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Design of Safe Slopes After Failure During an Earthquake 
B. V. K. Lavania, A. D. Pandey, A. K. Singh and 
S. Singhal 
Department of Earthquake Engineering, University of Roorkee, 
India 

SYNOPSIS : Four slope slides took place, during a major earthquake, on the slopes of hill 
that has a paper mill complex on its top. The subsoil condition and engineering parameters 
for the site were evaluated at the time of construction of this complex and again after the 
earthquake for the purpose of designing safe slopes. However, both times the variation in 
the numerical values of shear parameters obtained by different tests was very wide and it was 
difficult to arrive at some conclusion. Therefore, on the basis of failure surface geometries, 
these was assessed by back analysis and design of safe slope carried out. 

A major eartlquake measuring 7. 0 on Richter Scale 
occurred in North-East region of India on August 6, 1988 
causing loss to life and property. In this eart:hplake 
four major land slides took place on the slopes of hill 
that has Nagaland Pulp and Paper Mill on its top. This 
site is located in a highly seismic region and in a heavy 
precipitation area in Nagaland having yearly rainfall of 
the order of 250 em. This paper presents the analysis of 
these slides and and design of the safe slopes for the 
site. 

'l1le problem of stability of slopes around the Pulp 
and paper mill cooplex is at four sections as shown in 
Fig. 1. The sl~ at sections 1-1, 2-2, 3-3, 4-4 were 
26.5° r 25°, 28.6°, and 33° respectively before earthquake 
whereas these slopes changed to 20°, 23°, 24°, and 32° 
due to the eartlquake. 
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SITE SUB-roiL <niDITIOO' 

Initially, soil investigations at the site were 
carried out at the time of construction of the cooplex 
in 1973-74. The aim was to detennine the soil profil at 
the proposed site as well as its variation and to 
evaluate the variation of insitu strength with depth over 
the area. It is rep>rted that dense layer of silty sand 
underlain by about 10 ft. thick very dense and hard 
glacial conglanerate consisting of 8 to 12 inches size 
red sandstone boulders in a matrix of red to white silty 
clay sand exists. This layer is in turn underlain by very 
dense golden brownish yellow sand and very hard bluish 
grey sandy silt. Below the coopacted layer is again 
reddish brown silty sand with presence of sandstone 
boulders. 

In 1989 bore holes up to depth of 30 metre were made 
at the site. It is seen fran the borelog data that the 
soil consists of mainly sandy silt, silty sand, clayey 
silt and silty clay with occasionally encountered layers 
of pebbles and gravels. The standard penetration test 
counts vary fran 2 to roore than 100. Fran these reBUlts 
it is inferred that the soil is mostly silt with sand. 

The strength properties of the soil at site were 
evaluated earlier by conducting direct shear test, 
triaxial test for UU, CU, a> conditions. These results 
are given in Table - 1.A & 1.B. 

The result-e show that for direct shear test, 
friction angle of the soil varies fran 19° to 35° as per 

earlier test and 23° to 29° as per test done recently. 

The cohesion parameter vary fran 0.0 to 0.15 kg/cm2 & 

0.05 to 0.12 kg/an2 respectively. As per earlier report 

the UU triaxial tests indicate value of angle of friction 

fran 0° to 3° and cohesion 0.10 to 0.75 kg/cm2 • The CU 

test gives these as 5° to 10° and 0.10 to 0.15 kg/em. The 

a> test gives 6° to 13° and 0.05 to 0 .• 15 kg/an2 • The 

triaxial test done in 1989 indicate the variation of ttl 

fran 10° to 17° and of C vary fran 0.018 to 0.11 kg/an2 • 
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T11BIE - 1.A 

RESULTS OF SHEAR PARAMETERS C & • 

SAMPLE mY KJISTORE DIRECT 'l'.RIAXl:AL SHEAR TEST a 3 =2 & 2.5 Kg/an2 

LOCATIOO DENSITY CXNl.'ENT SHEAR UNCXlNSOLIMTED o:::N9)LIDM'ED CXlNSOLIMTED 
(gm/cc) % TEST ~ ~ mAINED 

c • c • c • c • 
AT 1.56 25 0.11 23 0.33 0 0.1 6 0.1 7 

SEXm:CN 1.68 21 o.oo 33 0.10 3 o.o 10 
1-1 1.68 20 0.15 29 0.50 0 0.1 5.5 0.1 9 

AT 1.73 21 o.oo 35.0 0.75 0 0.1 10 0.10 9.5 
SEC'l'ICN 1.65 26 0.10 19.0 0.40 1 0.1 5 0.15 6.0 

2-2 1.57 27 0.10 26.5 0.45 0 0.1 6 0.10 7.0 

AT 1.65 22 0.12 27 0.35 0 0.10 10 0.05 13 
SEC'l'ICN 1.60 24 o.oa 29 0.30 0 0.15 7 0.1 8 

3-3 1.50 26 0.80 20 0.25 3 0.10 5 0.1 8 

C in kg/an2 and • in deg 

TABLE - l.B 

RESULTS OF SHEAR PARi\METERS C & • 

S.No. U:>cation Density ~isture Direct Shear Test Triaxial Shear Test 
of (~/cc) Content 

Semple Dry Wet (in%) Cohesion • Cohesion • 
(kg/an2> deg (kg/an2) deg 

1 AT 1.49 1.84 23 0.09 29 0.018 10 
2 SECTICN 1.65 2.00 21 0.12 27 0.080 17 
3 3-3 1.55 1.90 22 0.11 25 

1 AT 1.49 1.88 26 0.10 23 0.110 11 
2 SECTICN 1.42 1.82 28 o.o~ 28 0.060 15 
3 4-4 1.61 1.98 23 0.09 29 

N:Jl'E a) Semple were tested after 3 days soacking in water. 
b) • is Angle of Internal Friction. 

'l1le variation in the results is very wide and inspite of 
getting the test done recently it's difficult to arrive 
at sane reasonable values of shear parameters. The direct 
shear test being sinple could be considered m:>re 
reliable, give the indication that the • of soil is about 

25 °. However, the triaxial tests indicated it to be not 

m:>re than 15°. Generally the differeree between the 

triaxial test and direct shear test value is only of the 

order of 1° to 2°. However, it can be inferred fran both 

the test that cohesion in the soil is of very small 
magnitude. With these results, there seems to be no other 
choice with the designer except to go for back analysis 
to evaluate the soil shear parameters for design of safe 
slopes. 

Since the properties of soil varied untenably over a 
wide range and keeping in view the shear surfaces as 
observed at site the study consists of the following: 
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A. Analysis By Slip Circle Method: 

1. Perfonuing back analysis on slopes existing prior to 
eartlquake under the following conditions on all four 
sections to detennine the m:>st likely soil properties of 
the site. (Chaturvedi and Lavania, 1970) 

a) Horizontal seismic coefficient as 0. 0, 0. 05 and 
0.1 at the ~t of failure of slope, 

b) Pore pressure as 0%, 10% and 20% of the weight of 
material, 

c) Factor of safety bas been assumed to be 1. 0 under 
pseudo static condition. 

B. Analysis Of Slopes Using Finite Element Method 

It involves three steps; 
i) Detemination of major principal strains for 

sections 1-1 & 3-3. 

ii> Iocation of potential failure surface using major 
principal strain contours, and 
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iii> Coopari:ng factor of safety catp.Ited by finite 
element method with conventional slip circle method. 

c. Design Of safe Slope 

i) Designi119 safe slope fran the sets of soil 
parameters so evaluated. 

ii) Reccmnendations for the safe slopes. 

BACK ANALYSIS 

Back analysis of the slope with the knowledge of 
failure shear surface, provides reasonably good basis for 
assessi119 the soil shear parameters in cases where a wide 
variation in test results is obsel:ved. 

As these slides took place during eart:lquake there 
l!llBt be sane contribution of seismic inertia force in the 
initiation of slide. Also, slides took place duri:ng rainy 
season so pore pressure nay play a significant role.Data 
show that dry density of soil at site is 1.63 g.n/cc but 
the noisture content of the soil was 23%. As the rooisture 
content of 23% alroost saturates the soil so saturated 
density of 2.0 9llfcc was taken for the analysis to get 
the results on conservative side. 

ORIGIH 
15&.50 

ACTUAL FIJLUAE SURFACE 

140.00-

no.oo-

120.0 

11000 DATUM 

o to 20 •• 70 •• 90 95 

Fig 2. ORIGINAL PROFILE 1-1 ~ SHFAR SURFACES 

For section 1-1, the actual failure surface was at a 
shallow depth (fig. 2). So only such canbinations of soil 
shear parameters ( 41 & C) were selected which gave 
critical surfaces close to the actual failure surface. 
For that, oanbination of C-41 selected are such that these 
have smaller value of cohesion 'C', i.e., which 
correspond to failure surfaces 12 and 1 Cfig. 2l. So with 
the help of back analysis, raJl9e of ~ selected is 20° to 

24°. The possible canbinations of C-41 are shown below in 

Table-2. 

For section 2-2 and 4-4, the actual failure surface 
are shown in fig. 3 & 5 respectively. Thus fran the 
various canbinations of c and ~ obtained through back 
analysis, only such canbinations were selected which have 
cohesion •c• equal to zero and '+' such that critical 
surface corresponds to actual failure surface. li:Mever, 
as the slides are surface slide so no pore water pressure 
will be in this case. 

For section 2-2, range of +selected is 22° to 28°. 
The possible canbinations obtained are + = 22°, C = 0.0 

t/m2 (for ah = 0.0); + = 25°, C = 0 t/m2 (for ah = 0.05); 

and + = 28°, C 0.0 t/m2 for (ah 0.1) for no pore 

water pressure. 
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TABlE- 2 

u o.o u = 0.1 

ah 41 (deg) c (t/m2 ) ~ (deg) c (t/m2 l 

o.o 18 0.40 18 0.90 

o.o 20 0.20 20 0.50 

0.05 21 0.40 21 0.80 

0.05 22 0.25 22 0.60 

0.1 22 0.75 22 1.40 

0.1 24 0.40 24 0.95 

... - ACTUAL FAILUII! SURFACI 

,. 

120 

I10 DATUM 

0 tO :ro 10 ..;o sa 6G 10 .. .. 100 110 

Fig 3. ORIGINAL PROFILE 2-2 Slm]1l; SBFAR SURFACES 

••• 
,.. 

,.. 

!10 

,. 

uo DATUM .. 20 10 ... .. .. 70 •• tD U 

Fig 4. ORIGINAL PROFILE 3-3 SIDaN3 SHFAR SURFACES 

Fig 5. ORIGINAL PROFILE 4-4 Sim!OO SHFAR SURFACE'S 
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similarly, for section 4-:"4, ~ange of ! selected i= 
32o to 38o. The p::>ssible OCI!bmations obtained are + 2 

o _ 0 0 t/ 2 (for a = 0.0)• + = 35°, C = 0.0 t/m 32,C-· m h ' 

(for a = 0.05); & + = 38°, c = 0.0 t/m2 (for ah = 0.1), 

for nohp::>re water pressure condition. 

For section 3-3, it may be seen that the actual 
failure surface was at a shallow depth (fig. 4) • ~e:· 
as the slides have occurred at ce~in depth, the so1.l J.s 
eJg?eCted to have a little cohes1.on: ThW:S only. ~ 
cC.tt,· :tiona of c-+ are selected which g1.ve cntJ.cal 

f J.na close to the actual failure surface. For that, 
~ ~inations of c-+ were selected which correspond 
to critical surface 1i ard 20 (shown ~ fig. 4) • The 
p::>SSible catbinations of C-+ are shown 1.n Table - 3 

TABLE - 3 

u o.o u 0.1 
a h 

c (t/m2 l 41 (deg) 41 (deg.) c (t/m2 l 

0.00 22 0.80 22 1.50 
o.oo 23 0.60 23 1.25 

0.05 23 1.35 23 2.10 
0.05 25 0.90 25 1.50 

0.1 27 1.15 27 1.90 
0.1 28 0.90 28 1.60 

ANALYSIS BY FINITE ELEMENT METHOD 

A linear elastic FEM analysis considering the soil 
slope as plane strain problem, was carried out to 
detennine the probable shear surface under nonnal 
(non-earthquake) condition for the Plll?OSe of comparing 
this with the actual one. Also the safety factors 
obtained by FEM analysis using the awroach given by 
Resendiz and Rane (1972), have been coopared with that 
fran conventional slip circle analysis. The sections 1-1 
and 3-3 as existing prior to earthquake have been 
discretized using four noded quadrilateral elements. The 
base of slope as well as hill side of slope have been 
treated as fixed.. To avoid the effect of stress 
concentration due to the assumption of fixed boundaries, 
sections were extended on both sides as well as in the 
direction of depth. Poisson's ratio is taken as 0.35 and 
shear wave velocity as V8 =100m/sec. 

Potential failure surfaces defined by the contours 
of major principii strains along a continuous band of 
strain concentration are located for section 1-1 and 
section 3-3 as shown in fig. 6 and 7 respectively. 

The factor of safety for the embankment slope was 
obtained by finite element model by detennining the 
average value of R=adf/ud along the critical surface 

defined by the line of maxi.nun principal strain, where 11 d 

and u df represent the deviatoric stress at any p::>int on 

the critical surface and the deviatoric stress at failure 
respectively. This ratio (R) also helps in assessing the 
accuracy of soil shear parameters obtained by back 
analysis using slip circle method. If ratio R is less 
than unity it indicates that value of C and tP considered 
are on conservative side Hence, only those canbinations 
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HI HI 

('UU,ot.-11111 Wlfltlll 

Fig 6. Ml\JOR PRINCIPAL STRAIN cnm:nJRS FOR SECl'IOO 1-1 

... ••• 111 ,. ... 

Fig 7. MAJeR PRINCIPAL STRAIN OONlOURS F<R SECTIOO 3-3 

of C and rp are used in design of slope which give ratio R 
less than or equal to unity. 

For section 1-1, catbinations of f>il shear 
parameters + ard c selected are 22°, 0.25 t/m ; 22°, 0.6 

t/m2 ; and 24°, 0.4 t/m2 • The ratios R obtained for these 

canbinations are 0.896, 0.959 ard 1.04 respectively as 
shown in Table -4. Thus it indicates that value of + and 
c to be used in design of slope should be around 22°, 

0.25 t/m2 or 22°, 0.6 t/m2 • On the other hand for 

section 3-3, canbinations of 1/1, C selected are 25°, 0.9 

t/m2 , 25°, 1.5 t/m2 ; and 28°, 0.9 t/m2 • The ratio 

obtained for these combinations are 0.847, 0.922 and 1.01 
respectively (Table - 4). Thus it indicates that value of 
+, c to be used in design of slopes should be 25°, 0,9 

t/m2 or 25°, 1.5 t/m2 , which are also justified by Blip 

circle method. 

DESIQi OF SAFE SWPES 

A number of alternatives, e.g., provision of boulder 
facing, short cot¥:!rete piles etc. were considered, Wt 
the m::>St econcmi.cal ard safe was found to be the 
flattening of slopes by filling with locally available 
soil. For section 1-1, safe slopes have been desiC]Md for 
the ccmbination of c-+ shown in Table- 1. The slopes are 
designed for a = 0.15 ard a = 0.2 taking p::>re water 

h h 
pressure as 10% of weight of soil. safe slopes _for 
various ccmbinations of shear parameters of 1-1,obtained 
for above mentioned conditions, are given in Table-S. 
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TABLE- 4 

section:C(t.m2) :,P'(deg) :V:(m/s): (a 1-a 3) FEll: (a 1-Q 3) dC :R : ~ 
aFEH 

0.25 22 100.0 -16.319 -14.615 0.896 
1-1 0.60 22 100.0 -16.319 -15.653 0.959 

0.40 24 100.0 -16.319 -17.109 1.040 

0.90 25 100.0 -25.483 -21.596 0.847 
3-3 1.50 25 100.0 -25.483 -23.478 0.922 

0.90 28 100.0 -25.483 -25.688 1.010 

TABLE- 5 

s.No. fP(deg) c (t/m2 ) a Safe Slope (H:V) 
h 

1 20 0.20 0.15 5.3 1 
2 20 0.20 0.20 7.3 1 
3 22 0.25 0.15 4.4 1 
4 22 0.25 0.20 6.1 1 
5 22 0.60 0.15 4.0 1 
6 22 0.60 0.20 5.2 1 
7 24 0.40 0.15 3.7 1 
8 24 0.40 0.20 4.6 1 
9 24 0.95 0.15 3.4 1 

10 24 0.95 0.20 4.1 1 

Thus, the safe slope, with + = 22°, c = 0.25 t/m2 

of the soil, oorresp>nding to ah = 0.15 and ah 0.2 

would be 4.4 : 1 & 6.1 : 1. The safe slope with + = 22°, 

C = 0.6 t/m2 of the soil corresponding to these 

horizontal seismic coefficients l«lllld be 4 : 1 & 5. 2 : 1. 
This shows that slope value vary in range of 4 : 1 to 6.1 
: 1 for the selected shear parameter of section 1-1. 
Taking an average of the slope i.e., 5. : 1 (H:Vl slope 
would provide safety for ah = 0.17 for section 1-1. The 

resons for using designed horizontal seismic coefficient 
as 0.17 is that the Nagaland site is situated in seismic 
zone V and the basic horizontal seismic coefficient for 
zone vis o.oa (I8:1893-1984>. Taking importance factor 
as 2. 0, the value of desig horizontal seismic coefficient 
becomes ah = 0.08 * 2 = 0.16. 

As the slopes of sections 2-2, 3-3 and 4-4 are also 
not safe for future eartlquake condition, considering ah 

110 

DATUN 
oo.oo 

" 

Fig a. 

ll.Of'l BU'OU URTHOUU:E 

.. 
PltOPUD UFl SLOPE 

SCAL! Y•H-t:UI 

UlLATIVI DISTANCE ttl "UIIII 

.. .. 

PROPOSED SAFE S!DPE FCR SECI'IOO 1-1 
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equal to 0 .15 & 0. 20, the slopes at these sections l«lllld 
require filling to a flatter slope. This fill material 
would be nearby existing soil which has soil parameters 
as evaluated for section 1-1. Thus it can be inferred 
that the filling of the soil, having the shear parameters 
evaluated for section 1-1 would require the same slope at 
all the four section locations.Thus the safe slope to be 
provided for section 2-2, 3-3 and 4-4 is governed by the 
properties of fill material.Bence the proposed safe slope 
for other sections also is 5 : 1 (H:V). 
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