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Abstract

The mechanical behavior of particle assemblies is described using the
Cundall’s distinet element method. This method is based on using an
explicit numerical scheme. Particles interactions have been detected at
every contact and particles motion has been modelled for every particle.

Using Cundall’s simulation method, the present work aims at study
in the mechanism of slope collapse, soil behaviors surrounding a pile
penetrating the ground, non-linear dynamic response of structural founda-
tion and the dynamic earth pressure of loose ground under vibrational
excitations. ’

Results achieved using the model idealized as a continuous medium, -
which have been widely applied in the past, differ from those gained by .
using the granular assembly model adopted in this study. Ignoring the
influence of movements of soil particles, including subsidence and rotation
of particles, in the former method seems to be the cause of such differ-
ences.

1. Introduction

Soil dynamics are roughly classified, depending on the idealization
of the medium, into continuous and discrete mediums. Handling the
soil as a continuous body gives many results by employing the finite
element method. Many unsolved problems still remain in the field of
soil dynamics of the discrete medium.

Soil is basically a noncontinuous medium of numerous particles.
Some phenomena such as rock avalanche, debris flow and -dilatancy of
soil can be clarified only by considering the soil as a discrete granular
assembly. Therefore, the developing of a method to handle soil as a
noncontinuous medium is necessary. : :

Soil handling methods, in the case of the noncontinuous medium,
can be classified, according to what has been carried out in the field
of soil dynamics, into three categories as follows:

1. Experiments using actual gravel and sand (ASHIDA et al., 1982)
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2. Experiments using many cylinders of lead or photoelastic

materials, and

3. Computer simulation (CUNDALL, 1971)

In the first category, it is difficult to grasp the interior state of
the assembly microscopically. Also, there are several restrictions con-
cerning the principle of similarity. The difference between those
materials used in the experiment and those of the actual soil became
a problem in the second category. In the third category the “model
can be analyzed microscopically and also macroscopically using various
material parameters such as the frictional coefficient. The limitation
of particle numbers and the long computing time were the shortcom-
ings of this method. New developments of the computer’s capability
overcome such obstacles.

In 1971, the Distinct Element Method (DEM) was introduced by
Cundall (CUNDALL, 1971). The rock medium was considered as being
the aggregate of an element which is divided by many discontinuous
planes. This method analyzes the rock behavior numerically assuming
that an individual rock element satisfies the equation of motion and
the law of action and reaction. It is based on the use of an explicit
numerical scheme in which the interaction of particles is monitored
contact by contact. Cundall used this method to analyze the dynamics
of two dimensional behavior of a rock particle assembly. KivAmA and
FuJIMURA (1983) applied Cundall’s method to estimate the settlement
of the ground surface during the construction of a tunnel assuming
that the particles have a circular shape. They also analyzed the
behavior of grain particles in a silo during their extrusion through a
hole.

Having no idea whatsoever about Cundall’s research, HIRAO and
HAKUNO (1973) conducted the granular assembly simulation regarding
the circular particles on the static deformation problem of sand. Due
to the lack of time required to compute the equations for all particles
simultaneously, they could only solve a static problem without deploy-
ing such approximation which was employed by Cundall and consider-
ing only those forces of particles’ contact. The number of particles
was approximately several hundreds, but CUNDALL (1979) mentioned
that the maximum number of particles may be limited to one thousand
owing to the computer capacity. These analyses were carried out
using particle elements of similar radii and very low velocity.

The phenomena to be analyzed with simulation under such restric-
tions are limited and the merit of such a method is not sufficient if
compared with the experimental method. Therefore, the authors
modified Cundall’s method by introducing a rebound coefficient and
tried the dynamic analysis of a soil model of more than 3,000 circular




Granular Assembly Simulation for Ground Collapse 21

elements with different radii. Using circular elements also saves CPU
time. Accordingly, such phenomena as the rock avalanche which oc-
curred on Mt. Ontake due to the Naganoken Seibu earthquake in
1985, the soil behaviors during the penetration of a pile into the
ground, the non-linear response of a structural foundation under a
horizontal exciting load and the dynamic earth bressure to a retaining

wall by ground motion could be analyzed successfully by using this
method.

2. Distinct Element Method by Cundall
2.1 Distinct Element Method

CuNDALL’S (1971) Distinct Element Method (DEM) is based on the
assumption that each element satisfies the equation of motion and
that the transmission of force between the elements follows the law
of action and reaction. This method is a new approach to analyze the
dynamic behavior of granular assemblies numerically. In the early
stage of the application of his method, CUNDALL (1971) assumed that
the rock medium is an assembly of polygonal elements. It took a
long time for computation due to the complicated judgement of the
contact between particles. Therefore, the total number of elements
used for the simulation was restricted by the limitation of CPU time.
Later, he introduced the circular rather than the polygonal elements
(CUNDALL et al., 1979). In this case, each element is specified only
by its radius. Therefore, it is easy to judge the contacts between
elements and accordingly the computing time is reduced. The authors
adopted the circular elements in order to increase the number of
elements used in the simulation.

The motion of a particle having a mass m,; and a moment of
inertia I, is expressed as follows:

d’u du

mimz—_‘_ciw‘FFi:O (2.1)
d'p do

I, D,——+M,=0 2.2
at’ * dt * 2.2)

where F; is the sum of all forces acting on the particle,
M, is the sum of all moments acting on it,
C; and D, are the damping coefficients,
u is the displacement vector and ® is the angular displacement.

2.1.1 Evaluation of the Relative Displacement at Contact

For the two elements 7 (of a radius r;) and j (of a radius #;) in
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Fig. 2.1, 4u, and dw, are the X and Z components of the displacement
increment. 4, is the rotational increment, and 4t is an infinitesimal
time increment. TFig. 2.2 shows the case where element ¢ approaches
element j. The condition of the state of contact is

r+r;<R; (2.3)
where,

Ry=V'(X,— XiP+(Z,— Z;f

(X,, Z,) indicates the X and Y coordinates of the center of element .
If o, is positive in the counterclockwise direction, we obtain the
following equations as an index of the contacting point

i
J
sin a,;=(Z,— Z;)|R,; (2.4.2) ‘
cos ;= (X;— X,)| Ry (2.4.b) ‘

The relative displacement increment in the normal direction 4u,
(approach is considered positive) and the relative displacement incre-
ment in the tangential direction du, (positive in counterclockwise direc-
tion) between the two contacting elements ¢ and j during 4¢ can be
calculated as follows:

A, = — (du;— du;)cos oa;;— (dw,— dw;)sin a;; (2.5.a)
du, = (4w, — du;)sin o;;— (dw,— dw;)cos a;; (2.5.b)
+ (ridpi+ridp;)

2.1.2 Evaluation of the Acting Forces at the Contact

As shown in Fig. 2.3 (a), the acting force is divided at the con-
tacting plane of elements ¢ and j into two components: a compressional
force f, acting in the normal direction and a shear force f, acting in
the tangential direction.

i) Force Acting in the Normal Direction
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An elastic spring between particles should be introduced in order
to estimate the force, which has been produced by other contacting
particles, acting on a certain particle. The acting forece can’t be es-
timated using the law of equilibrium of force only. Particles’ de-
formation should also be considered in case of three or more con-
tacting particles.

CUNDALL (1979) assumed a parallel disposition of an elastic spring
(constant K,) and a viscous dashpot (,). This elastic spring causes
de,, which is the force proportional to Au,: the relative displacement
increment during 4¢ as shown in Fig. 2.2. This viscous dashpot causes
a reactional force Ad, proportional to 4u,/4¢, which is the relative
velocity, i.e.

de, =K, 4du, (2.6.a)
4d,=n,4u.,/4t (2.6.b)

where the compressional force is positive.
The elastic reaction force [e,],... and the viscous reaction force
[d.);+4: acting in the normal direction at time ¢+ 4t are:

[en]t+At: [en]t+Aen (2.7.&)
[dn]t+dt = Adn (2.7.b)

This viscous dashpot was introduced in Cundall’s DEM to prevent
the instability of the numerical computation.

However, the dashpot was not applied in this study because of
the difficulty of estimating the viscosity value. The rebound coefficient
was introduced at the particles’ collision in order to dissipate the
system’s energy, as previously mentioned. This can simulate the
observed (real) behavior well.

We cannot consider a tensional reaction force between particles
since the tension joint hasn’t been taken into consideration. An ad-
ditional condition has been attached to the equation 2.7,

when [e,], <0
[e,],=[d,],=0 @.8)

The compressional force acting in the normal direction between the
two elements at time ¢ is calculated as :

Lf.)e=le.):+[d.]; (2.9

ii) Force Acting in the Tangential Direction
Cundall assumed that the elastic spring (K,) and viscous dashpot
(n,) are parallel to each other (Fig. 2.3.(b).) This elastic spring causes
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a force de, proportional to 4u, and the viscous dashpot causes a re-
actional force Ad, proportional to 4u,/4t. The increments of the elastic
reactional force and the viscous reactional force are
de,= K, du, (2.10.2)
Add,=n, du,/ At (2.10.b)

The elastic reactional force [e].,,, and viscous reactional force
[d.];+s: acting in the tangential direction at ¢4t are:

[e)irae=]e.).+ de, (2.11.a)
[d.]e42=4d, (2.11.b)

Here, two more conditions are added; if

[en]t é O
then
[e].=[d,].=0 (2.12)
and if
I[es]t| > #[en]t
then
le.]:= tle.].-sign(le.],) (2.18.a)
[d.].=0 (2.18.b)

where p is the friction coefficient between particles.

These conditions indicate that the shear deformation is caused by
the frictional force between elements near the contacting point. Equ-
ation 2.12 corresponds to the no contact condition and equation 2.13
shows the limitation of the frictional force.

The shear force [f,], (positive in clockwise direction) between two
elements in a tangential direction at time ¢ is calculated by

[fJi=le].+[d.]. (2.14)

iii) Approximate Solution for the Differential Equation of Motion

Once we obtained the forces of contact [f,]; and [f,]. using equa-
tions 2.9 and 2.14 for all elements contacting with element 4, we can
calculate the resultant forces in both directions X and Z: FX, FZ,
and the resultant moment M, at the center of 4 (positive in counter-
clockwise direction) by using the following equations:

[FZ]).=3) ([f.]sin oy +[f]: cos ai) —mug (2.15.2)
[FX;]= Zj‘l ([fal: cos @i+ [f,]; sin ayy) (2.15.b)
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(M), =—r, ; (WA D) (2.15.¢)

>, represents the sum of all j elements contacting with element 1,
m, is the mass of element 1 and g is the gravity acceleration taken
in the negative direction of z.

By obtaining the acting forces, the accelerations at time ¢ can be
defined by applying Newton’s second law

(i), =[FX]./m, (2.16.a)
[wi]t:[FZi]t/mi (2.16.b)
[¢i]t: [Mi]t/Ii (2.16.¢)

where I, is the moment of inertia of element ¢ and m, is its mass.
Integrating the above equations, we obtain the velocities at ¢;

[ai]t =[] ge+[W], - 42 (2.17.2)
[wi]t = [wi]t—dt +[a:];- 4t (2.17.b)
[¢z]t = [¢i]t_42 + [¢’i]t il (2.17.¢)

and if we integrate the above equations, we obtain the displacement
increments at time ¢;

[du.],=[w],- 4¢ (2.18.a)
[dw,).=[,],- 4t (2.18.b)
[4p:]=[P.]),- 4¢ (2.18.c)

These new values for the displacement increments are used in the
force-displacement law and then we repeat the cycle from equation
2.5 to equation 2.18 for a new time increment.

The calculations performed in the Distinet Element Method were
consecutively repeated through the foree-displacement law and the
law of motion at the contacts. The force-displacement law is applied
at every contact of any element. The contacting forces acting in the
normal and tangential directions are determined to yield to the result-
ant force acting on that element. After completing that procedure
for an element of the assembly, new accelerations have been calculated
using the law of motion. Thus, the displacement increments have
been obtained.

iv) Collision of Particles ,

After the collision of particles there is a possibility of having a
high velocity of motion. Also, we ignore the damping forece. Such
high velocity does not exist in the actual phenomena of rock eollisions.
Therefore, a rebound coefficient K has been introduced for velocities
higher than V..
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In most cases the values of K, K,, K, and V, are taken as 0.1,
1.0 10° (N/m), 3.0 x10° (N/m) and 1.0 (m/sec) respectively.

3. Simulation of Slope Collapse

A large-scale slope collapse occurred at the time of Naganoken
Seibu earthquake on 14, September 1984. That collapse spanned
several kilometers and caused great damage to nearby houses, ete.
The mechanism of such debris flow should be cleared in order to be
applied to the field of earthquake disaster prevention. Also, it be-
comes inevitable to analyze soil idealized as an assembly of discrete
rock particles.

In the present study a simulation of a slope, based on Cundall’s
model, was carried out under the assumption of having a granular
nature.

3.1 Setting of Models

The collapsed slope on Mt. Ontake is illustrated in Figs. 3.1 and
3.2. Debris flowed straight down almost from the peak towards the
valley of the Denjyo river where it crossed the stream and ran uphill.
This collapse was simulated with a two dimensional model as follows:

(1) The cross section of the collapsed slope is approximated by
seven straight lines as shown in Fig. 3.3.

(2) We assumed that a hole (A in Fig. 3.3), which simulates the
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Fig. 3.2. Longitudinal section of Mt. Ontake landslide.
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Fig. 8.3. Seven lines to model the collapsed cross-section of Mt. Ontake.

70 m wide Denjo river, was opened ten seconds after the start of the
debris flow. It opened the way for rock particles to fall down free,
i.e. they fell down in the valley. This assumption was made to give
the same effect of debris flow in the three dimensional model. The
maximum radius of rock grains on Ontake’s collapsed slope was con-
sidered to be approximately 25m according to an eyewitness. Rock
grains with a radius less than 25m were assumed to be uniformly
distributed. A frame was built with a shape similar to the collapsed
slope and packed full with 340 particles. Particles were then allowed
to slide down resembling the collapse. Fig. 3.4 shows the distribution
of the radii of the 340 particles. An external force was applied on
the mountain slope model to simulate the cause of slope fracture.

The bed rock of the collapsed slope consists mainly of breccia.

o
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The geological section of the collapsed slope shows that the bed rock
was overlaid by a 50 em thick layer of voleanic ash mixed with pumice
and breccia fragments. A scoria layer, one to two meters thick,
covered that layer. A voleaniclastic layer more than ten meters thick
overlaid that scoria layer. The bottom layer which was a mixture of
volcanic ash, pumice and breccia [fragments extended along the slope
having the shape of the buried valley. Its porous nature led to high
water content., Accordingly, the large scale landslide on Mt. Ontake
ought to be due to the liquefaction phenomenon of this layer which
was activated by an earthquake shock. An equivalent trigger effect
on the slope model was induced by suddenly changing the friction
coefficient between liquefied rock particles to zero instead of applying
a direct seismic loading.

3.2 Simulation Results

The position of each particle every 5 or 10 seconds is shown in
Fig. 3.5. The velocity distribution of each particle is shown in Fig.
3.6 The particles that slipped into the Denjou river are not shown.

3.3 Inferences

Figs. 3.5 and 3.6 illustrate that the rock debris flowed down with
a surface similar to a sine wave. Large particles accumulated at
the flow’s toe. In previous real collapses of slopes such large blocks
of rocks concentrated at the flow’s toe causing lots of damage. This
might be due to the greater rotational speed of large particles.

A witness said that the highest speed of the rock debris flow
during the collapse was approximately 100 km/h. However, the ana-
lytical estimation showed the highest speed to be about 200 km/h.
There was no significant difference between the speed at the flow’s
top and that at the toe. The difference between the actual and the
analytical speed is related to the resistant forces of air on particles
which were not considered in the analysis.

4. Soil Behavior Surrounding a Pile Penetrating into
the Ground

Practically when a structure penetrates the soil, soil particles
move. Many studies have been conducted regarding such penetrations
in a plastic continuous domain. The plastic discontinuous domain has
not been congidered so much. Studies on these kinds of problems
have not been performed because such movement of soil particles can-
not be handled through the analysis conducted for a conventional
continuous medium. In the present study, a simulation was performed
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considering the soil as an assembly of soil particles related to a pile
penetrating the ground.

4.1 Simulation Results

Two types of vertical forces were applied to a pile, as shown in
Fig. 4.1. The first type is called an A-type force which is monotono-
usly increasing and the second force consists of an A-type plus sinu-
soidal. Table 4.1 gives the various cases of numerical simulations.
Simulation results are shown in Figs. 4.2 to 4.7. The small spots in
Fig. 4.6 indicate the initial location of the center of particle. Several
typical examples of locations, velocity distributions and normal force
distribution of particles in six cases are shown in Figs. 4.2 to 4.5.

The compressive normal forces

(4) F-1.5010"+ 8.5%10°c () are indicated by solid lines and

. (B Fo1.510%% 0.5410" e41.35010 Mbtadme (M) the tensile forces by double solid
) (8) CASE 5 lines. The length of each line is
w\y proportional to the force’s am-

plitude. Fig. 4.6 illustrates the
loci of particles during penetra-
tion and Fig. 4.7 shows the speed
of penetration in each case.

1.0#10"
(AY CASE 1,2,3,4,6

T

0 ' 2‘.0‘4’.016{0' 8’.0‘10‘.0’12‘.0‘{1;5)
(A) CASE1—4, 6 (B) CASES 4.2 Inferences
Fig. 4.1. Applied dynamic load to .
‘£ PP ynamie o Figs. 4.6 and 4.7 show that

foundation. X . X
the penetration depth in case 1 is

larger than those in cases 2 and 3. There is no significant difference
in the horizontal movement of particles in the three cases. In all
cases, a significant movement of particles occurred within a region ap-

Table 4.1 Cases for numerical experiment of pile penetration

Friction
Case of coefficient Width of Tensile force Type of Radius of
numerical ———— foundations between oa particle
experiment static |sliding particle (in Fig. 4.1)
Hs Us
Case 1 0.5 0.2 10m No A Uniform
: : distribution
Uniform
Case 2 0.5 0.2 30 m No A distribution
Uniform
Case 3 1.0 1.0 10m No A distribution
Uniform
Case 4 0.5 0.2 ’ 10m No A distribution
Uniform
Case 5 0.5 0.2 10m No B distribution
Case 6 05 0.2 10m No A Equal

radius
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Penetration 10 6
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Fig. 4.2. Penetration of a pile into the ground. (to be continued on next page)

31
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Fig. 4.3. Penetration of a direct structual foundation.
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Fig. 4.4. Penetration of a pile into the ground in the case of particles having tensile
strength. (Normal force distribution)

Velocity Distribution - Normal Force Distribution

Fig. 4.5. Penetration of a pile into particles assembly with equal diameter. (to be con-
tinued on next page)
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Penetration of a pile into particles assembly with equal diameter.

Fig. 4.5.
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Fig. 4.6 (a) Loci of particles during Fig. 4.6 (d) Loci of particles during
penetration (case 1) (#g: 0.5, wp; penefration (case 4) (#g: 0.5, up:
0.2, W: 10m) 0.2, W: 10m)

Fig. 46 (b) Case 2 (us: 0.5, #p: 0.2,
W: 30m)

Fig. 4.6 (c) Case 8 (#s: 1.0, p: 1.0, W: Fig. 4.6 (f) Case 6 (#5: 0.5, pp: 0.2,
10 m) W: 10m)

Fig. 4.6. Loci of particles during penetration (case l-case 6). pus, static friction coef-
ficient; pp, dynamic friction coefficient.

proximately 20 m around the pﬂe on the ground surface. The results
of case 4 (Fig. 4.4) show clearly that the penetrating force of the pile
is transmitted widely in the horizontal direction. The tensile resistant
forces between particles should also be considered. In case 5, the
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amount of subsidence and penetration of a pile is generally large.

It is qualitatively confirmed, according to the above mentioned
results, that dynamic loadings cause a fairly wide ground subsidence.
It serves also for the structure settlement even if the amplitude of
dynamic loading is the same as that of the static loading.

In Figs. 4.2 to 4.5, it is characteristic that only some particles
just below the pile have some motions with different velocities. This
agrees with the natural phenomenon of a pile with a similar sharp
end while penetrating the ground. It-indicates that the slipping line
appears right below the structure. In the last stage of penetration
particles have moved in a direction completely different from that in
the first stage (Fig. 4.6). Fig. 4.4 shows that the tensile forces be-
tween particles spread in a horizontal direction during penetration.
These tensile forces disappear either near the ground surface or the
pile. Fig. 4.4 also indicates that the tensile forces between particles
act only in the horizontal direction while the compressive forces act
only in the vertical direction, i.e. the deeper the place, the greater
the compressive forces. The tensile forces do not have such a tendency
but they occur locally.

In case 6 a plastic domain appears clearly in a small range of
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5. Dynamic Nonlinear Response of Structural Foundations

The nonlinear proporties of a structure and its surrounding soil
should be taken into consideration while analyzing the response of
that structure under the loading conditions of earthquakes, winds, ete.
The movements of individual soil particles cannot be cleared by means
of the conventional continuum mechanics. The granular assembly
simulation might be suitable for individual particles behavior analysis.

The behavior of a pile and a direct foundation under different
horizontal dynamic loadings were analyzed also using the previous
model.

5.1 Model

The analysis was carried out for the four cases mentioned in
Table 5.1. Dynamic loads were applied to a pile buried deeply in the

Table 5.1 Cases for dynamic re- ground as shown in Fig. 5.1 (a) (cases
sponse of foundation 1-A and 1-B). The model was simu-
Frequency Type of lated by releasing the concentrated
Case of external foundati . . .
force oundation stress right under the pile obtained
1A 2 Hz Pile by the penetration simulation in Fig.
1-B 0.5 Hz Pile 4.2,
2-A 2 Hz Direct In this model, the pile is 9.0 m
2-B 0.5Hz - Direct

wide, 100 m long and 60 m deep in
the ground. In cases 2-A and 2-B, the dynamic loading was applied
to the direct foundation shown in Fig. 5.1 (b). This assembly model
was also obtained from Fig. 4.3 using the same procedure as in the
pile foundation. The direct foundation is 30 m wide, 30 m long and
five meters deep. The horizontal dynamic loads were determined using
the following equations. These loads were applied to the above stated
pile and direct foundations (Fig. 5.2).

Case 1-A, F'=5.0x10°x ¢ sin xzt (5.1.a)
Case 1-B, F'=5.0x10°x ¢ sin 4zt (5.1.b)
Case 2-A, FF=5.0x10*x¢tsin it (6.1.¢)
Case 2-B, F'=5.0x10*x¢sin 4zt -~ (5.1.d)

where the unit of F' is N.

Loading positions are at the pile’s top and at a point five meters
below the top of the direct foundation. Other assumptions were made
$o -that both types of foundation were permitted to rotate around their
bases’ center. In other words, when (X1, Z1) is the coordinate of the
foundation base center, the inclined angle 6 of the foundation (rad) is
positive in the clockwise direction and the width is B(m). The fol-
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TTNRCA) . 2(4))
(U3 1)

A}
! pat&icle(?)

Ri (XQi)'Z(l))

L7 1
AR ES!

Fig. 5.3. Illustration for particles and foundation.

lowing equations of the straight lines (1), (2), (3) express the founda-
tions ‘

(1) where 6+0, 0, Z=aX+b (5.2.a)
_ T _ .0 T _,\.(B _

(a_tan(? 0) , b=Z14+Bsin §+tan(-2_ 0) <§cos ] X1>>

(2) where =00, X=X1-B/2, Z=aX+b (5.2.b)

(a=—tanf, b=Z1-+tang-X1)
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(8) where 0+0.0, Z=aX+Db (6.2.¢)
<a tan(2 0) b=Z1—Bsin»_g~tan<%—0>-<gcos0+X1>>

Adding the following conditions,

(1) Z>Zl+gsin 0 (5.3.2)
(2) X1—§cos <X<X1+—§cos g (5.3.h)
(3) Z>Z1—§sin 9 (5.3.¢)

A particle with a radius r, when located at (X, Z,) makes a con-
tact with the above mentioned lines as follows:

= 1= Z—aX,— by TF@>0.0, (§20.0) (5.4.3)
e=Xi+n—(X1—§>>0.0, (when (5.3.8), 0=0.0) (5.4.b)

5=X1+§—Xi+m>0.0, (when (5.8.c), 0=0.0)  (5.4.c)

where the projection point (X,, Z,) of the center of each particle at
each line should satisfy the following equations:

X,=aV'1+a* (X, Ja+Z,—b) (5.5.a)
Z,=aV'1+a* (X, +aZ,+bla) (5.5.b)

The particle’s acceleration (i, 1) is induced by the foundation as,

fi=e K, (X~ X)WV X=X+ Zim T (5.6.2)
w=¢K, (Z;—Z)V (X,— Xc)“r(qu—Z,)2 (5.6.b)

The moment M, exerts by this particle on the foundation can be
expressed as follows:

(1) MFlzs.Kn-<Zc—Z1—§Sin a)-seca' (.7.2)
(2) My,=¢-K,-(X1—-X,)-secd (6.7.b)
(3) MF3=5-K,L-<Z1—ZG—§sin 0>-se00 (5.7.0)

(K;,'is a spring coefficient)

- The analysis of the rotational response of foundations was carried
out using the sum of particles moment obtained by the previous equ-
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Fig. 5.4 (a) Angular response of a pile founda- Fig. 5.4 (¢) Angular response of a
tion (0.5 Hz, pile). direct foundation (0.5 Hz, direct).

(-.%'17“ yels

Fig. 5.4 (b) Angular response of a pile founda- Fig. 5.4 (d) Angular response of a
tion (2 Hz, pile). - direct foundation (2 Hz, direct).

ations, the moment of the dead weight of the foundation itself and
the moment of the external forces shown in Fig. 5.2.

5.2 Results of' Simulation

The simulation results of time history of the angle and moment
of a foundation are given in Figs. 5.4 to 5.5. In Fig. 5.4, a small
vibration response up to 2.0x107? rad shows nonlinear properties. A
foundation of 10 m depth will be displaced up to 10 em depending on the
force. Fig. 5.5 shows large vibrations of a foundation. when- inclined
up to 0.4 rad corresponding to the soil behavior in plastic domain.
Fig. 5.6 shows hysteresis loops (the relationship between the moment
to the foundation and the angular response) utilizing data of Fig. 5.5.
Fig. 5.7 indicates the loci of particles related to cases 1-A and 1-B.
Twelve particles have been chosen as shown in Fig. 5.7 (a), the locus
of each particle has been detected. The numerals in brackets (right
lower part of each figure) indicate the horizontal and vertical distances
to the chosen particle’s center measured from the lower left corner of
the original model. Units are in meters.
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Fig. 5.5 (a) Moment response of a pile Fig. 5.5 (¢) Moment response of a direct
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Fig. 5.5 (b) Moment response of a pile (2 Fig. 5.5 (d) Moment response of a direct
Hz, pile). foundation (2 Hz, direct).

Fig. 5.8 shows the location, velocity and normal force of particles
corresponding to approximately 0.1, 0.2, 0.3, and 0.4 rad after long
dynamic excitation. Fig. 5.9 shows the same as Fig. 5.8 for the
direct foundation.

5.3 Inferences

Fig. 5.7 shows that the higher the frequency of external force,
the more complicated the motion of each particle. Such motion re-
sembles the motion of same external force’s frequency together with
a lower frequency motion. Individual particles mostly subside during
the vibration, but they float up in some cases. The amplitude of the
angular response of the foundation is greater when the frequency of
external force is 0.5 Hz than when 2 Hz even if it has the same am-
plitudé. The external force of lower frequency gives more energy to
the foundation in one cycle of the vibration which might cause this
phenomenon. In Fig. 5.6 (a to d), a linear relationship is clearly de-
fined between the angular response of the foundation and the external
force when the later is weak. When the external force increases
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T

Fig. 5.6 (a) Relation between moment and Fig. 5.6 (¢) Relation between moment
response angle of a pile (0.5 Hz, pile). and response angle of a direct foun-
dation (0.5 Hz, direct).
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Fig. 5.6 (b) Relation between moment and Fig. 5.6 (d) Relation between moment
response angle of a pile (2 Hz, pile). and response .angle of a direct
foundation (2 Hz, direct).

the area of the hysteresis loop gets larger and the spring constant
becomes smaller. Then, nonlinear relationships are defined. This
trend is especially well seen in the case of the direct foundation.

The relationship of Fig. 5.6 (b) is quite different from the others.
This might be caused by the large deviation of the angular response’s
neutral axis due to large plastic deformation.

In the direct foundation the spring softens in the relationships between
the angular response and the high frequency external but the area of
the hysteresis loop remains almost zero for large amplitudes of the
external force.

The subsidence due to vibration occurred as a whole in Fig. 5.7.
The subsidence is larger in places close to the foundation and to the
ground surface. The results of the direet foundation show that an
overturn collapse of a direct foundation under a strong earthquake
motion is caused due to the continuous increase of the angular response
in one direction. At a critical angle of inclination, the moment of the
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Fig. 5.7 (a) Position of sample Fig. 5.7 (b) Loci of sample particle
particles. (2 Hz, pile) (0.5 Hz, pile).
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Fig. 5.7 () Loci of sample particle
(2 Hz, pile) (0.5 Hz, pile).
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Fig. 5.7 (g) Loci of sample particle
(2 Hz, pile) (0.5 Hz, pile).
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Fig. 5.7 (f) Loci of sample particle
(2 Hz, pile) (0.5 Hz, pile).
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Fig. 5.7 (h) . Loci of sample particle
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Fig. 5.8. Angular response of a pile foundation.
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Fig. 5.9. Angular response of a direct foundation (to be continued on next page)
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Fig. 5.9. Angular response of a direct foundation. (continued)

foundation’s weight acts to accelerate the overturning. This is the
reverse direction of the restoring force.

The results of the above mentioned simulation led to the followmg,

1. The nonlinear relationship between the external force and the
response of the foundation, obtained by field tests, was confirmed by
this simulation. It is significant that these nonlinear relationships
were derived only from particle coefficients such as the coefficient of
friction, the elastic spring constant, ete.

2. The overturning process of direct foundation was analyzed
qualitatively. The foundation structure stops vibrating back and forth
as the deadweight of the structure serves to increase the inclination
angle. When the vibration amplitude becomes larger to a certain
extent, the structure overturns on one side.

6. Analyses of Dynamic Earth Pressure of Loose Ground
under Dynamic Excitations

The dynamic earth pressure on retaining walls during earthquakes
is a critical object. It has been faced by several difficulties. First of
all, it is difficult to satisfy the law of similitude completely in labor-
atory experiments. It is difficult to generate the strong ground mo-
tion that causes the damage of structures during field tests. It is
also diffiult to grasp additional earth pressure, caused by the subsidence
of the ground soil, utilizing the conventional continuum mechanics.

These problems have been solved using the simulation of the
granular assembly. A simulation analysis of the dynamic earth pres-
sure on the retaining wall was performed for various frequencies, ac-
celeration amplitudes of the dynamic loadings and friction coefficients
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Fig. 6.1 (f) (400 gal, 2.0 Hz, pg: 0.5,
vp: 0.2)

6.1 Particle Model for the Simulation

The same number of particles used in the previous models was
used in this model. The model size was changed to be eight meters
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Fig. 6.1 (1) (400 gal, 3.6 Hz, #s: 0.2,
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long and 5.6 m deep. External forces proportional to a sine wave ac-
celeration multiplied by the mass of an individual particle were ap-

plied to each particle.
Table 6.1.

6.2 Calculation Results

The various cases of simulations are shown in

In order to study the earth pressure during a comparatively short
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Table 6.1 Twelve cases of horizontal vibration

Vibration Particle coefficient
Case Acceralation Frequency Friction Friction
(gal) (Hz) (Static) (Dynamic)
1 400 3.6 0.5 0.2
2 800 3.6 0.5 0.2
3 200 3.6 0.5 0.2
4 100 3.6 0.5 0.2
5 800 2.0 0.5 0.2
6 400 2.0 0.5 0.2
7 200 2.0 0.5 0.5
8 100 2.0 0.5 0.2
9 400 6.0 0.5 0.2
10 400 1.0 0.5 0.2
11 400 3.6 1.0 0.5
12 400 3.6 0.2 0.2

time earthquake microscopically, the time history for six seconds
vibration’s duration of the total particle pressures acting on the right
wall is given in Fig. 6.1. Fig. 6.2 shows the distribution
of the normal forces acting on the wall. Six cases of total particle
pressures including the pressure of each particle on the wall, under
sinusoidal excitation for 25 seconds are shown in Figs. 6.1 to 6.4.
Figs. 6.5 and 6.6 show individual particle settlement every four seconds
under 25 seconds of sinusoidal excitation (Case 2). The numerals in
the upper part of Fig. 6.6 indicate the horizontal and vertical distance
measured from the left bottom corner of the model. The small circles
resemble the central location of particles. Fig. 6.7 shows the normal
force distribution every four seconds and Fig. 6.8 shows the velocity
distribution of particles during the vibration. Fig. 6.9 shows how
particles subside during the vibration.

6.3 Inferences

Fig. 6.1 demonstrates that the DC component of the total particle
forces acting on the wall is almost constant, at least for a while after
the shaking starts and the larger the friction coefficient of particles,
the longer the DC component. Therefore, the increase of the DC com-
ponent after a short period of constant value seems to be due to the
settlement and compaction of particles.

The relationship between frequencies of vibration and earth pres-

sure can be explained by the following:

~ A larger increase of earth pressure and a greater force of particles

are obtained by shaking with lower frequencies. This gives a similar
trend of the results in Section 5. In case of a high frequency of

o
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shaking, the subsidence compaction of particles starts late and the
increase of DC component of the earth pressure also starts later. The
relationships between the friction coefficient and earth pressure by
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particles can be deducted
from the following.
Particles subsidence

starts when the shaking
starts and the subsidence
volume 1is large for the
small values of friction
P ——— coefficient (case 12 as an
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" N example.)  Subsidence of
_ particles and the resul-
_ =" ' tant increase of earth
™ — pressure  rarely oceur
30 when there is a large
value of friction coef-

ficient (1.0 in case 1). In
any case when  particles
begin to subside, the act-
ing forces of particles on
the wall begin to increase
at the upper part of the
Tm wall. Forces move down-
ward with the progress of
time. The above pheno-
mena are detected from the
velocity distributions in
Figs. 6.7 and 6.8. It means
that particles’ movement
starts from the upper part
of the model, where the
normal forces between par-
: : a3 ; ticles are small, and pro-
Fig. 6.5. Nine particles to study the ceeds downward.

the loci. Experiments show that
during 25 seconds of shaking, the mean value of the particles’ pressure
stops increasing 10 seconds after the shaking starts. The mean value of
particles’ pressure on the wall seems not to be dependent on the
amplitude of shaking acceleration. Such a halt of increasing in the
mean value of the particles’ pressure is caused by the stop of particles’
subsidence.

The aforementioned result was achieved considering the subsidence
compaction of soil particles that had never been treated by the con-
ventional methods. It is disclosed that the subsidence compaction has
much influence on the dynamic earth pressure under the shaking ex-
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usual static pressure in the case of loose soil.

It makes the earth pressure three times greater than the
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Fig. 6.9. Subsidence of particles during vibration.

7. Conclusion

The authors modified Cundall’s DEM (Distinct Element Mothod)
and introduced new interpretations. Several simulations related to
rock avalanche, penetration of a pile into the ground soil, dynamic
properties of a structural foundation and dynamic earth pressure dur-
ing shaking were performed using the modified DEM.

Those simulations led to the following results as per each inter-
pretation:

1) Rock Avalanche

The large scale rock avalanche occurring on Mt. Ontake due to the
Naganoken Seibu earthquake in 1984 was studied as an example. It
is disclosed that rock particles of Mt. Ontake collapsed slope slid down
in a long period sinusoidal wave form with a speed of approximately
200 km/h. This simulation can be applied also to analyze the behavior
of landslides or snowslides.

2) Penetration of a Pile into Ground Soil

It become clear from this study that both the direction and the
distance of the movement of soil particles during pile penetration de-
pend on the stage of penetration, their distance from the pile and the
slipping zone from the bottom of the pile to the ground surface. The
ground surface close to the pile swelled upwards by dilatancy. The
penetration simulation was performed using an assembly of 38400
particles. This model could be useful for the analysis of other pro-
blems in soil mechanics.

8) Dynamic Fracture of a Structural Foundation embedded in the

Ground

In a dynamic response analysis of a structural foundation using
the 8,400 particles model, it was clarified that the dynamic response
of the structural foundation gives a nonlinear low frequency compo-
nent. The behavior of the soil surrounding the pile just before the pile
fell down was also revealed.
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4) Dynamic Earth Pressure on a Retaining Wall under Sinusoidal

Excitation

The dynamic earth pressure on a retaining wall with a height of
approximately five meters when subjected to seismic loading conditions
was analyzed using the same model. This analysis was carried out
for various accelerations, frequencies of the input motions and site
ground conditions. The dynamic earth pressure became approximately
three times greater than before when subjected to 10 seconds of sinu-
soidal excitation with a maximum acceleration of 800 gal. The in-
crease of earth pressure is not affected by the maximum acceleration
but it is affected a little by the shaking  frequency. The subsidence
of the model ground surface by the excitation was very large and
amounted to several tens of centimeters.
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FEAEE, BRIEDERTFTTTECWILY, SLDERERH -0 DT, XEMIEREA I
7N, DER, BEOMBETIE, ThEOREE,I A LSRR TIIRVOT, EHEL LTOBTTMS
FRELINDTH B, TWRBELEMRRILE D, KBEURCIIER DS, EERAOEIFEL
LTy, BEXToLI A, BRERECHIVERZEALLLOR, BREZREYSVEL )3
o RBSM ¥ (Rigid Body Spring Method), Cundall © DEM ¥ (Distinct Element Method) #%
H5.

EOFHRC L ~R—E1H 5, BREREOWHZRLBITE T, BEROIDTH - TEI B
LT &, 2% VERFMCHBRA DS, W, HENBLBAD X 5L HANEIN Lo
S TOBBECE, TOHFETIWESLSR, WDTHIESL LT, KITOWERRYHEELT,
FOBVBITE > TERERD £ v ¥ a i TRl b7ay, —7, Cundall © DEM ¥
i, BRRATA, A7-503DL LTOROIENTHSB, FD35.35 O LcER—2—D1C
OWTCERFERNELNLTHOTH DY, TOEFHHENL, BEORGOEHHERTHD. F0k
BRONSIOHEL, BENCIHIDL, MEREASOLDL, BERCKL ENEET LB, *
NBOENETHD, MERLLONNNL, TRILEOGAEM L TS MEREN 2HUTOHA,
BECXA1E LRV, 8 HUEEML THBEE41L, DOHEROZMLITRD B, %
=T, RERERAREBRTEO A x0T, ZOSFOEYN B NEEETS. APFRTIE,
Z @ Cundall OFEXHNT, kDX 57, Bant, &, CBETIHEYERI K.

i) BARE

Z ik, 1984 ERFRERMEOCREOEMEIUROKRBERZ TV ILL T, FOBFEHEE LD
OTHDH, FECHEIRIL D1 DEGRGEER 200 km/h BMEbRI-

i) B ABOHIED2EE)

Mer — v VOIS UkRlith%, o B LR & ohz 87 SORIEBINCEA L.,
BB AL C N BEAEENKREL Role D, MOFEOMERIED sk s, FREEN
HTROERIB LRI,

i) HEYEROREEICE
Ly — Y vaiCER SR IOREC, ECKEFRORB I ng kiolt, +—v vo
EEIEERRDI., FORE, Mxfce— 2 v L REEAOMK, #65k BEERTEIOER G
BRTWD, FERMe AT VYR« AT EoN, ¥k, AN, BEEEAERELM: T03
DT, EEAL, BRABELEREL LS E, ~HACORMEANHEAL, BEI L& R
AL RET AR LB,

iv) IREh-FERFT
B OBEEEN BRI AR EOMEEYE X A 5E, FEHBOBC DL 3 hEEN b T
WARRMSEZ LRBEETHE. WORLIERE, R, FENERNLBLR TV IERNEAHRE
CXoThbROLIIEM D TR, FENC I AHBIET ik T HRDBAL.

PEoREx OREYIR O H - T, ZOFHEN, EROEFHEN CIBEXBLI -1k 5 liE
BRLEBAZ Lilbhwole, 5%, ZOFEXYZRIT, BWIRMLEN, = v 27V —  OBBEN, 3
OWERNTL EORMBECHEA LTI ELWER T 5.




