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The conventional method to evaluate earthquake induced permanent deformationsAbstract
of slopes is the one proposed by Newmark. In this paper, permanent displacement of slopes is
studied using a combination of distinct element and finite difference methods and the results of
these numerical evaluations are compared with those of the Newmark's approach. Several
parameters involved, including peak ground acceleration, period of excitation, friction and
cohesion of the sliding surface, are considered in this study. The results show that the period of
excitation is an important parameter in finding the displacements of slopes. In addition, it is
shown that in resonance condition, the permanent displacement of a slope, derived by
Newmark's method, can be twice the one predicted by the distinct element method. Finally, It is
realized that, in frictional materials, permanent displacements of slopes obtained by the distinct
element and Newmark's methods are in better agreement compared with the corresponding
results in cohesive materials.
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INTRODUCTION

Newmark in 1965 [1] proposed the rigid block
sliding mode l t o e va lu a t e t h e pe rmanen t
displacement of slopes due to earthquakes. He
right ly showed that the convent ional safe ty
factor of a slope is not a good measure of its
safety during earthquake. He also showed that

the transien t safety factor might be less than
one for some t ime intervals. However, these
situations may last for such a short time that the
induced deformations will be very small and will
not cau se stabilit y problems to t he slope .
Therefore, permanent displacement of a slope
during earthquake is a logical measure of its
safe ty. Newmark's idea was later on pursued
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and improved by some re sea rche r s [2,3].
Goodman and Seed [4] showed that this method
gives reasonable results for frictional dry slopes.
Sarma [5], using the Skempton' s parameters,
modified the sliding block method to account
for pore wa t e r pre ssu re . A re view o f the
Newmark ' s me t hod and t he te chniques in
finding permanent displacements of slopes has
been reported in [6].
An important parameter in the sliding block

method is the crit ical or yielding acceleration
kcg, i.e., the least acceleration causing instability
of th e sliding block. Kcg, with g be ing t he
gravitational acceleration, is a function of slope
geome t ry and soil st rength parame te r s. In
rigorous evaluation of kc, transient pore water
pre ssure and slope geomet ry which change
during earthquake, must be taken into account.
Another important parameter in the sliding

block approach is the time history of ground
acceleration, a(t). In this method, by integrating
the diffe r ence be tween a ( t )g and kcg, t he
in duce d disp la cemen t o f a slope can be
calculated.
Using the sliding block approach, Ambraseys

and Menu [3] calculated ear thquake induced
pe rman en t d isp la ceme n t s o f slop e s a nd
proposed an envelope for finding the maximum
ground de formation, provided that kc to km
ra t io was known . km is t h e pe ak ground
acce le rat ion expressed as a fract ion of the
gravitational acceleration.
G aze tas and Uddin [7], by conside r ing a

prescr ibed sliding surface , conducted some
numerical tests to find permanent deformation
of slopes. Although, their studies are valuable in
showing the power of numerical tools in finding
earthquake induced displacements and the role
of some parameters involved, there are some
problems in their paper which have not been
elaborated. Some of these problems follow:

1. The model used to simulate the interaction of

the sliding block and the slope body has not
been clearly introduced.

2. It seems that the geometric non-linearity has
not been taken into consideration.

3. The role of some important parameters, such
as interface (joint) friction and cohesion has
not been studied.
In this paper, permanent displacements of

slopes are calculated using both the Newmark's
and t he dist inct e lement me thods and t he
results are compared. In the dist inct element
approach, the block is assumed to slide on a
prescribed sliding surface.
CA2 compute r program, developed by the

first author [8], is used in the numerical analysis.
CA2 is a two dimensional finite difference code
which can solve static and dynamic problems.
Th e ma t e r ia l be havio r ca n be lin e a r o r
non -line a r . Bo t h e la st ic-pe r fe ct ly p la st ic
Mohr-Coulomb mater ials and e lastic-plastic
mode ls with hardening or soften ing can be
analyzed by the program. Large deformation
problems can also be solved by this code. CA2 is
a lso ca p ab le t o a n a lyze : so il-st r u ct u r e
in te r act ion problems, flu id flow in porous
media, fluid-solid interaction in consolidation
p r o b le m , ca b le - so l id in t e r a c t io n ( e .g
reinforcement in rock engineering) and stability
of slopes problems. In addition, CA2 can model
the interaction of discrete bodies. This feature
of CA2 is important in the dist inct e lement
analyses of slopes presented in this paper. The
discre te blocks are internally discretized and,
therefore, the deformability of discrete blocks is
taken into consideration.

MATHEMATICALMODEL

The typical soil slope considered in this study is
discre t ized as shown in F igure 1. Since the
analyses pre sented in th is paper are for soil
slopes with low modulus of elasticity, rigid block
not ion in the Newmark's method can not be
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Figure 1. The discretization of the slope and the sliding
block.

used directly. In fact due to the flexibility of the
soil, the applied earthquake acceleration can
not t ransfe r to the sliding block without any
change , as it is assumed in a rigid system. To
account for soil flexibility, the slope is analyzed
under earthquake excitation and the history of
the induced accele rat ion in the so il block is
ca lcu la t e d . The induced acce le r a t ion , in
Newmark ' s me thod, is a ssumed to be the
acceleration history of a finite difference node
in the middle of line AB in Figure 1. The
permanent displacement of the sliding block is
then calculated by double in tegration of the
diffe re nce be twe en t he above ment ione d
induced acceleration and kcg.
In the distinct element approach, a sliding

surface (AB) is assumed to exist within the soil
mass and by dynamic analysis of th is join ted
system, permanent displacement of the sliding
block is calculated.
The soil is assumed to be linear by elastic.

T h e s l i d i n g su r f a c e b e h a ve s a s a n
elastic-perfectly plastic Mohr-Coulomb model
[9]. The material prope rtie s used for the soil
and the sliding block are as follows:
E = Young modulus = 3 MPa
r = Soil density = 1800 kg/m3

n = Poisson's ratio = 0.2
Kn = Ks = Normal and shear stiffnesses of the
joint = 0.6 MPa/m

f = Joint friction angle = 15å - 40å

C = Joint cohesion = 20-70 KPa
I n t h e pa rame t r ic st u dy o f t h e slop e

de fo rmat ion , t h e jo in t fr ict ion angle and
cohesion range from 15å to 40å (in 5åincrements)
and from 20 to 70 KPa (in 10 KPa increments)
respectively.
For simplicity, the earthquake acceleration is

assumed to be a cosine funct ion of t ime with
amplitudes ranging from 1 to 2 m/s2. The shock
is applied at the bottom boundary of the system
to simu la te a she ar wave p ropaga t ion . I t s
du ra t ion is 15 se conds and t he pe r iod o f
excita t ion is taken t o vary from 0.25 to 15
seconds. The boundary condit ions in both the
distinct element and Newmark analyses are the
same. Initially, the lateral boundaries are fixed
horizontally, while the bottom boundary is fixed
ve rt ically and a stat ic analysis is pe rformed
under gravitational forces. To start the dynamic
analysis, la te ral boundarie s are at tached to
special free field elements to absorb outcoming
waves [10]. The bottom boundary is connected
to vertically a fixed rigid foundation, whereas in
the horizontal direction it is excited by a cosine
acceleration shock. Since the de formation of
the sliding block might be quite large , the
ana lysis is pe r fo rmed by conside r ing t he
geometr ic non-linear ity of the problem. By
performing several numerical exper iments, a
paramet r ic study is conducted to clar ify the
importance of seve ral parame te rs involved.
These re sult s are reported in the fo llowing
sections.

NUMERICALRESULTS

In this section, the results obtained from both
the dist in ct e lement and the sliding block
methods in finding the displacements of slopes
are compared with.
In Figures 2 and 3, permanent displacements

of the sliding block of a 15å slope as a function
of earthquake period, for the Newmark's and
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Figure 2. The permanent displacement of the block vs. the
shock period (distinct element analysis).

Figure 3. The permanent displacement of the block vs. the
shock period (Newmark's analysis).

TABLE 1. First Three Modes Natural Frequencies and
Periods of the Slope.

Period (s)FrequencyNatural Mode
3.870.258First
2.310.433Second
2.020.496Third

the distinct element analyses, are shown. The
analyse s are pe r formed for diffe r ent jo in t
frictions. The joint cohesion is assumed to be
zero. The amplitude of the earthquake shock is
0.2g. From these figures, it is realized that by
in c r e a s in g t h e in t e r f a ce f r ic t io n , t h e
co rr e sponding pe rmanent d isp lacemen t is
reduced. Comparison of Figures 2 and 3 shows
that while the displacements derived by the two
methods are in good qualit at ive agreement ,

there are some quantitative differences between
the results. Table 1 shows the natural periods
and frequencies of the slope.
Refering to Table 1 and Figures 2 and 3, it

can also be concluded that once the period of
the applied shock approaches a natural period
of the slope , the corre sponding pe rmanent
displacement increases. This is expected due to
the resonance phenomenon. It is interesting to
no te tha t in t he dist inct e lement analysis,
resonance in the second mode is stronger than
t ha t o f t h e co r r e sp on d in g mode in t h e
Newmark's analysis. Similar analyses have also
be e n conduct e d fo r slope s wit h cohesive
interfaces [11] and the overall results are similar
to the ones in the Figures 2 and 3.
The rat io s of pe rmanent disp lacemen ts

de rived from the Newmark' s me thod to the
corresponding value derived from the dist inct
e lemen t me thod (R ) as a funct ion of th e

normalized period (___), for different jointT
Tn

frictions, are shown in Figure 4. The normalized
period is defined as the ratio of applied period
to the first mode natural period of the system.
F igure 5 disp lays simila r curves as those in
F igure 4 fo r a slope with pu re ly cohesive
inte rface. F rom Figure 4, it might be realized
t h a t a r o u nd t h e r e so n an ce p e r io d , t h e
pe rmanen t disp lacement de r ived from the
Newmark ' s me thod could be twice the one
obtained by the distinct element method. This
finding is consistent with the results reported in
[7].
Comparison of Figures 4 and 5 demonstrates

that for a cohesive soil, the difference between
the permanent displacements derived by both
methods is even higher compared to those of a
fr ic t io n a l so il . An imme d ia t e p r act ica l
conclusion of this finding is that the results of
the Newmark's method are expected to be more
reliable for frictional materials.
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Figure 4. The ratios of the displacements derived from the
Newmark's method to the corresponding values derived
from the distinct element method (R) vs. period ratios
(frictional interface).

Figure 5. The ratios of the displacements derived from the
Newmark's method to the corresponding values derived
from the distinct element method (R) vs. period ratios
(cohesive interface).

F igures 6, 7 and 8 disp lay the computed
permanent displacements of the sliding block,
for a 15å slope, as functions of the interface
fr ictions for diffe rent pe riods of excita t ions.
Three different peak accelerations were used in
these figures.
It should be noted that, as it is expected, the

pe rmanent disp lacemen t o f t he slope is a
non-linear function of the interface friction. By
comparing these figures, it is also realized that
the displacement of the slope does not change
linearly with the applied peak acce le rat ion .
Similar results have also been obtained for a

Figure 6 . Permanent displacement of the slope vs. the
interface friction angle. The excitation period is 1 second
(below resonance).

Figure 7 . Permanent displacement of the slope vs. the
interface friction angle. The excitation period is 4 seconds
(resonance).

Figure 8 . Permanent displacement of the slope vs. the
interface friction angle. The excitation period is 7.5 seconds
(above resonance).

cohesive soil which have been reported in [11].
To investigate the role of joint normal and
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Figure 9. Permanent displacement of the slope vs. the joint
stiffness parameter (C) for a 15åslope. Joint friction angle
= 30åand the period of excitation is 1 second.

shear st iffnesses (Kn & Ks) on the permanent
displacement of the slope, some numerical tests
were conducted by multiplying the initial values
of Kn and Ks (0.6 MPa /m) with a st iffn ess
parame ter (C) . Figures 9 and 10 disp lay the
computed disp lacements as funct ions of the
st iffness parameter. These figures have been
plotted for different periods of excitations and
diffe r en t app lied pe ak acce le rat ions. I t is
observed that the inte rface normal and shear
stiffnesses are not important parameters in the
dist inct e lement evalua t ion of pe rmanen t
displacements of slopes. It is important to note
that a very small joint normal stiffness can lead
to numerical errors in the interpenetration of
joint surfaces. This fact can be observed in the
sharp changes of the curves in Figure 9, when
the jo in t normal stiffness is a small number
compared to the soil modulus.
To demonstrate the appropriate selection of

the element sizes used in this paper, a sensitivity
analysis was conducted using different grid sizes.
F igure 11 shows the calculated re sult s. The
horizontal axis in this figure is the ratio of the
tried grid size to that of the original one. This
figure confirms that the domain of the analysis
has been discretized appropriately and no mesh
dependent error has occured.

Figure 10 . Permanent displacement of the slope vs. the
joint stiffness parameter (C) for a 15åslope. Joint friction
angle = 30åand the period of excitation is 4 seconds.

Figure 11. Permanent displacement of the slope vs. grid
size ratio for a 15åslope. The joint friction angle is 30åand
the excitation period is 4 seconds.

CONCLUSION

In this paper, earthquake induced permanent
disp lacements of slopes were studied and a
comparison was made between the Newmark's
method and the dist inct element approach. In
the latter method, a plane interface or joint was
prescribed between the soil mass and the sliding
block and parametric studies were conducted to
investigate the important parameters involved in
the slope deformation. The main findings are
summarized as follows:
1. For a harmonic shock, with fixed duration
a n d f i xe d a m p l i t u d e , p e r m a n e n t
displacement of a slope is a function of the
applied frequency, i.e when the frequency of
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the applied shock approaches the natural
f r e q u e n cy o f t h e s lo p e , ma ximum
displacements are induced.

2. D u r ing t he fir st mode re so nance , t h e
disp lacement de r ived by the Newmark' s
method is greater than that obtained by the
distinct element method.

3 . T h e d iscr e p a n cy be twe e n t h e slo p e
displacements obtained by the Newmark's
and the dist inct element methods is greater
for cohesive soils compared to the ones for
frictional soils.

4. The disp lacement of t he sliding block is
almost independent of the interface normal
and shear stiffnesses.

Some numerical runs for slopes with circular
sliding surfaces were also conducted [11] which
gave outputs similar to those presented in this
paper.
An impo r t a n t pa rame t e r , wh ich wa s no t
con side red in t h is study, is the pore wa te r
pressure. In fact, pore pressure is not constant
during earthquake excitations. This fact leads to
a variable Kc in the Newmark' s method and
some complicat ions in the dist inct e lement
approach.
Anothe r import ant issue , which was not

addressed in this paper, is the location of the
prescribed interface or slip surface. A searching
technique seems necessary to locate the critical
slip surface of a slope. The critical slip surface is
the one which gives the maximum permanent
displacement. The location of this surface is a
function of the slope geometry and the design
ear thquake. To find the location of th is slip
su rface , t he sea rch ing te chnique cou ld be
some h ow sim ila r t o t h o se u se d in t h e
conven t ional limit equ ilibr ium methods in
finding slip su rfaces with min imum safe t y

factors. The issues of pore water pressure and
locating critical slip surface, during earthquake,
need further investigations.
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Some notes about the referee No. (1) comments.

Paper title: "EarthquakeInduced Permanent ..."

Ref: 147-98

1- We have not explicit ly claimed in the paper that the dist inct element method is a more reliable

approach , compared to that of Newmark, in finding pe rmanent displacement of slopes due to

earthquakes, but we generally believe that since dist inct element method takes more details of the

model into consideration, it should be a more appropriate approach.

We should remind you that dist inct element method has been successfully used to analyze discrete

systems and this fact also confirms the robustness of the method.

2- On page 4, we have informed the reader that analyses presented in the paper deal with soft soils.

For this reason, a small Young modulus has been used. We agree that more numerical studies are

needed with different soil rigidit ies to be able to compare Nework and distinct element approaches

more precisely, but, perhaps, all those results can not be presented in one paper. We might conduct

such researches in future.

3- The re fe ree believes that induced disp lacements are high compared to those in reality. Our

comments in this regard are as follows:

a ) I n a n y o f o u r a n a lyse s, a sin gle h a rmon ic sh o ck h a s be e n a p p lie d fo r t h e

_______________________. If the frequency of excitation approaches to one of the naturalwhole period of excitation

frequencies of the system, we expect great induced displacements. In reality, even if resonance

happens, _____________________it might last for a short

_____________. This is due to the complexity of real shocks compared to the simple cosine shockperiod of time

used in this study.



b) By using Ca2 program, we can analyze complicate systems under complex shocks. The reason for

using a simple cosine function, is to study the influence of shock period (among others) on the

system.

c) For realistic friction angles of granular materials (say f=30 to 35³) and when the system is far

from the resonance situation, the induced permanent displacements approach to the ranges

mentioned by the referee.

4- In this paper, we have not tried to compare our results with those in real situation. Our intention

has been to compare two mathemat ical techniques which might be used to estimate earthquake

induced displacements. In addition, we tried to show the role of important parameters involved. We

believe that such detailed studywhich compares Newmark and dist inct element methods have been

performed for the first time in this paper.



Some notes about the referee No. (2) comments.

Paper title: "EarthquakeInduced Permanent ..."

Ref: 147-98

1- We did our best to correct grammatical mistakes and misprints.

2- We think that our formulation is correct. Ca2 computer program has been used for solving complex

problems in some universities and it seems that Ca2 is a reliable code. For more clarification and more

information about the mathematical formulation of the code, the referee is kindly requested to see

reference No. 8.

3- The referee is refered to several papers, published in the literature, which use the elastic-perfectly

plastic Mohr-Coulomb failure criterion for joints or interfaces. The joint model has been called "elastic

perfect ly plast ic" for the following reason. If for a constant normal st ress (s), the relative shear

displacement is increased gradually, the shear resistance of the joint which increases _______, becomeslinearly

eventually a ___________________________. This model has been extensively used by rock mechanicsconstant value, i.e t = s tanf

researchers (see e.g. reference No. 8&9 in the paper).



Some notes about the referee no. (3) comments.

Paper title: "EarthquakeInduced Permanent ..."

Ref: 147-98

1- Although, the t it le "Permanent disp lacement of slopes caused by horizontal harmonic base

excitement", proposed by the referee sounds appealing, we believe that the current title of the paper is

equally appropriate . In the current t it le , the "numerical study" has been emphasized, which is a key

word in the paper.

2- Following the referee 's comment, the paper of Gazetas and Uddin was cited in the introductory

part of the paper.

In addition, the title: "Statement of the problem" has been replaced by: "Mathematical model".

3- A comparison has been made between our results and those in reference No. [10] (in the revised

paper, the reference No. has been changed to 7) in page 9.

4- We think that Ambraseys and his coworkers have performed some researches regarding earthquake

induced displacement of slopes. We do not claim that we are aware of all excellent works that have

been done in this field.

5- The geometry of the slope has been shown in Figure 1. The boundary conditions during initial static

and final dynamic situations have been fully explained in page 6.

Regarding to the free field boundaries, a reference has been made to reference No. 10.

The applied shock is a simple cosine function which does not seem to need more elaboration.

With respect to "determination of input accelerogram in Newmark's method" and "capabilities of Ca2

program", some descriptions were added to the paper (please see page 4 and 5).

6- The re fe ree believes that induced disp lacements are high compared to those in reality. Our

comments in this regard are as follows:

a) In our analysis, a simple harmonic shock has been applied for the ______whole



__________________ If the frequency of excitation approaches to one of the natural frequenciesperiod of excitation.

ofthe system,weexpect great induced displacements. Inreality,even ifresonance happens, it__________might last a

shortperiodoftime________________________________________________________________________________________. This is due to the complexity of real shocks, compared to the simple cosine shock used in this study.

b) By using Ca2 program, we can analyze complicate systems under complex shocks. The reason for

using a simple cosine function, is to study the influence of shock period (among others) on the

system.

c) For realistic friction angles of granular materials (say f = 35³) and when the system is far from

the resonance situation, the induced permanent displacements approach to those observed in

reality (please see Figures 2 & 3).

7- We appreciate greatly the referee's comments regarding the mistakes in Figures 4 and 5. In these

figures, the abscissa axis shows___ (not ___), in which T is the period of excitation and Tn is the first
T
Tn

F
Fn

natural period of the system. The necessary corrections, regarding these mistakes, were applied to the

paper.

8,9- The statements, "The role of Kc in sliding block ..." and "In fact by linearly increasing ...."were

removed from the paper.

10- "A planner interface", in the conclusion section, was replaced by "plane interface".

11- The word "transient" in Page 2, was replaced by "permanent".

12- Grammatical mistake and misprints were corrected.
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