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SUMMARY

A new analysis model expressing the failure mechanism of a fill dam based
on the results of vibration failure tests of dam models to evaluate earth-
quake-resistant strength is presented taking into consideration slope sliding
failure due to earthqueke. The concepts of potential sliding zone and poten-—
tial sliding plane are introduced in the model. Based on this model, it is
made possible for earthquake response calculation results to be examined from
the viewpoint of dynamic failure.

1. INTRODUCTION

The history of fill dams is long and there is a greater number of these
dams having been subjected to strong earthgquakes compared with dams of other
types. With regard to earthquake resistance, research has been done from
various angles, through earthquake observations, vibration tests, numerical
response analyses, and model experiment analyses. As the accumulation of
earthquake observation records increased, it was learned that with dams of
heights 15 m and more, there have been very many cases of damage not beilng
sustained even when the dam bodies shook from accelerations greater than the
maximum accelerations corresponding to design seismic coefficients, while
there have been cases of damage occurring due to input earthquake motions of
relatively low acceleration level.

In order for rational earthquake-resistant design to be carried out, it is
important for earthquake-resistant strength to be correctly understood. In
evaluating the earthquake-resistant strength of a fill dam, one of the diffi-
.culties that may be first cited is the complexity of the mechanical properties
of dam construction materials--including foundation materials in cases. Fur-
ther, it should be added that unlike an ordinary framed structure, it is a
massive one and the stress conditions are complex. The strengths of the ma-
terials are evaluated by shear strength, and 1t must be added especially that
there is dependence on the stress conditions.

Although it is not an easy matter to clarify the earthquake-resistant
strength of such a structural body, at the present time when it is becoming
possible for earthquake responses of fill dams to be calculated by numerical
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analyses, this is a basic problem the solution of which is urgently called
for. It is with this purpose that the authors for more than a dozen years
have carried out vibration failure tests using analysis models of fill dams,
and have performed analyses on the results. Recently, as a result of experi-
ments and analyses on two-dimensional models (no water impoundment) built of
sand, it was succeeded in making a mathematical model which can explain the
sliding failure condition of a slope surface both qualitatively and quantita-
tively, and this will be reported. It is considered that with this model it
now appears a method can be found to evaluate the results of earthquake re-
sponse analyses of fill dams from the viewpoint of sliding failure.

2, OUTLINE OF MODEL AND EXAMPLE OF CALCULATTON
OF STRESS DISTRIBUTTON

The examples given are two-dimensional models of a dam with a height of
T0 em and upstream and downstream slopes of 1:2, built on a shaking table.
The material of the models is Onahama sand of effective diameter D = 0.14 mm,
uniformity coefficient Ue = 1.32, and specific gravity 2.71. Uinece the mois-
ture content of sand influences rigidity, angle of internal friction, and
cohesion, a double-cell triaxial testing machine was employed, and triaxial
testing was performed under extremely low restraining pressures (0.07 - 0.3
kgf/cm?). Further, that rigidity increases with increuse in restraining pres-
sure was confirmed by measurements of propagation velocitics of wave motions.
Moisture contents, based on the results of preliminary vibration failure
tests, were taken to be 1.19 to 2.4/ so that typical failure conditions would
be produced, while densities were similarly taken as 1.3 g/em® to 1.7 g/em?.

With regard to the models, resonance tests at low acceleration levels, or
failure tests by sine wave vibrations with frequencies kept constant were
carried out. In connection with the latter tests, the densities of various
parts of the model cross sections were measured before testing, immediately
before occurrence of failure, and after failure, and cohesion was determined.
Details of the tests are omitted here.

Figure 1 is an example of stress conditions calculated based on the
physical properties of the material determined as described above., As the in-
put waveform, stationary sinusoidal waveforms of lengths of 10 to 19 waves
were used in correspondence with the vibration fallure tests. The damping
ratio was taken to be 15% estimated from the results of resonance vibration
tests. The Poisson's ratio was made a constant value of 0.45 disregarding
strain dependency. Response calculations were carried out agssuming the foun-
dation of the dam to be a rigid body, and performing direct integration em-
plying the finite element method. The characteristics of the model materials
were considered, and in case tension was produced in principal stress, the
rigidity of the element concerned was reduced, the nonlinear properties were
calculated by the equivalent linear method, and the solution was made to con-
verge.

3. METHOD OF STABILITY ANALYSIS

3-1 Analysis Theory

The method of analyzing stability against sliding of the slope of the dam
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model may be descrihed in sequence as follows:

i) The shear strength (Ts)] of the dam body material is expressed by the
formula below using cohesion (c) and angle of internal friction (¢):

Ts = c + P tan ¢
where, P is normal stress.

ii) Calculations are carried out on the responses of the dam body, and
the stress conditions inside the dam body are determined.

iii)  The shear stress (T) and shear strength (Tg) inside the dam body
obtained from stress calculations are compared, and a portion where
shear stress exceeds shear strength is taken to be a potential
sliding zone.

iv) The directions of potential sliding are established from the stress
conditions of the various points obtained by stress calculations,
the directions of adjacent points are tangentially connected, and
the potential sliding plane is prepared inside the potential sliding
zone.

v) A potential sliding plane is formed continuously inside the dam
body, and sliding occurs when this plane reaches the surface of the
dam.

Needless to say, it is necessary for actual mechanical values to be used
in the stress calculations of ii) above, but the main points of the concept of
this method are given in iii) to v). 1In effect, the potential sliding zone
and the direction of potential sliding are assumed to exist with the condition
that these are formed continuously inside the dam body. These will next be
explained.

3-2 Characteristics of Local Stresses in Dam Body

The diagram shown in Fig. 2 is Mohr's circle and is for the purpose of
explaining the concepts of potential sliding zone and potential direction of
sliding at a single point. A fill dam is a massive structure, and stress con-
ditions and strengths inside the dam body are not uniform, varying greatly
according to location. Displacements and deformations of adjacent points in-
fluence each other, and restrain each other, Stress conditions vary locally.
For example, when partial sliding occurs stresses are redistributed, and
although stress conditions vary locally, they are internally balanced, and
there is hardly any difference as a whole. In case vibration load is applied,
such a trend will be further enhanced. It is practically impossible to deter-
mine such stress conditions as they vary with time considering the complex
mechanical characteristics of the material. Therefore, it was hypothesized
that a stress condition exceeding the strength of the material (termed over-
stressed condition) exists locally, It is considered that this hypothesis is
reasonable for a limited local area.

Figure 3 shows the stress conditions of the entire dam body recalculated
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on assuming occurrence of sliding at a part of the dam body for relative dis-
placement to occur, with this converted to reduction in rigidity. In the
figure, €1 indicates the cohesion of the surface layer and Ci that of the
various parts in the interior, As for ¢, it is angle of internal friction,
while the numerals given the isopleths comprise the difference between shear
force and shear strength obtained in response calculations expressed in units
of 107" kgf/em®, with + values showing potential sliding.

Figure 3(b) is the stress conditlon when the rigidity of one element of
the dam body in Fig. 3(a) has been reduced to one third. It may be seen that
local variations in stress occur, but around this area and for the dam body
as a whole there is almost no variation in stress. This shows that it is
possible for an overstressed condition to exist locally inside the dam. The
potential sliding direction was established in correspondence with such & po-
tential sliding zone. This direction actually is determined by redistribution
of stresses, but due to the previously-mentioned reason, it was declded here
to establish the zone on both sides of the direction in which sliding was most
likely to occur as determined by the calculated stress condition shown in Pig.
2.

When it is taken into account that stress distribution inside the dam
during vibration generally varies gradually and that sliding of the slope sur-
face occurs in a fairly broad range, it may be considered that it 1s possible
to assume & potential sliding plane tangentially connecting the potential
sliding directions of the individual points, and a potential sliding wone.

3-3 Comparisons of Experimental and Analytical Besullbs

Figure 4 shows examples of stability analyses of sand models used for
experiments. In case of exciting at & Hz and 400 gal, potential sliding zones
(hatched portions) are produced at the dam crest and toe. The two zones are
expanded along the slope surface as acceleration is increased, untll finally
they merge at mid-height of the slope. In this case, the width of the poten-
tial sliding zone along the slope is not expanded very much, but the possi~
pility of sliding gradually is increased, and this is Jjudged by the fact that
the difference between shear stress and shear strength increases. Also, by
joining of the two zones, it is made possible to draw a potential sliding
plane passing through the Jjoining point and along the slope, and in addition,
the potential sliding plane reaches the surface of the slope.

Based on the above results, it is estimated that sliding of the surface
occurs when shaking table acceleration is 425 - 4S50 gal.

The results of stability evaluation and two experiments are shown to-
gether in Fig. 5. Dotted lines are slip lines while dot-dash and dot-dot-dash
lines indicate surface configurations of models after failure tests. The ac~
celerations of the shaking table at collapses obtained in the experiments were
456 and 470 gal, respectively, to roughly coincide with caleulations, and it
can be seen that the slip lines of the two also coincided well. The results
of experiments that depths of the slip lines from the slope surface are in-
creased with increased cohesion of the dam body material, and moreover, ac-—
celeration at failure is increased, coincide well with the results of analysis
by this stability analysis method.
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L. INFLUENCE QOF ANGLE QF INTERNAI FRICTION
OF MATERIAL ON FATLURE

The influence of cohesion on failure has previously been reported. Here,
the before-mentioned stability analysis method was used to investigate what
kind of effect the angle of internal friction would have, and what kind of
relationship there would bte with cohesion,

Figures 6(a), (b), and (c) show the results of response calculations when
angles of internal friction were 33, 39 and L5 deg, respectively, in case of
no friction. In all of these examples, potential sliding zones were produced
at crests and slope toes, with these joined at the middle portions of the
slopes. As is clearly shown in the figures, it can be estimated that sliding
will occur, not from just the crest portion, but from the surface layer of the
entire slope. The stress conditions as seen from the standpoint of stability
are similar for all three, but the degrees of acceleration differ, and it can
be seen there are prominent increases from 170 to 300 to 425 gal in corre-
spondence with the angles of 33, 39, and 45 deg.

Figure 7 shows what the mutual relationships will be when there is cohe-
sion. The cohesive forces in the examples given here are 0.002 kgf/cm2 at the
surface layer, 0.004 kgf/cm? at the intermediate layer, and 0.005 kgf/cm? at
the bottom portion. Figures T(a), (b) and (c) show the results of investigat-—
ing the degrees of stability for angles of internal friction of 33, 39 and LS
deg, respectively. Production of potential sliding zones and joining at mid-
dles of slopes are similar, and it is possible to draw potential sliding
planes passing through the merger areas. However, when accelerations are com-
pared, it may be seen that the accelerations at which similarly stable condi-
tions are reached are 325, 425 and 520 gal in correspondence with angles of
33, 39 and 45 deg, respectively, for very substantial increases. On compari-
son with the results given in Fig. 6, it is considered that the influences of
the two on failure are more or less independent of each other.

Figure 8 shows the relationships of angle of internal friction, cohesion
and acceleration at which sliding is possible. It can be surmised that both
have significant effects on sliding failures of slope surfaces.

CLOSING REMARKS

In recent years, with development of dam engineering and progress made
in numerical analysis methods, it is becoming increasingly possible to succes-
sively determine the behaviors of fill dams during earthquake and compare them
with the results of earthquake observations. However, the relationships be-
tween earthguake response analyses and failures have not been clearly under-
stood, and analyses to clarify the relationships have been performed based on
various mechanical assumptions, but it is felt satisfactory results had not
been obtained.

The authors built models of fill dams, subjected them to vibration fail-
ures to investigate their behaviors in detail, and in addition, carried out
analyses based on the results of mechanical tests of the materials and dynamic
characteristics tests of the models. As a result, it was succeeded in finding
a method of dynamically evaluating the failure mechanisms and failure
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strengths of the models. The basis of this method iz that since a i1l dam
is a massive structure, even if shear stress in excess of shear strength of
the material were to be produced at a part of the interior of the dam, be-
cause of the restraint from the surrounding parts, a balanced state occurs
internally so that sliding failure does not progress. and unless conditlons
for occurrence of general sliding are not met in the psrt concerned, sliding
will not occcur.

Although there are still aspects requiring examination reparding methods
of expressing and calculating the mechanical propertics of materials, it is
considered that a way leading to calculation of earthquake response and
evaluation of sliding failure of fill dams has been found throwgh this method.
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Fig. 2 Principal stress distribution to sinusoidal input wave
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