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ABSTRACT: This paper pertains to the development of a new method of automated optimum design of soil -
nailed slopes by extending the limit equilibrium formulation, considering the effect of tensile resistance of the
reinforcement. Both overall and intemnal equilibrium are considered in computing the stability of nailed
slopes. The quantity of steel requirement for raising the factor of safety to a desired value is minimized with
respect to the location, size (length and diameter), orientation and the location and shape of the critical shear
surface. The solutions have been isolated by formulating the problem as one of non-linearing programming.
The applicability of the developed method has been verified by comparing the predicted failure surfaces with

those reported model test results.

1 INTRODUCTION

Several methods are being used for analysis and de-
sign of nailed slopes, such as the Davis method
(Mitchel and Schlosser, 1979), the German method
(Stocker et al., 1979), the French method (Schlosser,
1982), the method developed by Glasser and Gude-
hus (1981) and the lanematic limit analysis approach
(Juran et al., 1990). The nails can be placed either
horizontally or inclined. Lesniewska (1992) has
shown that the inclination of reinforcement plays a
significant role in modifying the stability of nailed
structures. Optimal placement of reinforcement for
minimizing cost of construction has drawn the atten-
tion of researches. Anthoine and Salencon (1989)
have designed the optimal location and length of
nails considering a single layer of reinforcement.
Sabahit et al. (1995) have developed a generalized
method based on Janbu's generalized procedure of
slices (1973) for the optimal design of nailed slopes.
Neglecting the soil-nail interaction in theactive zone
and considering only the overall equilibrium they
have estimated the total reinforcement force required
to raise the factor of safety to a desired value by
treating the orientation of nails and distribution of
ff%mfor_cement forces as design variables, The studies
Tegarding the optimal location, length, diameter and
orientation of nails in a nailed soil slope have not
been given due attention. ’ :

Hence, in this paper, such a study has been un-
dertaken and examined considering both internal and
overall equilibrium of the slices which should not be
;gnore.ad. in such study. The quantity of steel required
Or raising the factor of safety to a desired value is
Minimized with respect to the location, size (length
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and diameter) and orientation of nails and the loca-
tion and shape of the critical shear surface which has
not been attempted so far.

2 STATEMENT OF THE PROBLEM

Figure 1 shows a reinforced slope (Height H, slope
angle B) with a tension crack at 'a’ and subjected to
external loadings (Ta, Ea, To, Ey, P, q, Q). The ten-
sion crack may be filled with water. The assumed
general slip surface, the line of thrust and a typical
slice are also shown in the same figure. In contrast in
the present formulation a more generalized case of
force mobilization has been considered. The forces
considered in each slice are shown in Figures 2(a) &
2 (b) respectively. To avoid confusion, the various
possibilities of nail position are shown separately in
those two diagrams (Figures 2(a) and 2(b)) instead
of crowding it in one diagram only. E and T are the
interslice normal and shear forces respectively; G;
and T; are the normal and shear stresses on the base
of a typical slice respectively. In the same figures,
Ax; is the slice width, h; - slice height; o; - angle
made by the base of the slice with the horizontal;
AL; - base width of the slice, AP; - the external load,
qi - surface load and AQ; is the earthquake force;
(AW,); - weight of the slice; (h;); assumed position of
thrust line; (zg); -assumed position of the seismic
force (AQ;), ajj - the perpendicular distance of the
point of application of j™ reinforcement force with
respect to the point ‘O' in i™ slice, 6; is the inclina-
tion of " reinforcement with the horizontal.

The notations for the force systems as shown in
Fig, 2(a) and 2(b) have been chosen for the present
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Figure 2(a). Forces acting on a typical slice.
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Figure 2(b). Forces acting on a typical slice.
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formulation of considering internal equilibrium in
addition to overall equilibrium. The objective is to
design the slope for a desired factor of safety using
minimum amount of steel for the nails which will
lower the cost of the project. As such, it is necessary
to derive expressions for the factor of safety and the
amount of steel required for nailing to achieve the
desired factor of safety and to determine the most
general critical slip surface without any a-priori as-
sumption regarding its shape. Thus, it is necessary to
identify the objective function, the design constraints
(both side constraints and behaviour constraints) so -
that the obtained slip surface is kinematically possi- .
ble and the solution obtained is physically mean-
ingful.

3 FORMULATION

The general formulation of the problem stating iden- .
tification of the design variables, the objective func-
tion and its derivation, the design constraints, are
discussed and presented. The factor of safety of a
nailed slope has been derived considering both in-
ternal and overall equilibrium (Patra, 1998). Consid-
ering the static equilibrium of the slice [Figures 2(a)
and 2(b)], the following expression for the factor of
safety (F) has been obtained.

T4
=l
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[AFgSl’j = (FSS )i’j —[ngl_,j ®)
| (AFss Ji, i (Fss Ji, j —lFss )i+1, j ©)
lAFbS J;,J = (FbS Jl,_] - lFbs )I+ L] ’ - (10)
(Angl_, E = (Fbg )i’ i (Fg bji, ; an

In the Figure the following notations have been used
for the force systems if the internal equilibrium is
adopted in the present analysis.

(F g s). _ =traction force at slope face in jth nail
L

which cuts both ground and i interslice face
(F s g) = traction force at i" interslice face in
ij

jf"l nail which cuts both slope face and i"" interslice
ace

F - ; . \thos :
ss )i+l,j traction force at (i +1)"" interslice

= -th . . . .
f?'oe in " nail which cuts both vertical faces of i
slice,

(F sb )i, j = traction force at (i + l)rh interslice face

. . h . .
in j" nail which cuts both base and (i + 1" interslice
face of i glice
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[Fbs ) = traction force at base in j" nail which cuts
i,j

both base and (i + l)lh interslice face of i slice

(Fbg

nail, which cuts both slope face and base of i*" slice

) = traction force at base of i slice in j
i,j

(F bj = tractjon force at ground of i slice in j®
1 J

nail, which cuts both slope face and base of i slice.

The interslice normal and shear forces are deter-
mined for each slice. The expressions for the same
are not presented for the sake of space and bravity.

e =lr-7,_ Jaxs, (12)
Total volume of nails =
1
,
v =_7rl4Z(Lt) (dn)§ 13)
J=1
) =)+, (14)

Where, (L) = total length of jth nail,
(La); = Length of jth nail in the active zone,
(L»); =Length of jth nail in theresistive zone
and (d,); = diameter of " nail.

The design vector D™is

(15)

0156 5o errririserinies (6) ,,,. are orientation of nails,
are location of nails from top of slope, x;and x. are
initial and final x-co-ordinates of slip surface Z,
.......... Z,. are the z-co-ordinates of the slip surface
at point 2,.3,.... n-1, while n = number of slices used
, nr = number of reinforcement used

(L r) . ’(hn ) y ( Lr ) o are resistive lengths of

nails.
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Objective Vfunction F(D) in terms of design vector D'
is
FD)=f (D) (16)

The dual-objective function of the minimum volume
of steel required to achieve the factor of safety of the
slope to a desired value can be reduced to a single
objective function chosen in the following form :

F(D)=V, +Sf|(F ~Fd} 17)

where, S¢ = Scale factor and Fy = desired factor of
safety.

The following design constraints have been im-
posed for the physical and meaningful solutions.

¢ The diameter of nails should lie in an prescribed
interval.

e Minimum and maximum vertical spacing of
nails are specified within prescribed limits.

¢ Intersection of nails are avoided in the area of re-
sistive zone of consecutive nails.

o Theresistive length of each nail (considered as a

design variable) should be positive. _

¢ The resistive force in each nail (P;); with a factor
of safety (f;) is greater or equal to the mobilized
tension (Fp); in nail at the pomt of intersection
with slip surface.

e Normal and shear stresses generated at the base

of the slice should be positive to avoid genera-
tion of tension in the slope and inconsistent di-
rection of shear,

e Safety factor along interslice face should be
greater or equal to average safety factor.

e The critical surface should be concave when
looked from the top.

e Average factor of safety should be greater or
equal to the desired factor of safety. '

The above design constraints have been expressed in

the standard mathematical expression for the mini-

mization procedure.

31 Mzmmzzanon procedure :

The optimal solution is obtained by converting the
constrained problem to an unconstrained one by
blending the objective function with the constraints

to develop a composite function. Sequential un--

constrained minimization of the composite function
so obtained is carried out using Powell's conjugate
direction .method for multidimensional search in

- conjunction with quadratic interpolation technique

for unidirectional search.

‘P(D, r )= F(D)—— |
. - con

jZ_;gj(D)

__k ' (18) )

where 1, is a penalty parameter, whose value i
made successively smaller in order to obtain th
constrained minimization of F(D).

4 RESULTS AND DISCUSSION

In nailed soil structures, it is very important to pr .
dict the location of the slip surfaces correctly. Tl
potential of the present method has been demo
strated by comparing the predicated slip surfac
with those observed by Kitamura et al., (1988) frc
tests conducted on model reinforced slope. T
model was made by compacting 15 cm thick lay
of sand in a steel box, placing the reinforcing me
bers in locations before compaction. The mor
slope had a-width of 900 mm, a height of 750 m
and length of 2100 mm. The front and side gradie
of the slope where kept as 1:0.3 and 1:0.6 The pr
erties of the soil used for the test are as follows:

Maximum particle size: 29 mm, gravel conte

- 24%, fine particle content: 13%, specific gravity
particles: 2.65, natural mositure content: 11% 1
weight: 20 KN/M™ void ratio: 0.47, cohesion i in
cept: 15 kN/m®, angle of shearing resistance: 33°.

Aluminium remforcmg strips of 450 mm long
mm wide and 2 mm thick were used. You
modulus of aluminium foil was 7.03 x 10 kPa.
vertical and horizontal spacings of the reinfo
ments were 0.225 m. The reinforcing elements 1
placed horizontally.

The maximum surface load to cause failure i
ported to he 290 kN/m>. The predicted critical
surfaces for the case of horizontal reinforcement
presented in Fig. 3 along with those predicte -
Sabahit (1994) and ‘observed by Kitamura el
1988. The observed slip surface passes above th,
and almost at the level where the lower most nai
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. Figure 3. Comparison of critical surfaces,
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been inserted. Sabahit (1994) predicts a zone of fail-
ure surfaces for this case. From his analysis it is evi-
dent that except for the lowermost failure surface,
the lowermost nail is ineffective.

In the present method, (considering internal and
overall equilibrium) the most part of the predicted
surface lies within the soil mass bounded by ob-
served failure surface (Kitamura et al,, 1988). But, at
the lowerpart, the predicted surface is much below
the lowermost nails. The lowermost nail is therefore
effective and contributes to the improvement of sta-
bility of slope by reinforcing action. The total length
of nails and the individual length of nails predicted
by using the present method are not the same as used
in model tests or as predicted by Sabahit (1994).
More resistive length will be required in the upper
part of the slope as compared to the lower part as the
tensile forces mobilized in nails at the point of inter-
section of nails with the critical surface are more at
the upper part of the slope. Accordingly for fixed
orientation and size of reinforcements, the inclusion
length to be provided to achieve the desired factor of
safety is different. Hence for this slope, with hori-
zontal reinforcements, the revised length of the indi-
vidual nails has been computed for the factor of
safety equal to unity and presented in Table 1. Even
if more nail length is provided than the required one,
the factor of safety cannot be increased further, be-
cause for a given size and orientation of inclusion,
the tensile force mobilized depends only on its
length in active zone.

Table 1. Comparison of predicted nail length

No Provided length Computed length
(m) : (m)
Kitamura et.al., (1988) Present Mehtod
1. 0.45 0.76
2. 0.45 0.58
3. 0.45 0.15

5 CONCLUSIONS

Based on the results and discussion presented the
following conslusions are drawn:
Conversion of the multi objective problem to a

single objective problem and introduction of a scal-
Ing factor proved to be successful. Consideration of

mternal equilibrium in addition to overall equilib-
rum significantly alters the position of the critical

slip surface and thus affects the nail volume required
to achieve a desired factor of safety. Other parame-

/ ters remaining the same, there exists a certain length

of individual nail in resistive zone beyond which the
stability of a given slope can not be increased fur-
ther.
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