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ABSTRACT  

Several acceleration records obtained near epi-

centres of strong shocks are used in order to discuss 

the characteristics of ground movements during earth-

quakes. It is observed that, in spite of their irregul-

arities these records are amenable to analysis and that 

these are extremely useful in understanding the nature 

of ground movements. 

Using acceleration records of actual earthquakes 

the response of typical dam sections is studied and the 

time history and distribution of accelerations in these 

sections are computed. It can be seen that the maximum 

accelerations in dams follow a typical pattern. The 

seismic coefficients for different potential sliding 

surfaces are then computed. These coefficients are in-

corporated in the seismic stability analysis of typical 

dam sections. The analysis takes into account the change 

in pore pressures, caused by the inertia loading of the 

structure. 

A method is proposed for the calculation of the dis- 

placements that may occur in the body of the dam when in 

the course of an earthquake the factor of safety becomes 

less than one. 
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CHAPTER 1 

INTRODUCTION 

Earth embankments and levees were constructed as 

early as c. 3000 B.C. in Egypt, c. 500 B.C. in Persia 

(Hathaway 1958) and much later in India (Rao 1951) to retain 

water for drinking and irrigation purposes. Many of these 

dams were situated in seismically active regions. Though 

almost all of them eventually failed it is not known 

whether this was due to earthquake, ageing, or neglect. 

So far as we know a systematic study on the seismic 

behaviour of earth dams began in 1934 with Mononobe. 

Today, after thirty years of research, our knowledge 

of this is still limited. Lt present we have neither 

empirical information about the factors that affect the 

behaviour of dams nor sufficient case histories from 

which we can make relevant inferences. Reports on the 

few cases of failure that are available, are documented 

inadequately and they only underline the need for a 

detailed study of the behaviour of actual dams to strong 

earthquakes. 

Due to an increasing lack of sites for concrete 

dams and also because dams can be built cheaply by using 

locally available materials more and more earth and rock 

fill dams are being built every year throughout the world. 



2 

(Fig. 1.1). As such the design of dams in seismic 

regions has become very important, and because there is 

no suitable method of design for earthquake forces, dams 

are usually designed on the basis of empirical formulae. 

This usually results in large uneconomical cross sections. 

In many cases dams are not designed for seismic forces 

at all, in the belief that such structures have an in-

herent factor of safety against earthquakes (Hunter and 

Keefe 1955; Terzaghi 1943). However, earth dam fail-

ures caused by earthquakes (Ambraseys 1960-b i. Esmiol 

1965), show the need for a systematic study of their 

response to strong earthquakes and the need for the 

establishment of a rational method of design. 

Earth dams are not absolutely rigid and when ex-

cited into oscillations by strong earthquakes they will 

respond in a manner which will be dictated by the nature 

of the ground movements and also by the properties and 

geometry of the structures themselves. Depending on the 

circumstances, the ground movements may cause accelera-

tions to develop in the body of the structure with 

associated fluctuating stresses that can be larger or 

smaller than those of the ground These stresses, in 

the course of an earthquake may alter the strength pro-

perties of the fill material or they may momentarily 
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become large enough to cause failure. 

During a strong earthquake, which may last a few 

tens of seconds to a few minutes, the ground accelera-

tions will fluctuate in magnitude and direction with time 

and a dam to which this excitation is applied will respond 

in a manner that is determined by its resilience and ca-

pacity to dissipate energy. The lower its capacity for 

energy dissipation, the greater will be its response. 

Moreover, the dam will seek out and resonate with periods 

of the ground movements that are equal to its own. Thus 

dams of differnet resilience will filter out different 

components of the ground movements and respond strongly 

to those with which they can resonate. Consequently, 

an earthquake cannot be specified by its maximum accele-

ration nor can a dam be assumed to be absolutely rigid. 

The ground motion may be considered to be composed 

of a sequence of individual pulses. Each of these pulses 

will induce a distortion which travels up the dam and the 

net result of all these pulses will be to produce a 

particular response. To find this response, the pro-

perties of the structure and the complete history of the 

ground accelerations need be known. Not only can the re-

sponse be different for different darns but also for 

different earthquakes. It is obvious, therefore, that 



unless sufficient information on how the ground moves 

during a strong earthquake and also the characteristics 

of the ground movements are known, it is not possible 

to formulate, and even more, to solve the problem of 

finding the distribution and time hiFtory of the ground 

acdelerations that arise in a dam. 

Chapters III and IV deal with the characteristics 

of past earthquakes. They reveal relevant informations 

regarding the characteristics of ground movements. 

The response of earth dams to strong earthquakes 

can be studied: (a) analytically (Mononobe et al. 1936; 

Heiland 1940; Hatanaka 1955; Ambraseys 1959, 1960a; 

Clough and Chopra 1965). 

(b) from field evidence, i.e. interpreting the response 

of dams subject to actual earthquakes (Okamoto et al. 

1965; Esmiol 1965; Kajita 1956; USCGS-EQ 1934-1962). 

(c) using reduced scale models in the laboratory (Mononobe 

et al. 1936; Heiland 1940; Clough and Pirtz 1956; Seed 

and Clough 1963; Bustamante 1965). 

(d) observing the response of actual dams subjected to 

mechanical vibrations (Keightly 1963, 1964, 1966; Martin 

1965). 

It is known that the properties of the fill and 



5 

foundation materials are non-homogeneous, and inelastic, 

nonlinear; moreover, the ground movements during an 

earthquake are very complex and an exact solution to 

this problem, using true material properties and the 

true ground motion becomes almost impossible. In order 

to make such a solution feasible, it is generally 

assumed that the body of the dam is linearly elastic, 

homogeneous, isotropic, of symmetric triangular section 

and that it vibrates in shear only. Obviously solutions 

based on elastic theory cannot be rigorously consistent 

with actual behaviour of dams. 

On the other hand even if an exact solution were 

available its use requires the prior knowledge of the 

true properties; of the material and the true ground 

motion during a future earthquake. The properties of 

the fill and foundation material as determined in the 

laboratory differ from those of the real structure, and 

future ground movements can only be approximated using 

records of past earthquakes. It is felt therefore that 

linear solutions based upon the average properties of 

the materials give adequate information for design pur-

poses*. 

* A list of the solutions available is showiin Table 5.2. 
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Obviously the only positive check on the suitabi- 

lity of an analytical approach for design purposes can 

be provided by field evidences. 

Models of earth and rock fill dams are often used 

to study the seismic behaviour of the superstructure 

and of its foundation. It can be shown, however, that 

results obtained from model tests cannot be extrapolated 

to the prototypes without serious errors (Ambraseys 

1956; Spielman 1956; Ambraseys 1965).. 

Dams forced mechanically into oscillation involve 

very low stress levels and their Esponse is far from 

being similar to that caused by strong earthquakes. 

Small-oscillation solutions based on elastic theory 

have been verified from full scale testing with sur- 

prisingly good results (Keightly 1963, 1964; Martin 1965). 

There is little doubt that the available solutions for 

the prediction of the response of earth dams under small 

amplitude oscillations is adequate for engineering pur- 

poses; but, in practice, we are concerned with that 

part of the ground movements which induce large ampli- 

tudes and render any elastic model unrealistic. 

For design purposes the prediction of the dis- 

tribution of seismic acceleration in the body of a dam 

is not sufficient. In the design of earth dams, at 
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present, the earthquake forces are considered to be con-

stant and are applied horizontally in the body of the 

dam. This does not represent a true loading condition 

during an earthquake but provides a simple design basis. 

It is shown that a single coefficient cannot be used for 

all dams nor for all potential sliding surfaces. An 

approach for the calculation of the seismic coefficient 

which is needed for design purposes is given in Chapter 

VI. 

Earth dams are designed on the basis of the prin-

ciple of limiting equilibrium, using either total or 

effective stresses. The criterion is one of stress equi- 

librium. 	The total stress analysis depends solely on 

the determination of the strength parameters which obtain 

by simulating the field conditions in the laboratory. 

Since this is not always possible and since the strength 

parameters for a total stress analysis depend on the 

stress history of the material, the use of effective 

stresses is preferable. In the effective stress analysis 

the strength parameters in the body of the structure are 

not very much dependent on the stress history but the 

pore pressures depend on the stress history and therefore 

they cannot be determined uniquely. In Chapter VII, we 

give a method of stability analysis of earth dams for 
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seismic conditions, using the non-circular-slip analysis 

(Morgenstern and Price, 1965, 1966). The change of pore 

pressure during the earthquake is taken into consideration 

in this analysis. 

There is a growing awareness, however, that a 

more realistic design criterion for dams would be in 

terms of displacements rather than stresses. Chapter 

VIII deals with a simplified form of this criterion. 
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CHAPTER II  

BRIEF SUMMARY OF PREVIOUS 'iORK ON  

SEISMIC RESPONSE OF EARTH DAMS  

The number of basic studies available on the seis-

mic response of earth darns is limited. In what follows, 

we shall review briefly the most important of these 

studies. 

First, Mononobe, Takata and Matumura (1936) 

studied the seismic response of earth dams of triangular, 

symmetric cross section. The material of the dam was 

assumed to be elastic, of uniform density with viscous 

damping. Since in earth dams, the width of the base of 

the structure is much greater than its height, only 

vibrations in shear were considered. The ground motion 

was considered to be sinusoidal and at right angles to 

the axis of the dam. The authors conclude that earth 

dams with low modulOus of rigidity will resonate with 

certain component of the ground moments. They point 

out that, in this case, the inertia force that obtains 

at the crest of the dam could be two to three times 

greater that that at the base of the structure, and that 

non-homogeneous earth dams with core walls more rigid 

than the fill will be affected more than homogeneous 

dams. The authors tested a number of models made of 
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Agar-Agar which gave satisfactory results while models 

of sandy clay showed considerable deviation from the 

theoretically predicted response. This was attributed 

to the presence of scale effects due to small size of 

the models. 

Martel (1938) suggests that each site has its 

own predominant period of harmonic ground oscillation; 

this he considers to be the basic element for the ebsign 

of dams for which he uses the resonance theory. He points 

out, however, that it is rather difficult to select this 

predominant period of the site. He considers that the 

adcuracy with which the elastic properties of the fill and 

foundation materials are defined is less important than 

the accuracy with which the natural period of the structure 

can be assessed. Martel also points out that the deform- 

ation caused by earthquakes in earth dams due to bend- 

ing is negligible when compared with the deformation due 

to shear. He observe. that the practice of assuming a 

constant inertia force in the design of earth dams is 

not realisitc, considering the complex ground movements 

involved, but that it provides a simple design approach. 

He also suggests that serious resonance effects can be 

avoided by increasing the damping capacity of the 
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structure. This he proposes can be provided by a zone 

of loosely compacted coarse gravel on the downstream 

face of the darn, a practice which in fact is dangerous 

for the stability of thetructure. 

Heiland (1940) proceeds along the same lines as 

Mononobe and arrives at the same results. His test 

results on models show that in certain cases, at the 

crest of the model, amplitudes became five times larger 

than the ground displacements. 

Esmiol (1951) suggests that the vertical and the 

longitudinal components of vibration can be ignored in 

the design if the dam site shows intensities of past 

earthquakes smaller than IX (MM). For higher intensi-

ties, he proposes  using a vertical acceleration equal to 

one third of the horizontal. 

Hatanaka (1955) shows that the effect of the bend-

ing vibration in an earth dam can be neglected. He also 

shows that the vibrations in the longitudinal direction 

are unimportant if the length of the dam is greater than 

four times its height. He realises that the true ground 

motion cannot be represented by a simple harmonic one and 

for this reason, he uses in his solution, the accelera-

tion spectrum of the actual ground motions. 

Ambraseys (1959 and 1960a) extends the work of 
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Hatanaka to include the truncation at the top of the dam, 

the foundation compliance and the variation of elastic 

constants of the soil in the structure and its founda-

tion. He shows that a crest width up to about 10% of the 

width of the base has little affect on the response and 

that the cross sections of the structure can be treated 

as an untruncated wedge. He also studies the two dimen-

sional response of the dam. Hegives an expression for 

the design seismic coefficient and proposes the use of 

the appropriate acceleration spectum for the dam site. 

In case, where no such spectrum is available, he suggests 

the use of the resonance method. In this case, the dam 

is assumed to be resonating with the sinusoidal ground 

motion for one complete cycle. The amplitude of the 

ground motion he assumes to be equal to the maximum 

ground motion of the region. He argues that the chance 

of more than one cycle of ground motion occuring (a) 

consecutively, (b) with period equal to the fundamental 

period of the structure, (c) in a direction normal to 

the longitudinal axis of the dam, (d) with an accelera- 

of the 
tion equal to the maximum/region, is remote. He points 

out that only a part of the strength of the soil is avail-

able to resist seismic loading. 
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Minami (1960) considers the effect of asymmetry 

and the influence of different fill material onthe  

response characteristics of a dam. His solution is 

based on one dimensional shear deformation, while in 

this case atwodimensionalsolution with bending is 

required. 

Ishizaki and Hatakeyama (1962) use a method of 

numerical analysis to solve the two dimensional differen-

tial equation of undamped motion of an elastic trian-

gular section subjected to a simple harmonic ground mo-

tion. They found that near the free surface the dis-

placements and shoa differ from those at the centre of 

the dam and that the one dimensional solution, which 

assumes a uniform distribution of shear along hori-

zontal sections, overestimates shear stresses. Tests 

on models, fixed on a shaking table showed that dracks 

developed first near the base; presumably these were 

caused by the tensile stresses near the lower part of 

the slopes of the model. 

Clough and Chopra (1965) extend 	Ishizakit works 

to take into account actual ground movements instead of 

sinusoidal motion. They found that the frequencies of 

vibration of the structure were lower than those given 
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by the one dimensional solution, and that differences 

in the geometry of the section will lead to significant 

differences in the response. 

Finn (1966) uses the method developed by Clough 

to study the response of a dam on a soft foundation. He 

shows that the presence of a soft layer has the effect 

of increasing the period of the structure which was also 

indicated by Ambraseys (19600. 

Medvedev and Sinitsym (1965) apply a method which 

allows the determination of stresses in the dam both 

within and beyond its elastic limit. They show that an 

increase in the slope of the section results in a decrease 

of the amplitude at the top of the dam. 

Clough and Pirtz (1956) tested models of rock fill 

dams and concludedthat a horizontal acceleration less 

than 0.4 g. was unlikely to cause any significant damage. 

They suggest that this is due to a dynamic increase in 

strength and natural flexibility of the sections, The 

authors also concluded that dams with a sloping core are 

more earthquake resistent than dams with a central core. 

Model tests carried out by Seed and Clough (1963) 

showed similar results. 

Bustamante (1965) tested embankment models of 

noncohesive materials and concluded that, even after 
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large shear deformations, no major collapse of the slope 

will occur when slope angle is equal to or smaller than 

the angle of repose of the fill material. For slope 

angles greater than those of repose, the embakment can 

withstand large accelerations. However, the strength of 

the fill is reduced considerably after some moderate 

shearing displacements and failure may occur even under 

moderate or nil accelerations. Relative permanent 	dis-

placements of granular particles are largest at the sur-

face and decrease rapidly with depth. The interior 

granular material does not suffer permanent relative 

displacements. 

Newmark (1965) proposes the use of allowable 

displacements as a design criterion. He points out 

that during an earthquake, the factor of safety on a po-

tential sliding surface may fall below one several times 

without this causing appreciable displacements. He de-

fines thb critical surface as the one which will give a 

factor of safety of one for the minimum acceleration 

acting in a critical direction. This surface need not 

necessarily give a minimum factor of safety for the static 

case. He proposes a simplified method for calculating 

displacements induced by earthquakes assuming the sliding 
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mass to be rigid and the shearing resistance to be rigid 

plastic. Obviously, Newmark's proposal is based on the 

fact that excluding the extreme case of liquefaction soil 

has almost infinite ductility. 

Seed and Martin (1966) in solving the one dimen-

sional vibration of the elastic triangular wedge vibra-

ting in shear consider the actual earthquake motions. 

They simplified their calculations by using the pseudo-

response, instead of the true one. Their argument for 

using the pseudo-response is not vaaid as the daqDing 

factor in the case of an earthdam can be as large as 

twenty percent of the critical or higher. Seed and Martin 

realised that the seismic coefficient as used in the design 

of earth dams should be different for different sliding 

surfaces. They determined seismic coefficients for tri-

angular sliding wedges at different depths when the base 

of the wedge is horizontal and the inclined surface passes 

through the apex of the triangular section of the dam. 

Chopra (1967) using a finite element method eval-

uated the seismic coefficients within the sliding wedges 

proposed bj Seed. He considers 	both the horizontal 

and the vertical components of the earthquake as the in-

put motion and concludes that the seismic coefficients 
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calculated by the one dimensional method is in error by 

about 10 to 20% on the saferside. The error depends on 

the geometry of the dam and also on the configuration 

of the sliding wedge. 

Keightly (1964), (1966) tested prototype dams sub-

jecting them to mechanical vibrations and observed that 

at low stress the dam behaves like an elastic solid with 

viscous dar:Iping. The comparison of the observed fre-

quencies with those predicted from the one dimensional 

vibrational theory, shows that the former are lower by 

11 to 25%. The observed shapes of the modes are in 

agreement with those calculated but the modal displace-

ments are much larger at lower elevations. Equivalent 

viscous damping constants for the lowest eight modes 

varied from 3 to 6% critical*. Martin (1965) also tes-

ted a prototype dam subjecting it to mechanical vi-

brations. He obtained similar results. 

Okamoto et al. (1965) studied the behaviour of an 

earthcdttw during actual earthquakes and concluded that 

the dam vibrates both in the horizontal as well as in the 

vertical directions when there is a strong vertical com- 

ponent of the earthquake; otherwise it vibrates predomin- 
antly 

In an earlier experiment (1963) he found that the 
equivalent viscous doping was of the order of 10% 
for the lowest two modes and 2 to 5% for the higher modes. 
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in a horizontal direction. At the crest, the ground 

acceleration was magnified three to five times and the 

equivalent viscous danping was found to be about 4% 

critical; this is about half of that obtained by 

Keightly (1963). 
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CHAPTER III 

CHARACTERISTICS OF STRONG EARTHQUAKES  

3.1 Introduction  

The generic cause of shallow strong earthquakes, 

which are of interest to the engineers, is the sudden 

release of crustal strain energy brought about either by 

fracture of the crust of the earth or by movements along 

an exisitng fault or faults. Thismechanism gives rise 

to a train of seismic waves which propagates through 

the crust and which appears at the ground surface as a 

series of pulses. The study of recordings of such wave 

trains from various near earthquakes shows that there are 

no common characteristics among these records and that 

these records differ even when the source of the earth-

quake and the recording point remain the same. This 

shows that strong ground motions during an earthquake 

depend on factors besides the source-mechanism and the 

mode of propagation of the seismic waves. Factors such 

as the proximity of the recordino- station to the focal 

volume, the magnitude of the earthquake, which is a 

measure of the energy released, and the geology of the 

site are therefore involved. 
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The number of strong motion records now availa-

ble is considerable but far from sufficient to allow the 

effect of these factors to be studied in detail. The 

information that can be deduced from the available re-

cords is limited but invaluable in understanding the 

manner in which the ground moves during an earthquake. 

In this chapter, using several existing strong motion 

records given in Appendix III,  an attempt is made to 

assess those characteristics of earthquakes which are of 

engineering importance. 

The ground accelerations during an earthquake are 

usually recorded in three orthogonal directions. Fig. 

3.1 shows the three components of the acceleration record 

obtained at El-Centro during the Imperial valley earth-

quake of 18th May 1940. Two of these components show 

accelerations in two horizontal directions, while the 

third show the vertical component . Fig. 3.2 shows the 

three components of the ground accelerations of the earth-

quake of 18th March 1957 recorded at Port-Hueneme. These 

two records are chosen as samples to show the contrast 

between different earthquake records. 

From the Figs. 3.1 and 3.2, it can be seen that 

accelerograms do not have a base line (or a zero axis) 
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from which accelerations can be read. The method 

generally adopted for fioihg the base line of a strong 

motion record is based on the fact that, at the end of 

the earthquake, the ground should come to rest. This, in 

turn means that for the correct base line the integrated 

acceleration record should be zero at the end of the 

earthquake, i.e. that the ground velocity at the end of 

the earthquake should be zero. At first, therefore, an 

arbitary base line is chosen by joining the beginning 

of the accelerogram with the end of it. Accelerations 

from 
are then read off/this line and digitised at some con- 

venient interval of time. This record is then integrated 

step by step to obtain the ground velocity at the end of 

the event (Appendix I). In general, the velocity at the end 

of the record is not zero in the first trial. The base 

line is then adjusted linearly or parabolically (Berg 

and Housner 1961; Berg 1963; Amin and Ang 1966), to 

satisfy the condition of zero velocity at the end of the 

earthquake. From this, a corrected acceleration record 

is obtained. However, it should be remembered that the 

beginning of the record in an accelerogram is very un-

certain and this uncertainty may introduce some error in 

the correct determination of the base line 
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3.2 Characteristics of ground motions  

The record of the earthquake, shown in Fig. 3.1 

was, until recently, the strongest available record*. The 

Imperial valley (California - Mexico) earthquake of 18th 

May 1940, originated at a depth of about 24 kilometres 

and had a magnitude of 67. The shock was associated 

with a fault-break about 40 miles long, with a maximum 

strike-slip movement of nearly 19 feet. The intensity 

near the fault zone was about IX (MM), (USCGS-E(). A 

strong motion record was obtained at El-Centro about 7 

miles from the instrumental epicentre and 12 miles from 

the maximum fault displacement, where the local inten-

sity was about VII (MM). From the Fig. 3.1, it can be 

seen that the N-S component of the ground acceleration 

showed a maximum v[ue of about 33% g and that this 

acceleration was associated with a total pulse duration 

of 0.12 second. Of equally short duration were the pulses 

in the E-W direction which showed a maximum acceleration 

of 22% g. The maximum acceleration of the vertical com-

ponent was about 22% g and it was associated with a half 

period of only 0.05 seconds. The total duration of the 

* The Parkfield earthquake of 27th June 1966 has now showed 
strongest recorded ground acceleration of just over 50%g. 
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most intense part of the earthquake during which the 

ground acceleration was greater than or equal to 3% g was 

30 seconds. 

Fig. 3.2 shows the California earthquake of 18th 

March 1957 (Housner and Hudson 1958), which originated 

at a depth of about 5 miles and was recorded at Port 

Hueneme about 3 miles from the epicentre. The magnitude 

of the shock was 4.7. The maximum acceleration in the 

N-S direction was 17g.  associated with half period of 0.4 

sec. In the E-W direction, the maximum acceleration 

was half as great with a 0.3 sec. half period and in the 

vertical direction, it was 3% g with a 0.2 sec. duration. 

The striking feature of this earthquake is its extremely 

brief duration; it lasted about one second and con-

sisted essentially of two pulses. The intensity ob-

servid was V + (MM) which is very low for an accelera-

tion of 17% g. This latter abnormality brings out the 

effect of duration of the shock on intensity assessments. 

The energy content of the Imperial valley earth-

quake (El-Centro, 18th May 1940) was 2 x 10
22 

ergs and 

that of the California earthquake (Port-Hueneme 18th 

March 1957) was 10
19 

ergs. Whereas the energy_ content 

of the El-Centro earthquake was distributed over pulses 

during 30 seconds, the Port-Hueneme one was contained in 
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two pulses. This raises the question of whether other 

shocks of magnitude greater than that of Port-Hueneme 

could show similar features, in which case very large 

accelerations will be produced, (Housner 1958). It 

would appear that at least two other shocks were of this 

kind, the Agadir (1960) and the Skopje (1963) earthquakes 

(Ambraseys 1964). Indirect measurements indicate that in 

the ldter earthquake, the maximum ground acceleration was 

about 40% g and shock type. The average ground velocity 

was calculated to be about 2 ft. per second and the 

duration of the whole event was not longer than 3 seconds. 

The two records shown in Fig. 3.1 and 3.2 with 

their widely different characteristics are only samples 

from what one may call expected features of strong mo-

tion earthquakes. These and a few others avaliable show 

that more data is needed before the effects of the various 

factors influencing strong ground movements during earth-

quakes will be adequatlq understood. However, such 

records do disclose some relevant features of the ground 

movements that should guide engineers' thinking in 

designing structures to resist earthquake forces. 

Ground displacements are generally obtained by 

integrating the adjusted acceleration record twice 
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(see Ippendix I). Maximum displacements of the order of 

one foot have been calculated and field evidence shows dis-

placements, particularly very near the fault break of the 

order of many tens of feet. However, it is almost certain 

that these are not produced as a single movement but in 

stages which include creep movements as well, both before and 

after the earthquake. Fig. 3.3c and 3.4c show the ground 

displacements obtained after integration. These show that 

during strong earthquakes the periods of the ground displace-

ments are usually from two to ten seconds. Larger displace-

ments occur so slowly that they do not induce apreciable 

accelerations. Also at the end of the earthquake the record 

may show a permanent displacement of the ground; this is 

genuine and is due to the tectonic movements associated with 

the earthquake. In the case of the Imperial valley earth-

quake of 18th May 1940, the fault was 6i kilometers 

away from the recording station at El-Centro and the recorded 

slip at the fault nearest to the station was about 4 ft. 

Ground velocities are obtained by integrating the 

acceleration record once (see Appendix I). Maximum 

ground velocities of the order of 22 ft../sec. have been 

computed (Hudson et al. 1967). Velocities of the same 
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order have also been deduced (Ambraseys 1964). Inte-

grated records of the ground velocity are shown in the 

Figs. 3.3b and 5.4b. They fluctuate more rapidly than 

the ground displacements, and they have periods between 

0.5 and 2 seconds. 

Maximum Eround accelerations of about 50% g have 

been instrumentally recorded very near the epicentre 

(Hudson 1967) of the Parkfield earthquake of 27th June 

1966. Accelerations of the same order have also been 

indirectly calculated (Ambraseys 1964), while some ex-

ceeding 100 % g have been inferred (see for example 

Oldham 1899). Ground accelerations fluctuate more 

rapidly than velocities, having half periods of only 0.05 

to 0.4 seconds. The shapes of the acceleration pulses 

are very irregular but they can be approximated very 

closely by triangular pulses. 

For engineering purposes and for the design of 

structures, not only the peak vales of accelerations, but 

also their sequence of occurrence, their number, their 

periods and the total duration of the earthquake are 

important. 

As the pulses of an earthquake occur in a random 

manner varying in time and amplitude, it is almost 
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impossible to study their sequence of occurrence from 

records. However, it is not difficult to visualise the 

importance of sequence of pulses in causing damage to 

structures. We consider, as a simple case, the stability 

of 
of a block/mass resting on a slope which is subjected 

to an earthquake. The damage may be measured by the 

amount of relative displacement between the block and the 

ground. The resistance to displacement is considered 

to be frictional. In this case, when the inertia forces 

on the block exceeds its shear resistance, the block will 

move. Now, if two strong pulses are separated by a 

series of weak pulses incapable of causing movement, then 

the block, which is set in motion by the first strong 

pulse., may come to rest before the second strong pulse 

sets it in motion again. On the other hand, if the 

stronger pulses are not separated by weak pulses, then 

be 
the block will not come to rest but it will/displaced 

further by the second shock since the mass will have 

an initial velocity at the beginning of the second 

strong shock. The total displacement in the latter case 

will be considerably greater than in the former. Thus two 

or three high acceleration pulses occuring successively 

will cause more damage than the same number of pulses 
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occurring at intervals separated by a series of small 

pulses. 

All earthquake records show some predominant 

periods. Any structure having periods nearly the same 

as these will show signs of quasi resonance with the 

earthquake, and if the earthquake lasts long enough it 

will cause heavy damage. The predominant periods of an 

earthquake are best studied by the acceleration-spectrum 

technique, which is dealt with in Chapter IV. 

The damaging effect of earthquakes on very ductile 

structures, such as earth dams, is time dependent. A 

single high acceleration pulse occurring with a short 

duration cannot cause much damage, even if the factor of 

safety of the structure drops below one. On the other 

hand, smaller accelerations occurring several times 

during an earthquake, may cause considerable damaget  if 

with each pulse, the factor of safety drops just below 

one. A design of an earth clam based on a factor of 

safety greater than one, will be highly uneconomical if 

the earthquake factor is based on the single largest 

acceleration. For this reason, the knowledge of the 

number of pulses will enable the designer to decide what 

acceleration should be used for the design. 
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For this purpose the two horizontal components 

of most of the availble records (Appendix III)were ex-

aminF.d for peaks at intervals of 1% g. Figures 3.5.1 

through 3.5.12 show histograms of their frequency dis-

tribution. From the histogram of the N-S component of 

the El-Centro record (Fig. 3.5.1) it can be seen that 

this record contains 340 pulses; of these only a dozen 

show accelerations greater than 15% g. Moreover, the 

maximum acceleration (I 1 % g) did not occur more than 

once and it did not last longer than 0.25 sec. This was 

found to be true for almost all the records studied. 

Figs. 3.6.1 through 3.6.12 show the cumulative 

frequency distribution of the pulses, i.e. the number of 

pulses (N) which showed accelerations greater than or 

equal to a. For the records used, this can be expressed 

by the empirical formula: 

log (N) = C (an  - a) 
	

(3.1) 

where 	a = maximum acceleration recorded in the com-

ponent. 

This equation is void for values of (a) ,10% g. 

It seems that C depends on the proximity of the source, 

.nd except for very near and shallow shocks, C was found 

to be 0.07. 
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From Figs. 3.1 and 3.2 it can be seen that the 

total duration of a record may vary from about a second 

to half a minute; very occasionally there have been 

records which lasted for more than a minute. The dura-

tion depends upon many factors such as the magnitude, 

the mechanism of the shock s 
	the superficial 

geology of the site and the distance of the site from 

the source of the earthquake. 

From the study of the available records (Appendix 

III) it seems that for shallow earthquakes a correlation 

between the magnitude of the shock and the duration of 

strong shaking does exist. The duration (to) in seconds 

during which the ground acceleration is greater than or 

equal to 3% g was found to be given by the empirical 

formula (Fig. 3:.10): 

to 	11.5 M - 53.0 	 (3.2) 

where M is the magnitude of the earthquake in Richter 

scale. 

Any correlation between duration and uagnitude 

should also involve other parameters and, therefore, 

should be used with caution. A similar expression given 

by Housner (1965) should also be used with such caution. 
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So far, the earthquake movements were considered 

in terms of their three orthogonal components. The 

actual ground motion is, however, given by the resultant  

of the three components. 

The vertical component is generally weak and there-

fore its effect on the resultant can be ignored. Thus 

the resultant of the other two components need only be 

considered. To study the resultant motion in its 

simplest form the two horizontal components of the avail-

able records were combined at every 0.01 second and for 

each earthquake their maximum value was calculated to-

gether with the ratio of the resultant to the larger of 

the two components. This ratio varies with the direction 

of the components but it was found to be less than or 

equal to 1.2. Under favourable conditions this value may 

approach an upper bound of 2. 

Fig. 3.7 and 3.8 show the actual particle dis-

placements of the ground during the earthquakes recorded 

at El-Centro on 18th May 1940 and at Port-Hueneme on 

18th March 1957. Dots mark intervals on 50 millisecs.; 

hence larger spacing between the dots indicates greater 

ground velocity and the accelerations are greatest 

where the change of spacing is maximum or minimum. 
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The resultant ground motion is important for the 

design of structures where lateral resistance to failure 

is independent of the direction, such as water tanks 

or chimneys. For the majority of structures there is 

always a critical direction along which the resistance 

to failure is minimum. For such structures only the 

stronger component may be used. 

Housner (1965) suggests that there is an upper 

bound for the maximum ground acceleration 

which he estimates to be 50% g. It can be shown, how- 

ever, that 	there is 	upper bound for 

the maximum ground velocities rather of the order of 

3-4 ft./sec. with very large associated ground accelera-

tions: From the engineering point of view these large 

accelerations are of little consequence as they are 

associated with very high frequencies. 

As the cause of shallow earthquakes is the sudden 

release of the strain energy, brought about by the 

fracture of rock or slip along an existing fault, the 

energy flux at the source of the earthquake is limited. 

The energy flux is defined as the energy flowing through 

per unit area of the wave front per unit time. A 

fracture in the crust, or a slip in the fault, will 

See_ pacv- 34 , ecrxtm, 
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release an amount of distortional strain energy which 

will be some fraction of the total energy recoverable 

from that stored in the focal volume, at the breaking 

point. This;  in turn, is a function of the properties 

of the strained material and since there is an upper 

bound to the strength of the material there must be an 

upper sound to the amount of energy stored and released 

by an earthquake per unit volume of strained material. 

Since a considerable part of the energy released is re-

leased in the form of kinetic energy, and since kinetic 

energy is directly proportional to the square of the 

particle velocity, an upper bound for the ground velocity 

should be expected due to faulting. 

3.3 Energy Flux 

If spherical symmetry be assumed, then the energy 

flux at a distance R from the source will be of the order 

of 

F = E. 
41cR

2
T 

(3.4) 

where F = energy flux (energy/unit surface/unit time) 

E = total energy released at the source 

R = focal distance 

T = total duration for passage of the wave train. 
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Equation (3.4) may be written as 

F = Energy/Area/Time 

= 15du/dt 

	

n 	. 2 
= 	s 

logF= 2 log u. + log (se) 	(3.5) 

When F is plotted against the maximum resultant 

velocity of the earthquake shown in 11:-4ble 3.1 a straight 

line is obtained which gives?  (Fig. 3.9) 

log F = 2.1 log V + 2.8 	 (3.6) 

This implies that for the data used 

log (sp) = 2.8 

630 x 1000 

	

or 	= 	
= 3 x 105cm/sec 

= 3Km/sec. 

which give a very reasonable value for the velocity 

of shear waves in the crust. This, together with the 

fact that .n.e gradient of log U or log V are almost id-

entical seem to indicate that flux can be used for design 

purposes. However, further work along these lines is 

needed. 
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S. Record 
No 

TABLE 3.1 

T(sec) 
E4uR

2 
 

F= V(cm/sec) R2(cm2) 
_.(h2+ D2)  

E(erg) 

1 	El-Centro '34 
2 	Ferndale '41 
3 	Vernon '33 
4 	Santa 

Barbara '41 

1249 x 1010  
7025 x 101°  
3125x1010 

10 1525 x 10 

5.5 x 1021  
2.8 x 1021  
2.0 x1021 
5.4 x 102°  

25 
12 
13 

8 

1.4 x 106  
2.64 x 105  
3.92 x 105  
3.52 x 105  

46.0 
7.61 

21.8 

21.1 

5 	Ferndale '51 3620 x 101°  2.0 x 102°  10 4.4 x 104 8.4 
6 	Ferndale I  38 3305 x 1010 1.5 x 1020 12 3.1 	x 104 8.13 
7 	Golden 269 x 1010  7.2 x 1019 4 5.32 x 105 6.1 

Gate '57 
8 	Taft '52 5300 x 1010  2.18 x 1023  36.5 8.96 x 106  20.3 
9 	El-Centro '40 976 x 1010 7.8 x 1021  30 2.12 x 106  47.8 
10 Eureka '54 2129 x 1010 5.50 x 1021  13 1.58 x 106  39.4 
11 Hollister '49 400 x 1010  7.2 x 1019  9 1,59 x 105  12.45 
12 Port 100 x 10lo  7.25 x 1018  1 5.77 x 105  17.55 

Hueneme '57 

For details, refer to Appendix III 
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CHAPTER IV 

STRONG GROUND MOTION SPECTRA 

4.1 Definition  

The concept of the response spectrum of strong 

ground movements was first introduced in earthquake 

engineering by Benioff (1934). The response spectrum 

of earthquake ground motion is defined as the plot of 

the maximum response of a series of single degree of 

freedom, linear, viscously damped oscillator to a pre-

scribed ground motion, versus the natural period of the 

oscillators for various fractions of critical damping. 

The response spectrum can be expressed in terms of re-

lative displacement, relative velocity and relative or 

absolute acceleration, (Hudson 1956). 

A single degree of freedom, linear, viscously 

damped system is shown in Fig. 4.1. Its response at any 

instant t, to an arbitrary time dependent ground dis-

placement g
o
, is given by 

d
2 du 
(u 

go)  dt 
+ c— + ku = o 

dt
2 

where m = mass 

(4.1) 

c = viscous damping coefficienb(of the dash-pot) 
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k = coefficient of stiffness of the stem 

u = relative displacement of the mass 

go(t) = displacement of the base from the position 

of rest, 

Equation 4.1 may be simplified to 

+ 	+ -u = -g(t) 
	

(4.2 ) 

where g(t) = d2/dt2(g
o
) = ground acceleration (4.3) 

If it be assumed that the motion starts from rest 

i.e. u= u_ 0 at t= 0 	(4.4) 

the solution of the equation is given by: 

u = --
1  
C (t)i".o(t  w 
/0 

t 	) 	(4.5) 

where 

undamped natural frequency of vibration 

of the oscillator 	(4.6) 

/( = 	= fraction of critical damping (4.7) 
2mw o 	1, 

w =
w 11 _Al2 = damped natural frequency of vi- 

bration of the system 	(4.8) 

From equation (4.5) the relative velocity is found to be: 

u = -) g(Z)T) N7.ao(t 	)cos -c(w(t -Z)). d Z + 
'JO 

1\9Sg(t)-(7-:;\wo(t 	) sinr(t -'Z )\ 	(4.9) 
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• • 

U 

2 2 2 w - wo  t 
g(t)e4t-t)sin w(t-) dt + 

0 W 

t 
+ 2 wo4 g(-0';'Xwo(t-Z 

0 

cos w(t-t) c1-1.:-g(t) 

and the absolute acceleration a 

= + g(t) - 
w2- o

2 
›w (t-Z) 

(t)e o 	sin w(t-Z)dt 

 

w 	0 

2 IAT:DXS g(trj>wo(t-Z) cos w(t-Z) dt (4. 10 ) 
0 

For a given undamped frequency (wo) and critical damping 

(X) the spectrum values are by definition: 

S
d 	

Relative displacement spectrum value= i I 	(4.11) 
-umax 

Sv 
= Relative velocity spectrum value 	zx 	(4.12) 

S
a 

= Absolute acceleration spectrum vdlue =NI a max (4.13) 

For a given ground disturbance g(t), these maxima occur 

at different instants, and persist for a very short time. 

4.2 Pseudo-spectrum 

It can be seen that when is small the quantity 

2p- 	Is close to one and that terms of the order of 

and 	may be omitted. This reduces equations (4.5), 
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0 

(4.9) and (4.10) to: 
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g(-6-6 1'10(t-eisin wo
(t-t) 

0 
4 .il, 	e 
s(z)  Aw o (t-Z) 	t. cos w

o
(t-t)d 

P 

. 
 0 

t 
'11 . w ( g(C)-5Xclo(t-r)sin w

o(t-Z) d2ap 	o.) 
0 

The maximum value of the velocity response is 

unaffected if we replace the cosine term in (4.15) by sine, 

Hence: 

sdp= tupt 
max 

Svp = lupl max
= w

o
S
dp 

a. = wo
2
Sdp ap aplmax 

Where Sdp' 
S
vp' 

and  S
ap 
 represent the "paildo-

spectra" of the ground movement. For A= o we have 

Sd = Sdp 
and 

S
a 

= S
ap but 

because of the replacement of cosine by sine 

S
v 
/ S vp 

For small vales of damping .c.;0% the difference 

amounts to about 7% between pseudo and exact goectra 

except for the velocity spectra which may differ by as 

(Hudson 1962, Jenschke et al 1965) 
much as 2004t For earthquakes of short duration, i.e. 
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with small values of t, with short period peaks, the 

error due to replacement of cosine by sine becomes im-

portant (Hudson 1962). Table 4.1 gives the ratio of the 

maximum true absolute acceleration (S
a
) to maximum pseudo 

acceleration (S
ap) 

 and the ratio of the maximum true 

relative velocity (Sv) to pseudo relative velocity (S ) 
vp 

for four different oscillators. 

This table shows that the error in using pseudo 

velocity spectra is more significant than the error in 

the pseudo acceleration spectra. Moreover, this error 

varies widely, depending on factors that make a general 

correction in the "pseudo-response" spectrum impossible. 

4.3 Numerical Calculations 

To calculate the spectrum of a given earthquake 

for given X and wQ  it is necessary to evaluate the into-

grals in equations (4.5), (4.9) and (4.10). The quantity 

g(t) represents the ground accelerations. It has been 

mentioned in Chapter III, that the ground acceleration 

1.3ords can be approximated to a series of triangular 

pulses. In all numerical calculations, it can be safely 

assumed that an earthquake record can be represented by 

a series of straight lines connecting the peaks or 



L11 

TABLE 4.1  

(After Jenschke et al 1965) 

a) S /S a ad 

Event 
w 
0 = 6 

T = 1.05 

wo = 10 

sec 	T = 0.63 

w
o = 20 

T = 0.31 

wo 
T = 0.16 

El-Centro 40, N-S 1.09 1.10 1.04 1.06 

El-Centro 40, E-W 1.09 1.09 1.03 1.09 

El-Centro 34, NS 1.11 1.07 1.01 1.02 X=20 
3/4C-rit 

Olympia 49, N80E 1.08 1.19 1.05 1.03 

Average 1.09 1.11 1.03 1.05 

b) S v/5 vp_ 

Event 
w 0 = 6 

T = 1.05 

wo = 10 

sec 	T = 0.63 

w
o = 20 

T = 0.31 

wo = 40 

T = 0.16 

El-Centro 40, N-S 1.27 1.19 1.02 0.77 

El-Centro 40, E-W 1.96 1.11 0.72 0.87 

El-Centro 34, N-S 1.70 1.05 0.70 o.56 X=-20 

Olympia 49, N80E 1.54 1.16 0.69 0.89 

Average 1.62 1.13 0.78 0.77 
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obvious points of discontinuity, so that 

+g(t) 	
i-1 

a.(t - t 	) 	b. (4.20) 

where a. and b. are constants of the ith segment. With this 

assumption, it is easier and quicker to solve the differen-

tial equation (4.2) from fist principles rather than to 

evaluate the integrals involved in (4.5), (4.9) and (4.10). 

(See Appendix II). The advantage of this operation is that 

it gives the true relative displacement, the true relative 

velocity/  and the true absolute acceleration simultaneously. 

Once the above three quantities have been evaluated 

their maxima values can be obtained and plotted versus 

the corresponding periods of the oscillators involved. 

4.4  Errors in Calculating the Spectral Values  

Several errors may occur in the calcu1tions of 

spectral values, some of which are given below. 

Base line correction: This error arises from the fact that 

accelerogram records do not have a base line. The method 

of finding the position of a base line on a record has been 

discussed briefly in Chapter III. Figure 4.2 shows the 

difference in the velocity spectra for the corrected and 

uncorrected records of the S-69°-E component of the Taft 
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earthquake of July 1952. 

Personal Error of Reading Accelerogram: Hudson (1962) 

studied this problem using as an example the record of the 

S-69°-E component of Taft Earthquake of 1952. This record 

was read by different people; their readings were used for 

the calcultion of the response spectrum. Fig. 4.3 shows the 

results from two different readings. The same figure shows 

the results obtained by using our readings for the same 

:;ord. This figure clearly shows that the spectrum 

curves are very sensitive to small errors in reading the 

aCcelerogram. 

Errors due to Steps of Integration: As the response of an 

oscillator is determined at convenient intervals of time, 

there is a possibility that the real maximum value of the 

response may occur between t
i 
 and t

i-1 
and that this 

maximum can be missed out. (This fact has been noticed 

by others as well, Jennings 1962). Fig. 4.4 dhows the 

maxima values of the response obtained using two different 

steps of time intervals. In this figure the points connected 

by dotted lines are evaluated at the peaks of the accelera-

tion record but the points connected by solid lines are 

evaluated at time intervals of 0.01 seconds which include 
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peak values as well. For short periods differences of the 

order of 100% are noticed. On the other hand it is felt 

that intervals smaller than 0.01 second may introduce large 

rounding off errors. 

4.5 Resultant Spectrum 

It has been pointed out in Chapter III 'that the 

ground accelerations are recorded in three orthogonal com-

ponents and that the vertical component, in order to simplify 

matters, may be ignored. The spectrum obtained from one 

component is not the true response of an inverted pendulum 

(Fig. 4.1) and both components should be used. The resul-

tant spectrum can be easily determined by evaluating the 

response of the oscillator to the two horizontal components 

simultaneously. If suffixes x and y represent the two com-

ponents and r represents the resultant, then at any instant, 

, 	A 
u 	= ku

2 
 + u

2 
 ) 2  

r 

	

2
x 	Y.  1_ . 

u
2 -2-  

l'a
r 

. (i). 	
y
) 

x 

*U
r 

= Cu + u )2  

	

x 	y 

(4.21) 

(4.22) 

(4.23) 

The resultant spectral values are then given by, 

S
dr r max 

S 	=t17.1 
vr 	rt max 

S
ar =Primax 

(4.24) 

(4.25) 

(4.26) 
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Figs. 4.5.1 and 4.5.2 show two "Resultant accelera-

tion spectra" for the El-Centro record of the earthquake 

of 18th May 1940 and for the Port Hueneme record of the 

earthquake of 18th March 1957 for 10% critical damping. 

In these particular cases the difference between the 

"resultant spectrum" and the spectrum of the stronger 

of the two components appears in the longer periods and 

it is about 22;(. This difference seems to depend on the 

orientation of registration of the two components of the 

ground movements. The "resultant spectrum" is independ-

ent of the orientation of recording. 

4.6 Predominant Frequency 

Earthquakes show in general certain predominant 

periods and a structure having a period close to that 

of the earthquake will quasi-resonate and strongly 

respond to the ground vibrations. This can be seen from 

the acceleration spectrum of the N-S component of the 

El-Centro record (Fig. 4.4) where the maximum magnifi-

cation occurs at periods about 0.4 to 0.5 secs. The 

acceleration spectrum of the Port Hueneme record of the 

1957 earthquake (Fig. 4.5.2) shows nearly the same pre-

dominant periods. On the other hand, the acceleration 
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spectrum of the Mexican earthquake of the 19th May 1962 

(Fig. 4.7) shows much longer predominant periods, around 

2.5 seconds*. This agrees with Jenschkeis (1965) ob-

servation that the spectrum of earthquakes and the pre-

dominant frequencies depend upon the epicentral distance 

and on the ground conditions. 

4.7 Effect of Damping 

Figs. 4.3 and 4.6 show the effect of damping on the 

spectrum curves. The zero damped curve is marked by 

oscillations which indicate that themsponse is very 

sensitive to small changes in the period of vibration 

of the oscillator. When the movements of the oscillator 

is damped by a small amount, the response becomes less 

sensitive to small changes in the period of vibration 

of the oscillator and only the stronger periods predom-

inate. Also the damping causes a large' reduction in the 

amplitude of the response Of the oscillator 

* 
Mexican earthquake of 19th May 1962 originated at a 
distance of about 260 km. and at a depth of about 35 
km. The ground in the Mexico City is of soft alluvial. 
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CHAPTER V 

RESPONSE OF EARTH DAMS TO 

STRONG EARTHQUAKES  

5.1 Introduction 

To find the response of an earth dam to a strong 

earthquake, it is essential to know the characteristics 

of the dam as well as that of the earthquake. In this 

Chapter, the factors that influence the response of the 

dan are discussed briefly. Sevcral existing records of 

earthquakes are used in order to find the response of 

typical earth dam sections subject to actual earthquake 

disturbances at the foundations. 

5.2 Factors influencing the Response  

The main factors that control the response of a dam 

are 

i) the properties of the material in the body of 

the dam as well as in the foundation. 

ii) the capacity of the dam to absorb energy. 

iii) the geometric configuration of the dam. 

iv) the characteristics of the earthquake itself. 
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Properties of the material: For small values of inertia 

forces, the dam behaves elastically and even for large 

inertia forces, the initial response is elastic, 

(Medvedev 1965). In fact, the stress-strain behaviour 

of the material in the dam is not elastic over the stress-

range in question, but an arorage linear relationship 

may be used. 

The elastic properties of the dam are most conven-

iently introduced in terms of the shear wave velocity 

of the fill. For zoned dams, when more than one type of 

soil is used, a weighted average value may be used. 

The shear modulus and the shear wave velocity in an 

earth dam can be determined either by geophysical methods 

in trial embankments or in the laboratory, the first 

method being preferable. The laboratory methods of 

determining the modulii are ectensively discussed by 

Jones et al (1965). The salient points of the results 

of his discussion being: 

i) The longitudinal or shear wave velocities in sand 

are not appreciably affected by the change in frequency 

between 200 to 2500 c/s. Dynamic nodulii of various clays 

are 10-40% higher than the static value. 

ii) Elastic modulii of saturated sand are slightly 
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lower than those of the dry sand. Moisture content has 

considerably greater effect on the dynamic modulii 

of clay. 

iii) There is an increase in dynamic modulii with 

the increase of confining pressure. 

In general these methods give higher values than 

those that obtain during a strong earthquake. This is 

Mainly due to tha fact that strains induced by an earth-

quake will be greater than those involved in geophysical 

methods, while the rate of straining will be much lower. 

Table 5.1 gives some values for the shear wave velo-

city obtained from various authors. 

Elastic properties of the soil generally vary with 

depth because of differences in soil type, moisture 

content, density, and the confining pressure. But, a 

variation of the typo S = 50  + ,5
1
(y/h)-̀ , will for 

reasonable values of m, produce a small increase in 

amplitude with height, which for all pracltical purposes 

may be neglected. Moreover, solutions for the case, 

when m 0, is very complicated and its use cannot be 

justified since the actual variation of S with height is 

not known 

-x- 	SFIQcve backAve v.1.061 	s6,1 



TABLE 5.1  

Name of Dam Y A H Material References 

Dry Canyon@ 1912 50 67 330+  10 Hydraulic Fill Keightley (1963) 
Ono
@  

1914 21 121 290x  Puddle clay core; Mononobe et al (1963) 
Clay/gravel fill 

Upper Murayama 1919 16 80 550x  Puddle clay core; IP 

Clay/gravel fill 
Lower Murayama

@ 
199 16 100 40ox  Puddle clay core; t 

Clay/gravel fill 

Yamaguchi 1933 2 107 300x  Puddle clay core; !I 

Clay/gravel fill 
Bouquet 1934 39 190 1.270 5 Compacted sandy-

clay fill 
Keightley (1964) 

Bon Tepe 1949 15 96 1,100 5 Homogeneous com-
pacted fill 

Martin (1965) 

Yamamoto 1950 3 50  11050 Compacted silty 
clay 

Kajita (1956) 

Uji 1950 6 20 320 Homogeneous 
silty clay 

Yokoo et al (1957) 

TE 	1 1959 j  15 820 20 Homogeneous, com-
pacted sandstone 

TE - 2 1959 20 600 21 Composite, com-
pacted clay 

For key see page 50b 



KEY FOR TABLE 5.1  

Notes: 

x = Calculated from P-wave velocities 

+ = Derived from response characteristics 

= Damaged by earthquake prior to testing 

= Unpublished test results Mangla Dam Project 

Y = Year of construction 

A = Age when tested (years) 

H = Height in feet 

S-wave velocities from field measurements (ft./sec) 

X= Damping % of critical. 

50b 
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Energy dissipation capacity: The amount of energy dis-

sipated in an oscillating system is conveneintly ex- 

pressed by an equivalent viscous damping of the material, 

usually as a fraction of the critical dapping, which is 

the minimum damping required to suppress the oscillation 

completely. This kind of damping, when sufficiently 

large, ma-  depress the response of an infinite degree of 

freedom oscillator in a manner similar to that in which 

the oscillations of an elastic non-linear systen would 

be depressed by local energy dissipation (Velestos and 

Newmark 1960). 

The damping present in an earth dam subject to 

earthquake excitation consists of (a) Kinematic viscosity 

(b) Coulomb's friction, or of both. The frictional 

damping for the relative velocities involved in earth dans 

is almost independent of the local change in velocity 

and it is relatively more effective in the smaller ampli-

tude vibration. Viscous damping is sensitive to changes 

in the moisture content and dry density of the fill 

material (Ambraseys 1959). 

In earth dams, overall damping will generally be 

high. A large part of this will be due to the reflect-

ion of elastic waves back into the foundation as well 
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as due to the effect of inelastic work of deformation. 

For the elastic range of oscillatory distortion, 

Heiland (1940) obtained 7-15% critical damping for a 

variety of soils. Bernhard (1937) found that damping 

may range from 10 to 20% critical. Hall and Richart 

(1963) obtained values of 0.02 to 0.20 in terms of the 

logarithmic decrement from various tests on Ottawa sand 

and glass beads. Grain size was found to affect damping. 

Hardin (1965) found that the increase of confining 

pressure has the effect of decreasing the damping but 

also found it to be independent of initial density and 

the specimen. 

From vibration tests on full scale models Keightly 

(1963) found that the damping is of the order of 10% 

critical for the lower modes and about 2 to 5% for the 

higher modes. Simitar tests by the same author (1966) 

show damping of 3-6% critical for the lowest eight nodes. 

From the response of an actual dam subject to a distant 

earthquake Okamoto (1965) found an equivalent damping 

of 4% critical. Krishna and Prakash (1966) using model 

tests deduced an amount of damping of 3-17% critical. 

(See Prakash and Gupta 1966) 

Geometric Configuration: The geometric configuration of 

sorrvz 
the dam/has 	 effect on its response, though 
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it is not apparent from the one-dimensional shear res-

ponse theory. In general, the dam is treated as an un-

truncated, symmetric triangular wedge. Ambraseys (1960 ft) 

has shown that, only when the crest width is smaller 

than 10% of the width of the base, can the wedge be 

treated as an untruncated one. For side slopes flatter 

than 1:1.5, the bending vibration is negligible (Hat-

anaka 1955) and when the ratio of the; width of the valley 

to the height of the dam is greater than four, the dam 

can be treated as an infinitely long one (Hatanaka 

1955; Ambraseys 1960r), Unequal slopes on the sides 

of the dam have considerable effect on the response of 

the dam when they differ considerably from symmetry, 

mainly due to bending effects. In the one dimensional 

shear response theory, the side slopes do not have any 

effect, but for flatter slopes, the two dimensional 

response shows less magnification at the top (Medvedev 

1965). 

Foundation: The response of the dam is considerably 

affected by the thickness and properties of its founda- 

tion. It can be 	that the presence of a soft layer 

between the bed rock and the dam has the effect cf in-

creasing the period of vibration of the dam (Finn 1966). 
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L b 

TABLE 5.2 

g(t,x) G(y) References d 

One- 
dimensional 
solutions: 

L b 01= 02  0 g(t) constant Ambraseys 
(1960a, 1960c) 

L 0 !! 0 g(t,x) constant Hatanaka 
(1952, 1955) 

L 0 01/ 02  0 sine constant Minami (1960) 

co 0 01= 02  d g(t) constant Ambraseys 
(1960a) 

co 0 of 0 g(t) 
I 

y3  Rashid (1961) 

L b iv 0 g(t,x) y2  Ambraseys* 
(1963) 

co b IT o g(t,x) yn  " 	(n/2) 

Two- 
dimensional 
solutions: 

yokoo et al (1957) 

Ishizaki et al. (1962) 

Medvedev et al. (1965) 

Note: 	unpulished reports 

G(Y) = s(Y)2p 
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The influecce of the layer on the response of the struct-

ure can be calculated either by incorporating the layer 

in the dam or by modifying the ground mr-vements to 

account for the compliance of the layer (Ambraseys 1960c), 

5.3 Response of the Dam 

Table 5.2 gives a list of various cases for which 

solutions are available. In this thesis, only the one 

dimensional case is used (case 1 of Table 5.2). 

The following are simplifying assumptions made in 

the ono dimensional shear response theory for the cal-

culaticn of the resnonse of earth dams. 

i) The section of the dam is triangular with uni-

forn1 symmetric slopes. 

ii) The properties of the material in the body of 

the dam is elastic, isotropic and homogeneous. 

iii) The structure vibrates in shear in the horizon-
distributed 

tal direction only and the stresses are uniformly/over 

the entire width of the section. 

iv) The length of the dam is much greater than its 

height. 

v) The ground vibrates in a direction transverse 

to the longitudinal axis of the dam. 
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vi) The dam is rigidly fixed 1p the foundation; 

the rigidity of the foundation is much greater compared 

to that of the dam itself, 

Ishizaki and Hata keyama (1962), Clough and Chopra 

(1966) have shown that the vibrations arising from hori- 

zontal movementF7 are in fact two dimensional and that 

the vertical vibration is also significant*. 

As mentioned before, the one dimensional shear 

vibration problem has already been solved. But for 

easy reference, the problem shall be formulated and 

solved here again. 

Let the dam be represented by a triangle ABC 

(Fig. 5.1). The apex A is chosen as the origin, y being 

measured downward as positive. The ground moves in a 

direction perpendicular to the y-axis in the plane of the 

paper. The relative displacements, relative velocity 

and absolute acceleration of the dam, as well as those 

of the ground, arc measured positive to the right. 

An element at a depth of y is considered. The 

width of the element is (b.y) where b is a numerical 

It is obvious that the assumption of the stresses 
being uniformly distributed over the entire width of 
the section cannot be true as this implies stresses 
on the free surfaces of the dam. 
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constant depending on the side slope. The ground dis- 

placement at the base is given by. 	' The motion 

of the base is communicated to the element by elastic 

shearing forces. If the elastic distortion due to shear 

is denoted by u = u(y,t), which is evenly distributed 

over the width of the section, then the shearing force 

at the depth y is given by 

Q 	
u = b.y.G.—d— ay (5.1) 

where G is the modulus of rigidity of the material of 

the dam. The change in shear force in an elemental depth 

(dy) is given by 

3Q, 	a 	du dy + 	(b.y.G.57). dy 

The inertia force of the element is given by 

ta

2 au} I = p.b.y.dy 572 (u + g
o
) + cat  

Where f = 1:-:ass density of soil 

c = coefficient of damping 

.. equating the two forces, 

(5.2) 

(5.3) 

a2 
p.b.y.dy 

t 

3u c-31- + g(t)} a 
ay 

dy (5.4) 

	

where g(t) = 	2  

	

= 	g 
o
(t) 	 (5.6) dt  

Where s =‘1G4o = shear wave velocity in the material. 
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The boundary conditions are given by the following: 

i) As the dam and the foundation are assumed to be 

rigidly fixed, there is no relative displacement at the 

base of the dam. 

e. u(hlt) =0 	 (5.7) 

ii) Since the crest of the dam is free from stress, 

221 = 0 	 (5.8) 
65=0 

iii) Assuming the motions to start from rest, 

u(y,o) = 	= 0 	(5.9) 

The complete solution to this boundary vie problem 

is given in the Appendix IV 

The solution to Eq. (5.6) with the boundary condi- 

tions (5.7) through (5.9) is 

00 

u  = 	°n Sdn 
	 (5.10) 

n=1 

where Y 
2.Jo (c'n T) 

°n - anJ (an) 
(5.11) 

1 = 	g(Z")5nwon(t-)sin w (t-t) dZ (5.12) 
do 	wn 

0 

sa n  
w- on h 	 (5.13) 



wn 	w
on  (1 - X 2

)i 

- 
n 2w 

on 

a
n  = Roots of the Bessel equation Jo

(Z)=0 (5.16) 

It can easily be seen that :sdn  is the response of 

a single degree of freedom system of undamped period 

w
on and damping ..)\n% of critical. It can also be seen 

that the factor b which represents thejhelination of the 

side slopes has no effect on the response. 

Differentiating u once with respect to t, we obtain 

the relative velocity: 

00 

= 
vn (5.17) 

 

n=1 

 

;
b 

Svn = -j 
g(.: won(t-6cos wn

(t-Z)dZ + 
0 

t 
)nwon  r 	(t-z) 

w 	g(C)e h on 	sin wn(t-'t)dt  
n o 

(5.18) 

and differentiating once more with respect to t, we 

have: 
00  0 

u = z 

n=1 

S
an
- g(t)} (5.19) 

Where 
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where 
2 	".1 2 	t wn 	- n won 

2 
C 	,.-. w (t-C) 

S an- 	j  g(e)e n on wn 	
Sinwn(t-t c.1 )  

0 
t 

h wOil 	g(c)-eA - nwon cos wn(t-Z)dt. (5.20) 
0 

n
= 1 we have 

2/1 San -g(t)  

or 
	

0n an 
	 (5.21) 

Martin (1965), Seed and Martin (1966) assumed that 

2 i X is small and thattrms of the order of X and 2+, n 

(5.20) can be neglected so that san becomes equal to the 

"pseudo acceleration" as it was shown in Chapter IV. But 

under strong earthquakes -Acan be very high; for large 

strains, 	nay show vales larger than 20%. Thus the 

:assumption of very small Xin calculating the response 

of earth dams is not justified. To check the error 

involved, Martin's input data was used and the exact 

as well as the pseudo-response of a typical cross-

section were calculated. The significant part of the 

two calculations is shown in Fig. (5.9). This shows 

that, though the difference is about 10% at the time of 

maximum response at other times it may roach values of 

100%. 
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5.4 Response Characteristics  

The most convenient way of expressing the vibra- 

tional parameter of the dam is by using: 

i) its natural period, which takes into account the 

height of the dam as well as its elastic properties, 

ii) the damping characteristics of the fill material. 

From Eq. (5.13), the undamped natural period is given by: 

T
=  2/1- 	2A . S - 2.61 	 (5.22) 

1 w01 al 	S  

And the free periods of the higher modes can be expressed 

by a
1 T

n 
T x 
1 a

n 
(5.23) 

The damping, 	is assumed to be constant for all 

modes, although in reality damping increases with higher 

nodes. ( See Kawasumi and Kanai 1956). 

The magnitude and time history of the absolute 

accelerations in the dam were calculated, using the first 

ten terms of the series given in Eq. (5.21), in an IBM 

7090 computer. The accelerations were calculated at five 

levels, equally spaced for ten different records of earth-

quakes (See Appendix al.) and for given valies of T1  and 

(See Appendix V for convergence of the series). 

Fig. 5.2 shows the variation of the seismic accel-

eration with time in a dam whose fundamental period is 
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0 25 seconds. This period will represent a dam of 100 ft. 

height with shear wave velocity of 1044 ft./sec. The move-

ments are damped at 10% critical, and the motion is caused 

by the north-south component of the El-Centro earthquake 

of 18th May, 1940 as shown in Fig. 3.1. Two seconds after 

the beginning of the earthquake, the ground acceleration 

reached its maximum value of 33% g and 0.36 seconds later 

level E reached its maximum acceleration. During the 

following 0.4 second, the accelrations below level E 

fell off to small values while the rest of the cross-

section from level A to D reached its maximum almost 

simultaneously. This acceleration did not persist for 

long and in about 0.05 seconds, it subsided to zero and 

reversed its directions. The rest of the tine history 

followed more or Iss l  the same pattern, but with the 

accelerations decreasing as the ground movement died 

out. In this case, the fundamental Jlode had a period within 

the range of the predohJinant periods cf the ground 

accelerations. Thus higher modes did not contribute much 

to the response. The contribution of the fundamental 

mode is noticeable particularly at 2.52 seconds as 

shown by the dashed curve in Fig. 5.2. 

As the furidoicuntal period of the dam increases 
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higher modes begin to contribute more substantially 

to the response. Fig. 5.3 shows the time history of the 

acceleration in a dam which is four times as high. About 

4.8 seconds after the beginning of the earthquake, all the 

points had experienced the maximum accelerations but un-

like the other case, the maximum occurred at different 

instances and in different directions. 

A number of interesting features emerged from the 

study of the time history of a number of dams subject to 

actual ground accelerations. 

i) The ground accelerations may be magnified or 

depressed in the body of a dam. 

ii) This magnification depends on the energy dissi-

pation capacity of the material, i.e.darping. 

iii) Maximum accelerations at a point in the dam per-

sist for a very short duration. 

iv) In dams of comparatively small natural period 

(small height or stiff fill material), the maximum value 

of acceleration at different levels occur almostdmultan-

eouslY and in the same direction, whereas for dams of 

longer natural periods (higher dams) maximum accelerations 

occur at different instances and in different directions. 

v) Dams of small natural period will magnify the 

ground accelerations more than higher dams. This is true 
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for dams within the epicentral area of a strong earth-

quake where short period waves predominate. Of the dams 

situated away from the epicentre those of lower natural 

periods will magnify the ground mvements more than those 

of short natural period. However, this magnification is 

of no consequence as the amplitude of ground movements at 

such large distances is usually small. 

Magnification Spectrum: A better way of displaying the 

effect of the fundaetal period, damping and nature of 

ground mosments on the response is to express the maximum 

aCcelerations attained at a point during a particular 

earthquake. as a factor of the maximum ground acceIra-

tions and plot the magnification factor (a) against the 

fundamental periods. Figures 5.4.1 through 5.4.10 shcw 

such plots (i.e. the magnification spectra) for ten diff-

erent earthquake records. 

Each plot shows the magnification attained during 

an earthquake at five different levels in the dam when the 

motion is damped at 20% critical. The same records were 

used to determine the magnification at different levels 

when the motion was damped at 10% and 40% critical but 

only one record of each case is shown in Figures 5.4.11 

and 5.4.12. These figures show that large magnifications 
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can be obtained for small values of damping. Small values 

of damping are connected with those ground movements which 

will produce snail strains in the body of the dam, so 

that larger magnifications are connected with smaller 

ground accelerations. 

Figure 5.4.13 shows the ragnification spectrum 

for the record of the Mexican earthquake of 19th May 

1962, recorded at a distance of 260 km from the source. 

The spectrum shows that dams of long periods will magnify 

the ground accelerations more than dams of short periods. 

The simplest way of finding the maximum acceleration 

at a point in the dam is to use the magnification spectrum 

but this requires prior knowledge of the Laximum future 

earthquake. To overcome this difficulty it can be assumed 

that future earthqtwkEs - A4iAl show 	characteristics 

as past earthquakes but with different maximum accelera-

tion. Therefore an averaging treatment can be used similar 

to that used by Housner (1956) for the average response 

spectra. Figure 5,5.1 through 5.5.3 show the average 

m.-.gnification sjectrum for 20%, 10% and 40% critical 

damping. Since it is necessary to know the magnification 

factor for values of damping other than these, a correct-

ion factor (S)has been calculated, Fig. 5.6. In order to 
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obtain the approximate magnification spectrum for a 

particular damping, the ordinates of the spectrum for 20% 

critical damping is multiplied by the factor (le) that 

corresponds to the required damping. 

Thus for a given design ground acceleration, the 

expected maximum acceleration at a given point in the dam 

can be obtained directly from the Figures 5.5 and 56. 

However, it must be remembered that the accelerations at 

the five points in the dam which were calculated occur 

neither simultaneously nor do they act in the same direct-

ion. These graphs are therefore suitable for design of 

small structures embedded in or built on the dam. The use 

of Figures 5.5 and 5.6 for the overall stability of a dam 

will obviously lead to conservative results. 

Maximum Magnification Spectrum: In calculating the average 

magnification spectrum, earthquake records from shocks of 

magnitude between 5.3 and 7.1 were used which were ob- 

tained at epicentral distances of 20 to 60 kilometres. 

For this group of earthquakes, the largest response was 

found to be caused by the El-Centro records. This can be 

seen by comparing the individual magnification spectra in 

Figures 5.4.1 through 5.4.10. It was, however, thought 

that an extreme condition for the response could be 
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obtained My considering the envelope of all the available 

shocks including near shocks, with focal distances as 

small as 10 kilometers. Fig. 5.7.1 shows the maximum 

response for 20% damping and Figs. 5.7.2 and 5.7.3 show 

the maximum response for 10% and 40% damping with the 

i°  
correction factor ( 	) for other vabes of damping, 

max 

shown in Fig. 5.8, 

5.5  Response of Actual Dams 

Fig. 5.10 shows one of the acceleration records 

obtained at the base, mid-height and crest level of the 120 

ft. high Sannokai dam in Japan, during an earthquake of 

magnitude 7.2 which occurred 150 miles away. The maximum 

ground acceleration at the site was very low, only 0.6% 

g but this is magnified 3.2 times at the crest for a value 

of about 4% (Okamoto et al 1965). Also Esmiol (1965) 

refers to the Cachuma Dam in California where the ground 

acceleration caused b.,y thr-e snail earthquakes was magni-

fied at the crest by values between 2.2 and 3.7. For 

these two magnifications, the values of damping were 15% 

and 10% of critical respectively. 

From the study of the Sannokai dam acceleration 

records, and from similar records obtained in the United 
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States, it seems that with groundnotions of increasing 

intensity, other things being equal, the magnification 

decreases. This is most probably due to the increasing 

amount of energy which is dissipated during more intense 

ground motions in the form of large straining in the body 

of the clam. This behaviour brings cut the non-linear 

behaviour of these structures, and also suggests that 

during severe shaking, the energy dissipation and hence 

the damping though not necessarily of a viscous type, 

is very high (Taylor et al 1965; but also Hudson 1965; 

Jennings 1963 and 1965). 
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CHAPTER VI 

THE SEISMIC COEFFICIENT 

6.1 Introduction and Definition  

Past and most of the current practice in the design 

of earth dams against earthquake forces involves the compu-

tation of the factor of safety against sliding of the 

structure along a potential sliding surface when a static 

horizontal force, which represents the seismic inertia force, 

is included in the computation. This inertia force is 

assumed to be independent of time and constant along the 

height of the daLi. From Figures 5.2 and 5.3, however, we 

see that the induced absolute accelerations, and consequently 

the actual inertia forces in the body of a dam change 

rapidly with time, passing from one configuration to another 

and persisting with their maximum value for extremely short 

duration. It is necessary therefore to introduce the actual 

seismic forces in the analysis. These forces, as we have 

seen, have a complicated time dependent configuration, 

particular 	to each earthquake. They can be represented 

conveniently by an empirical factor which in effect will 

be a measure of the inertia forces acting ever a certain 

part of the structure at a particular instant during a 

"design earthquake". 



This factor, "the seismic coefficient" is defined 

as the factor which when multiplied by the weight of the 

mass contained within a potential sliding surface, gives the 

maximum inertia force that will act on the mass during a 

particular earthquake. If F is the maximum inertia force 

of the mass and M is the total mass contained within a 

potential sliding surface then 

KMg 
 = 	 (6.1) 

where K is the seismic coefficient for that sliding surface. 

In the past, several time independent acceleration 

distributions varying along the height of the dam, have 

been proposed. Hatanaka (1955) proposed that the seismic 

acceleration along the height follows the distribution 

A = A
T 
Jo(2.40481) 
	 (6.2) 

where A is the acceleration at any depth y measured from 

the top and AT  is the acceleration at the crest which is 

equal to@.3 sec. g4with a maximum vrdie of 0.5 g and a 

minimum value of 0.15 g. T is the fundamental period of 

the dam in seconds and h is the height of the dam. This 

proposal leads to the conclusion that all dams respond 

predominantly in their fundamental node which is not true. 

Ambrasey6 (1960x) proposed that the accelration A 

at any height of a dam should be 
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n=1 i 	 ) n (6.3) 
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where A
n 

is the maximum response of the nth mode for a 

particular damping. Since the maximum of all modes do not 

occur at the same instant and since they are not necessar-

ily in the same direction this proposal overestimates 

the inertia forces. 

iuibraseys (19602) also proposed that the absolute 

acceleration at any height of a dam should be the maximum 

of the maximum response of any one of the rneds. Thus 

A = IA
n max 
	 (6.4) 

But this also overestimates the inertia forces. 

For the calculations of the seismic coefficient, the 

method proposed by Seed and Martin (1966) may be used. We 

have shown that for a given earthquake, the time hisotry 

of the seismic accelerations acting on the body of a dam 

can be calculated from Equation (5.21). If the geometry 

of the potential sliding surface can be specified in 

advance, the net force F that will act at any instant t 

on the mass M which is contained within the sliding surface, 

can also be calculated. This can be done by simply dividing 

the mass into hcrizcntal strips of mass mi  and by multi- 

plying each of than by the corresponding acceleration 

ila(t) that obtain at the ith level. The sum of the products 
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will give the total force F (see Fig. 6.1). For a given 

earthquake an for a particular sliding surface by re-

peating the process at different instants, the maximum value 

of the force F can be found. An average seismic accelera-

tion for the sliding surface considered can be expressed as 

mi 
	 (6.5) 

In calculating A the first step is to specify the shape 

of the sliding mass in a simple parametric form. 

E.r1Aa .A = F/M - 
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6.2 One Parameter Sliding Wedge  

The simplest shape to use is that suggested by 

Seed and Martin (1966) who assumed that failure surfaces 

would form triangular wedges with a horizontal base AB, 

reaching some depth (ah) below the crest and passing 

through the apex (o)of the dam as shown in Fig. 6.1. 

This shape can be specified by one parameter only which 

is a = y/h. 

Seed and Martin (1966) argue that, in this case, 

the inertia force F is equal to the shear forces (Q) 

at the base of the wedge AB. But in fact, these two 

forces are not equal except when the damping forces are 

zero. 

In a failure surface of the type OAB shown in 

Fig. 6.1, the total force Fa  can be obtained by the 

following procedure. Considering an elemental thickness 

'dy' at a depth y from top, 

dm = fbydy 	 (6.6) 

Where b is a constant and f is the mass density. 

The corresponding absolute acceleration at depth y at an 

instant t, is given by Eq. (5.21). 

.u7a(y,t)=D5nSan 	 (6.7) 
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Therefore total force 

ah 
Fa  = S fby Onsan(f  dy 

The total mass, 

ah 

(6.8) 

Ma  = fbydy 	 (6.9) 
0 

Therefore, the average seismic acceleration at that in- 

stant is equal to: ah 
b Prif S 	y dy 
• ()L. n an 

Aa 	ah 
b 5  y dy 

ah 
(7,J 

o 
 (a n

y/h)/a
n
J
1
(a

n
)) 	y dy San  

0 

ah 
( y dy 
3 
0 

v;  J1(a an  ) 
L. 2 	S

an a a
n 

J
1(an) 

(6.10) 

For a given earthquake, this expression can be 

evaluated at. different instants and its maximum vahe can be 

determined. 

It is convenient to express the average seismic 

acceleration as a percentage of the maximum ground 
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acceleration recorded during the earthquake which is 

particularly considered. 

Thus, Acc  1$ max  
(6.11) a gmax 

where Rais the seismic coefficient for the parti- 

cular sliding surface., and gmax  is maximum ground acceleration. 

The difference between K and kis that the former 

is based on the maximum ground acceleration experienced 

during a particular earthquake while the later is based 

on the acceleration due to gravity. 

If S
an is replaced by the pseudo-acceleration in  (6.9) 

which is -Won Sdn , we arrive at the expression given by 

Seed and Martin (1966), which was obtained using the shear 

force at the base of the wedge. 

Figure 6.2 shows the difference between the 
coefficients 

seismic/calculated by using Equation (6.11) and using the 

equation given by Seed (1966). The difference is about 

+ 10%. 

Values of K
a were cvaculated for 5 different values 

of a(= 0.2, 0.4, 0.6, 0.8, 1.0) using the first ten 

terms of the infinite, series. The range of the funda- 

mental periods of dam sections varied from 0.25 sec. to 

3.0 sec. Figure 6.3.1 shows the spectrum of Roc  for 20% 

damping when the input is the N-S component of the El- 
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Centro record. The general pattern of the seismic co-

efficient is similar to that of the magnification spztrum 

shown in Fig. 5.4.1. Figure 6.3.2 through 6.3.10 shows 

spectra for nine other earthquake records. 

The conclusion that can be drawn from the K
a 
spectra 

is that the deeper the wedge is the smaller the average 

acceleration will be. Considering for instance, a dam 

of fundamental period 1.0 second the Figure 6.3.1, a 

wedge in the dam reaching a depth of 0.4 h during the El- 

Centro earthquake will experience an average maximum 

acceleration of 110% of the maximum ground acceleration. 

In a deeper wedge reaching the full depth of the dam, the 

average maximum acceleration will not exceed 50% of the 

maximum ground acceleration. Moreover, as the period of 

the dam becomes longer, the average acceleration decreases 

and for value of the fundamental period greater than 1.75 

sec. they become less than the maximum ground accelera-

tions. Similar features are shown in the spectra of all 

the records used. 

As in the case of the average rJagnification 

spectra, Ka  spectra were averaged for the ten records 

used. The averaging process removes anomalies that may 

arise in individual spectra due to local conditions. 

Figure 6.4.1 shows the "Average Seismic Coefficient" 



77 

spectrum for 20% critical damping. 

Figure 6.3.11 and 6.3.12 shows the Roc spectrum 

for the El-Centro earthquake for 10% and 40% critical 

damping. These show the effect of damping on the seismic 

coefficients. 

Figure 6.4.2 and 6.4.3 shows the "Average Seismic 

Coefficient" spectrum for 10% and 40% critical damping. 

For other values of damping the ordinates of the curve.  

for 20% damping must be multiplied by the appropriate 

value of the correction factor ;which is given in Fig. 

6.5. 

It may be necessary to consider the extreme con-

ditions of the response rather than the averages. For 

this purpose, the upper bounds of the seismic coefficients 

given in Figures 6.3.1 through 6.3.10 were calculated. 

Fig. 6.6.1 shows the upper bounds of the seismic coef-

ficients for 20% critical damping. Figure 6.6.2 and 6.6.3 

give the upper bound of the seismic coefficients for 10% 

atd 40% critical. These ire called "Maximum Seismic  

Coefficients". For other values of damping, the ordinates 

of Figure 6.6.1 must be multiplied by the corresponding 

fl max factor given in Figure 6.7. 
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6.3 Four Parameter Sliding Wedge  

The limitations that the one-parameter wedge so far used 

imposes on failure surfaceg are obvious. Failure surfaces 

are restricted to those that pass through the crest (0) and 

have a horizontal base (AB). This latter restriction is 

rather serious as it makes impossible the calculation of R 

for sliding surfaces that should involve a part of the found- 

ations. A more general shape would be as that shown in Fig. 

6.8 which can be described by four parameters, i.e. the depth 

of the wedge a = y/h (which can now be greater than one), the 
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two angles Q and'? and the slope of the damie. Another 

parameter '6' is also required but in this study, this para-

meter is avoided by assuming that as a increases from zero, 

point B follows the axis of the dam up to point D and for 

values of a greater than one, it follows the line AD. 

The seismic coefficient K
a 

for this type of surface 

can be calculated form Equation (6.5) but with the condition 

that when a is greater than one, the accelerations in the 

wedge below the ground level will be equal to the ground 

acceleration g(t). This condition implies that the founda-

tion is far more rigid than the dam. Should the ratio of the 

shear wave velocities in the foundation and the dam be less 

than 3, this condition will not hold. In this case Equation 

(5.21), used in Equation (6.5) must be replaced by the appro-

priate expression that has been derived for the case of a 

dam on a non-rigid foundation (Ambraseys 1960a p. 1351). 

This latter case will not be discussed. 

In order to calculate the seismic coefficient Ka for

the four parameter sliding wedge, accelerations in the body 

of the dam at different instants were calculated at 5 differ-

ent levels using Equation (5.21), for 20% criticaldamping. 

It is then assumed that the acceleration distribution can 

be ap,roximated by a linear distribution between the levels 
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at which the accelerations were calculated. The volume of 

the mass contained in the sliding surface can also be divided 

into convenient. sections as shown in. Fig. (6.9). Then for 

anysectionbetweenn.
1 
 andhil_il the acceleration 

ua = c.y + d. 1 (6.12) 

whereci andd.are constants for the ith segment and the 

Force F. 	
h
i+1 

= S
fbiy(ciy + di)dy 	(6.13) 

h. 

and mass 
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M. = 1 

h. 
1+1 

b.ydy 

h. 
1 

(6.14) 

where b. is a constant for the ith segment and depends on 

the parameters al p, Q, and4J. 

Therefore the seismic coefficient is given by 

• 
R = 
a g 

max 
M. 1 

(6.15) 

and its maximum values can be obtained by calculating Ka  

at different instants. 

Fig. 6.10 shows the variation of Ka with the angles 

Q and y/for the body of the dam (a‘. 1). It is noticed that 

the one parameter wedge which is a special case with Q = 0
o 

and V) = 90o, is less critical. For values of 'Pbetween 

dit is 
90°  and 80 ,/found that Ka becomes a maximum when Q is about 

45°-50°. Fixing the values of Q, Viand of the slope (a 

the variation of Ka with the size of the wedge may be 

studied. Figures 6.11.1 through 6.11.10 show the variation 

of Ka with the size of the wedge for Q = 45°, 	kiv= 80°  and 

slope (= tanp) = 1/2.5 and for ten different earthquake 

records. It is of interest to notice here, that for short 

period dams, as the wedge increases in size, the value of 

Ka decreases rapidly near to 100%. For long period dams, 

Ka first decreases becoming very rapidly less than 100% and 
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then as more ground is involved in the wedge, Fla  slowly 

approaches 100. This mode of variation of Roc  is not 

surprising for the long period dams. In these dams, the 

maximum inertia forces at various levels in the dam occur 

neither simultaneously nor in the same direction. 

To find the effect of the slope of the dam on the 

seismic coefficient, keeping G and (p constants, slope 

tanp) was varied between i and 1/3. Figure 6.12.1 shows 

the variation of K
a with size of wedge when Q = 45°, r. 800  

and the slope of the dam is 	Figure 6.12.2 shows the 

variation of K
a with size of wedge when the slope of the 

dam is 1/3. In these cases, the dam sections were subjected 

to the earthquake of 1957 recorded at Port Hueneme. Com-

paring these two curves with the corresponding curves in 

Figure 6.11.9 it is seen that for ordinary earthdam sections, 

the slope of the dam has little influence on the values 

of Ka. 

The envelope of the curves, shown in Figures 6.11.1 

to 6.11.101  represents an upper bound for K
a 

for 20% damping, 

which is shown in Figure 6.13. For an absolutely rigid dam 

the seismic coefficient will be 100%. For an extremely 

flexible dam (T
1 
very large), R will be zero for a 	1; 

for values of a:Xl, Ka will be finite and its distribution 

with depth is shown by the dotted lines, in Figure 6.13. 
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CHAPTER VII  

STABILITY ANALYSIS OF EARTH _ 

DAMS AGAINST STRONG EARTHQUAKES  

7.1 Introduction  

In principle, any method of stability analysis of 

earth dams involving earthquake forces, is an extension of 

the stability analysis methods under static condition. At 

present there are several methods of static stability analysis 

of earth dams, Taylor (1948), Bishop (1952),:: - Morgenstern 

and Price (1965, 1966). We discuss first, the basic prin-

ciples of the static stability analysis. Broadly speaking, 

this involves the principle of limiting equilibrium with 

which the stability of an earth dams is investigated by 

comparing (D), the stresses induced within the structure 

and in its foundation by the body and external forces, with 

(R), the strength that can be mobilised in the 

structure under these conditions, 

where 	(D) and (R) are interrelated. 

If such a comparison is carried out and the average 

stress along a potential failure surface set pp by gravity 

and other external forces does not exceed the mean strength 

mobilised by these stresses, the factor of safety of the 

structure against failure along this potential failure 
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surface is greater than one. The factor of safety thus 

defined expresses the ratio of the actual mean strength 

of the structure along a failure surface to that required 

to maintain limiting equilibrium. 

For a factor of safety greater than one, the mean 

strength exceeds that required to maintain equilibrium 

and, though the structure may be badly overstressed and 

irreversibly deformed, a kinematic slip mechanism will not 

arise. When the factor of safety is less than one, the 

mean strength is less than that required to maintain 

limiting equilibrium and part of the dam will slide on a 

failure surface. The sliding mass will move out, and will 

come to rest at a position where the new mean stresses in-

duced by gravity, and internal forces will not exceed the 

average shear strength of the material on the failure 

surface. 

In practice, there are different ways of comparing 

(D) and (R). All these different ways involve basically 

(D = Driving forces) and (R = Resisting forces) and differ 

only in the assumption for the particular way (D) and (R) 

should be intemlated. Different methods therefore employ 

different assumptions, some of which, from the engineering 

point of view appear to be very satisfactory, Skempton 
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(1948), Bishop (1952), Morgenstern and Price (1965), 

Seed (1966). 

All methods of stability analysis in common use have 

one important principle in common, i.e. the principle of 

"limiting equilibrium". If this principle is violated, a 

portion of the structure will slide along a slip surface 

and no matter how small the movement is, on the basis of 

this principle a failure has occurred. In all these methods 

of stability analysis, this principle is observed and the 

design is always controlled by the fact that under the most 

critical conditions, the factor of safety is not allowed 

to be less than one. 

The stability analysis of earth dams against earth-

quake forces follows the same principle of limiting equi-

librium. In the following we give a method of stability 

analysis of earth dams against  seismic forces. This method 

is a modification of the non-circular slip surface analysis 
1966) 

proposed by Morgenstern and Price:(1965t/. In this method 

we consider the change of pore-pressures during the earth-

quake which has not been considered before. 



86 

7.2 Theoretical Procedure  

A soil mass;ABCD bounded by a potential sliding 

surface and the free surface of a slope is shown in Fig. 

7.1(a). The equation of the slip surface is 

	

= Y2(x) 
	

(7.2) 
The equation of the free surface is 

	

y = y
1
(x) 	 (7.3) 

The equation of the line of thrust of internal forces is.  

	

y = y
3
(x) 	 (7.4)  

In Fig. 7.1(b), a vertical slice of width dx through the 

potential sliding mass is shown, where 

E denotes the lateral thrust on the side of the slice which 
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is made up of two parts, the effective E and the pore 

pressure Pw 

X denotes the vertical shear force along the side of the 

slice. 

dW denotes the weight of the slice. 

K denotes the earthquake acdeleration in terms of g. 

dN denotes the normal effective force on the base of the . 

slice. 

dS denotes the shear force along the base of the slice. 

denotes the inclination of the base of the slice with 

regard to the horizontal. 

dP
b 

denotes the pore pressure at the base of the slice. 

Since the thickness of the slice is infinitesimal, 

the normal pressure acts at the mid point of the slice. 

The inertia force acts at the centre of gravity of the slice. 

Let us denote the initial conditions by the suffix 

(o) and the conditions during the earthquake by suffix (f). 

Let us assume that the equilibrium condition of the slice 

before the earthquake is known. This i:leans that the static 

problem is solved and E
o 

X
o
, dno, dS , d?" o 	uo 

are known. 

Therefore during the earthquake, the normal pressure and 

the shear stress at the base of the slice has changed from 

dNo 
to dR

f' 
dS

o 
to dSf, the pore pressure dP.

bo 
 to dP,, the 

lateral thrust E
o 
to E

f 
and vertical shear X

o 
to Xf. 
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Therefore, writing the equilibrium conditions of the 

slice during the earthquake, 

dNf  = dN f  + dPf  = dWcosf - dXfcosp - dEfsini3-KdWsinr (7.2) 

dSc = 	 dXfsirT+ dEfcosfp  +KdWcosie 	(7.3) 

dP
f 

= dP
o 
+ dU

f 	
(7.4) 

and Mohr-Coulomb failure criterion gives 

dS = (dNf 	dPf) 
  tan0' c'dxsecp 

F 	F 
d 	d 

(7.5) 

where F
d 
= dynamic factor of safety 

951  and c' shear strength parameters in terms of 

effective stresses. 

dU
f
/dx = change in pore pressure at the base of the 

slice during the earthquake. 

For the condition of no rotation of the slice, the 

sum of the moments about the centre of the base of the slice 

should be zero. Taking moments about it, and simplifying 

we obtain 

3 	y2)} 	Xf 	E f
.dx 	dx‘ 

dy
2 4. OW(Y2-Yg) (7.6) 

gravity of 
Where yg  = position of the centre of/the slice. 

The equilibrium equations of the slice before the 

earthquake are 
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dN
o = cino 

+ dP
o = dW cos„ - d xo cosy - d E sink; 

 0
(7.7) 

dS
o = 
	= dW sinp- d X

o sin p + d E cosp 
o (7.8)  

dPo = RdW sec(' 

where Ru is the pore pressure ratio 

The Mohr-Coulomb failure criterion gives 

dS 	 7- = (dN - dP ).tanOt 	c'dx sect3 
0 	0 	o 	Fo 

Where F
o 
 = initial factor of safety 

Also the moment equilibrium condition gives 

(7.9) 

(7.10) 

d r 
-d-x 1 Eo (Y3 - Y2) = X 	E0

0   

dY
2 
dx (7.11) 

It is already assumed that the quantities involved 

in the equations (7.7)through (7.11) are known from the 

static solution of the problem. Thus in the Mohr's plot 

of normal stress (7) versum shear stress (t) the co-

ordinates of the point A which daotes the stresses in the 

plane 	is known denoted by (0,0, 

d3 
o, 	o 
o 

= 
dx secp 

0 
) , where 

(7.13) 

dS 
7' = o  - 

	

	 (7.14) dx sec it3 

Since one point doesLnot give the Mohr's circle of 

stress, it is necessary to make another assumption. It is 

assumed that the stress condition at the base of the slice 
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will be the same as if the stresses at the base of the slice. 

were in a state of limiting equilibrium. This implies 

reduced strength of the material and the Etrength parameters 

are given by 

-a0 51,
o = angle of shearing resistance = tan

1 
 (
t
F
n1 

 ) (7.15) 
0 

c' c
o = cohesion intercept. = F

o (7.16) 

With this assumption, the Mohr's circle of stress 

through point A can be drawn and this circle will be tan-

gential to the failure envelope having cohesion intercept 

c
o and angle of shearing resistance (W) in terms of 

• 



t 	dSf f 
dx secf3 

CI 
c = 
f Fd 

-1 tan0'  = tan ( 	F 	
) 

and 

d 
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effective stresses. This is shown in Fig. 7.2. 

During the earthquake, the normal and shear stress 

on the planep changes to 

dN
f = 

f 	dxsec6 

dP
f and the pore pressure to o

f 
--- 
dx secp 

Again with the assumption of limiting equilibriumt  the Mohr's 

circle of stress in terms of effective stresses can be 

drawn when the failure envelope which has a cohesion inter-

cept 'of  and an angle of shearing resistance 4i. becomes 

tangential to the Mohr's circle at the point B, (01 f,) 

Therefore, from the geometry of the circles, the 

principal effective stresses before the earthquake are: 

a' 
10 

= a' o  + C o  (tent.o + sec 9'o ) (7.22) 

0'30  = a'
o  + 6'o  (tan yvo - sec to) 	(7.23) 

and in terms of total stresses, adding u
o 

to both sides we 

have a10 = 00  + "C
o (tan po + sec 4'0 ) 	 (7.24) 

030 = cjo 	`Po) 	
(7.25) r o(tan  Wo - sec  
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Similarly, after the earthquake, 

c1f 
= Of +tf(tantivf  + sec f) 
	(7.26) 

03f  = of  + -ytanYI, - sec 
	(7.27) 

Therefore the changes in principal total stresses are given 

by 

601  = (of - co
) + Zf(ta0

,  f+ sec 
	o + sec y,f 	T.: ) - 	( t an sid o 
	

)0  +sec ) (7.28) 

A03  = (of  - oo) + Z'f(tan'f- secy - Zo(tanro- sect') (7.29) 

The change in pore ioressure4u due to the change in 

the principal stresses is given by (Skempton 1954): 

B f ,6,0.3 + A (Ay1 - z a3  )1 
	

(7.30) 

whom B and A are pore pressure parameters to be determined 

from laboratory tests. 

Using equations (28) and (29), we have 

= B[ (of- co) + if(tany,if  - sec?f  + 2A sec ?f) - 
-Co(tan 'Po  - sec kpo  + 2A ,secYdo)] 

	
(7.31) 

or multiply both sides by (dx sec(3) 

dUf  = B J ( dNf  - dNo  ) + dSf  (tany-Jf  - seerf  + 2Aseeff) 

dS (taxi'!" 	sec 	+ 2A sec 11  )1 
	

(7.32) 

Eliminating dNf, dNo, dSf, dS0, with the help of equations 
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(2), (3), (7), (8) and writing tanf = tanif'f - secy)f+ 2Asectff  

(7.33) 

f

and 	tan o = tanyio - sec 	+ 2AsecY- 0 
	 (7.34) 

dUf  = B(cilosin fia; (tanf - tan o) - dXf cosp(1 + tan/3 tan f) 

'cosE(tanp - tan f) - HdWcosA(tanp - tan f) + dXocos f  
( 1 + tantitan o) + dEcos /3 (tan/ - tan o)] 	(7.35) o 	/ 

From equation (5) 

dWsinp - dXfsin p -HiEf cos(3) 	KdWcos = dWcosptanFf  - 

	

dXf cosptarq/f  - dEfsinranlif 	KdWsinf.-:tan clif  - Rudllsec t 

- 	BdWsi tanYif (tan f - tan o) 

+ 	BdX.f cosptanlif ( 1 + tant3tan f) 

+ 	BdEf cospanyy tan p - tan f) 

- 	BdXocos t n‘Pf  (1 •+ tr.n. f6tan 

- 	BdEocospitany-f(tanfi - tan o) 

+ 	BKdItJcosptanyif  ( tanf - tan f) 

+ 	cfdx secfl 

After simplification 
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dXf/d. 1...._ tanp + tan\rf- BtanT 	i f  (1 + tanptan f) + dE,Idx 
ti 1... 

+ tanptanli
f  - BtanY (tan p - tan fli f 

dW i 
- dx i — -tan /' + tanYif - Btan6tanlif(tan f - tan o) - Rutan1fsec2  ' 

Ka-l-c- 1 + tanptantPf- BtanYi  (tan - tan f)1 - B dX  o f 	 -7fbc  1+{ tanr an oitanr 
dW  

Xf  = Xf.f(x).Ef 
	

(7.37) 

Following the method adopted by Morgenstern and Price 

(so that the initial condition can be determined easily), 

the potential sliding body is divided into slices, such 

that within each slice, 

dE - 
2 - B—

dxo  tanp - tan o \//f.  + cfsec17-7' 	(7.36) 

Equation (7.36) can be solved by assuming a relation-

ship between Ef  and Xf  forces as shown by Morgenstern and 

Price (1963) 

= Y1(x)  = SX + t 

y = y
2
(x) = MX + n 

f(x) = cx + d 

. dW 
°. dx -""2(x) 	Yl(x)] 

(7.38) 

(7.39) 

(7.40) 

5 cic-ins 1 is t

= px + q 
of 1

and within the assumed co-ordinate axes:;, 

(7.41) 
WhereWhereki 	 1,-.i 61 

dy2  

tanP = - dx 

and therefore equation (7.36) becomes 

= — m 
	

(7.42) 
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dX 	dEo E'f(Cx + D) + CEf = Fx + G - H. —2- + L dx 	dx (7.43) 
d 

where E' = 	E 
dx f r 	f  

 
C = ..c/171 + tan"Pf- BtanYaf(1 - mtan f) 	(7.44) 

D = 	 f A.c1
(.111 + tanTf 

 - Btani' (1 	mtan f)1,( + 

-',- 1 - m tanqj +Btari`e (m + tan f)1 
L 	f 	f 	 (7.45) 

F = im + tanti,- Ru  tanYf  (1 + m2)+ BmtanYlf(tan f - tan o).} 

- KID1 - m tanT. + BtanV-1,(m + tan f)1. 	(6.46) 

f 
G = cl)m + tan)  - R tan'f(1 + m2)+ Emta0)(tan f - tan o) 

r ( 
	f  

+ cf(1 + m2) (7.47) -KT - ratan? + BtaniP(m + tan f) f 

H._ Btan'f(1 - m tan o) f 	 (7.48) 

L = Btanym + tan o) 	 (7.49) 

Integrating (7.43) with respect to x 

2 
Ef(Cx + D) = F1-2  + Gx - HXo + LEo + c 

	
(7.50) 

Starting with x = o, at the beginning of the ith slice, 

at x = o, E = 	X 	 ) (7.52) f 	E  f(i-1)' o =X  o(i-1) 	Ea  = E
0(i-1)  

.. 	DE f(i_1)  = -HX0(i-1)  + LE0(i-1)  + C1  

subtracting (7.52) from (7.50) 

F 2  Ef
(Cx + D) = 2-- + ax + DEf(i....1)-H(X0 	X0(i-1)) 

+ L(Eo - Eo(i-1)) 

(7.52) 

(7.53) 



From the geometry of the slice, 

y2(x) - y1(x) •px + q  
Y2-Yg 	2 	- 2Y (7.55) 
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:.at the end of the slice x = 1, and in order to avoid 

confusion writing XO for X0  and EO for E01 
 and E for Ef 

F12 

Ei 	Cl
1 
 D 7  + G1 + DEi-1 	0i- - H(X0. - X 	) 1  

+ L(E0.1  - E01  .-1  ) (7.54) 

  

Since it was assumed that XO and EO are known, knowing Ei_11  

E.
1 
 can be calculated. With assumed values of Ysf   and Fd 

proceeding from the beginning of the 1st slice when E(0) = 0 

to the end of the last slice E(n) can be calculated, and 

this should also be zeros  Otherwise, the assumed vales of 

i>1%f  and Fd 
must be changed so that En 

becomes zero. 

Not only should the Ef  and Xf  forces satisfy the 

equilibrium conditions, but also the moment equilibrium 

condition given by equation (7.6) must be satisfied which 

is 
ti 	 dy 

dx 	

2 
dW — .(E

f 
 (y
3 
 - y2 
	 x ) = X

f 
Ef. dx +K. 7  (y2  -y ) 

and denoting as before E for Ef 
and X for Xf, and integrating 

between the limits x = o and x = 1, 

1 	1 
k(y3  - y ) 	

= c(X - Em)dx + K {22 pqx2 + q2x 11 

	

2 

1  

10  .0 	r 3 -0 
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1 
or 	M.-M.=1 (X - mE)dx + Kr  [ 133

213 
pq12  + q21i (7.56) 1 1-1 	2  

0 

Solving the above equation and knowing fan every 

slice the value of y
3 
at x = o the vale of y

3 
at x = 1 can 

be evaluated and thus beginning from the first slice when 

atx=o,y3 =y2 orM.=o, the value of y
3 

at the end of 

the last slice can be evaluated where y3  should again be 

equal to y2  or M
n = o. 

ThusA
f 
and F

d should be so chosen that the equation 

E
n = 0 	 (7.57) 

M
n = 0 	 (7.58) 

are satisfied. The iterative 	firocess adopted also by 

Morgenstern and Uric,: (1;66), i usc,c1 

vi.lucs.of 	and Fd. An 	(7090) computer programme 

is developed, modifying the programme already available. 

No attempt is made to programme the non-homogeneous case 

which can be easily done by exactly following the programme 

of Morgenstern and Price (1966). 

The local factors of safety between the slices, 

within the mass must be greater than one; otherwise the 

result obtained from the previous calculations is not 

accepted. Therefore to determine the local factor of safety, 

it is essential to know the pore pressures at the side of 
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the slopes. 

From equations (7.4), (7.9) and (7.35), pore pressure 

at the base of the slice is 

dPf 	
dIJ o 	dUf 

dxsec/ dxsecf3 dxsec(3 

dll 

=11u dx 	dx 
dW + Boos 2 IdW tang (tan f - tan o) - dx

f(1+talatanf) 

dE K 
dx
f (tanP3 - tan f ) - 	

di4 
1 	dx 

dEo 
1 dx (tank', 	tan o)  

dy2  
and putting tan 	-

dx 
- m 

.. pore pressure 

dX 
(tan.175- tan f) +

dx
2(1+tanikaro) 

dX 

U f 	
f ' 	

Ru 	
1 
2 (Px + q) + B( 	)[-(px+q)m(tan.f- -bane) dx —(1-mtanf) 

1 + m 
dE 

dx 
(m + tan f) + Apx + q)(m + tan f) 

d dX 	 E  

+ dx 
o (m  (1-ratan o)- dx --- + tan o) 

Since all the values on the right hand side are 

known at any given value of x, pore pressure at that point 

is also known. It may be assumed that the distribution of 

pore pressure is linear on the vertical side of the slope, 

with o at the top to u. at the bottom, 
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tangy' 	ooh :. 	(E - P ) 
w L 

1 	 1 
or 	

FL X = -4.(E Pw) tan 0' + c'h j 

Where FL  = Local factor of safety and h = y2  - yi  

7.3 Critical Acceleration and Critical surface  

Thus making use of the above method we can determine 

the factor of safety along a potential sliding surface. 

According to the principle of limiting equilibrium, the 

minimum factor of safety for the. design seismic acceleration 

should be greater than one. 

However, the design of earth dams to resist seismic 

forces can be seen from a different point of view. During 

the stronger pulses of an earthquake, if the factor of 

safety along a potential sliding surface becomes less than 

one, then according to the principle of limiting equili-

brium, the section is unstable. During this period of in-

stability, the structure will slide along a failure surface. 

If the structure has been designed on the basis of the 

residual strength of the material, and excluding extreme 

cases such as liquefaction sliding will stop, after the in-

tense part of the earthquake has ceased. 

If the total displacement of the sliding part of the 

dam is such that it will not cause undue damage. displace-

ments may be allowed to take place. In Chapter VIII we 
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give a simple method for the calculations of displacements 

of a sliding 1-ns. This requires the knowledge of the critical 

sliding surface along which the critical acceleration (Ice) will 

show a factor of safety of one. It is not difficult to vis-

ualise that when uniformly distributed seismic forces are 

applied on the dam in one directioni ther6 will be only one 

critical surface and a corresponding critical acceleration. 

The critical acceleration and the critical surface can 

be dttc,rni_d (i) by chosing a potential sliding surface, and 

ii) by finding the seismic acceleration required to give a 

factor of safety equal to one for this surface. This prococs 

can be repeated by changing the surface. The surface, which 

will show a factor of safety equal to one with the mini-

mum seismic acceleration, will be the critical surface and 

the corresponding acceleration will be the critical accel-

eration. 

Results: Figure 7.3 shows a section of a dam, the stability 

of which is analysed. The shear strength and the pore 

pressure parameter are showing in the Figure. Four slip 

surfaces are shown. In the first case, the parameter B was 

considered zero and there were no pore pressure effects. 

This gave a minimum critical acceleration of 0.563 g with 

a static factor of safety of 3.005. In the next case we 
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we assume full saturation, i.e. B = 1.0 and A = +0.25, the 

minimum critical acceleration is found to be 0.19 g with a 

static factor of safety of 1.76. The static factor of 

safety in the two cases were different due to the static 

pore pressure factor which was equal to 0 in the first case 

and 0.40 in the second case. These results clearly show the 

effect of pore pressure on the factor of safety. 
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CHAPTER VIII  

STABILITY OF SLOPES DURING EARTHQUAKES  

8.1 Introduction  

In this chapter, the stability against sliding of 

a rectangular block, resting on an inclined plane, subjected 

to an earthquake is studied. It is assumed that a thin 

layer of frictional material separates the block from the 

plane and that the resistance to shear of this material 

controls the stability of the block. The shearing resist-

ance of this layer is considered to be rigid-plastic. 

Seed and Goodman (1964, 1966), Goodman (1964), 

studied the stability of slopes of dry cohesionless soils 

in a similar manner. Newmark (1965) also adopted a 

model to calculate the displacements in an earth dam 

brought about by earthquake forces. The present analysis 

takes into account the change in pore pressure in 	contae.; 

layer during loading which, in reality, controls the stab-

ility of the block. 

Though it is obvious that plane strain condition is 

more appropriate, for the sake of simplicity triaxial con-

dition is considered. 

In the following, the factor of safety is defined 

in the usual way, i.e. the factor by which the shear strength 
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parameters of the material of the contact layer should be 

reduced to bring the block to a state of limiting equili-

brium. 

If ,d = the available shear strength of the material 

Ĉ.  = the mobilised shear strength of the material 

then F = 4 	 (8.1) 

8.2 Analytical approach  

Figure 8.1 shows a rigid block of mass 'm', of base 

area a, resting on an inclined surface of a rigid wedge 

of slope/S. The shear strength parameters of the contact 

layer in terms of effective stresses are (c = o, 0'). It 

is assumed that the pore water in the contact lays between 

the block and the plane is in equilibrium. 

If an earthquake of acceleration 'cg' is applied 

suddenly to the base of the wedge, inclined at an angle 0 

to the horizontal, an inertia force of (-Kmg) will be ex-

perienced by the mass in the opposite direction. 

Let 	N = force normal to the plane 

T = force tangential to the plane 

(IF = normal stress 

= shear stress 

and let the suffix '6' denote the condition before the 



Therefore 
r 

Co = 
(8.4) 

(8.5) 

(8.6) 

(8.7) 

cosp 

o = a 
— sin 

uo  = 0 

00 = (0o - u) 
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earthquake and Id' denote the condition during the earth-

quake. 

Case 1 	Before the earthquake. 

No = w cos (3 	
(8.2) 

T
o 	

r 

	

= W sin ; 	 (8.3) 

s
o 
= available shear strength = vosptan01  (8.8) 

ao 
and therefore, by definition F

o 
= 
Lo  

tan0' 
tan (8.9) 

Thus, in the Mohr's plot of normal stress versus 

shear stress, co-ordinates of the point A (0'01%) is 

known. Since one point is not sufficient to describe the 

stress condition at the contact layer, it is assumed that 

the stress conditions could be the same as if the material 

of the contact layer was in a state of limiting equilibrium, 

an assumption, which implies a reduced strength s o 
 /F

o 	
On 

the basis of this assumption, it is possible to draw the 

appropriate Mohr's circle of stress at failure in terms of 

effective stresses. This circle must pass through the point 

A and be tangent at that point to the failure envelope that 



(8.13) 

at
3(0) 	 (8.14) 

03(0)  

follows: 

a
1(0) = 01 (0) 
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obtains for a factor of safety Fo;  (Fig. 8.2). Thus the 

magnitudes and directions of the principal stresses before 

the earthquake can be calculated. 

Thus 	o!,(0)  = o' + t
osecYJo +to tan '7'/o 
	(8.10) 

03(0) = at - Z o  sec 1/47i 0+ t-0 tan 'Po 	(8.11) 

where tan f= tan 0,/Fo 	 (8.12) 

Since the pore pressure at this stage is zero, it 

Case 2  During the earthquake: 

	

Nd = W :ost.,S -IC sine + (3).1 	 (8.15) 

	

Td = W [sinf +K cos(© + p)1 	(8.16) 

Therefore 

6:1  a sine p 

	

= V 	cosp - K sine + )] 	 (8.17) 

	

'd = /1 	 r isin 
,... 	

+K cos(6 +p)] 	(8.18) 

(8.19) 

sd  = available shear strength = (od- ud)tan0' (8.20) 

Therefore by definition 

	

8d 	(ad 	ud) twv41  
F = 	 (8.21) 

	

d ZU 	 d  

where Fd  = the factor of safety during the earthquake. 

u. d =uJo 	-U = ZS. U 
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Assuming again a condition of limiting equilibrium 

and dr awing the Mohr's circle of otroccco thr--gh the pr, nt 

13 1 (o I
d /d) (Fig. 8.2), we have 

aid) = ad 4. Zd tan 'd 	sec `I'd 	
(8.22) 

(" 	((i) = 	t an d - d sec d 	(8.23) 

n 	 (8.24) 0'  where tan Yi
d 
- taFd 

Adding ud  to both sides of the equations (8.22) and (8.23), 

°1(d) = 0d rd tan V'd + Zdsec d (8.25) 

0.3(d)  = od 	-Cd  tan 'Pd.  - rdsec d 	(8.26) 

For the given pore pressure parameters of the raterial of 

the contact layer, we have 

,emu = B[403  + A(40
1 

-..e03)i 

where 	
/\03 = °3(d) 	03(0) 

4151 	= o1(d) 	01(o) 

Therefore, 	from equation (8.19), 

BW 
u  d = 	

- K sin(9 + (1 ) + „sin 

tant - 

- tanp (sin 

K cos(0 	)f 

(1 - 2A) sec?dl 

-1 + 2A)1 

(8.27) 

(8.28) 

(8.29) 

(8.30) 

and substituting (8.30) in (8.21) and rearranging we have 



F
d 	B tan Ot  
tan 0' 	Fd 	

- B(1 - 2A) 
tan2  01  

F
d
2 
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cos,8  - K sin(0 +/3 )(1 - B) + Btan/ (sin/3  - 1 + 2A) 
sin/3 + K cos(e + 1/3) 

wherel 	 1  + tan20'  
2 

- secy.,
d 	

(8.32) 
\, 	Fd 

 

Equation (8.31) can be solved for appropriate values 

of A, B 
	

(;), 0' and K to obtain the values of Fd
. Since we 

are 	interested in the positive values of sec V.)d'  this e qua - 

tion will give two values for F
d 
of which only one of them 

is admissible. 

8.3 Critical acceleration  

The critical acceleration Kc 
can be defined as the 

ground acceleration which will bring the block to a state 

of limiting equilibrium. Solving equation (8.31) for 

Fd 
= 1, the critical acceleration Kc 

is obtained, which gives 

cos p 	tan/3(sin 	- 1 + 2A) - P sing?  _ 
K
c 	P cos (0 +13) + (1 - B) sin(0 + 13) 	(8.33) 

Where 

	

P = cot 41  + B tan 0' - B(1 - 2A) sec 0' 	(8.34) 

For K = K
c 
and F

d 
= 1, equation (8.30) gives the pore pressure 

at failure = uf. 

(8.31) 
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8.4 Critical direction for minimum factor of safety 

It can be seen from equation (8.31) that the factor 

of safety is a function of the angle g, which specifies 

the direction of the inertia force. In order to obtain 

the critical voile of g which will make F
d 

minimums  F
d is 

differentiated w.r.t. Q and equated to zero, which give 

sin gc + Btani3cosQc - B(1 - 2A)tan j3 sin(Qc  + (3)=K(1-E) (8.35) 

From this equation, the direction of the inertia 

force which will minimise the factor of safety Fd  can be 

obtained. 

Case 1:-Dry coheaionleas soil, B=0. Therefore (36,:sin
1 
 (K) (8.36) 

The critical acceleration is: 

cos, i - co[ 0' sin3 Kc cot 0' cos(Q + 1) + sin (Q 

sin(0' -13)  
cos (0' -, - g) 

If Kc acts in the direction Qc, then 

sin(0' - /e)  sin Q
c 

_ 
cos(0' _ p _Gc) 

or 	sin g 1-cos(01  -13 )cos go + sin(0' 
	)sing = sin(01  

c L 

or 	sin(0'..p(1 - sin2Q
c) = cos(0' -4)sin c

cos Q
c 

or 	tan(0' -i3) = tan gc 

C Q  = 0' -i3 or (8.38) 

(8.37) 
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W 	is the same 

Case II:- 	Fully 

Then 	sin Q
c 

+ tanif:: 

or 	sin(Qc + 3) 
1 

or 	sin(Q
c +p) 

Vu ti 	 by Seed 	an-I 	Go-d. 	(19/1), 

saturated soil, B = 1 

cos Q 	- 	(1 - 2A) tani3 sin(Q
c 

+fi ) 

- 	(1 - 2A)sin f3sin(Qc  +13) 	0 
1 

[1 -(1 - 2A)sind = 0 

= 0 

Apart from the very special case where i happens to be 

1  
equal to2si (sinp - 	sin(Q +a) must be zero. n 	c 

This gives 

Q + 5= 0 
I 

 

or c  = - 	 (8.39) 

Equation (8.39) shows that for fully saturated 

cohesionless materials, the minimum factor of safety obtains 

when the inertia force is parallel with the sliding plane 

and acts down the slope. This is equivalent to sqd_ng that 

the strength of the contact layer will behave as a friction-

less material. 

Equation (8.35) shows that the critical angle Qc, 

which gives minimum F
d
, is independent of 01  but that it 

depends on the pore pressure parameters, the slope of the 

sliding surface and the seismic coefficient K. This angle 

varies from (1) for fully saturated materials (B = 1) to 

(sin-1K) for dry materials (B = 0). Figure (8.3) shows the 

variation of the angle Qc  with change in B for a combination 
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of A /3  and K. 
1 

8.5 Discussion 

Fig. (8.4) shows the stress path to failure in the 

contact layer as K increases from 0 to K.  It is assumed 

here that, along this path A = Af  which, strictly speaking, 

is not always true but which gives an upper bound for the 

stability of the block. 

Figure (8.5) shows the variation of Kc with 0' for 

different values of A, B and 3. One curious feature of 

these curves is that for large positive values of A, the 

critical acceleration Kc, at first increases with 01  but 

after reaching a certain value of 01  it decreases again. 

This decrease in K
c 

with increasing 0' although analytically 

correct, it cannot happen in actual material. Consider the 

curve (X) in Fig. (8.5a) for A = 1.0, B = 1.0 and slope 

1:5; it can be noticed that points C and D correspond to 

the same critical acceleration of 0.15 g , although the 0' 

required to maintain limiting equilibrium for the material 

at D is 47°  and for the material at C is 27°. However, a 

material showing a value of A
f 
= 1.0, cannot have 0' equal 

to 47°  and therefore point D is to be rejected. The solid 

curves in Fig. (8.5) represent the allowable correspondence 

between a given value of 0' and A; the heavy line cutting 
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these curves shows the upper limit for which the c^mp,'ta-

tions are valid. This line can be determined from laboratory 

tests. As the value of 0' increases for different materials, 

the corresponding values of Af  decrease. 

The variations of the factor of safety with the seismic 

coefficient K is shown in Figures (8.6.1) through (8.6.19). 

The full line in the upper part of these figures shows the 

relationship between the seismic coefficient K applied in 

the critical direction Q
c 

and the minimum factor of safety 

F
d 

that obtains during a shock of acceleration Kg, when the 

shear strength and pore pressure parameters are 0', c' = o 

L, B, and the slope is S. The dashed curves marked Fdh  

refer to the corresponding factor of safety when the inertia 

forces act horizontally. A comparison of the curves for 

Q = 0 and Q = Q
c 

shows that the factor of safety is ratherin_ 

sensitive to small variations in Q from its critical value. 

The comparison of these figures also show that the relat-

ionship between the factor of safety and the seismic co-

efficient are not appreciably affected by changes in B. On 

the other hand, a small change of A may cause a considerable 

change in the factor of safety. 
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8.6 Displacements  

When K is greater than Ke, the factor of safety 

drops below unity which means that the applied shear 

stress ed is greater than the available shear strength acr 
In this case, the block will move down the slope. The dis-

placement of the mass can be calculated in the following 

manner. 

It is assumed that, during the movement of the block 

the pore pressure in the contact layer remains constant and 

is equal to that at failure. Therefore Equation (8.21) gives 

for K = K
c 
and F

d 
= 1, 

= of  - ;cot 0' 

1/11 = 71)co 	- K
c 
sin (C) + 

f 
 g t - .Lsin 

During the earthquake, therefore, when K>K
c 

The driving force will be 

D = W [ sinp + Kcos ( 	p 

and the resisting force will be 

o
f (8.40) 

Kccosce +) r c°t1 

(8.41) 

R = W 	Ksin(G +13 )-cos + sinpcot95,  + Kc
sin (c) +3) 

+ Kc 
cos (Q + )cot0' .tan 0' (8.42) 

The net driving force is 13 = D - R 
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r 

15= sinr>+ Kcos(Q +(3 )+ Ksin(G + ()tan;' - sin 

- K
ccos(Q + 3) 	Kcsin(G + )tan 

= W(K - Kc) [cos(Q +13) + sin(G 	)tan a' 

W(K - K  ) ccs(8 + 	
- 0t) 

=  cos 0' (8.43) 

Consequently, if x is the displacement at any time t of the 

block restive to the base then: 

coso; + 	- 0')  nb. = W(K - Kc) cos 0' 

or .3e = g(K 	Kc) cos(G + /3  - 0')  
cos0' (8.44) 

After the earthquake (K = 0), assuming that there is no 

immediate dissipation of pore pressure, 

D = Wsin(3 	 (8.45) 

R 

	

cos p Kcsin(Q 13)-1- Kccos(G + 3)cot0' - cos 	sin8cot0I 

	

.tan0' 	(8.46) 

Therefore, the net driving force is given by: 

D = D 	2  = -14K  cos(G + ; - 0')  
cos 0' 

Therefore 

(8.47) 

.3e = - gKc  cos(G + 	- 0')  
cos 0' (8.48) 

Assuming a single rectangular acceleration pulse of 
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amplitude Kg and of duration T, and considering that the 

motion starts from rest i.e. x = x = o at t = o 	(8.49) 

when, o4.t 

= g(K - Kc) 
cos(Q 	f:6 - °I)  t 	(8.50) 

cos 0' 

cos(Q + p - 0')  t2  x = g(K 	K) 	 (8.51) 
cos 01 	2 

for the duration t >T 

x . g  cos(Q os 0'  °')  (KT - K
ct) 	(8.52) 

x = ...--g cos(Q 
os  
+ fit - 0 )  ' 	(KT2  - 2KT t + Kct

2) (8.53) 
c 

After the earthquake the mass will come to rest, i.e. x = o 

and the total duration of movement is: 

t KT 
c K

c 

which gives 

cos(Q + (3 - 01)  KT2 _ X = 2g 
cos 0' c 

xm 7 
or cos(Q + AL of)  [I( — 	 - 11 

KgT2 	2 cos 0, 	Kc 

where x is the total displacement during to. 
rn 

(8.59) 

(8.55) 

(8.56) 

Equation (8.56) shows that the maximum displacement 

of the mass depends upon the direction of inertia force Q 

as well as on the applied seismic aLceleration Kg. Also 

it depends on the critical acceleration K
c 

the strength of 

parameter 0' and on the slope angle 
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c‘l Replacing the value of 11 
c

ill 	ko fQ  .ju, by its equi- 

valent given by Equation (8.33) we have: 

xm 
 

cos(Q +  -- KgT2 - 	2 cos 

r c 
KiP cos (Q + p) + (1 - B) sin (Q + P)1 -1 	(8.57) cos p .1- B tan 

I
g (sin ri_  1 + 2A) - P sin 

The critical angle gc, which will give the maximum 

displacement, xm  can be obtained by differentiating Eq. 

(8,57) w.r.t.Q and equating to zero. This gives: 

1 

	

cos(Q + /2 - 0') 	d7  P sin (Q +13) + (1 - B)cos (Q + le )3 
-1 

2 cos 0' 	 C 

sin(Q + 	- 0,) .1 Pcos(Q Kt D') + 	(1 
2 cos 0' C 

- B)sin(Q 43)....1 = 0 

(8.38) 

Rearranging (8.58), we have 

-KPsin(28 + 2 IS- 0') + K(1 - B)cos(2Q + 2 	0') + Csin(Q 	) =0 

or C sin(Q +(13- 0')- sin(a) + 213- 20iKPcos01  + K(1-B)sin0d 

- cos(2Q + 2(- 20')[KPsin0' - K(1-B)cos01 =0 

or C sin a =a sin 2a + b cos 2 a 	(8.59) 

Where 

C = cos h+ BtanrsiT- 1 + 211) - Psin (8.60) 
f 	' 

 

a = g + G - Of 	 (8.61) 

a = KP cos0' + K(1 - B) sin 0' 	(8.62) 

b =-KP sin0' - K(1 - B) cos 0' 	 (8.63) 
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P = cot 0' 	B tan 0' - B(1 - 2A) sec 01 	(8.64)  

The solution of Equation (8.59) gives the critical 

angle Q
c 

which will make the displacement x
m 
maximum. 

The lower part of Figures (8.6.1) through (8.6.19) 

m 
show the dimensionless displacement (772.), plotted against 

K when K is greater than K
c
, i.e. for factors of safety 

of less than one. The corresponding factors of safety are 

also shown. The dotted line show the case when the earth-

quake force acts horizontally. Comparing the full with 

the dotted lines it can be seen that the direction (Q) of 

the inertia forces has little effect on the magnitude of 

the displacements. Also, for factors of safety between 0.9 

and 1.0 it is seen that the dynamic displacements in stable 

materials will be small. 

8.9 Post seismic stability  

If it be assumed that the pore pressure in the con- 
earthquake 

tact layer does not dissipate immediately after the 	then 

was stable 
under favourable conditions, movement of the block which/may 

occur after the earthquake. 

Referring to Fig. (8.7) we notice that if before the 

earthquake, the block was stable, the contact layer had a 

factor of safety Fo, and the stresses in the layer are 



To  i 	..--- 
_.-1---7 

I --- 

lc 	 A 

so-1  

U  
AT 

A CT ---J 

CT 

FIG 8.7 

T 

AU 

117 

represented by point A. During the earthquake, the total 

stresses at the contact layer will move to point B, and in 

terms of effective stresses (assuming Af  positive) to point 

B';, BB' is the magnitude of pore pi.essure change set up 
from 

during the stressing of the layey/A to B. As soon as the 

earthquake force (i.e. AB) is removed, the total stresses 

come back to point A but the undissipated pore pressure BB' 

remains and the effective stresses move to point M. At 

this point the shear stress•: is DA' and it is larger than the 

available shear strength DC, with the result that sliding 

will occur after the inertia forces cease. 
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This condition can be brought about in a number of different 

ways. 

Direction of the inertia force: It can be seen from Fig. 

(8.7) that provided=‘Wo remains greater than tan 0111 

post-seismic instability cannot occur. 

Therefore -4 /4'so ..-tan 0' 

From equation (8.13) and (8.15), 
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• a = - Ki  sin (Q +16) 

• = K W cos (e +6) 
A 

• • 
	 - cot (Q 	tan 0' 

or 7r/2 Q <0 ,  
or 	-(Q +/5) > ( -7-172 - 0') 	(8.65) 

This shows that one of the necessary conditions for 

post-seismic instability is that the direction of the inertia 

force should be toward the slope and make an angle smaller 

than Or with the normal to the slope, as shown in Fig. (8.8) 

Pore pressure Tarameter: For a given value of the angle 

(Q 	K and 0', the factor of safety Fs  after the earth-

quake is given by: 

F
s 

cos tan 0, 	(8.66) 

is: 

F
d  
tan0,  

Ksin(Q +,3) - sin(0' 	
1  

sin 01' 	sint7 +'Kcos(Q+,4)- 

(849) 

Thus, Equation (8.69) gives the dynamic factor of 

F  
where u = cosh' 	 e - Ksin(Q -E/) 

/ 	-tan0'31 /.  
(1 	'nfii- Kcos(Q -FA (8.67) 

The pore pressure '111  in the contact layer required 

to bring about limiting equilibrium after the earthquake has 

ceased (i.e. F
s 

= 1) is: 

siyiii? 	sin( 0' 76')  u = cos
e
A9 -tan 01  

— sink' (8.68) 

and the corresponding factor of safety Fd  from Eq. (8./57) 

sin 
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safety of the block that is required in order to insure that 

after the earthquake the static factor of safety will be 

equal to one. Equation (8.26) now gives the pore pressure 

parameter A, which together with the parameters B, Q,, 0', 

and K will result in a factor of safety given by Equation 

(8.65). 

Therefore A 
f 

Fd 	 2 ) (.1!" Btan0' 	B 1 + 	))+Kcos(91) -cos + 
tan0' 	F d 	d -1-Ksin(Q.1)(1-B)-B tan(sing-1).1}  

2B[-tan 

    

+ tan, 0'  
Fd 

Kcos(Q+3) (8.7D) 

  

Thus, for values of A that obtains from (8.70) and 

with the value of (81) given by (8.6) it is possible to 

bring about post-seismic instability of the block. 

Fig. (8.9) shows the relationship between the para- 

meter A, 0' and K for two given values of 
	and B=1. In 

all cases, the dynamic factor of safety is just greater than 

one. 
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CHAPTER IX 

CONCLUSIONS  

Several acceleration records obtained near the epi-

centresof strong earthquakes are studied. It is shown that 

the number of pulses which show maximum acceleration in a 

record is very small and that their duration is very short, 

particularly of the sharper pulses. It is also seen that 

the duration of the earthquake is important. It is found 

that during a strong earthquake, the period of ground dis-

placements is usually from two to ten seconds; the period 

of ground velocities is between 0.5 to 2 seconds; and the 

ground accelerations fluctuate with half periods between 0.05 

to 0.1+ seconds. From these results, it is concluded that the 

characteristics, which are of engineering importance follow 

a consistent pattern. The results from this analysis are 

extremely useful in understanding the nature of ground move-

ments during earthquakes. 

The dynamic response of earth dam sections subjected 

to strong ground Movements, is computed using one dimensional 

elastic theory. This method has certain limitations. For 

Small ground movements even with these limitations, the com-

puted dynamic response of a dam is very near to that ob-

served in the field. From the study of the computed dynamic 
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response of earthdams, it is seen that strong ground move- 

ments from near earthquakes will cause smaller overall accelera- 

tions in high darns, than in low dams. This substantiates 

an earlier observation which was based on a limited 

number of cases of actual behaviour, that large earth- 

dams have been affected by strong earthquakes less than 

low dams. However, this should not be interpreted to 

suggest that high dams are safer structure than low dams. 

At present, we have neither much empirical information 

about the factors that control the response nor sufficient 

case histories from which we may make relevant inferences. 

The larger inertia forces that will develop in a 

low dam will persist for a shorter period of time in com- 

parison with the smaller forces induced in high dams. The 

larger inertia forces will involve higher energy dissi- 

pation. The deeper the potential slip surface is, the 

smaller will be the overall accelerations. Consequently, 

other things being equal, it is more likely that a large 

dam will be affected by shallow slides near the crest 

rather than by deep slides involving the foundation. 

In all cases of strong ground movements, the upper 

part of an earthdam will be the most vulnerable point. 

It is questionable whether a factor of safety greater 
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than one can be'maintained for slip surfaces in this 

region. It is therefore desirable to provide measures to 

accommodate large strains which will arise near the crest. 

For design of small structures on a dam the magni-

fication spectrum may be used. For potential sliding 

surfaces, the seismic coefficient spectrum is more suit-

able. The use of any of the two spectra require assump-

tions about the expected ground acceleration. It is essen-

tial that these assumptions lead to results which are (n 

the safer side. 

The method of stability analysis presented here, 

permits the computation of both the factor of safety and 

the displacement along any shape of sliding surface to be 

assessed. The change of pore pressure during the earth-

quake is also taken into consideration. It is seen that 

both the factor of safety and the displacement of the mass 

along a failure surface is dependent on the strength of 

the material and on its pore pressure prameters. It is 

proposed that the residual strength of the material should 

be used in the stability analysis. In general for 1.07F;>0.9 

instability of the dam induced by strong earthquakes im-

plies very small displacements, and that these are insen-

sitive to the inclination of the inertia forces. 
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APPENDIX I  

Integration of Acceleration Record to Obtain Velocity  

and Displacement  

Accelerogram records after having their base line 

adjusted are converted into a digital form, representing 

the record by a series of straight line3connecting 

peaks or points of obvious discontinuity. Thus, for the 

interval 

	

t 
-1 
 <t < t. 	, 	= a.

1 
 (t - t- L-i. 	1 

	

) + b. 	(A.I.1) 

	

i --  ." 1 	
ii  

where a. and b. are constants for the ithsegment of the 
1 	I 

record. Integrating once, we have 

a. 
b .(t 	c. 

1-1 	1 	I-1  

At t = ti-1' 171. = 

a. 
= -I 	I (t - t.-1 )

2 
+ b.(t - t

i-1 
 ) + . 

2  
(A.I.2) 

Integrating once more, we get 

b i 
u = -= (t - t. )3  + iz, 	- (t 	t 	)2  + "a  .1-1 (t - t. 6 	1-1 	i-1 	1-1) 

+ d. 
1 

	

At t = ti-1 	u = ui_i  
b. a.; 

•  u = 	(t 	ti_1)3  + 	(t 	t 1)2 	U. 	(t - t. 	) i-1 	1-1 

ui -1 	(A.I.3) 

Thus starting from the beginning of the record with 
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initial conditions at rest,i.e.at t = ot  u = u = ot  the 

record can be integrated step by step to obtain the ground 

velocity and ground displacement at any required inst- 

ant and also at the end of the event. 

The computation work was done in the IBM computer 

of the Imperial College. 
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APPEND= II  

The equation of motion for a linear, viscously 

damped, single degree of freedom oscilator is 

d2u c du Ku + 	+ — = -g(t) 
dt2 	m dt m 

(A.II.1) 

The ground acceleration g(t) is available in a 

digitioedformgivenbyg(t)=a.(t-ti-1  
) + b. 

Equation (A.II.1) may be written as: 

d
2u 

dt
2 	odt 

du 	2 
+ wo u = 	1

(t  - ti-1) 

t. <t <t. 

Where wo
2 = K/m and c/m = 2Awo 

The complementary function is obtained by solving 

dt
2 

d2u 	du 	2 

	

+ 2Awo dt 	wo u = o 	
(A.II.3) 

(A.II.4) - ti-1)  put u = lie 

•• • p
2 - Owop + wo

2 = o 

1/1  21 
or P  = Nwo + 

	0 2 - w 

o iwo
(1 4/2  = 

 

U = 	sin w (t - t.-1  ) + B cos w(t - t
i-1) 

1 
(A.II.5) 

where w = wo(- A 



and 	2Aw c + w 
2d = -b. 

0 1 	o '1 	1 

or 	d - f 	1  -b + 2 1 
w2  
0 

(A.II.8)  
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To find the particular integral 

put u = ct(t - ti-1) + d1 	(A.11.6) 

...2>kwoci +w025.(t-ti-1)+w 2d.-a.(t-t.)-b. i-1 

and equating the constants 
a. 1 = - --2  
w  

(A.11.7) 

The complete solution to the problem for 

is 
-Nw o  (t - ti-1 

) 
u = e 	.(Asinw(t - ti-1) 

a4 	1 	
2Aa ) 

-.-2 (t - t -1
) - 

-2 (bi 
 - w / 

wo 	
i 	w 	o 

i 

o 

+ Bcosw(t-t. 1i 
(A.II.9) 

Where the constants A and B can be determined 

from the initial condition of the step 

t = t. 1-1 U = U i -1 
(A.11.10) 

(A.II.11) 

From (9) and (10) we have 

1 na. 

ui-1 	2 1 B - 	(b. 	---1) 
wo 	o W  

or 
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1 	na. 
B 	. 	+ 	, 

2 i wo 

Differentiating (9) w.r.t. t, 

(A.11.12) 

-X14 	- ti  ) f -Xw e 	P 	-1 tA sin w(t-ti-1  ) + B cos w 

(t 	ti- 	+ weo(t - ti-1) 
	

cos w (t-t. ) 

- B sin w(t 	1 t. )1  1-j 
a. 1. 

w  
(A.11.13) 

from (13) and (11) we get 

1-1 = -B.)\wo  + Lw - 12w 0 
• A 	+ BXwo + —12 

 

w 1-1 	 1 
wo 

The absolute acceleration is given by 

ira  = 	g(t) = -(2?Nw 	+ w
o
2u) 0 

(A.11.14) 

(A.II:15) 

Thus equations (9), (13) and (15) together with 

(12) and (14) give the complete solution with the initial 

condition known, i.e., t = o$  u = u = o, the displacement 

velocity and acceleration of the oscillator can be cal-

culated by a step-by-step process at any required in-

stant. 



a
r 

= Maximum resultant acceleration 
zontal components. 

of the two hori- (g) 
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APPENDIX III  

The following Table shows the strong-motion data 

used in this report. The date and time of the earthquakes 

are given in G.M.T., and this is followed by the name of 

the locality and coordinates of the epicentre. 

M = Magnitude of the earthquake 

h = Focal depth in kilometres computed from macroseismic 
data mainly using Ktivesligethyls method (Sponheuer 1960) 

D = Distance in kilometres of the recording Station from 
the centre of the aftershock area; in the absence of 
aftershocks the epicentral distance 

I = Intensity (MM) of the earthquake at the Station 

Az = Azimuth of component measured from North eastwards 

a = Maximum ground acceleration (g) on component of the 
record 

v = Maximum ground velocity in inches per second obtained 
by integrating the adjusted acceleration component 

t
o 

= Time during which the ground accelerations were equal 
to or greater than 3% g (seconds) 

r 
= Maximum resultant velocity (inches/sec.) of the two 

The results of both, the interpretation of the 

earthquakes and the analysis of the acceleration records 

differ somewhat from similar published data (Housner 1958, 

components. 
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1959, 1965, USCGS-EQ, Wiggins 1961, 1964), particularly 

from those quoted by the latter author. Such differences 

can be attributed to factors such as accuracy in reading 

of records, adjustment for the initial motion which is 

usually missing from the record, minimisation of terminal 

velocities and the time increment used in the piece-wise 

integration of records. 



Date Epicentre M h 	Station D 	I Az 	a v to ar 	vr 

1 1952, Jul.21, 	115214 .. 35°00'N - 119°01'W .. 7.7 	.. 20 .. Taft 	.. 70 .. VII .. 	21o 	.. 	0.18 .. 	5.8 	.. 37 .. 0.21 	.. 8.0 
2 Kern County, California 111° 	.. 0.1w ..7.9 	.. 30 

3 1962, May 18, 145815 .. 17°00'N - 	99°30'W .. 7.2 	.. 30 	Mexico City 	..260 .. .. 	VI .. 09°  .. O.J2 .. .. - 	.. - 	ow 	-. 

4 Mexico LAT , 99° 	.. 0.'-' 3 .. 00 00 ••  

5 1949, Apr.13, 195541 .. 47°06'N - 122°42'W .. 7.1 	.. 30 .. Olympia 	.. 50 ..VIII .. 	36° 	.. 0.3') .. - 	.. 32 .. _ 	04. 	.. 

6 Washington 176°... 0.17 .. - 	.. .. 

7 1940, May 19, 043641 .. 32°42'N - 115°30'W .. 6.7 	.. 24 .. El Centro 	.. 20 ..VIII o 0.33 .. 12.8.. 29 .. 0.33... 	18.8 
8 Imperial Valley, Cal. 90°  .. 0-22 .. 17.1.. 30 

9 1954, Dec.21, 	195624 .. 40°49'N - 124°05'W .. 6.6 .. 40 .. Eureka 	.. 23 .. VII .. 79°  .. 0.26 .. 10.5.. 10 .. 0.27,.. 	15.5 
10 Humboldt County 169°  .. 0.13 .. 13.2.. 13 
11 Ferndale 	.. 42 .. VII .. 44°  .. 0.S .. 10.3.. 20 .. 0.22 .. 16.3 
12 134°  .. 0.16 .. 15.0.. 15 

13 1965, Apr. 29, 152843 . 47°24'N - 122°18'W .. 6.6 .. 55 .. Olympia 	.. 60 .. VII .. 86°  .. 0.?.0 O. - 	.. .. 	.. - 	•• 

14 
15 

Puget Sound, Wash. 
Seattle

..  
.. 25 ..VIII 

176°  .. 0.10 
.. 	38°  .. 0.09 .. ..' 	00 - 	.. .0. 	•• 

16 1.+8° 	.. v.06 .. 

17 1934, Dec.30, 135214 .. 32°12'N 115°30'W .. 6.6 	.. 15 .. El Centro.. 32 ..VIII .. 	)10° 	.. 0.26 .. 11.0.. 24 .. 0.28 .. 14.1 
18 Lower California 90°  .. 0.18 .. 9.0.. 25, 

19 1941, Oct.3, 161308 	.. 40°45'N - 125°00'W .. 6.4 ..(25).. Ferndale 	.. 80 .. 	VI ..+5°  .. 0.12 .. 2.1.. 10 	... 0.12•• 	3.0 
20 Cape Mendocino 135°  .. 0.12 .. 2.8.. 12 

 

21 1933, Mar.11, 015408 .. 33°36'N 118°00'W .. 6.3 .. 10 .. Vernon 	.. 55 .. VII .. 	J8°-.. 	0.14 .. 7.1.. 12 .. 0.22 .. 	8.6 
22 Long Beach 98°  .. u.19 .. 7.8.. 13 

23 1941, Jul.1, 075055 	.. 34°20'N - 119°35'W .. 5.9 30 .. Santa Barbara .. 25 •• VII S. 453  .. 0.24 Om 6.0 .. 5 00 	0.24 8.3 
24 Santa Barbara 135' 000.24 .. 5.5 .. 	8 

25 1951, Oct.8, 041035 	.. 40°17'N - 124°48'W .. 5.6 .. 22 .. Ferndale 	.. 55 • • 	V .. 44a  • • 0.1. .. 3.0 ..10 .. 	0.12 .. 3.3 
26 Cape Mendocino, Cal._ 134')  04 u.12 2.;) ..10 

27 1938, Sep.121  061043 .. 40°151 N - 124°50'W .. 5.5 .. 13 .. Ferndale 	.. 56 • • VI .. 44° 	0.16 2.3 ..12 .. 	0.16 	.. 3.2 
28 Cape Mendocino, Cal. 134a  .. 0.09 .. 3.0 .. 	7 

29 1957, Mar.22, 194421 37°40'N - 122°29'W .. 5.3 ..(10)..- Golden Gate 	.. 13 .. VI .. 	10 	C.11 .. 2.0 .. 	3 0.14 .. 2.4 
30 North California 100o  .. 1.13 .. 2.4 .. 	4 

31 1949, Mar.9, 122839 	.. 37°01'N - 121°29'W .. 5.3 12 	Holister 	.. 16 .. VII .. 010 	.. 0.13 3.4 .. 	9 0.23 .. 4.9 
32 Central California 91°  .. 0.3 4.8 .. 9 

33 1957, Mar.18, 	185828 .. 34°081 N - 119°10'W .. 4.7 5 .. Port Hueneme 	.. 3 .. 	VI . 000 	.. 0.17 .. 4.9 .. 10.18 041, 	.. 6.9 34 South California 
90°  •• 0.09 .. 3:7 .. 	1 



-132 

APPENDIX IV  

One Dimensional Shear Response of Untruncated 

Symmetric Triangular Earth Dam  

In Chapter V, we considered an earth dam of 

symmetric triangular cross-section. It was untruncated 

at the top. It was assumed that the modulous of rigidity 

of the material of the section is constant. . The section 

was assumed to be fixed to the rigid foundation. 

The equation of motion of the section, when sub-

jected to an arbitrary ground acceleration is given by 

(see Euqation 5.6 in Chapter V). 

2 
s(t)  = s a 	au 

Y ay j  aY 

where u = u(y,t) 

  

 

(Iv.1) 

  

and the boundary conditions arc given by 

 

u(h,t) = o 

221 	0  
ayly=o- 

 

(IV.2) 

(IV.3) 

u(y,o) = 11(y,o) = 0 	 (IV.k) 

Since the motion starts from rest, i.e. (IV.k), 

the LapJaa transformation of (IV.1) is: (see Carslaw and 

Jaeger 1963). 
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2 p 	dp 

or 	1 1 	3 ( 
Y1 aY \Ya3r 

where 
k = 

g(p) = 

00 

j g(t)gtdt 

-k2  u = g(p) 

= 	 2 	(vail) 
Y 	ay 	--ay- 

dt 

(IV.5) 

(Iv.6) 

(IV.7) 

1 — 	(1)2 	cp) 1 
- 	, 	\ 1.2 	j 	ept  gkt) 

s 	o 

By inspection, the complementary functions of (IV.5) 

are the modified Bessel function of zero order of first 

and second kind, with argument (ky) i.e. 

ii = AI
o(ky) + BKo(ky) 	

(IV.8) 

ail 
o  

The condition (IV.3) gives , 	= o 
y y=o 

and therefore B = 0 	 (IV.9) 

The particular integral of (IV.5) is: 

7g(p)  

k
2 

and the complete solution of (IV.5) is: 

11(y,p) = AI (ky)- R(P)  

The condition of no-relative movement at the base is 

(IV.2) gives 

= o 

or 	= AI0(kh) 	= o 

so that 

 

g 
(IV.12) A = k2I0(kh) 

U (I11.10) 

k2 
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and, 	this gives 

- 
- 

To invert 

theorem, 

Let L u1(t) 

and L u2(t) 

or 	T1 = L 
L 
ru 

This gives: 

= L 1 

I_(ky) 
- 

(13), we use the 

(Iv.13) 

convolution 

(Iv.14) 

k2 i1.0(kh) 

= g(p) 
r 

= 1 172  

* 

t 
= 

Equation 

o (ky) 

I(kh) o  

u2(t) 

u2(t-t)di 
0 

Thus the problem is now resolved to the evaluation 

of u1(t) and u2(t). We have u1
(t) readily expressed as 

u 	
1, 

1(t) = 71. g(t) 

and 	2 	I.., eqt 	Io(ry) 

u2(t) 	21-cl = 2—. 3 	(q2 	cot Ic(rh) 
Y-ico 

where 

r 1 q[ 2 + cq12  

The poles are at q = 0, q = -0, and qn  = 	+ 

where + an are the roots of 

Jo
(irh) = J

o(ah) = Jo(an) = o 

an  
where 	iy = a = --- h 

(IV.17) 



)2 114 D = 	ihJ1(an
) . 2iworoj 	

n  
2 a 

2s - 
hi 
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The residue at q = o and q = -c are zero. 

Therefore from the theory of residues, 

00 	0-• 
2 	R 7 	2v- 	e  °Int 	

J
o(ay u 

	

	 ) 
2
(0 = 6 I 

n=1 n = s ) 

	

- 	.. d n=1 
(qn

2+ cqA(17AJ0(ah)L=„, 
"in 

(IV.20) 

Put ans 

h won 

and c = nwon \ }ki 
2 

	

Then qn = -)\ w + 	-n n 

	

n on - 	on 

	

2 	2 2 + cqn = r s q  

a2s2 = - n 

h
2 

= w 2  
on 

	

d 	 dr D _ — J o  (irh) = - ihJ1(irh) . 

	

- dq 	 dq 

= 	ihJ (irh) . 2g + c--A---- 	1 

	

1 	2s(q2+ cq)2  

= - ih• J1  (irh) . 
2q2+ c  

as r 

(IV.21) 

(IV.22) 

(IV.23) 

(IV.24) 

(IV.25) 

at qn 
= -)\

nwon + iwon 

i - J1(an) 1 - A 2/
Y1 	(IV.26) 
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at 
\ 2 1/2. 

qn = 'Anwon iwon 	Anjk  

D 	= - ih J1 ( an) 1 - (IV.27) 

Therefore residue at qn  is: 

R = e nwont Jo ( an y/h ) 

won
n  

i•12J (an 	n ) 	-.>r2r2.  3  

iwon\1  - n2t -iwon -e 

or - nwont J (a y/h) o h 2sinL - X1 Rn = 	 t1 
anwon (1 - 
e 	

2 n  r„-1 
(an ) 	

on , 	n 

u2 ( t )  = 

00 /2J (a y h ) 
2  2 	o n 	e  

( 
sin ils vo\jil t 

n=1 	anJ1 ( an ) 	w on  41;0' n 
(IV.28) 

:. from (IV.14) 

-›knwon(t-Z) t= _ 	gc?...,)  i° 2Jo 	( an  y/h) e  sin w j -A r  t u 	 • 

	

n=1 	anJ1 (an) 	 n ow 	- 'XI/2- On 	n 
04 	 t 

(z )-e)knwon(t- -C) 1 	 Ill  sin w ki-iN t-t) d'r 
L_, 	

anJ1 Can ) 	' 	Z 	g 	 on, won 1 - -Ar  y,.. i 0 

= on( Y )  • sdu 
where 011(y) = 2Jo(an  y/h) 

anJ1(an )  

	

1 	
tr 	 Xnwon ( t- z) 

S dn = - 	 sin won - ;\ n --C)d t 
won t  . -7J:Ag(-6)e  

n 
0 
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Here,
\ri represents the viscous damping of the nth mode 

an percent of critical 

and won represents the undamped frequency of vibration 

of the nth mode 

To prove the orthogonality of the modes, consider 

two modes u and un then from the homogeneous equation 

of (1V.5) we have 

2- a um 	1  au El 	2 - + 	+ a u = o 	(IV.13) 
7 ay 	m n 3y2 

and 2- a un 	1 aan 	2- + — 	+ a n  un  = o 3y2 	Y ay 
(IV.14) 

multiplying (13) by u and (14) by u
M 

and substracting 

we have, 

i32-  u 
- 	m 1 aura — 	(a2- a

2
)

_ a2a

n 2 

aa 

]a  
un ay2  + y3y am.anmnm ay2 	y a y 

or 

- -
n 	

2) 	3 	-/- 	-/- yu rau (a
2- 

an  +.--y  y(umun  - unum
)] = o 

m d 
L 

Integrating over the range of y, 

h 	 h 
(am- an) 	yumundy + y(um

un - unum)1 
2 	2 	- - -/- 	-/- = 0 

0 	 0  

With the boundary conditions (IV.2) and (IV.3), we get 

(a 2- a2) ( yu u dy 	o m 	n J
o 

m n 

= 0 



h 
:. if m? nt  cyamTandy = 0 
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This proves the orthogonality of modes. 
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APPENDIX V 

Convergence of the Series in the Solution of One  

Dimension Shear Vibration of Earth Dams.  

The solution of the one dimensional shear vibration 

of earth darns is given by Equation (IV.14). The con-

vergence of the series in Equation (IV.14) can be very 

slow and sometimes rather erratic. The factors that con-

trol convergence have not been studied in detail but sme 

general features can be mentioned. 

Numerical tests using up to 40 modes showed that 

the speed of convergence, among others, depends on the 

amount of damping and also on the fundamental period of 

the dam with reference to the periods of the most intense 

ground accelerations. Figure (A.V.1) shows the nature 

of the convergence ofira  at the crest of the dam of period 

0.262 sec. damped at 20% critical, 2.0 sec. after the 

beginning of the N.-S. El-Centro record. In general it 

was found that an average sum of the form 

n = -1 

n = 1 
riSn(y)San + m(y)Sam 

	would ensure better 

convergence with m-modes, where m was equal to greater 

than ten. 

Another point to be noted here, which has caused 
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some confusion in the past, is that, at the foundation 

level, Equation (5.21) is expected to repLesent the accelera- 

tions of the ground, which it obviously does not. The 

fact is that after the orthogonal properties of On(y) 

have been used Equation (5.21) is no longer valid for 

y = h and therefore, a non-zero value of i (y) is not to 
a 

be arrived at by putting y = h in Equation (5.21). The 

truth of this statement will be apparent, if we consider 

the expression for theV, prior to the use of orthogonal 

property. We have then the relative acceleration: 

f= ' 
	 (v.1) n-g  an 	9Ing(t  ) 

and at y =  h, 	 (V.2) 011  = 0 

illy=h= 0 	
(V.3) 

adding g(t) to both sides of the above equation, we get 

.1dy=h=  g(t) 	 (V.4) 

This implies that at y = h, equation (5.21) can be 

replaced by (V.4) 

The integrals in Equation (5.21) are evaluated at 

intervals of 0.1 second plus at the instants of diScon-

tinuity. As we have not iced in Chapter IV that the spectral 

values aredapendent on the time intervals that is used, 

so also the magnification spectrum values are dependent 



TABLE V.I 

INTERVALS USED. 	PERIOD OF DAM. 0.50 sec 

Instants of 
Slope Dis- 
continuity 

1/10th sec plus 
the instants of 
Discontinuity 

1/20th sec plus 
the instants of 
Discontinuity 

y/h=0 0.70g at 2.38sec 0.75g at 2.30sec 0.82g at 2.35sec 

y/h=0.20 0.50g at 2.38sec 0.72g at 2.30sec 0.75g at 2.35sec 

y/11=0.40 0.45g at 5.16sec 0.63g at 2.30sec 0.63g at 2.30sec 

y/h=0.60 0.36g at 4.92sec 0.45g at 2.10sec 0.45g at 2.10sec 

y/h.0.80 0.32g at 2.02sec 0.32g at 2.02sec 0.38g at 2.05sec 

on the time intervals used. No attempt is made to determine the 

minimum time interval that is needed. However, the Table (V.1) 

shows the amount of error involved in the magnification spectrum 

values due to the size of time intervals. 
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