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CENTRIFUGE MODEL TESTS OF NAILED SOIL SLOPES

Kousi TEP, R. NEIL TayLor!?) and GEORGE W. E. MILLIGAN!D

ABSTRACT

This paper presents the results of 24 centrifuge model tests of nailed soil slopes and vertical walls, constructed out
of dry Leighton buzzard sand. The walls were initially supported by fluid pressure from flexible rubber bags against
the face, and excavation was modelled by gradually draining the fluid from the bags. The finished model walls were
200 mm high and were initially tested at 30 g acceleration to correspond to a prototype structure 6.0 m high. If failure
was not obtained, the acceleration was increased progressively to a maximum of 80 g. No surcharges were applied.

The main parameters varied in the tests were the wall slope, nail length, nail surface roughness, nail inclination, fac-
ing stiffness and facing roughness. Observations were made of the mechanism of failure when it occurred, of soil pres-
sures on the facing, and of pre-failure deformations. Failure was always by pull-out rather than breakage of the nails,
and a series of pull-out tests of the model nails was conducted to aid interpretation of the results.

Failure surfaces were seen to have the shape of logarithmic spirals, and limit equilibrium analyses based on these sur-
faces agreed well with experimental observations. Prior to failure, earth pressures on the facing compared reasonably
well with those calculated by Coulomb’s method, except at the base of the wall. One test set out to model a full-scale
trial wall, and although the construction process could not be exactly modelled in the small-scale centrifuge tests, com-
parisons were sufficiently good to give confidence in the model test results.
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Results of their experiments showed good agreement
with their proposed design method, using a limit equilibri-
um analysis which assumed parabolic failure surfaces in
the nailed slope. Stewart (1990) investigated the effect of

INTRODUCTION TO MODEL TESTING

Introduction
In earth structures, including nailed slopes, the prin-

cipal body force which governs deformation and failure
is the self weight of the soil. The main advantage of using
centrifuge model testing is that an artificially high acceler-
ation field is applied which makes the model material
heavier, so that the magnitude and distribution of stress
are the same in the model as in the full scale prototype.
Thus a centrifuge test can take into account correctly the
influence of stress level on the values of friction angle
and shear modulus G of the model sand and between the
soil and a nail (Garg, 1992). Another important advan-
tage of the centrifuge is that loading on the upper ground
surface is not required to cause collapse of a given nailed
slope. This is important since the shape and location of
the failure surface are strongly dominated by the bound-
ary conditions of the loading.

Shen et al. (1982) may have been the first researchers to
use centrifuge techniques to investigate soil nailing.

nails in heavily overconsolidated kaolin using a cen-
trifuge, and found that the mobilization of axial forces in
the nails was closely related to the dissipation of negative
pore water pressures induced during excavation of the
slope. A series of dynamic centrifuge tests was conducted
by Tufenkjian et al. (1992). They showed the excellent sta-
bility 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 of a reinforced soil wall, and their
main conclusions were:

(1) the peak tension in the zone behind the lower quart-
er of the facing wall is smaller than that predicted
by Rankine’s active earth pressure,

(2) evenif one reinforcement breaks due to tension, the
reinforced soil wall can sustain the earth pressure,
as stress re-distribution occurs in the soil,
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166 TEI ET AL.

(3) as Santamarina (1987) pointed out later, the conven-
tional trapezoidal distribution of vertical earth pres-
sure beneath the reinforced block is shown to be con-
servative for estimating the lateral earth pressures
on the facing wall.

Jaber (1989) performed centrifuge tests and showed
that the stability of a reinforced soil wall was affected by
the bending stiffness, longitudinal stiffness and continui-
ty of its facing, and suggested simple design methods
against the breakage of reinforcement based on the
results of the tests, whereby

Fs=1—’m"’— )
E‘ a H 2Sh

where F, is the safety factor, # is the number of reinforce-
ments in the cross section, T, is the tensile strength of
the reinforcement, K, is the Rankine earth pressure
coefficient, H is the wall height, and S, is the horizontal
spacing of reinforcement. However, because Eq. (1) does
not take into account the shape of the failure surface and
failure by pull-out of reinforcement, limitations in ap-
plying Eq. (1) still remain. Yoo (1988) carried out a num-
ber of centrifuge tests on reinforced soil walls, and con-
cluded that the existing design methods for reinforced
soil walls appeared to be on the safe side.

Consideration of Similarity Laws for Centrifuge Tests
When the physical scale of a prototype is reduced in a
centrifuge model, similarity laws relating the prototype
and the model should be established and satisfied as far
as is practicable. Gassler (1987) suggested the following
similarity law, based on considerations of bending

(Eal)m_ym ( 1 )
(ED)y ¥y
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where E,I and y are the bending stiffness of the reinforce-
ment and the unit weight of the soil, the suffices p and m
denote the prototype and centrifuge model respectively
and N is the scaling factor.

Tei (1993) derived an alternative similarity law by con-
sidering the stress and strain in a nail and the friction
along it:

(R.Eo),
(REm

where R, is the radius of the nail. Taniguchi et al. (1987)
and Ovesen (1984) derived the same similarity law as Eq.
(3) from different assumptions. On the basis of a simple
anchor theory (Bolton et al., 1982), the following similar-
ity laws for breakage at the connection between a nail
and the facing wall, and for the pull-out of nails, are ob-
tained:

(Tult)pzNz (&)2 f*)» _ 2%

(Tur)m D,)" (f*)m Dply
where T, is the tensile strength of a nail contained in a
body of soil with dimensions S, and S;, D and / are the di-

3)

C))

ameter and length of the nail respectively, and f* =1,/
On is the apparent friction coefficient for the nail. Here
Tmax and o, are the maximum shear stress and mean nor-
mal stress on the nail respectively.

EXPERIMENTAL PROCEDURE

Prototype wall

The general arrangements of the model walls for the
centrifuge tests were designed to correspond to a full
scale test performed by Gassler and Gudehus (1983), as
shown in Fig. 1. The prototype wall was 6.0 m high, with
a face angle of 80° to the horizontal, and contained five
rows of primary reinforcement. It was constructed in
uniform sand with the properties given in Table 1. Nails,
at an inclination I'=10° to the horizontal, were 22 mm di-
ameter deformed steel bars grouted into boreholes of di-
ameter 55 mm, at vertical and horizontal spacings of 1.1
and 1.2 m respectively. The wall facing consisted of shot-
crete 100 mm thick, with nail loads transmitted through
200 mm square steel plates. Instrumentation included
several earth pressure cells on the facing, inclinometers,
and strain gauges on the nails.

Model walls

The model walls were constructed with dry yellow
Leighton Buzzard 50/ 100 sand. This is a uniform quartz
laboratory sand passing the No. 50 sieve (0.21 mm) but
retained on the No. 100 sieve (0.15 mm). It is more im-
portant to obtain similar mechanical behaviour of the
model and prototype sands than to scale the particle sizes
exactly. A geometric scaling factor N=30 was chosen for
the centrifuge tests so that the diameter D of the model
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Fig. 1. Prototype test carried out in Germany (after Gassler, 1987)

Table 1. Properties of sand used in the prototype test (after Gassler,
1987)

D, Ds, o D
(%) | (mm) | (deg.) | (deg.)

0.83 62 0.3 40.5 35

Vi

(kN/m*) €

Ya
(kN/m?%)
14.8

15.6

Note: ¢/, =critical state friction angle obtained by triaxial compression
tests.
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CENTRIFUGE TESTS OF NAILED SLOPES 167

nails was not too small in comparison with the size of the
sand grains. The relative density D, of the Leighton Buz-
zard sand in the centrifuge tests was measured to be
about 88-93%, which is almost the same as that of the
sand (D.=92-94%) used in pull-out tests on the model
nails, described by Tei (1993). The width and height of
the walls were 192 mm and 200 mm respectively.

Two types of nail, of circular cross section, were used
for the centrifuge tests:—

(1) A rough-surface nail made from a stainless steel bar
with a diameter D=1 mm to which was glued a lay-
er of sand bringing the total diameter D, to 1.7 mm.
(2) A smooth-surface nail made of stainless steel bar
with a diameter D=3 mm; this diameter is almost
twice that of the rough nail, to avoid extremely low
pull-out forces.
With the scaling factor N=30, the nails with D=1 mm
and D,=1.7 mm nearly satisfy the similarity law in Eq.
(3) for the stress/strain of a nail. All nails in the cen-
trifuge tests were equipped with a circular head plate
made of steel with a diameter of 12 mm and thickness of
0.5 mm.

In order to investigate the influence of the thickness
and roughness of the wall facing on the stability of nailed
slopes, four types of facing were used to cover the whole
area of the slope surface. Flexible facings were made of
perspex with a thickness of £=0.6 mm, and stiff facings
of perspex with a thickness of /=5.2 mm; each of these
could be either smooth-faced or rough-faced, the latter
being obtained by gluing sand to the surface. From inter-
face tests, it was found that for a smooth-faced wall the
interface friction angle d,, was 15°, while for a rough-sur-

face wall J,, was 30°. At 30 g acceleration, the relative
stiffness of the flexible facing in the model (#=0.6 mm)
and the shotcrete facing of the prototype were almost the
same.

Centrifuge Test Procedure

The internal dimensions of the strong box used in the
centrifuge tests were 375 X 550 X 200 mm. The first stage
of sample preparation involved pluviating the sand in a
standard fashion, using a hopper with perforated plates.
After a sand layer of 70 mm thickness had been poured
in the lower part of the strong box, the wall facing with
25 nails was placed in the required position on the sand
layer (Fig. 2). The nails were inserted through 25 holes of
5 mm diameter in the facing. Pluviation of the sand be-
hind the facing was then completed. During this stage,
the wall facing was temporarily supported by shaped
wooden blocks. On completion of pluviation, support of
the facing was transferred to two rubber bags filled with
water, one each side of the instrument array in plan.

During tests, measurements were made of the earth
pressures on the facing, using five miniature earth pres-
sure cells, and of the horizontal displacements of the fac-
ing and vertical displacements of the upper ground sur-
face, using nine displacement transducers (LVDT type),
as shown in Fig. 3. The diameter and thickness of the
miniature earth pressure cells were 5 mm and 0.2 mm re-
spectively, and the cells were fixed on the back of the wall
facing. Extension rods passing between the two rubber
bags transferred horizontal movement from the central
part of the wall to the horizontal transducers mounted in
the gantry. Photographic measurements of the displace-
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Fig. 2. General arrangement of centrifuge test box
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Fig. 3. Arrangement of nails and instruments in centrifuge tests
Table 2. Details of centrifuge tests

st BC%) IIZI:rir{) Nail type I"N(ail) slji?’.?rilggs rolilagcli?lgss (sz)
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
A’20-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 10.0/11.6 Rough 0 Flexible ROUGH NO
Proto-R 80 10.0/11.6 Rough 0 Rigid ROUGH NO
V7.0-F-R 90 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 90 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
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CENTRIFUGE TESTS OF NAILED SLOPES 169

ments of markers placed in the sand were taken through
the perspex side wall of the strong box.

During the test, the centrifuge acceleration was first
gradually increased from 1g to 30g over a period of
about two minutes. Wall construction was then modelled
by draining the water from the two rubber bags through
8 mm diameter holes in their base to a reservoir, by elec-
trically opening a solenoid valve during flight. This took
about 20 seconds, while the acceleration was kept con-
stant at 30 g. If collapse of the slope was not observed af-
ter all the water had been drained from the rubber bags,
the acceleration was again increased gradually until
failure occurred or a maximum value of 80g was
reached.

RESULTS OF CENTRIFUGE TESTS

Failure Conditions

A total of 24 tests on nailed slopes was performed us-
ing the centrifuge. Details of the tests are summarised in
Table 2, together with the accelerations Ny at which over-
all failure or excessively large displacements of the nailed
slope were observed. In Table 2, 3, /, and I" are the angle
of the wall to the horizontal, the length of the nails, and
the angle of the nails to the horizontal respectively. All
failing slopes collapsed due to the inadequacy of the total
anchorage length of the nails beyond the failure surface,
rather than by tensile failure of the reinforcement. Ob-
served failure surfaces were well described by logarithmic
spirals passing through the toe of the wall, as shown in
Fig. 3. It was commonly observed during the tests as the
centrifuge acceleration increased that several minor
failure surfaces developed progresively, followed by the
collapse of the entire nailed slope. Although well-defined
shear bands, of thickness #=10-20 mm, developed along
the failure surfaces, it is interesting to note that the post-
test deformation of the nails which extended beyond the
failure surfaces showed no distinguishable bending defor-
mation. This result suggests that sharp bending of a nail
with significant plastic deformation, and consequently
large local shear forces in the nail, can be expected only
after excessive displacements have been allowed in the
nailed slope. However when using nails with small bend-
ing stiffness, plastic deformation of nails along the
failure surface could be significant.

Influence of Simulated Excavation

Results of the centrifuge tests are presented in Figs.
4(a)-(c), which show the relations between draining of
the water (simulating excavation), the elapsed time 7'
from the beginning of the tests, and (a) the horizontal dis-
placement of the facing, (b) the vertical displacement of
the upper ground surface, and (c) the horizontal earth
pressures on the facing wall, respectively. The horizontal
displacements J, of the facing during the increase in ac-
celeration from 1 g to 30 g were found to be nearly zero,
due to the external support provided by the rubber bags
filled with water. Both the horizontal displacements of
the facing and the vertical displacements of the upper
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Fig. 4. Typical progress of test during simulated excavation: (a)
horizontal displacements of facing, (b) surface settlements, (c)
earth pressures
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170 TEI ET AL.

ground surface are closely linked to the process of excava-
tion, and therefore to the earth pressure P, on the facing.
The reductions in earth pressure during excavation va-
ried with depth below the ground surface. A decrease in
initial earth pressure of more than 55% was observed in
the lower part of the wall, while the decrease was about
35-50% in the upper part of the wall. The average earth
pressure after excavation was about 50% of the initial
value.

Horizontal Displacements of the Facing

Typical horizontal displacements of the wall are shown
in Fig. 5, for the four types of facing: stiff-smooth, stiff-
rough, flexible-smooth and flexible-rough. One example
is given to show the increase in displacement as the effec-
tive gravity is increased above 30 g. For all of the cen-
trifuge tests shown, the largest horizontal displacements
were observed at the top of the wall, irrespective of the
stiffness and roughness of the facing, and length and
roughness of the nails. This observation is commonly
reported in practice, for example by Jones (1990). The
deflected shapes of the walls with flexible facings were
found to be very similar to those of flexible cantilever
sheet-pile walls in which the bending stiffness of the wall
is very significant (Bransby and Milligan 1975). The mag-
nitudes of the horizontal displacements observed in the
nailed slopes were, however, much less than those of flexi-
ble cantilever walls at 1 g for which horizontal displace-
ments of 4 mm to 15 mm at the top of the wall were ob-
served for a wall height of =300 mm with 14/25 dense
Leighton Buzzard Sand, (Milligan 1974). The most flexi-
ble wall used by Milligan was 3 times stiffer than the flexi-
ble facing in the current centrifuge tests. However, the
flexible cantilever walls produced more than 10 times the
horizontal displacements of the nailed slopes in the cen-
trifuge tests. It is, therefore, reasonable to suggest that in
a stable nailed slope the nails can decrease the magnitude
of the horizontal displacement of the facing in compari-
son with an unreinforced slope.

Another important feature of Fig. 5 is that some
horizontal displacement occurred at the bottom of the
walls, and these horizontal displacements were not

200
A7.0-R-5(60g) A7.0-R-S(80g)
A'65RR(30g) A6.5RR(30g)
~

150
g A18.0F-R(309)
E
= 1004
[
=
k<]
E
k=)
(]
2

50
o . : ’ : . ,
0 02 04 06 08 { 12 14

Horizontal displacement of wall  (mm)

Fig. 5. Profiles of horizontal wall displacements

negligible, especially for the flexible facing. This result in-

dicates that a nailed slope cannot be seen as a cantilever

wall nor a ground anchored wall, in which there is usu-
ally a point of fixity in the wall embedded in the sand.

For the flexible walls, the horizontal displacements com-

bine rotation, sliding, and bulging due to the bending of

the facing.

It is of interest to observe how the type of facing and
length of nails can affect the magnitude of the horizontal
displacements. Maximum horizontal displacements of
the wall for the four types of facing, after excavation at
an acceleration of 30 g, are shown in Fig. 6, and for differ-
ent lengths of nail in Fig. 7. The following trends are
shown in both figures:—

(1) Horizontal displacements are essentially indepen-
dent of nail length except that the smallest displace-
ments were obtained with long nails and a stiff fac-
ing. Since the maximum stress level of the soil in the
centrifuge tests is small compared to the tensile
strength and axial stiffness of the nail, most of the
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Fig. 6. Horizontal displacements related to facing roughness and flex-
ibility
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Fig. 7. Horizontal displacements related to nail length

NII-Electronic Library Service



CENTRIFUGE TESTS OF NAILED SLOPES 171

horizontal displacements of the walls were not
caused by the elongation of the nails, but by pull-
out of the nails due to the earth pressure.

(2) Roughness of the facing does not seem to affect the
magnitude of the displacement of the wall, although
there is a clear distinction between the stiff and flexi-
ble facings.

(3) For nailed slopes with a stiff facing, unlike those
with a flexible facing, the displacement ratios &8,/ H
are mostly in a range of 0.1-0.3%, as commonly
reported in practice.

(4) Therefore, in order to minimize the horizonal dis-
placements of the wall, it is reccommended that the
length of the nails, the friction between the soil and
the nails, and the bending stiffness of the facing be
increased.

From simple anchor theory (Bolton et al., 1982) ap-
plied to a smooth-faced vertical wall, equilibrium of the
axial forces on an individual nail is given by:—

K,0,8,S.=nDlt=nD 202+ b(o.)on (5)

where S,=3.65 cm and S,=4.00 cm are the vertical and
horizontal spacings of the nail in the tests, D=1.7 mm is
the diameter of the nail, K, is Rankine’s active earth pres-
sure coefficient, and 7 and o, (=22.7 kN/m?) are the
shear and vertical stresses on the nail, respectively. The
last part of this equation comes from fitting hyperbolic
curves to the results of pull-out tests. Values of ¢=0.022
cm?/N and »=0.120 cm?/N were obtained from pull-out
test data for a corresponding vertical stress (Tei, 1993),
and two possible values of friction angle ¢ (36° and 43°)
assumed. The horizontal displacements calculated using
this equation are also plotted in Fig. 7. It is clear that
both the length / of the nails and the friction angle ¢
strongly influence the calculated displacement of the
wall. Although the influence of the stiffness of the facing
was not considered, it appears that reasonable estimates
of the displacements in the centrifuge tests can be made
using Eq. (5), for walls with stiff facings. Displacements
of flexible walls are somewhat different because the earth
pressure distributions are somewhat different and the
deflection of the facing is not negligible.

Vertical Displacement of the Upper Ground Surface

Figure 8 shows the increments of vertical displacement
of the upper ground surface due to excavation at 30 g.
The limiting stress and velocity characteristics (Bransby
and Milligan, 1975) for the ideally smooth facing are also
shown for the vertical wall. Assuming that the direction
of the principal strain increment is vertical, velocity char-
acteristics are inclined at (45°—y/2) either side of verti-
cal. The vertical displacements observed were always lar-
gest at the LVDT closest to the facing, located 20 mm
from it, and gradually decreased further away from the
facing. There was little or no vertical displacement ob-
served at the LVDT furthest from the wall, which is locat-
ed outside the zone of the velocity characteristics.

The deformations of the soil behind a wall have been

V8.5-R-S —1—»

.
VBORR——w*"
VB.O-R-S—f—w—¥
V8.0-F-R——»%

&, (mm)

V8.0-F-S——»
0.5

velocity characteristics

N = 30g

stress characteristics

Vertical wall

Fig. 8. Surface settlement profiles

T Velocity field
/ B

T

TRIEIT A -—“—x x — '

(6h)base

Fig. 9. Calculations of surface settlements from facing displacements

found to be related to the deflection of the facing
(Milligan and Bransby, 1975). It can be shown that the
vertical displacement J, at any point within the region of
the velocity field, is given by

H
J,=tan (n/4—w/2){g 6(y) dy+(5h)base} (6)
Yo
where the various terms are as defined in Fig. 9. The incre-
ments of vertical displacement measured in the centrifuge
tests and those calculated from the observed movements
of the facing, at the point of the vertical LVDT No. 1,
are shown in Fig. 10, which includes results for both the
vertical and inclined walls. The agreement between the
measured and calculated vertical displacements is better
for the smaller vertical displacements, in the range of 0-
0.5 mm. Larger discrepancies between the results were
found for a range of J,>0.5 mm. It is surprising that
reasonably good predictions, especially for the small ver-
tical displacements, were made for the inclined walls as
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well as for the vertical walls using this 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
sheet pile walls with a rough surface, for which the veloc-
ity characteristics should be curved near the facing.

Earth Pressures on the Facing

Figure 11 shows typical examples of distributions of
the normalized earth pressure (p/Ny) at N=30 for the
four types of facing reinforced with rough nails of length
1=8.0 cm, where

p

Ny~ Kez- @)
In Eq. (7), p is the measured horizontal earth pressure on
the facing, y is the unit weight of the soil, K is the earth
pressure coefficient determined from Rankine’s theory,
and z is the vertical distance from the upper ground sur-
face. In the centrifuge tests, before draining the water at
30 g acceleration, slightly larger magnitudes of the earth
pressures were observed on the facing than the at-rest
values py, estimated by Jaky’s formula (1944) and assum-
ing a plane strain friction angle ¢,,=43°. This may be
due to the fact that the rubber bags, filled with water,
tended to push the facing into the slope. On the other
hand, after draining the water, very large decreases in the
earth pressures were observed. The centroid of the
horizontal earth pressure distribution is located at about
0.55H-0.6 H from the top of the wall, which is a little
higher than 2/3H for a hydrostatic distribution but
slightly lower than 0.5H-0.55H suggested by Terzaghi
and Peck (1948) for a strutted wall in sand. The active
earth pressures calculated by Coulomb’s theory, assum-
ing a hydrostatic earth pressure distribution, a friction an-
gle for the soil of ¢=43° and an angle of wall friction
0,=30° for the rough facing walls, are also shown in
Fig. 11. The Coulomb earth pressure is always conserva-
tive for the lower part of the wall, where the calculated
earth pressures are 20-50% larger than those measured,
but this is not usually the case for the upper and middle
parts of the wall. No distinct influence of the stiffness of
the facing was 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 pres-
sures on a reinforced soil wall will become nearly equal
to those calculated by Coulomb’s theory. While this ap-
proach was found to provide generally conservative total
earth pressures for the nailed slopes, individual nails in
the upper and middle parts of the wall may suffer larger
earth pressures than those calculated using Coulomb’s
theory. At the same time, the lowest nail does not neces-
sarily provide the lowest factor of safety for pull-out and
breakage of an individual nail. This indicates that:

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

(2) all the possible failure surfaces passing through the
middle and upper parts of the wall should be exam-
ined to check whether the quantity of nails can pro-
vide sufficient nail forces against the horizontal
earth pressures on the facing.

Comparison of Results between the Centrifuge and Pro-
totype Tests

Details of the prototype tests performed by Gassler
(1987), have been given above. The horizontal displace-
ments of the wall in the prototype test and centrifuge
tests after completion of excavation at the acceleration of
30 g are shown in Fig. 12. In the centrifuge tests, only the
rough facing walls are considered because the shotcrete
wall in the prototype test was assumed to be rough. For
these comparisons, the displacements of the prototype
test are scaled down by the factor N=30. The agreement
between the results of the prototype and centrifuge tests
is generally good. The displacement ratio for the proto-
type tests was Jx/ H=0.23%, which is in good agreement
with in-situ measurements.

It appears that in comparing the shape of the horizon-
tal wall displacements, the shotcrete wall in the prototype
tests is more closely modelled by the rigid facing than by
the flexible facing, although the magnitude of & is closer
to that for the flexible wall in the centrifuge tests. In the
prototype tests, the shotcrete wall exhibited bending
deformation as well as nearly 3 mm of horizontal dis-
placement at the bottom and 1.8 X 1072 rad of rotation
about its toe. The greater horizontal displacement ob-
served in the prototype test may be partly due to the
different construction sequences between the prototype
and centrifuge tests. In the former, the nails and shot-
crete facing were constructed in stages after excavation
of the slope, while all of the nails and the facing had al-
ready been placed in the slopes in the centrifuge tests.

Figure 13 compares the distribution of normalized
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Fig. 12. Horizontal displacements of prototype wall and centrifuge
models
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Fig. 13. Earth pressure distributions, prototype wall and centrifuge
models

earth pressure (p/Ny) in the centrifuge and prototype
tests, together with the Coulomb earth pressure distribu-
tions. Although the total magnitude of the normalized
earth pressures differed between the prototype and cen-
trifuge tests, the distributions of horizontal earth pres-
sure were similar for both in that earth pressures were
observed to be less than those calculated by Coulomb the-
ory, 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. Possible reasons
for this are:—

(i) some stress relief of the nailed slope due to excava-
tion had already occurred in the prototype test be-
fore the earth pressure cells were placed behind the
shotcrete wall;

(ii) the earth pressures were reduced by slight cohesion

in the soil;

there was a transfer of stress into the foundation
from the soil behind the wall. In fact, a reading of
zero was obtained from the lowest earth pressure
in the slope. Similar observations have often been
made from in-situ measurements, such as reported
by Plumelle et al. (1989).

(iii)

STABILITY ANALYSES OF THE CENTRIFUGE
TESTS

Failure Mechanisms

The data on the failure accelerations of the nailed
slopes are now compared with the results of a convention-
al limit equilibrium analysis based on the observed
failure mechanisms in the tests, with the objective of in-
vestigating the appropriate design procedure for soil nail-
ing. The development of several failure surfaces progres-
sively from the facing to the interior of the nailed slope
during the centrifuge tests suggests that it is necessary to
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find the most critical failure surface, with the smallest fac-
tor of safety (Fs) min, among many possible failure sur-
faces, instead of simply determining a unique failure sur-
face which produces the maximum total earth pressure
on the facing. The shapes of observed failure surfaces in
the centrifuge tests were precisely represented by
logarithmic spirals from the toe of the nailed slope to the
upper ground surface. The logarithmic spiral was also
found to be a suitable failure mechanism for reinforced
soil walls by Leschinsky (1992).

Prediction of Failure Accelerations from the Limit
Equilibrium Analyses
The apparent friction coefficient f* of the nails under
an applied vertical stress g, was determined, from pull-
out tests of a nail and direct shear tests of the sand, as:—
for 0kN/m?<g,<75 kN/m?,
Rough nails: f*=2.80—2.80%x1073. g,,
Smooth nails: f*=0.26—2.60%x10"*. g,
for 75 kN/m?<¢g,<250 kN/m?,
Rough nails:  f*=2.59—1.77x1073. (¢,—75),
Smooth nails: f*=0.24—2.57x107*. (,—75)
where, in the centrifuge tests, the vertical stress o, on the
nail is calculated as

g,=NyZ. ®

A range of 36° to 41° for the friction angle of the soil
was determined for the limit equilibrium analyses of the
centrifuge tests, for the following reasons (Tatsuoka
1987):—

(i) the average vertical stress at the mid-height of the

slope is 50 to 140 kPa, giving 36° < ¢4, <38°.

(ii) the angle of friction is affected by anisotropy, giv-
ing 41° <@g <44°.
progressive failure tends to reduce the angle of fric-
tion towards the critical state value, ¢.,=33°-36°
(Bolton, 1986).
These values represent lower and upper bounds on the
available soil strength. The stability of the slopes was esti-
mated from the following factor of safety Fi:

(iii)

total available nail force_ Tava

s— . - - . 10
total required nail force T,y (10)
The contribution of the shear resistance of the nail is ig-
nored in the total required force T,,, because bending of
the nails in the centrifuge tests was not observed. The
total available force T, is determined from the total
pull-out force of the nails beyond the failure surface as
Twe= Z Tii= Z 77—'-l)ili(a'm)i.flfk (l 1)
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. The mean
stress op, is approximately estimated using Jaky’s formu-
la (1944), as

_(1+Ko)a,

On 2 =0.6590,.

(12)

o

Fig. 14. Theoretical stability analysis

The total required force T,., which is necessary to stabi-
lize the slope is calculated using the force polygon for the
observed failure surface (Fig. 14). The derivation of the
equation of the logarithmic spiral from the observed
failure surface in the centrifuge tests was carried out by
trial-and-error.

To summarize, the following assumptions were made
in the analyses:—

(1) Friction angles of the soil were 36° and 41°, for the
lower and upper bounds, respectively.

(2) Location of the centroid of total required force T,
was at two thirds of the height H of the wall from
the upper ground surface.

(3) Angles of roughness for the wall facings were
9,=15° and 30° for the smooth and rough facings
respectively.

(4) Apparent friction coefficients £ * for the smooth and
rough nails for the corresponding vertical stresses
were derived from pull-out test data.

(5) Orientation of the nails was horizontal.

Figure 15 shows a typical relationship between the cen-
trifuge acceleration N from 30g to 80 g, the total re-
quired force T, per width of the horizontal nail spacing
(b=40 mm) for friction angles of 36° and 41°, and the
total available force 7,,. These calculations of the re-
quired forces T, and available forces 7,,, were based on
the failure surfaces observed in the centrifuge tests. On
the other hand, iterative calculations were required to ob-
tain the minimum factor of safety (F;) min and the corre-
sponding forces T,, and T,, for those tests in which
failure did not occur even after achieving 80 g accelera-
tion. Figure 15 also shows plots of the factors of safety
obtained from Eq. (10) using the two friction angles,
(Fs)ss, (Fs)ar; their average ((Fs)ae); and a point of ob-
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served failure acceleration. For all the centrifuge tests,
the actual failure accelerations were found to fall within
the range for which the calculated factors of safety lay be-
tween (Fy);s=1.00 and (Fy)s=1.00. However it should
be noted that a difference of only 5° in the friction angle
produces a difference in the factor of safety of 20 to 30%.

Figure 16 compares the average factors of safety (Fs)ove
with the existence of a failure of the slope for each test,
for centrifuge accelerations of 30g and 80g. In the
figure, the cross symbols indicate the failure of nailed
slopes at less than the given acceleration N g, while the
empty squares indicate stable nailed slopes at the given ac-
celeration. Similar plots may be constructed for inter-
mediate values of N. Generally the agreement between
the theory based on the limit equilibrium analysis and the
results of the centrifuge tests is excellent, though the theo-
retical calculations tend to be a little conservative for the
slopes with long nails. This close agreement indicates
that limit equilibrium analysis can be used accurately to
evaluate the factor of safety F; of a nailed slope when a
suitable failure mechanism, reasonable friction angle of
the soil and the correct peak pull-out forces for the nails
are used in the analysis. Further, the limit equilibrium
analysis can successfully take into account the influence
of the roughness of the facing, in the same way as in the
analysis of conventional retaining walls.

Failure of the Prototype Wall

In the prototype test carried out in Germany, a
uniform surcharge g was applied at the top of the nailed
slope, and achieved a value of ¢=100 kN/m? when the
wall collapsed. From the observed failure surface, as
shown in Fig. 17, the appropriate equation of a
logarithmic spiral was calculated as

r=4.97 exp [(6—0.881) tan ¢] (units: m) (13)

with the location of the pole 0 of the logarithmic spiral at
X.=1.0m and Y.=9.8m, and the friction angle
¢=40.5°. The effect of shear forces perpendicular to the
direction of the nails was ignored in the limit equilibrium
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Fig. 17. Failure conditions in the prototype wall test
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Table 3. Stability analysis for the prototype wall

Lower Lower Upper Upper
Row | L; | (L.); | bound bound bound bound
i (m) (m) T,y N, T N;
KN/m) | KN) | &N/m) | (KN)
1 3.0 0 — — — —
2 3.0 0.1 45 4.5 65 6.5
3 3.0 0.6 30 18 48 28.8
4 3.5 1.8 15 27 21.5 38.7
5 3.5 2.8 15 42 17.5 49
\ =915 Z=123.0

analysis, as discussed by Pedley (1990). The friction an-
gle between the shotcrete facing and soil was assumed to
be d,=3¢/4=30°. The location of the centroid of earth
pressure was taken at 2/3H (hydrostatic distribution)
from the observed earth pressures on the facing.

The total required force T, per horizontal nail spac-
ing (1.2 m) was calculated as 113.0 kN. The total meas-
ured horizontal earth-pressure force behind the shotcrete
facing was P,=80-90 kN/(1.2 m). Coulomb’s theory,
on the other hand, gives T,,=120.8 kN/(1.2 m), which
is very close to the value calculated from the logarithmic
spiral. Table 3 gives details of the estimates 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 corre-
sponding depth of the nails. For the lower and upper
bounds the values of 7, are 91.5 and 123.0 kN respec-
tively (per 1.2 m width), giving apparent factors of safety
against T,,, of 0.81 and 1.09. The average factor of safety
(Fy)ave for these upper and lower bound is 0.95; this calcu-
lated factor of safety is very close to F;=1.00 in the state
of limit equilibrium, and shows that a good prediction
could be made regarding the failure of the in-situ nailed
slope. This supports the applicability of the limit
equilibrium analysis for soil nailing, when accurate
values for the friction angle of the soil and the maximum
pull-out forces of nails are used in the analysis.

CONCLUSIONS

A series of centrifuge tests have been carried out on
model soil-nailed walls with vertical and near-vertical
faces. The failure surfaces were seen to have the shape of
logarithmic spirals, and limit equilibrium analyses based
on such surfaces were found to agree well with the ob-
served failures. Failure in all cases was due to pull out of
nails, rather than their breakage; significant bending of
the nails only occurred after failure of the slope, and the
analyses assumed only tensile forces in the nail, with
shear and bending effects negligible. Prior to failure,
measured earth pressures on the back of the wall facing
compared reasonably well with those calculated by
Coulomb’s method. However the pressures at the base of
the wall were less than calculated, and the line of action

of the resultant force consequently somewhat higher.

Peak pull-out resistance and load-displacement data
for the nails were obtained from a parallel series of small-
scale pull-out tests. These allowed calculations to be
made of wall displacements as well as failure conditions,
and again the agreement with the centrifuge tests was
reasonable. From the wall displacements, use of a simple
velocity (displacement) field in the soil allowed calcula-
tions to be made of the ground movements behind the
facing; these agreed reasonably well with the measured
surface settlements.

Although the scale of the models was small, and the ex-
cavation process could not be properly modelled in the
centrifuge tests, comparisons with a full-scale prototype
test were sufficiently good to give confidence in the
applicability of the model test results.
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