soil
nails.

Typical earth pressure measured behind the facing is shown in Figure 4. The
distribution of the facing pressure was closer to uniform than triangular in shape, with a
marked reduction close to the toe. Under self-weight loading, the resultant lateral earth
pressure acting on the facing was about 50% of the active earth pressure calculated using
Coulomb’s theory. When surcharge was added from the wall crest, the resultant earth
pressure on the facing increased to about 70% of the Coulomb’s active value. Indeed, loads
of 60 to 70% of the Coulomb active earth pressure were repeatedly observed on the facing of
different experimental walls and so it was recommended that the shotcrete facing and the nail
heads should be designed for these reduced earth pressures.

Plumelle & Schlosser (1990) reported a test on an experimental wall of 6 m in height.
Three rows strain-gauged soil nails were installed at the upper portion of the wall whereas the
lower portion was unreinforced (see Figure 5a). The unreinforced portion of the wall was
supported by 1 m high panels numbered 1, 2 and 3. The face of the nailed portion was
retained by another panel numbered 4. The panels supporting the unreinforced portion were
removed one by one in the sequence of panel 3, 2 and 1. When panels 3 and 2 had been
removed, local instability occurred and the failed soil was in the shape of an arch. When
panel 1 was removed, a local failure took place, leading to the overall failure of the wall.
The forces at the nail heads were monitored during the test. Figure 5b shows that the forces
at the nailed head increased in steps that corresponded to the removal of the panels. This
illustrates the effect of soil arching.

Gutierrez & Tatsuoka (1988) reported loading tests performed on three model sand
slopes: (i) unreinforced slope, (ii) slope reinforced with metal strips but without a facing, and
(ii1) slope reinforced with metal strips and with a facing (Figure 6). The slopes were loaded
at the crest by a footing with a smooth base. Result of the tests is shown in Figure 7. It
indicates that the reinforced slope with facing can sustain a higher load than the reinforced
slope with no facing, and a much higher load than the unreinforced slope. Figure 8 shows
the failure planes of the slopes when loaded at the crest. Deep and shallow failure planes
were observed in the unreinforced slope. For the reinforced slope with no facing, failure
took place close to the slope face. This was because the reinforcement alone was not
effective at retaining the active zone. For the reinforced slope with facing, the failure was
observed at a greater depth. The maximum tensile force generated in the reinforcement was
larger than that in the reinforced slope with no facing. Furthermore, substantial tensile force
was induced in the reinforcement at the connection to the facing. This shows that the facing
can enhance the stability of reinforced slope and help prevent shallow failures.

A series of small-scale model tests and full-scale field tests were carried out and
analysed by Muramatsu et al (1992) to investigate the effects of soil nail heads. For the
small-scale model tests, the model retaining walls were 50 cm wide, 200 cm long and 120 cm
high. Excavation and cutting were simulated in the tests. The set up of the model walls is
shown in Figure 9. Two types of facing were used. They were continuous “grating crib”
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type and independent “bearing plate” type, as shown in Figure 10. The surface areas of each
of these two types of facing were varied in the tests. Figure 10 also shows the typical test
results for the case of using a 3 cm square bearing plate, and another case of using a “grating
crib” of a width of 1 cm for the facing. Figure 11 depicts the relationship between the
limiting excavation heights of the slopes and the areas occupied by the facing. The Figure
shows that the excavation heights of the reinforced slopes increase with increasing ratios of
the facing area to the slope face area. This indicates that the stability of the reinforced slopes
is influenced by the proportion of the slope face supported by the nail head or facing. A
comparison of the typical distribution of tensile forces along the lengths of the soil nails
between the case of bearing plate and that of grating crib facing is shown in Figure 12. For
the case of the bearing plate, the distribution of the tensile force along the nail is more or less
symmetric with the maximum tension force developed at approximately the mid-length of the
nails. The pattern of the force distribution is different for the case of the “grating crib”
facing, where the maximum tension is developed close to the nail head.

For the field test undertaken by Muramatsu et al (1992), a steep cut slope was formed
to a height of 9.5 m at a gradient of roughly 80°. Reinforcing bars of 5 m long were driven
into the slope at an angle of 10 degrees downwards. Both the vertical and horizontal
spacings of the bars were 1.5 m. Two different types of facing were used on two sides of the
slope face. One type was 100 mm thick continuous shotcrete facing and the other was
sprayed concrete crib (beam width: 20 cm, grating spacing: 1.5 m), see Figure 13. Figure 14
shows the tensile forces that were developed in the reinforcing bars together with results of
numerical analysis using a two-dimensional finite element method. The measured and the
calculated values show a similar trend. For the case of shotcrete facing, the maximum
tensile force was observed near the mid-length of the reinforcing bars. In contrast, the
maximum tensile force was observed at or close to the connection between the facing and the
bar for the case of concrete crib. The magnitudes of the maximum tensile forces were
generally higher than those of the shotcrete facing. This suggests that the flexible shotcrete
facing used in the test contributed less to the improvement of the overall stability of the slope
when compared to the more rigid concrete crib.

A series of centrifuge model tests of vertical and near vertical nailed slopes was
conducted by Tei et al (1998). The model slopes were 200 mm high and constructed of
Leighton Buzzard sand. Four types of facing were used to cover the slope face in order to
investigate the influence of the stiffness and roughness of the facing on the stability of the
nailed slopes. The model slopes were initially tested at 30 g acceleration, which
corresponded to a prototype structure of 6.0 m high. If failure was not obtained, the
acceleration was increased gradually to a maximum of 80 g. Figure 15 shows that the
magnitudes of horizontal displacements were related to the stiffness of the facing - lesser
displacements were for facings of higher stiffness.

3.3 Field Prototype Studies

Stocker & Riedinger (1990) present the results of field monitoring of instrumented
nearly vertical nailed retaining walls of heights up to 15 m. The facing consisted of
shotcrete of 250 mm in thickness. The field monitoring lasted for over 10 years. The earth
pressure on the facing, inferred from the strain gauges installed at about 0.2 m behind the
facing, was uniform with depth as shown in Figure 16. The measured pressure was about
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63% of the calculated earth pressure.

Similar behaviour was observed in other nailed walls during the investigations carried
out as part of French National Research Project: Clouterre. Under service conditions, the
ratio of nail head load to the maximum nail load was typically in the range of 0.4 to 0.5.
This ratio tends to increase with a wide spacing of the nails and pronounced rigidity of the
facing (French National Research Project, 1991).

FHWA (1998) present results of earth pressure monitoring carried out on a number of
instrumented nailed retaining walls. A summary of the normalised measured nail head loads,
as a function of the nail depth within the wall, is plotted on Figure 17. It can be noted that
the nail head loads were fairly uniform in the upper two-thirds of the walls and decreasing in
the lower part of the walls. The normalised measured nail head loads in the upper part of the
wall varied in general from 0.3 to 0.7. According to FHWA (1998), the average normalised
nail head load was in the range of 0.4 to 0.45, or less than 60% of the maximum nail loads
observed under the service condition.

3.4 Numerical Simulations

Parametric numerical studies were performed by Ehrlich et al (1996) using finite
element modelling. Results of the analyses indicate that the facing stiffness influenced the
bending moments of the soil nails and, to a lesser extent, the nail tension forces. It was
concluded that the facing stiffness would help to control yielding of the soil close to the
facing.

Babu et al (2002) investigated the behaviour of nailed retaining walls with structural
facing by carrying out numerical simulations. One of the aspects examined in the
simulations was the effect of connections of the facing and the nails on the behaviour of
nailed walls. The results of the simulations are shown in Figure 18, which show that the
connection significantly improves the critical excavation height and contributes to additional
stability for the same height. Figure 19 shows the typical results of the distribution of tensile
forces along the length of the nails for case (a) with, and case (b) without connection to the
facing. The trends are markedly different between the two cases. The maximum tension is
mobilised at locations close to the facing when connection is provided whereas the mobilised
maximum tensile force is located at approximately the mid-length of the nails when
connection is not provided. The maximum axial forces are shown as a function of z/H in
Figure 20 for the two cases. It can be seen that the higher maximum tensile forces were
developed when nails were connected to the facing. The higher tensile forces increased the
stability and reduced lateral deformation of the walls.

A parametric study was carried out by MGSL (2003) using the finite difference
program “FLAC”. The objective of the study was to understand more about the general
behaviour of the soil nail head relating to the soil nail force for different slope geometry,
ground conditions, soil nail patterns and loading conditions. From the study, the ratio of the
soil nail head force to the maximum nail tension force was reported to vary between 0.1 and
0.46 for different groundwater conditions considered.
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3.5 Other Studies

Mitchell & Villet (1987) reviewed various design methods for soil nailing in
excavations. They indicate that facing elements could be designed to support local soil
pressure on the facing.

Tatsuoka (1992) provided a comprehensive overview of the role of the rigidity of
facing on the stability of nailed slopes and retaining walls. He concluded that local and
overall facing rigidities could help reduce the deformations and increase the stability of nailed
structures. He also remarked that a nailed retaining wall could be much lighter than a
conventional reinforced concrete retaining wall because most of the earth pressure acting on
the back face of the facing would be supported by the nails if they were at close spacing.

3.6 Discussion

Results of the above model tests, field measurements and numerical simulations
highlight the importance of soil nail heads in the soil nailing applications. They show that
soil nail heads, whether in the form of individual concrete pads or as part of concrete facing,
play a beneficial role in enhancing the shearing resistance of the soil in the active zone.

The above studies also indicate that the nail head loads mobilised under service
loading for typical nail spacing are less than the maximum tensile loads developed in the
nails.

4. SOIL NAIL HEAD DESIGN METHODS
4.1 General

The design methods as used in Hong Kong, UK, France, USA, Japan and Germany are
summarised below, drawing attention to common similarities and relevant differences. It
should be noted that many of the design methods are based on the results of some of the
studies described in Section 3 above. For example, some full-scale experiments on actual
nailed structures illustrate that the loads induced at the soil nail heads are typically some
fractions of the maximum tensile load developed in the soil nails. This observation is
included in many of the design methods.

Some of the design methods are related mainly to nailed retaining walls where the nail
heads are integrated into a continuous reinforced shotcrete facing. As such, they mostly deal
with the determination of the structural strength of the nail heads (e.g. flexural strength and
punching shear strength) and the nail-facing connections. In some countries (e.g. UK and
Japan), guidance is also given for the design of isolated nail heads whose capacities are also
controlled by bearing failure in soil.

4.2 Hong Kong Approach

There is no standard for the design of soil nail head in Hong Kong. Watkins &
Powell (1992) proposed that the soil beneath the nail head should have a minimum factor of
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safety of 3 against bearing failure resulting from the load induced by the nail head. No
details are given as how the bearing capacity should be determined.

Standard nail head size of 400 x 400 mm x 250 mm thick is normally used in the LPM
design. Construction details typically follow those shown in Figure 21. The standard nail
head size is used empirically and bearing capacity check or structural designs are in general
not carried out in design.

From the survey on soil nail head design practice undertaken by MGSL (2003), for
private projects, most practicing engineers base their designs on the presumed allowable
bearing capacity of soils for foundation on horizontal ground given in the PNAP 141:
Foundation Design. Some engineers use the approach stipulated in HA68/94 (Department of
Transport, 1994); and some other use bearing capacity equations but assuming that the nail
heads are founded on horizontal ground.

4.3 United Kingdoms Approach

The code of practice for strengthened/reinforced soil and other fills (BS8006: 1995)
gives little guidance on design of soil nail head/facing. It advises that the facing should be
designed to accommodate soil pressures corresponding to the reactions in the connections,
which themselves are forces corresponding to between 75% and 100% of the maximum
tensile force resisted by the reinforcement.

Methods for design of nailed structures and reinforced fill structures can be found in
HA68/94. The design is based on limit state principles incorporating partial factors.
According to HA68/94, if the soil nails are not connected to a continuous facing but to a
‘waling plate’, the bearing capacity of the front face ‘waling plate’ should be checked.

The bearing force acting on the slope surface by the nail head is taken as the difference
between the designed tension in the nail and the soil/nail frictional force developed along the
nail length at the active zone. Lower- and upper-bound solutions for checking the bearing
capacity of the ‘waling plate’ in soil are provided and they are shown in Figure 22 (a) and
Figure 22 (b) respectively. The bearing capacity of a nail head is estimated based on the
angle of shearing resistance (¢) of the soil whereas the cohesion is not considered. The
dimensions of nail head can be determined using these solutions. Derivations of the
lower-bound solution are provided in Appendix A, which are based on Love (2003).

4.4 US Approach

The recommended soil nail design method is given in FHWA (1998). The design
recommendations are primarily related to nailed retaining walls and as such mainly nail heads
attached to a facing are considered. This method considers directly the influence of the
facing and the magnitude and distribution of nail forces. In this approach, a trial pattern of
soil nails is first selected. An allowable nail load support diagram is then developed based
on factored nail head resistance, factored pull-out resistance and the allowable tensile strength
of the nail (see Figure 23). The nail forces contributing to the overall stability of the nailed
soil mass are determined at the location where the failure plane intersects the nail loading
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diagram.

It can be noted from Figure 23 that the strength of nail head (Tf) is an important
parameter for developing the nail load diagram that gives the magnitude and distribution of
tensile forces along the soil nail. It is one of the elements required to define the overall
reinforcing capacity of the nail. It is emphasized in FHWA (1998) that the distribution of
pressure on the facing between the nails is non-uniform and arching effects tend to develop
horizontally and vertically between the nails, and as a result, stresses are concentrated at the
nail head. The non-uniformity of the facing pressure distribution is illustrated in Figure 24.
The higher pressure at the nail head needs to be considered in design. A nail head load
corresponding to 50% of the maximum nail load is recommended to be adopted for design
purposes. Details of typical permanent and temporary nail heads used in the U.S. are shown
in Figure 25.

FHWA (1998) also provides comprehensive guidelines for the structural design of the
facing, with particular emphasis on the nail heads. The structural design requires provision
of adequate concrete thickness, reinforcement, and moment capacity to resist the earth
pressure applied to the facing spanning between adjacent nail heads, and provision of
adequately sized bearing plates at the nail heads to provide enough punching shear capacity.
Joshi (2003) has examined the behaviour of soil nail head strength for different nail spacing,
and developed a number of design charts for determining nail head strength against various
failure modes.

4.5 French Approach

The approach of soil nail design is given in French National Research Project (1991).
As the design approach is mainly for nailed retaining walls, method for designing facing
rather than isolated nail heads is provided in the document. The facing is designed on the
basis of a uniform earth pressure corresponding to a fraction of the maximum tension that can
be developed in the soil nail. It requires the determination of the tension, T,, at the soil nail
heads, and the soil pressure P on the facing resulting from the tension. P can be calculated
from the following equation:

P=To/ (ShSy) eeeemieeeieieeeee e (1)
where Sy, and S, are the horizontal spacing and vertical spacing of the soil nails respectively.

The maximum value of the ratio T, / T obtained from the following empirical
equations is to be used in the design:

To/ Tmax = 0.5+ (S—0.5)/5  When 1 <S<3M oo, )
To/ Trmax = 0.6 whenS<1m
T0 / Tmax= 1 When S>3m

where S = maximum of S, and S;, expressed in meter.

Same as the US approach, the French National Research Project (1991) points out that
the distribution of pressure on the facing between soil nails is non-uniform because arching

SJUaUO0D JO B|0eL

SJUsUO0D JO B|0eL SJUaIUO0D JO B|0eL

SJUaUO0D JO B|geL



effects tend to develop between the nails and this results in stress concentrations in the
vicinity of the nails.

Guidance for the structural design of the facing is also provided in the French National
Research Project (1991). Structural failures due to bending, shearing and punching of the

facing around the nail head need to be considered in the design.

Typical details of the nail head and facing connection are shown in Figure 26.

4.6 Japanese Approach

Similar to the US approach, the design used in Japan also considers the earth pressure
acting on the nail head (T,) when calculating the distribution of tension force in the soil nails.
According to Miki et al (1997), the design axial load of a soil nail, Tp,, should be the lowest
among: (i) pull-out resistance that can be developed at the active zone, Tip,; (il) pull-out
resistance that can be developed at the resistant zone, T,p,; and (ii1) allowable tensile strength
of the soil nail, Ts. Figure 27 depicts the principles. It also shows that the pull-out
resistance in the active zone will be very small if the force at soil nail head (T,) is not
considered.

For the soil nail head design load, Japan Highway Public Corporation (1998) suggests
that a force reduction coefficient, 1 = T,/ Tmax, 1s to be applied to the soil nail head. The
coefficient is based on measurements of actual nailed structures and model tests. It lies
between 0.2 and 1.0, depending on the nail spacing, nail length and the type of surface where
the nail heads rest on. Figure 28 shows a plot of the distribution of the coefficient. The
tension at the nail head is determined by:

g VR T VP 3)

where Ty is the designed tension in the soil nail.

Details of different types of soil nail heads used in Japan are shown in Figure 29.

4.7 German Approach

During the course of this study, no English literature on the soil nail head/facing
standard has been located. However, according to Stocker & Riedinger (1990), the standard
German practice is that shotcrete linings are designed for 85% of the active Coulomb’s earth
pressure at the back face of the wall.

4.8 Discussion

Most of the overseas design approaches recognize the soil nail head or facing as a
significant component of the overall soil nail system, and they provide specific
recommendations for design pressures. These approaches also recognize that the
magnitudes of pressures induced in the soil nail heads are controlled by many factors such as
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the density and length of the nails and the stiffness of the nail head. Both the UK and the
Japanese approaches require that the pull-out failure at the active zone is to be checked. The
UK approach also requires the checking of the bearing capacity failure in soil.

The French, Japanese and German methods use empirical earth pressures which are
related either to the maximum tension developed in the soil nail (Ty,.x) or Coulomb earth
pressure.

The U.S. and Japanese approaches consider directly the strength of nail head when
determining the magnitude and distribution of nail forces along the length of the soil nails.
If the beneficial effect of the nail head is not considered, the pull-out resistance of the soil nail
at the active zone would be significantly reduced. This may lead to more number of soil
nails being required.

In all the overseas design methods, the size, thickness and reinforcement details of soil
nail heads are determined on the basis of the earth pressure acting on the nail heads. Two
main design aspects are considered; they are the bearing capacity of the soil beneath the nail
head and the structural strength of the nail head itself. Many of the design methods (such as
those used in France and U.S.) are developed mainly for nailed walls where the nail heads
form part of the concrete facing. In those cases, bearing failure of the nail head or facing is
unlikely to occur and as such little guidance has been provided in respect of bearing capacity
failure. A method on design against bearing failure of the soil behind isolated nail heads is
given in the UK guidance document HA68/94.

Unlike all the overseas approaches considered, a single sized (400 x 400 mm) nail
head is used in the LPM designs in Hong Kong irrespective of the magnitude of the nail head
load or the ground condition.

The overseas design methods described above recognize the beneficial effect of

confinement provided by soil nail heads.

5. NUMERICAL ANALYSES

5.1 General

Numerical simulations were carried out using the two-dimensional finite difference
code, Fast Lagrangian Analysis of Continua (FLAC), which was developed by Itasca (1996).
A Mohr Coulomb model was used for the soil. The soil nail was modeled as cable elements.
Soil-nail interaction was represented by a spring-slider system having shear springs located at
the nodal points along the cable elements.

The numerical simulations were divided into two principal parts:

(a) investigation of the effect of nail heads on stability of nailed
slopes; and

(b) determination of the sizes of individual nail heads based on
bearing capacity consideration.
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5.2 Effect of Nail Heads on Stability of Nailed Slopes
5.2.1 Slope Model and Material Parameters

Two cases were considered in the analysis: (i) unreinforced slope, and (ii) slope
reinforced with soil nails. For both cases, the model slopes were 20 m high, standing at an
angle of 55°, and with an up-slope of 10° in gradient at the crest. For the case of reinforced
slope, seven rows of soil nails were provided. This corresponds to a vertical nail spacing (Sy)
of 2m. The horizontal spacing of the nails (S;) was taken to be 1.5 m. Each nail was 20 m
long with 40 mm diameter steel bar in a 100 mm grouted hole. The initial shear strength
parameters of the soil were assumed to be ¢;' = 10 kPa, and ¢;' = 43°, so that the unreinforced
slope had a factor of safety greater than 1. Figures 30 shows the geometry of the slope and
the material parameters used in the numerical analysis for the reinforced slope. The model
for the unreinforced slope was the same as that shown in the Figure except without soil nails
and nail heads.

A Mohr Coulomb model was used for the soil. The nail heads and facing were
modelled as linear elastic materials. 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.

Since the FLAC adopts 2-dimensional plain strain analysis, the nail heads were
modelled as infinitely long beams of specific widths. In order to investigate the influence of
the size of the nail heads on the stability of slopes, two nail head sizes were considered.
They were 400 mm wide and 800 mm wide. All of them were 250 mm thick. In addition,
continuous concrete facing of 250 mm in thickness was also studied.

5.2.2 Analvtical 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 slopes for the following cases:

(a) nailed slope with no nail heads,
(b) nailed slope with nail head size of 400 mm wide,

(c) nailed slope with nail head size of 800 mm wide, and
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(d) nailed slope with nail heads integrated in a full surface
facing of 250 mm thick.

For each case, 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 c,,' and ¢n,', where

cm' =Ci'/FOS=10/F0oS (kPa) ..cccceriiiiiiiiieee e, 4)
Om' = tan” (tan ¢;' / FoS) = tan™ (tan 43°/ FOS) ..vvevveveerreeeerrrrnans %)
This strength reduction approach is similar to that described by Dawson et al (1999)

and Krahn (2003).

5.2.3 Results of Numerical Simulations

Typical outputs obtained from the FLAC analyses are given in Appendix B.

The relationship between the calculated FoS and the nail head sizes for the model
slopes is plotted in Figure 31. The FoS increases from 1.0 for the unreinforced slope to 1.2
for the nailed slope with no nail heads. Substantial increases in the FoS are obtained with
nail head sizes from 400 mm wide to about 800 mm wide. The trend of increase levels off
for nail head sizes larger than 800 mm wide. It shows that nail head has significant effect on
the stability of a soil nailed slope.

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

Nail Head Sizes Total of Maximum Nail Tensile Forces, ¥ Tpax
Nil 247 kN
400 mm wide 957 kN
800 mm wide 1211 kN
Full surface facing 1220 kN

The above values are also plotted in Figure 32 which shows that ¥ T, increases with
the increasing size of the nail heads. Close similarity between Figure 31 and Figure 32
indicates that the FoS of the nailed slopes is directly related to X Tpax.

Figure 33 compares the distribution and magnitude of the axial forces developed in the
soil nails for the reinforced slope with no nail head and the reinforced slope with nail head of
800 mm wide. For the slope with no nail head, no tension forces are induced at the front end
of the nails and the maximum tension (Tp.x) occurs close to the slope face. For the slope
with 800 mm wide nail head, the force distribution pattern is markedly different from that of
no nail head. Substantial tension force is generated at the nail head (T,), and the maximum
tension (Tmax) occurs at a distance behind from the slope face. Similar results are also
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obtained in the nailed slopes with other nail head sizes.

Results of the FLAC analyses show that substantial tension forces are induced in the
soil nails at the nail heads (T,). Figure 34 shows the distribution of the ratio of T, / Tpax for
nailed slopes with different nail head sizes. The values for T, / Tyax range mainly between
0.55 and 0.75.

Figure 35 shows the locations of the maximum nail forces developed in the soil nails
for the reinforced slopes with different nail head sizes at the limit equilibrium condition.
The locations of T, in general lie further away from the slope face for larger nail heads.
As the locus of the Ty« in a nailed slope at limit equilibrium corresponds with the failure
plane, larger nail heads tend to force the failure planes further away from the slope face.
This is consistent with the observations made by Gutierrez & Taksuoka (1988).

5.3 Simulation of Active Zone Failure on Slope

Analyses were also performed to simulate the situation that the interfacial shear stress
between the nails and the soil in the active zone were all lost, such as that when the active
zone had disintegrated. The profile and geometry of the model considered are shown in
Figure 36. It was assumed in the analyses that the soil nails were not bonded to the
surrounding soil, i.e. zero soil/nail friction. Simulations were run for a series of thicknesses
of the failed active zone.

The strength reduction approach as described in Section 5.2.2 was applied in the
simulations. For a given thickness, the shear strength of the soil within that layer was
adjusted using equations (4) and (5) above until numerical instability occurred.

No changes were made to the shear strength parameters (ci' and ¢;') of the soil outside
the failed active zone. Typical results of the simulations are shown in Figure 37. Shear
zones of the soil developed behind the nail heads resemble the shape of failure zone
considered in HA68/94. The calculated FoS decreases with increasing thickness of the
failed active zone.

5.4 Determination of Nail Head Sizes Based on Bearing Capacity Considerations

5.4.1 Material Parameters and Analytical Approach

FLAC analysis was performed to examine the bearing capacity failure of square soil
nail heads. Three slope angles were considered: 45°, 55° and 65°. Since it was a plain
strain analysis, the nail head force was adjusted based on the length of one side of the nail
head. Take a 400 mm x 400 mm nail head as an example, if the actual nail head force is
F (kN), the adjusted force would be: F x 1000 / 400 (kN/m). In the following discussions,
the nail head forces or nail forces presented are unadjusted values.

A small slope model of 5 m in height was used in the analysis. Typical details of the
model used are shown in Figure 38. In the analysis, the nail head was pushed into the soil
face by a nail force (T,) to simulate the situation of soil moving out from a slope and pressing
against a soil nail head. The nail head was placed at the lower part of the small model slope.
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This is based on the result of a sensitivity check carried out to determine the effect of the
locations of nail force on the results of simulations. The result showed that bearing failures
were sensitive to the vertical extent of the slope above the nail head but insensitive to the
extent of the slope below the nail head.

The nail forces used were determined from the allowable tensile strength of steel bars
(fm), using the following equations:

To = fin Ag (KN) oo (6)
fin = 0.55 £, <0.23 (KN /MM?) <ovooveeeececes s (7

where f is the characteristic strength of high yield bar, and A is the cross-sectional area of
the steel bar.

The values of T, vary directly with the cross-sectional area of the steel bar. The nail
load T, calculated in this way is based on a simplifying assumption that T, = Tma. The
assumption ignores the contribution from the pull-out resistance at the active zone. This
does not have any significant effect on the result because the pull-out resistance that can be
developed at the active zone is low owing to small overburden pressure at the front part of
slope. Besides, the soil mass near to the slope face can easily be disturbed by environmental
changes (such as erosion, cyclic pore water pressure changes etc.) and other activities (such as
construction and planting works). As such the amount of pull-out resistance that can be
mobilised is uncertain.

The nail force was applied at the center of the nail head at an inclination of 20° from
the horizontal. Bar sizes commonly used in soil nailing were considered. As the current
corrosion measures require the provision of a 2 mm sacrificial thickness on the bar radius, the
reduced bar sizes resulting from this corrosion were also considered. This means a smaller
value of T,. Table 1 shows the values of T, and the corresponding bar diameters used in the
analysis.

Simulations were performed for three nail head sizes: 400 mm x 400 mm, 600 mm x
600 mm and 800 mm x 800 mm. The thickness of the nail heads was taken to be 250 mm.
For a given nail head size and a given T,, the strength parameters of the model slopes were
varied until the failure state or excessive displacement occurred. The failure state was
reached when the prescribed out-of-balance forces at some monitoring points could not be
reached, and the displacement/strain varying with the time steps at the same time did not
show trend of convergence. A common range of shear strength parameters for saprolithic
soils was considered in the simulations.

5.4.2 Results of Analyses

Figures 39 and 40 show respectively the displacement vectors and shear strains at the
point of bearing failure for a 600 mm x 600 mm nail head on a 45°slope. Nail heads of
other sizes also have the same failure mode which is similar to that considered in HA68/94
(see Figure 22).

SJUaUO0D JO B|0eL

SJUsUO0D JO B|0eL SJUaIUO0D JO B|0eL

SJUaUO0D JO B|geL



- 23 -

Results of the analyses in terms of ¢' — ¢' envelope for limiting equilibrium (i.e.
bearing failure occurs) for different sizes of soil nail heads are plotted in Figures C1 to C9 in
Appendix C. In these plots, the nail head loads are expressed as diameters of steel bars.
Figures C1, C2 and C3 show the variation of nail head loads for slope angle of 45° for nail
head sizes of 400 mm x 400 mm, 600 mm x 600 mm, and 800 mm x 800 mm respectively.
Similarly, Figures C4 to C6 show the variation of nail loads for slope angle 55° and Figures
C7 to C9 for slope angle 65°. In each plot, the limit stability line sets a boundary below
which the slope models become numerically unstable even without the application of nail
head force. Soils below this limit stability line generally have low ¢' values.

For ease of reference, the plots in Appendix C are simplified and summarised in
Table 2 for a common range of c'- ¢' values of Hong Kong soils and steel bars with allowance
for sacrificial thickness. For soils with ¢'- ¢' values below the limit stability lines, the nail
head sizes in Table 2 are determined from the method proposed by HA68/94. This approach
is conservative as HA68/94 ignores soil cohesion. Based on the results of FLAC analyses,
nail heads larger than 800 mm x 800 mm would be required for a few cases in which bar of
40 mm diameter was used. Since conservative assumptions have been adopted in the
analyses, the maximum nail head size in Table 2 is set to be 800 mm x 800 mm. For the
same reason, in few cases where a slightly larger nail head size is obtained from the analysis,
the smaller size is still adopted. Conservatism of the assumptions used is discussed in
Section 7.1 below.

It should be noted that the bearing capacity of a soil head is related to slope angles,
with lower bearing capacity for smaller angles. This is because the overburden pressure at
the front section of the soil nails is lower for less steep slope face. This does not mean that a
steep slope is more stable than a gentle slope because when the angle of a slope face increases,
other failure modes will govern although bearing failure is less critical.

The FLAC analysis was performed with the orientation of T, at 20° downwards from

horizontal. A sensitive analysis has been carried out by varying the orientation of T, from
10° to 30°.  The results do not show any significant differences.

5.4.3 Comparison of FLAC Results with HA68/94

For comparison purpose, nail head sizes were calculated for different nail head loads
using the lower bound method adopted in HA68/94 (see Figure 22(a)). In the calculations,
the contribution from the pull-out resistance at the active zone was not considered. The
slope angle was taken to be 55° and the soil strength parameters were assumed to be
c¢'=5kPa, and ¢'=38°. Figure 41 compares the results based on HA68/94 with those based
on the FLAC analyses given in Appendix C. It shows that the head sizes obtained from the
FLAC analyses are mostly smaller than those from HA68/94, probably because the latter
assumes c¢' = 0.

6. LOCAL INSTABILITY OF SOIL BETWEEN NAIL HEADS

Soil between the nail heads is unsupported. It is susceptible to local failure on steep
slopes, especially when the nail head spacing is large and the soil is saturated with water.
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Plates 3 and 4 show examples of such failures. An analysis has been performed to
investigate local instability of the soil between the nail heads. Both dry and wet conditions
of the soil were considered in the analysis.

A sliding failure mechanism as shown in Figure 42 was considered in the analysis.
The shape of the sliding soil wedge is similar to that observed by Plumelle & Schlosser
(1990), see Figure 5. It was assumed that owing to the soil arching effect above and below
the soil wedge, the overburden pressure above the horizontal plane AB was transferred to the
surrounding soil and nail heads and would not act on the soil wedge.

For the wet condition, groundwater level was assumed to be at the slope surface and
the water was flowing in the soil in a direction parallel to the slope face. This mainly
accounts for the situation that a transient water table is perched near the slope surface during
heavy rain. Soil movements are required for mobilizing resistance in the soil nails. They
may increase the permeability of the soil mass near the slope surface (due to opening up of
relict joints or formation of new cracks), leading to the formation of the transient water table.
Besides, perched water table may be developed due to heterogeneity in soil permeability.
The forces considered on the soil wedge are illustrated in Figure 42.

Figure 43 shows the typical critical vertical distances between nail heads derived from
the analysis. Sliding of the soil wedge will occur if the critical vertical distance is exceeded.
It can be noted from the Figure that the critical vertical distances decrease significantly when
the soil changes from dry to wet. They are more sensitive to c¢' than ¢' of the soil.

From the result of the analysis, the thickness of the soil wedge (plane AB in Figure 42)
at limit equilibrium decreases with increasing slope angles. It also reduces from dry
condition to wet condition.

7. DISCUSSION
7.1 Soil Nail Head

Soil nail heads serve the following functions:

(a) working as a reaction pad for the mobilization of tensile
force in the soil nail and confining the soil in the active zone,
and

(b) preventing local failure between nails.

The confinement effect provided by nail heads is particularly important for nailed
excavations, which usually involve relief of stress. Failures with the active zone sliding off
from front of soil nails have been observed in temporary nailed excavation in Hong Kong (see
Plates 1 and 2). This emphases the need for timely installation of adequately sized soil nail
heads. Soil movement is necessary to mobilise the nail resistance even if rigid nail heads are
provided. In cases where unfavourably oriented relict discontinuities are present in the soil
mass (e.g. sub-vertical relict joints striking in the same direction of the slope), small soil
movement can open up the discontinuities and thereby weaken the mass strength of the soil
(Shiu et al, 1998). For such cases, other stabilization measures that cause less soil
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movements should also be considered.

The bearing capacity of soil behind nail head has been reviewed and analysed. The
results derived from the FLAC simulations provide a rational basis for dimensioning soil nail
heads. Adoption of these nail head sizes given in Table 2 will make bearing failure in soil
not a critical failure mechanism and improve the stability of soil between nail heads. Under
the same nail head load, the lower bound method given in HA68/94 (U.K. Department of
Transport, 1994) generally gives more conservative results than Table 2.

Table 2 as well as the plots contained in Appendix C have been devised based on the
ultimate bearing capacity of the nail head in soil. No additional safety factor is considered
necessary for the following reasons:

(a) a factor of safety against overall stability has been applied
when calculating the stabilization force required from the
soil nails;

(b) the maximum tension force to be developed in the soil nail
has been assumed to be totally transferred to the nail head
(i.e. To = Timax) and the soil/nail friction at the active zone is
ignored; and

(c) in soil nail design, the design nail force is usually less than
0.55f.

7.2 Local Stability of Soil between Nail Heads

The result of analysis shows that local instability of the soil between nail heads could
occur on steep slopes, particularly when the soil is saturated. HA®68/94 suggests that netting
and pin could be used to prevent superficial “sloughing” of the soil from happening. The
details are shown in Figure 44.

Riiegger et al (2001) describe the use of high-tensile wire mesh in combination with
soil nails for preventing local instabilities. This method makes use of the high tensile
capacity of the wire mesh to retain the soil between soil nails. The mesh is fixed and often
pretensioned to soil nails. The force required to support the soil will be transmitted to the
soil nails through the connections of the mesh and the nail heads. Figure 45 shows the
mechanism.

For LPM works in Hong Kong, a steel mesh is used in conjunction with a
non-degradable erosion protection mat as part of the prescriptive measures for erosion
protection works. The steel mesh is laid on top of the mat. Both the mesh and mat are
fixed onto the slope surface by galvanised steel pins and connected to the nail heads by
anchor bolts. Details of this prescriptive approach can be found in Appendix C to Wong et al
(1999). Typical fixing details are given in CEDD Standard Drawing No. C2511 (see Figure
46).

The prescriptive method used in the LPM works is similar to that recommended in
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HAG68/94 and Riiegger et al (2001). In a recent exercise on assessing the effectiveness of
erosion control mats, a number of slopes on which the prescriptive method has been applied
have been inspected. No local instability has been found on the slopes inspected but soil
erosions are still observed on some steep and high slopes. The reason of the erosion is that
the vegetation fails to establish and grow because of the steep gradients of the slopes. The
inspections also reveal that on such slopes, the wire mesh can help control the surface erosion.
Should erosion occur, the debris is trapped between the wire mesh and the slope surface.
This acts like a protective layer to prevent further erosion from happening.

8. RECOMMENDED DESIGN METHODS
8.1 Nail Head Size and Layout

It is recommended that the following three methods may be used for sizing nail heads,
(a) the design chart presented in Table 2,

(b) the lower-bound method proposed by HA68/94 (modified to
ignore pull-out resistance at the active zone), and

(c) the prescriptive design approach as shown in Table 3.

For design method (a), details for the derivation of the design guidance given in Table
2 are presented in Section 5.4. The required nail head size (either 400 mm square, 600 mm
square or 800 mm square) can be determined from the Table based on the slope face angle and
the shear strength of the material behind the nail head.

For design method (b), the lower bound solution proposed in HA68/94 provides a
rational basis for sizing soil nail heads. As discussed in Section 5.4.1 above, it would be
more appropriate to disregard the pull-out resistance mobilised at the active zone when
determining the nail head load. The HA68/94 method has been modified by ignoring the
pull-out resistance at the active zone. The modified method is shown in Figure 47.

Steel bars used in prescriptive soil nail designs are either 25mm or 32 mm in diameter.
From Table 2, the nail head sizes required for the two bar diameters are mostly 400 mm x 400
mm or 600 mm x 600 mm. A larger size of 800mm x 800mm is required only for slopes of
smaller angles and lower soil shear strength. For prescriptive soil nail designs, the upper
bound nail head sizes derived from the FLAC analyses could be used. Although there is not
much experience in using the nail head sizes, they are considered to be adequately
conservative. Details of the prescriptive design approach are given in Table 3.

For situations where large nail head sizes with close spacing are required, alternative
forms of soil nail heads such as concrete grillage beams may be considered.

Local instability may occur on soil between nail heads. The current prescriptive
approach of using steel mesh together with non-degradable erosion protection mat is
considered to be an effective means of controlling local failures and surface erosion. This
method is similar to the approaches used in other countries. Despite this, the method would
not be able to completely prevent local instability on very steep slopes. In those cases, a
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hard surface cover may have to be used.

8.2 Structural Design

The structural design of the nail heads shall follow the recommendations stipulated in
relevant structural design codes. Nail force acting uniformly on the nail head may be
assumed in the structural design.

8.3 Aesthetics

Exposed nail heads may have substantial influence on the appearance of a slope.
Guidance on visual treatment of soil nail heads as given in GEO (2000) should be followed.
In addition, recessed soil nail head with details similar to those shown in Figure 48 may be
used.

9. CONCLUSIONS

The effect of soil nail head on stability of slopes has been examined analytically in this
study. The results of the analysis together with previous research results and experiences
attest to the benefits of soil nail heads to slope stability. Tensile force in the nails at the
connections to nail heads effectively confines the soil immediately behind the head. This
confinement effect can significantly increase the stability of the soil in the active zone.

Nail head design methods being used by overseas countries take into account the
confinement effect. Also, loads induced in the nail heads are considered in the design.
Bearing capacity failure of nail head in soil is a failure mode that needs to be considered in
the design of nail head. Numerical simulations have been performed to study this aspect.
Plots of nail head sizes derived from the simulations have also been prepared.

Three different design methods are proposed for determining the sizes of soil nail
heads.
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Table 1 - Sizes of Steel Bars and Corresponding Nail Head Loads

Diameter of Steel Bar (mm)

Nail Head Load, T, (kN)
(To=0.23x Ay)

25 113
1) 79.7
32 185
(28) 141.6
40 289
(36) 234

Notes: (1) The bracketed values are bar diameters with allowance made for sacrificial

thickness provided for corrosion protection.
(2) Asis the cross-sectional area of steel bar.
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Table 2 - Sizes of Square Concrete Soil Nail Heads (For Soil Nail Bars with Allowance for 2 mm Sacrificial Thickness on Radius)

45° < Slope Angle < 55° 55° < Slope Angle < 65° Slope Angle > 65°
¢' c'(kPa) Steel Bar Diameter (mm) Steel Bar Diameter (mm) Steel Bar Diameter (mm)

25 32 40 25 32 40 25 32 40

2 800 800 800 600 600 800 600 600 800

4 600 800 800 600 600 800 600 600 800

34° 6 600 800 800 400 600 800 400 600 600
8 600 600 800 400 600 800 400 600 600

10 400 600 800 400 600 600 400 600 600

2 600 800 800 600 600 800 600 600 800

4 600 800 800 400 600 800 400 600 800

36° 6 600 600 800 400 600 800 400 600 600
8 400 600 800 400 600 600 400 600 600

10 400 600 800 400 600 600 400 400 600

2 600 800 800 400 600 800 600 600 600

4 600 600 800 400 600 800 400 600 600

38° 6 400 600 800 400 600 600 400 600 600
8 400 600 800 400 600 600 400 400 600

10 400 600 800 400 400 600 400 400 600

2 600 600 800 400 600 800 600 600 600

4 400 600 800 400 600 600 400 400 600

40° 6 400 600 800 400 600 600 400 400 600
8 400 600 600 400 400 600 400 400 600

10 400 600 600 400 400 600 400 400 600

Notes: (1) Dimensions in mm unless stated otherwise.

(2) Only the length of one side of square nail head is shown in the Table.
(3) The minimum thickness of soil nail head should be 250 mm.
(4) The shear strength parameters (¢’ and ¢') of the soil near the slope surface should be used.
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Table 3 - Prescriptive Soil Nail Head Design for Soil Cut Slopes or the
Soil Portion of CR Features

Square Nail Head Size
Soil Nail Steel (mm x mm)
Bar Diameter " Geology
(mm)
Slope Angle <55° | 55° < Slope Angle < 65°

25 or 32 Highly decomposed granitic 600 x 600 600 x 600
or volcanic rock.
Soils including colluvial,
residual or completely

25 or 32 decomposed materials of 800 x 800 600 x 600
granitic and volcanic origin,
and weathered sedimentary
rocks.

Notes: (1) Refer to GEO Report No. 56 for prescriptive design of soil nails for cut slopes and
Special Project Report No. SPR 2/2004 for prescriptive soil nail design for
concrete and masonry retaining walls.

(2) The minimum thickness of the nail head should be 250 mm.
(3) For slope angles larger than 65°, reinforced concrete grillage beams instead of
isolated soil nail heads should be used.
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Figure 1 - Load Transfer Mechanism of Soil Nailed Structure
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Concrete Crib Shotcrete Facing

Legend:

—0- Measured —a— Calculated

Figure 14 - Distribution of Tensile Force in Reinforcing Bars (after
Muramatsu et al, 1992)
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Maximum Horizontal Displacement of Wall (mm)

Flexible Flexible Rigid Rigid

o Smooth Rough Smooth Rough
I I I I

Types of Facing Wall

Legend:

- 80 degree —-— 90 degree

Figure 15 - Horizontal Displacements Related to Facing Roughness and Flexibility (after Tei et al, 1998)
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10 20
30 4
(kN/m2)
10.00
AV A
j~ Earth pressure as calculated
' with ¢ =27.5°, ¢ = 10kN/m?
Mean earth pressure as
measured on site 0.5 m
behind wall face
-8.75 m
\V4
RN RN

Figure 16 - Earth Pressure Acting on Wall Face at Control Section M 3
(after Stocker & Riedinger, 1990)
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Nail Head Depth / Wall Height

0.2

depth

0.6

0.8

1.0

v
A
+
© A
¢ °® o v *
+
% 9
[ ]
=3
« ©
®
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Normalized Nail Head Load t/K,Y HS; Sy

1.6

Legend:

Swift Delta #1
Swift Delta #2

Polyclinic
1H30-B

Vertical nail spacing

wn I+ 4 D

Cumberland Gap

1-78

IH30-A

Vertical height of soil nailed wall

Horizontal nail spacing

San Bemadino (left)
San Bemadino (right)
Questionable Data
Nail head load

Figure 17 - Normalized Measured Nail Head Loads (after FHWA, 1998)
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Cohesion (kPa)
Legend:
—o— Theoretical critical height of excavation (= 4c/vy) Without nailing
—Oo— With nails, without connection to facing With nails, without facing
—X— With nails, connected rigidly to facing

Figure 18 - Variation of Critical Height of Excavation with Connection between Nails and Facing (after Babu et al, 2002)
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8

6 -4
E With rigid connection between nail and facing
Pt
2 47
S
F—
=
Z 9+ A
E .
% A
< . \

U Without connection

-2 f f f f f f f

0 0.5 1 1.5 2 2.5 3 3.5 4

Distance from the Facing (m)

Figure 19 - Typical Distribution of Axial Force in Nail 5 along the Length (after Babu et al, 2002)
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0
A
Ry
0.2 H
i
0.4
3
N
0.6
0.8 |
1.0 | | | | | | |
-4 -2 0 2 4 6 8 10 12
Maximum Tensile Force (kN)
Legend :
—O0— 15° inclined facing (with respect to vertical) with connection to nails —A Vertical facing with connection to nails
—-— 15°%inclined facing (with respect to vertical) without facing —o— Vertical facing without facing

Figure 20 - Variation of Maximum Tensile Force in Nails with Depth for Vertical and Inclined Facings. ¢ = 10 kPa, sequence |

(after Babu et al, 2002)
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Finished slope profile

200

-

-l
s

200

[ Najj
View Normal to Soil Nail Head

150 x 150 x 20
GMS plate

3T16 U-bars both ways

Grade 30/20 concrete or 30 MPa
sprayed concrete soil nail head . .
Typical Section 0 100 200

Scale

Notes: (1) All dimensions are in millimetres.
(2)  The clearance between the steel bar and the hole of the steel plate shall not be more than 2.
3) Construction of nail head shall be referred to particular specifications.

Figure 21 - Typical Soil Nail Head Details (after CEDD Drawing No. C2106/2D)
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where: P =P, - Pull-out force mobilised
on free length of nail

L
Breq = (%) } where:

.

z ¢+ an¢’
n=vY{-r,)tanp e’ (77 o)ne
2005(§+§) (1-sind)
(a)

Figure 22 - Nail Plate Bearing Capacity (after HA 68/94)
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Zone A Zone B Zone C
e” Q
8§
SO T /Ol)e N
Tk N
X Y
~ X ] | y |
| Nail Length |
\ \
Nail Head

Nail support force to slip surfaces intersecting the nail in zone A at point X = Ty + Qx
Nail support force to slip surfaces intersecting the nail in zone B = Ty
Nail support force to slip surfaces intersecting the nail in zone C at point Y = Qy

T = nail head strength
Ty = nail bar tensile strength

Q = nail-soil pullout resistance

Figure 23 - Allowable Nail Load Support Diagram (after Joshi, 2003)
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Reduction in pressure between
/ nail heads

Facing \ Pressure build-up at
/ nail head location

Bearing plate

N
/ Grout column

Figure 24 - Facing Pressure Distribution (after FHWA, 1998)
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Waler bars

Tendon

Failure surface /

Soil nail

Temporary Bearing-plate Connection

Permanent facing - / Temporary facing

Soil nail

Headed Stud\ y

Failure surface —

Permanant Headed-stud Connection

Figure 25 - Typical Nail Head Connections Used in USA (after FHWA, 1998)
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Shotcrete facing

Bearing plate

Steel or plastic trumpet

N
\ Steel bar
N \\\ Grout filling trumpet
) \I v =<

Facing reinforcement

Figure 26 - Typical Details of "Head-nail-facing" Layout (after Clouterre, 1991)
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Slope-face

Resistant zone

Legend:
Tpa Design axial load of soil nail Ti,a  Pull-out resistance that can be developed at active zone
T;,a  Pull-out resistance that can be developed at resistant zone Tqa Allowable tensile strength of soil nail
T Nail head load

0

Figure 27 - Nail Force Distribution (after Miki et al, 1997)
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Legend:

TMAX

Length of reinforcing material
Spacing of reinforcing material

Maximum tensile force of reinforcing material

Frame

B Width of nail head

T, Tensile force of reinforcing material acting on nail head
[ ) Model experiment

O Concrete spray + head plate

Figure 28 - Nail Force Cofficient u (after Japan Highway Public Corporation, 1998)
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Slope facing
Sprayed concrete /\\
/

Pressure-bearing

plate Reinforcing bar

Grout

Slope facing

S

/

Sprayed concrete

Pressure-bearing plate
Reinforcing bar
Lock nut

Grout

Sprayed concrete or
shotcrete cribwork

Pressure-bearing plate

Nut

Slope face

Pressure-bearing plate

Lock nut

Slope facing

Reinforcing bar

Grout

Reinforcing bar

Grout

Figure 29 - Types of Soil Nail Heads Used in Japan (after Tayama et al, 1996)

99

SJUBUOD JO 3|geL

SJUBIUO0D JO el SjuUaUOD JO 3|geL

SjUaUOD JO 3|geL



20 m

10 m

ree

ree

Nail 1

Grout hole diameter = 100 mm
Bar diameter = 40 mm

Soil nail length =20 m
Vertical spacing = 2500 mm

Horizontal spacing = 1500 mm
fy = 460 N/mm?

Nail 7 . I QF
Nail 6 ¢ =10 kPa (initial)
Nail 5 ¢' = 43° (initial)
y =19 kN/m’
E =10 MPa

v =0.25 DF

Figure 30 - Geometry and Material Parameters of Model Slope
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Factor of Safety

2.50

225

2.00 F X

1.75 F

1.50 F

1.25

A 1.20

1.00

100 . 1 1 1 1 1 1 1 1
0% 10% 20% 30% 40% 50% 60% 70% 80%

Percentage of Slope Surface Area Covered by Nail Head

90%

100%

Legend:

o
X
|

No nail head
800 wide nail head

Unreinforced slope A
400 wide nail head +
Full surface facing

Figure 31 - Relationship between Factor of Safety and Nail Head Size
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1,500

1,000

500

Total Maximum Nail Tensile Force (kN)

At failure (different ¢' & ¢")

|
&)
=
Q

957

1211

20% 30% 40% 50% 60%
Percentage of Slope Surface Area Covered by Nail Head

Legend:
No nail head
800 wide nail head

X 400 wide nail head
u Full surface facing

Figure 32 - Relationship between Total Maximum Nail Tensile Forces and Nail Head Size
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200&]\]

(a) No Nail Head (b) 800 mm Wide Nail Head

Figure 33 - Variation of Axial Nail Forces for (a) No Nail Head and (b) 800 mm Wide Nail Head
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Nail No.
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To/Tmax
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Legend:
—8— 400 wide nail head
A 800 wide nail head

Figure 34 - Distribution of To/Tpax in Soil Nails
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Legend:

—0— 400 wide nail head
—>—  No nail head

A 800 wide nail head

Figure 35 - Locations of Maximum Tensile Force in Soil Nails
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/Y

Failed active zone /= -/ Soil nails debonded

Ay from surrounding
7D soil
WV,

Vi
7/
(nail head) V,/
‘
4 \f
i

f End of nails fixed to

/ competent soil
Ci' =10 kPa
¢
4 ;' =43
B =355
% \/f §=20°
/o t = thickness of failed active zone
B . (varies from 1 m to 5 m)
£ AN
10 m

Figure 36 - Details of Slope Model for Simulation of Failed Active Zone
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Factor of Safety

JOB TITLE :

FLAC (Version 4.00)

LEGEND

14-May-03 15:20

step 11243

8.802E-01 <x< 5.396E+00
9.964E-01 <y< 5.513E+00

Cable plot
Max shear strain increment
Contour interval= 1.00E-02
Minimum: 0.00E+00
Maximum: 3.80E-01

Nail head

L 2750

L 1750

Fort=2m

JOBTITLE :

FLAC (Version 4.00)

3 4

Thickness of Weak Layer, t (m)

(a) Relationship between Factor of Safety and Thickness of Failed Active Zone

LEGEND

15-May-03 10:35

step 11366

1.237E+00 <x< 5.575E+00
1.211E+400 <y< 5.549E+00

Cable plot
Max. shear strain increment
Contour interval= 1.00E-02
Minimum: 0.00E+00
Maximum: 2.50E-01

Nail head

Fort=3m

(b) Contour of Shear Strain

Figure 37 - Typical Results of Simulation of Failed Active Zone
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5000

5000

‘4

E =30 MPa

L =10.25

¢'=5 kPa to 15 kPa
' = 32" to 44°

=45°, 55 or 65°
= Nail head load
W = Nail head width

(varies from 400 mm to 800 mm)

- ™

Not to scale

All dimensions are in mm.

Figure 38 - Details of Slope Model for Bearing Failure Analysis
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JOB TITLE : Simulated 600mm strapping beam bearing test on a 45° cut slope.

FLAC (Version 4.00)

LEGEND

| 6.000
25-Sep-03 9:35
step 15723
-5.556E-01 <x< 1.056E+01 B ) I
-3.056E+00 <y< 8.056E+00 :
Displacement vectors i~ 4.000
Max Vector = 1.903E-01
0 5E -1
Boundary plot
L] L 2.000
0 2E 0
L 0.000
L -2.000
ced
ced | T T | T | T |

0.100 0.300 0.500 0.700 0.900

Figure 39 - Displacement Vectors at Bearing Capacity Failure for Nail Head of 600 mm by 600 mm
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JOB TITLE : Simulated 600mm strapping beam bearing test on a 45° cut slope.

FLAC (Version 4.00)

LEGEND

25-Sep-03 9:35

step 15723

-5.556E-01 <x< 1.056E+01
-3.056E+00 <y< 8.056E+00

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

6.00E-01

8.00E-01

1.00E+00
Contour interval= 2.00E-01
Boundary plot

0 2E O

ced
ced

. 6.000

L 4.000

L 2.000

- 0.000

| -2.000

0.100 0.300 0.500 0.700 0.900

Figure 40 - Shear Strains at Bearing Capacity Failure for Nail Head of 600 mm by 600 mm
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Minimum Required Width for Square Nail Head (mm)

1000

800

600

400 ®
200
0
21 25 28 32 36 40
Bar Diameter, d (mm)
Legend:
¢ FLAC analysis + HA68/94

Notes: (1) Nail head load =230 x td*/4 (kN).

(2) Slope angle = 55°, ¢'=5 kPa and ¢' = 38°.

Figure 41 - Comparison of Nail Head Sizes Obtained from FLAC Analysis and HA 68/94
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AS
Soil nail
U
A [ 7 !hL L
Soil wedge
Us
Soil nail
head
C
A\
Legend
F Shearing resistance along plane BC
Uy Resultant water force on horizontal plane AB (determined by a flow net analysis)
U, Resultant water force on plane BC
w Weight of soil wedge ~ Groundwater surface
Note: Thickness of the soil wedge is the length of the horizontal plane AB.

Figure 42 - Generalized Loading on Soil Wedge
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Slope Angle 3 (degree)

Legend:
—e— ¢'=2kPa, ¢'=35 degree (fully saturated case) --m-- ¢'=5kPa, ¢'=35 degree (fully saturated case)
—--4A--— ¢'=2kPa, ¢'= 37 degree (fully saturated case) --e-— c'=5kPa, 0'=37 degree (fully saturated case)
—eoe— ¢'=2kPa, ¢'=35 degree (dry case) --B-- ¢ '=5kPa, ¢'=35 degree (dry case)
—--A--— ¢'=2kPa, ¢'=37 degree (dry case) --©o-— c¢'=5kPa, ¢'=37 degree (dry case)

Figure 43 - Variation of Critical Vertical Distance with Slope Angles
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Area potentially
affected by
superficial
"sloughing"

Figure 44 - Surface Protection between Nail Plates (after HA 68/94)
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Wire mesh

Sliding body

Figure 45- Pushing Force P and Tensile Force Z (after Ruegger et al, 2003)
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80 x 60 x 2.2 dia. galvanised and
PVC coated double twisted wire mesh

Erosion control mat with
hydroseeded surface

Anchor bolt with 69 minimum
embedment depth (see Detail ‘A’)

Soil nail head

Finished slope surface

See fixing pin
details

Fixing pin

Typical Fixing Details on Slope Face with Soil Nail Head

Scale

80 x 60 x 2.2 dia.
galvanised wire mesh

80 x 80 x 5 thick galvanised
steel plate with 14 dia. hole
at centre

25 dia. pin head

Erosion control mat

Fixing pin, hot dip galvanised

steel bars of min. 12 dia. placed

at 1 000 c/c staggered on the slope

(at the portion of slope without soil
nails, the fixing pins shall be installed
at 500 c/c staggered)

Fixing Pin Details

A Wire mesh

80 x 80 x 5 thick
galvanised steel
plate with 14 dia.
hole at centre

K

Anchor bolt with
20 dia. washer

=i

=K
K

e
S

Detail ‘A’

Figure 46 - Fixing Details for Erosion Control Mat and Wire Mesh with Soil Nails (Modified from CEDD Drawing No. C2511/2A)
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L
where: arqu(%f where:

om0 ‘
J(Z-7+b)tan¢

n=vY{-r,)tanp e

T ¢ .
2005(4+ 5 ) (1-sin¢)
Legend:

P Design load of soil nail
ot Effective vertical stress

Y Unit weight of soil (kN/m?)

B Slope angle

Ty Pore pressure parameter (= u/yh)

u Pore water pressure (kN/m?)

h Depth of overburden directly above point in question

Figure 47 - Lower-bound Nail Head Design Method (Adopted from
Department of Transport (1994) with Modification)
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Finished slope profile
Hessian bags filled

with soil mix

(see note 2) /
Erosion control mat i
with surface hydroseeded 74

Wire mesh :

The void between the hessian bags
to be lamFed with soil prior to
placing of erosion control mat

—— Vertical cut or.
as agreed on site

\o&
&‘b
Power through bolt AN
with minimum N
80 drillhole depth and N 9\)‘0
60 cffective anchorage depth N .
&,
AN BNA
N
Extended as
s v directed by
engineer
\\ Thin nut

80 x 80 x 5 thick
GMS plate with
14 dia. hole

Hessian bags
filled with

<
Fo

soil mix ———p——= "y
I
|
I
|

at centre
%

Grade 30/20 concrete % T % N

or 30 MPa sprayed

concrete soil nail head S
Power through bolt
with GMS plate

0 100 200
Typical Section L Sc‘ale o View Normal to Soil Nail Head
Notes: (1)  All dimensions are in millimetres.

2) For every 200 x 200 x 100 thick bag of soil mix, incorporate 50 g of pre-planting fertilizer and 10 g of water retaining crystals.

Figure 48 - Details of Recessed Soil Nail Head (Modified from CEDD Sketch No. R1067)
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Plate 1 - Failure of Temporary Nailed Cut Slope by Sliding off Front of Soil Nails
(Slope No. 11SW-A/C186)
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Plate 2 - Failure of Temporary Nailed Cut Slope by Sliding off Front of Soil Nails
(Slope No. 8SW-A/C8)




Plate 3 - Local Failure between Soil Nail Heads (Slope No. 6NE-B/CS)
(Extracted from Landslide Study Report LSR 1/2004, GEO (2004))
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(Slope No. 6SE-D/C52)

Local Failure between Soil Nail Heads

Plate 4 -




APPENDIX A

DERIVATIONS OF SOLUTION FOR DETERMINING NAIL HEAD SIZE GIVEN
IN HA 68/94
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Derivation of solution in HA 68/94 (Love, 2003):
The theoretical basis for the formula which appears on page E/3 of HA68/94 is as follows.
The nail plate stress, ;' (where c,' = P/az) may be related to the vertical effective stress, '

acting above the fan zone, by the following relationship based on the method of stress
characteristics:

o, N (1 + sin¢) <(26) tné

'

o, cos?d
where 0 is the angle (i.e. 0 = /4 - ¢/2 + 9).
The magnitude of ,' may by estimated as follows:
6,'=y(l-r,)B tanf
where B is the width of the top of the fan zone.

B may be related to the width of the nail plate, a, as follows using the equation for a log
spiral:

B = a eG tand

2(:03(7t + (I))
4 2

Putting all this together and simplifying yields the relevant formula.
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APPENDIX B

TYPICAL RESULTS OF FLAC ANALYSIS ON THE EFFECT OF NAIL HEADS
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10°.

(*10M)

FLAC (Version 4.00)

LEGEND

23-May-03 21:13

step 45616

-3.889E+00 <x< 7.389E+01
-1.939E+01 <y< 5.838E+01

Axial Force on

Structure  Max. Value
#1 (Cable) -1.661E+05
# 2 (Cable) -1.695E+05
# 3 (Cable) -1.663E+05
#4 (Cable) -1.487E+05
#5 (Cable) -1.222E+05
#6 (Cable) -9.316E+04
#7 (Cable) -9.097E+04

Cable plot ‘
Boundary plot
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Figure B1 - Typical Result of Axial Force Distribution along Soil Nails
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~ JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10°.

(*10%)

FLAC (Version 4.00)

LEGEND

23-May-03 21:13

step 45616

-3.889E+00 <x< 7.389E+01
-1.939E+01 <y< 5.838E+01

Max. shear strain increment
0.00E+00
6.00E-02
1.20E-01
1.80E-01
2.40E-01
3.00E-01

Contour interval= 3.00E-02
Cable plot
Boundary plot
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Figure B2 - Typical Result of Shear Strain Distribution
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JOB TITLE : Soil nail modelling on a 55° cut slope. Upslope angle = 10° .

(*10M)
1.800
FLAC (Version 4.00)
LEGEND
23-May-03 21:13 1
step 45616
2.236E+00 <x< 1.342E+01
8.024E+00 <y< 1.920E+01
Max. shear strain increment 1.500
0.00E+00
5.00E-02
1.00E-01
1.50E-01
2.00E-01
2.50E-01 1:800
3.00E-01
Contour interval= 5.00E-02 .
Displacement vectors
Max Vector = 3.506E-01
1.100
0 1E 0O
0.900

Figure B3 - Typical Result of Shear Strain and Displacement Vectors near the Slope Toe
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APPENDIX C

RESULTS OF STUDY OF BEARING FAILURE OF SOIL NAIL HEADS
USING FLAC ANALYSIS
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¢' (degrees)
Legend:
O 32 mm bar A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
<o 25 mm bar + 25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)

limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C1 - Chart for 400 mm x 400 mm Nail Head and Slope Angle 45°
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14

12

10

c¢' (kPa)

32

33 34 35 36 37 38 39 40 41 42 43 44 45
¢' (degrees)

40 mm bar
32 mm bar
25 mm bar

o 40 mm bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
+ 25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)

limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C2 - Chart for 600 mm x 600 mm Nail Head and Slope Angle 45°
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10

¢ (kPa)

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
¢' (degrees)

40 mm bar o 40 mm bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
32 mm bar A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
25 mm bar + 25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)
limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C3 - Chart for 800 mm x 800 mm Nail Head and Slope Angle 45°
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c' (kPa)

16

14 -

12

31

32 33 34 35 36 37 38 39 40 41 42 43 44 45
¢' (degrees)

32 mm bar
25 mm bar
limiting stability line +

o 40 mm bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)

(Model slope is unstable for c¢' and ¢' below this line)

Figure C4 - Chart for 400 mm x 400 mm Nail Head and Slope Angle 55°
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¢' (kPa)

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
¢' (degrees)

40 mm bar o 40 mm bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
32 mm bar A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
25 mm bar + 25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)

limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C5 - Chart for 600 mm x 600 mm Nail Head and Slope Angle 55°
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14

12

¢' (kPa)

31 32

33 34 35 36 37 38 39 40 41 42 43 44 45
¢' (degrees)

40 mm soil nail bar
32 mm soil nail bar
25 mm soil nail bar

o 40 mm soil nail bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
A 32 mm soil nail bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
+ 25 mm soil nail bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)

limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C6 - Chart for 800 mm x 800 mm Nail Head and Slope Angle 55°
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14

12 +

c¢' (kPa)

32 33 34 35 36 37 38 39 40 41 42 43 44 45
¢' (degrees)

40 mm bar
32 mm bar
25 mm bar

o 40 mm bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
+ 25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)

limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C7 - Chart for 400 mm x 400 mm Nail Head and Slope Angle 65°
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¢' (kPa)

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
¢' (degrees)

40 mm bar o 40 mm bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
32 mm bar A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
25 mm bar + 25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)
limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C8 - Chart for 600 mm x 600 mm Nail Head and Slope Angle 65°
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Legend:
X 40 mm bar o 40 mm bar with allowance for sacrifical thickness (i.e. bar diameter 36 mm)
O 32 mm bar A 32 mm bar with allowance for sacrifical thickness (i.e. bar diameter 28 mm)
o 25 mm bar + 25 mm bar with allowance for sacrifical thickness (i.e. bar diameter 21 mm)

limiting stability line (Model slope is unstable for ¢' and ¢' below this line)

Figure C9 - Chart for 800 mm x 800 mm Nail Head and Slope Angle 65°
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page. An up-to-date full list of GEO publications can be found at
the CEDD Website http://www.cedd.gov.hk on the Internet under
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publications prior to their next revision.

Copies of GEO publications (except maps and other
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Tel: (852) 2762 5380

Fax: (852) 2714 0247
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