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ABSTRACT

This dissertation is concerned with a study of soil nailing, in particular the interaction
mechanism between the soil and a nail and the failure mechanism and suitable design
procedure for nailed slopes in sand.

The interaction mechanism of a nail was studied by carring out a number of pull-out tests,
direct shear tests of nailed sand and interface tests using two uniform sands. Major parameters
of the tests were flexibility, surface roughness and diameter of a nail. From the tests, it was
found that:

(1)  flexibility of a nail significantly influences the interaction mechanism. Both the
interaction parameter k; and apparent friction coefﬁcientf' differ between a flexible and a stiff
nail. Theoretical consideration indicates that the mobilization of nail forces is dominated by
the relative stitfness between soil and nail.

(2) asmooth-surface nail produces smaller bond friction than the critical state friction angle
¢, and mineral-to-mineral angle ¢, of the soil. This is due to the very thin rupture surface
developed around the nail. On the other hand, a rough-surface nail was observed to produce
two to four times larger bond friction than the direct shear friction angle ¢, of sand, due to
the thick rupture surface developed and the dilatancy of the soil.

(3) increasing the diameter of a nail produces a smaller apparent friction coefficient f
Restrained dilatancy was found to play an important role.

(4)  the pull-out test, direct shear test of nailed sand and interface test produce different
values of apparent friction coefficient f, due to the different amount of restrained dilatancy
effect around the nail (or reinforcement).

The overall behaviour of nailed slopes was studied by carring out a comprehensive series of
centrifuge tests. Excavation of soil was simulated by draining water from two rubber bags in
front of the facing wall. The centrifuge tests have provided much useful information on the
mechanics of soil nailing. From the tests, it was found that:

(1) draining of the water significantly influences both the earth pressure on the facing wall
and the displacements of the nailed slope. Horizontal displacements of the facing wall were
decreased by increasing the length and/or friction (bond) of the nail.

(2) earth pressures on the facing wall do not exhibit a simple hydrostatic distribution. The
deviations of the earth pressure are not negligible especially near the top and bottom of the
facing wall.

(3) roughness and bending stiffness of the facing wall considerably influence the stability
and displacement of the nailed slope, respectively.

(4) the observed failure surfaces were well described by a logarithmic spiral passing through
the toe of the facing wall.



(5) fairly good predictions for the failure acceleration were made using stability analysis of
the nailed slopes based on the limit equilibrium method, provided an accurate friction angle
for the sand and pull-out resistance of each nail could be determined. The factor of safety F_
of the nailed slopes was estimated by comparing the total available force and the total
required force based on the observed failure surfaces.
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NOMENCLATURE

a Relative stiffness between soil and nail, or magnitude of acceleration

0¥ Angle of failure surface from horizontal

) Inclination of slope or facing wall from horizontal

Y Unit weight of soil or shear strain in sand

Yox Shear strain of sand

IX Inclination of nail from horizontal

) Displacement of slope

0y, Angle of bond friction of nail

dy, Horizontal displacement of facing wall

(01 base Horizontal displacement of facing wall at base

5, Vertical displacement of upper ground surface

o, Friction angle of facing wall

£ Axial strain at the head of a nail

£y, €5 Maximum and minimum normal strains of sand

£, Yield strain of material

£, Normal strain of soil

£y Normal strain of sand in y direction

Ae Increment of circumferential strain of soil

n Displacement of soil when nail is pulled out

6 Inclination of failure surface from horizontal, or direction of nail from
vertical direction in direct shear test, or deflection of facing wall from verical
direction

8, ef Angles of radius of logarithmic spiral from horizontal

8, 6,, 85 Angles of failure surfaces from horizontal in two part wedge analysis

8, Direction of resultant acceleration

0., Inclination of stress characteristics from horizontal

6¥C Inclination of velocity characteristics from horizontal

0 Direction of minimum strain g4 from vertical direction

AD Deviation of angle of failure surface from frictionless facing wall at the toe

K Horizontal distance of centroid of weight dA from pole O

N Angle of failure surface to horizontal at upper ground surface

,“* Friction coefficient of nail

= Angle of total reaction force of logarithmic spiral from horizontal

€ Pull-out displacement of nail

éo Pull-out displacement at the head of nail

gp Pull-out dispacement of nail required to mobilize the peak force

p Flexibility number of wall, or horizontal distance of centroid of surcharge
loads from pole O

P, Horizontal distance of centroid of soil mass W from pole O

o Normal stress

o, ' Axial stress at the head of nail

S0 Avarage normal stress on a nail in direct shear test

; Principal stress (i = 1, 2 or 3)

o, Mean normal stress on a nail

o, Yield stress

o Vertical stress



(9,) ave Average vertical stress of soil in centrifuge test

o(x) Axial stress distribution of nail

Oy Normal stress of soil in y direction

Ac,, Increment of mean normal stress on a nail

T Shear stress

Ty Shear stress at the head of nail

TExT Extra shearing resistance due to a nail

LA Maximum shear stress

(x) Shear stress distribution on a nail

Tyx Shear stress of soil in direct shear test

) Friction angle of sand

¢Xi Friction angle of sand taking into account the direction of principal stress
b Critical state friction angle of soil

P 4 Direct shear friction angle

Pps Plane strain friction angle

9, Angle of mineral-to-mineral friction of soil

X Direction of principal stress o, from horizontal

) Angle of dilation

Q, Q, Dimensionless parameters for nail

® Angular velocity of centrifuge, or angle of logarithmic spiral
a, b Interaction parameters or interface stiffness for hyperbola
A Cross sectional area of nail

A, Total surface area of a nail

Ag Plane area of sand in direct shear test

B Distance B from centre line in centrifuge model
Cds Cohesion of soil in direct shear

Cps Cohesion of soil in plane strain

Cg Point of failure surface in two part wedge analysis
dH Vertical distance of two f-characteristics

av Velocity increment

D Diameter of nail

D, External diameter of tube

D, Diameter of borehole

D; Internal diameter of tube

Ds, Mean particle size of sand

AD Additional thickness of nail due to sand layer

€o Initial void ratio of sand

E, Elastic modulus of nail

f Tensile strength of reinforcement

fs Apparent friction coefficient between soil and nail
F Pull-out force of nail

F Peak pull-out force of nail

BN

Factor of safety

s
(F)ave Average safety factor
(F ) lower Safety factor assuming lower bound pull-out force of nails
(Fs)upper Safety factor assuming upper bound pull-out force of nails

Fsg Safety factor assuming ¢ = 36°
(F)a Safety factor assuming ¢ = 41°
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ava)lower

Acceleration due to gravity
Shear modulus of sand

Thickness of rupture zone around nail, or depth of model in centrifuge test

Increment of thickness of rupture zone

Height of slope or facing wall

Moment of inertia

Relative density of sand

Material stiftness of reinforcement

Interface stiffness or interface parameter between soil and nail
Earth pressure coefficient at rest

Active earth pressure coefficient

Apparent earth pressure coefficient

Earth pressure coefficient correponding to required force
Horizontal earth pressure coefficient

Shear and normal stiffnesses of soil

Current length of nail embedded in sand

Elastic displacement of nail in free part

Initial length of nail embedded in sand

Length of nail beyond failure surface (i = 1 ~ 5)

Constant equal to critical state shearing resistance (in Chapter 2)

Moment of soil mass W

Number of reinforcement in cross section
Location of centroid of horizontal earth pressures
Centrifuge acceleration or scaling factor of model
Failure acceleration

Ultimate pull-out force per unit length of nail
Pole of logarithmic spiral

Additional shear resistance for soil due to nail forces
Measured horizontal earth pressure

Surcharge load on upper ground surface
Horizontal earth pressure at rest

Axial nail force

Pole of direction in Mohr's circle

Horizontal earth pressure on facing wall
Limiting nail force due to friction

Shear force of nail

Radii of logarithmic spiral

Radius of centrifuge or reaction force in logarithmic spiral
Representative radius

Radius of nail

Radius of unstressed upper surface

Applied shear load in direct shear test

Vertical and horizontal spacing of nails
Thickness of tube

Nail forces

Axial nail force at facing wall

Available force in limit equilibrium analysis
Lower bound available force of nails



(Tava)upper
m/i

T

max

T

req

ult

Upper bound available force of nails

Ultimate mean pull-out force obtained from in - situ tests

Maximum axial force of nail

Required force in limit equilibrium analysis

Ultimate tensile force of reinforcement

Horizontal distance of failure surface from facing wall at upper ground
surface

Weight of soil mass

Co-ordinate system

Shear displacement in x direction

Location of pole of logarithmic spiral

Vertical distance of f-characteristics from the point of upper ground surface
Vertical displacement or dilation in Y direction

Subscripts and Superscript

max
min
mob

Maximum value
Minimum value
Mobilised

Apparent coefficient



Chapter 1

Introduction

The major objective of the research described in this dissertation is the study of soil
nailing, in particular the pull-out of an individual nail in sand, and the behaviour of nailed
model slopes under increased acceleration in a centrifuge. The work forms a part of
continuing research of soil reinforcement at Oxford University, which has included pull-out
and direct shear tests of several types of reinforcement using a large scale direct shear
apparatus, investigations of the analysis and design theory of unpaved roads on soft soil, and
a study of the role of bending stiffness of nails on the stability of nailed slopes.

The most important feature of soil nailing as opposed to the ground anchor technique is
that the nail force is passively generated by the displacement of the soil, and the displacement
is in turn due to the nail force. The construction sequence of placing the nails and facing
walls, and the stiffness and continuity of facing walls on the excavation surface may also
affect the behaviour of nailed slopes. There is thus a complex interaction between a nail,
facing wall and the surrounding soil, and for this reason, any complete solution for the
mechanics of soil nailing, if it exists, should take account of the displacements of both nails
and the soil.

In this research programme, rather than trying to consider all the numerous parameters

which may affect the performance of soil nailing, it was decided to concentrate on relatively
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simple models using ideal soils, nails and facing walls in the experiments, in the hope of
understanding the fundamental mechanics and developing an appropriate design theory of soil
nailing. It will then be possible to investigate full scale earth structures constructed with more

complex soils and boundary conditions.

1.1 Overview of soil nailing
In recent years soil nailing has come into widespread use in geotechnical engineering as

a means to stabilize cut slopes and natural slopes in granular soil with some cohesion, stiff

clays and rocks. The term "soil nailing", after Jewell (1990b), refers to the use of relatively

small diameter bars (typically 20 mm to 30 mm) inserted into the ground directly or more
usually by drilling and grouting, and oriented to develop the tensile (rather than compressive)
axial force. There is a great deal of debate on the contribution of the shear force generated
in nails to the slope stability, stemming from the confusion between soil nailing and soil
dowelling.

The distinctive features of soil nailing compared to other existing methods of stabilising
slopes are:

(1) unlike the ground anchor technique in which the post tension of tendons has a major
effect in stabilising a soil mass, nail forces are generated by the relative displacement
between a nail and the surrounding soil; displacements of soil due to excavation of the
slope, increase of pore water pressure and surcharge load on the slope play an important
role in generating the forces and effect of the nail.

(2) unlike the more widely known reinforced soil wall (Vidal, 1969) which is constructed
"bottom - up", the construction of soil nailing is "top - down" with excavation tollowed

by covering of the new surface with facing walls or shotcrete, and systematic inserting
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of the nails; the resuiting differences in the stress paths to which soil elements are
subjected cause the different mechanical behaviour of two types of the earth structure,
as shown in Fig.1.1 (Jones, 1990).

(3) unlike grout injection and soil improvements, soil nailing does not increase the strength
of the soil itself; nail forces perpendicular to the failure surface increase the shear
resistance of soil, and those parallel to the failure surface decrease the shear force on
the soil.

Althougﬁ steel bars or rock bolts have been used for more than forty years to support
excavation surfaces and portals in tunnelling, the application of and vigorous research on soil
nailing were started in the 1970s in Germany, France and the United States. Since then, soil
nailing has been used successfully in temporary and permanent applications under a wide
variety of ground conditions. Recently, several new techniques to decrease the displacements
of nailed slopes due to the excavation have been proposed, where especially in urban areas
the excessive displacements as well as problems with ground water were regarded as the
major shortcomings in applying soil nailing. Extensive reviews of the historic evolution and
major features of soil nailing are summarized by Bruce and Jewell (1986 / 1987) and Gassler

(1990).

1.2 Previous research on soil nailing

From a mechanical point of view, a nailed slope may be regarded as a composite structure
with elements of nails, grout, facing walls and soil. Because the difficulty of research on soil
nailing comes from the complex interactions among those four elements, most of the previous
research work has concentrated on one or some of the elements. In this section the

characteristics and mechanics of soil nailing are briefly described with respect to those
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elements, along with the design theories proposed so far.

1.2.1 Nail

A nail is the fundamental element in soil nailing, and estimation of the quantity of nails
(lengths and.spacing) forms the major part of the design procedure for soil nailing. It is
widely known that a nail force, by friction or bond to the surrounding soil, can decrease the
principal tensile strain e4 of the soil, and hence improve the stability and decrease the
displacements of the soil (Mc Gown et al., 1978). The axial tension in the nail generated by
the relative displacement between the nail and the soil is then transmitted back into the soil
at the nail / soil interface. It is, therefore, of great importance that the interaction mechanism
between soil and nail are understood, and the effects of the interaction on improving the slope
stability are fully clarified.

Jewell (1980) carried out a series of direct shear tests of reinforced soil to study how a
wide range of reinforcements modified the mechanical response of the soil to the applied
stresses. He showed that the reinforcement modifies locally the stress and strain of the soil,
and the most efficient use of the reinforcement is achieved when the direction of the
reinforcement coincides with that of the minimum normal strain €, (tensile strain) in the soil.
Basset et al. (1978) reported that because a reinforcement restricts anisotropically the normal
strain g  of the soil, it is important to know the strain of the soil. The normal strain increment
in a direction parallel to the nail £_of soil in a steep slope is estimated from the Mohr's circle
of strain increment, as shown in Fig.1.2(a), assuming that the direction of the failure surface

coincides with that of a zero - extension line in the soil (Roscoe, 1970, and Wroth, 1972), as
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£ = —% {siny +sin(2T +28 - )} ~(1.1)

s

in which ¥ is the maximum shear strain increment of the soil, v is the angle of dilation of the
soil, and I’ and O are the angles of a nail and of a failure surface from horizontal,
respectively. In Fig.1.2 (a), Py, is the pole of direction. Fig.1.2 (b) shows the relationship
between the normalized normal strain increment & /(y/2) and the direction I" of a nail from
equation (1.1), with angles of failure surface 8 = 50°, 60° and 70° and the angles of dilation
y = 0° and 20°. When direction of the maximum strain increment &, of the soil is assumed
to be vertica}, the angle 0 equals to 45° + /2. From the figure, it is easily understood that
both the angle of dilation y and direction I' of the nail play a very important role in
determining the amount of normal strain increment &_ in the nail. Generally, a larger angle
of dilation v produces a larger normalized normal strain increment &_/(y/2) in the soil.
The interaction mechanism between a nail and soil, or a relationship between strain of
the soil and the axial stress in a nail, has been investigated mostly using pull-out test and
direct shear test apparatus (e.g. Chang et al., 1977, Shen et al., 1979, Jewell, 1980, and
Irsyam and Hryciw, 1991). Dyer (1985) visually observed the stress transfer between a
reinforcement and soil using a photoelastic technique. Palmeira and Milligan (1989) showed
the influence of longitudinal stiffness of a reinforcement and progressive failure of soil along
the reinforcement in developing the full interaction mechanism. When a nail is pulled out in
dense sand, restrained dilatancy of the sand will occur, and the normal stress acting on the
nail may be increased, as in the constant volume direct shear test of sand. Wernic (1977),
Guilloux et al. (1979), Plumelle (1984), Boulton et al. (1986) and Heymann et al. (1992)
reported increased normal stress in dense sand when a reinforcement with rough surface is

pulled out, and consequently, a larger apparent friction coefticient f than the direct shear
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resistance of the soil was observed, as

,
S*= 2 s tangy, (1.2)

m

where T, and o,, are the maximum shear stress and the initial normal stress on the nail
respectively, and ¢, is the direct shear friction angle of the soil. It should be noted that the
difinition o,, is different for different types of test and boundary conditions, as shown in the
pull-out test of a nail (equation (3.12)) and the direct shear test of nailed sand (section 3.5).
The estimate of the increased normal stress due to the dilatancy is, however, still not clear,
and in these circumstances Jewell (1990b) suggested that the effect of dilatancy should not
be relied upon in safety design, unless suitable pull-out tests on nails are carried out.

Adib (1988), Whittle et al. (1992) and Mitachi er al. (1992) formulated the relationship

between shear stress T on a nail and pull-out displacement £ of the nail, as

T=kE (1.3)

where k; is usually called the interface stitfness. Adib (1988), Jaber (1989) and Farmer (1975),

from model tests and finite element analyses, showed that in a pull-out test of a nail the

maximum shear stress T, . or the maximum pull-out force and the shear stress distribution
of the nail are greatly influenced by the interface stitfness k;.

In order to investigate the characteristics of the interface stiffness k; of a nail, consider

a simple circular nail / soil model in the pull-out test, as shown in Fig.1.3. When it is

assumed that both the nail and soil are elastic and the surrounding soil is subjected only to

shearing in the x - direction, (Farmer, 1975),
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do(x) 2

dx ) —_:r(x) ’
(1.4)
o(x) = -E, $5%
dx

in which R is the radius of the nail, T(x) and o(x) are the shear and axial stresses in the nail,
E, is the elastic modulus of the nail, and §(x) is the pull-out displacement of the nail. When
the displacement E£(x) of the nail is small and the surface of the nail is assumed to be rough,
then the displacement n(x) of the soil contacting with the nail surface may be regarded as

equal to that of the nail (Jewell, 1980), then

dy .(1.5)

S0 =m0 [ oy = [ D

where h is the current thickness of the deforming (or rupture) zone and G and y are the shear
modulus and shear strain of the sand, respectively. Assuming that the shear stress t(x,y) varies

with 1/ y in the moving zone of the "thick - walled" cylinder of soil,

a

R
ty) =il g =, R,sysR,+h (1.6)
“y
Thus, the interface stiffness k; is derived by combining equations (1.3), (1.5) and (1.6),
1 1

R, JRa”’_dL (1.7
Re  G(v)y

[f it is assumed that the shear modulus G of the soil is constant irrespective of the shear

strain y, namely G = G(y) = constant, then equation (1.7) is simplified, as

ko= (1.8
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Fig.1.4 shows the relationship between k; / G and the radius R, of a nail estimated from
equation (1.8), with the thickness of the deforming zone h = 0.50 cm, 0.75 cm, 1.00 cm and
1.50 cm. It is seen from the figure that as the radius R, and the thickness h increase, the
magnitude of k; / G becomes smaller. While large changes of k; / G are observed for smaller
values of R, k; / G is nearly constant in a range of R = 3 c¢m. In design of pipe lines, for
which the radius R, of the pipe line is usually larger than that of a nail, a range of k; / G =
1 ~ 3 has been proposed by several researchers (e.g. Hmadi er al., 1988), and this range of
k; / G is consistent with the results shown in Fig.1.4.

Herrmann and Al-Yassin (1978) and Adib (1988) formulated the interface stiftness k;

considering an axial equilibrium of a two dimensional reinforced soil element, where the soil

was assumed to be linear isotropic elastic material, as

8G
ki = (1.9)
Sf lni - 9_
S 3

v

in which S, (unit: ft) is the vertical spacing of the reinforcement. It is, however, difficult to
imagine that the interface stiffness ; is a function of the spacing S, in equation (1.9), except
in the case of very close spacing S, of the reinforcement which causes mutual interaction in
the soil.

Although the interface stiffness k; is simply modelled as equation (1.8) or (1.9) in
idealized conditions, the difficulty of obtaining the thickness s of the deforming zone in
equation (1.8) and the shear modulus G of the soil in equations (1.8) and (1.9) still remains.
Therefore, the interface stiffness k; should be more reliably determined by experiment. In a
pull-out test of a stiff nail, the interface stiffness k; can simply be calculated using equation
(1.3) since the shear stress T and the pull-out displacement & are almost constant along the

nail. For a flexible nail, on the other hand, an estimate of the interface stiffness k; from a
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pull-out test is not straightforward, as shown in Chapter 3.
When nail forces on the failure surface, such as the axial force P, and shear force P
(Fig.1.2 (a)), are known, the contribution of those nail forces to the stability analysis of the

slope is straightforward in the context of the limit equilibrium analysis, as
AP = (P sin(T + 8) - Pgcos(I' + 8)}tan¢ + {P,cos(I' + B) + Pgsin(l" + 6)} ...(1.10)

where AP is an additional shear resistance due to the nail forces P, and Pg. The first term
of equation (1.10) denotes the increase in shear resistance of the soil and the second term

denotes the decrease of shear force (driving force) on the soil.

1.2.2 Grout

The grout, which is usually made of cement or cement mortar, is injected directly into
the borehole not only to ensure a good bond between the soil and a nail but to protect the nail
from corrosion in the case of a permanent structure. The diameter of the borehole is usually
40 mm up to 150 mm or 200 mm depending on the required pull-out force ot a nail in design
and drilling efficiency. Snyder (1979) showed that the ratio of the diameters of the borehole
and of a nail directly affects the maximum pull-out force of the nail. Plumelle (1987) reported
that considerably larger in - situ pull-out forces can be obtained by increasing the pressure
of grout injection.

[t is well known that the maximum pull-out force of a nail in the field is not proportional
to the vertical depth of the nail from the upper ground surface possibly because the dilatancy
of the soil decreases with the surcharge pressures (Schlosser and Juran, 1983), or because the
initial confining stress of the soil has already been released by drilling of the borehole.

Gassler (1988) showed that beyond a maximum depth of about 2.5 m, the value of the limit
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bond stress is nearly constant. Cartier and Gigan (1983) also observed a similar result.

1.2.3 Facing

Currently, shotcrete and prefabricated facings have been mainly used for ensuring the
stability of the local soil and protection from soil erosion. The thickness of the shotcrete
facing is usually 8 cm to up to 25 cm depending on the soil properties, height of the facing
wall and the expected service life (Gassler, 1988). Several researchers reported that a stiff
facing firmly connected to the reinforcement improves the stability of slopes and walls. Jaber
(1989) showed in centrifuge model tests that the failure accelerations of full height facing
panel walls are 25% to 50% higher than those of segmented facing walls. Tatsuoka (1992)
and Gutierreg and Tatsuoka (1988) reported that a tfacing wall reduces the strain of the soil
near the slope surface, and increases the slope stability by increasing the force in the
reinforcement above that of a slope without a facing wall. Tubouchi et al. (1990) investigated
the influence of size of a facing wall on soil nailing from plane strain tests of nailed sand and
finite element analysis. It is, however, mentioned that in order to make full use of the facing
walls on the slope stability, each nail should have sufficient puli-out capacity to resist the

increased nail forces.

1.2.4 Design theories of soil nailing

There are some design theories proposed for soil nailing and most of these are based
either on limit equilibrium analyses, which do not take account of the displacements of the
soil and nail, or on finite element analyses. In the limit equilibrium analyses, several
assumptions have been made regarding the shape of the potential failure surfaces and possible

nail forces at failure.
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Stocker et al. (1979) and Gassler and Gudeus (1981), observed failure surfaces of nailed
slopes in model and full scale tests, and suggested that the most critical tailure mechanism
consisted of two wedge failure surfaces whose shape and location are determined by angles
8, and 6, and a point C, as shown in Fig.1.5. They evaluated the global safety factor F_of

nailed slopes, as

Fg = _° .(1.11)

In which Z, denotes the total available nail force determined from the maximum pull-out
force of the nails and the total nail length in the resistance zone, and Z, the total required nail
torce to obtain equilibrium in the slope. Consequently, they showed that the length of nails
is usually 50% to 60% of the height ot the slope and the reinforcement ratio should be at
least 1 nail per 2.25 m>. In Fig.1.5 a hodograph of velocity vectors (Smith, 1977) indicates
that the soil block DCE moves downward related to the soil block BCDA provided 6, = 8.
Romstad er al. (1978) also observed a two wedge failure mechanism in reinforced soil walls.
Jewell (1990), in addition to the overall stability analysis, suggested checking whether
individual nails can provide sufficient local resistance; that is called an internal stability
analysis.

Juran et al. (1990) proposed a kinematic limit analysis which considers the effects of
shear resistance of nails as well as an axial tension. Shen et al. (1981), Long et al. (1992),
Matsui et al. (1990), Guilloux et al. (1983), Carton (1983), Bridle and Barr (1990) and
Bernardi et al. (1992) assumed hyperbolic, logarithmic spiral or circular failure surfaces and
the latter four methods take into account both the axial and shear resistance of nails. There
is, however, a controversy as to whether the axial force P, and shear force Pg of a nail can

be expected to work simultaneously in equation (1.10), as reported by Jewell and Pedley
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(1990) and Gassler (1990). They recommended that the effect of shear resistance of nails
should be ignored in the design of soil nailing, though not in soil dowelling, because the shear
forces Pg are negligibly small up to the point of failure of the slope.

Another conventional method for the design of reinforced soil walls is to assume
composite properties for the reinforced soil mass, or anisotropic cohesion in the soil (Long
et al., 1972). While this method is rather simpler than those which assume the individual
reinforcemeqt force, the unrealistic approach caused some critisisms (Mc Gown et al., 1989).

There are few proposed methods for estimating the displacement of a nailed slope. This
is attributed mainly to the difficulty of simulating the construction sequence and of correctly
modelling the nails in the analysis, and of investigating the properties of the in - situ soil.
Jewell and Milligan (1989) proposed a method for predicting the displacements of a
reinforced soil wall with extensible reinforcement by assuming that perfect adherence is
maintained between soil and reinforcement, and the displacement of facing wall is equal to
the total extension of the reinforcement in the soil. Jarret and McGown (1988) applied several
methods in the recent NATO wall prediction excercise, and almost all methods determine the
displacement of the facing wall from the axial force of the reinforcement assumed in the
designs.

Although there is no theoretical basis, it is empirically well known that the typical
horizontal displacement d; on the top of a nailed slope is approximately 0.1% to 0.3% of the
total slope height H (Tatsuoka, 1992). A number of published in - sitw data for the
displacement ratio &, / H are shown in Fig.1.6. While most of the displacement ratios remain
within a range of &, / H = 0.1% to 0.3%, it is observed that as the slope height H increases,
the ratio 8, / H becomes less. This may partly be due to the fact that there is a tendency for

greater conservatism adopted, both in design and construction on the site, as the height /£ of
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the nailed slope increases. Schlosser et al. (1992), from a full scale test of soil nailing,

reported that the horizontal displacement §; of the facing wall depended on the global safety

factor F of the nailed slope, and that the displacement ratio d;, / H decreased as F increased.

Details of the displacement of nailed slopes in centrifuge tests will be shown in Chapter 6.
The finite element method is an effective tool both in design work and in the fundamental

study of soil nailing and reinforced soil walls, (Murray, er al., 1989). The advantages of the

finite element method are the ability to:

(1) take into account the strain and strain compatibility between soil and nail,

(2) estimate the nail forces and slope displacements, and

(3) simulate the construction sequence and the initial and boundary conditions in design.

Usually, a nail is modelled as a beam or truss element in the analysis. In order to allow slip

between the soil and nail, an estimate of the interface stiffness k; in equation (1.3) is

necessary in the finite element analysis.

1.3 Outline of this dissertation

The aims of the current research programme into soil nailing are to make a study of the
interaction between a nail and soil, the mechanical behaviour of a nailed slope, and especially
to study the failure mechanism and effect of the nails on the slope stability. The proposed
failure mechanism should be based on the observed failure surface and the type of failure, e.g.
breakage or pull-out of the nails or overturning of the reinforced soil block. The prediction
of slope displacements is also important for practical reasons.

In soil nailing, an earth pressure p, nail force T and slope displacement & are not
independent parameters but are closely related to each other, as shown schematically in

Fig.1.7. It is, therefore, most appropriate for such a study to perform a number of laboratory
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tests with relatively small samples which can be controlled and repeated under almost the
same sample conditions.

The thesis is divided into two parts:

Part 1 Pull-out tests of a nail and direct shear tests of nailed sands

Part 2 Centrifuge tests of nailed slopes

The results obtained in the tests will be used to evaluate and, if necessary, to provide a basis
for changes to the existing theory and design methods. Cohesionless sands were used in all
of the tests because soil nailing has been adopted for sandy soils in practice due to the larger
pull-out forces than can be mobilized in clays.

In part 1, dominant factors which affect the interaction between a nail and sand are
investigated by carrying out a number of pull-out tests of a nail, direct shear tests of nailed
sand and interface tests between soil and reinforcement. Comparisons are made of bond
friction of a nail (or reinforcement) as measured by the three types of tests. These results are
also compared with results of direct shear tests carried out by other research workers. Some
considerations of the dilatancy of the soil and extensibility of the nail are given.

In part 2, centrifuge model tests were performed to investigate the effect of selt weight
of soil on the behaviour of nailed slopes. Excavation of the slope was simulated by gradually
draining water from two sets of rubber bags located in front of the facing wall, after a
centrifuge acceleration N = 30g was reached in the model. Earth pressures on the facing wall
and displacements of the tacing wall and upper ground surface were measured. The main
variables of the tests were lengths and bond conditions of the nails, flexibility and roughness

of the facing walls, and angle of the facing walls to the horizontal. Limit equilibrium analysis,
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based on the observed failure mechanisms, was carried out and the failure accelerations Nf
of the centrifuge tests were compared with those from the limit equilibrium analysis. Data
from a field test carried out in Germany were also compared with those of the centrifuge tests
to verify the analysis for soil nailing.

Finally, the main conclusions from the tests are drawn together in a final Chapter, where

recommendations for future research are also made.
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Chapter 2

Pull-out tests of a nail and direct shear tests of nailed sand

2.1 Introduction

In soil nailing as well as reinforced soil walls the friction between a reinforcing element
and the surrounding soil plays a major role in improving the stability of earth structures. Since
the axial force in a nail is generated by the relative displacement between the nail and the
soil, as shown in Chapter 1, a full understanding of soil nailing requires an understanding of
the interaction mechanism between them. It is not, however, an easy task to achieve because
the interaction is influenced by several factors, such as the properties of the soil, roughness
and stiffness of the nail and the boundary conditions of the test apparatus, as reported by
Palmeira and Milligan (1989). Furthermore, the change in stress on the nail due to dilatancy
of the soil, when a nail is pulled out, makes the interaction mechanism very complicated and
difficult to.analyse (Schlosser and Guilloux, 1979).

From this point of view, the apparent friction coefficientf*, obtained from the pull-out
test of a nail and defined by equation (1.2), may not be regarded as a characteristic index
representing the interaction mechanism because the initial mean normal stress o, acting on
the nail used for estimatingf’ is assumed to be unchanged throughout the test. As pointed out
by Dunham (1976) and Bolton (1990), pull-out tests of reinforcement tend to cause non -
unitorm strain and stress conditions both in the soil and the reinforcement, and hence require
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very careful interpretation of the pull-out test data. This non - uniformity of the stress and
strain may be significant, especially for flexible nails in which the displacement and shear
stress on the nail cannot be assumed constant along the nail.

[t should be also mentioned that although the pull-out test has been one of the most
convenient and popular means of obtaining a maximum pull-out force of a nail for both in -
situ and model tests, as shown by Chang et al. (1977), Ingold and Templeman (1979) and
Murray et al. (1979), no standard methods and configurations have been established. As the
pull-out test of reinforcement is very sensitive to the test procedure and the test boundary
conditions, care should be taken when comparing the data obtained between tests. However,
when pull-out tests are carried out under well - controlled and similar conditions, the pull-out
curves and peak pull-out forces from these tests may provide fundamental and useful
information regarding the interaction mechanism. At the same time, for a practical reason,
index tests (Giroud, 1989) should be developed for ordinary projects.

A great deal of research investigating the interaction mechanisms of reinforcement, mainly
using pull-out test or direct shear test apparatus, has been reported. In soil nailing, the latter
apparatus has been used much less than the former because of the difficulty of modelling a
nail of circul.ar bar across a 2 - dimensional shear surface in the shear box. It is also widely
known that the apparent friction coefficientf of a nail or reinforcement obtained from these
two types of tests are not usually the same, and a larger apparent friction coefticient f* is
commonly observed in the puli-out tests than in the direct shear tests (e.g. Schlosser, 1977,
and Yoo, 1988). This is due to the different stress and boundary conditions for the
reinforcement between these two types of tests, as will be discussed in following Chapter 3.

In this research programme a number of pull-out tests, direct shear tests of nailed sand

and interface tests between soil and reinforcement were performed in order to:
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(1) investigate the interaction mechanism between a nail or reinforcement and soil,

(2) compare the apparent friction coefficients f* of a nail between these three types of tests,
taking into account the direct shear friction angle ¢, of the soil, and

(3) obtain basic data for analysing results of the centrifuge model tests of nailed slopes,
as shown in Chapter 7.

In the remaiﬁder of this chapter a general description of the test programme and specific

details of each test series are given, followed by some results of the unreinforced direct shear

tests of three types of sands which were used in the current research programme.

2.2 Description of the direct shear tests of nailed sand and the interface tests

A medium size direct shear test apparatus made first by Jewell (1980) was used to carry
out the direct shear tests of nailed sand. The box has a plan area of 254 mm x 153 mm and
a sample depth of about 150 mm. The top platen of the shear box is fixed to the top half of
the shear box, ie. it has symmetrical upper and lower boundary conditions, which more or
less eliminates the rotation of the shear box during shearing. The symmetrical direct shear test
is preferab.le because it more closely conforms with simple shear deformation of the soil
(Airey, 1987, Jewell, 1989). A diagram of the shear box is given in Fig.2.1.

The shear load S is applied by a ram driven at a constant speed of 0.08 mm/min by an
electric motor, allowing sufficient time to read and record the measurements from dial gauges.
The ram pushes the bottom half of the shear box which is free to run on bearings; the top half
providing resistance to movement by reacting against a deflector bar. The deflection at the
middle of the deflector bar is measured with a dial gauge, giving reading to an accuracy of
about +1 N, and is directly proportional to the applied shear load S transmitted through the

soil.
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Because of the relatively large plan area of the shear box and the use of a hanger system
to apply the vertical surcharge load, the maximum vertical stress was limited to about o, =
60 kN/m?. Generally, the sample was sheared to a displacement of 4 mm with readings being
taken at régular intervals. The shear displacement X and the dilation Y during testing were
measured by means of dial gauges with a sensitivity of +0.01 mm.

Nails of circular cross section with several different diameters were made of mild steel,
and these were roughened by glueing a thin layer of sand on the surface. The nails were of
total length [ = 127 mm, and of diameters excluding the thickness of sand layers D = 1.3 mm,
2.5 mm, 4.5 mm, 6.4 mm and 9.1 mm for 50/100 dense and medium dense sands, and D = 1.0
mm, 1.9 mm, 3.0 mm, 6.4 mm and 9.6 mm for 14/25 dense sand. Only one nail was placed
in the sample in each test, and placed symmetrically both in plan and elevation of the shear
box, as shown in Fig.2.2. The orientation of a nail from the vertical direction at the time of
sample preparation was fixed at 6 = 25° for all the tests, so that a comparison could be made
between the current test and direct shear tests of nailed sand performed by Jewell (1980) and
Pedley (1991). Nearly the most efficient use of a nail in order to increase the maximum shear
load S, . could be acheived by placing reinforcement at 8 = 30° in the tests, as reported by
Jewell. Jewell also concluded that as a reinforcement was oriented toward the direction 8~ of

the principal tensile strain €5 in the soil, as shown in Fig.1.2(b), the magnitude of the axial

force of a nail increased and hence increased the maximum shear load S, ., namely
* T UrJ
8" =_ - = (2.1
4 2 (2.1)

in which vy is the angle of dilation of the soil and 6" is the direction of the principal tensile

strain g4 from vertical.
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Before carrying out each pull-out test, the internal walls of the shear box were thoroughly
cleaned to reduce the friction of the wall. Assadi (1975) and Johnston and Romstad (1989)
pointed out that the shear resistance is increased by simply roughening the end - wall of the
shear box. The upper and lower halves of the shear box were separated vertically by inserting
two aluminium packing strips of 2 mm thickness, and then clamping them so that an even gap
was formed. After a nail was supported in the specified position and oriented 6 = 25° from
the vertical in the empty shear box by several thin threads, a sand sample was prepared by
raining, using a hopper with shutter plates located about 80 ¢m above the top of the box. The
hopper covered the full plan area of the box. After a sufficient depth of sand had been
deposited anci the nail was fully embedded, the thin threads were cut carefully, and the sample
preparation continued. Part of the thin threads were left in the sand because of the difficulty
of removing all the threads from the box.

The sand was rained to a level slightly above that required and the surpius removed by
an air vacuum device, a knife and a ruler to form a level sand surface. The top platen was
placed onto the sample and the vertical surcharge stress o,, = 20.3 kN/m* applied by weights;
the platen was then fastened to the top half of the shear box. The clamps fixing the upper and
lower halves of the shear box together and the two packing aluminium strips were removed
to leave a clear gap of 2 mm. A more detailed description of the apparatus and sample
preparation is given in Jewell (1980) and Pedley (1991).

During the course of the test programme, the sample density was changed and this
involved changing the perforated plates located in the base of the hopper. Three kinds of sand
samples were prepared, using 50/100 dense and medium dense Yellow Leighton Buzzard
Sands and 14/25 dense Yellow Leighton Buzzard Sand. The dense sand samples were

prepared by raining the sand slowly, since the initial void ratio e, of the sand depends mainly
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on the rate of sand raining, Cole (1967). The medium dense sand was prepared by raining the
sand rapidly by moving the perforated plates. This method gave a reasonably uniform sample
with nearly constant mean relative density /.

This medium size direct shear box was also used to perform interface tests by installing
the interface to be investigated at the level of the shear plane, in the lower half of the shear
box, as shown in Fig.2.3. In the test, an aluminium alloy plate, which has a plan area of 254
mm x 153 mm and a thickness of 3 mm, was used for the interface material. Care was taken
when placihg the interface on the sand in the lower half of the shear box so that no horizontal
displacement of the interface occurred during the test. The top surface of the aluminium plate
was placed flush with the top of the lower half of the shear box. The interface was made
rough by glueing sand on the smooth surface of the aluminium plate. The upper half of the
shear box was filled with the test sand and the interface test was carried out in a similar

manner to a direct shear test of nailed sand.

2.3 Description of the pull-out tests of a nail in sand

The medium size direct shear box was moditied to provide a displacement controlled pull-
out test rig. A general view of the pull-out rig is shown in Fig.2.4. The pull-out box has a
plan area of 254 mm x 153 mm and a sample depth of about 202 mm. After a sufticient depth
of sand had been deposited using a hopper, in the same way as in the direct shear tests of
nailed sand described in section 2.2, a nail was placed horizontally in the required position,
127 mm below the upper surface of the sand. The nail was not placed centrally in the box,
so that the influence of surchage load o, on the upper sand surface was decreased. A hole of
6 mm diameter was made in the front wall of the box, through which the head of the nail was

firmly connected to a load cell of 200 N maximum capacity manufactured by Tokyo Sokki
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Kenkyujo Co.Ltd, allowing measurement of the pull-out force of a nail. The rest of the sand
was again rained in to the test box. The method of sample preparation is, unless otherwise
stated, similar to that used in the direct shear tests of nailed sand. The pull-out load was
applied by a drive motor pulling the shear box on the roller bearings. This was opposite to
the method of the conventional pull-out test in which the nail is pulled out while the test box
remains stationary, but the relative displacement between soil and nail is the same in each
system. Dial gauges allowed the measurements of horizontal displacement of the box.

To minimize the harmtul influence of the front wall when a nail is pulled out, as pointed
out by Palmeira et al. (1989), a small plastic tube which was 70 mm long and 6 mm diameter
was firmly attached horizontally to the front wall of the box (Milligan, 1991), as shown in
Fig.2.4. This tube enabled the nail in the box to be insulated from the surrounding sand near
the front end - wall, so that there was no friction acting on that part of the length of the nail.
It is also reported that the boundary problems exhibit themselves by reducing the surcharge
pressure by 35%, due to friction developed between the front wall of the box and the soil,
(Jonston and'Romstad, 1989). Surcharge stresses of up to o, = 55 kN/m* were applied to the
top of the soil sample by weight on a hanger. Great care was taken not to bring the nail into
contact with either the front wall or the small plastic tube during the sample preparation. Thin
threads were used to keep the nail exactly horizontal in the case of a longer nail. The threads
were left in the sand sample. The same three types of sand sample, as used in the direct shear
tests of nailed sand, were prepared for the pull-out tests.

Two types of nail, stiff and flexible, with several difterent lengths were prepared for the
pull-out tests. Stift nails were made of mild steel (Elastic modulus £, = 206 x 10 kN/m?)
with circular cross section, and of diameters D = 1.0 mm, 1.4 mm, 2.0 mm, 2.6 mm, 3.2 mm,

4.0 mm and 5.2 mm. Flexible nails were made of a rubber tube with external diameter D, =
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3.0 mm and internal diameter D; = 2.0 mm. Elastic modulus of the rubber tube was measured
as £, = 0.02 kN/m?, by carring out uniaxial tensile tests of the tube. The stiff nail was
instrumented with S pairs of strain gauges along the nail to measure the axial strain
distribution of the nail during pull-out tests. All of the strain gauges were covered by the sand
coating. Radiographic techniques were also used to observe the location of the rupture
surfaces in the sand after pulling out the nail. Details of the pull-out tests using radiography
and the flexible nail are given in Chapter 3.

The term "flexible nails" and "stiff nails" are used here to describe the relative stiftness
between soil and nail in a given stress condition. Mc Gown et al. (1978) and Bonaparte and
Schmertmann (1988) clearly defined the concepts of "extensible reinforcement” and "in-
extensible reinforcement”, as

tfor the "extensible reinforcement” D Erin 2 Egol)

for the " in-extensible reinforcement” : ¢ <€

rein soil

where € is the tensile strain of the reinforcement at peak stress and e ;; is the horizontal

retn
strain required to develop an active state in the soil. In general, a steel nail is practically

assumed to be "in-extensible reinforcement".
Three main parameters for the nail were varied in the pull-out tests; roughness (smooth
surface and rough surface), extensibility (stiff and flexible) and diameter D of the nails. A

rough nail was made by glueing sand on the surface of a corresponding smooth nail. The

material properties of the stiff and flexible nails are given in section 3.3.

2.4 Properties of soils
Two Yellow Leighton Buzzard Sands, 14/25 and 50/100, were used for the standard soils

in the pull-out tests, direct shear tests of nailed sand and the interface tests. These are quartz
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laboratory sands composed of sub - angular particles. The reference numbers refer to two old
British Standard sieve sizes; the sand passes the first but is retained by the second. The mean
particle sizes are Dy, = 0.8 mm for 14/25 sand and Dy, = 0.18 mm for 50/100 sand, and
properties of the two sands are compared in Table 2.1. The mechanical properties ot 14/25
sand have been extensively investigated by several researchers, such as Cole (1967), Stroud
(1971) and Jewell and Wroth (1987), while there are few data available for 50/100 sand.

A series of unreinforced direct shear tests was performed in the medium size direct shear
apparatus tor 50/100 dense and medium dense sands and 14/25 dense sand. The mean relative
densities for these three sands are; Iy = 90% ~ 93% for 14/25 dense sand, Iy, = 92% ~ 94%
for 50/100 dense sand, and I, = 80% ~ 83% for 50/100 medium dense sand. The state of the
maximum vc;id ratio e, was obtained by pouring the sand loosely in a cylinder through a
funnel, maintaining the height of raining as zero. The state of the minimum void ratio e, ; ,
on the other hand, was obtained by repeatedly hitting the outside of a steel box containing the
deposited sand.

Fig.2.5 compares the behaviour of the three types of sand with applied vertical stress of
o, = 36 kN/m?. The trends for 14/25 dense sand shown in Fig.2.5 are in good agreement with
those observed by Jewell et al. (1987) and Pedley (1991) using the same direct shear box. The
normalized shear stress (”ny/()‘,) shown on the left axis, plotted against shear displacement X
shows that the 14/25 dense sand has a greater shear strength than that of 50/100 dense sand.
The measurements of dilation ¥ shown on the right hand axis confirm the finding by showing
the 14/25 dense sand to dilate more strongly than 50/100 dense and medium dense sands.

The measured peak shearing resistances for the tests with applied surcharge stress o, =

36 kN/m> are shown in Table 2.2, where the angle of dilation v and the peak direct shear

friction angle ¢, of the soil are estimated, as
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Although not shown in the figure, there was considerable scatter of data observed in the
initial stages- of shear displacements 0 mm < X < 0.8 mm for the tests at different applied
vertical stresses o,. However, a high degree of repeatability was observed for the range of
shear displacements X = 0.8 mm, which included the peak mobilized direct shear friction
angles ¢, and the angle of dilation .

Fig.2.6 shows the plots of energy correction from the direct shear data of Fig,2.5, where

sin(¢cv)ps =tang,, - tany =m -(2.3)

(q')CV)PS is the critical state friction angle in the plane strain condition, which is considered as
a material property of the soil irrespective of the initial density. Equation (2.3) is obtained
from comparing Taylor's energy correction (1948), equation (2.2) and Mohr's flow rule (2.4)
when constant volume shear is occuring in the soil. Theoretically, m in equation (2.3) should
be constant throughout the test. It is seen from the figure, ignoring the data of initial stages,
m = 0.62, giving (¢ = 38° for 14/25 dense sand and m = 0.56, giving (¢ = 34° for

Cv)ps cv)ps

50/100 dense and medium dense sands. The measured m for 14/25 dense sand is in good
agreement with Jewell (1987), Palmeira (1987) and Pedley (1991), who reported a range of
m = 0.60 ~ 0.63. On the other hand, m = 0.56 for 50/100 sands is less than that of 14/25
sand, and is nearly equal to m = 0.57 obtained by Stroud (1971) from simple shear tests on
14/25 dense sand.

Fig.2.7 shows the mobilized plane strain friction angle (¢

ps)mob with the shear
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displacements X for 50/100 dense sand deduced from the test data in Fig.2.5 for all stages

during the test, using Rowe's flow rule (1969), Mohr's circle analysis, Rowe's correlation

(1962) and Bolton’s flow rule (1986), as

tan¢ ;.

cosd,,

Rowe's flow rule:  tan ¢ps

tand
cosy(l + tang, tanp)

Mohr's analysis:  sin Pps (2.4

/

s correlation: sinq)ps K-1+(K+ Dtany

K+1+(K-1Dtany

1

Rowe

/ .
Bolton's flow rule: (bps ¢, + 0.8y

In those analyses, the critical state friction angle was assumed to be ¢_, = 34° (Bolton, 1986).
These four methods of analysis appear to exhibit good agreement with the plane strain friction
angles ¢, = 42° ~ 44° although in the initial loading stages the analyses were unable to
provide any consistent result for the mobilized friction angles. This inconsistency and scatter
of the test data in the initial stages of the direct shear tests may be attributed to the non -
coaxiality of stress and strain (Stroud, 1971), and the re - arrangement of sand particles on
the central plane.

Direct shear tests of unreinforced sand using a small Casagrande shear box were also
carried out to compare the measured peak shearing resistances of the three types of sands as
a function of applied vertical stress, over a range of o, = 55 kN/m> ~ 200 kN/m> . The results

of these tests are shown in Chapter 7.
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Chapter 3

Results and analyses of pull-out tests and direct shear tests of nailed sand

A description of the pull-out test and direct shear test apparatus was given in Chapter 2.
Great care was required during the preparation of the sand samples containing a nail or a
reinforcement and in conducting the tests, because these tests were found to be very sensitive
to the sample conditions and method of loading. In this chapter, results of the pull-out tests
for different stiffness and roughness of the surface of a nail, and for different types of sands
are shown, followed by considerations of the apparent friction coetficient f* and the
interaction parameter ; of a nail. Comparison of the apparent friction c:oefficientsfk obtained
from the results of the puli-out tests, direct shear tests of nailed sand and the interface tests
are then presented, together with comparison of the data for direct shear tests of nailed sands

reported in related literature.

3.1 Comments on the pull-out test of a nail

Out of the total of 51 tests for uninstrumented nails, 38 pull-out tests of a nail were
performed on stiff - rough nails using the medium size direct shear box. Specific details,
together witH some results of the tests, are given in Table 3.1. In Table 3.1, u* is the friction

coefticient, defined in equation (3.21). The values of o, include self weight of soil above the
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nail in Table 3.1.
The correction of the current length [ of a nail embedded in the sand during a pull-out

test, which is necessary for the following analysis, was made as shown in Fig.3.1, as

lzll'_%'{'Al
..(3.1)

Fl

=l -&+ f

E A

a

where /; is the length of nail initially embedded in the sand before the test, § is the horizontal
displacement of the test box, Al is the elastic deformation of the nail in the free part lﬁ Fis
the current pull-out force and E_A is the axial stiffness of the nail. However, elastic
deformation of the nail currently embedded in the soil can be ignored in equation (3.1)
because it was found to be very small and negligible when compared to the other components
of deformation. The diameter D of a nail, unless otherwise stated, includes the thickness of
the sand layer glued on the surface, as shown in Fig.3.2, which gives an additional diameter
AD tor each nail,

AD = 0.7 mm tor 50/100 Yellow Leighton Buzzard dense and medium dense sands, and

AD = 2.0 mm for 14/25 Yellow Leighton Buzzard dense sand.

3.2 Pull-out tests of stiff nails
3.2.1 Rough surface nails

The typical load - pull out displacement results of stiff - rough surface nails for the three
types of sand are shown in Fig.3.3(a), (b) and (c), together with results of unreinforced direct
shear tests for the corresponding sands with nearly the same relative densities I, as in the

pull-out tests. As the parameters for the tests, the diameter D of a nail, its initial length /; and
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applied surcharge load o, were chosen. The pull-out displacement & is defined as the

displacement with respect to the front face of the sand sample of a point on the nail. The

important features of the results shown in Fig.3.3 are,

(D

(2)

3

(4)

§p, the f)ull-out displacements of a nail required to mobilize the peak pull-out force g
were almost the same irrespective of diameters D, initial lengths /; of the nails and the
applied vertical surcharge stresses o,,
excluding the post peak pull-out force, the pull-out curves are nearly approximated by
hyperbolae, in which the trend is the same as that of the load - displacement curve for
unreinforced direct shear tests of sand,
the peak pull-out displacements Ep were also nearly equal to the horizontal displacement
of the unreinforced direct shear tests of the corresponding sands at the peak stress ratio
(Tyr / O)pay » Damely
‘gp =~ 2.0 mm for 50/100 dense sand

= 2.2 mm for 50/100 medium dense sand, and

=~ 1.5 mm for 14/25 dense sand.
Schlosser (1990) and Bergado et al. (1992) pointed out that generally, a range of pull-out
displacements ‘gp =1mm~5mmor EP = 1 mm ~ 3 mm respectively, is required to
mobilise the peak pull-out force FP of the reinforcement and nail.
the loss of the peak pull-out force Fp was observed to continue gradually, at least to the
pull-out displacement § < 4.0 mm, which was the maximum range of pull-out
displacement carried out in the current tests.
peak pull-out force Fp increased as the shear strength of the soil increases, indicating

that the friction angle ¢ of the sand plays an important role on the peak pull-out force

Fp.
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Fig.3.4 shows the axial stress distributions of a nail at the peak pull-out force £, for
50/100 dense sand with the surcharge stresses o, = 5.6 kN/mz, 11.0 kN/m? and 22.7 kN/m?>.
Ten strain gauges were used to instrument the nail at different positions along the length of
the nail. A pair of the strain gauges consisted of 2 strain gauges attached on exactly opposite
sides of the nail surface. The nail was made of stainless steel tube, of total length [ = 12.0
cm and external and internal diameters D, = 2.0 mm and D; = 1.9 mm, respectively, as shown
in Plate 3.1. In order to minimize the possible influence of bending moment on a nail, the
axial stresses o of a nail during pull-out test were estimated as the mean of the two measured

surface strains for both sides of the nail ¢, and ¢,, as

o=E - (3.2)

where £, (= 210 kN/mmZ) is the elastic modulus of the nail. In Fig.3.4, fairly linear axial
stress distributions o(x) / o along the nail were observed in these pull-out tests, where o,
is the axial stress at the head of the nail (x =0) in the front wall. It is also found that the
disturbance of the pull-out force caused by the soil near the front wall was very small, and
this was probably due to the small plastic sleeve attached horizontally to the front wall.

The observed linear axial stress distributions for the stiff nails, Fig.3.4, may also be
derived analytically. Combining equations (1.3) and (1.4) gives the following ditferential
equation (Fafmer, 1975), as

d*g(x) _ 2k
dx* R,E

a

E(x) ..(3.3)

In the pull-out tests, the boundary conditions for equation (3.3) with regard to the axial stress

of a nail are given at the head of nail (x = 0) and at the end of nail (x = /), namely
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okx) =-E, dE(x)

dx
..(3.4)
=g catx =0
=0 catx =1
The general solutions for equation (3.3) are then obtained, as
o(x) _ sinh{a(/ - x))
o sinh(a/)
..(3.5)
E(x) _ coshi{a(l - x)}
& cosh(al)
where « is the parameter for the relative stiffness between soil and nail, as
2k, (3.6)
a = ..(3.
R[I Ea

In equation (3.5), &, is the displacement of a nail at the head of nail (x = 0). Fig.3.5 shows
the results of equation (3.5) with the different values of the relative stiffness (0.1 / m) s o
< (10.0 / m). It is seen in the figure that as o decreases, or as the relative stiffness between
a nail and soil increases for nails of the same diameter D, the axial stress distribution o(x)
/ 04 becomes more linear and the shear stress distribution becomes more constant along the
nail. Thus, for a stift nail, from equations (1.3) and (3.5),

T(x) | 5

Yo % (3.7

= constant
where T, is the shear stress at the head of the nail (x = 0). The interaction parameter k; can

be, therefore, directly estimated from the results of a pull-out test of a stiff nail using
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equations (1.3) and (3.7) because the shear stress t(x) and the displacement E(x) of the nail

are assumed almost constant along the nail, that is,

k-(x) = T_QQ
) E(x)

.0 ..(3.8)
&

constant

From thi§ point of view, the similarity observed between the results of pull-out tests of
the stiff nails and those of the unreinforced direct shear tests of the corresponding sands, as
shown in Fig.3.3, may be attributed to the fact that the direction along a nail is almost a
direction of zero - extension in which the increment of axial strain e(x) is zero along the nail.
Jewell and Wroth (1987) and Dyer (1985) reported that the single rupture band across the
centre of a shear box appeared to coincide with the direction of zero - extension and not the
plane of maximum stress obliquity. For a stiff nail of £, / k; » 1 (or a < 1), equation (3.5)

is simplified using Taylor’s approximation ignoring terms a of degree 2, as

E(x) = %o
= constant ,
e(x) = dg(x) .(3.9)

dx

X
=enl - 2
o -]

where g is the axial strain at the head of a nail (x = 0). Such a similarity with direct shear
test was also observed by Tan (1990) by carrying out interface tests between a stiff - rough
plate and sand. The pull-out force F of a nail is, therefore, more closely related to the direct

shear friction angle ¢, than the plane strain friction angle ¢ps of the sand. Randolph and
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Wroth (1978) state that the behaviour of soil near a pile can be modelled as simple shear, in
which the direction of the shearing is assumed to be that of zero - extension.

The relationships between friction angles ¢, and ¢

s and cohesions c;, and Cps MAy be

derived by making Coulomb’s active earth pressure P  obtained from ¢, and c,, on velocity
characteristics (obtained by direct shear test) equal to that from ¢ps and Cps ON Stress

characteristics (obtained by plane strain test) in a vertical and smooth wall (Jewell, 1989) in

Fig.3.6, as
p = Hztanzn—d)ps -2¢ Htan| L - PS
a5 Ol o Bty e )
(310
tan_?f{s_hlﬁ—(bds sin£—¢d5
1 5 4 2 2
=—2—YH w —CdSH
Y Y
tan| . + = sin| — +¢, - L|sin|_ +

Comparing the terms of two equations (3.10) which include the self weight y of the soil or

not, then

R sin¢pscosw
tang . = ,
R sin¢pssin1p
.(3.11)
_ cpscosq)dscosxp
Cas =

1 - sind)pssinxp
These results in equation (3.11) are exactly the same as the solution obtained by Davis (1968)
from a Mohr's circle analysis, as shown in Chapter 2.4. It is easily understood from equation
(3.11) that the direct shear parameters (¢4, and c,.) are always less than or equal to the plane
strain parameters (¢ps and cps). Theretore, using direct shear strengths ¢, and c,_ for the
analysis of stress characteristics produces more conservative earth pressures than those tfrom
using plane strain strengths ¢p5 and Cps:
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Radiographs were taken during pull-out tests of a reinforcement made of an aluminium
alloy plate, which is 5 mm thick and of surface area 200 mm x 50 mm embedded in sand. The
pull-out tests of a plate were carried out with either a smooth surface or a rough surface,
where the rough surfaces were made by glueing sand layers onto the smooth surface. As with
the pull-out tests of a nail, great care was required to make the roughness of the plate
identical to the sand grains. Using a plate rather than a nail was necessary to get clear pictures
in the radiographs. The X - ray head manufactured by Philips Co.Ltd was mounted rigidly on
a stand in front ot the apparatus, and the film to focus distance was about 90 cm. Fig.3.7
shows the schematic view of the arrangement for the radiograph and the pull-out box, which
has a plan area ot 200 mm x 50 mm and sample depth 200 mm. The plate was placed 110 mm
below the upper surface with no vertical surcharge stresses (o, = 0 kN/mz). 14/25 dense
Yellow Leighton Buzzard and 50/100 dense Yellow Leighton Buzzard Sands were used in the
tests.

Fig.3.8 (a), (b) and (c) are the photographic prints of the radiographs and show the
development of rupture zones in the soil after a pull-out displacement § = 2.5 mm, which was
thought to be a sufficient pull-out displacement to develop the rupture zone around the nail,
as shown in Fig.3.3. It is observed that for the rough plate, the thickness 4 of the rupture zone
gradually increased towards the front face, and the range of thickness observed is about /i =
10 mm ~ 12 mm for 14/25 dense sand, and & = 5 mm ~ 8 mm for 50/100 dense sand. Those
thicknesses h of the rupture zone are relatively close to those of a shear zone along failure
surfaces in sands, in which a thickness of less than 20 times the mean sand particle size Dy,
is commonly observed, as reported by Muhlhaus and Vardoulakis (1987). Jewell (1980)
reported that the observed thickness of the rupture zone was h = 17.5 mm when a stift - rough

bar was pulled out in 14/25 dense sand, which is the thickness of about 22 particles of the
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mean particle size Dy (= 0.8 mm) of the sand. For the smooth plate in 14/25 dense sand, on
e other hand, a much thinner rupture zone, h = 1 mm ~ 3 mm, than that of the rough plates
was observed, as shown in Fig.3.8 (b). This result is consistent with the smaller peak pull-out
force FP for a smooth nail than that for a rough nail in the tests, as will be shown in section
3.2.2.

Desrues (1984) observed in pull-out tests that initially there is a zone of high shear strain
adjacent to the reinforcement, of thickness of the order of 10 to 20 Ds. Failure planes then
develop as the displacement of the reinforcement relative to the soil increases. On the other
hand, Lehane et al. (1993) reported that the rupture zone with shear and volume strains in the
soil consists of a few grains of soil close to a steel pile, so that the slip occurs between the
pile and soil. Bolton (1990) and Heymann et al. (1992) also stated that the thickness A of the
rupture zone around a reinforcement is usually of a few grains of sand, which is much smaller
than that qf the rough reinforcement in dense sands observed in Fig.3.8. This discrepancy
regarding the thickness h of rupture zone observed may be due to the difference of the
roughness of a reinforcement surface; such as steel with a blasted surface, ribbed strip and
rough nail with sand glued to the surface. For a ribbed strip and a geogrid, passive bearing
resistance rather than the friction between soil and the strip dominates the interaction
mechanism, and the observed thickness & of the rupture zone is usually larger, (Irsyam et al.,
1991).

[t is interesting that while the influence of the surcharge load o, and the length / of a nail
on the apparent friction coefficientf is small, as shown in Fig.3.9, f is not constant with the
diameter D of the nail, Fig.3.15. It is, however, noted that in the following centrifuge tests,
the relationship between f and o, is very important. The assumed mean normal stress o, on

a nail in equation (1.2) is calculated from the vertical stress o, on the nail, as
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1+ K,

g, = a
m v’
2

(3.12)

Ky=1- sin¢ps

in which ¢ps is the plane strain friction angle of the soil obtained by tlow rule and results of

direct shear fests (see Table 2.2 and equation (2.4)), and K|, is the earth pressure coefticient

at rest, Jaky (1944). The result of Fig.3.15 contradicts the conventional assumption in the

design of soil nailing, in which the peak pull-out force Fp is proportionally increased by

simply increasing the diameter D of the nail. This point will be discussed in section 3.4.
As described before, the load - displacement curves shown in Fig.3.3 may be

approximately modelled by a hyperbola up to the peak pull-out force Fp, as shown in

Fig.3.10. In the figure, t is the average shear stress on the stiff nail, calculated as

T = (3.13)

The interaction parameter k; for a range of pull-out displacements 0 mm < E < ‘gp is then

given from the hyperbola, as

(3.14)

Parameters a and b in equation (3.14) are obtained from the load - displacement curves by
plotting the pull-out data as § / t versus §, as shown in Fig.3.10. From the pull-out tests and
equation (1.8), both the interface stiffness k; and the peak pull-out force £, are found to be
influenced by the diameter D of the nail. This is a somewhat similar trend to the modulus of

subgrade reaction k_of soil, in which k_ decreases with loaded area, Terzaghi (1955).
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3.2.2 Smooth surface nails

Fig.3.11 shows the load - displacement results for stiff - smooth nails for 50/100 dense
and 14/25 dense Yellow Leighton Buzzard Sand. For the tests of the smooth nails, the initial
length of a nail was fixed as /; = 200 mm and the applied vertical surcharge stress was o, =
22.7 kN/m?>. Compared with the pull-out test data with those of the stift - rough nails in
Fig.3.3, as expected, much smaller peak pull-out forces Fp were observed and the
displacements required to mobilize Fp were about Ep = 0.8 mm ~ 0.9 mm irrespective of the
type of sand, which is less than half of those for the rough nails. After the peak pull-out force
£, was achieved, a gradual reduction of the pull-out forces was observed and thereafter, those
pull-out forces became nearly constant at a nail displacement of about § = 1.4 mm for 14/25
dense sand and & = 1.2 mm for 50/100 dense sand. The apparent friction coefficients and the
angles of bond friction 8, were [ =026 (0, = 14.5°) for 50/100 dense sand and [ =032

(8, = 17.7°) for 14/25 dense sand, where

o = tan~! f* ..(3.15)

These f* and 8, observed are considerably smaller than the critical state friction angle of

quartz sand ¢, = 33° ~ 35° (Bolton, 1986), and further, even smaller than the angle of
mineral - to - mineral friction angle ¢, estimated by Chen and Liu (1990) assuming ¢, = 34°,
as
¢, - 22.5°
u:-——-———--(c‘o9 )+15.0°
' ..(3.16)
= 26.7°

In the design of reinforced soil walls using steel or concrete strips with smooth surfaces,

Schlosser et al. (1979) suggested that the apparent friction coefficient of the reinforcement
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is nearly equal to f‘ = 0.40 (8, = 22°). As the surfaces of the smooth nail used in the current
pull-out tests are regarded as nearly "perfectly smooth", their suggestion forf is considered
reasonable. The smaller apparent friction coefficient for the smooth nail compared with that
of the rough .nails is due to the very much thinner rupture zone of the soil developed around
the nail when pulled out, and hence, much less energy dissipation in the soil, as shown in the
results of the radiographs in Fig.3.8. A common belief is that in the pull-out of a smooth
reinforcement, the discontinuity can be formed by the soil particles sliding on the
reinforcement surface (Gourc and Beech, 1989).

[t was also observed that unlike with the rough nails, the apparent friction coetficients f*
of the smooth nail were nearly constant irrespective of the diameter D of the nail, as shown
in Fig.3.12. This result indicates that the apparent friction coefficient f* of the stiff - smooth

nail is not dominated by its geometric size.

3.3 Pull-out tests of flexible - rough nails

Fig.3.13 shows the load - displacement results of flexible - rough nails, which were made
of a small rubber tube. Details of the tube were given in Chapter 2. In the tests, the initial
length of a nail was fixed as [; = 200 mm while the surcharge stress was o, = 22.7 kN/m?. As
the model sands, 50/100 dense (Test F1-1), 50/100 medium dense (Test F2-1) and 14/25
dense (Test F3-1) Yellow Leighton Buzzard Sands were used. Compared with the results of
the stiff - rough nails, as shown in Fig.3.3, it is clear that the longitudinal stiffness of a nail
has a remarkable effect on the responses; the peak pull-out forces Fp for the flexible nail are
smaller than those of stiff nails, and the pull-out displacements gp required to mobilize Fp are
two or three .times larger than those of the stiff nail. The apparent friction coefficients are f*

= 1.88 and 2.10 for 50/100 dense and medium dense sands respectively, where an obvious
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discrepancy in f* was observed between these two sands. This discrepancy may be due to an
experimental error in the pull-out tests of the flexible nail. For 14/25 dense sandf = 2.47 was
obtained, which is larger than the values for 50/100 sands. The loss of pull-out force after
achieving the peak pull-out force Fp was seen to be significant, and much greater than in the
stiff - rough nails. It should be noted that the flexible nail may have suffered from a Poisson's
ratio shrinkage etfect, which may have caused some collapsing (or at least stress reduction)
around the circumference as the nail was pulled.

It is prédicted that the axial stress distribution in a flexible nail does not decrease linearly
toward the end of the nail, as plotted in Fig.3.5, for a smaller relative stiffness between a nail
and soil E_ / k;. Further, the direction of the nail cannot to be assumed to be a direction of
zero - extension, because the pull-out displacement §(x) along a flexible nail is not constant
any more. The pull-out displacement §(x) and the strain &(x) of a flexible nail are obtained

from equation (3.5), as

Sy cosh{a(l - x)}

R YY)
() = dE(x) -(3.17)
dx
. sinh{a (! - x)}
0 sinh(a/)

where g is the strain at the head of the nail (x = 0). Equations (3.5) and (3.17) indicate that
the interaction parameter k; cannot be directly estimated from the load - displacement curve
of the flexible nails using equation (1.3), since the mobilizations of the interaction parameter
k; are different at different points along the flexible nail. For a flexible nail, therefore, the
apparent friction coefficient f* has little significance for generally describing the maximum

pull-out force FP of the nail, e.g. the peak pull-out force Fp for a flexible nail is not
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proportional to the length [ of the nail, because of the different mobilization of the shear
stress T and hence, the interaction parameter k; along the nail.

Since the flexible nails were not instrumented with strain gauges because of technical
difficulties, prediction of an axial stress distribution along a flexible nail was made here using
the interaction parameter k; estimated from the pull-out tests of the stiff - rough nails, section
3.2.1. It is now assumed that the interface parameter k; of an element of a nail is a unique
tunction of the property of the soil, geometry and roughness of the nail, and is not influenced
by the stiffness of the nail itself, as shown in equation (1.7). This assumption may not be
correct because in the flexible nail a direction of the nail is not a direction of zero -
extension, as shown in equation (3.17). The results of the radiographs in Fig.3.8 suggest that
the thickness h of the rupture zone around a nail is related to the mean sand particle size Dy,
and roughness of the surface. This also indicates that the interface stiftness ; of a stiff nail
is applicable to the analysis of the flexible nail, when the above conditions of the pull-out
tests are maintained the same. From equations (1.3), (1.4) and (3.14) with an assumption that
the load - displacement curves of the stiff nail in Fig.3.3 are modelled as hyperbolae with

the parameters a and b, as shown in section 3.2.1, then

LW - gy
dx

2]

(3.18)
4D £ (x)

E (DI - D){a +bE®)
where D, = 0.3 ¢m and D; = 0.2 c¢m are the external and internal diameters, and £, = 0.02
kN/m* is the elastic modulus of the tubular nail made of rubber. In equation (3.18), the
external diameter D, excludes the additional thickness AD of the sand layers glued on the

surface of the nail. Parameters a and b for the hyperbola for nearly the same diameter D of
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the stiff - rough nails and the surcharge stress o, for the corresponding sand are obtained

from the pull-out curves in Fig.3.3, these being,

a = 0.022 cm’/N and b = 0.120 cm*/N
a = 0.030 ¢cm>/N and b = 0.145 cm>/N

a = 0.009 cm>/N and b = 0.102 cm>/N

: for 50/100 dense sand,

: for 14/25 dense sand.

: for 50/100 medium dense sand, and

Boundary conditions for equation (3.18), the pull-out forces F and the axial strains ¢ of nails

estimated from the pull-out displacement & at the head of nail (x = 0) for three stages of the

pull-out tests (stage A, B and C), are given in Fig.3.13. Namely,

tor 50/100 dense sand,

at 1A: gy = -2.0mm,
at 1B: £y = —-3.0mm,
at 1C: gy = -5.0mm,

for 50/100 medium dense sand,

at 2A: gy = -3.0mm,
at 2B: & = -3.0mm,
at 2C: Ey = - 7.0mm,

F = 502kN
F = 60.2kN
F = 65.0kN
F = 53.8kN
F =70.0kN
F =73.9kN
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d§ (x)
dx
dE (x)
dx
ds(x)
dx

dg(x)
dx

dE (x)
dx

dg (x)
dx

it

H

11

-0.442

-0.529 ...(3.193)

-0.572

-0.476

~0.617 ..(3.19b)

~0.652



for 14/25 dense sand,

g
at 3A:  Ey=-10mm, F=917kN — 950 70 _ 487

dx E,
at 3B: £y =-3.0mm, F =1013kN — di(x) = -0.536 ...(3.19¢)
X
at 3C: gy =-45mm, F =1079kN — di(x) = -0.573
X

Where in equations (3.19), the axial nail stresses o from the pull-out force F at the head of
the nail (x = 0) are calculated considering a half of the additional thickness AD of the sand

layers on the nail (because the sand layer was firmly glued on the nail surface), as

O, = F
Sy
A F ..(3.20)
2
o4 (De + AD) - D?'
2 l

where A is the area of the cross section of the flexible - rough nail. Fig.3.14(a), (b) and (c)
compare the results of the normalized distributions of pull-out displacements of a nail &g /
§(x), estimated from equation (3.18) and the boundary conditions of & and ¢, from equations
(3.19), using the Runge - Kutta method for the numerical solutions of the differential
equations. Another boundary condition for equation (3.18) is that the pull-out displacement
should always be negative (tension) or zero on the nail, such as E(x) < 0. Unlike the results
of the stift - rough nails shown in Fig.3.3, the distributions of pull-out displacement for the
flexible nails are not constant (§, = §(x)) nor decreasing linearly from the head of the nail (x
= 0) to the end of the nail (x = [). A great deal of the pull-out displacement g(x) and shear

stress T(x) is generated near the head of the nail (x = 0), while at small pull-out forces, such
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as stage A, there are negligible displacements § of the nail generated deeper into the soil. As
the pull-out displacement &, or pull-out force F increases, the displacement distributions g(x)
are observed to be gradually transmitted to the nail deeper in the soil, as pointed out by Gourc
and Beech (1989) for the case of pull-out of a geotextile in sand. Burd (1986) presented a
very similar result from finite element analysis for the tensile force distribution in a reinforced
unpaved road under a loaded footing, as the footing displacement increases. It is also noticed
that a considerable pull-out displacement &, at the head of nail (x = 0) will be needed to
mobilize the friction along the full length [ of the flexible nail. The results from Fig.3.14
imply that for a pull-out test of a flexible nail, as already mentioned, the peak pull-out force
Fp is not directly proportional to the length [ of the nail, in contrast to the stitf - rough nail
shown in Fig.3.9; mobilisation of the shear stress © of a nail is strongly related to that of the
tensile strain e of a nail. It is, however, to be remembered that since the hyperbola with
parameters a and b cannot exactly model the post peak pull-out curves, (e.g. reduction of the
pull-out force F after the peak), the analysis based on equation (3.18) tends to overestimate
the shear stress t on the flexible nail, particularly near the head of the nail (x = 0). This may
lead to a discrepancy in the pull-out curves in Fig.3.14. For example, when peak pull-out
forces Fp are observed in the tests, the analysis predicts that nail friction is only mobilised
along half the length [ of the nail. From this point of view, it is important for the analysis of
friction of a flexible nail to formulate correctly the pull-out curve of the stift nail to include
the post peak behaviour.

[t is easily predicted from Fig.3.14 that the mobilization of shear stress t along a nail is
progressive from the head of nail (x = 0), and such a phenomenon is similar to the pull-out
of a grid material in dense sand, as observed by Palmeira (1987). In practice, since a nail is

regarded as neither "ideally stiff" nor "ideally flexible" material, pull-out of a nail would
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exhibit an intermediate behaviour between the stiff and flexible nails. This implies that
caution should be exercised about the compatibility between the apparent friction coefficient
f* of the nail and the friction angle ¢ of the soil in design of soil nailing. [t may be reasonable
to use the critical state friction angle ¢, in the case of flexible reinforcement because of the

large pull-out displacement Ep required to mobilize the peak pull-out force Fp.

3.4 Considerations for peak pull-out force Fp of stiff - rough nails

It is common practice to interpret the peak pull-out force £, of a nail or strip
reinforcement using the apparent friction coefficient f (e.g. Schlosser, 1982, Juran, 1991, and
Palmeira, 1987). It is not always, however, appropriate to employ the apparent friction
coefficientf’ when comparisons are made between different types of sands since the friction
angle ¢ of the soil is not explicitly reflected in equation (1.2). Considering the similarity
between the pull-out test of a stiff - rough nail and the direct shear test of unreintorced sand,
in which the horizontal directions are regarded nearly as a direction of zero - extension, as
shown in section 3.2.1, it is suggested that a more convenient and appropriate parameter for
generally describing the triction of a nail is a friction coefficient W, defined as

. fr

tan¢ 4

(321

Fp

nDlo,tan¢,,,

"

where ¢4 is the direct shear friction angle. In the case of pull-out tests of a stiff - smooth nail

or a flexible nail, the critical state friction angle ¢  or the mineral - to - mineral friction

cv

angle ¢, may be more appropriate in equation (3.21). For almost all cases, the friction

coefticients /L‘ are observed to be greater than 2 / 3 in sand (e.g. Gourc and Beech, 1989).
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Fig.3.15(a) and (b) show the relationship between the friction coefficient /f and the
diameter D and normalized diameter D / D of a nail respectively, estimated from the pull-
out tests of stitf - rough nails, carried out in section 3.2.1. Here, Ds, is the mean particle size
of the sand. The figures also include a data point for stiff - rough nail with 14/25 dense sand
conducted by Jewell (1980), showing a good agreement between those two tests. It is clearly
observed from Fig.3.15 that the friction coefficient u* gradually decreases as the diameter D
of a rough nail increases, although lu* were observed almost constant irrespective of the
diameter D for the smooth nails, as shown in Fig.3.12. The effect of D / D5, on the friction
coefticient 1" is significant for D / Dy in the range 1 ~ 35, but for higher values of D / D
(which is more normal in the field), the effect would not appear to be particularly significant.

It is easy to imagine that the pull-out of a nail, especially ot a rough nail, causes stress
change in dense sand due to dilatancy of the soil, and hence increases the peak pull-out force
Fp, as reported by Johnston and Romstad (1989) from large scale pull-out tests of
reinforcement. Yazici and Kaiser (1992) reported that the larger borehole diameter leads to
a reduced normal stress o,, and bond strength T for cable bolts embedded in rock because the
dilatancy effect is decreased as the diameter of the borehole becomes larger. Houlsby (1991),
using cavity expansion theory, clearly showed that a pile of larger diameter exhibits less
friction resistance than that of a small pile due to soil dilatancy. Significant increases of
normal stresses on steel piles were reported by Hettler (1982) and Lehane ef al. (1993) from
model tests and in -situ pile loading tests, respectively. Schlosser and Elias (1978) also
demonstrated that the effect of the restricted dilatancy of the soil on the peak pull-out force
F, of a nail is significant, and surprisingly, values of apparent friction coefficiemf* of up to

7.0 or friction coefticient y‘ up to 6.3 were reported from their pull-out tests of ribbed strips.
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Heymann et al. (1992) performed a number of in - situ pull-out tests of nails of diameters
from D = 20 mm to 30 mm in various ground conditions. They showed that the majority of
the values of friction coefficient lay within a range of ,u‘ = 2 ~ 4, which bounds quite well
the test data in Fig.3.15. They emphasized the importance of soil dilatancy in predicting the
maximum pull-out force FP of a nail.

Fig. 3.16(a), (b) and (c) show the relationships between the mobilized friction coefficient
P‘*mob and the pull-out displacement & of the stiff - rough nails calculated from Fig.3.3,
together with the mobilized angle of dilation v, , of the soil from the unreinforced direct

shear tests, where

Hoop = Jmob (3.22)
p T —— ...(3.
T an (9 b

[t can be seen from the tigure that the mobilized friction coefficient :u*mob has a very similar
trend to the mobilized angle of dilation vy, ., indicating the close relationship between
dilation of soil and the friction on a nail. In other words, it is understood that the increase of
pull-out force F of a nail is closely related to the dilation in the soil. It is interesting in

Fig.3.16 that even from the early stages of pull-out displacement &, the mobilized friction

coefficient fu*mob is observed to be always greater than 1, namely

s 2 an(@g0m0n -(3.23)
This suggests that even for small shear strains of the soil, the soil dilates and the normal
stress 0, on the nail increases, in contrast with the boundary measurements of direct shear
tests which often exhibit a contraction in the early stage of the test. Palmeira (1987) measured
the shear strain and volumetric strain at the central plane in direct shear tests, and reported

that 14/25 dense sand dilates from the beginning of shearing (from the shear strain Vyx = 1
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~ 2%), as presented in Fig.3.17. In Fig.1.3, for example, §(x) = n(x) = 0.1 mm of pull-out
displacement of the stiff - rough nail causes the shear strain of sand Yy = 2% for 50/100
dense sand and Vyx = 1% for 14/25 dense sand, assuming that the thickness of shear zone is
h =5 mm and 10 mm for 50/100 dense and 14/25 dense sand, respectively (see the results
obtained by X - ray, section 3.2.1).
When it is assumed that:
(1) the normal stress on a nail is increased from o,, to o, + Ag,, owing to the soil dilatancy
during pull-out test of a nail, and
(2) for the non - dilatant soil (Ao,, = 0), such as the loose sand or the sand in the critical
state, the friction coefficient for the rough nail is /f =1 orf = tan¢,,,

then equation (3.21) is written, as

(3.24)

From elastic cavity expansion theory (Fig.3.18), the radial stress change results in a

displacement of the soil mass (Boulton ef al., 1986 and McGown et al., 1989), as

Ao, = 2GAe

.(3.25)
2GAh

D +h

in which Ae is the increment of the circumferential strain of the soil, £ is the thickness of the
shear zone, Ah is the increment of shear zone thickness due to the dilatancy of soil, and G

is the shear modulus of the soil. Combining equations (3.24) and (3.25) gives:
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2G Ah
+ 2

=1
a OmD+h

.(3.26)
o, D/Dgy + h/D50

m

1 +

where Ds is the mean particle size of soil. Equation (3.26) conceptually shows the increase

of the friction coefficient /f from the direct shear friction angle ¢, due to the increased

normal stress Ao, in the pull-out tests. While the rotation of principal stress of the soil during

pull-out of a nail is not considered in equation (3.26), Symes (1983) pointed out that for

dense sand the sensitivity to the rotation of the principal stress on the friction of a pile is not

significant. The important features of equation (3.26) are,

(1)

)

)

(4)

as observed in the pull-out tests, the friction coefficient u* decreases as the diameter D
of the nail increases; the additional normal stress Ao, on a nail due to the dilatancy
sharply decreases as D increases, particularly for the smaller diameter D,

for a range of larger diameters D = 20 mm of a nail, the friction coefficient /4* can be
assumed nearly constant; in the case of nail diameter 20 mm < D < 30 mm (excluding
a borehole diameter filled with grout), as generally used in practice, the friction
coefficients for 14/25 dense and 50/100 dense sands are extrapolated to 2 < 4" < 3 from
the test data given in Fig.3.15,

the friction coefficient ‘Lt* is closely related to the dilation of the soil; when there is no
dilation in the sand, so thatyp = Ah = 0, then this leads to /A* =1 orf' = tan¢ ;.. When
the peak angle of dilation y,_is mobilized in the sand, then friction coefficient 7
reaches a maximum (see Fig.3.16),

as the thickness A of the shear zone increases, the influence of diameter D ot a nail on

the friction coefficient (/f - 1) decreases, where
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2G Ah

* 1 =
u — T (3.27)

This is consistent with the results of pull-out tests in Fig.3.15; for example, the ratio of
(u - 1) between the diameter of the nail D = 6.0 mm and D = 3.0 mm for 14/25 dense
sand is estimated to be 0.85, which is greater than 0.73 and 0.78 for 50/100 dense and
medium dense sands, respectively. In section 3.2.1, the thickness £ of the shear zone was
observed to be 4 mm ~ 5 mm larger for 14/25 dense sand than for 50/100 dense sand.
From equations (3.26) and (3.27), it is also assumed that for larger nail diameters D,
(/1* - 1) is inversely proportional to the normalized diameter D / Ds, as shown in
Fig.3.15(b).

(5) the friction coefficient /1* increases as the normalized shear modulus G / o, increases;
this indicates that the friction coefficient ,u* is influenced by both the strength and shear
modulus of the soil.

From equation (3.26), it is hypothesized that the friction coefficient y* is a tunction of:

G h Ah
AR () G iy
. D D
..(3.28)
G Dso
= fn , R
f (Om 5 W

where it is also assumed in equation (3.28) that the thickness / of a shear zone and the radial
increase Ah of the shear zone are a function of the mean particle size D, and angle of
dilation y of the soil, respectively. Thus, the friction of a nail is dominated by several factors
and also complicated to formulate theoretically. It is hoped to establish a method which gives
a reasonable prediction of the maximum pull-out force FP of a nail, without carrying out an

in - situ pull-out test.
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Theoretically, it is imagined that shearing with constant volume Ak = 0 (such as in the
constant volume direct shear test) in dense sand will produce the upper limit for the friction
coefficient = of a nail. San and Matsui (1992) formulated the following equation for

restrained dilatancy with constant volume shearing for elasto - plastic material, as

oy _ KK, tang .(3.29)
de K, +K tang

where K and K, are the shear and normal stiffness of the soil. From equation (3.29), for
example, for a typical case of ¢ = 45° and the isotropic condition K, = K, = K = 100 MPa

/ m gives,

= 0.5K = 50 (MPa/m) -(3.30)

In equation (3.30), pull-out displacement & = 2 mm approximately gives the additional normal
stress Ao, = 100 kN/m?, and the Ao, considerably increases the friction force on the nail.
It is also understood that the increase in the friction on a nail is especially significant when
the normal stress o, is relatively small.

Finally, it is suggested that special care is needed when extrapolating a maximum pull-out
force Fp from small scale tests to full scale tests due to the effect of the diameter D of a nail,

as observed in the tests.

3.5 Results of direct shear tests of nailed sand and interface tests

Direct shear tests of nailed sand and interface tests have been considered as other possible
methods for investigating the interaction mechanism between a nail and soil. The detailed
descriptions of the two tests in the current research programme were given in Chapter 2. By

making an assumption that the intermediate principal stress is 0, = 0.37(g; + 03) (Stroud,
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1971) on a nail in a direct shear test, Jewell (1987) was able to estimate successfully an angle

of bond friction 9, of a nail, as

[ =tand,
PR

= (3.31)
OmOAr

Ag TexT cos> ¢,
Ar(cosetandaps +sinB) o, 0.87 +0.50sin ¢pssin(¢ps +20)

where Pp, is the limiting nail force, 0,4 = (0; + 0, + 05) / 3 is the average normal stress on
a nail at an angle 6, A_ is the plan area of sand, A, is the total surface area of a nail, o, is the
surcharge load, 8 is the angle of the nail from the vertical, tzy, is the extra shearing
resistance due to a nail, and ¢ps is the plane strain friction angle of the sand. Because of
different stress condition around a nail between pull-out test of a nail and direct shear test of
nailed sand, a slightly different definition off is used in equations (3.31) and (3.12). In
deriving equation (3.31), it was also assumed that:
(1) only the friction between the nail and soil contributes to the extra resistance Ty in the
direct shear test,
(2) the bond friction &, of the nail is fully mobilized at the peak shear force S, . in the
sand, and
(3) the horizontal plane in the direct shear test is the plane of maximum stress obliquity in
the direct shear test.
In the tests, parameters A , A, 6, ¢ps, o, and Tpyr in equation (3.31) are all measured.
For the interface tests between the aluminium plate and sand, the angle of bond friction

9, is deduced, as
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=
*
1l

tan 6b

- ryx
0\/
max

where Ty is the shear stress on the central plane and o, is the applied vertical stress. In the

(3.32)

direct shear test of nailed sand and the interface tests, the constant surcharge stress o, = 20.3
kN/m> was maintained during the tests. Table 3.2 summarizes the specific details and results
of the direct shear tests of nailed sand.

Fig.3.19 shows the apparent friction coefficient f with the diameter D of the nail,
together with the experimental data reported by Jewell (1980) with 6 = 25° (Test 85Y, 75Y,
86Y, 88Y and 89Y in his thesis) using the medium size direct shear box, and by Pediey (1990)
with 8 = 25° (Test O3 and Test O6 in the thesis) and 8 = 15° (Test O2 and Test O5 in the
thesis) using a 1 m cubic large direct shear test apparatus. These data from Jewell and Pedley
were independently analysed by the Author using equation (3.31). The extra shearing
resistances Tpyr are easily calculated by comparing the data of the maximum shear forces
(Py)nar (Jewell, 1980) and (o, / 1),,,, (Pedley, 1990) and those of the unreinforced direct
shear tests. Since Pedley (1990) used two cement - grouted nails for each test in 14/25 White
Leighton Buzzard Sand (¢ps = 46°) with nail diameters of D = 15.88 mm and 25.40 mm, the
surface area of a nail A, is doubled in equation (3.31). Jewell used a spring steel bar
containing a core of 0.78 mm radius steel to make an "ideally stift" nail in 14/25 Yellow
Leighton Buzzard Sand (¢ps = 54.4%). The data from Pedley in Fig. 3.19 indicate that larger
apparent friction coefficients f are obtained for the cement - grouted nail than from the rough
nails with sand simply glued to the surface and the spring nails in the direct shear tests of

nailed sand. The figure also includes the range of the apparent friction coefficients /" deduced
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from the gradient of the axial stress distribution of a nail in the direct shear tests on a nailed

sand (Test S9Y in the thesis) carried out by Jewell (1980). An estimate of the apparent friction

coefficiemf* from the measured axial stresses of the nail was made from equations (1.4) and

(3.31). The important features of Fig.3.19 are as follows.

(1

(2)

(4)

(3)

Both the direct shear test and the interface test exhibited much smaller apparent friction
coefficients, which were observed to be 0.50 < f s 1.15, than do the pull-out tests of
a nail.

Similarly to the pull-out test of a nail, a decrease of the apparent friction coefficient f"
was clearly observed for all the test data as the diameter D of a nail increased. For larger
values of the diameter D, the apparent friction coefficient f is found to be smaller than
the direct shear resistance tan ¢, and even smaller than the critical state shearing
resistance tan¢,, of the sands. Okamoto et al. (1989) conducted drained direct dynamic
shear tests reinforced with several stiff - rough bars, and reported very similar results;
the bond friction &, between soil and the bar decreased as the diameter D of a bar
increased.

For a smaller diameter D of a nail, such as about D < 1.5 mm and 5.0 mm for 14/25 and
50/100 sands respectively, the apparent friction coefficients f* exceeded the direct shear
resistances tan ¢ .

While an abrupt increase in the apparent friction coefficient f* was shown at D = 4.98
mm in t.he test carried out by Jewell (1980), an average off deduced from the axial
stress distribution of the nail exhibited a good agreement with other experimental data,
giving confidence for interpretation of the test data using equation (3.31).

For a relatively small diameter D of a nail, interface tests showed the smallest apparent

friction coefficientf' among the three types of the test, producing the apparent friction
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coefficientf* = 0.69, 0.57 and 0.27 for the sand - grout surface (Pedley, 1990), sand -
rough steel surface and the sand - smooth steel surface, respectively. Thus, for a range

of diameter 0 = D < 10 mum,

*

* *
fpull—out = fdircct shear & fintcrface +(3.33)

On the other hand, for geogrid material, it is reported that the interface test generally
provides the friction coefficients ©=1.0~1.1 (Cancelli et al.,, 1992) for sand, which
are much larger than those of the stiff - rough nails. However, their result contradicts
several test results (e.g. Palmeira and Milligan, 1989) which indicate /1* < 1 in interface
test.

[t is not totally clear why the smaller apparent friction coefficients f were measured in
the reinforced direct shear tests and the interface tests compared with those of the pull-out
tests. A possible reason for this may be that for the former two tests, the soil was more
deformed and free to move with respect to the nail than in the pull-out test, where the soil
surrounding a nail was in an "at rest" condition and much more restrained. This leads to both
a larger shear strength for the sand and also an increased normal stress o, on the nail, and
hence, a larger apparent friction coetticient f for the pull-out test. While the "restrained
dilatancy effect" (Schlosser, 1982, and Yoo, 1988) is considered to be zero for the interface
test, this effect may be considerable for the pull-out test. Pedley (1990) carried out direct
shear tests on nailed sand at different stages of nail installation, and pointed out that greater
benefit from a nail was obtained whilst the soil was dilating.

The difference in the apparent friction coefficients f between these three types of test
raises a practical implication for the design of soil nailing. Since the active zone (or

deforming zone) in the nailed slope will mobilize a smaller apparent friction coefficient f

3.28



than in the resistance zone, as shown in Fig.3.20, it may be unsafe to directly apply the
results of peak pull-out force Fp obtained from the pull-out tests to the nail in the active or
already dilated zone. From this point of view, it is safer (or more conservative) for design of
soil nailing for the "restrained dilatancy effect" not to be considered or at least overestimated
in evaluating the peak pull-out force Fp of a nail until further research has been made into
the interaction mechanism. Practically, under present conditions, it is a good idea to connect
a rigid facing wall to the nail so that the failure of a slope due to the shortage of bond friction
8, between a nail and soil in the active zone does not take place. In such a case, the majority
of friction force between soil and nail in the active zone may be borne by the facing wall (Mc
Gown et al., 1989, Tatsuoka, 1992), and in turn by the nail in the resistant zone. Bastick et
al. (1989) pointed out that the ratio between the tensile force T, at the facing wall and the
maximum tensile force 7, . increases as the rigidity of the facing wall increases, up to 7,

/T,

nax = 0.85, while T, is zero when the facing wall is not connected to the head of a nail.
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Chapter 4

Centrifuge model tests of soil nailing

4.1 Introduction to centrifuge model testing

In earth structures including nailed slopes the principal body force which governs the
movement and the failure is self weight of the soil. The centrifuge test, which is a useful tool
for investigating the gravity effect in earth structures, has been independently developed both
in the USSR and the USA (Craig, 1983); recently Schofield (1980) caused renewed interest
in the world.-The biggest advantage of using centrifuge model testing is that a centrifuge can
artificially make a model material heavier, so that the stress distribution and magnitude are
the same in the model as in the full scale prototype. Therefore, the centrifuge test can satisty
the influence of stress dependency of friction angle ¢ and shear modulus G of the model sand
and of friction between soil and a nail (Garg, 1992). Another important advantage ot the
centrifuge is that loading on the upper ground surface is not necessarily required to cause
~ collapse of a given nailed slope, where the shape and location of the failure surface are
strongly dominated by the boundary condition of the loading.

In the centrifuge acceleration field the magnitude o and direction 8, of the resultant

acceleration are (Fig.4.1),
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where R and w are the radius and the angular velocity of the centrifuge, g = 9.806 m/sec? is
the acceleration due to the earth's gravity, and N is the ratio of the centrifuge and gravity
acceleration. The influence of Coriolis’ force is ignored in equation (4.1) because Coriolis’
force, which is proportional to the velocity of the soil movements and acts perpendicularly
to both the axis of the rotation and direction of the movements, is very small and negligible
in static problems (Schofield, 1980). The error due to ignoring Coriolis’ force can be,
however, significant in dynamic problems. Although the Base Friction Model (Egger, 1979)
can also reproduce the self weight of soil in a model by increasing a frictional stress between
the model and the base plate, a centrifuge test is a more convenient and reliable way to obtain
a uniform and high acceleration field in the model.

The resultant vertical stress distribution in a centrifuge model deviates from that of a
linear distribution under N = 1g acceleration because the centrifuge acceleration is directly
proportional to the distance from the centre of the arm. Taylor (1984) showed that the
deviation of the vertical stress can be minimized by assuming a representative radius R’ = R
+ h /3, where R_and h are the radius of the unstressed upper surface and depth of the model,
respectively. When R_/ h is less than 1/ 10, the stress error in the centrifuge is about 2%,
Schofield (1980). Another error in a centrifuge test comes from the inclination of the
acceleration to the pseudo - vertical direction in the model, as shown in Fig.4.2. However,

when the angle B = tan™! (B / R) from the vertical is small, which means that the
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representative radius R’ is much longer than the distance B from the centre line, the error is
negligible (Stewart, 1990).

In order to provide experimental evidence with respect to scale effect, the method of
"modelling of models" (Ovesen, 1979) is usually applied in centrifuge tests; i.e. two models
are tested of the same prototype with different scaling factors N; and N;. Theoretically both

results with accelerations Ni and N}- should be identical.

4.2 Review of previous research work using a centrifuge

In recent years the use of centrifuge testing of soil reinforcement has increased, and the
majority of this research work has been for reinforced soil walls. In general, studies using
reduced scale models are useful because parameters in the models can be much more easily
controlled than those of full scale models. The drawback of reduced model tests at 1g is that
in most cases surcharge loading has to be used to collapse the models, where the unloading
stress path induced by excavation is representative of real conditions (Delmas, 1989, and
Arman, 1989).

Shen et al. (1982) may have been the first researchers to use centrifuge techniques to
investigate soil nailing. Results of their experiments showed good agreement with their
proposed design method using a limit equilibrium analysis, which assumed parabolic failure
surfaces in the nailed slope. Unfortunately, their experiments did not simulate the process of
slope excavation. Stewart (1990) investigated the effect of nails in heavily overconsolidated
kaolin using.a centrifuge, and found that the mobilization of the axial force in the nail is
closely related to the dissipation of negative pore water pressure induced excavating the slope.
Teramoto et al. (1992) performed centrifugal loading tests, and showed that locations of the

observed failure surfaces changed as the length of the nails was changed. A series of dynamic
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centrifuge tests was conducted by Tufenkjian and Vucetic (1992). They showed the excellent
stability of nailed slopes against seismic loads, and observed a two part wedge failure
mechanism in the slopes.
Bolton et al. (1978) and Bolton et al. (1982) performed a number of centrifuge tests in
a reinforced soil wall and their main conclusions were:
(1) the assumption of simple anchor theory, as shown in Fig.4.3, is useful for interpreting
the results of the tests,
(2) the peak tension in the zone behind the lower quarter of the facing wall is smaller than
predicted by Rankine's active earth pressure,
(3) even if one reinforcement breaks due to tension, the reinforced soil wall still can sustain
the earth pressure as stress re-distribution occurs in the soil, and
(4) As Santamarina (1984) pointed out, the conventional trapezoidal distribution of vertical
earth pressure beneath the reinforced soil block is shown to be conservative for
estimating the lateral earth pressures on the facing wall.
Jaber (1989) performed centrifuge tests and showed that the bending and longitidinal
rigidity and the continuity of the facing affects the stability of a reinforced soil wall in a
surprising way, and suggested the following simple design method against the breakage of

reinforcement based on the results of the tests, as

",

_ oIt
Fy = 4 -(4.2)
_Z_KayH“Sh

where F_ is the calculated safety factor, n is the number of reinforcements in the cross
section, T, is the tensile strength of a reinforcement, K, is Rankine's earth pressure

a

coetficient, H is the wall height and S, is the horizontal spacing of a reinforcement. However,
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because equation (4.2) does not take into account the shape of the failure surface and failure
by pull-out of the reinforcement, limitations in applying equation (4.2) still remain.

Yoo (1988) carried out a number of centrifuge tests on reinforced soil walls, and
concluded that the existing design methods for reinforced soil walls appeared to be on the
safe side. He also pointed out that Dovroba's method (1963), taking account of the
distribution of the horizontal displacement of the facing wall, was useful for predicting the

earth pressures on the wall.

4.3 Consideration of the similarity laws for centrifuge tests

When the physical scale of a prototype is reduced in a centrifuge model, some effort
should be made to satisfy a similarity law between the prototype and the model. Table 4.1
(after Craig, 1983) summarizes the principal scaling relationships assuming that the same soil
is used in the centrifuge model test and the prototype test. Jaber e al. (1990) investigated the
scale effects between a centrifuge test and a prototype test, and suggested some typical
Buckingham's I1 numbers (non - dimensional) for the geometry and stress of the centrifuge
model. For the reinforcement material, Gassler (1987) suggested the following similarity law,

as

(4.3)

ED, T,

(Ea 1)"1 - Ym 1 5

YN
where E [ and y are the bending stiftness of the reinforcement and the unit weight of the soil,
respectively.

Bolton (1990) suggested two typical dimensionless parameters, €2, and Q , for breakage

and pull-out of a reinforcement, as



(4.4)

in which C is the maximum possible tension force in the reinforcement, A, and A  are the
cross - sectional areas of reinforcement and soil respectively, o, is the local vertical effective
stress, and f,. is the tensile strength of the reinforcement. Ovesen (1984), as shown in Fig.4.4,
employed a model geotextile in a centrifuge test in which stress and strain relationships were
similar to those of the prototype. Instead of using 1 / N thickness of a geotextile where N is
the centrifuge acceleration, he employed a material which had 1 / N times the strength of the
prototype by weakening a gauze with chlorine.

Now consider a similarity law for stress and strain of a nail and the friction along a nail
between a prototype test and a centrifuge model test. In the nail model in Fig.1.3, the shear
stress t(x) on a nail and the relative displacement {§(x) - n(x)} between the nail and the
surrounding soil is related to the interaction parameter &; from equation (1.3), as

@), = (), (50 - (),
..(4.9)
ft@),, = k), {5 - n()},,
where the suffixes p and m denote the prototype and centrifuge model, respectively. From

equations (1.3) and (1.4),

2 dx

d”E(x) z{muw 25 e - nw) (4.62)
dx~ m m
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For the prototype test and the centrifuge model test, the stress t(x) and the strain g(x) of the

small elements of the nail are identical, as shown in Table 4.1, namely

k@), = @},

de(x) =N de(x)
{ dx }m { dx }p

where N is the centrifuge acceleration. Combining equations (4.5), (4.6) and (4.7) gives,

(4.7)

RiEdy _ o (K,

wE, ) ), +(48)

When the same sand is used in both the prototype test and the centrifuge model test,

equations (4.5) and (4.7) lead to:

(k) = N(kl)p ...(4.9)

Combining equations (4.8) and (4.9), then

(R,E,),

- (4.10)
(R,E)

Taniguchi et.al. (1987) derived the same similarity law as equation (4.10) from a different
assumption by considering the equilibrium of a plane strain model of soil reinforcement in
a centrifuge test. Equation (4.3) is identical to equation (4.10) for reinforcement of circular
cross - section with the second moment of area of the section [ = R4a / 64. The model
geotextile in Fig.4.4, which Ovesen employed (1984) in the centrifuge tests, also satisfies

equation (4.10) under plane strain conditions.
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In the same way, assuming a simple anchor theory (Bolton et al., 1982), shown in Fig.4.3
the following similarity laws on the breakage at the connection between a nail and the facing

wall, and on the pull-out of a nail are easily obtained, as

Dm

b,

(Tu[[>p - N2
(Tult)m

-(4.11)
(f*)p e D, lm

), D,1,

where T, is the tensile strength of a nail contained in a body of soil with dimensions S, and
S;, D and [ are the diameter and length of a nail respectively, and [ is the apparent friction
coefficient for the nail defined by equation (1.2).

Concerning the rupture zone of the soil around the nail, vertical and horizontal spacings
between nails of at least 7 mm are necessary correctly to duplicate the interaction between a
nail and dense 50/100 Leighton Buzzard Sand, as shown by the radiographs in Chapter 3.
Jewell (1980) and Bolton (1990) pointed out that the interference of interaction between the
adjoining rupture zone in the soil provides a smaller pull-out force for a nail, and hence
produces different mechanical behaviour in the reinforced soil.

The application of these similarity laws, equations (4.10) and (4.11), on the current
centrifuge tests are described briefly in the following chapter. It is, however, very difficult
to totally satisfy the similarity laws in a centrifuge test because not only is there a problem
with the grain size of the sand, including the thickness of the shear band at failure, and the
size of the model (Ovesen, 1975) but also it is almost impossible to scale down the size of
reinforcement when instrumenting the reinforcement with strain gauges at relatively large

accelerations. Therefore, the results of centrifuge tests should be evaluated with care and
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their limitations understood and appreciated. From this point of view, as suggested by
Leshchinsky (1992), the centrifuge test can be used to verify and modify the analyses which
are capable of dealing with the true problem of soil reinforcement, rather than trying to

simulate directly the performance of a full - scale prototype test.
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Chapter §

Centrifuge apparatus and experimental procedure

In order to investigate the mechanical behaviour and a suitable design method for nailed
slopes, a total of 24 centrifuge tests was performed at the London Geotechnical Centrifuge
Centre at City University. The centrifuge there has a radius R = 1.8 m to the platform and a
maximum ca.pacity of 200 kg at 200 gravities. Table 5.1 gives the mechanical details of the
centrifuge facility. The design of the model nailed slopes and the main features of the
centrifuge facility are described below, along with a description of the centrifuge tests and

details of the sample preparation, instrumentation and test procedure.

5.1 Design of the model nailed slopes

A brief description of the scaling factor N, which is the main basis for deciding the
overall dimensions of centrituge models from the dimensions of a particular prototype test,
is given below. Details of the reinforcement materials, sand and layout of the nailed slope in

the centrifuge tests are also described.

5.1.1 Scaling factor N

In a centrifuge experiment it is common and often useful to compare the behaviour of the
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centrifuge model with that of a corresponding prototype test. Unfortunately, there have been
few publications to date describing large scale tests whose boundary and initial conditions are
described in detail, and whose results are well - known and fully reliable, except for the in -
situ tests carried out by Gassler and Gudehus (1983) in Germany. In those tests, four types
of in - situ nailed slopes were constructed to investigate the mechanical behaviour of soil
nailing. Among those four tests, Test B was instrumented with several earth pressure cells,
inclinometers and strain gauges on the nails. The nailed slope of Test B was of 6 m height
inclined at 80° to the horizontal: 5 rows and 5 columns of nails of 3 m and 3.5 m in length
were placed in a uniform fine sand, which had a relative density I, = 60%, as shown in
Fig.5.1. In Test B, following excavation of the soil, a facing wall was constructed by shotcrete
of thickness ¢ = 100 mm. The steel nails of diameter D = 22 mm were grouted into pre -
drilled holes of D, = 55 mm at each construction stage. Finally, a strip load was applied at
the top of the nailed slope until failure was observed. In the current research programme Test
B was employed as a reference prototype test for deciding the overall dimensions of the
centrifuge model slopes. The Test B seems, in addition, to be a typical case for soil nailing
in practice. A geometric scaling factor N = 30 was chosen in the centrifuge tests so that the
diameter D of the nail was not too small in comparison with that of the sand grains, of which

the mean particle size was reported D5, = 0.3 mm for the prototype test.

5.1.2 Sand

In general, soil nailing and reinforced soil walls are built with sandy soils because of the
need to ensure the sufficient pull-out resistance between reinforcements and soil, and through
lack of knowledge of the influence of excess pore water pressures and creep in clay on the

structures. The standard sand used throughout the centrifuge test programme was dry Yellow
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Leighton Buzzard 50/100 Sand. This is a quartz laboratory sand passing the N°50 sieve (0.21
mm) but retained on the N°100 sieve (0.15 mm). Table 5.2 and Fig.5.2 show the properties
of the sand in the prototype test, and comparison of the grading curves of the sands between
the prototype test and the centrifuge tests (50/100 sand), respectively. From Fig.5.2, although
the sand in the prototype test had a slightly larger grain size than the model sand, it can be
seen that both sands have similar grain size distributions. For the prototype tests, it was
reported that the unit weight of the soil was y, = 15.6 kN/m?, the measured maximum and
critical state friction angles were ¢, = 40.5° and ¢, = 35°, and the angle of dilatancy from
direct shear tests (Gassler, 1987) were estimated by the Author to be approximately ¢ = 9°
~ 12°.

The relative density of Leighton Buzzard 50/100 Sand in the centrifuge tests was
measured to be about /; = 88% ~ 93%, which is almost the same as that of the sand (/; =
92% ~ 94%) used in the pull-out tests presented in section 2.4. The measured direct shear
friction angles ¢, the angles of dilatancy y and the unit weights y of Leighton Buzzard
50/100 Sand were found to be almost identical in the pull-out tests (in section 2.4) and the
centrifuge tests. For this reason, it was assumed in the current research programme that the
properties of the sand and the pull-out characteristics were the same in the centrifuge tests and
the pull-out tests of stiff nails reported in Chapter 3. However, because the sand used in the
centrifuge tests is different from that of the prototype test, only qualitative comparisons can

be made between the results of these tests.

5.1.3 Nails and facing walls
One of the following two types of nails of circular cross section was used for the

centrifuge tests.
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(1) A rough - surface nail made from a stainless steel bar with a nail diameter D = 1 mm,
and

(2) A smooth - surface nail made of stainless steel bar with a nail diameter D = 3 mm.

The diameter D = 1 mm of the rough nail does not include the thickness of the sand layers
glued on the smooth nail surface, which produced an additional thickness of about AD = 0.7
mm. This means that for the rough - surface nail, the real diameter of the nail becomes D =
1.7 mm. In the prototype test, a nail of diameter D = 22 mm made from deformed steel bar
and a borehole of diameter D, = 55 mm filled with cement grout were used for the nails. The
scaling factor N = 30 on the nail nearly satisfies the similarity law in equation (4.10) for the

stress - strain of a nail in the centrifuge test of D = 1 mm and D, = 1.7 mm, namely

D
D =2 =2 13
(D) S55mm D
(Dy),, = Mp oo = 1.83mm
N 3

where the elastic modulus E of nails was the same in the centrifuge tests and the prototype
test. The similarity laws in equation (4.11) for the pull-out and breakage of a nail, derived by
assuming the simple anchor theory (Bolton er al., 1982) are also nearly satisfied when the
apparent friction coefficient f* and the earth pressure coefficient K, are the same in the
centrifuge tests and the prototype test. Considering the similar mechanical and physical
properties of these two soils, the differences of the apparent friction coefficient f and the
earth pressure coefficient K, between the centrifuge tests and the prototype test may not be
significant.

Every nail in the centrifuge tests was equipped with a circular head plate made of stecl

with a diameter of 12 mm and thickness of 0.05 mm, so that the outside of the facing wall
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and the nail head were firmly connected to each other during the tests. By connecting the
facing wall to individual nail heads, the earth pressure and the horizontal displacement on the
facing wall can be transferred to the nail, and hence, increase the axial nail force (Bastick et
al., 1989). The peak pull-out force FP or the apparent friction coefficient f and the load -
displacement curves of the dense Leighton Buzzard 50/100 Sand for the rough - steel nails
and the smooth - steel nails for the corresponding diameters D of the nail were shown in
sections 3.2.1 and 3.2.2, respectively. The properties of the stainless steel nail are;

yield stress o, = 393 x 10° kN/mz, yield strain g, = 1920 x 107 and elastic modulus E =
206 x 10° kN/m”.

In order to investigate the influence of the stiffness of the facing wall on the stability of
nailed slopes, the following two types of facing walls were used to cover the whole area of
the nailed slope surface. The width and height of the facing walls were 192 mm and 200 mm,
respectively.

(1) A flexible facing wall made of perspex with a thickness of ¢ = 0.6 mm, and

(2) A stiff facing wall made of perspex with a thickness of ¢ = 5.2 mm.

In this thesis, the terms "tlexible facing wall" and "stiff facing wall" are used only to
distinguish two types of bending stiffness of facing walls in the centrifuge tests, and do not
indicate any practical meaning. This is due to the fact that the flexibility is related to the
stress and dimensions of the facing wall.

Rowe (1951) and Milligan (1974) showed that the flexibility number p proved very
helpful in comparing the results of full - scale tests with those of model tests on retaining

walls of different sizes and bending stiffnesses, where
p = — .(52)
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H is the wall height (m), E is the Young’s modulus of the wall (N/m?) and [ is the second
moment of area per unit length of the wall (mm®*/mm). It should be noted that p has
dimensions of m>/kN. Because equation (5.2) was derived from a consideration of the amount
of bending. deformation of structural members by the earth pressures at 1g, it can easily be

extended to the centrifuge acceleration field N to:

Assuming that Young’s modulus £ = 20 x 10% AN/m? (Neville, 1973) and the thickness ¢ =
100 mm for the prototype facing wall made of shotcrete, and that £ = 3.0 AN/mm? for the
walls made of perspex in the centrifuge tests, the flexibility numbers p for each facing wall
is estimated from equation (5.3), as

p=1.555x 10® . for the shotcrete facing wall of the prototype test at 1g,

p = 2.540 x 10°N :  for the flexible facing wall of the centrifuge tests at Ng, and

p = 3.901 x 108N . for the stiff facing wall of the centrifuge tests at Ng
Fig.5.3 compares the flexibility numbers p for a range of acceleration N = 1g to 80g. When
the accelerations N are smaller than 40g, the flexibity number p of the prototype test is
observed to lie between the stiff facing wall and the flexible facing wall in the centrifuge
tests. When the acceleration N is larger than 40g, on the contrary, both types of facing wall
in the centrifuge tests show a larger tlexiblity number p than that of the prototype test. This
indicates that care is needed when comparing the behaviour of the centrifuge tests with that
of the prototype in cases when more than 40g of acceleration was applied in the centrifuge
tests.

In addition to two types of stiffness of the facing walls, some of the facing walls in the

tests were also made rough by glueing sand on the smooth surfaces of the perspex, to
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investigate the influence of the roughness of the facing walls on the stability of the nailed
slopes. Interface tests between dense 50/100 Leighton Buzzard Sand and the rough facing wall
and the smooth facing wall were carried out using the medium size direct shear box (Chapter
2) to obtain the friction angles d,, of the facing walls. The applied vertical stresses were o,
= 22.7 kN/m?* and 16.2 kN/m>. From the interface tests, it was found that:

for the smooth perspex wall : §,, = 15° and

for the rough perspex wall : o = 30°
These friction angles o, of the facing walls were found to be very close to those of the rough
steel plate - soil and the smooth steel plate - soil values obtained in Fig.3.19. It is also
worthwhile to remember that the friction angles 8, from the interface tests were always found
to be less than the direct shear friction angle ¢, and even than the critical state friction angle

¢.,» as shown in Chapter 3.

5.1.4 Mechanical layout and geometry of the centrifuge tests

The centrifuge container used in the tests was the plane strain strong box whose front
surface is partly made from thick perspex so that the model could be viewed and
photographed during and after testing. The rest of the sides of the strong box were made from
thick dural, the internal dimensions of the strong box were 375 mm x 550 mm x 200 mm.
Because the maximum acceleration applied in the tests was decided to be relatively small,
N, .. = 80g, the out of plane movement of the perspex as well as the dural was very small
and negligibie, as shown by Powrie (1986). Bransby and Smith (1973) also pointed out that
with smooth side walls and a relatively wide model compared to the height, side friction does

not have a significant effect on either the active earth pressure P, or the velocity field in the

active state. It was reported that the estimated decrease in total earth pressure P was usually
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less than 5%, as presented in Fig. 5.4. In the experiment the 4 mm thick glass plate was
placed at the front and rear faces of strong box to reduce the side friction.

Fig.5.5 and Plate 5.1 show the mechanical layout of a centrifuge test, together with the
total of 9 horizontal and vertical LVDTs on the facing wall and the upper ground surface. The
dimensions of every structural member were chosen to ensure that the deformations were
negligible and that sufficient safety factors were maintained against the maximum design
acceleration N = 100g.

In order to simulate the excavation procedure in the centrifuge tests, two rubber bags
filled with water and supporting nearly the whole area of the facing wall were placed in front
of the facing on the sand surface which was 70 mm above the base of the strong box. The
rubber bags were made of neoprene with a thickness of 1 mm. Rubber bags of two different
shapes were prepared for the two cases of a vertical facing wall (f = 90° from horizontal) and
an inclined facing wall (B = 80° from horizontal). The water in the two rubber bags was
slowly drained from two holes of 8 mm diameter located under the bags to a reservoir,
situated next to the strong box, by electrically opening a solenoid valve during flight. The
rubber bags were underlain by a sand bed of depth 70 mm and length 70 mm so that a base
failure of the nailed slope would be observed, and influence of the base friction of the strong
box was eliminated. Similarly, the upper ground surface had a length of at least 330 mm to
ensure that the critical state failure surface at ¢, = 33° from the horizontal could form within
the strong box.

Since the rubber bags were highly flexible, they could easily follow any movements of
the facing wall, while being able to provide a hydrostatic pressure on the wall with depth. The
water drained from the rubber bags was passed through two tubes of 5 mm diameter. These

tubes were firmly connected to both the valve beneath and the rubber bags and the solenoid
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valve on the swing.

A horizontal LVDT gantry was tightly bolted to the mounting box and side wall of the
strong box. A vertical LVDT gantry was supported by three H - beams made of dural, so that
the bending of the gantry should be kept very small during the flight.

Fig.5.6 shows an overview of the cross and plane sections of the nailed slope model for
the case of the inclined nailed slope (B = 80°). The dimensions of the facing wall are 200 mm
in vertical height and 192 mm in width, reinforced by a total of 25 nails (5 rows and 5
columns). The geometrical dimensions of the facing wall and layout of the nails were
determined by exactly reducing the prototype test, as shown in Fig.5.1, with the scaling factor

of N = 30.

5.2 Instrumentation

During iesting, data readings of the earth pressures on the facing wall, horizontal
displacements of the facing wall and the vertical displacements of the upper ground surface
were taken using 9 LVDTs and 5 earth pressure cells, as shown in Fig.5.6. Data acquisition
and analysis were accomplished by means of personal computers, and the data were recorded
on hard disk every 1 second after starting the centrifuge tests. The data were converted into
engineering units and also formatted for analysis using a spreadsheet.

The horizontal displacements of the facing wall and the vertical displacements of the
upper ground surface were measured using LVDTs (x5 mm stroke) on the central plane. In
order to reduce the subsidences of the vertical LVDTs due to the self weight as the centrifuge
acceleration _increased, circular plates were fitted to the points of the vertical LVDTs. The
earth pressures on the facing wall were measured using PS-2KA pressure cells with a

diameter of 5 mm and thickness of 0.2 mm, manufactured by Kyowa Co,,ltd. The maximum
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range of the pressure cells was 200 kN/m*, with a rated output of 0.856 mV/V, and the
excitation was 3V. As the measurements of earth pressure were very sensitive to the model
conditions and displacements of the facing wall, and after trying several centrifuge tests, it
appeared that some data for the rough facing walls and the inclined facing walls (3 = 80°)
were not fully reliable and should be abandoned. The thin electric wires from the 5 earth
pressure cells to a junction box were bundled at several points and were taped to the facing
wall. The junction boxes were mounted on top of the strong box , and all the wires for the
LVDTs, earth pressure cells and water pressure cells were connected to the junction boxes.
The draining of water from the two rubber bags was monitored using two pore water pressure
transducers, which were placed at the bottom of the rubber bags before starting the centrituge.
Fairly good agreement of water levels between the two rubber bags was observed during the
draining of the water, indicating that nearly the same water levels were maintained in the two
rubber bags using one solenoid valve on the swing.

In all cases, calibration was carried out at 1g in the centrifuge laboratory using various
calibration instruments to obtain the correct calibration factors taking due regard of the
mounting of the transducers and the specific system into which they were wired. The
calibration procedure also confirmed the accuracy of the transducers.

Finally, during some of the tests, photographic measurements of the displacement of
markers placed in the sand were taken through the perspex. The position of the markers
related to reference points with known co - ordinates attached to the front perspex wall were
digitised using a programme entitled BIT.PAD, written by Houlsby. From the data, relative
displacements between the start and end of the test were calculated, and the critical failure

surfaces were determined.
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5.3 Sample preparation

The method of sample preparation is described below, and the main stages are
summarised diagramatically in Fig.5.7. Before preparing the sample, the internal walls of the
strong box were thoroughly cleaned to remove grease or dirt, and to ensure a repeatable
surface condition. The horizontal LVDT gantry, mounting box and the valve were placed in
the box before sample preparation.

The first stage of sample preparation involved pluviating the 50/100 Yellow Leighton
Buzzard Sand in a standard fashion, through a tube in a funnel - shaped hopper the diameter
of which is 9 mm, held at a constant height of 0.8 m above the current sand surface. To
obtain dense and uniform sand, Cole (1967) suggested that at least 600 mm of height of fall
should be maintained. The rate of fall of the soil being pluviated was about 75 cm®/min ~ 95
cm?/mun, and very homogeneous and dense samples with an average relative density /;, = 90%
~ 93% at the mid height of the slope (10 cm beneath the upper ground surface) were obtained
by this method. Care was required to make the current sand surface as flat as possible during
pluviation of the sand.

After the sand layer of 70 mm thickness was pluviated in the lower part of the strong box,
a facing wall with 25 nails and 5 earth pressure cells was placed in the specified position on
the sand layer. The nails were inserted through holes of 5 mm diameter in the facing wall.
The small gaps of 0.2 mm ~ 0.3 mm between the facing wall and the strong box sizes were
sealed by filling with grease so that the facing wall could move freely, while the sand was
prevented from pouring out through the gaps. The nail heads and the facing wall were
securely connected to each other using tapes. In order to prevent the facing wall from moving
during the sample preparation, two wooden blocks, of which the rear surfaces were supported

by the front faces of the horizontal LVDT gantry, were temporarily placed on the sand bed
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and connectéd to the outside of the facing wall. Sand was then pluviated again in the same
manner until a nailed slope of 200 mm vertical height was formed; markers (2 mm diameter)
and / or thin coloured sand layers were placed in the sand adjacent to the perspex face. Some
care was required during the pluviation of the sand to prevent it directly striking the nails.
The upper ground surface was flattened by removing surplus sand using vacuum and a knife.

The two wooden blocks supporting the facing wall were then removed carefully so as not
to disturb the nailed slope, and the two rubber bags were placed in the positions in which the
wooden blocks had been located. There are two rubber bags in the tests because of the
LVDTs down the middle. The bases of each rubber bag had a small circular hole with a
diameter of 4 mm. These rubber bags were connected to two drain pipes (1/8”) located under
the bags by tightening the specially shaped screws into the valves. Finally, water was poured
slowly into the rubber bags until the full area of the facing wall was supported by water.

The next stage involved the setting of the vertical LVDTs and their gantries on the model
sample. Two small pore water pressure cells were placed in the bottoms of the rubber bags.
Two wooden blocks, which were supported at the top by a part of the vertical LVDT gantry
and H - beam, were sunk in the water in the void of the rubber bags and reduced the
unnecessary water volume in the rubber bags. The hollow rods of horizontal LVDTs were
then fixed to the facing wall by locating the rods onto thin needles which had been firmly
tfixed onto the nail heads on the centre of the cross section of the facing wall. Photographs
were taken through the perspex front wall of the strong box. The camera was fitted with a
colour 200 ASA print film and the aperture settings were adjusted according to the light
conditions.

Finally, the strong box with sand sample was moved carefully from the sample

preparation room to the swing of the centrifuge. The drain tubes from the two valves located
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beneath the rubber bags were connected to a solenoid valve and a reservoir on the swing,
followed by again filling the whole of the draining system with water. A counter weight
located on the opposite side of the swing was shifted to a position as determined by
calculation, so that any out - of - balance forces were minimised during the centrifuge tests.
On the swing, all the electric wires from the instrumentation were connected to the junction
boxes mounted on the vertical LVDT gantry, leaving the sample ready for testing. All the
signals from the instrumentation were sent to computers in the control room located next to

the centrifuge room.

5.4 Test procedure

Before starting a centrifuge test, the initial displacements and pressures measured by
various transducers were recorded to provide a datum, or reset to zero using the data
acquisition control system.

A typical history of centrifuge acceleration and the water pressures measured at the
bottom of the two rubber bags are shown in Fig.5.8. At first the centrifuge acceleration was
slowly increased from 1g. The acceleration N is calculated at the point of the representative
radius R’ = R+ h / 3, as shown in Chapter 4. During this stage all the data from the
instrumentation were monitored and evaluated to check whether they showed reasonable
values. After N = 30g (angular velocity w = 127 rpm) was achieved, about 2 minutes after
starting the test, the water in the two rubber bags was simultaneously drained slowly by
opening and closing the solenoid valve repeatedly, while the acceleration was kept constant
at N = 30g. When a collapse of the nailed slope was observed using the video camera during
draining of the water, the acceleration was decreased slowly and the test was finished. When

no collapse was observed after draining all the water from the rubber bags, the acceleration
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was again increased gradually until the nailed slope collapsed. An acceleration of upto N, .
= 80g was applied in the tests as the maximum acceleration in cases where no collapse was
observed in the nailed slope.

After finishing the test, due to the failure of the nailed slope or achieving the maximum
acceleration N, = 80g, the sample was moved to the preparation room and photographs
were taken again so that the failure mechanism or displacements of the nailed slope were
investigated and recorded in detail. At the same time, general locations of the failure surfaces
were also determined by eye observation. The post - test deformations of the nails were then
observed by removing the soil carefully from the strong box to check whether breaking or
permanent bending due to shearing of the soil occurred in the nails. When the sand layer
glued on the nail was found to have peeled off due to wearing, or any permanent deformation
was detected in a nail, such a nail was not used any more in the test series. A similar check

was also made on the facing wall after completion of each test.
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Chapter 6

Results of centrifuge tests of nailed slopes

A detailed description of the centrifuge test apparatus and test procedure was presented
in Chapter 5. In this chapter, results concerning the behaviour of the nailed slopes in the
centrifuge tests are presented. Brief comments are also made with respect to the comparison
of the results between the prototype test and the centrifuge model tests. Results of stability
analyses for the failure accelerations Nf using limit equilibrium theory are presented in the

following chapter.

6.1 Summary of observed failure mechanisms and failure accelerations Nf

A total of 24 tests on nailed slopes without instrumentation on the nail was performed in
the centrifuge. The descriptions of the tests, together with the observed failure accelerations
Nf for each test, when overall failure or excessively large displacements of the nailed slope
were observed during the test, are summarized in Table 6.1. In test V20-F-S an overall failure
of the nailed slope, accompanied by a permanent deflection of the facing wall occurred during
preparation of the model slope at 1g (gravity) acceleration. This failure may have been due
to the inadequency of the total pull-out force of the nails. While in tests V23-F-S, V7.0-R-R,

V'7.0-F-R, V7.0-F-R, A18.0-R-R and A6.5-F-R, the nailed slopes collapsed during draining of
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the water at 30g accelerations, 8 tests (except tests Proto - F and Proto - R) did not exhibit
failure of the nailed slopes after achieving the maximum applied acceleration N, = 80g.
Most of the tests were carried out with all of the nails placed horizontally, except for the four
tests A'6.5-R-R, A'20.0-F-S, A'20.0-R-S and V'7.0-F-R in which all of the nails were placed
inclined 10° downward to the horizontal in order to investigate the effect of nail angle I" on
the stability .of the nailed slope. In practice, it is very common to insert the nails inclined
downward at ' = 10°~20° to the horizontal for convenience of grouting the nails.
Regarding the failure profiles of the nailed slopes in the centrifuge tests, all of the nailed
slopes were observed to have collapsed due to the inadequency of the total anchorage length
2 [, or of the total available force T, of the nails beyond the failure surfaces, to resist the
earth pressures on the facing wall. This unique failure mechanism is attributed to the fact that
in the current centrifuge tests the nails and facing walls had sufficient material strength to
resist the earth pressures, such as against the breakage of nails and bending or shear failure
of the facing walls, and the only possible failure mechanism in the tests was pull-out of the
nails. Since all the nail heads and the facing wall are firmly connected to each other, as
shown in Chapter 5, pull-out of the nails is always accompanied by a horizontal displacement
(or deflection) of the facing wall. All the observed failure surfaces passed through the toe of
the facing wall, and no base failure of the nailed slopes or failure of the "nailed soil block"
occurred, as shown in Chapter 7. From this point of view, it is necessary to assess accurately
the apparent friction coefficients " of each nail defined in equation (1.2), in order to evaluate
and analyse the pull-out failures of the nailed slopes which were observed in the centrifuge
tests. However, an overall failure of the nailed slope followed by a breakage of one of the
circular nail head plates, which were connected to the facing wall, occurred in test A20.0-F-R

at N = 80g acceleration. This breakage of the nail head may be attributed to the fact that the
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connection between the circular head plate and the nail was structurally the weakest place in
the manufacture of the model nail.

It was commonly observed during the tests that as the centrifuge acceleration N increased,
several minor curved failure surfaces developed progressively, initially from near to the facing
wall, then further inside the nailed slope, followed by the collapse of the entire nailed slope.
This whole collapse was accompanied by both large horizontal and vertical displacements of
the facing wall and a distinctive critical (or final) failure surface, as shown in Fig.6.1 and
Plate 6.1. Similarly, this tendency to progressive failure was also frequently observed during
the tests of the flexible facing walls, as draining of the water in the rubber bags proceeded
at the constant acceleration N = 30g. These observed failure mechanisms indicate that a
number of possible failure surfaces should be considered in the stability analysis of nailed
slopes, instead of considering a unique (or single) failure surface as is commonly assumed
in the conventional design of rigid retaining walls. In other words, while Coulomb’s or
Rankine's earth pressure theories can provide the maximum earth pressures on the facing wall
and the corresponding failure surfaces, analysis of a nailed slope requires an iterative
investigation of all of the possible failure surfaces in the nailed slope during and after
construction. This progressive failure mechanism observed in the tests is also consistent with
the results of in - situ measurements of nailed slopes reported by several research workers;
for example, (Schlosser, 1982) during slope excavation, and Gassler (1987) during and after
slope excavation. In Fig.6.1, it may be possible to regard the observed critical failure surfaces
as the velocity characteritics (Chen and Liu, 1990).

Plate 6.1 also shows a typical failure surface observed at the upper ground surface. It may
be noted that the failure surface was found to be nearly two dimensional on the plane section,

indicating that the influence of the wall friction between the strong box and the model sand
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seems to have a negligible effect on the shape of the failure of the nailed slopes in the
centrifuge tests. [t should be noted, however, that this observation does not prove that the wall
friction is unimportant in the current centrifuge tests, as suggested by Bransby and Smith
(1975).

In spite of the relatively large shear band of h = 1 ~ 2 cm thickness measured in the
middle and upper parts of the nailed slopes along a critical (or final) failure surface, it is
interesting to note that the post - test deformation of the nails which extended beyond the
failure surfaces showed no distinguishable and visible bending detormation except in test
V7.0-R-R. In this test, excessive horizontal displacements of the facing wall, §;, = 32 mm and
8 mm at the top and bottom of the facing wall respectively, were accidentally allowed after
causing the failure of the nailed slope. An S - shaped bending deformation was produced in
all of the néils in the test. These horizontal displacements 9, of the facing wall are extremely
large (the displacement ratio 6, / H = 16%) and would not usually be allowed in practice.
This result suggests that sharp bending of a nail with significant plastic deformation, and
therefore the dowel force P, in equation (1.10), in which the direction of P_ is perpendicular
to the direction of a nail, can be expected only after excessive horizontal displacements 0,
have been allowed in the nailed slope. Pedley (1990) concluded that for a typical soil and
nail, the maximum available shear force (P), .. of the nail was less than 5% ~ 10% of the
axial capacity P, of the nail. It was observed in the centrifuge test that there was a wide shear
zone along a critical failure surface, accompanying a relatively small change of velocity inside
the zone. Such relatively wide failure zones were also reported in the centrifuge tests of nailed
slopes by Shen et al. (1982) and the in - situ test by Gassler (1992).

Fig.6.2(a) and (b) show the critical failure surfaces of the vertical (§ = 90°) and inclined

(p = 80°) facing walls observed in the centrifuge tests, together with the co - ordinates (x,
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y) of the failure surfaces tabulated in the figures (unit: cm) when the toe of the facing wall
is taken as an origin of the co - ordinate system. Since these co - ordinates of the failure
surfaces were determined simply by measuring the centre points of the observed shear zone,
some tests slightly deviated from smooth curves. Some tests also exhibited nearly identical
failure surfaces to each other. It is easily understood from Fig.6.2 that the failure surfaces will
be quite well fitted by logarithmic spirals passing through the toe of the facing wall. Davis
(1968) and Chen et al. (1990) pointed out, from plasticity theory, that for a cohesionless soil
with a plane strain friction angle ¢ = 0 and unit weight y = 0, a logarithmic spiral is a
kinematically admissible failure surface in the soil. It should also be noted that the shapes and
locations of these failure surfaces are very similar to one another, regardless of the length and
roughness of the nails and of the flexibility and roughness of the facing walls.

The ratios of the horizontal distance w of the failure surface at the upper ground surface
from the facing wall to the height H of the facing wall are observed to be:

for the vertical walls (B =90°) :  w/H =043 ~ 0.49, and
for the inclined walls (B = 80°) : w/H =042 ~ 0.47

These observed ratios w / H in the tests are, however, much larger than w/ H = 0.3 ~ 0.35,
which was proposed for the design of vertical reinforced soil walls based on model tests by
Schlosser et al. (1983) and in - situ tests of soil nailing by Plumelle et al. (1989). The results
of the centrifuge tests indicate that simply fixing the ratio w / H = 0.3 ~ 0.35 is not
appropriate and also unsafe for the analysis of nailed slopes.

With regard to an angle A of the failure surface to the horizontal at the point where the

failure surface and the upper ground surface intersect, the angle
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70° < A < 80°

was commonly measured in the centrifuge tests. It is also seen that the observed angles A
were steeper for the vertical facing wall than the inclined facing walls. This range of angle
A observed in the tests just lies between A = 90° suggested by Juran et al. (1990) and A = 45°
+ ¢ps/ 2 = 66.5° where a plane strain friction angle of soil Oy = 43° was assumed (see
section 6.5), suggested by Leschinsky (1991) for the analysis of soil - nailed structures.
Theoretically, the angle A should be equal to (45° + $ps / 2) or (45° + v / 2) when the upper
ground surface is assumed to be one of the principal planes of stress or incremental strain,
respectively.

From Table 6.1 it is also understood that the failure accelerations Nf increase as the pull-
out capacity of nails increases due to an increase in the total nail length X [ and the
roughness (bond) of the nails, and also the slope inclination 8 decreases from vertical to 80°.
While the roughness 8, of the facing wall lead to an increase in the failure acceleration Nf
of the nailed slopes, the flexibility of the facing wall did not have a well defined effect on
their stability. Regarding the effect of the facing wall, it is suggested that a continuous facing
wall with some amount of bending and longitudinal stiffness is superior to a segmented facing
wall both for the stability of nailed slopes and the reduction of overall displacements of the
facing wall. This discrepancy may be owing to the fact that even the flexible facing wall in

the tests had some amount of the longitidinal stiffness, as shown in Fig.5.3.

6.2 Influence of simulated excavation
In the centrituge tests, excavation of the soil was simulated by draining of the water from

two rubber bags, which were placed next to the facing wall. A typical history of the
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centrifuge speed and the water pressures measured at the bases of the two rubber bags was
shown in Fig.5.8. The water in the rubber bags was drained slowly and intermittently using
the solenoid oparated valve while the centrifuge acceleration was maintained constant at N
= 30g.

Fig.6.3(a), (b) and (c) present the results of test V8.0-F-S, showing the relationships
between draining of the water and the elapsed time T from the beginning of the test and (a)
the horizontal displacements 0, of the facing wall, (b) vertical displacements 8, of the upper
ground surface, and (c) the horizontal earth pressures P, on the facing wall, respectively. A
similar trend in the results were observed during almost all of the centrifuge tests, apart from
the magnitude of these measurements, irrespective of the roughness of the facing wall and the
roughness and length of the nails. The horizontal displacements 9, of the facing wall during
the increasing acceleration from N = 1g to N = 30g were found to be nearly zero, which is
due to the external support provided by the rubber bags filled with the water. From Fig.6.3,
it is clearly understood that both the horizontal dispalcements 9, of the facing wall and the
vertical displacements 0, on the upper ground surface are closely linked with the process of
draining of the water, and therefore, to the earth pressures P, on the facing wall; for example,
sudden increases of those displacements and decreases of earth pressures were observed as
the water was drained step - by - step. Little vertical displacement &, was observed during
draining of the water at point 4 of the vertical LVDTs which is located at a distance of about
210 mm from the facing wall. On the other hand, much larger vertical displacements occured
at points 1 and 2.

The decreases in earth pressures £, on the facing wall due to draining of the water were
more significant at deeper locations of the pressure cells from the upper ground surface.

Indeed, a decrease in initial earth pressure of more than 55% was observed in the lower part
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of the facing wall after draining the water, while the magnitude of decrease of the earth
pressure was about 35% ~ 50% in the upper part of the facing wall. The sum of the earth
pressures X P, after draining the water was 49 kN/m* which is about 50% of the initial value
before draining the water. Although the influence on data interpretation was very small, the
pressure cells used in the tests often suffered from instantaneous fluctuations of output, as
shown at 5 sec and 22 sec after starting the test in Fig.6.3(c).

It is worthwhile considering whether the stress paths of the slope excavation may cause
a different behaviour in the nailed slope, especially for the failure acceleration Nf This is not
only because the mechanical properties of soil exhibit stress path dependency, but also
because the generation of nail force was found to be closely related to time of the installation
of the deforming soil in the reinforced direct shear tests, as reported by Pedley (1990).

The test A*18.0-F-R, which had exactly the same layout of the facing wall and nails as
test AI8.0-F-R, was carried out simply by increasing the acceleration from N = 1g to failure,
without being supported by rubber bags at any stage of the test. This allowed the facing wall
of test A"18.0-F-R to deform against the earth pressures in a range of acceleration 1g s N <
30g. The failure accelerations were found to be Nf: 33g for test AI8.0-F-R just after
complete draining of the water, and Nf: 24g for test A*18.0-F-R. This result indicates that
although test A-18.0-F-R, which is supported by the rubber bags with water, exhibited a
slightly larger failure acceleration Nf than that of test A 18.0-F-R, the two tests were not
significantly different. Both types of test were, however, different from the actual sequence
of construction of nailed slopes. In practice, inserting the nails and placing the facing wall are
usually carried out regularly after excavation of the slope, while the nails and facing wall had
already been placed in both types of centrifuge test. The difference of the construction

sequences requires a careful interpretation of the measurements, as presented in section 6.5.
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6.3 Horizontal displacements of the facing wall

The additional horizontal displacements of the facing wall, produced by increasing the
centrifuge acceleration N after completely draining the water from the rubber bags, are
described below. Fig.6.4 compares typical examples of horizontal displacements 6, of the four
types of facing walls, (stiff - smooth, stiff - rough, flexible - smooth and flexible - rough) at
the different accelerations N = 30g, 60g and 80g, depending on the failure acceleration Nf of
the nailed slopes. It may be seen from the figure that additional horizontal displacements 9,
of the facing walls took place as a result of simply increasing the acceleration from N = 30g.
These increases of the horizontal displacements are mainly attributed to decreases in both the
friction angle ¢ and the shear modulus G of the soil, and also the decrease in the apparent
friction coefficient f* of the nails, as the vertical stress o, of the soil increases due to the
increased centrifuge acceleration N. Details of the decrease in the friction angle ¢ of the soil
and of the apparent friction coefticient f* of the nails are shown in the following chapter. For
all of the centrifuge tests shown, the largest horizontal displacements were observed at the
top of the facing walls, irrespective of the stiffness and roughness of the facing wall, and
length and roughness of the nails. This trend of the horizontal displacements 6, of the facing
wall for nailed slopes is commonly reported in practice, for example, by Jones (1990). The
detlected shapes of the flexible facing walls were found to be very similar to those of
cantilever flexible sheet pile walls in which the bending of the wall plays a major role in the
wall displacémcnt, as pointed out by Bransby and Milligan (1975). The magnitude of the
horizontal displacements observed in the nailed slopes was, however, much smaller than that
of the cantilever flexible wall at 1g for which horizontal displacements of 4 mm to 15 mm at
the top of the cantilever wall were observed for a wall height of H = 300 mm with 14/25

dense Leighton Buzzard Sand, as reported by Milligan (1974). Milligan used walls of
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flexiblity number p = 0.61 x 10 ~ 2.97 x 10% m*/Nmm (units: wall height H in metres,

elastic modulus E in N/mm? and second moment of area [ in mm®*/mm) which were about 2

to 3 times siiffer than the tlexible facing wall in the current centrifuge tests (see section

5.1.3). However, the cantilever flexible walls produced more than 10 times the horizontal

displacements of the nailed slopes in the centrifuge tests. It is, therefore, reasonable to suggest

that:

(1) In a stable nailed slope, the nails can decrease the magnitude of the horizontal
displacement 6, of the facing wall in comparision with an unreinforced siope, and

(2) the measurement of horizontal displacement o, at the top of the facing wall is
particularly important when evaluating the overall performance and stability of a nailed
slope.

Another important feature of Fig.6.4 is that some horizontal displacement occurred at the
bottom of the facing walls, and these horizontal displacements were not negligible especially
for the flexible facing walls. This result indicates that a nailed slope cannot be seen as a
cantilever wall nor a ground anchored wall in which there is usually a point of fixity in the
wall embedded in the sand. For the walls with flexible facing the horizontal displacements
of the facing wall exhibited more complicated profiles than those of the stiff facing walls; that
is, the horizontal displacements of the flexible facing wall consists of rotation, sliding and
bulging which is due to bending of the facing walls, while the stift facing wall only suffered
the rotation and sliding. For stiff facing walls horizontal displacements 8, of up to about 0.65
mm and 0.20 mm were observed at the top and bottom of the facing walls respectively, and
a rotation of.the facing wall about its toe of 6 = 3.5 x 107 rad was measured. For the flexible
facing walls horizontal displacements 8, at the top of the facing wall of up to 1.3 mm were

observed in test V8.0-F-S, which is 0.65% of the height H of the facing wall. This horizontal
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displacement ratio 8, / H for the test V&8.0-F-S is two to three times larger than those of in -
situ measurements of the stable nailed slopes, as shown in Fig.1.6. That the flexible facing
wall produces larger horizontal displacement §, than those of the stiff facing wall indicates
the important role of the stiffness of the facing wall in soil nailing for restricting the overall
horizontal displacements. This observation is in good agreement with the results of 1-g tests
reported by Jaber (1989) and Tatsuoka (1992) for reinforced soil walls. It is imagined that
these complicated components of the horizontal displacements 8, of the facing wall, especially
rotation and bulging of the facing wall, will also change the earth pressure distribution on the
facing wall in different ways. A simple hydrostatic distribution of earth pressure is
conventionally assumed in the design of rigid retaining walls.

[t is of interest to observe how the type of the facing wall and lengths / of the nails can
affect the magnitude of the horizontal displacement of the facing wall. Fig.6.5 shows the
relationships between the horizontal displacements 0, of the facing wall at the highest
horizontal LVDT (at point No.1) and 4 types of the facing wall with regard to the roughness
and flexibility when the length / of a nail is same, after draining of the water at an
acceleration of N = 30g. In the same way, Fig.6.6 compares the horizontal displacement 9,
of the facing wall at the highest LVDT (at point No.1) at 30g acceleration with the length /
of a nail, taking account of the stiffness of the facing walls. The following trends are shown
in both figures.

(1) Comparing the horizontal displacements between the tests A18.0-F-R and A20.0-F-R, and
between V8.0-R-S and V&8.5-R-S in Fig.6.4, there is a clear tendency of the longer the
nail, the smaller the overall horizontal displacements of the facing wall. Since the
maximum stress level of the soil in the current centrifuge tests is small compared to the

tensile strength and axial stiffness of the nails, as shown in equation (7.4), most of the
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(2)

€)

horizontal displacements of the facing wall were not caused by the elongation of the
nails, but by the pull-out (slip) of the nails due to the earth pressure. It was found in
Fig.3.9 and Fig.3.12 that the displacements Ep of the stiff nail required to mobilize the
peak pull-out force Fp was inversely proportional to the length [ of a nail, which suggests
that the interaction parameter k; in equation (1.3) plays an important role in the analysis
of the hgrizontal displacement of nailed slopes. Jewell and Milligan (1989) successfully
predicted the horizontal and vertical displacements of reinforced soil walls using a
concept of reinforcement material stiffness J, where J is in contrast to the interaction
parameter ; for ideally in - extensible reinforcement. As shown in Fig.3.3 and Fig.3.11,
the interaction parameter &; for the smooth nail is considerably smaller than that of the
rough nail, leading to a much greater horizontal displacement & tor a smooth nail than
for a rough nail for a given pull-out force F of a nail.

From Fig.6.5, roughness of the facing wall does not seem to decrease the magnitude of
the horizontal displacements of the facing wall, although there is a clear distinction
between the stiff and tlexible facing walls. Theoretically, the change of roughness should
alter the stress and strain of the soil near the facing wall (Chen et al., 1990), and at the
same time, should alter the displacement of the facing wall and the shape of the failure
surface. The reason for the discrepancy between the theory and the current centrifuge
tests may be that the difference in friction between the smooth facing wall (6, = 15°)
and the rough facing wall (6, = 30°) is not large enough to change significantly the
shape of failure surface for the dense sand, as shown by the tests in Fig. 7.15 and by
theory in Fig.7.16.

For nailed slopes with a stift facing wall, unlike those with a flexible wall, the

displacement ratios 9, / H are observed to be mostly in a range of 0.1% ~ 0.3%, which
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range is commonly reported in practice, as shown in Fig.1.6.

(4) Therefore, from the results of the centrifuge tests, in order to minimize the horizontal
displacement o, of the facing wall, it is recommended to increase the length [ of the
nails, the bond friction between soil and the nail, and bending stiffness of the facing
wall. It is important to recognize that not only does an increase in the length / of a nail
decrease the deformation of nailed slope due to excavation of the soil (Schlosser et al.,
1992), but it also decreases the overall deformation in the post - excavation condition.
Early installation of nails into the slope may also be an effective way of decreasing the
displacement 9, of a facing wall caused by excavation of the slope (Pedley, 1990).
Concerning the relationship between the length / of a nail and the horizontal displacement

9, of the facing wall, which was described in (1) above, it is interesting to look at the

influence of the interface stiffness k; estimated from the pull-out tests of a stiff - rough nail

in Chapter 3. From the simple anchor theory (Bolton, 1982) in a smooth - vertical facing wall,
as shown in Fig.4.3, and equations (1.3) and (3.14), equilibrium of the axial force of an

individual nail - facing wall model are described, as

K,0,5,8, =nDlx

nDlk;d, .(6.1)

J 6/1
a(o))+ b(o,) 0

where S, = 3.65 cm and S, = 4.00 cm are the vertical and horizontal spacings of the nail in
the tests respectively, D = 1.7 mm is the diameter of the nail, K, is Rankine's earth pressure
coefficient, and T and o, are the shear and vertical stresses on the nail, respectively. It should

be remembered that the horizontal displacement 9, of the facing wall is equal to the
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displacement & of the nail in the in - extensible nail, as presented in section 3.2. Because the
interface stiffness k; is nearly proportional to the vertical stress o, (t.e. parameters @ and b
reduce by nearly a half when the surcharge load o, doubles) as observed in the pull-out
curves in Fig 3.3, horizontal displacements 6, of the facing wall calculated from equation
(6.1) are almost the same over the height of the facing wall. This indicates a lateral translation
of the facing wall, provided that the length / of a nail and the profile of the soil with depth
are the same.

Fig.6.7 shows the results of equation (6.1) where the vertical stress o, = 22.7 kN/m* and
hyperbolic parameters a = 0.022 em?/N and b = 0.120 cm*/N based on the pull-out tests with
the corresponding surcharge load o, were used, as described in section 3.3. In the analysis,
three possible friction angles in the tests, ¢ = 36°, 41° and 43° were assumed, as presented
in detail in section 7.2. Fig.6.7 also includes the measured horizontal displacements 0, of the
vertical facinAg wall at the point of the highest horizontal LVDT (No.1) in the centrifuge tests.
In the figure, it is understood that both the length [/ of a nail and the friction angle ¢ strongly
influence the displacement o, of the facing wall. Although the influence of the longitudinal
stiffness of the facing wall was not considered in equation (6.1), it appears that relatively
reasonable estimates in the centrifuge tests were made by using equation (6.1). When the
length [ of a nail is small, it is predicted that the displacement taking place outside of the
nailed soil block is not negligible in estimating the displacement of the facing wall. It is also
noticed that the effect of lengthening a nail to decrease the horizontal displacement of facing
wall has a greater effect for a short nail than for a long nail.

Finally, since the vertical and horizontal spacings of nails were unchanged in the
centrifuge tests, further research is needed to study whether and how the spacing of nails

affect the displacement 9, of the facing wall.
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6.4 Vertical displacements of the upper ground surface

Fig.6.8 shows the results of the increments of vertical displacements (subsidence) 8, of
the upper ground surface between before and after draining the water at N = 30g acceleration.
The stress characteristics and the velocity characteristics with a plane strain friction angle by
= 43° and an angle of dilation y = 15° for the ideally smooth - vertical facing wall are
together shown in Fig.6.8, where theoretically those characteristics are inclined at 6, and 6,

to the horizontal, respectively, where

siress characteristics: 6 . = 45° + bps
2
= 66.5°
.(6.2)
velocity characteristics: 6, = 45° + %
= 52.5°

The vertical displacements observed were always largest at the point 1 of the vertical LVDTs,
located 20 mm or 24 mm from the facing wall, and gradually decreased at locations of the
LVDTs further away from the facing wall. While the shape of the subsidence curve on the
upper ground surface was found to vary depending on the conditions of the nailed slope, these
curves of the subsidence may be approximately represented as triangles or hyperbolas. As
pointed out in section 6.3, it is important that there was little or no vertical displacement 6,
observed at point 4, which is located outside the zone of the velocity characteristics.
Considering the very limited rupture zone of the soil (h = 5 mm ~ 8 mm for 50/100 dense
sand) when a nail is pulled out, as shown by radiographs in Fig.3.8(a), it may be reasonable
to assume that the strains and displacements of the nailed slope were principally determined
by the amount and distribution of the displacement of the facing wall, and nails did not
influence the overall displacement of the nailed slope at all. The magnitudes of displacement
of the facing wall were, however, strongly influenced by both the friction and length of the
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nails, as shown in Fig.6.6. Since the strain increments and the deformation of the soil behind
a facing wall were found to be dominated by the deflection of the facing wall in the velocity
field (Bransby and Milligan, 1975), the amount of the vertical displacements 6, at any
location x of the upper ground surface with the smooth - vertical facing wall were estimated
by integrating the vertical strain increment isyy of the soil throughout the region of the velocity

field (Fig.6.9), as

. _ (H. (élz)base
o, = Lo eyydy T,

tan (i + i)
4 2

.(6.3)

I
|s~1
<
o
o}
[47]
|
+
N|-€
e

where éyy is the vertical strain increment of the soil, (3)),,. iS the horizontal displacement
at the toe of the facing wall, dV is the velocity of point C relative to point E at a rotation
angle 0 of the facing wall, y_ is the vertical distance of the 8 - characteristic AB from the
point of upper ground surface x, and dH is the vertical distance between two f -

characteristics, CD and EF. For small angles,

6 ~tand = LV in[T ¥ . (6.4)
dH 4 2

In equation (6.4), the magnitude of velocity V and the increments of strain at points are

constant along any f line (Wroth, 1972), and these increments of the strain were determined

by the velocity of the facing wall at the point where the 8 line meets the facing wall.

Combining equations (6.3) and (6.4) gives:
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< Ty H . (&
5, tan(j 7) {LO 6(y)dy (6,1),)“6} .(6.5)

In the analysis using equation (6.5), the following assumptions were also made that:

(1) the direction of the principal strain increment &, was vertical; the o and 8 velocity
characteristics were therefore inclined at (45° - ¢ / 2) to either side of the vertical
direction,

(2) the angle of dilation 1y is constant throughout the velocity field,

(3) the soil outside the velocity field is rigid, and

(4) the velocity V at the characteristic AB is compatible with the increment of the horizontal
displacements (8,),,.. at the toe of the facing wall; the active zone moves as a rigid
block with strains concentrated into a narrow zone at the boundary (Milligan, 1984).
Fig. 6.10 compares the increments of the vertical displacements 8, measured in the

centrifuge tests and those calculations from equation (6.5). The analysis was based on the

observed deflections 8(y) of the facing wall and the displacements (), ., during the tests,
at the point 1 of the vertical LVDT. Fig.6.9 included the results of both the vertical tacing
walls and inclined facing walls (8 = 80°) in the centrifuge tests. For the inclined facing wall,
the velocity field was assumed the same as that of the vertical wall, in which the f -
characteristics was inclined at 8, = 52.5° to the horizontal. After several trials of the analysis,
it was found that the calculation of deflection 6(y) at 8 to 10 points along the facing wall was
sufficient to ébtain good accuracy in equation (6.5). The agreement between the measured and
calculated vertical displacements 9, were to be found to be better for the smaller vertical
displacements, such as for a range of 0 < 8, < 0.5 mm. Larger discrepancies between these
results were found for a range of 0.5 mm < 8, The differences may result from the several

assumptions made in equation (6.5). Although the analysis based on equation (6.5) generally
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gives larger vertical displacements 9, than the measurements, it is surprising that reasonably
good predictions, especially for the small vertical displacements, were made for the inclined
facing walls as well as the vertical facing walls using the simple analysis with hand
calculations. These results are also consistent with the findings of Bransby and Milligan
(1975) that good predictions could be made even for the cantilever walls with a rough surtace,
for which the velocity characteristics should be curved near the facing wall, as shown by
Houlsby and Wroth (1981). It is expected that by considering a more sophisticated velocity
field in the nailed slope which takes account of the roughness and inclination of the facing

wall, a more accurate analysis for the displacements of the nailed slope could be made.

6.5 Earth pressures on the facing wall

Due to the magnitude of the roughness d,, and the complicated deflection curves of the
facing wall in the centrifuge tests, as shown in sections 6.1 and 6.2, it is easily predicted that
the horizontal earth pressures on the facing wall will not simply exhibit an hydrostatic
distribution. Fig.6.11(a) to (d) show typical examples of distributions of the normalized earth
pressure at N = 30g accelerations for the four types of facing wall reinforced with rough nails

of length / = 8.0 cm, where

X% =K,z .(6.6)
In equation (6.6), p is the measured horizontal earth pressure on the facing wall, y is the unit
weight of the soil, K*a is the apparent earth pressure coefficient, and z is the vertical distance
from the upper ground surface. Because of the sensitivity of correctly measuring the earth

pressures, especially for the rough facing walls and the inclined facing walls, much of the

earth pressure data provided extremely unreasonable values, and only reasonably sensible data
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are shown in Fig.6.11.
In the centrifuge tests, before draining of the water at 30g accelerations, slightly larger
magnitudes of the earth pressures were observed on the facing wall than the at rest values p,

estimated by Jaky's formula (1944) assuming the plane strain friction angle ¢ps = 43° where

ﬁo_ =Kyz

Ny
=(1- sind)ps)z -(6.7)
= 0.3182

In equation (6.7), K, = 1 - sin bps is the earth pressure coefficient at rest. The increases of
the earth pressures observed at rest may be due to the fact that the rubber bags, filled with
the water, tended to push the facing wall into the slope because the pressure coefficient of
the water equals 1, which is about three times larger than that of the soil estimated by
equation (6.7). On the other hand, after draining the water, very large decreases in the earth
pressures p were observed. It was found from Fig.6.11 that the centroid of the horizontal earth
pressures are located at about ny; - H = 0.55 - H ~ 0.6 - H from the top of the facing wall,
which is a little higher than n;; = 2 - H / 3 for the hydrostatic distribution, where H is the
height of the facing wall. These locations of the observed centroid of the horizontal earth
pressure are also slightly lower than n;; = 0.50 ~ 0.55 suggested by Terzaghi and Peck (1948)
for a strutted wall considering a parabolic earth pressure distrubution in sand. The active earth
pressures cal.culated by Coulomb’s theory assuming a hydrostatic earth pressure distribution
are together shown in Fig.6.11, where the friction angle of the soil Gps = 43° the angle of
wall friction d,, = 15° for the smooth facing wall and 8, = 30° for the rough facing walls
were assumed. It is seen that while the Coulomb earth pressure is always conservative for the

lower part of the facing wall, where the earth pressure is indeed 20% ~ 50% larger than those
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measured, it is not usually the case for the upper and middle parts of the facing wall. The

reason that the normalized earth pressures p / (N y) measured at the acceleration N = 60g are

larger than those at N = 30g is attributed to the decreased plane strain friction angle ¢, of

the soil and the wall friction d, due to the increased vertical stress o,

In the tests, no distinct features of the influence of stiffness of the facing wall were
observed with regard to the horizontal earth pressures. Ho and Rowe (1992) pointed out that
when the horizontal shear force transmitted to the soil below the base of the reinforced soil
is included, total earth pressures on a reinforced soil wall will become nearly equal to those
calculated by Coulomb's theory. The practical implication of the results for the earth pressure
is that although Coulomb’s theory was found to provide generally conservative total earth
pressures on the nailed slopes, individual nails at the upper and middle parts of the facing
wall may suffer larger earth pressures than those calculated using Coulomb’s theory. At the
same time, the lowest nail does not neccesarily provide the lowest factor of safety (F ), ;. for
the pull-out and breakage of an individual nail. This indicates that:

(1)  assuming hydrostatic distribution for the earth horizontal pressures produces a
conservative estimate for the overall quantity of the nails for the lower part of the facing
wall, and

(2) all the possible failure surfaces passing through the middle and upper parts of the facing
wall should be examined to check whether the quantity of nails can provide sufficient

nail forces against the horizontal earth pressures on the facing wall.

6.5 Comparison of results between the centrifuge tests and the prototype tests
It is of interest to see whether centrifuge model tests can successfully reproduce the

behaviour of prototype tests. The details of the prototype test performed by Gassler (1987)
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in Germany, and of the properties of the in - situ soil were given in sections 5.1.1 and 5.1.2.
Measurements were made of the horizontal displacements and earth pressures on the facing
wall during and after the excavation of the slope using inclinometers and earth pressure cells,
respectively.

Fig.6.12 compares the horizontal displacements 9, of the facing walls between the
prototype test and the centrifuge tests with the rigid - rough facing wall (test Proto-R) and
the flexible - rough facing wall (test Proto-F) after completely draining the water at the
acceleration N = 30g. In the centrifuge tests, only the rough facing walls were used because
the shotcrete wall in the prototype test was assumed to be rough. For the comparison of these
horizontal displacements §,, the displacements of the prototype test are exactly scaled down
by the scaling factor 1 /N =1/30 in Fig.6.12. Excluding the middle and lower parts of the
facing wall, in which the horizontal displacements 0§, for the prototype test were observed to
be about twice as large as those for the centrifuge tests with the stiff - rough facing wall, the
agreement between the prototype and centrifuge tests are generally good. The displacement
ratio for the prototype test was 0, / H = 0.23%, which is in good agreement with those of in -
situ measurements in Fig.1.6.

It appeafed that in comparing the shapes of the horizontal wall displacements §,, the
shotcrete wall in the prototype test is more closely modelled by the rigid facing wall than by
the flexible facing wall, although the magnitude of the horizontal displacements &, is closer
to the tlexible facing wall in the centrifuge tests; the flexible facing wall in the centrifuge test
showed larger curvature or bending deformation than that of the prototype facing wall. From
Fig.5.3, it is easily understood that at 30g accelerations the flexible facing wall has a
flexibility number p more than 100 times larger than that of the prototype test. This result

may also be due to the fact that the relative density I, of soil in prototype test is less than
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the model sand, giving larger deformation than those in the centrifuge tests. In the prototype
test, it is found that the shotcrete wall exhibited bending deformation as well as nearly
(04)base = 3 mm of horizontal displacement at the bottom and 6 = 1.8 x 107 rad of rotation
about its toe. The larger magnitude of the horizontal displacement observed in the middle and
upper parts of the shotcrete wall in the prototype test may partly be due to the different
construction sequences between the prototype test and the centrifuge tests. In the prototype
test, the nails and shotcrete wall were placed regularly after excavation of the slope, while all
of the nails and the facing wall had already been placed in the slopes in the centrifuge tests.
Early installation of nails contributed to an increase in the nail force, and hence smaller
displacement of the nailed slope (Pedley, 1990). This result leads to the advantages of a new
construction technique, in which the rigid facing wall was placed in the soil before excavating
the soil in order to improve the stability of the nailed slope and decrease the overall
displacement of the facing wall, as reported by Tatsuoka (1992).

Fig.6.13 compares the distributions of the normalized earth pressure K, "z =p / (N¥y)
defined in equation (6.7), between the centrifuge tests and the prototype test, together with
the Coulomb earth pressure distribution assuming the friction angles ¢ps = 40.5° for the
prototype test (Gassler, 1987) and ¢p5 = 43° for the centrifuge tests. It was observed that
although the total magnitude of the normalized earth pressures p / (Ny) were different
between the prototype and the centrifuge tests, the trends of the distributions of the horizontal
earth pressures were similar for both in that earth pressures were observed to be less than
those calculated by Coulomb’s theory assuming a hydrostatic distribution with wall height.
The deviations of the measured total earth pressures from Coulomb’s theory are not
negligible, especially for the prototype test, in which only about 50% of the Coulomb earth

pressure was observed. This result is consistent with the results of the horizontal
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Chapter 7

Stability analysis of the centrifuge tests

In the previous chapter the results of the centrifuge tests were presented along with a
comparison of behaviour between the centrifuge model tests and the prototype test. The data
of the failure accelerations Nf of the nailed slopes are now compared with the results of a
conventional limit equilibrium analysis based on the observed failure mechanisms in the tests,
with the objective of investigating the appropriate design procedure for soil nailing. Some
comments are also made with respect to the maximum horizontal earth pressure coefficients
and the different failure mechanisms proposed by other researchers for the design of soil

nailing and reinforced soil walls.

7.1 Limit equilibrium analysis of nailed slopes

Compared to the finite element analysis, which is probably the most sophisticated
analytical method at present, there are some advantages in conventional limit equilibrium
analyses, such as the simplicity and familiarity of the theory and calculations, simplicity of
obtaining the input design parameters, and a great deal of accumulated data and experience,
Leshchinsky (1992). At the same time, a common belief is that limit equilibrium analyses for
soil nailing and reinforced soil walls tends to provide conservative designs, e.g. Pang (1990)
and Schlosser and Juran (1983). In a limit equilibrium analysis, the stability of nailed slopes

is commonly estimated from the following two kinds of factors of safety F_;
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available stress

F =
*  required stress +(7-1)

F_ = total avazlflble force (1.2)
total required force

In general, the factor of safety F_for pull-out and breakage of an individual nail are analysed

using equation (7.1), while for the failure of the whole nailed slope or the overall stability,

F_is given by equation (7.2). Tatsuoka (1992) classified the analyses of reinforced soil walls

into two categories:

(1) the simple anchor theory (Bolton et al., 1982) and the Rankine theory (Lee et al., 1973)
based on equation (7.1) are called the "lower bound solution", and

(2) the overall stability analysis proposed by Jaber (1989) and Gassler (1988) based on
equation (7.2) is called the "upper bound solution".

When the total available force is expected only from the nail forces, equation (7.2) becomes

identical to the following definition of the factor of safety F_ introduced by Stocker et al.

(1979), Jewell (1990) and Leschinsky (1992):

_ total available nail force

total required nail force

, (7.3)

ava

T

req

The contribution of the shear resistance of the soil is implicitly included in the total required
nail force Treq in equation (7.3). In the centrifuge tests performed in the current research
programme, limit equilibrium analysis using equation (7.2) or (7.3) is the only appropriate
method because the facing walls had sufficient longitidinal and bending strength to prevent

the failure of the nailed slopes, and neither pull-out nor breakage of individual nails was
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observed. In other words, among several limit modes of failure of reinforced soil structures
(Jones, 1993), pull-out of nails (mode 4) was dominant in the tests. These observations in the
centrifuge tests were consistent with several previous research works which pointed out that
the stiff facing walls improve the overall performance of nailed slopes, as shown in Chapter
1. As described in section 6.1, the development of several failure surfaces progressively from
near the facing wall to the inside of the nailed slope during the centrifuge tests suggest that
the most critical failure surface which should have the smallest factor of safety (F) . is
tound to be among many possible failure surfaces. This leads to the need for a number of

calculations for the stability analysis of nailed slopes to investigate the minimum factor of

safety (F) . of a given slope, instead of simply determining a unique (or a single) failure

surface which produces the maximum total required force ( as in the conventional

Treq)ma
analysis of rigid retaining walls.

[t is important that the shapes of observed failure surfaces in the centrifuge tests were
quite precisely represented by logarithmic spirals, passing through the toe of the nailed slope
to the upper ground surface, as shown in Fig.6.2. The logarithmic spiral was also found to
be a suitable failure mechanism for nailed slopes (Juran et al., 1990) and reinforced soil walls
(Leschinsky, 1992), assuming the failure zone as a quasi - rigid and incompressible block.
When passing through the toe A of the nailed slope, the shape of a logarithmic spiral is fully
determined by providing a combination of two variables of the failure surface; angles (8,
Gf), radii (r, rf) or Jocation of pole O (X_, Y, ), in Fig.7.1. The advantage of a logarithmic

spiral in the analysis is that the direction of the reaction force R is known, acting through the

pole O of the spiral.
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7.2 Friction angles of soil and apparent friction coefficients for a nail

Any limit equilibrium analysis for soil nailing requires correct estimates of the friction
angle ¢ of the soil and the peak pull-out resistance r, of each nail. This is because in
equation (7.2) or (7.3), the total required nail force Treq is directly related to the plane strain
friction angle ¢ of the soil, and the total available nail force 7, to the peak pull-out
resistance £, or the apparent friction coefficient f* of each nail. It must be remembered that
the amount of apparent friction coefficientf is also closely related to the direct shear friction
angle ¢4, and hence to the plane strain friction angle ¢pS of the soil, as shown in section 3.4.

Although the stress - strain relationship (or pull-out force F and pull-out displacement )
of a nail cannot be explicitly considered in a limit equilibrium analysis, it is worthwhile
investigating the mobilization of both the friction angle of the soil and of the pull-out force
of a nail in the current centrifuge tests. Fig.7.2 shows the relationships between the pull-out
displacement & of the stiff - rough nails (or the shear displacement of soil in the direct shear
test), and the mobilized friction coefficient (x“*)mob for dense 50/100 Leighton Buzzard Sand
estimated from tests RI-1, R1-10 and RI-11 in Fig.3.3(a) and equation (3.12), where Qu*)

mob

has been defined in section 3.4, as

* f*mob
uto, = (322)
" tan (¢d$>mob

The diameter of the nails was D = 1.7 mm including the thickness of sand layers glued onto
the nail, surcharge loads are o, = 5.6 kN/m™ and 22.7 kN/m>, and the lengths of nail are [ =
200 mm and 90 mm. Excluding the early stages of horizontal pull-out displacements of a nail,
0 mm < £ < 1.0 mm, the mobilizations of the friction coefficient (lu*)mob are fairly constant

throughout the tests regardless of the surcharge loads o, and the lengths [ of nail. Decreases
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in (lu‘)mob of less than 10% were observed for a range of the displacements of 1.0 mm < §
< 4.0 mm. This result indicates that compatibility of the mobilization of the friction between
the stiff-rough nail and the friction angle of soil is nearly satisfied, including the peak
conditions, except for the initial stages. This compatibility is due to the fact that, for a
relatively low axial force in a stiff nail, the direction of the nail is nearly the direction of zero
- extension, as shown in Chapter 3.

The compatibility of mobilization of an axial force of the nail and the friction angle of
soil is also affected by the axial extension of a nail caused by the increased axial tensile force
due to the increased centrifuge acceleration N. In section 3.3, it was clearly observed that the
extensibility of a nail has a remarkable effect on the responses of both peak pull-out force F,
and the displacememt ‘gp of the nail required to mobilize the peak pull-out force F, The
maximum extension Al at the head of the lowest nail at the centrifuge acceleration N = 80g
for the test V23.0-F-S is, for example, estimated assuming the simple anchor theory in Fig.4.3
(Bolton et al., 1982) and the constant shear stress t along a nail, as

pl
2E A

Al

2
2K yNH"I (7.4)

2
EanD

2.5-107% -1 (unit: mm)

where p is Rankine's active earth pressure at the base of the facing wall with the friction
angle ¢, = 43°, E, and A are the elastic modulus and the area of cross section of the nail,
and !/ is the total length of the nail. In equation (7.4), a nail length of | = 23 ¢m produces the
extension of the nail Al = 0.05 mm, which is only 2 ~ 3% of the shear displacement E, =2

mm required to mobilize the peak pull-out force FP and the direct shear friction angle ¢, of
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the soil, as shown in Fig.3.3(a). Therefore, it is reasonable to assume that the nails used in
the current centrifuge tests are assumed in - extensible in the given range of horizontal earth
pressures, and also nearly satisfy the compatibility of the peak forces between the nail and
the soil.

As already described, the relative density of the 50/100 Leighton Buzzard Sand used in
the centrifuge tests was found to be I; = 88% ~ 93%, which is very close to that of the
50/100 dense sand (I; = 93%) in the pull-out tests of nails, as shown in Chapter 2. It is
therefore reasonable in the following analysis of the centrifuge tests to adopt the same friction
angle ¢ and the apparent friction coefficientf deduced from the direct shear tests of sand and
the pull-out tests of nails in 50/100 dense sand in Fig.3.3(a). In the estimates of the friction
angle ¢ and the apparent friction coefficient f, however, attention should be paid to the
influence of vertical stress o, on the friction angle ¢ and the apparent friction coefficient fk
because in the case of centrifuge acceleration N, the change of the vertical stress Ao, with
depth in the soil is N times larger than that of the model at N = 1g acceleration. While the
range of the vertical stress o, at N = 80g acceleration was 0 kN/m* < o, =< 270 kN/m? at the
upper ground surface and at the bottom of the nailed slope respectively, the vertical stress o,
was limited to a maximum of about ¢, = 55 kN/m? in the medium size direct shear box. For
this reason, the standard Casagrande shear box was used to apply up to o, = 150 kN/m> on
the sand, as shown in Fig.7.3. Fig.7.3 also includes the direct shear results of 14/25 Yellow
and White dense sands reported by Pedley (1990) and the plane strain friction angle Pps of
50/100 dense sand estimated from a flow rule from the Mohr's circle using equation (2.4) and
measured direct shear friction angle ¢, and dilation angle v for the soil. It is noticeable that
the vertical stress dependency of the direct shear friction angle ¢, of the 50/100 dense sand

comes between those of 14/25 Yellow and White dense sands, and the influence of the
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vertical stress cannot be negligible in the limit equilibrium analysis. Therefore, rather than
assuming a single value of the friction angle ¢ for the 50/100 sand in the analysis, a range
of friction angle ¢ which bounds the upper and lower values of ¢ was determined. Since the
observed failure surfaces in the tests correspond to the velocity characteristics, using the direct
shear friction angle ¢4, is appropriate in the analysis. The average vertical stresses (o), .
in the middle height of the nailed slope (z = 10 cm) is 50 kN/m? < (o), , s 140 kN/m? at
N = 30g to 80g accelerations, which gave approximately the friction angle 36° < ¢, < 38°
from Fig.7.3. In the direct shear tests performed in section 2.4, in the same way, the typical
direction of principal stress o, was reported %, = 30° ~ 40° from the horizontal bedding plane
(Dyer, 1986), and hence the measured friction angle exhibited the smallest friction angle in
the sand. Tatsuoka (1987) reported that a plane strain friction angle ¢ps more than 10% larger
was obtained when the direction of principal stress g; was vertical to the bedding plane (x
= 90°) in Toyoura Sand, as shown in Fig.7.4. In the soil in which the bedding plane is
horizontal, the direction  of the principal stress o; can be estimated approximately from

Fig.7.5, as

N .
xi= 2 vo- X (7.5)

where ¢. ; is the friction angle of the soil taking into account the direction x; of the principal
stress Oy, and a; is the angle of the failure surface to the horizontal. From the observed failure
surfaces in the tests, the mean direction of the principal stress oy is estimated to be
approximately x = 75° ~ 80° from horizontal, assuming o, = 43° for the soil. Fig.7.5 shows
the relationship between ¢Xi and y reported from Meyerhof (1978) for several different kinds
of sands. The figure indicates that for a range of direction 60° < % < 90°, the friction angles

¢,,; are almost constant, and for a range of 0° < % < 60°, by; gradually decrease to 86% of
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those for % = 90°. This effect of anisotropy increases the friction angles to 41° s ¢, < 44°
in the case of . = 90°.

On the other hand, a progressive failure mechanism, as presented in section 6.1, which
produces non - uniform mobilization of the friction angle ¢ along the failure surfaces makes
the determination of a unique ¢ very difficult. As McGown et al. (1989) suggested, it is
highly unlikely that the peak strength condition will occur simultaneously in all of the soil
along the failure surface. The horizontal displacements and the deflections of facing walls
observed in the centrifuge tests, Fig.6.4, suggested that the shear strains of the soil near the
toe of the flexible tacing walls were different from those of the upper parts of the facing wall
where the critical state friction angle ¢, = 33° ~ 36° (Bolton, 1986) may be mobilized.
Considering these influences of vertical stress dependency, strength anisotropy and the
progressive failure on the friction angle ¢ of the soil, a range of friction angles 36° < ¢, <
41° was finally determined for the following limit equilibrium analysis of the centrifuge tests.
On the other hand, the plane strain friction angle of 50/100 dense sand for the corresponding
surcharge load o, is 38° < ¢PS < 42°, which is slightly larger than the range of direct shear
friction angle ¢ .

As with the direct shear tests, there is also an absence of pull-out test data for the stiff -
rough nails over a range of the applied vertical stress o, = 50 kN/m>. The apparent friction
coefticient f of a nail was, therefore, deduced by extrapolating the results of pull-out tests
in Chapter 3 proportionally, up to the vertical stress o, = 200 kN/m? from the results of the
direct shear tests of the sand, as shown in Fig.7.3. The relationships between the apparent

friction coefficient f* and the vertical stress o, are determined from Fig.7.3, as
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for 0 kN/m* < o,s 75 kN/mz,

Rough nails: f*

2.80 - 2.80-107%-g,

...(7.6a)
Smooth nails: f* = 0.26 - 2.60-10™%-c,
and for 75 kN/m* = o, < 250 kN/mz,
Rough nails: f* = 2.59 - 1.77-107> (o, - 75)
..(7.6b)

Smooth nails: f* = 0.24 - 2.57-107* (0, - 75)

The basis of these extrapolations for the apparent friction coefficientft from the direct shear
test data is the very close similarity between the mobilizations off for the stiff - rough nails
and the direct shear friction angle ¢, of the sand, as was shown in Fig.3.3(a). For the stiff -
smooth nails, the apparent friction coefficients f were also found to agree well with the
results of the interface tests as discussed in section 3.5. In the following limit equilibrium
analysis, the apparent friction coefficientf of each nail at the different elevations is easily
deduced frorﬁ Fig.7.3 or equations (7.6a) and (7.6b), depending on the current vertical stress

o, on the nail,

o, = Nyz (7.7)

where z is the depth of a nail from the upper ground surface, N is the centrifuge acceleration

and y is the unit weight of the soil.

7.3 Required force Treq and available force T, for the stability analysis of nailed slopes
The methodology of calculation for the total required force Treq and the total available

force T,,, in equation (7.2) or (7.3) will now be discussed. Results of the external stability
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analysis against horizontal sliding and the rotation about the toe A of the "nailed soil block",
where the length of the nail / = 6.5 cm for the inclined wall (B = 80°) and [ = 7.0 ¢m for the
vertical wall, the lower friction angle ¢ = 36° (see section 7.2) and a range of the friction
angle of the facing wall 0° < 0, = 35° were assumed. These analytical procedures for the
"nailed soil block" are exactly the same as those of conventional rigid retaining walls with
Coulomb's earth pressure force acting at one third of the height H of the facing wall from the
base of the facing wall. As shown in Fig.7.6, the smallest factors of safety are obtained as F
= 1.40 and F_ = 1.99 against rotation and sliding of the block respectively, when the
roughness of the facing wall is 8, = 0° at the worst case. It is, therefore, suggested that the
"nailed soil block™ had sufficient factors of safety against rotation and sliding, and hence the
external failure of the "nailed soil block" did not occur in the current centrifuge tests. This
result for external stability of the "nailed soil block" is consistent with the observed failure

mechanisms in the centrifuge tests.

7.3.1 Total required force Treq
As described in Chapter 6.1 the observed failure surfaces coincide very well with

logarithmic spirals passing from the toe of the facing wall. The general equation of a

logarithmic spiral is

r = ryexp (8 tang) -(7.8)

where r is the radius, r, is the radius at 8 = 0°, and 6 is the angle between r, and r. The
derivation of the equation of the logarithmic spiral from the observed failure surface in the
centrifuge tests was carried out by at first finding the pole O by trial - and - error, as shown

in Fig.7.7, where there is a convenient relationship,
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1
tan w

tang =

(7.9)

It was pointed out that the agreement between the observed failure surface and the
theoretical one depends very much on the accuracy of locating the position of the pole O of
the logarithmic spirals (Jumikis, 1964). After specifying the several locations of poles O,
which automatically determined the radius re and angle Bf in Fig.7.7, the most suitable
logarithmic spiral was determined by comparing many constructed spirals and the observed
failure surfaces in the centrifuge tests.

For the given slope geometry and the logarithmic spiral failure surface in Fig.7.7, the

weight W of the soil mass of the failure zone per unit width (b = 1 cm) is calculated, as

0
o
2
6, r-
= f__de - w
Y f% > OABC ..(7.10)

J(rf - 1p) B fgsin(ef - 80)sin@, + H’sin(8; + B)
Yl 4tan¢ 2sinf;

where dA is the area of a slice of the logarithmic spiral and W, p~ is the weight of the
imaginary block OABC assuming the same unit weight y as the soil in the slope. The moment

M, of the soil mass in the failure zone about the pole O per unit width is calculated, as

[¢]
(7.11)
= _Y_fefrBCose do - xWo,pe
3 SOy

where p and k are the distances of the area of the centroid of dA and OABC, respectively.
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Equation (7.11) leads to:

My =y My, + My, + My;)

1 3, . 3,
M =__ ~  {r7(sin®, + 3tanpcosB) - r (sinB, + 3tandcosO,)}
I 31+ 9tang) f sind beosBy) - 7, (sinby ¢ 0
ro sin(8, - sinf) _ (sinf, (7.12)
My, = —— : sin® + cos B,
- 6 sme tant

H?> sin(0y + B) sinf, g3 sin(Bf +B) JZsin(Bf + B) 1
r — p—

My; = -
w3 2 0 sian taan 6 sian [ sinef tan 3

where H is the height of the slope and B is the angle of the slope from the horizontal. The
centre of the centroid p, from the pole O of the logarithmic spiral failure surface is then given
by,

0 _ My (7.13)
* %%

As the directions of the total reaction force R on the failure surface and the location and
amount of the weight W of the soil mass are already known, the total required force T,eq

which is necessary to stabilize the slope in the limit equilibrium state is calculated using the

force polygon (Fig.7.8), as

i 0 =
mz_WSm(B”‘W)COS (7.14)
g cos(Z +B +90,)

where Z is the angle of the total reaction force R from the horizontal in the force polygon,

and given as,
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1] A4,

Z = tan
W
Ay =rgsin8y +ny H ..(7.15)
6 sin(Gf - 6,) ng H

rojcosf, - -

0 0 sinef tan f
A, =W -

tan(f + o,

in which n;; - H is the depth of the centroid of the total required force T,.q trom the upper
ground surface (0 < nj; < 1) and 0, is the friction angle between the facing wall and soil.

The comparisons of the maximum total required force T,.q calculated by equation (7.14)
and those calculated by other conventional earth pressure theories will be shown in the
following section, where very good agreements for those forces are obtained.

It was observed from the results of the centrifuge tests that although the location n;; H
of the centroid of the total required force T, from the top of the facing wall was not
constant for each test, it seems generally to be located between ny; H = 0.6H to 2H / 3 from
the top of the facing wall, which is slightly higher than for the hydrostatic distribution, n;;
= 2/ 3. Fig.7.9 (a) and (b) show typical examples of the influence of the location of the
centroid n;; on the total required force Treq with the roughness 9, of the facing wall, for tests
A'6.5-R-R at acceleration N = 45g and V'7.0-F-R at N = 30g. The calculations of the total
required force 7, are based on the observed failure surfaces in the centrifuge tests, which
can be seen in Fig.6.2. The width of the slope was taken as the horizontal spacing of the nail
b = 4 ¢m, and the plane strain friction angles of the soil were ¢ = 36° and 41°. It is clear

from Fig.7.9 that the difference in the total required force T eq between n;; = 2 /3 and ny; =

0.6 is small, and is less than 5 per cent for a range of the facing wall friction 15° < 8, < 30°.
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These results conform well with those of the earth pressure coefficient for braced walls in
sand with a logarithmic failure surface, Kim and Preber (1969). There is a clear tendency that
as the friction angle ¢ decreases and the roughness §,, of the facing wall increases, the
difference in the total required forces Treq between ny; = 2/ 3 and ny = 0.6 is increased. In
the following analysis, therefore, it was decided to assume the location of the centroid n;; =
2 / 3, which is also compatible with the conventional design of retaining walls as well as
reinforced soil walls and nailed slopes, by the considerations of similarity of the total required
force Treq with depth, Jewell (1990).

Finally, although the roughnesses of the facing walls were determined to be 6, = 15° and
30° for the smooth and rough facing walls respectively from the interface tests, uncertainty
still remains as to whether these wall angles 6, correspond to those of facing walls including

several stiff - rough nails.

7.3.2 Total Available force Tam

In equation (7.2) or (7.3), the total available force T, is determined from the total pull-
out force of the nails beyond the failure surface (or in the resistance zone), as

Tava = E Ti li
‘ ..(7.16)

=Y aD;li(c,) f;

:
in which T; is the maximum pull-out resistance per unit length of a nail, /; is the length of a
nail beyond the failure surface, D is the diameter of a nail including the additional thickness
of the sand layers, and o,, is the mean normal stress on a nail. The axial force in a nail

generated by the interaction between soil and the nail located inside the failure surface (or in
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the active zone) are usually ignored in the analysis because such nail forces are considered
as an internal force in the equilibrium of the soil mass. Equation (7.16) is based on the
conclusion of the pull-out tests from a nail in section 3.2.1 that, for a stiff nail, the peak pull-
out force Fp is almost proportional to the length [ of a nail. The apparent friction coefficient
f* is not, however, observed to be constant as the vertical stress o, increases. The mean
normal stress o, on the nail is approximately estimated using Jaky's formula (1944) and
equation (3.12) with the plane strain friction angle ¢, = 43°, as

(1 + KO) o,

" 2 (7.17)

0.659 o,

where the vertical stress o, in a given acceleration N is estimated using equation (7.7). Since
the constant of 0.659 in equation (7.17) is consistent with the estimates of the apparent
friction coefficientf from the pull-out tests in Fig.7.3, in which a range of friction angle 36°
< ¢ s 41° was assumed, it is not necessary to take into account the cases of the lower and

upper friction angles ¢ = 36° and 41° in the analysis using equation (7.17).

7.4 Prediction of failure accelerations Nf from the limit equilibrium analysis
Equations for the factor of safety F_ for the overall failure of the nailed slopes were given
in (7.3), (7.6), (7.7), (7.14), (7.16) and (7.17). In the following limit equilibrium analyses, to
summarize, the following assumptions were finally made.
(1) Friction angles of the soil are ¢ = 36° and 41°, for the lower and upper bounds,
respectively.
(2) Location of the centroid of total required force Treq is two thirds of the heighi H of the

facing wall from the upper ground surface (n;; = 2 / 3).
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(3) Angles .of the roughness of facing walls are 8, = 15° and 30° for the smooth and rough
facing walls, respectively.

(4) Apparent friction coefficients f for the smooth and rough nails for the corresponding
vertical stress o, are estimated from Fig.7.3, or equations (7.6a) and (7.6b).

(5) Orientation of the nail is horizontal.

Concerning the assumption (5) above, there was little influence of the orientation of nail

observed in the centrifuge tests, as shown in section 6.1. Further, it is also seen from

Fig.1.2(b) that the difference of the normalized strain increments &/ (y/2) along a nail is

negligible (less than 7%) between nail directions I' = 0° and 10° from the horizontal when

the angle of dilation y = 20° and the angle of failure surface 6 = 50° ~ 60° from the

horizontal were assumed. This result with regard to the inclination of the nail is also

consistent with the results of model tests and finite element analyses reported by Leschinsky

(1992), which indicated that the inclination of reinforcement has a negligible intluence on the

stability of steep cohesionless slopes.

The calculated factors of satety F_are now compared with the failure accelerations Ny
observed in the centrifuge tests. Fig.7.10(a) and (g) show the relationships between the
centrituge accelerations N from 30g to 80g and the total required forces Treq per width of the
horizontal spacing of a nail (b = 4 cm) for friction angles ¢ = 36° and 41° (shown by two
dotted lines, calculated from equation (7.14)), and the total available forces T, ,, (shown by
dotted lines with open square, calculated from equation (7.16)). These calculations of the

required forces Treq and the available forces T, in Fig.7.10 were based on the failure

a

surfaces observed in the centrifuge tests. It is important to recognize that these forces Treq and

T,..» and the calculated factor of safety F_ do not necessarily correspond to those of the

minimum factor of safety (F,),. in the given nailed slopes. On the other hand, the iterative

min
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calculations for a total of 7 tests were required to obtain the minimum factors of safety

(F ) .in and the corresponding forces Treq and T where in those tests failures of the nailed

ava’
slopes did not occur even after achieving 80g acceleration. These iterations were carried out
by changing the location of the pole O of the logarithmic spiral, by vertical and horizontal
intervals of 1 ¢m in Fig.7.8, until the minimum factor of safety (F),,. for each nailed slope
was found. Table 7.1 shows the details of the failure surfaces (radius r;, angle 6, and co -
ordinate of pole O (X, Y,)) observed or analyzed in the centrifuge tests. While the total
required force Treq increased proportionally to the acceleration N in Fig.7.10, the total
available force T,,, did not increase in the same manner because of the vertical stress
dependency of the apparent friction coefficient f Fig.7.10 also shows the three kinds of
factors of safety F; (shown by two lines for (F)s4 and (F,)4;, as well as a heavy line for
(F ) ve )» and a point of observed failure acceleration Nf (shown by %) where the horizontal

line of F . = 1.00 intersects. Here, three kinds of factors of safety F_ are calculated for each

test of the centrifuge tests, as

T

(F)ag = —2 :when ¢ = 36°
Treq
TIIV(I o

(Fogq = :when ¢ = 41 ..(7.18)
Treq

(Fose + (Foay
2

Fave =

In Fig.7.10, all of the failure accelerations Nfin the centrifuge tests are observed to remain
within a range of the calculated factors of safety between (F);c = 1.00 and (F),; = 1.00.
Since the differences of these factors of safety (F();¢ and (F,),, are up to 0.35 in Fig.7.10,

and mostly less than 0.20 ~ 0.30, the close agreements of the calculated and observed failure

7.17



accelerations Nf support the adequate estimate of the upper and lower limits of the friction
angles ¢ = 36° and 41° for the soil. It is also noticed that a difference of only 5° in the
friction angle ¢ produces a difference in the factor of safety of 0.2 ~ 0.3. The observed tailure
accelerations Nf are also generally very close to the points of average factor of safety (F ), .
= 0.90 ~ 1.00, although there are minor discrepancies observed for the test V8.0-F-R at N =
80g and tests A(A‘)6.5-R-R at N = 40g in which the failure accelerations Ny are found at
(F)ave = 1.04 ~1.01 = 1.00.

Fig.7.11 compares the average factors of safety (F)),,,. with the presence of a failure of
nailed slopes for each test during the centrifuge acceleration N = 30g to 80g. In the figure,
the cross symbols indicate the failure of nailed slopes at less than the given acceleration N,
while the empty squares indicate the stable nailed slopes at the given acceleration N. As with
Fig.7.10, decreases in the average factors of safety (F) . are induced simply by increasing
the centrifuge accelerations N. Although there are some discrepancies in the data for the
accelerations of N = 60g and 80g, in which a slight overestimate and underestimate of the
failure accelerations Nf were obtained respectively, the agreement between the theory based
on the limit equilibrium analysis and the centrifuge tests are excellent throughout the
accelerations from N = 30g to 80g. The error between the predicted and observed failure

accelerations Nf based on the average factors of safety (F), . was, surprisingly, less than

ave
10%. These close agreements of the failure accelerations Nfindicate that the limit equilibrium
approach can be used accurately to evaluate the factor of safety F_ of nailed slopes when a
suitable failure mechanism, reasonable friction angle ¢ of the soil and the correct peak pull-
out force FP of nails are used in the analysis. Further, the limit equilibrium analysis could

successfully take into account the influences of the roughness of the facing wall, in the same

way as in the limit equilibrium analysis of conventional retaining walls. In practice, these
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results imply that the additional margin of safety against the unknown factors is ensured by
using a conservative friction angle ¢ and the peak pull-out force Fp of the nail. For natural
slopes, as accurate properties for the sand and the peak pull-out forces Fp of nails are very
difficult to obtain and control, reasonable factor(s) of safety F_ are indispensable for the
design of soil nailing. It was, therefore, proved that the factor of safety F_ calculated from
equation (7.2) or (7.3) is applied in the analysis of soil nailing with great confidence.
However, because the centrifuge tests were perfomed using continuous facing walls with some
amount of rigidity, further research is needed when applying the above - mentioned limit
equilibrium analysis for the case of other types of facing wall. For the case of a segmented
or flexible facing wall, it is suggested that the analysis for the individual nail and facing wall
by equation (7.1) with a number of possible failure surfaces should be examined as well as
the analysis of the overall equilibrium of the nailed slope.

Fig.7.12 shows the comparison of the predicted and observed failure accelerations Nf in
the centrifuge tests. When an average factor of safety was calculated (F), , = 1.00 in the
limit equilibrium analysis, as the acceleration N increases, the nailed slope was assumed to
collapse. For a range of accelerations N = 30g to 80g, it is seen in the figure that the observed
tailure accelerations Nf were generally 0% ~ 40% larger than those of the predicted failure
accelerations Nf, except for one test which only exhibited 80% of the predicted tailure
acceleration Nf. Comparing Fig.7.11 and Fig.7.12, it is also noticed that the accurate
prediction of the failure acceleration Ny of the nailed slopes is much more difficult than the
predictions of the possibility of the failure at a given acceleration N. This difficulty may be
attributed to the fact that several minor factors will significantly affect the failure acceleration
Nf of the nailed slopes in the analysis, such as a slight underestimate of the friction angle ¢,

effects of the bending of nails and the friction of the side walls of the strong box. In practical
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design, on the other hand, ignoring the effect of bending of nails contributes to an easier and

more conservative analysis.

7.5 Comparison of critical failure mechanisms and total required force Treq

In the design of conventional retaining walls in which the earth pressures are sustained
by the external forces of structures, a critical (or unique) failure surface (often called an active
failure surface) which produces the maximum earth pressure is a matter of primary concern.
In soil nailing, however, such a unique failure surface does not always coincide with the
observed failure surface (e.g. Gassler, 1987, and Juran et al., 1990), nor gives the minimum

factor of safety (F), .. in the limit equilibrium analysis. This is due to the fact that the factor

min
of safety F_ éf a nailed slope is not only related to the total required force Treq but to the total
available force T, of the nails beyond the failure surface, as shown in equation (7.3). The
stability analysis of a nailed slope should, therefore, be carried out by calculating the factors
of safety F_ for all of the possible failure surfaces (Jones, 1993), including the base failure
and stability of the "nailed soil block". There are several failure mechanisms proposed for the
design of soil nailing and the reinforced soil walls, such as assuming a single plane, two part
wedges, logarithmic spiral and a circle. It is of interest whether these different failure

mechanisms provide similar maximum total required forces (7, and similar critical

€ )max
q

failure surfaces, which would give a great deal of confidence in applying a particular method

in design. On the other hand, an estimate of the maximum total required force (Treq)max

is
necessary in practice when the breakage of a nail and the bending or shear failure of a facing
wall are considered in design.

Fig.7.13 compares the calculated maximum horizontal earth pressure coefficients (Kreq)/l

with the friction angle ¢ between 20° and 50°, where
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Koy = (Kop)sin(d,, + B)
..(7.19)
2(Treq)max sin(d,, + PB)

yH?

in which Kreq is the earth pressure coefficient and B is the inclination of the facing wall from
horizontal. Two types of facing wall, the vertical facing wall (8 = 90°) and the inclined facing
wall (8 = 80°), and 4 types of roughness of facing wall, 8, = 0°, 10°, 20° and 30°, were
considered in the analysis. Three typical failure mechanisms of Coulomb’s single wedge,
logarithmic spiral and two part wedge were applied here, where a number of iterative analyses
were required to obtain each of the maximum horizontal earth pressure coefficients (Kreq)h
for the latter two failure surfaces. For the two part wedge analysis in Fig.7.14, the angle 6,

and the location (X, Y,) of the point C were changed in the following range of:

0<6,<p
..(7.20)
X Y
0<s S, _S<1
H H

In the two part wedge analysis, the intervals of the location of C (X, Y,) and the angle 8,
were chosen as 1 cm and 2°, respectively. Two Angles 8, = 90° = constant and 65 = 45° +
¢ / 2 were also assumed in the analysis, giving the largest (Kreq)h among those obtained by
changing the angles 6, and 65 freely, as reported by Gassler (1988). In this case, the earth
pressures between the two blocks is the same as Coulomb's active pressure. The friction angle
between the block 1 and the block 2 was also considered to be & = ¢ The critical failure
mechanism for the vertical facing wall with the roughness of the facing wall 6, = 0° is
identical for these three mechanisms (Jewell, 1989), being a single plane with an angle of 8,

=0,=45°+ ¢/2. From Fig.7.13, it is found that the ditferences of (K

req)h among these three
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failure mechanisms were less than 10%, while the two part wedge analysis always provides

a slightly larger (K,

eq)h than Coulomb’s theory and the logarithmic spirals. The comparisons

of (Kreq)h reported by limit analysis (Chen and Liu, 1990) and stress characteristics
(Sokolovski, 1965) were also made at some points in Fig.7.13. The agreement of the

horizontal earth pressure coefficients (K, among the limit analysis, stress characteristics

eq)h
and the logarithmic spiral are generally very good. Although it seems that the discrepancies

of (K

req>h between the logarithmic spiral and the two part wedges are not negligible, Jewell

(1989) pointed out that by correctly changing the reinforcement forces crossing the interwedge
boundary between the block I and block 2, the two part wedge analysis gives almost the same

(or slightly smaller) (K

req)h as the logarithmic spiral and also the upper bound limit analysis.

It is also noticed that as the friction angle ¢ increases, the differences of (K|, ), among these

eq
failure mechanisms become very small. Chen and Liu (1990) pointed out that for an active
case, limit analysis gives results equal or close to Sokolovski's solution. It may be concluded
from Fig.7.13 that for steep slopes (80° < f = 90°) with cohesionless soil, the several failure
mechanisms shown above produce nearly the same horizontal earth pressure coefficients

(K

req)h’ irrespective of the friction angle &, and the friction angle ¢ of the soil.

Fig.7.15(a) to (h) show the critical failure surfaces yielding maximum horizontal earth

pressure coefficients (K,

eq)h with Coulomb’s theory, two part wedges and logarithmic spiral,

together with the range of the observed failure surfaces in the centrifuge tests (filled circles).
Four types of nailed slopes are shown in the figure, with regard to the roughness (6, = 15°
for smooth and 30° for rough) and the inclination ( = 90° and 80° from the horizontal) of
the facing wall. The angles 6 of the single failure surface from the horizontal obtained by

Coulomb's theory are given, as
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o = oot ] SN sin(g +,)sinp + sinBysin(p + 5,)sin¢ 9

cosgfsin(¢ + B, )sinp + cos Bysin (B + 8,)sing

It is observed from Fig.7.15 that

(1)

2)

(3)

while the observed failure surfaces were generally located between the failure surfaces
assuming the friction angles ¢ = 36° and ¢ = 41°, they seem to be closer to the former
surfaces (¢ = 36°). It is commonly reported that location of failure surface is changed
(often moved deeper into the slope) by increasing the nail length, e.g. Teramoto et al.
(1992).

the influence of the roughness 8, of the facing wall on the predicted failure surfaces is
not negligible, and as ,, becomes larger, the failure surfaces develop deeper in the slope;
the deviation AB of the direction of the calculated failure surface from the frictionless
vertical facing wall (8, = 0°) at the toe of the facing wall is approximately estimated

from Rankine's theory (Berry and Reid, 1987), as

. l(sinéw}
sin : -9,
AQ = Sin¢ (7.22)
2

Fig.7.16 shows some results of equation (7.22) with a range of the friction angle 20° =
¢ < 50° and a range of roughness of the facing wall ¢ /3 < 3, < ¢. The figure indicates
that in theory, the roughness 0, of the facing wall greatly influences the shape and
location of the failure surface, especially for loose sands.

the shapes of the logarithmic spiral and two part wedges have similarity in that those
two failure surfaces generally give the smaller anchorage lengths /; of nails beyond the
failure surface in the lower part of the nailed slope than those of Coulomb’s theory with

a single failure surface, while the situation is exactly the opposite in the upper part of
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4)

the nailed slopes. In general, nails placed in the lower part of nailed slopes make a much
greater contribution to the total available force T, in the limit equilibrium analysis
because of the larger vertical stresses o, on the nails, and hence, larger pull-out forces
of the nails, as shown in Equation (7.16). In other words, nails in the lower part of the
nailed slope play a more important role in the stability analysis than those in the upper
part of the nailed slope. Regarding the shapes of the failure surfaces of the nailed slope,
it appears that the logarithmic spiral may be more realistic than the two part wedges
when no local surcharge load or no widespread uniform surcharge is applied on the
upper ground surface, as shown in the small model tests carried out by Gassler (1987).
It shoula be realized that the shape of the failure surface of the slope is strongly
influenced by the shape of the boundary conditions of surcharge loads, and the majority
of failures are induced by the unloading (excavation of soil) in soil nailing. In
decreasing the overall displacements of nailed slopes, on the contrary, it is reported that
nails placed in the upper part of the slope play a more important role than those in the
lower part of the slope. Considering that the horizontal displacement 9§, is largest at the
top of the tacing wall, as observed in section 6.3, longer nails near the top of the facing
wall may be more effective in restraining the horizontal displacement 6,

The observed failure surfaces do not generally coincide with the critical failure surfaces
(or characteristics) which produce the maximum earth pressure coefficient K,.eq. This
indicates that the overall stability analysis simply based on the critical (or unique) failure
surfaces may overestimate the factor of safety F_ of nailed slopes, and may lead to
unsafe design.

The analysis of the horizontal earth pressure coefficient (K, ), and the failure surface

eq
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leads the Author to suggest that for safety, the logarithmic spiral or two part wedges are more
suitable than the single failure surface, because the former two methods tend to give the
smaller total anchorage length Z /; of nails and the slightly larger total required forces T,
and therefore, the smaller factors of safety F. . Two part wedge analysis, on the other hand,
has an advax'ltage over the logarithmic spiral in simplicity and flexibility for the various
boundary conditions of nailed slopes. At the same time, two part wedge analysis is much
easier than the logarithmic spiral analysis in taking of account of the complex strata and
varying shear strengths of natural slopes.

Finally, further investigation should be made as to how the roughness 6, of the tacing
wall improves the stability of nailed slopes, since not only does it decrease the total required
force Treq but also decreases the total available force T, due to that failure surface moving
deeper into the nailed slope, as shown in equation (7.22). It is also important to clarify:

(1)  the relationships between critical failure surfaces and the velocity characteristics and
the stress characteristics, and

(2)  the horizontal earth pressure coetficient (K,

eq)h and the corresponding velocity and

stress characteristics.

7.6 Case history - the prototype test in Germany

In the prototype test carried out in Germany, a uniform surcharge, p, was applied at the
top of the nailed slope, and achieved a value of p = 110 AN/m® when the facing wall
collapsed. The failure mechanism observed was very close to a rigid body slip along a curved
surface. The properties of soil and layout of the nailed slope (Test B in the literature) were
described in Chapter 5. From the observed failure surface, as shown in Fig.7.17, the

appropriate equation of a logarithmic spiral was calculated in the same manner as section

7.25



7.3.1,

r =497exp[(0 - 0.881)tan¢ | (unit: m) ..(7.23)

where the location of the pole O of the logarithmic spiral was found to be at X_= 1.0 m and
Y, = 9.8 m, and the friction angle ¢ = 40.5°. The effect of shear forces P_ perpendicular to
the direction of the nails was ignored in the following limit equilibrium analysis because the
improvement in the soil shearing resistance due to the shear force P_is seen to provide less
than 2.5% of axial force at failure, Pedley (1990). It is assumed in the analysis that the
distance of the centroid d for the collapsed soil mass from the pole O of the logarithmic spiral
is the same as that of the total surcharge load p. The friction angle of the shotcrete facing

wall and soil is assumed to be three quarters of the friction angle of the soil (Jumikis, 1964):

3¢ .
b, = =2 =30 (7.24)

The orientation of nails is assumed horizontal in the analysis. By increasing the surcharge
load p, as shown in Fig.7.18, it was found that the location of the centroid of horizontal earth
pressure became close to that of the hydrostatic distribution from that of the bulging - shape
distribution, at two thirds of the height H of the facing wall from the upper ground surface.
Therefore, the location of the centroid was taken as ngy = 2/ 3 in the analysis (also see
Fig.7.9). Regarding the mobilizations of axial force of the nail at failure, the horizontal
displacements 9, of the facing wall observed were 52 mm and 145 mm at the first and the
fourth row of the nails, respectively. Those horizontal displacements o, well exceeded the
pull-out displacement Ep = 30 mm which was required to mobilize the peak pull-out force Fp
of a nail, obtained from the in - situ pull-out tests of nails.

The total (horizontal) required force T,

eq PET horizontal nail spacing (S;, = 1.2 m) is
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calculated from equation (7.14), as

113.0 AN

Treq = W .(7.25)

The maximum horizontal earth pressure coefficient (Kreq)h is calculated from equations (7.19)

and (7.25), as

_ 0149
(Ko T2 ..(7.26)

This total required force in equation (7.25) is very close to Treq = 1182 kN / (1.2 m)
which Gassler (1987) estimated using the friction circle method with an additional capillary
cohesion of ¢’ = 1.0 kN/m> for a circular failure surface of a radius r = 7.9 m. The possible
reasons for the slight difference of these two values of total required force Treq calculated are
that:

(1) the circular failure analysis did not take into account the effect of the friction of the
facing wall 6, = 30°,

(2) the capillary cohesion ¢’ was not considered in the current analysis, and

(3) Gassler (1987) assumed that the total available force T, acts through the centroid G
of the total nail length X /; beyond the failure surface, as shown in Fig.7.17.

The total horizontal earth pressures measured by means of Glotzl cells behind the shotcrete

facing wall were, however, P, = 80 ~ 90 kN / (1.2 m), which provided only 70 ~ 80% of the

calculated required force 7,,,. Coulomb’s theory, on the other hand, gives 7,,, = 120.8 kN

/ (1.2 m), which was very close to the values calculated by the logarithmic spiral and circular

failure surface.

Table 7.2 shows details of the estimate of the total available force T, based on the
lower and upper bounds of the ultimate mean shear force (7,,); from in - situ pull-out tests

reported by Gassler (1987) for the corresponding depth of the nails, where
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i

(T,);, = —, or
i (7.27)
(Tm)i Li

N.

4

in which i is the number of row of the elevation (1 = 1 ~ 5), N, is the ultimate pull-out force
per unit length (1 m) and L, is the length of the nail beyond the failure surface. From Table

7.2, the total available forces for the upper and lower bounds are calculated as,

for lower bound: (T, )jower = O1.5KN/(1.2m), (7.28)

for upper bound: (Tava)upper 123.0kN/(1.2m)

il

Equations (7.3), (7.25) and (7.28) provide the following upper and lower bounds of factors
of safety F
For the lower bound:

(Tava)lower

T,

(F s) lower )
€q

91.5 kN ...(7.29a)
113.0 kN

0.81

For the upper bound:

(F ) (Tava)upper
s’ upper - (T req')
123.0 kN -(7.29b)

113.0 kN
= 1.09

The average factor of safety (Fy),,, for those of the upper and lower bounds is,

ave
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(Fs)upper * (Fs)lower

(Fs)ave = )

_ 1.09 ; 0.81 (7.30)

0.95

This calculated average factor of safety (F),,, = 0.95 is very close to F_= 1.00 in the state

ave
of limit equilibrium, and an excellent prediction could be made regarding the failure of the
in - situ nailed slope. The good agreement between the prediction and in - situ test as well
as the centrifuge tests in the previous section supports the applicability for the limit
equilibrium analysis for soil nailing, when accurate parameters are used in the analysis.

[t should be noted that because an accurate measurement of the maximum pull-out force
(T,,); in every row of nails is crucial in applying the limit equilibrium analysis, great care
should be taken in determining reasonable values of (T, ), Further research is needed to

establish a simple and reliable method which is able to estimate the pull-out force (7)), of

nails with reasonable accuracy in advance, without carrying out in - situ pull-out tests.
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Chapter 8

Concluding remarks

A review of the previous research work and the current understandings of soil nailing was
given in Chapter 1. A summary of the overall conclusions resulting from this experimental
study, involving pull-out tests of a nail and centrifuge model tests of nailed slopes, is

described below. This is followed by suggestions for future research into soil nailing.

8.1 Pull-out tests of a nail

Since the interaction mechanism between a nail and soil is essentially dominated by the
friction (bond) between them, it is of great importance to understand the friction mechanism
of a nail. Puli-out tests of a nail, direct shear tests of nailed sand and interface tests were
conducted using the medium size direct shear box. In order to eliminate the influence of the
front wall of the box, a small plastic tube was placed horizontally near the front wall. Major
parameters for the pull-out tests were,
(1) type of sands: 14/25 dense Leighton Buzzard Sand and 50/100 dense and medium dense
Leighton Buzzard Sands,
(2) type of nail surface: smooth surface and rough surface which was made by glueing sand
layers on it,
(3) type of axial stiffness of a nail: stiff nail made of steel and flexible nail made of
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rubber tube, and
(4) diameter D of a nail.

In practice, a nail can be approximately assumed as "stiff (or in - extensible) - rough".

From the tests, the following results were obtained.
(1) The shapes of the pull-out curves of the stiff - rough nails and the load - displacement
curves for the unreinforced direct shear tests of the corresponding sand are very similar,
including the horizontal displacements ’g-p required to mobilize the peak stress. These
similarities are due to the fact that both the horizontal central plane for the direct shear tests
and the direction of a nail are approximately assumed as the direction of zero - extension,
namely, e = 0. In contrast, it was analytically inferred that for a flexible - rough nail, the
direction of the nail is e, = 0, and totally different pull-out curves and peak pull-out forces
F, were observed compared to those of the stiff - rough nails.
(2) Results of the radiographs indicate that both the roughness of the reinforcement and the
types of sand influence the thickness h of the rupture zone of the soil. For rough
reinforcement, the thicknesses h were observed to be 10 to 40 times the mean particle size
Dsq of the sand. For the smooth reinforcement, the thickness h was observed to be
considerably smaller than that of the rough surface, showing why smaller peak pull-out forces
Fp were obtained in comparison with those of the rough surface nail.
(3) The diameter D of a nail affects the amount of peak pull-out force Fp. By considering
a simple elastic cavity expansion due to the dilatancy of the soil, it is understood that as D
increases the apparent friction coefficient f of a nail decreases. This result suggested that
great care is needed when extrapolating the maximum pull-out force Fp from a small scale

test to a full scale test.
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(4) Comparisons were made for the apparent friction coefficientsf’ estimated by the pull-out
test of a nail, direct shear tests of nailed sand and interface tests. Although a quantitative
assessment was not made as to how the dilatancy of the sand affects the apparent friction
coefficientf, it was found that a larger nail diameter produces a smallerf* in the direct shear
tests of a nailed sand, as observed in the pull-out tests of a nail.

(5) For a relatively small diameter of a nalil, the interface test provides the smallest apparent

friction coefficients f* among the three tests, namely

*

* *
fpull—out = fdirect shear = finterface

This order corresponds well to the degree of the restrained dilatancy in the soil when relative
displacement between the soil and a nail or a reinforcement occurred.
(6) For the pull-out tests of a smooth nail and the interface tests between a smooth
reinforcement and soil, the apparent friction coefficientsf' were found to be the same between
the tests. Measured apparent friction coefficients f were considerably smaller than those of
the rough nail, and smaller even than the critical state friction angle ¢_,.
8.2 Centrifuge tests of nailed slope

A total of 24 of centrifuge tests of nailed slopes was carried out to investigate the failure
mechanism and the overall behaviour of nailed slopes. The height H of the model slope was
200 mm and 50/100 dense Leighton Buzzard Sand was used for the models. After reaching
the test acceleration N = 30g, excavation of the slope was simulated by draining the water
from two rubber bags located in front of the facing wall. After draining of the water the
maximum acceleration applied was N, = 80g. Consideration was given to the similarity

laws for the stress - strain of a nail, pull-out of a nail and breakage of a nail between a
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prototype test and the centrifuge model tests. Parameters varied in the centrifuge tests were
as follows:

(1) Nail surface: smooth nail (diameter D = 3 mm) and rough nail (D = 1 mm)

(2) Nail length I: [ = 6.5cmto [ =23.0cm

(3) Inclination of the nails: horizontal and 10° downward from horizontal

(4) Stiftness of the facing wall: stiff wall and flexible wall

(5) Roughness of the facing wall: rough wall (3,, = 30°) and smooth wall (5, = 15°)

(6) Inclination of the facing wall: vertical wall and inclined wall (8 = 80° trom horizontal)

Centrifuge tests were found to provide much useful information on the mechanics of soil
nailing. The results of the centrifuge tests are as follows.
(1) As the centrifuge acceleration N increases, or as the excavation of a slope proceeds
towards the bottom of the facing wall, several failure surfaces progressively develop initially
from the proximity of the facing wall to the inside of the nailed slope, followed by the
complete collapse of the nailed slope. This indicates that all of the possible failure surfaces
should be considered in design of soil nailing. On the other hand, there were few nails in
which the visible bending of the nail was observed across the failure surfaces, indicating the
small contribution of bending stiffness of the nail to the stability of nailed slopes.
(2) Observed failure surfaces were well described by logarithmic spirals passing through the
toe of the facing walls. The logarithmic spiral is found to be a kinematically admissible
failure surface for cohesionless soil without self weight, Davis (1968).
(3) The horizontal displacements &, of facing wall were decreased by

(a) increasing the length [ of a nail and the friction between the soil and the nail , and

(b) increasing the bending stiffness of the facing wall.
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Only small differences observed between the horizontally placed nails and the inclined nails
in terms of the failure acceleration Nf On the other hand, roughness of the facing wall does
not decrease the horizontal displacements d,. Reasonably good predictions for the subsidences
d,, of the upper ground surface could be made from the data of the deflection of the facing
wall, by considering a simple velocity field in the nailed slope, as proposed by Bransby and
Milligan, (1975).

(4) Although there was some difficulty in measuring the earth pressure on the facing wall,
it is observed that the earth pressures do not simply exhibit a hydrostatic distribution. Near
the bottom of the facing wall, earth pressures were found to decrease considerably, while near
the top of the facing wall, larger earth pressures than the hydrostatic distribution were
observed. This suggests the need for a careful estimate of the nail length and spacings in
design.

(5) Fairly good predictions for the failure acceleration Nf were made by stability analyses
of the nailed slopes based on limit equilibrium analyses. In the analyses, the tactor of safety

F_ was estimated, as

_ available (nail) force

required (nail) force

T

ava

Treq

The available (nail) force T, was calculated by totalling the pull-out force of nails beyond

the failure surface, as
Tava = E nDi 1lf: (Om)i
!
where D and [ are the diameter and length of a nail beyond failure surface, f is the apparent
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friction coefficient of a nail, and o, is the vertical stress on a nail. The required (nail) force

T,,, was estimated from a force polygon based on the observed or assumed failure surface.

q
In the analysis of the centrifuge tests, the lower bound factor of safety (F);4 and the upper
bound factor of safety (F),; were calculated with regard to the corresponding friction angles

of the sand, ¢ = 36° and ¢ = 41°, respectively. The majority of the nailed slopes, which had

the average factors of safety (Fs)ave

= {(F,)36 + (F9),;} / 2 s 1.00 in the given acceleration

N, were found to collapse during the tests. This suggested that (F), . is a good indicator of

ave
the failure of the nailed slopes. The same limit equilibrium analysis was also applied to the
prototype test performed by Gassler (1987). The average factor of safety calculated was
(F)ave = 0.95 from the given surcharge stress p = 110 kN/m>, observed failure surface and
the results of in - situ pull-out tests, when the nailed slope collapsed. These agreements
between analysis and the centrifuge and in - situ tests gave great confidence in the application
of the limit equilibrium analysis to soil nailing.

(6) Comparison of the failure surfaces and the horizontal earth pressure coefficients (Kyeh
were made between calculations by the logarithmic spiral, two part wedges and the single
plane (Coulomb's theory). It was found that the horizontal earth pressure coefficients (Kreq)h
were nearly identical among the three failure mechanisms, the limit analysis and the stress
characteristics. However, a logarithmic spiral and two part wedge were suitable for the failure
surface of the nailed slope because those two failure mechanisms provided a smaller available
force T, than that of a single plane, leading to a more conservative design. The two part

wedge has an advantage over a logarithmic spiral because the former is more adaptable to the

boundary conditions and soil profile of nailed slopes.
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8.3 Suggestions for future research
8.3.1 Interaction between soil and a nail
Interaction mechanisms, typically described by the apparent friction coefficient f* and the
interaction parameter k;, are very complicated owing to the uncertainty about the increased
normal stress o, on the nail due to dilatancy in dense sand. In particular further investigations
should be made for:
(1) the mechanism of the "restrained dilatancy effect" of soil when a nail is pulled out,
(2) the difference of the apparent friction coefficient f mobilized in the active zone and
resistant zone in the nailed slope,
(3) the change of thickness & of the rupture zone in the soil as the pull-out displacement
increases; the thickness h affects the apparent friction coefficient f* and the interaction
parameter k;.
(4) the interaction between an extensible nail and soil because a nail is assumed neither
"ideally extensible" nor "ideally in - extensible" in practice,
(5) arelatively simple method by which the apparent friction coefficientf* can be estimated
from given properties of soil with reasonable accuracy, without carrying out in - situ pull-out
tests in aannce,
(6) installation effect differences between grouted nails and fired nails,
(7) a range of nail stiffness to cover geosynthetics nails, and
(8) the effect of D/ Ds, on the apparent friction coefficientf‘ for full scale nail diameters,
In addition, it is also important to standardize the specification of a pull-out test of a nail,

as a basis for comparing pull-out data of nails reported by different research workers.

8.3.2 Analysis and behaviour of soil nailing

The experimental findings reported in the dissertation have concluded that limit
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equilibrium analysis is a powerful tool for the stability calculations of soil nailing in sand.
More sophisticated analysis may be required ( for example, finite element analysis) for taking
account into more complex boundary and initial conditions of a nailed slope.

In this research programme, spacing of the nails was maintained constant throughout the
tests. Investigations are needed of the influence of the spacing on the stability of the nailed
slope and the earth pressures on facing walls.

Other research which should be made in the analysis and behaviour of soil nailing are:
(1) an application of soil nailing into clay; recent developments of soil nailing technique in
practice require investigation of the possibility of soil nailing in a wide range of ground
conditions. The influence of pore water pressure and cohesion on the behaviour of nailed
slopes should be examined and considered in design.

(2) a method for predicting the horizontal displacements of the facing wall during and after
the excavation of slope; unlike displacement of geosynthetic reinforced walls, in which the
majority of the displacement will be caused by that of extension of the reinforcement, slip
between the soil and nail is a dominant source of the displacement in soil nailing. The finite
element methods will play an important role for this purpose since the method is able to take
into account the construction sequence and the constitutive equations of the soil. A precise
estimate of the interaction parameter k; between the soil and a nail should be important in the
modelling of a nailed slope.

(3) consideration of an appropriate factor of safety F_in the analysis of soil nailing; there
are two factors of safety proposed for soil nailing, the partial safety factor and the lumped
(overall) safety factor. The several possible failure modes of a nailed slope make the
establishment of the factor of safety F_ confusing.

(4) the behaviour of nailed slopes without facing wall.
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Fig.1.5 - Two wedge mechanism for limit equilibrium analysis
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Shear stress

sand G, €,ax € pnin & Domax Dy, Particle
size
(kNjr?) | (mm) (mm)
50/100 2.65 0.89 0.57 16.65 = (.18 0.15~0.2
14/25 2.65 0.79 0.49 17.50 =~ 0.8 0.6 ~1.18

Table 2.1 - Summary of the properties of the Yellow Leighton Buzzard Sands
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Fig.2.5 - Direct shear test data for sands

50/100 dense 50/100 med. dense 14/25 dense

Friction angle ¢, 39° 36° 48°

Dilation angle 15° 10° 26°

Table 2.2 - Summary of the properties of the test sands
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Test Nail length | Diameter | Surcharge | Peak force f y*
<m£n> o | iy | 05
R1-1 200 1.7 22.7 449 2.81 3.47
R1-2 200 2.1 22.7 543 2.75 3.40
R1-3 200 2.7 22.7 63.8 2.51 3.10
R1-4 200 33 22.7 76.1 2.45 3.02
R1-5 200 3.9 22.7 86.2 2.35 2.90
R1-6 200 4.7 22.7 96.8 2.19 2.70
R1-7 200 59 22.7 111.6 2.01 2.48
R1-8 180 1.7 22.7 39.0 2.7 3.35
R1-9 150 1.7 22.7 33.2 2.77 3.42
R1-10 90 1.7 22.7 19.1 2.66 3.28
R1-11 200 1.7 5.6 11.9 3.00 3.70
R1-12 200 1.7 11.0 22.7 2.93 3.62
R1-13 200 1.7 16.2 32.5 2.85 3.52

Table 3.1 (a) - Pull-out tests of stiff - rough nail (50/100 dense sand)




Test Nail length | Diameter | Surcharge | Peak force f /f
e oy | iy |6
R2-1 200 1.7 22.0 32.4 2.03 2.80
R2-2 200 2.1 22.0 36.9 1.87 2.58
R2-3 200 2.7 22.0 46.2 1.82 2.50
R2-4 200 33 22.0 543 1.75 2.41
R2-5 200 3.9 22.0 61.2 1.67 2.30
R2-6 200 4.7 22.0 72.0 1.63 2.24
R2-7 200 5.9 22.0 85.9 1.55 2.14
R2-8 180 1.7 22.0 28.5 1.98 2.73
R2-9 150 1.7 22.0 24.9 2.08 2.86
R2-10 90 1.7 22.0 14.2 1.98 2.72
R2-11 200 1.7 6.7 9.8 2.01 2.76
R2-12 200 1.7 10.3 15.3 2.04 2.81
R2-13 200 1.7 15.5 22.7 2.02 2.78

Table 3.1 (b) - Pull-out tests of stiff - rough nail (50/100 medium dense sand)



Test

Nail length

Diameter

Peak force

Surcharge u
D o} F
() (mm) | (k) W)
R3-1 200 3.0 23.2 107.5 4.10 3.69
R3-2 200 3.5 23.2 111.9 3.92 3.53
R3-3 200 3.9 23.2 131.6 3.86 3.48
R3-4 200 4.4 23.2 146.6 3.81 3.43
R3-5 200 5.0 23.2 160.4 3.67 3.30
R3-6 200 5.8 23.2 184.6 3.64 3.28
R3-7 180 3.0 23.2 96.8 4.10 3.69
R3-8 150 3.0 23.2 82.6 4.20 3.78
R3-9 90 3.0 23.2 479 4.06 3.66
R3-10 200 3.0 16.7 77.2 4.09 3.68
R3-11 200 3.0 11.5 54.3 4.18 3.76
R3-12 200 3.0 6.1 27.9 4.04 3.64

Table 3.1 (c) - Pull-out tests of stiff - rough nail (14/25 dense sand)




Test Nail length | Diameter | Surcharge | Peak force f ,u*
[ D o, F
(mm) | mm) | ) | D
S1-1 200 2.0 22.7 4.9 0.26 0.32
S1-2 200 2.6 22.7 6.6 0.27 | 0.33
S1-3 200 32 22.7 7.7 0.26 0.32
S1-4 200 4.0 22.7 9.9 0.26 0.32
S1-5 200 5.2 22.7 12.7 0.26 0.32

Table 3.1 (d) - Pull-out tests of stiff - smooth nail (50/100 dense sand)

Test Nail length | Diameter | Surcharge | Peak force f ‘u*
<mfn> ) ki) o

S3-1 200 2.0 23.2 5.7 0.33 0.30

S3-2 200 2.6 23.2 7.0 0.31 0.28

S3-3 200 32 23.2 9.0 0.32 0.29

S3-4 200 4.0 232 11.1 0.32 0.29

S3-5 200 52 232 14.6 0.32 0.29

Table 3.1 (e) - Pull-out tests of stiff - smooth nail (14/25 dense sand)

Test Nail length | Diameter | Surcharge | Peak force f u
) D o, F
(mm) | (o) | vy | @
F1-1 200 3.7 22.7 65.4 1.88 2.32
F2-1 200 3.7 227 73.1 2.10 2.89
F3-1 200 5.0 23.2 107.9 2.47 2.22

Table 3.1 (f) - Pull-out tests of flexible - rough nail
(50/100 dense and medium dense sands and 14/25 dense sand)




Test Diameter Length Angle Surcharge Toxr f =

D I 0 o, tan &

(mm) (mm) (deg) (kN/m>) (kN/m?)

D1-1 2.7 63.5 25 203 0.72 0.88
D1-2 3.9 63.5 25 20.3 0.91 0.78
D1-3 5.9 63.5 25 20.3 1.24 0.70
D1-4 7.8 63.5 25 20.3 1.50 0.64
D1-5 10.5 63.5 25 20.3 1.90 0.59

Table 3.2 (a) - Detail of reinforced direct shear tests (50/100 dense sand)

Test Diameter Length Angle Surcharge Toxr f* =
D Iy S o, tan
ol
(mm) (mm) (deg) (kNim®) | (kNIm?)
D2-1 2.7 63.5 25 20.3 0.55 0.81
D2-2 3.9 63.5 25 20.3 0.72 0.73
D2-3 5.9 63.5 25 20.3 0.95 0.64
D2-4 7.8 63.5 25 20.3 1.16 0.59
D2-5 10.5 63.5 25 20.3 1.35 0.51

Table 3.2 (b) - Detail of reinforced direct shear tests (50/100 medium dense sand)

Test Diameter Length Angle Surcharge Teyr f* =

D I 3] o, tan &

(mm) (mm) (deg) (kN/m>) (kN/m?)

D3-1 3.0 63.5 25 20.3 1.12 0.90
D3-2 3.9 63.5 25 20.3 1.34 0.83
D3-3 5.0 63.5 25 20.3 1.57 0.76
D3-4 8.4 63.5 25 20.3 2.16 0.62
D3-5 11.6 63.5 25 20.3 2.64 0.55

Table 3.2 (¢) - Detail of reinforced direct shear tests (14/25 dense sand)
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Plate 3.1 - Instrumented nail (before glueing sand on the surface)
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Fig.3.8 (a) - Rupture pattern around the rough reinforcement in 50/100 dense sand

Fig.3.8 (b) - Rupture pattern around the smooth reinforcement in 50/100 dense sand



Fig.3.8 (c) - Rupture pattern around the rough reinforcement in 14/25 dense sand
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Fig.3.19 - Results of the direct shear tests of nailed sand and interface tests
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Fig.3.20 - Possible decrease of friction between soil and nail in active zone



R'=R+h/3, tan@_=g/(Rw")

Resultant force

Fig.4.1 - Overview of centrifuge acceleration field
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Fig.4.2 - Error due to pseudo-vertical direction in centrifuge model
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Fig.4.3 - Simple anchor theory proposed by Bolton ef al. (1978)
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Fig.4.4 - Stress - strain characteristics of the prototype and model geotextiles in the
centrifuge test (after Ovesen, 1984)



Quantity Full scale : model at Ng
Length 1:1/N
Acceleration 1:N
Area 1:1/N?
Volume 1: 1N
Mass 1:1/N
Force 1: 1/N?
Stress 1:1
Strain 1:1
Displacement 1:1/N
Frequency of loading 1:N
Density 1:1
Time of creep 1:1
Time of inertial effect 1:1/N
Time of fluid flow 1:1/N?

Table 4.1 - Scaling factors between prototype and model
(modified from Craig, 1983)




Acutronle 661 Geotechnical Centrifupe

Specification

Radius

Capacity

Package volume

Haximum operati{ing

unbalance

Slip rvings

Hydraulic Jolint

1.8 to swing (typlcal working radius
mode] centroid 1,6m)

200k @ 200 pravities (340 rpm)
A00p @ 100 pravities

500 x 700 x 500mm high

200 (le 10kp @ 200g)

80 @ 1A (fustrumentation signals)
20 @ 10A (power/control)

4@ 15hars  (alr/water)
L @ 200bavs (oll, liquid COy)

to

Table 5.1 - Mechanical detail of the geotechnical centrifuge at City University




Markers buried in the sand

Plate 5.1 - Overview of the centrifuge test



Reservoir and solenoid valve on the swing

Plate 5.1 - Overview of the centrifuge test
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Fig.5.1 - Prototype test carried out in Germany (after Gassler, 1987)



d),cv
(deg)

35

o
(deg)

40.5

Dsq
(mm)

0.3

Ip
(%)

62

0.83

Yd
(kN/m?)

14.8

Ye
(kN/m?)

15.6

Table 5.2 - Properties of sand in the prototype test (after Gassler, 1987)
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Fig.5.3 - Comparison of the flexible number p between the prototype

and the centrifuge tests
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Fig.5.4 - Effect of side friction on the active earth pressure coefficient K
(after Bransby and Smith, 1975) ¢
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Fig.5.8 - Typical history of the centrifuge acceleration at N, < 30g



Test B | Nail Nail Nail wall Wall Ny
[ Rough- I stiff- Rough-
) | (em) ness () ness ness €9}
A6.5-F-R | 80 | 6.5 Rough 0 Flexible [ Rough 30
A6.5-R-R 80 | 6.5 Rough 0 Rigid Rough 36
A'6.5-R-R | 80 | 6.5 Rough 10 Rigid Rough 45
A7.0-R-S | 80 | 7.0 Rough 0 Rigid Smooth | No
Al18-F-R 80 | 18.0 | Smooth 0 Flexible | Rough 33
A18-R-R 80 | 18.0 | Smooth 0 Rigid Rough 30
A20-F-S 80 | 20.0 | Smooth 0 Flexible | Smooth | 72
A'20-F-S 80 | 20.0 | Smooth 10 Flexible | Smooth | 56
A20-R-S 80 | 20.0 | Smooth 0 Rigid Smooth | No
A'20-R-S 80 | 20.0 | Smooth 10 Rigid Smooth | 64
A20-R-R 80 | 20.0 | Smooth 0 Rigid Rough | No
A20-F-R 80 | 20.0 | Smooth 0 Flexible Rough No
A*18-F-R | 80 | 18.0 | Smooth 0 Rigid Rough 24
Proto-F 80 | 10.0 | Rough 0 Flexible Rough No
11.6
Proto-R 80 | 10.0 Rough 0 Rigid Rough No
11.6

V7.0-F-R %0 | 7.0 Rough 0 Flexible Rough 30
V'7.0-F-R | 90 | 7.0 Rough 10 | Flexible | Rough 30
V7.0-R-R | 90 | 7.0 Rough 0 Rigid Rough 30
V8.0-F-S 90 | 8.0 Rough 0 Flexible | Smooth | No
V8.0-R-S 90 | 8.0 Rough 0 Rigid Smooth | No
V8.0-F-R 9 | 8.0 Rough 0 Flexible Rough 73
V8.0-R-R | 90 | 8.0 Rough 0 Rigid Rough No
V8.5-R-S | 90 | 8.5 Rough 0 Rigid Smooth | No

V20-F-S 90 | 20.0 | Smooth 0 Flexible | Smooth 1
V23-F-S 90 | 23.0 | Smooth 0 Flexible | Smooth | 30

Table 6.1 - Summary of centrifuge tests of nailed slopes
and the observed failure acceleration Nf
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Plate 6.1 Development of failure surfaces observed in the centrifuge tests
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Fig.6.1 - Development of failure surfaces in the nailed slope
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Fig.6.3 (a) - Influence of draining of water on the displacements of the facing wall
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Fig.6.3 (b) - Influence of draining of water on the vertical displacements
of the upper ground surface
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Fig.6.4 - Horizontal displacements 3, of the facing wall after draining of the water
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Fig.6.4 - Horizontal displacements b, of the facing wall after draining of the water



(mm)

Height of wall

200

(30g)”

(60g)™

¥

150 Pt
"
//
//
/l

1004

5(H

O T T T T T T
0 0.2 0.4 06 0.8 1 1.2

Horizontal displacement of wall  (mm)

1.4

Fig.6.4 - Horizontal displacements 0, of the facing wall after draining of the water
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Fig.6.4 - Horizontal displacements 3, of the facing wall after draining of the water
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Test ¢ = 41° ¢ = 36°
ro 8, X, Y, ro B X, Y.
(cm) (cm) | (cm) (cm) (cm) (cm)
A6.5-F-R 29.78 1.029 | -2.2 45.4 32.72 0.942 -6.2 46.2
A6.5-R-R 27.12 0977 | -3.0 42.3 29.70 0.890 -6.8 43.0
A'6.5-R-R 27.12 0977 | -3.0 42.3 29.7 0.89 -6.8 43.0
A18-F-R 26.10 0977 | -2.2 41.5 28.82 0.890 -5.8 42.2
Al18-R-R 26.10 0977 | -2.2 41.5 28.82 0.890 -5.8 42.2
A20-F-S 28.31 1.012 | -1.9 439 30.94 0.925 -5.6 44.6
A'20-F-S 28.31 1.012 | -1.9 43.9 30.94 0.925 -5.6 44.6
A20-R-S 24.70 0.977 | -0.8 40.4 27.25 0.890 -4.2 41.0
V7-F-R 50.42 1.012 | -16.9 | 62.7 55.17 0.925 -23.5 64.0
V'7-F-R 50.42 1.012 | -169 | 62.7 55.17 0.925 -23.5 64.0
V7-R-R 31.63 0.907 | -10.2 | 448 34.67 0.820 | -14.4 45.2
V8-F-R 25.47 0.89 -6.2 39.6 28.38 0.802 -9.8 40.2
V20-F-S 36.84 0.942 | -12.5 | 49.6 40.40 0.855 -17.2 50.4
V23-F-S 26.52 0.855 | -8.6 40.0 29.37 0.768 -12.4 40.2
Table 7.1 (a) - Shapes of failure surface of logarithmic spiral
observed in the centrifuge tests
Test ¢ =41° ¢ = 36°
ro 8, X, Y, To B X, Y.
(cm) (cm) | (cm) (cm) (cm) (cm)
A7-R-S 27.12 0.977 -3.0 42.3 29.70 0.890 -6.8 43.0
A20-R-S 24.70 0.977 -0.8 40.4 27.25 0.890 -4.2 41.0
A20-R-R 24.70 0.977 -0.8 40.4 27.25 0.890 -4.2 41.0
A20-F-R 24.70 0.977 -0.8 40.4 27.25 0.890 -4.2 41.0
V8-F-S 20.82 0.802 -5.4 35.0 23.07 0.715 -8.4 35.1
V8-R-S 20.82 0.802 -5.4 35.0 23.07 0.715 -8.4 35.1
V8-R-R 25.47 0.890 -6.2 39.6 28.38 0.802 -9.8 40.2
V8.5-R-S 43.47 0.977 | -14.8 | 558 46.28 0.890 | -19.6 55.6

Table 7.1 (b) - Shapes of analyzed failure surface of logarithmic spiral
which has the minimum factor of safety
in the centrifuge tests

F s)min

(in case of uncollapsed nailed slopes)
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