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ABSTRACT

Motivated By the dynamic behaviors of two earth dams, named La Villita
Dam and El Infiernillo Dam in Mexico, during an earthquake on September 19,

1985, a seismic deformation analysis is elaborated in this study.

Firstly, a simplified method is developed by applying a rigid block model to
study the major characteristics of an earth dam during an earthquake and
calculate the seismic permanent displacements. In this method, the sliding mass

is modeled as a rigid body along a well defined surface. Both inclined plane and

circular arc slip surfaces are considered.

Secondly, in order to validate the numerical procedure of the simplified
method and study the dynamic response of the rigid block on an inclined plane
experimentally, shaking table tests are perfofmed on the model used in the
simplified method. Comprehensive numerical simulations are carried out with

the computer programs developed, and comparisons with the test results are

made.

Finally, applying the developed method to La Villita Dam and El Infiernillo
Dam, seismic deformation analyses are carried out. In addition, an attempt to
reproduce some of the motions recorded on La Villita Dam during the 1985

earthquake is made in this study.
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Chapter 1
INTRODUCTION

1.1 Motivation

An earthquake occurred off the Mexican coast on September 19, 1985. This
earthquake not only caused extensive damage to buildings, especially in Mexico
City (EEFIT, 1986), but also affected several dams, two of which were La Villita
Dam and El Infiernillo Dam. An investigation of the behaviors of La Villita and
El Infiernillo Dams during this earthquake led to this study on the seismic

deformation analysis of earth dams.

1.2 Seismic Deformation

Seismically-induced deformation has been a major concern for earthquake-
resistant design of earth dams in seismic areas both in the academic field and in
engineering practice. This is because seismic deformation is the most frequent
source of damage caused by earthquakes and also it provides a better design
criterion than a conventional factor of safety for evaluation of dynamic stability

of earth dams.
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1.2.1 Damage Caused by Earthquakes

Experience of damage caused by earthquakes in earth dams shows that the
main consequences are permanent deformations in the form of lateral
movements and settlement. The major deformation patterns are shown in Figure

1.1, which is taken from Ambraseys (1958).

Lateral movements could occur in the form of a sliding circle or wedge
involving a part of or the entire embankment slope. A slide of significant extent

could lead to the failure of the dam.

Settlement of the dam or slumping of the slopes causes the loss of freeboard
of dam crest. Large settlements could result in overtopping and possible

destruction of the dam.

The following are some examples of dams which experienced deformation
by earthquakes. Cases where the deformation was caused mainly by liquefaction

are not included.
Ono and Lower Murayama Dams [ 1923, Kwahto’Earthquake

The Ono and Lower Murayama Dams near Tokyo, Japan (Ambraseys,
1960a) were 120-ft. and 80-ft. high, respectively. Both of them were compacted in
layers and had a central clay core. The dams were subjected to severe shocks as a
result of the Kwanto Earthquake on September 1, 1923, the estimated intensity

being 10 on the Rossi-Forel scale.

At the time of the earthquake the water in the Ono Reservoir was 19 ft.

below the top of the dam. The crest settled nearly a foot. The embankment



developed serious cracks varying in width from 2 to 10 inches on the surface and
extending to depths of 35 to 70 ft. The cracks in general ran parallel to the dam
axis, most appearing on or near the crest directly above or to one side of the clay
core. Two local slides about 60 ft. long also occurred on the downstream face.
Ono Dam was evidently very badly shaken even though it was located 60 miles
from the epicenter. No leakage was reported. Following the earthquake the dam
was repaired by filling the cracks with a clay-sand grout, and the dam continued

in use.

At the Lower Murayama Dam, where the water level was 30 ft. below the
crest at the time of the earthquake, it was observed that the crest settled about 8
in., longitudinal cracks opened in the upper portion of the embankment, and the
downstream slope bulged about 6 ft. No leakage was reported either, and the

dam continued in use.
Otani Dam [ 1946, Nankai Earthquake

The Otani earth dam with a height of 89 ft. was completed in 1920, being
constructed from compacted fill with a central clay core extending into the

sandstone foundation (Ambraseys, 1962).

Resulting from the 1946 Nankai Earthquake, a 250-ft. long longitudinal
crack appeared on the crest with additional cracks varying in length between 30
ft. and 180 ft. developing in the higher regions of the upstream slope and running
parallel to the axis. Apparently, an incipient slide involving the upper third of
the central portion of the upstream slope developed, resulting in considerable
movements in the upstream direction. The dam was successfully repaired

following the earthquake, using cement grout and recompacting some of the fill.



Hebgen Dam [ 1959, West Yellowstone Earthquake

Hebgen dam was constructed in 1914 to a height of 90 ft. The dam was
founded on the existing ground surface and consisted primarily of a gravelly
clay rolled fill, with a thick central concrete core extending an additional 16 ft.

into the foundation material to bedrock (Sherard et al., 1963).

The dam was badly shaken by the 1959 earthquake (with magnitude 7.6)
associated with a main fault passing along the north shore of the reservoir within
about 700 ft. of the dam. The intensity was estimated as at least 10 on the
Modified Mercalli scale. As a result of the earthquake, several large waves were
generated in the reservoir, overtopping the dam on several occasions. The earth
fill settled on both sides of the concrete core wall, the maximum relative
settlement being 4 ft. Several longitudinal cracks having an average width of 2 to
3 in. opened on the dam crest. Similar cracks several hundred feet long also

appeared on the upstream slope exposed above the high water line.
Dou River Dam | 1976, Tangshan Earthquake

Dou River Dam is a homogeneous earth dam. It was badly damaged by the
Tangshan earthquake on July 28, 1976, which is the most disastrous earthquake
in Chinese history. The earthquake had 7.8 magnitude on the Richter scale. The
intensity was estimated as 9 on the Modified Mercalli scale. As a result of the
earthquake, cracks due to sliding occurred in both the upstream and downstream
slopes with a maximum width of 2.2 meters, and the maximum settlement was

about 1.6 meters (Zhang and Tamura, 1984). The damaged dam caused much



terror to the survivors of Tangshan Earthquake since it was in imminent danger

of collapse (Qian, 1989).
Upper San Fernando Dam [ 1971, San Fernando Earthquake

On the morning of February 9, 1971, five to ten million residents of
southern California were awakened by the sudden and frightening shock of an
earthquake. This earthquake had a Richter magnitude of 6.6. Two of the serious
effects of the earthquake were the complete failure of the Lower San Fernando
Dam and the partial failure of the Upper San Fernando Dam (Scott, 1971). The
Upper San Fernando Dam was built in 1919-1921 of hydraulic fill, and has a
concrete-faced upstream slope of 2.5 to 1, and the same downstream slope
interrupted by a berm 100 ft. wide. The dam is 1200 ft. in length along the axis
and has a height of about 60 ft. As a result of the earthquake, severe longitudinal
cracks were clearly evident running along the full length of the dam body on the
upstream slope. At the time of the earthquake, the water level in the reservoir
was above these cracks so that they became visible after the reservoir had been
drawn down (Seed et al., 1975b). The cracks were apparently caused by a general
downstream slide and settlement of the top portion of the dam with respect to its
foundation, since pressure ridges were visible at the toe of the slide, where the
sliding mass encountered passive resistance. Careful survey showed that the
crest of the dam at its central portion moved about 5 ft. downstream and settled
vertically about 3 ft. The field studies of the Upper San Fernando Dam indicated
that the slide was concentrated in a few well-defined slip surfaces going deep

into the dam body. The dam is no longer in service.
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1.2.2 A Better Criterion for Dynamic Stability of Earth Dams

For the past forty years or more, the pseudo-static approach has been
widely used in dynamic stability analysis of earth dams. It is called pseudo-static
because, in this approach, the seismic force is assumed to act as a static external
load on the mass of each element of the dam. This approach is also called the
seismic coefficient method, since the effects of an earthquake on a potential slide
mass are represented by an equivalent static horizontal force determined as the
product of a seismic coefficient k and the weight of the potential slide mass.
Here, the change of inertia force with the dynamic process is ignored. The
analysis proceeds in the same way as the conventional slope stability analysis
(e.g., Bishop, 1955; Morgenstern and Price, 1965), which involves the calculation
of the minimum factor of safety against sliding during an earthquake by
examining a number of trial failure surfaces, but includes a horizontal force as

calculated above.

Although the pseudo-static method has the advantage of simplicity, it has
some limitations. Under static loading, a factor of safety less than unity means
failure. However, under dynamic loading, that is not necessarily the case since
the seismic force is dynamic or transient; thus, a factor of safety briefly less than
unity may not really mean the dam suffers significant damage. Furthermore, in
dynamic loading, the value of soil strength changes with time. The change of soil
strength cannot be incorporated in the pseudo-static analysis. This makes it very
difficult to assess the dynamic stability of an earth dam using a static calculation
with a factor of safety. On the other hand, many researchers (e.g., Newmark,
1965; Seed, 1979) have shown that seismic permanent deformations or

displacements are the real threat to the stability of earth dams.



Owing to the serious limitations of the seismic coefficient method, the
research mentioned above, and the development of computer techniques which
can account for realistic soil behavior, it has gradually been accepted that the
magnitude of seismically-induced permanent deformations rather than the factor

of safety should be the criterion for assessing seismic stability of earth dams.

1.3 Dynamic Approach of Seismic Deformation Analysis

The principle of the dynamic approach is to assess the magnitude of
deformations likely to occur during a seismic event by considering the whole
dynamic process and the dynamic response characteristics of earth dams. The

approach includes the following two aspects.

1) The time-varying inertia forces which result from the earthquake

excitation are calculated.

2) The calculated seismic forces are then incorporated in an analysis to
estimate the seismic permanent displacements. Because the entire dynamic
process or history is considered, changes in soil strength, if they are known, can

be accounted for.

In the dynamic approach, it is necessary to estimate the time-varying inertia
forces induced in an earth dam by an earthquake. Therefore, determination of the
response is very important. Evaluation of the response of flexible structures such
as earth dams to arbitrary dynamic loads normally involves a mathematical
model of the structure by the method of discretization (Clough et al., 1975).

Through discretization, the equilibrium of the dynamic system can be described



by a finite number of ordinary differential equations instead of the partial

differential equation required to represent the actual distributed-mass system.

Dynamic response analysis can be placed in two categories: methods based
on the use of the system's natural modes of vibration previously estimated; and
methods which make use of the direct step-by-step integration of the general
governing equation. Limited to a linear dynamic system, methods of the first
category are the spectral analysis method and the method of integration of
uncoupled equations. The spectral analysis method is based on the use of
seismic response spectra. In these methods, the time-history response is
determined by summing the responses calculated separately for each natural
mode (i.e., mode-superposition method). With a nonlinear dynamic system,

direct step-by-step integration must be used.

In the development of the dynamic approach to seismic deformation
analysis, many different basic dynamic models have been used (Gazetas, 1985).
Depending on the dynamic model employed, the dynamic approach can be
classified as the following major methods: 1) shear-beam method, 2) finite
difference method, 3) finite element method and 4) simplified method. These will

be briefly described in the following section.

1.3.1 Shear-Beam Method

The shear-beam method was first proposed by Mononobe, Takata and
Mutumura (1936). In this method, a dam is modeled as a shear beam or shear
wedge along its height. In the 20 years after it was proposed, it was fully

explored and became a complete engineering theory following the work of



Hatanaka (1955) and of Ambraseys (1960b). Hatanaka showed that shearing
deformations in an earth dam are predominant. He performed two- dimensional
(2-D) shear-beam analyses for dams in rectangular canyons and developed a
rational design procedure using the response spectrum. Ambraseys extended the
shear-beam model to account for a truncated-wedge shape of the dam,
rectangular canyon and underlying elastic layer. Martin (1965) did careful
parameter studies with a one-dimensional (1-D) shear-beam model and obtained
solutions for a shear modulus proportional to the cubic root of depth from the
crest. Seed and Martin (1966), Ambraseys and Sarma (1967) applied the 1-D
shear-beam model to calculate seismic coefficients on potential slide blocks. In
1979, Abdel-Ghaffar and Scott used 1-D and 2-D shear-beam models to compare
calculations with the results of full-scale tests and earthquake shaking. Elgamal et
al. (1984) and Prevost et al. (1985b) developed a simplified inelastic Galerkin-type
formulation using linear shear-beam 1-D and 2-D eigenmodes as the basis
functions. This formulation takes into account the nonlinear, hysteretic, and
strain-dependent characteristics of the dam material. Dakoulas and Gazetas
(1985) generalized the 1-D inhomogeneous shear-beam to account for modulus

increasing as an arbitrary power of depth.

The shear-beam method is a simple and economical dynamic approach. But
often it does not agree well with all the observed modes of actual dams. Recently,
refining work has been carried out to consider such factors as the canyon

geometry and material inhomogeneity.
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1.3.2 Finite Element Method

In the 1960's, the finite element model was first implemented in studying
the dynamic response of earth dams (Clough and Chopra, 1966; Chopra, 1967).
Seed (1966) proposed an approach to evaluate deformations in earth dams. The
procedure combines 2-D finite element stress analysis and testing procedures on
material samples from the dam. Later this approach was applied to assess the
causes of failure of the Sheffield Dam (Seed et al., 1969). In 1973, a computer code
called QUAD-4 was developed, in which the iterative “equivalent linear” scheme
was incorporated in a 2-D variable-damping finite element analysis (Idriss et al.,
1973). Zienkiewicz et al. (1980) used a 2-D finite element visco-plasticity
effective-stress model for simultaneously estimating permanent deformation and
porewater pressure buildup. Also 3-D finite element analyses have been
performed (Makdisi et al., 1982; Mejia et al., 1982, 1983; Prevost et al., 1981).
Some new material models such as the multi-surface kinematic plasticity theory
(Prevost et al., 1985a) have been developed and incorporated in finite element

formulations.

1.3.3 Finite Difference Method

Before the application of the finite element method, the finite difference
method was perhaps the main numerical technique employed in geotechnical
engineering. At least two finite difference studies in the early 1960’s (Ishizaki and
Hatakeyama, 1962; Medvedev and Sinitsym, 1965) had recognized the 2-D nature
of dynamic deformations experienced by infinitely long embankment dams
subjected to vertical S-waves, under plane-strain conditions. Cundall (1976) used

a finite difference method with explicit time integration, analyzed several
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problems, and compared his calculations with the results obtained from other
methods. Roth, Scott and Cundall (1986) used the Mohr-Coulomb elasto-plastic
model to test its ability to predict earthquake-induced deformations of earth
dams. The numerical analysis was performed with the explicit finite difference
program DSAGE; computed deformations and acceleration response were
compared with measured data obtained from a centrifuge shaking test of a
model embankment of dry sand. In his Ph.D. Thesis, Burridge (1987) studied the
failure of slopes using the finite difference method with a dynamic relaxation
technique. His material model obeys a trilinear stress-strain relationship and
contains strain-softening characteristics. The solution predicts localized shear
failure zones which initiate at the slope toe and propagate to the slope crest in the

manner and geometry observed in centrifuge tests.

1.3.4 Simplified Method

In the Fifth Rankine Lecture, Professor Newmark first proposed a practical
procedure for evaluating the potential displacements of an earth dam due to
earthquake excitation (Newmark, 1965). The basic idea of this procedure was
originated by Ambraseys (1958). This procedure, which is often referred to as the
"simplified method", was later extended by Seed and Martin (1966), Ambraseys
and Sarma (1967), and Makdisi and Seed (1978). The simplified method models
the dam’s sliding mass as a rigid block and considers the displacement that
occurs along a certain assumed rupture or slip surface. Displacement starts when
the inertia force overcomes the frictional resistant force along the slip surface,
and it stops when the relative velocities between the dam body above and below

the slip surface become equal.
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The dynamic behavior of a rigid block with application to dams has been
extensively studied both analytically and experimentally (e.g., Seed and
Goodman, 1967; Kutter, 1979; Hencher, 1981).

The simplified method has the merit of being simple and straightforward.
Therefore, it is widely applied to seismic deformation analysis for stability

evaluation of earth dams.

1.4 Overview of the Present Study

As stated in the previous sections, seismic deformation is a very important
factor in the design of earth dams. Mitigating seismic deformation prevents
earthquake damage. Also dynamic stability should be evaluated by considering
the entire time history of inertia forces acting on an earth dam during a seismic
event and assessing them in terms of seismic permanent displacements.
Therefore, dynamic deformation analysis of earth dams becomes the theme of the

present study.

The present study is intended to: 1) examine simplified procedures to assess
the seismic permanent displacements of earth dams as a basis for the evaluation
of dynamic stability of earth dams; 2) conduct shaking table tests to observe the
dynamic behavior of the model used in the simplified method; 3) perform
numerical simulations using the developed computer programs, and compare
the results with those of the shaking table tests to verify the computer programs;
4) apply the proposed method to La Villita Dam to compute the displacements
induced by the earthquake of September 19, 1985 and compare the computed

results with the observed results; 5) explain some peculiar phenomena in the
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recorded accelerograms from La Villita Dam; and 6) carry out a preliminary

analysis for El Infiernillo Dam by applying the presented method.

Although the simplified procedure developed in the present study is within
the frame of the simplified method, it has the following special features: 1) not
only an inclined plane slip surface but also a circular arc slip surface is
considered; 2) the effect of vertical excitation is included. A new application of
the simplified procedure is also presented here regarding investigation of the

accelerograms obtained on the crest of La Villita Dam during the September 19,

1985 earthquake.

The shaking table used in testing applies earthquake-type excitations as well

as harmonic excitations.

To these ends, Chapter 2 starts by introducing the basic idea of the
simplified method and establishing the analytical model. From the basic
equations presented, computer programs are developed. By using several
examples, verifications of the computer programs are attempted. Since there are
several parameters involved in the analytical model (sliding block model),
parametric studies are performed to understand their effects on the
characteristics of the sliding. The effect of vertical excitation is studied by
examining an example problem. Experimentally, the dynamic response of the
sliding block is studied by carrying out shaking table tests, details of which are
presented in Chapter 3. To show the applications of the proposed method and to
return to the motivation of this thesis study, analyses of La Villita Dam and El

Infiernillo Dam are conducted and presented in Chapter 4. A preliminary
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analysis for El Infiernillo Dam comprises Chapter 5. Conclusions and

recommendations are addressed in Chapter 6.
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First Shock ——————»

After Three Successive Shocks

Figure 1.1 Major deformation patterns (after Ambraseys, 1958).
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Chapter 2

A SIMPLIFIED METHOD

2.1 Introduction

In order to prevent damage from seismic effects and assess the dynamic
stability of an earth dam, it is desirable to evaluate the seismically-induced
permanent displacements of the dam during a seismic event. In engineering
practice, it is preferable to carry out a preliminary analysis with a simplified
method first, to get some idea of the dam behavior before doing any complex
analyses such as a dynamic finite element analysis or a finite difference analysis
involving an appropriate material constitutive relation. The simplified method is
also useful in assuming different dam configurations duvring the design process.
Therefore, in this chapter, a general simplified method is described for analysis of
seismic deformation of earth dams. The method is based on the approach
proposed by Newmark (1965), which represents the sliding mass as a rigid
sliding block. In the procedure developed here, however, not only an inclined

plane slip surface but also a circular arc slip surface is considered.

The vertical component of base motion is an important factor in the
response of the block. It introduces vertical inertia forces. Downward vertical
acceleration will reduce the effective weight of the block, thus reducing the shear

forces on the interface or the frictional resistant force in sliding. Under upward
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vertical acceleration, the induced inertia force acts downward and thus increases
the effect of gravity, thus increasing the shear forces on the interface or the
frictional resistant force in sliding. Therefore, in the present study, the vertical

excitation is included.

Using this method, the time history of sliding velocity and acceleration of
the sliding soil mass can be obtained when an earth dam is subjected to an
earthquake excitation. Thus, the seismically-induced transient and permanent

displacements in an earth dam can be evaluated.

Hydrodynamic effects from the reservoir water are generally not taken into
account. Studies on dam-water-soil interaction (Hall and Chopra, 1982) confirm
that for embankment dams such effects are of only secondary importance due to
the gradual slope of the upstream face of the dam. Therefore the hydrodynamic

effects are neglected in the present study.

2.2 Analytical Model

As shown in Figure 2.1, an earth dam is subjected to an earthquake with

horizontal and vertical accelerations, A, and Ay, as measured from a fixed
inertial frame of reference XOY. Ay, is positive in the direction from the left to the
right; i.e., horizontal and tending toward downstream. Ay is positive in the
upward direction. Sliding in the earth dam is assumed to occur during the
earthquake along a well-defined rupture or slip surface which is either an
inclined plane surface or a circular arc surface. The sliding mass is modeled as a

single rigid sliding block, which has mass M and mass moment of inertia I.. The

remaining part of the dam below the slip surface moves rigidly with the ground
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and is referred to here as the base. Obviously, a number of physical properties of
the sliding system are required to completely characterize the model; they
include slip surface, mass, overall dimensions, location of the mass center,
location of the support points relative to the mass center, sliding resistance (e.g.,

friction) of the interface material, and characteristics of the base excitations.

2.2.1 Modes of Block Response

In general, a sliding system can have the following different modes of
response to a base excitation: rest, slide, rock, slide-rock and free-flight modes

(Jones and Shenton, 1990).

A rest mode means no relative movement between the body and base. A
slide mode is characterized by a pure translation of the body along the base,
where a rock mode is characterized by a pure rotation about one corner of the
block. A slide-rock mode is a combination of the previous two, a rotation about,
as well as translation of one corner in contact with the base. Free-flight occurs

when the block loses all contact with the base.

The mode that a block will be in, or in other words, whether a block under
given simultaneous horizontal and vertical base accelerations will remain
standing, slide, rock, overturn, or lose contact with the slip surface depends on:
1) the sliding resistance between the block and the slip surface, 2) the dimensions
of the block (e.g., aspect ratio of the block (width/height)); 3) geometry of slope;

and 4) the magnitude and type of the base motions.

The objective of the dynamic analysis is to determine the resulting motion of

the rigid block for a prescribed base motion (constant acceleration, harmonic,
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recorded accelerograms, etc.). The dominant modes for an earth dam are rest and

slide modes. Therefore, the considerations will be restricted to these two modes.

Friction on the interface between the body and foundation is a complicated

phenomenon and many theories exist to model it (Oden and Martins, 1985). In

the present study, a Coulomb-type friction is used. The frictional force (Fg) is a

function of the normal reaction (N) and the relative velocity (X) of the point or

points in contact on the interface. The coefficient of friction in general is denoted

as U. The coefficient of static friction is denoted as pg, and the coefficient of

dynamic friction as py.

For a frictional cohesionless material with internal friction angle ¢, u is

related to ¢ by
H = tané 2.1
Therefore jig and py are expressed as
Hg = tandg (2.2)
Hk = tandy (2.3)

where ¢g and ¢k are the static friction angle and dynamic friction angle of the

interface material, respectively.

The forces exerted on the sliding block include inertia forces due to base
excitations, normal force and interface frictional resistance force. When sliding is
initiated, the inertia forces due to the relative motion of sliding are applied to the

block too.

Using D'Alembert's principle and considering the equilibrium of the sliding

block, the conditions for sliding are derived and the dynamic equations for the
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motion of sliding are established, as described in the following. It is noted that

sliding may occur in both upslope and downslope directions.

2.2.2 Basic Equations: Block on an Inclined Plane Slip Surface

Referring to Figure 2.2, consider a rigid block resting on a plane which is

inclined at an angle 6. The base is subjected to a horizontal ground acceleration

Ap and a vertical ground acceleration Ay, The mass center is at C. Since relative
movements are considered here, another frame of reference, xoy, is used to
measure relative movements. Displacements of the block relative to the base are
denoted by x(t) and y(t), where x(t) is positive in the downslope direction and

y(t) is positive in the outward-normal direction to the inclined plane.

Onset of Slide

Assuming the body is initially at rest, referring to the forces shown in Figure
2.2, which include the inertial and gravity loadings, a slide mode is initiated once

the following conditions hold:

(- MApcosB) + M(Ay + g)sind = F¢ (2.4

M(Ay + g)cos® + MALsin® =N (2.5)

[ Fgl 2 Nug (2.6)
or

|- ApcosB + Gsin® | > ug(Geosh + Apsin®) (2.7)

where G=Ay+g (2.8)
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and g is the acceleration due to gravity.

If the block starts to slide in the downslope direction, then

- Apcos + Gsin® > pug(Geos6 + Apsin®) (2.9)
or

(cosB + pgsinB)Ay, < G(sin® - pgcos6) (2.10)
ie.,

Ap £-Gtan (¢g-6) (2.11)
Define

Ag =-Ap (2.12)

Ayq =Gtan (¢5-6) (2.13)

then (2.11) can be written as
Ae2 Ay (2.14)
Thus, (2.14) is the condition necessary for downslope sliding to start.
If the block starts to slide in the upslope direction, then

-(- ApcosO + Gsin®) = pg(Geosd + Apsing) (2.15)

or
(cosB - ugsin@) Ay, = G(sinB + pgcoso) (2.16)
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ie.,

Ay, 2 Gtan (¢g + 6)

Define

Ayy =- Gtan(9 + )

then (2.17) can be written as

Ae< Ay,

Thus, (2.19) is the condition necessary for upslope sliding to start.

Sliding Mode

(2.17)

(2.18)

(2.19)

Once the block is sliding, the dynamic governing equations of motion are

MA gcos0 - Fg+ MGsinf = MX
MGcos6 - MAgsin® =N

Ff = NpSx)

where 5(X) is the signum function in sliding velocity %, defined as

S(>'<)={1; x=0

-1; x< 0.

Simplifying Equations (2.20) to (2.22) leads to

%= Cp(Ae - Ay)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)
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where
Cp = cos0 + sinf tan(gy ) (2.25)
Ay = Gtan(¢g” - ) (2.26)
Ok = SEI0 (2.27)

The absolute accelerations of the block in the X and Y directions are

Aph = A + Xcos6 (2.28)

and

Apy = Ay - %sin8 (2.29)

Sliding continues until the relative velocity of the block and base equals
zero (x = 0). At that time, the body momentarily comes to rest relative to the base
and Equation (2.14) or (2.19) must be monitored to determine when sliding starts
again. Depending on the coefficient of friction and characteristics of the base

motion, it is possible to have extended periods of rest during the response.

It is interesting to note that the system is completely characterized by the
mass and coefficients of friction. Physical dimensions relating to size and shape

need not be specified.

2.2.3 Basic Equations: Block on a Circular Arc Slip Surface

As illustrated in Figure 2.3, a rigid block on a circular arc slip surface is
subjected to a horizontal ground acceleration Ap and a vertical ground

acceleration Ay. The block has mass M and mass moment of inertia I.. The mass
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center is at C. The block slides along the circle arc about O, the center of the

circle. The radius of the circle is denoted by R and the distance between the mass

center C and O is denoted by R... Displacements of the block relative to the base

are denoted by x(t) along the arc and y(t) perpendicular to the arc. x(t) is positive

in the downslope direction and y(t) is positive in the direction towards Og.

Angular rotation about O, is denoted by y(t), positive in the counter-clockwise

(i.e., the block slides downslope) direction. Let 6(t) denote, at time t, the inclined

angle of the tangential line through point b, which is the point at the bottom of
the block on the extended line O.C. Suppose att =0, 6(0) =8y,

The inertia forces from the ground excitations and the gravity force are

exerted on the block at the mass center, C. They can be expressed as F; in the

tangential direction and Fy in the radial direction (positive as shown in Figure

2.3).

Fi = MGsin6 + MAcos6 (2.30)
Fr = MGcosf - MAgsin® : (2.31)

The resultant normal reaction force N from the arc and the frictional

resistance force Fyfare assumed to be exerted at point 4, the location of which will

be determined later. The angle between O.C and O¢ 4 is «.

Rest Mode

Equilibrium of force and moment about O leads to

MGcos(8 - o) - MAgsin(6 - o) =N (2.32)
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MGsin(0 - a) + MAgcos(6 - ) = Fy (2.33)
and

F(R = (MGsin8 + MAgcosO)R. (2.34)
So

. Re .
Gsin(8 - &) + Agcos(0 - a) = 7~ (Gsind + Agcos) (2.35)
Let
: Ae
sind =—————— (2.36)
\ G? + A2
cosd —& (2.37)
VG2 + Al
Then
: Re .
sin(@ - o + 8) = 1sin(0 + 9) (2.38)
Ae .
8 = arcsin(———— (2.39)
G? + A2

Therefore

a=(0+09- arcsin[% sin(8 + 9)] (2.40)

Onset of Sliding

Assuming the body is initially at rest, referring to the forces shown in Figure

2.3, a slide mode is initiated once the following expressions hold:
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Ncosa - Fgsina = F;

Nsina + Ff cosa = Fy

F{R. =FR

IFgl 2Npg
Therefore

N2 + Ffz = Fr2+ th

l %Ft | > tang, \/ F2.- (% Fy)?
or

[ F 2% sin¢ F
where
Let

fr =Fr /M = Gcos - Agsin®
ft =F; /M = Gsin6 + Agcosb
f=F/M =V +f

Then (2.47) becomes

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)
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R .
Iyl ch- sing,f (2.52)
or
SR o .
fy 2 Re f sin¢, ; for downslope sliding (2.53)
fr<- Re f singg ; for upslope sliding (2.54)
At the instant of onset of sliding,
Ncosa - Fgsina = Fy (2.55)
Nsina + Ff cosa = Fy (2.56)
FiRc = FfR (2.57)
So
. »* R *
Nsino + Ntan(¢, )coso = —R_c Ntan(¢, ) (2.59)
ie.
: R
sin(a + ¢ ) = Re sin(¢, ) (2.60)
where
Oy = O if (2.53) holds (2.61)

05 = -9 if (2.54) holds (2.62)
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Thus,

o = arcsin( % sin(0.)] - . (2.63)

Sliding Mode

Once the block is sliding, the dynamic governing equations of motion are

F{R. - FR = I\ (2.64)

Ncosa - Fgsinot - F = MR 2 (2.65)

Fi - Nsina, - Frcosow = M R (2.66)
where

Io = I + MR? (2.67)

Ff =Ntan(¢,) (2.68)

Ok = 0 S(Y) (2.69)

N = M(Ay + 8)cos8 + MA psin + MR 2 (2.70)

0=0y-Vy (2.71)
Since

v = ’%% (2.72)

and letting
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Io = MR;?

therefore,
Ri « R
1+(G)0% =fi- fuat -
[ +(Rc) Ix =fg- fhtan(o, ) Re

-2
fcosa - fntan(q)k* )sino = f; + XE

fp = fpsino + fptan(e, Jcoso + X

where

Oy = 93 5(%)

From (2.75) and (2.76), we have

*

cos(oL + ¢y ) = é

and

oo Bt
sinflc+¢y ) =1 + i

where

* * ).(2
fr = fr+ 05—
r =cos(¢y Nfy + RC)

. . R;
I = sin(0,) . /11 HRo

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)

(2.78)

(2.79)

(2.80)

(2.81)

(2.82)
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ft* = ftCOS(Q)k* )[ 1- _1___] (283)
1+ (Bl_ )2
Re
(2.79) and (2.80) lead to
fr . fr

(-fr;)z+(1 +;§)2=1 (2.84)
or

(1- I'Df2- 21 £ £y - (624 £2) =0 (2.85)
Solving (2.85) yields

DT+ VAP 26,2+ 41 - T2+ £72)

fn = 2T TD (2.86)

Substituting (2.86) into (2.74) and solving yields the equation for X. Also

« f v
o =arcsin(I” + ft-) - Oy (2.87)
n

The absolute accelerations of the block at the mass center Cinthe X and Y

directions are

.2

Aph = Ap + Xcos0 + %g sinf (2.88)
%2
Apy = Ay - Xsin@ + R cos0 (2.89)

The sliding displacement in the tangential direction, and the absolute
accelerations of the block at 0" at the upper corner of the block on the sliding

surface in the X and Y directions are:
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dy = %x (2.90)
R .. x?

Agp= Ap+ Ta;(xsm[?w Ec-cosB) (2.91)
R . x2

Agry = Ay - —ﬁz(xcosB-— Esmﬁ) (2.92)

where B is the angle of the tangential at o to the vertical (Figure 2.3).

Note that the system is not only characterized by the mass and coefficients
of friction but also by physical dimensions relating to size and shape of the block

and the slip surface, and the initial position of the block.

2.3 Computer Program Development

In the development of the computer programs, the dynamic coefficient of
friction is assumed to be equal to the static coefficient and is taken as a simple
constant during sliding. If the shape of the coefficient of friction curve as a
function of sliding velocity is known experimentally, it can be easily inéorporated
in the computer programs for an exact solution if desired. Such experiments have
not been done for soils yet. The errors caused by the assumption of equal static
and dynamic friction coefficients are expected to be less significant than the
uncertainties associated with the value of p and the prediction of future
. earthquake intensities. However, the value of friction coefficient used in the

present model should be carefully determined.

The following outlines the basis for developing the computer program.

When the base on which the slip surface is resting is subjected to excitations, Ahp
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and Ay, no displacemenf will take place until the thresholds (2.14) or (2.19),

(2.53) or (2.54) are satisfied. From that time until the sliding stops, the motion is
obtained by solving the dynamic Equations (2.24) or (2.74) to (2.86). Integration

of the velocity-time plot yields the sliding displacement of the block.

2.3.1 Methods Used in the Programs

The computer programs have been developed based on the basic equations
of the sliding block established in the last section. A total of two computer codes
have been written in FORTRAN 77 on VAX/VMS. Computer Code SLIP-P is for
the case that a block is on an inclined plane. Computer Code SLIP-C is for the
case that a block is on a circular arc slip surface. Since the dynamic coefficient of
friction is assumed to be equal to the static coefficient, no distinction between the
static internal friction angle and dynamic internal friction angle of the interface

material is made and it is simply denoted as ¢.
Computer Code SLIP-P

This code is developed to solve the following dynamic equations.

% = (cos® + sinBtand)[A, - Gtan (¢ - 8)]; for downslope sliding (2.93)

X = (cos - sinBtang)[A, + Gtan (¢ + 6)]; for upslope sliding (2.94)

The threshold of sliding downslope is

Ae2Ayq=Gtan (¢ - 6) (2.95)

And the threshold of sliding upslope is
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Ag S Ay =-Gtan (¢ + 6) (2.96)

Combining (2.93) and (2.94) leads to

X =1(8, 0, Ap, G)

A fourth-order Runge-Kutta step-by-step time integration scheme
(Hildebrand, 1974) was used to solve these equations. In doing so, these
equations are written as a set of two first-order, ordinary differential equations
(ODE) in the x and x. The Runge-Kutta step-by-step time integration scheme may

be explained as follows.

Considering a general case, let an initial value problem be given as a set of n

first-order ODE
Xi = fj (t, X1, X3, ..., Xp) 4 (2.97)
Xi(ty) = Xio 2%9)

The function xj at ty,; = tg + h (h is the step size) is estimated according to the

formula:
h
xj(ty + h) = xjo + 7 (kjy + 2kiz + 2kj3 + ki) (2.99)
where
ki1= fj (to, X10, X20/ -+» Xn0) (2.100)
h h h h
kip=fj (o + 5, X0+ K11, X0+ 5Ka1, -0y Xpo + Eknl) (2.101)
h h

h h
ki3 = fl (to + "2' s X10t EklZ » Xoo t ‘Ek22, vy Xpot 'zknz) (2.102)
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kjs = fj (g + h, xq9 + hky3, Xo0 + hkys, ..., X0 + hkp3)
For the sliding problem, n=2, let x; = x, x; =X, then
X1 = X9
x;=1(6, 9, Ap, G)
Thus,
f1 (t, X1, x0) =%,

f (t, 1, Xp) = £(8, 6, Ap, G).

Computer Code SLIP-C

In this case the dynamic equations to be solved are:
. . ‘* R Rl 2
= [fy- fptan(d ) % 1/[1 +(55
X [t nta (¢)RC]/[ (RC)]

X

9=60-RC

The threshold of sliding is

R .
[fel ZE f sing

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

(2.110)

To develop the computer code, the fourth-order Runge-Kutta step-by-step

time integration scheme is used.
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2.3.2 Special Considerations

For developing the two computer codes, it is essential to identify if a block
is in rest mode or slide mode. Also whether the block is sliding downslope or
upslope must be determined. Thereforé, the thresholds expfessed as (2.95) and
(2.96) or (2.110) should be carefully checked. The time step size should be chosen

appropriately small in order to reduce the truncation errors.
2.4 Verification of the Computer Programs
In order to verify the developed computer programs, two test examples are
presented as follows.
2.4.1 Description of Test Examples

Test Example 1/Code SLIP-P

Consider a problem of a rigid block on an inclined plane subject to

horizontal excitation of finite duration T4, defined by a sinusoidal function
ApR(t) = -Apsin(ot) (2.111)

where o = 27f, f is frequency of the excitation.

Assuming Tq = 2n/o. = 20 sec., A = 0.5g, ® = /10, ¢ = 40°, 6 =15°, then 'Ayd =
gtan(¢ - ) = 0.4663g and Ayy = -gtan(¢ + ) = -1.4281g, so the block will only

slide downslope.

The problem can be studied analytically as follows.
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The block would not slide until time t1, i.e.,
X(t) =0,x(t) =0, x(t) =0; 0<t <ty

A
t1 % arcsin(xyr;d) = 3.825 sec.

(2.112)

(2.113)

After it starts to slide, the sliding acceleration, velocity and displacement can be

analytically obtained from ( for t] <t < t3)
X(t) = CqlAmsin(wt) - Ayd]
: Am
x(t) = -Cd[-z)— cos(wt) + Aydt] +C1
Am . |
x(t) = -C4[—, sin(ot) + 0.5Aygt’] + C1t + Cy
®

where

Cg = cosO + sinBtan¢ = 1.1831
Am
Ci= Cd[—m- cos(wty) + Aydty] = 27.338m/sec
Co= CdAyd(L2 +0.5t12) - C1t1=-10.236 m
®
t2 =05Tq-t1
t3 is such that

Am
'Cd[T cos(mt3) + Aydt3] +C1=0

and

(2.114)

(2.115)

(2.116)

(2.117)

(2.118)

(2.119)

(2.120)

(2.121)
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t3> 1ty (2.122)

Solving (2.121) and (2.122) gives

t3 = 7.365 sec. (2.123)
After time t3, the block comes to rest again, thus
X)) =0,%(t) =0, x(t) =x(t3) =1.217m =121.7cm; t3<t<TYq (2.124)

Using Computer Code SLIP-P, the computation was performed for the same
pfoblem as above. The results are shown in Figure 2.4, where the solid line is the
analytical solution and the dot line is from the results of SLIP-P. It is found that

the analytical and computed results are very close.
Test Example 2/Code SLIP-C

In this example, everything is the same as in Test Example 1 except that the

block is on a circular arc slip surface with R = R. = 10°m and R; = 0, the initial

position of the block is defined by the angle, 8, =15° As in Test Example 1, the

block will only slide downslope. It is expected that the block will start sliding at

the same time t] as in Test Example 1 and the sliding displacement of the block

will be smaller than that in Test Example 1. However, they will be quite close

because of the large value of R.. Figure 2.5 shows the results of computation by

applying Computer Code SLIP-C. These results prove the expectation.
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2.4.2 Comments on the Verification

Since the test problem has been attempted successfully in the above
examples, the computer programs developed in the present study are considered
to have been partially verified. This means the programs can numerically
simulate the analytical model established in the previous section. No analytical
solutions exist for a circular sliding surface. Whether the model can accurately
represent the actual physical and dynamical behavior of a block on a slip surface

rationally needs to be tested experimentally, which is the main task in Chapter 3.

2.5 Parametric Studies with Block on an Inclined Plane

The analytical model used in the present study involves three components:
rigid block, interface and base excitations. Therefore, it is noted that there are
several parameters required to characterize this model: the friction coefficient p
(or the friction angle ¢) of the interface, the inclined angle of the slip surface 0
and the characteristics of the excitation (the amplitude, the frequency content,
and the duration; for a‘sinusoidal excitation, they are A, f and T,). So it is of
interest to investigate the effects of all these parameters on the dynamic behavior

of the rigid block.

2.5.1 Variation of Block Response with Amplitude of Base Motion

Consider the excitation to be a sinusoidal wave defined by Equation (2.111).
The slip surface is an inclined plane with 8 =15°. Let ¢ =35°, f = 5 Hz, T4 =0.2sec,

Various values of A = 0.4g, 0.5g and 0.6g have been chosen, and computations



-39.-

have been performed with SLIP-P. Figure 2.6 shows the results. It is found that

the bigger the amplitude is, the more sliding displacement occurs, as expected.

2.5.2 Variation of Block Response with Frequency of Base Motion

Computations performed are for a block on an inclined plane with 8 = 15°,

and ¢ = 40°. The excitation is a sinusoidal wave with A, =0.5g, T4 = 0.2 sec. and

different values of f: 5, 10,15 Hz. The results are plotted in Figure 2.7, and it is

found that the higher frequency results in less sliding displacement.

2.5.3 Variation of Block response with Duration of Base Motion

Here the influence of duration of base motion on the block response is

examined. The parameters used are: 6 = 15°, ¢ = 309 A,=05g f=5Hz Ty =
0.2, 0.4, 0.6 sec. Table 2.1 shows the block's sliding displacement versus duration
of base motion. For a given steady-state, harmonic excitation, the sliding
displacement during each cycle is constant if shearing resistance on the interface
does not degrade. Therefore, the total sliding displacement after a givén number

of cycles N is simply the incremental sliding displacement generated during 6ne |

cycle multiplied by the number of cycles N.

2.5.4 Variation of Block Response with Inclined Angle

Now the variable is 8: 12°, 15°, 18°. Other parameters are: ¢ = 30°; A, =
0.5g, f =5 Hz, T4 = 0.4 sec. The results are shown in Figure 2.8. It is noted that an

increase of the inclined angle results in an increase of sliding displacement, again

as expected.
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2.5.5 Variation of Block Response with Friction Angle

Changing the value of ¢ to be 27°,30°, 33° and taking 6= 15° A _ = 0.5g, f =
5 Hz and Ty = 0.2 sec. yields the results shown in Figure 2.9. With an increase of
the internal friction angle, the sliding displacement is reduced. These results
correspond to expectation, but it is noted that the displacement is very sensitive

to friction angle.

2.5.6 Variation of Block Résponse with Type of Excitation

In the above computations, the input base excitation is sinusoidal. In order
to illustrate the effects of different type of base excitation on the block response, a

real earthquake excitation is used in the following computation.

The input acceleration is a section of the accelerogram (time from 0 to 10.22
sec) recorded in the El Centro Earthquake, 1940, which is shown in Figure 2.10(a).
8 and ¢ are as chosen 21° and 30°. The calculated results are shown in Figure
2.10(b) and (c). Note that the peaks are cut off on the negative side of Figure

2.10(b) during the sliding process.

2.5.7 Effect of Vertical Excitation on Block Response

Three cases are considered to examine the effects of vertical excitation on a

block response. The block is on an inclined plane with 6 = 15°, and ¢ = 35%

The horizontal excitation is
Ap(t) = +0.5g sin(2 nt) (2.125)

Case 1: The vertical excitation is out-of-phase with A (1), i.e.,
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A (1) =-0.1g sin(2 nit) (2.126)

Case 2: The vertical excitation is in-phase with A, (t), i.e.,

A (®) = +0.1g sin(2 mt) (2.127)

Case 3: The vertical excitation is not considered, i.e.,
A, (D=0 (2.128)

In all cases, the duration T is 2 sec.

The results are shown in Figures 2.11. It indicates that, compared to the case
without vertical excitation, out-of-phase vertical excitation reduces the sliding
displacement; however, in-phase vertical excitation increases the sliding

displacement.

2.6 Parametric studies with Block on a Circular Arc

When a block is on a circular arc, as compared to the block on an inclined
plane, new parameters involved are R, R, and R;. This section investigates their
influence on the response of the block.

The problem concerned is shown in Figure 2.12. In this problem., the sliding
block is a circle segment 0" bo'eo". The independent geometric parameters are R

R.
and h/R. Once % is knoewn, —Rz and -—R—l‘; can be obtained from

R _Ca | '

R = T B | (g}.129),
Rio G R | ,

(R =G, () -1 (2.130)

where
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Cy= 1‘2_ - (%) \’ 1- (% )2 - arcsin (—I%) (2.131)

Cs=501- " (2.132)
TR aprl lay 1 in@

Ci=7%- @R V1- R +3R)]-5arcsin @) (2.133)

a h

R= 1 "R (2.134)

In this problem, the input motion is horizontal excitation only, as defined as

(2.111), amplitude Ay, = 0.5g, frequency f =2 Hz and duration T4 = 0.5 sec.

First, R is set to 120 m to study the effect of %, which is chosen as: 0.05, 0.1

and 0.2. Using the program SLIP-C, the response of the block is computed and

h
the results are shown in Figure 2.13. It is found that they are sensitive to R

especially the angle o (or Alpha in Figure 2.13 (a)), sliding velocity and sliding

displacement.
Next, % is set to 0.1 to study the effect of R, which is chosen as: 80 m, 120 m

and 160 m. The computed results are shown in Figure 2.14. The differences for

the results of the three cases are so small that they are hardly distinguishable in
the figures.

2.7 Salient Features of Sliding

2.7.1 Sensitivity of Sliding to Parameters

From the results of numerical computations with the developed computer

codes, it is observed that the sliding is very sensitive to the characteristics of base
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excitation, friction angle, inclined angle and h/R. For example, a 1° change in

friction angle results in a 10% ~ 15% change in sliding displacement (Figure 2.9).

2.7.2 Characteristics of Motion

The results indicate that when the excitation is not strong enough, the block
is in the rest phase, in which no sliding occurs and the absolute acceleration of
the block is the same as that of the base. When the exciting force is big enough to
overcome the friction force, the block enters the sliding phase. That is, sliding
takes place and the absolute acceleration of the block is different from that of the
base. On the recorded accelerogram of the block, asymmetry is fouhd, ie,in
terms of amplitude, the absolute acceleration in the upstream direction is smaller
than that in the downstream direction. Absolute accelerations in the upstream
direction get cut off when downslope sliding commences. It is also evident from
the figures that some narrowing of the absolute acceleration peaks in the

downstream direction can occur, although this is not evident for the earthquake

response in Figure 2.10.



T4 (sec) 0.2 0.4 0.6

Ds(em) |05977 [1.1954 | 1.7930

Table 2.1 Sliding displacement versus duration of base motion.
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Earth Dam

(a) An earth dam

L L L LSl ‘ 'Ah

kol l L LS LLL LAI’I

(c) Sliding block on a circular arc slip surface

Figure 2.1 Idealization of problem:
earth dam and sliding block model.
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Figure 2.2 Block on an inclined plane.
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Figure 2.3 Block on a circular arc.



Acceleration (gals)

Displacement (cm)

400

300

200

100

-100

-200

-300

90

80

70

€0

40

Figure 2.4

Results of Test Example 1/ Code SLIP-P.

T T T T T ' ‘
closed form solution
B ———-- - numerical solution
=
-
\\
N
.
\‘\-
] ! l ! ' ' ' 4 L
K T - ) 15 12 ¥ 6 8 ‘
Time (sec)
(a)

T T T T T T ' T !
i -2
i —
N -
i 4
i -

| 1 ] ] | 1 '

T < € ] 18 1z 14 e i ‘

Time (sec)




Acceleration (gals)

Displacement (cm)

-100

-200

-300

-400

-500

-49 -

500

4004

300

200

100

I i 1 i 1

closed form solution

numerical solution

] | I 1 | |
3

12 14 16 18 -

o
o
"
of

Time (sec)

(a)

130

1204
110|
100}
13 8
sol.
7ol
sol_
sol_
40|

30

10

! | | 1 N | 1

Figure 2.5

4 [ 8 10 12 14 16 18 F-
Time (sec)

(b)

Results of Test Example 2/ Code SLIP-C.



Acceleration (gals)

Displacement (cm)

-50 -

500

400 L.

300 .

2004

1008

~ena
-d

-500 1 | 1 ! | I |
s} 703 B8 T08 =51 Tz T3 T.18 JE:)
Time (sec)
(@)
0.55 1 T T T T ] T v i
osi l,—"' An= 0.6g
l"
045} ’/'
l"
l"
0.4 - /
’
/
0.35 {= s
’l
l"
0.3 fu ':'
‘I
'I
0.25 | s
/ =05g
’ -
0zl 7 - Am
’
:"' 4/'
[ 13 N d t/
s /
/ /
0.1 }_ /’: /‘/
/
0.05 K
— A =04
R Am g
0 o Jd'! 1 T 1 | N
K K Q. G.1 Q.12 .14 0.6 G.78

Figure 2.6

Time (sec)

(b)

motion.

Variation of block response with amplitude of base




-51-

0.2

0.1 .14 C.1o .18

AR

" Time (sec)

0.0Z

(steb) uoneisjeooy

(a)

SHz

f=10Hz
f=15Hz

Q.78

AL

U.74

1
. Timem(sec)
)
Variation of block response with fréquency of base

motion.

0.013

co1z2|.
0.011 ).

0.01
0.009 |
0.008 }—
0.007 |
0.006 {
0.005 |

(wd) JuswesedsiI(]

0.004 |,
0.003 ]
0.002 |

‘Figure 2.7




Acceleration (gals)

Displacement (cm)

-52-

400

300

200

100

-100

-200

-300

-400 { | 1 | { {

Time (sec)

(@)

3.05 o.7 15 5.2 0.25 3.3 0.35

cs . / /

06 4

0%5 crl.z 6.12'5* és 04!5'5

Time (sec)

(b)

"Figure 2.8  Variation of block response with inclined angle.



Acceleration (gals)

Displacement (cm)

-400

-53-

400 L

300

200

100

-100 |

200 |

] ] | l | 1 l ] !
~3.02 T.0% 0. A T2 ~0.13 3.18 LN

" Time (sec)

(a)

0.2

09 L.

0.7 L.

06 fu

03t

0.2

Figure 2.9

1
K O.1 . ["ARES U6 0.18
Time (sec)

(b)

Variation of block response with friction angle.



(gals)

Input accel.

(gals)

Response accel.

Displacement (cm)

400 T
ool @)
200}

1004

-100 4.

-200 [

-300 {

4
-
i
il

10

N
8
H
|
o
~
[
o

400 T T T T T T T T T T
300
200
100
o]
-100
-200 L
-300 1 | 1 ] L ] 1 ] 1 ]
1 2 3 4 > [] 7 8 9 10
Time (sec)
1.8 T T I { T T T T 1 T
G
1.4
1.2
i -
06 f
0.6 b
o4 i
0.2 L
° | I | { 1 L ! L | 1 |
B - 3 4 2 [ 7 8 9 10

Time (sec)

~ Figure 2.10 Variation of block response with type of excitation:

results with accelerogram recorded in the El Centro
Earthquake.




Acceleration (gals)

Displacement (cm)

-100

-200

-300 b

-55-

300

200

100

-400 |

0.2

G.4 0.6 0.8 1 1.2 1.4 1.6
Time (sec)

(a)

in-phase

without considering A,

out-of-phase

0.2

Figure 2.11

1 1.2 1.4 1.6
Time (sec)

(b)

Effect of vertical excitation on block response.



- 56-

(a) Geometrical configuration

(b) Force diagram

Figure 2.12 Problem concerned in parametric studies for the block
on a circular arc.
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Chapter 3

VALIDATION OF MODEL: SHAKING TABLE
TESTS AND NUMERICAL SIMULATIONS

3.1 Introduction

In the simplified method described in the previous chapter, a rigid block is
supported through non-symmetric sliding resistance on an inclined plane or a
circular arc surface. The rigid block represents the potential sliding mass during
a seismic event, and the inclined plane or the circular arc surface is regarded as
the rupture or slip surface which is subjected to the base excitation horizontally,
vertically or both. In order to validate this analytical model and observe the
behavior of a rigid block, an experimental investigation with shaking table tests
has been performed in the present study. Only the inclined plane slip surface is
employed. Also for verification of the computer programs developed,
comprehensive numerical simulations and comparison with the experimental

results have been carried out.

A shaking table has been widely adopted for dynamic experiments on
structures or structural models. Usually, shaking table tests can be utilized for
the following purposes (Shibata, 1984): 1) the investigation of dynamic

characteristics of structures, 2) the validation of a computer code for dynamic
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response analysis of a structure and 3) the qualification of newly designed
components. Applying a shaking table test to the investigation of the sliding
block model is of great significance.

As noted previously, there are several parameters involved in the rigid
block model on an inclined plane: the friction coefficient, the inclined angle, and
the excitation characteristics (amplitude, frequency content, and duration).
Therefore, the effects of all these parameters on the dynamic behavior of the rigid
block have been considered in the shaking table tests. In order to have a complete
understanding of the sliding model, the study described in this chapter not only
deals with harmonic (sinusoidal) motions but also with earthquake-type
excitations. By means of shaking table tests and comprehensive numerical
simulations, the investigation presented here focuses on studying the dynamic
characteristics of the sliding block response under various base excitations, and
its significance to the understanding of the dynamic behavior of real earth

structures.

3.2 Experimental Setup Preparation

The experimental setup of the model, as sketched in Figure 3.1, consists of
two base plates, two vertical supporting plates, two bearings and one inclined
plate. The setup parts, all made of aluminum, are connected together by bolts.
The arrangement is fixed on the testing platform by bolting the base plates to the
platform. The inclined plate is rotatable around the bearings so that various
inclined angles can be obtained. The sliding block is made of steel with

dimensions 5" x 3.25" x 2.5" and a weight of 11.29 pounds. Various friction angles
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were achieved by glueing different types of sandpaper to the surfaces of the

inclined plate and the bottom of the block.

During the initial testing, it was found that the block would slide off the
sliding path if it was directly placed on the flat surface of the inclined plate. In
order to keep the sliding block straight for measurement purpose, a special
arrangement wés made. In this arrangement (see Figure 3.1(b)), two plates are set
apart to form a slot and three bearings are mounted on the bottom of the block.
The bearings fit into the slot and constrain the block to travel in a straight line

while not affecting the friction coefficient.

3.3 Apparatus and Instrumentation

The shaking table tests were carried out on an earthquake simulation testing
system at Caltech manufactured by MTS System Corporation, which is labeled
MTS 840 Vibration Test System. The system has an unidirectional servohydraulic
vibration table which delivers one horizontal component of ground motion (i.e.,
one horizontal degree of freedom). The table consists of a 36" x 44" steel testing
platform supported by two granite blocks, each of which is enclosed in a steel
case. A thin layer of hydraulic fluid between the granite and steel provides a
surface of minimum friction to facilitate table motion. The table is driven by a 3"
diameter piston mounted directly beneath it. The piston is capable of producing
3300 pounds of dynamic force over a frequency range of 0-150 Hz with a 3" peak
displacement amplitude. Movement of the piston results from the porting of
hydraulic fluid pressurized to 3000 p.s.i. Porting (and, consequently, table
motion) is controlled by circuitry in the dynamic response controller, which can

be operated in acceleration or displacement control modes. Under acceleration
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control, excitation waveforms are maintained by comparison of the rms value of
the input signal to the rms value of the table motion, which is monitored by
system accelerometers. The error signal generated by this comparison is applied
to a servovalve, which attempts to compensate for discrepancies by modifying
the flow of hydraulic fluid to the piston. The system has good repeatability and
linearity of an input waveform (Yan, 1989). Figure 3.2(a) is a photo of the testing
model on the table. Two sources provided the signals used to drive the table,
depending on the type of test being carried out. A Hewlett-Packard function
generator produced sinusoidal signals or frequency sweeps, while a computer-
controlled digital-to-analog converter (DAC) was used for the earthquake
excitations. This DAC, designed and built at Caltech, can convert digitized
signals to their analog form at a maximum rate of 200,000 samples per second.
The function generators were controlled manually, while a Zenith 120 personal
computer initiated the earthquake tests through interactive software and output
signals to the DAC. Figure 3.2(b) shows a photo of the console of the vibration

system, the computer and the DAC.

Acceleration and displacement transducers were used to record the model's
dynamic response. Entran accelerometers (Model No.: EGA-125F) were selected.
They possess a flat frequency response to 250 Hz, have dimensions 0.27" x 0.14" x
0.14", and weigh 0.5 grams. The particular accelerometers employed have full
scale ranges varying from 10 to 500g and outputs varying from 0.5 to 12
millivolts per g. The displacement transducer was made by the author, and
consists of a potentiometer, a pulley and a string. As sketched in Figure 3.4(b),
there is a steel bar connecting the block and the string. When the block slides, the

string will rotate the pulley so that the electrical potential of the potentiometer
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will change. By calibrating the potentiometer, the sliding displacement can be

measured.

3.4 Data Acquisition System and Signal Conditioning

The accelerometer signals initially passed through an 8 channel amplifier
with selectable gains ranging from 1 to 1500. They were then transferred to a
high-pass filter to eliminate any DC voltage component. The conditioned signals
are sent through a second amplification stage and another high-pass filter before
entering an analog-to-digital converter (ADC). The ADC is a 16 channel, 12 bit
integrated circuit design with a maximum sampling rate of 28,570 samples per
second. Full scale output of the ADC is selectable and corresponds either to +/-
2.5 volts or +/- 5.0 volts. The output of the ADC is stored in computer memory
and written-to a 5.25" floppy disk. The data sampling and storage are
accomplished simultaneously with the output of the excitation on the same

Zenith 120. The ADC is in the same box as the DAC.

3.5 Testing Procedures
3.5.1 First Stage: Frequency Sweep

The first stage in the dynamic testing of the model was to determine the
natural frequencies and the damping ratios of the inclined plate and the vertical
supporting plate by means of frequency sweeps. These sweeps were conducted
with the table undér acceleration control, in which a selected table acceleration
amplitude was maintained by the controller on the console while the frequency

was varied over the range of interest. A sinusoidal wave was fit to the model's
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digitized response data by a least-squares algorithm developed at Caltech
(Duron, 1987). The algorithm outputs the exact frequency of excitation,
acceleration and displacement response amplitudes, and phase differences
between responses and the excitation. This information can yield frequency

response curves and mode shapes.

In the frequency sweep test, accelerometer A1 was placed on the front

vertical surface of the platform of the table. The time history recorded by this

accelerometer was considered to be the base motion of the model. Accelerometer

Ap was placed on the center of the inclined plate to measure the acceleration in
the outward-normal direction of the inclined plate. Accelerometer Az was placed
on the front vertical surface of the vertical plate to measure the acceleration in the
horizontal direction. The locations of the accelerometers are shown in Figure 3.3.
In the test for determination of the natural frequencies and the damping ratio of
the inclined plate, the excitation amplitude was 0.25g and the frequency range
was 10-80 Hz, whereas in the test for determination of the natural frequencies
and the damping ratio of the vertical supporting plate, the excitation amplitude

was the same, 0.25¢g, and the frequency range was 10-130 Hz.

3.5.2 Second Stage: Vibration Tests

The second stage of testing subjected the model to two types of vibration.
Type 1 consisted of sinusoidal excitations with various frequencies and
amplitudes. Type 2 was an earthquake-like time history. The digitized
acceleration time history of the earthquake contained 2688 acceleration points at
a time interval of 0.02 seconds, resulting in a duration of 53.74 seconds. The time

scale was compressed so that the excitation duration became 47.65 sec, or 24.33
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sec or 4.87 sec before application to the model. Linear interpolation between
existing data points resulted in 8192 acceleration values used in the digital to
analog conversion process. The ADC sampled 65,520 total points, with a D to A
conversion (excitation output) occurring every eight samples. A total of 4
channels (3 accelerometers and 1 displacement transducer) was sampled during
the tests on the model, resulting in 16,380 points per channel and a Nyquist
frequency of 1,638 Hz. Although the controlling software used in the tests of
Type 1 was the same as in those of Type 2, the signals of D to A (excitation
output) were not connected to the shaking table, instead the excitations

generated by the function generator were input to the table directly.

For each test, the accelerations of the inclined plate and the sliding block
and the sliding displacement of the block were measured through the computer-

controlled data acquisition system. The accelerations were obtained from three

accelerometers (A1, Ap and A3) attached to the plate surfaces and the sliding
block. A1 and Ay measured the acceleration of the inclined plate in the inclined
and outward-normal directions, respectively, and A3 measured the acceleration
of the block in the inclined direction. The sliding displacements were obtained
from one displacement transducer mounted on the inclined plate. The locations

of all the transducers are shown in Figure 3.4.

3.5.3 Measurement of Friction Angle
The friction angle (¢) between the block and the sliding surface was measured in
two ways. One way was to lift the inclined plate around its bearing while the

block sits on the plate. When the plate is lifted to such an angle that the block

starts to slide down, this inclined angle is the value of the friction angle, ¢,. The
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other way was to pull the block with the inclined plate in a horizontal position.

Measuring the pulling force with a force balance at the time that the block moves

at constant velocity determines a value of friction angle, ¢,. ¢, is close to the static

fiction angle and ¢, is close to the dynamic fiction angle.

3.6 Data Processing

The data recorded from the shaking table tests were processed on a
MicroVax using a computer program called SIG, which was developed by
graduate student Robert Beck and made available for use in the Caltech -

Engineering Division.

3.7 Test Results

This section presents the results of the shaking table tests. The results
included are from the frequency sweeps and vibration tests (both sinusoidal and
modified earthquake record excitations); the latter typically include time histories
of the inclined plate’s accelerations and the rigid block’s acceleration and sliding

displacement. All the test results are illustrated in figures at the end of this

chapter.

3.7.1 Frequency Sweepr |

Frequency response curves from the frequency sweep tests for the plates are
plotted in Figure 3.5. They indicate that the fundamental frequency of the
inclined plate is 54 Hz, and that the fundamental frequency of the vertical

supporting plate is greater than 120 Hz which is beyond the frequency range of
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interest for the sliding block. The damping ratio for the inclined plate was

determined by the half-power method (Clough and Penzien, 1975) as 3.8%.

3.7.2 Vibration Tests

The test investigations focus on the dynamic behavior of the block on the
inclined plate subjected to base excitations. Two types of vibration were taken as

the test input excitation.
Tests with Type 1 Vibration: Sinusoidal Excitations

Five tests are discussed here. They are numbered G1-S1 to G1-S5. The
corresponding testing parameters are listed in Table 3.1. Figures 3.6 and 3.7 are
the test results of G1-S1, showing an example of test records with sinusoidal

excitations.
Tests with Type 2 Vibration: Earthquake-type Excitations

Table 3.2 gives the testing parameters of three tests, which are numbered
GI-E1 to G1-E3. Typical test results are shown in Figures 3.8 and 3.9, which are
from G1-E1.

The results of the other tests will be presented with the simulated results

later.

From the tests, it is observed that the sliding block undergoes stick-slip type
displacements (e.g., Figures 3..7(b) and 3.9(b)). When the excitation is not strong
enough, the block is in the rest phase, in which no sliding occurs and the absolute

acceleration of the block is the same as that of the inclined plate. When the
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exciting force is big enough to overcome the friction force, the block enters the
sliding phase. That is, sliding takes place and the absolute acceleration is
different from that of the plate. On the recorded accelerogram of the block (e.g.,
Figures 3..7(a) and 3.9(a)), there appears a cut-off, i.e., asymmetry is found, in
terms of amplitude. The acceleration in the upslope direction is smaller than that

in the downslope direction. The upslope accelerations get cut off when sliding

begins.

3.8 Numerical Simulations

Numerical simulations were carried out by using the computer program
SLIP-P described in the previous chapter. Computations were performed for all

the cases encountered in the shaking table tests, which had various values of the

parameters involved in the model. Although two values of friction angle (¢; and

¢,) were measured in the testing, and also it is noted that ¢, is larger than ¢, by

3°to 6.1° in Tables 3.1 and 3.2, the same ¢ value was used for the static and
dynamic friction angles. The values of ¢ used in the simulations are listed in
Table 3.3. Those values were chosen to give the best agreement between the final
values of the simulated sliding displacements and the measured sliding
displacements. It is noted that the resulting values of ¢ are usually between the

measured values of ¢; and ¢,. The input accelerations used in the computations

were those measured in the shaking table tests.

1If the sliding acceleration of the block is X, then the acceleration (in the

inclined direction) measured by the accelerometer mounted on the back of the

block will be
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Apj = Apcos8 + X (3.1)
This is the component of acceleration used in the comparisons.

Numerical simulations have been performed for both Type 1 vibration

(sinusoidal excitations) and Type 2 vibration (the earthquake records).

All the results of the numerical simulations are illustrated in Figures 3.10 to

3.25 along with the testing results.

3.9 Comparison and Discussion of Results

The results of the numerical simulations have been compared with those of
the shaking table tests. It is found that 1) in general the agreement is good, 2)
some discrepancies exist, which might result from: a) noise level of output
signals, b) the assumption in the numerical simulation that the static friction
angle is equal to the dynamic friction angle, so that a single parameter is used to

represent frictional resistance; and c) measurement of friction angle.

Of course, the good agreement obtained between the simulated
displacements and those from the tests resulted from a fitting process involving
¢. In addition, recall from the previous Chapter that the response is very sensitive

to the values of ¢.

The findings in this investigation increase understanding of the failure
mechanism and response characteristics of earth structures which experience
stick-slip type deformations. The accelerogram records obtained from such

structures may show asymmetry in amplitude for which the model tests offer an
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explanation. Furthermore, the yield acceleration can be ascertained using the
results of the investigation. The developed computer programs can be used to
evaluate seismically-induced permanent displacements in dams or other earth
structures, although great care must be taken because of the sensitivity of the

results with the friction angle.
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Test An f Tq 6 01 ¢s
No. (2 (Hz) (sec) | (degree) | (degree) | (degree)
G1-51 0.5 5 47.65 10 — —_
G1-52 0.5 30 24.33 10 18.9 25.0
G1-53 0.5 20 24.33 10 26.8 30.0
G1-54 0.5 10 24.33 10 23.6 28.6
G1-55 0.35 10 24.33 10 23.5 28.5
Table 3.1 Parameters in tests with sinusoidal excitations.
No. (2) (sec) | (degree) | (degree) | (degree)
GI1-El 0.9 4.87 10 23.5 290
G1-E2 0.5 24.33 10 26.0 29.0
GI1-E3 0.4 47.65 10 — —
Adl* is the dynamic level set on the controller to determine the peak
value of acceleration shaking table.

Table 3.2 Parameters in tests with earthquake-type excitations.

Test No. d(degree)
GI1-51 19.1
G1-52 19.5
G1-53 27.9
G1-54 23.7
G155 — 233
GI-E1 240 |
GI-E2 26.5
GI-E3 216

~ Table 3.3 Value of ¢ used in simulations.
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Figure 3.1  Experimental setup of the model: (a) side view; and (b)
: top view.
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Figure 3.2 Photos: (a) the testing model on the table; and (b) the

console of the vibration system, the computer and the
DAC.
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Figure 3.3 Location of accelerometers for frequency sweep.
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Chapter 4
ANALYSIS OF LA VILLITA DAM

4.1 Introduction

The objectives of this chapter are to: 1) understand the dynamic
characteristics of La Villita Dam in the Mexico earthquake on September 19,
1985, based on the results of the analysis of the recorded accelerograms; 2)
perform deformation analysis on La Villita Dam by applying the rigid sliding
block model; and 3) evaluate the performance of La Villita Dam and propose

an explanation for the unusual phenomena observed in the accelerogram

recorded at the crest of the dam.

4.2 La Villita Dam

La Villita Dam is located on the Balsas River in the State of Guerrero,
Southern Mexico, 13 km upstream from the mouth of the river, which
empties into the Pacific Ocean, and 55 km downstream of El Infiernillo Dam
(Figure 4.1). Construction was started in August, 1965 and completed in
December, 1967. The dam was built to exploit a large potential for power
generation, irrigation and flood control. After the completion of the dam, the

power plant had a rated capacity of 304 MW; the storage capacity of the
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reservoir was equal to 710x10° m3; and the discharge capacity of the spillway

was 13900 m3/s (Comision Federal de Electricidad, 1976).

The project consists of an earth-and-rockfill embankment, a powerhouse,
a spillway, an irrigation outlet and intake works. Figure 4.2 shows a layout.
The embankment dam is 60 m high with external slopes of 2.5 : 1, and it is
slightly concave toward downstream. The canyon where the dam is built is
300 m wide at the base and 425 m at the crest. The dam has a symmetrical
cross-section with a central compacted impervious cbre, well-graded filters
and transition zones and rockfill shells, the latter compacted with four passes
of a D-8 tractor. The core was built with a highly plastic clayey material (liquid
limit wy = 56% and plastic limit wp = 24%, as an average), which was placed
in layers 15-cm thick and compacted with 8 to 10 passes of a sheepsfoot roller,
to reach a degree of compaction of 96% with respect to the Standard Proctor
Test. For the filters and transitions a sand and gravel material borrowed from
alluvial deposits was used, which were protected by rockfill shells. The

maximum cross-section of the dam with the different zoned materials is

shown in Figure 4.3.

The same figure also shows the geological profile along the dam axis.
The dam is founded on a deep alluvial deposit of varying thickness up to a
. maximum thickness of 70 m which is formed by boulders, gravel, sand and

| - silt. In view of the great thickness of the alluvial deposit, a 0.6-m thick ICOS
type concrete cut-off wall was provided‘ down to a depth of 74 m to control
water seepage through the alluvium. Moreover, in order to reduce settlement
under the core and to provide a second line of defense against breakage of the

upper portion of the cut-off wall, a block of alluvium underlying the core was
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grouted down to 26 m in depth. A summary of material properties is

presented in Table 4.1.

The dam was constructed in two stages. The first was built above water in
the dry between stations 0 + 300 and 0 + 490 (Figure 4.4). The second stage
began on November 17, 1966 by dumping soil underwater between stations 0
+ 150 and 0 + 300. In January 1967, an extraordinary flood eroded the riverbed
between these stations and made it necessary to replace the eroded material
with fill that was more compressible in this zone (between stations 0 + 150
and 0 + 300) than elsewhere. This inhomogeneous compressibility, the
alluvial layer of variable thickness, and the zoned cross section (Figure 4.3)
which encourages silo action and localized arching (Casagrande 1950; Sherard
1986), have all probably contributed to the evolution of localized zones of low
strength and differential settlements that were further aggravated by seismic
shaking as investigated in this study. Detailed information on the dam has

been obtained from various references (Comision Federal De Electricidad,

1980, 1985, 1987).

4.3 Instrumentation of La Villita Dam

During construction, a total of 188 instruments and several rows of
surface reference points were installed. The instrumentation in the dam was
placed along the dam axis and at several planes parallel to the river (refer to
Figure 4.5). The instruments include inclinometers, vertical and horizontal
extensometers, and accelerographs. The accelerographs are established at five
locations. One is on the right bank in sound rock at a distance of 150 m from

the embankment, and four are on the downstream slope of the dam. Three
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of these are close to the center axis of La Villita Dam: one on the right bank,
one on the left bank and one at a station near the crest; and the other one is
near the berm at elevation 13.5 m. The readings of the vertical and horizontal
movements from the instrumentation furnish information on the
- deformation history and dynamic responses of the dam since the time of

construction, as described later.

4.4 Seismicity of Lower Balsas River Zone
4.4.1 Seismic Activity at the Dam Site

La Villita Dam is located close to the Pacific Ocean coastline and lies
within the American continental plate of high seismicity associated with the
subduction of the Pacific Plate. From the geological point of view, the
formations of the dam site belong to the Tertiary, consisting mainly of
extrusive rocks, tuffs and continental alluvial sediments. At the canyon
mouth, these Tertiary formations consist of stratified layers of andesite and
andesitic breccias, showing a NE-SW strike and pronounced dip towards the
SE (refer to Figure 4.3). The strata, varying in thickness from a few
centimeters to several meters, are affected by intense fracturing with a NE-SW
general direction and a dip towards the NW. The alluvial deposit at the river
bottom reaches a thickness of 70 m and it is formed by boulders, gravel, sand
and silt. The whole region has been subjected to a strong tectonism and it

constitutes one of the most active seismic areas in Mexico.
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4.4.2 Earthquake History and Deformation of La Villita Dam

The dam has experienced many earthquakes. Table 4.2 lists the strongest
seismic events that occurred within 100 km of the dam between 1975 and
1985. It is worth noting the variation of the seismic activity from 1975 to 1985.
The increases of activity in the years 1979, 1981 and 1985 are very prominent.
The most important earthquakes in the area took place on October 11, 1975,

November 15, 1975, March 14, 1979, October 25, 1981, September 19, 1985 and
September 21, 1985. These six earthquakes are identified by the symbols S,, S,,

S5, S4, S5 and S¢. Their parameters are summarized in Table 4.3.

Settlement and horizontal deformations have occurred over the years in
the upstream and downstream shells, as well as in the central clay core (see
Comision Federal de Electricidad, 1980, 1985, 1987 for a comprehensive
description). Attention in this section will be focused on the downstream
slope. The settlement history of the dam is shown in Figure 4.6. Horizontal

displacements are shown in Figure 4.7.

The discussion here concentrates on the event Ss. A detailed study of the

records of other earthquakes and corresponding yielding accelerations has

been presented in the reference (Elgamal et al., 1990).

4.5 Earthquake of September 19, 1985

The earthquake of September 19, 1985 was one of the most destructive in
this century in Mexico in terms of damage to structures (EEFIT, 1986). It had
magnitude 8.1 on the Richter scale. The epicenter was located at latitude

18.108°N and longitude 102.707°W. The focal depth was 30 km. At Mexico
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City, which is about 400 km ENE of the epicenter, the earthquake caused a
large amount of damage in the central city area primarily to modern
structures between 6 and 20 stores high, which was attributed to the
amplification of the ground excitations due to the resonance of the old lake
bed on which Mexico City lies. Over 200 buildings collapsed, thousands were
damaged and an estimated 5 to 20 thousand people were killed, mainly by

being crushed or entombed in collapsed structures.

4.5.1 Effects on the Dam

The distance from La Villita Dam to the epicenter is 58 km. The dam was
severely shaken by the earthquake. The instruments recorded the settlements
and horizontal displacements induced by the excitation, which showed that
the maximum settlement was more than 30 cm occurring along with lateral
translation of about 14 c¢cm (Figures 4.6 and 4.7). Longitudinal cracks also
appeared along the crest as shown in Figure 4.8. In addition, offset on the crest

and bulging near the toe on the downstream were observed.

4.5.2 Earthquake Records

Unfortunately, not all the accelerographs worked properly. Only the
accelerographs at the dam crest and on the right bank recorded the
accelerograms during the earthquake. Each record consists of three
components, which are shown in Figures 4.9 and 4.10. The unit of
acceleration used here is the gal (980 gals = 9.8 m/sec/sec = 1 g). In all of these
~records, it is quite conspicuous that the strong shaking occurs in two episodes.

In the transverse component of the acceleration recorded at the crest of the
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dam (Figure 4.10(b)), by éomparison with other components, the accelerogram
appears to be abnormal, since the positive part of the accelerogram has much
higher peak accelerations than does the negative part. Also the peaks in the
positive part are very sharp spikes (see Figure 4.11, which is a stretched piece
of Figure 4.10(b)). The similar abnormal phenomenon appears on the vertical
component too (Figure 4.10(c)), although it is not as pronounced as on the

transverse Component.

The Fourier amplitude spectra of all the recorded accelerations are
obtained by utilizing a Fast Fourier Transform algorithm (Hall, 1982). Figures
4.12 and 4.13 show the Fourier amplitude spectra of the transverse
accelerations recorded at the right bank and on the dam crest in the
earthquake of September 19, 1985. The Fourier amplification spectrum for the
transverse component, computed by dividing the Fourier amplitude
spectrum from the dam crest by that from the right bank is shown in Figure
4.14. The high peaks in the amplification spectrum are spurious and result
from chance values near zero in the amplitude spectrum from the right bank,
i.e., in the denominator for the amplification spectrum computation.
However, the lower but wider peak centered at about 1.25 Hz in Figure 4.14 is
real and indicates that this frequency is the fundamental frequency of

response in the dam vibration.

4.6 Analysis of Deformations

The deformations which have occurred at La Villita Dam could have
resulted from settlement by densification. It is also possible that slip planes

have developed inside the dam, and that some portion of the deformation
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can be attributed to sliding on these slip planes. Evidence which suggests the
possibility of sliding includes the bulging near the toe on the downstream
side and the asymmetrical acceleration record obtained near the crest on the
downstream side. Recall from Chapters 2 and 3 that accelerations of a sliding

mass can show similar asymmetry.

It is of interest to determine whether a slip plane, with a reasonable
choice of parameters, can produce the observed deformation which occurred
during the September earthquake and if the asymmetric accelerations can be
reproduced. This investigation is restricted to the downstream side of the
dam and will focus on the maximum resultant displacement of 22.5 cm (5.7
cm horizontal, 21.8 cm vertical) measured near the crest, all of which will be
assumed to have been a result of sliding. The transverse acceleration will be
assumed to be positive in the downstream direction (toward downslope) and
the vertical acceleration to be positive upward. This choice for the transverse
component is consistent with the asymmetry in the transverse acceleration
record being caused by a sliding mechanism, while positive upward is

conventional for the vertical component.

The analysis is hampered by the lack of an appropriate base excitation for
the sliding mass. In the absence of anything better, the transverse and vertical
components recorded at the right bank were scaled up in amplitude by a factor
of 6.385 for the transverse and 5.166 for the vertical. The resulting transverse
excitation component has the same peak acceleration as the transverse
component recorded on the dam crest (772 gals), although this peak is

negative for one and positive for the other. Also the resulting vertical
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excitation component has the same peak acceleration as the vertical

component recorded on the dam crest (297 gals).

4.6.1 Inclined Plane Slip Surface Assumed

First the sliding surface is assumed to be an inclined plane, passing

through the downstream toe of the dam. Computations are carried out with

the computer program NAN-P.

When the inclined angle 8 is constant (18°), the variation of permanent
displacement with internal friction angle ¢ is shown in Table 4.5. It can be
seen that the dam material property greatly affects the downslope

displacements.

Keeping the value of the soil's internal friction angle ¢ constant (at the
value of 34.4°) and letting the slip plane have various inclined plane angles 6,
the corresponding displacements have been calculated and are summarized
in Table 4.6. It is very apparent that the displacement increases very rapidly
with increasing of the slip plane angle. The angle 6 = 22° is the angle of the

slope of the dam faces.

Figures 4.715 shows the time histories of sliding acceleration, sliding
velocify; absolute horizontal acceleration and sliding displacement of the
block for the case ¢ = 34.4° and 6 = 22°. For these parameters, the computed
displacement of 22.6 cm matches the measured one. Howéver, the
components of the computed displacement (i.e., settlements and transverse
or horizontal displacements) are not in agreement. It is also of interest that

almost all the displacement developed in the first interval of strong motion.
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The computed absolute horizontal acceleration of the sliding mass
(Figure 4.15 (c)) does exhibit some asymmetry in the initial part of the record,
which is in the correct direction as expected, but some of the sharpest spikes of
the recorded horizontal acceleration at the crest (Figure 4.10(b) and Figure

4.11) are not reproduced.

4.6.2 Circular Arc Slip Surface Assumed

Now a circular slip surface is assumed with an angle {3 at the crest chosen
so that the direction of the computed displacement of the sliding mass at the
crest matches the measured one. Figure 4.16(a) shows Circular arc 1, which is
a part of a circle with a radius R = 80.4 m; also R = 61.14 m and Rj = 31.0 m.
The slip surface goes through the dam crest at point 1 and is tangent to the

baseline at point 2. The slope of this circular slip surface where it emerges at

the crest of the dam is B (= 14.7°) with respect to vertical; also 8, = 21.8°.

, Figure 4.17 shows the computed time histories for sliding acceleration,
sliding velocity, sliding displacement, absolute horizontal acceleration and
absolute vertical acceleration. All computed motions are at the crest, énd the
sliding motions are tangential to the slip surface. The match in crest
displacement was obtained with ¢ = 25.0°, a fairly low value for the friction
angle. With B = 14.7°, the computed components of crest displacement (5.7 cm

horizontal and 21.8 c¢m vertical) also match the measured ones.

The absolute horizontal acceleration of the sliding mass at the crest
(Figure 4.17(d)) does not exhibit the desired asymmetry and, in fact, is almost

identical to the horizontal component of the input excitation (Figure 4.9 (b)
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scaled by 6.385). The reason for this is that the steep slope of the sliding surface
at the crest (B = 14.7°) gives a very small horizontal component to the sliding
motions. It is the vertical acceleration (Figure 4.17(e)) which is affected most,
and the most pronounced feature is a large positive spike associated with the
largest sliding episode. This spike is in the wrong direction to correlate to the

slight asymmetry in the recorded vertical acceleration (Figure 4.10(c)).

Another slip surface, Circular arc 2 as shown in Figure 4.16(b), is used to
try a geometry intermediate between the previous inclined plane and Circular
arc 1. The circle goes through the dam crest at point 1 and the dam toe at
point 2. Also the circle makes a tangent with the baseline at point 2. The

geometric parameters are: R = 217.5 m, R = 208.2 m, R; =36.5 m; B = 46.4°
and 6, = 21.8°.

Table 4.7 shows the relationship between sliding displacement at the
dam crest and the value used for the internal friction angle ¢ of the dam.
When the friction angle is 32.45°, a more realistic value of friction angle, the
computed sliding displacement (22.50 c¢m) is close to the measured resultant
displacement (22.53 cm), although now the components do not match. Figure
4.18 shows computed time histories for sliding acceleration, sliding velocity,
sliding displacement, absolute horizontal acceleration and absolute vertical
acceleration. All computed motions are at the crest, and the sliding motions -
are tangential to the slip surface. The absolute horizontal acceleration with its
asymmetry in the initial part (Figure 4.18(d)) is sirhilar to that obtained for the
sliding mass on the inclined plane (Figure 4.15(c)), and the absolute vertical
acceleration (Figure 4.18(e)) is not much different from that obtained for the

sliding mass on Circular arc 1 (Figure 4.17(e)). Thus, the use of Circular arc 2
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shows a somewhat better agreement with the recorded accelerations. Finally,
Figure 4.19 shows the computed absolute horizontal acceleration from Figure
4.18(d) with an expanded time scale. The positive asymmetric acceleration
peaks between 7 seconds and 12 seconds lack the sharpness of the peaks in the.
recorded accelerations shown in Figure 4.11 with a similarly expanded time
scale. This occurs in part because the peaks in the positive side of the
calculated result are, in fact, exactly those from the amplified abutment input.
There is nothing in the analysis (elastic behavior, for example) which can
cause any change in the positive accelerations. However, on the expanded
time scale of Figure 4.11, the positive peaks do appear to be unusual in

character as compared to those observed in other strong motion records.

4.7 Summary

From the analysis of the recorded accelerograms, it is found that the
fundamental frequency of La Villita Dam seems to be about 1.25 Hz. The
frequency content of the bedrock motions in the vicinity of La Villita Dam in
thé Mexico earthquake on September 19, 1985 is rich in the range of this

fundamental frequency of vibration of the dam.

The attempt to reproduce features of the rﬁotions recorded at La Villita
Dam during the September 1985 earthquake through sliding block analysis
was partially successful. The analysis with the inclined plane sloping at 6 =
22° and the moderately deep Circular arc 2 reproduce the 22.5 c¢m crest
- resultant displacement for friction angleé ¢ of 34.7° and 32.5°, respectively,
when a base excitation with peak horizontal acceleration of 772 gals is used.

These friction angles are in the typical range for the granular material of the
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dam. For the deeper Circular arc 1 (the only slip surface which could match
the direction of crest displacement), ¢ has to be reduced to 25°, a relatively low
value. Absolute horizontal accelerations from the inclined plane and Circular
arc 2 analysis show some asymmetry in the accelerations, but the number and
sharpness of the positive spikes in the measured horizontal accelerations are
not reproduced. The horizontal acceleration from the Circular arc 1 analysis

and vertical accelerations from all three analyses do not correlate with the

measured records.

The lack of better agreement between analysis results and the
observations could be due to 3-dimensional action, inadequacy of the scaled
right bank record as appropriate input, and the role of other deformation
mechanisms such as settlement by densification, the observed cracking and
possible slumping near the crest. Other possible explanations for the
asymmetric spikes in the recorded crest accelerations include the repeated
closing of an undetected vertical crack in the dam near the accelerograph,
rolling debris colliding with the accelerograph, slipping of the hut in which
the accelerograph was located, or accelerograph malfunction. Alfaro and
Lopez investigated the slipping of the hut and got very little movement of

the hut; but the results were inconclusive (Alfaro and Lopez, 1986).

In spite of the above, the numerical analysis with the rigid sliding block
model indicates that permanent localized deformations related to the
formation of the slip surfaces in both upstream and downstream slopes of the
dam are possible during strong earthquake motions. Thus, the observed
permanent deformations on both slopes of La Villita warrant a careful

evaluation of its current condition and its susceptibility to future seismically-
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induced deformations. The apparent condition of the dam in any case
necessitates additional monitoring instrumentation and close surveillance.
Also it would be desirable to perform a more detailed deformation analysis
using elasto-plastic finite element or finite element computer codes, which

might more realistically represent the real dam movements.
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UU shear Effective Unit Unit
strength friction weight: weight:
angle dry saturated
(t/m2) (degree) | (1/m3) (t/m3)
clay core 7.0 0.0 1.55 2.0
filter and - - 35.0 2.1 2.18
transitions
compacted - - 45.0 2.0 2.08
rockfill
foundation - - 35.0 2.08
alluvium
grouted -~ - - 2.2
alluvium
concrete - - - - 2.3
cut-off

Table 4.1 Material properties of La Villita Dam

Year Richter magnitude Number of
Ms<3 |3<Mg<4 | 4sMg<5 ] Mg25 | annual event
1975 1 1 4 3 9
1976 0 6 26 5 37
1977 0 10 28 9 47
1978. 3 8 21 9 41
1979 0 14 77 13 104
1980 1 28 21 2 52
1981 21 84 36 3 144
1982 2 55 9 0 66
1983 0 21 5 1 27
1984 1 25 2 0 28
L 1985 79 291 28 4 402 |
Total 108 543 257 49 957 |

Table 4.2 Earthquakes within 100 km of La Villita Dam.
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Focal | Epicen- Maximum
Seismic Date M. |Duration | depth tral acceleration (gals)
event S (sec) (km) | distance recorded at
(km)
' bedrock crest
Sq Oct. 11,75 | 4.9 14.1 33 52 73 348
Sy Nov.15,75] 5.9 19.5 33 10 41 204
S3 Mar. 14, 79| 7.6 313 60 121 - 389
S4 Oct. 25,811 7.3 716 33 31 85 421
Ss Sep. 19,85 ] 8.1 76.1 30 58 118 772
5S¢ Sep. 21,851 7.5 63.9 33 61 41 210

Table 4.3 Parameters of major earthquakes that have occurred in
the vicinity of La Villita Dam.

Upstream Crest Downstream
Settlement (cm) 31.80 12.00 21.80
Transverse disp. (cm) 13.50 — 5.70
Resultant disp. (cm) 34.55 - 22.53

Table 4.4 Deformation recorded at La Villita Dam's crest during
the earthquake of September 19, 1985.

¢ (degree)

25

30

35

40

Displacement (cm)

75.75

23.41

9.13

4.37

Table 4.5 Inclined plane assumed: displacement vs. friction angle (6 = 18°).

8 (degree)

18

20

22

24

Displacement (cm)

10.18

15.01

22.60

34.71

Table 4.6 Inclined plane assumed: displacement vs. inclined angle (¢ = 34.49).

¢ (degree)

31.50

32.00

3245

33.00

34.00

Displacement (cm)

27.41

24.68

22.50

20.16

16.63

R=2175m, R, = 208.2 m, R; = 36.5 m; 8, = 21.8°, B = 46.4°

Table 4.7 Circular arc 2 assumed: displacement vs. friction angle.
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Figure 415 Computed motion of sliding
inclined plane at 8 = 22°: (a) sliding acceleration
(tangential); and (b) sliding velocity (tangential).
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(a) Circular arc 1 assumed

(b) Circular arc 2 assumed

Figure 4.16 La Villita Dam :
assumed circular slip surfaces (not scaled).
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Circular arc 2: (a) sliding acceleration (tangential to
slip surface); and (b) sliding velocity (tangential).
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Chapter 5
PRELIMINARY ANALYSIS OF
EL INFIERNILLO DAM

5.1 Introduction

El Infiernillo Dam is larger than La Villita Dam. It also experienced some
deformations during the September 1985 earthquake. However, there were no
special indications that these were caused by sliding on a slip plane. Its
behavior is much more complicated than the latter. Since it is in a relatively
narrow canyon, the effect from the boundary is significant. Therefore in this
chapter, only a preliminary analysis is performed and the dam is modeled in
a plane strain state. More comprehensive study of a 3-dimensional analysis is

needed in the future.

5.2 Background

The Federal Commission of Electricity (CFE) of Mexico in 1960 started
the construction of El Infiernillo Hydroelectric Project at a site located 68 km
upstream from the mouth of the Balsas River and 300 km to the SW of

Mexico City (Comision Federal de Electricidad, 1985). As a part of the project,
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El Infiernillo Dam was built at an approximately constant rate during a period
of 15 months (August 1962 through December 1963). The dam site was
selected at a place where the Balsas River flows along a south-north direction
approximately; immediately downstream of the site the river makes a sharp
bend toward the SW. The design took advantage of this situation to locate
conveniently the various appurtenant structures as shown in the plan view

of Figure 5.1.

El Infiernillo Dam is higher than La Villita Dam with a short crest
length, so that its behavior is expected to be more 3-dimensional than the
latter. Being located in a relatively narrow canyon, the boundary effects are

significant.

5.2.1 Dam Structure

The geometric features of the structure are presented in Figure 5.2(a).
The zoned fill dam is 146-m high with external slopes of 1.85:1, berms
inclusive. It can be considered as a rather steep embankment since the outer
shells have an average slope of 1.8:1, both upstream and downstream, and a

symmetrical thin core with 0.089: 1 slopes.

The embankment has a volume of 5.5x10® m3, of which 5x10® m3 consist
of rockfills, transitions, and filters. The dam impounds 12,000 million cubic
meters of water that operates an underground powerhouse with an installed

capacity of 920 MW.

The central impervious core was constructed with a clayey soil of

medium to high plasticity (wy =49%; Wy = 29%, on the average), placed in 15-
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cm thick layers with a moisture content 3% above optimum and compacted
with a sheepsfoot roller to a degree of compaction of about 94% with respect
to the standard proctor test. For the filters, sand extracted from alluvial
deposits was used whereas rock fines resulting from underground
excavations were placed in the transition zones; in both zones the material
was compacted with a vibratory roller in layers 30-cm thick. Rockfill shells
were constructed with the silicified conglomerates borrowed from nearby
quarries, compacted in layers 1-m thick with a D-8 bulldozer. The protective

rockfill was distributed with a bulldozer in 2-m thick layers.

Because this dam is located in a highly seismic zone, a freeboard of 6.5 m
was adopted (the difference between crest elevation and pool level) when a

flood of 28,000 m3 per second is discharging into the reservoir.

5.2.2 Geology

Figure 5.2(b) illustrates the main geological features of the dam site. This
geology is characterized by silicified conglomerates dipping 30° to the NE, at
both banks. The components of this originally sedimentary formation were
melted by the heat produced by an intrusion of diorite. The rock, although

competent, is brittle and sensitive to blasting.

The main system of fractures is oriented north to south with an
inclination of 70° toward the west. Occasionally these fractures are filled with
clay. Weathering is superficial to a depth varying from 1 to 2 m and it is
concentrated on the higher elevations of the canyon. There exists a shear

zone in the right bank between elevation 90 and 140 which had to be
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excavated down to a depth of 15 m in some sections. Several basaltic dikes
cross the conglomerates, one of them at the river bed, following a direction

parallel to the fault system; the dykes fill some fractures of the main system.

5.2.3 Instrumentation

The instrumentation installed on the dam, part of which is shown in
Figure 5.3, consists of accelerographs, inclinometers, cross-arms, exten-
someters and Casagrande-type piezometers. There are five 70-mm film
recording accelerographs: one at the centerline of the core's crest; two on the
downstream face; one 400 m downstream of the toe on the right bank; and

one 240 m from the left abutment inside the underground powerhouse.

5.3 Seismic Activity at the Dam Site

Like La Villita Dam, El Infiernillo Dam is also located in the high
seismicity zone associated with the subduction of the Pacific Ocean Plate
under the American Continent. The site of the dam has also been subjected to
many seismic events. Table 5.1 lists the earthquakes recorded in the vicinity
of the dam, from 1975 to 1985. The most significant earthquakes are the same

as those for La Villita Dam, which have been denoted as S; to S4. The

strongest earthquake in the life span of El Infiernillo Dam has been that

which occurred in September 19, 1985 (S;). Distances from the epicenters of

the most significant earthquakes to the dam site are greater than those for La
Villita Dam (Table 5.2). The peak accelerations recorded at El Infiernillo Dam

during the occurrence of these earthquakes are also listed in Table 5.2.
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The history of vertical and horizontal deformations recorded at the dam

can be found in the reference (Comision Federal de Electricidad, 1985).

5.4 Effect of Earthquake of September 19, 1985
5.4.1 Seismic Damage

Cracking

The earthquake of September 19, 1985 induced the formation of two
longitudinal cracks running along the entire length of the dam crest, and they
coincide with the contact of the sidewalks in both parapets with the
embankment, having an opening ranging from 2 to 150 mm (Figure 5.4).
Two intermediate cracks also formed as well as some small transverse cracks
in the vicinity of both abutments. From the observations made at open pits, it
could be determined that the depth of the most conspicuous cracks was of

only 30 cm.

Since no transverse cracks were observed at the crest which would have

led to piping, the impervious core was not damaged by the seismic action.

Deformations

The maximum settlement caused by the earthquake was 11.8 cm

recorded at the crest near the downstream side; 11.4 cm occurred near the

upstream side.
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The maximum horizontal displacement caused by the earthquake at

upstream side of the crest was 1 cm, while 6 cm occurred at the downstream

side of the crest.

The deformations that occurred are small compared with those observed

at La Villita Dam.

5.4.2 Strong Motion Records

Unfortunately, of the five accelerographs installed at the site, only two
operated. The accelerograms recorded during earthquake Sg by these two
accelerographs (one at the right bank founded on the abutment rock mass and
the other at the berm of elevation 120 m), are shown in Figures 5.5 and 5.6.
The longitudinal component for the accelerogram recorded at the right bank
is not available. It is worth observing in these figures that for the records
corresponding to elevation 120 m, the peak accelerations of the vertical
component are almost equal to those of the transverse component (about 300
gals); furthermore, the longitudinal component (dam axis) contains the
largest acceleration (about 400 gals). This contrasts to the case of La Villita
Dam (Chapter 4) where the transverse accelerations were largest. The peak
transverse acceleration recorded at the right bank of El Infiernillo Dam

equalled to 140 gals.

5.4.3 Analysis of Records

The Fourier amplitude spectra of the recorded transverse accelerations,

obtained by utilizing the FFT algorithm, are shown in Figure 5.7. The Fourier



- 143 -

amplification spectrum is computed by dividing the Fourier amplitude
spectra of the acceleration recorded at the berm at elevation 120 m by that
recorded at the right bank. Figure 5.8 shows the Fourier amplification
spectrum for the transverse component. Disregarding the sharp peaks which
are spurious, it is still hard to identify the fundamental frequency of dam
vibration. Had the crest record been available, this identification may have
been possible. Also, the motions in other than the transverse direction need
to be investigated, since the fundamental mode may not be in the transverse

direction.

5.5 Deformation Analysis with the Simplified Method

As shown in Figure 5.9, the slip surface is assumed to be a circular arc,
which has a radius R = 110.2 m, Rc = 99.5 m, Ri = 27.7 m. It goes through the
berm at Elevation 120 m and the dam crest with a sloping angle with the
vertical B = 27°; 6, = 29.7°. Using SLIP-C, a two-dimensional computation has
been performed. The horizontal and vertical input excitations used are the
records at the berm at elevation 120 m, since this accelerograph is not on
sliding mass. Table 5.3 shows sliding displacement versus value of ¢. When ¢
is chosen to be 30.37°, the time histories for the computed sliding acceleration
and sliding velocity; sliding displacement, absolute transverse acceleration
and absolute vertical acceleration are shown in Figures 5.10 and 5.11. All
computed motions are at the dam crest, and the sliding motions are
tangential to the slip surface. It is found that the sliding displacement is 13.21

cm, which is close to the recorded resultant displacement (13.24 cm).
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5.6 Summary

El Infiernillo Dam had a more complicated behavior than La Villita
Dam during the September 19, 1985 earthquake. In the deformation analysis,
when the dam material is assumed friction angle ¢ = 30.4°. The calculated

displacement agrees with the recorded one.

No comparison of the calculated acceleration history on the sliding block
with measured values can be made, because of the absence of the crest record;
but the transverse record exhibits the same asymmetry as observed at La
Villita Dam, although this is not strongly evident in the recorded transverse

acceleration at the berm (Figure 5.6(b)).

Because of the 2-dimensional nature of the analysis, whereas a more
appropriate computation would involve three dimensions for El Infiernillo
Dam, the analysis performed is very conservative and not representative of
the real deformational conditions. However, it represents a first attempt at
determining the seismically-induced deformations of the dam, and should be

followed by a 3-dimensional finite element or finite difference elasto-plastic

calculation.
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Year Richter magnitude Number of
Msg<3 3sMg<4 4<Mg<5 Mg25 annual event
1975 1 1 4 3 9
1976 0 6 19 3 28
1977 0 8 20 7 35
1978 0 6 15 9 30
1979 0 10 56 9 75
1980 2 23 18 3 46
1981 20 55 18 4 97
1982 2 36 6 0 44
1983 0 16 1 1 18
1984 1 19 2 0 22
1985 54 210 21 4 289
———
Total 80 390 180 43 693

Table 5.1 Earthquakes within 100 km of El Infiernillo Dam.

Epicen- | Maximum acceleration (gals)
Seismic Date Mg | Duration tral recorded at
event (sec) distance
(km)
~ elev. 120-
_ bedrock mberm crest
51 Oct. 11, 75 4.9 14.1 79 84 - -
52 Nov. 15,75 5.9 19.5 23 87 - 270
S3 Mar. 14,79 7.6 31.3 134 - - 355
S Oct. 25, 81 7.3 71.6 54 - - -
SS Sep. 19, 85 8.1 76.1 68 132 379 -
S | Sep. 21,85 75 63.9 79 37 = =

Table 5.2 Parameters of major earthquakes that have occurred in the
vicinity of El Infiernillo Dam.

¢ (degree)

29.50

30.00

30.37

31.00

32.00

Displacement (cm)

24.21

17.05

13.21

8.50

4.07

R = 1102 m, Re = 99.5 m, R; = 27.7 m; 8, =29.7°, p = 27°

Table 5.3 Circular arc assumed: displacement vs. friction angle.
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Figure 5.5  Accelerograms recorded at the right bank of El
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Figure 5.9  El Infiernillo Dam: assumed circular slip surface
(not scaled).
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Chapter 6
CONCLUSIONS AND
RECOMMENDATIONS

6.1 Conclusions

The simplified method for performing seismic deformation analyses of
earth dams has been extended by including vertical ground motion and a
circular sliding plane. Confidence in the computational features of the
numerical algorithm dealing with sliding has been achieved through
comparison with shaking table tests of a rigid block sliding on an inclined
plane. Results indicate that the slip displacements are sensitive to parameters
of the analysis, especially friction angle, slope of slip plane, and radius of slip

plane. This finding has important implications for practical application.

Sliding block analyses of La Villita Dam were able to explain to some
extent the recorded displacements and accelerations there, and it has been
shown that displacement of the magnitude which occurred could have
resulted from a sliding mechanism. The attempt to reproduce the asymmetry
in the crest acceleration records could not generate the exact number and
sharpness of the observed acceleration spikes. The results indicate that the

actual behavior is more complicated than what is modeled by the 2-
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dimensional sliding block analysis, even with the improvements mentioned

above.

Since there were no definite indications that El Infiernillo Dam
underwent sliding movement, only a preliminary deformation analysis is
presented. Because of the absence of a crest record and the indefinite nature of
the Fourier amplification spectrum for the available transverse component in
the lower part of the dam, the fundamental frequency of El Infiernillo Dam

could not be identified.

6.2 Recommendations

The results of numerical simulations and shaking table tests have
contributed to a better understanding of the seismic deformation behavior of
earth dams. But since an earth dam is a complicated structure, more

considerations are needed.

1) An earth dam’s dynamic behavior largely depends on its geometry.
The effect of the canyon usually results in some 3-dimensional behavior,

which is not covered in the present study for a plane strain state.

2) Since sliding is very sensitive to the material properties of soil, it is
very important to have a correct value of friction angle used in the model.
More studies on the determination of friction angle is desired. Also the
material properties of soil change during a dynamic process; therefore, there

is a need to incorporate such change.
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3) More complex means of assessment are needed which appropriately
consider the sensitivities of the analysis to material and geometric

parameters.
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