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ABSTRACT : In this paper, the boulder upthrow phenomenon is interpreted through
numerical simulations using a distinct element method and shaking-table experiments,
and a method of estimating ground-motion intensity from the phenomenon is proposed.

1. INTRODUCTION

The estimation of near-field ground motion intensity is an important subject in earthquake
engineering. However, the characteristics of near-field ground motion are not well
known because of the limited amount of recorded data from the epicentral regions. Under
such conditions, some post-earthquake investigation reports have pointed out that the
upthrow of boulders in the epicentral region might be evidence of extremely strong
ground motions. However, a method of estimating the ground-motion intensity from
boulder upthrow phenomenon has not yet been established. In this paper, the upthrow
phenomenon is interpreted through numerical simulations and shaking-table experiments,
and a method of estimating ground-motion intensity is proposed.

2. NUMERICAL SIMULATIONS

We have conducted simulation analyses of the upthrow phenomenon based on the two-
dimensional distinct element method [Cundall (1971)]. Figure 1 shows the analytical
models used. The boulder is assumed to be circular and the soil surface is expressed using
straight lines. Both the boulder and the soil surface are assumed to be rigid. Instead,
interface elements expressing separation and sliding are provided at their contact points as

shown in Fig. 1(c).

(a) Model for (b) Model for vertical (c) Element (d) Maximum displacement
vertical input and horizontal input at contact point and input velocity

Figure 1 Models for numerical analyses
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2.1 Vertical Input

First, the boulder model shown in Fig. 1(a) is harmonically excited in the vertical direc-
tion. In the following, f, e, and V_denote the natural frequency of the boulder-soil
interaction system, the coefficient of restitution between the boulder and the soil, and the
input velocity, respectively.

Figure 2 shows a typical example of the displacement time histories of boulder and soil
in the vertical direction. The boulder and soil separate when the relative displacement of
the boulder to the soil is positive. It is clear that the boulder increases the amount of
separation after repeating a series of actions : jumping, falling, collision with the soil, and
jumping again.

Figure 3 shows height A of maximum separation for velocity amplitude Vv, =25-200
kine. The A, decreases suddenly at a particular frequency (f ) after increasing gradually
and reaching the upper bound value within a frequency range of f>f, when the input
frequency fis decreased and V _is kept constant. The cut-off frequency f decreasesas V,
increases, and the frequency range in which boulder upthrow may occur is extended ac-
cordingly. The height A, of maximum separatlon also increases in proportion to the
square of V Moreover, the frequency range in which boulder upthrow can be caused
for f =25 Hz is wider than that for f=2.5 Hz.

Based on these characteristics, an approximate estimation formula for A, is intro-
duced. The upper bound value of the maximum velocity of the boulder is given by
(1+2e+2e’+...) V_=(1+3e) V_ if it is assumed that the collision and separation of the soil
and boulder are always caused when the soil moves upward at the maximum velocity V..
The coefficient (1+3e) indicates the upper bound value of the velocity amplification ratio
of the boulder to the
soil considering the e S0l —— Boulder
nonlinear behavior of

boulders. Therefore, -
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A=A (1)) (t>f)
where A ={(1+3e) V }?/2g
1 =1/f y+2/{(1+3e) V, }g (1)

The A is the maximum height when an object is thrown upward at an initial velocity of
(1+3e) <’y. The relation f=f _indicates that the period of excitation is equal to the interval
from the ‘departure of a boulder from the soil to the next departure. The height of the
maximum separation, estimated using Eq.(1), shows good correspondence with the re-

sponse analysis results shown in Fig. 4.

2.2 Horizontal and vertical input

Next, harmonic excitation is applied to the analytical model shown in Fig. 1(b) in both the
horizontal and vertical directions, simultaneously. Boulders with a radius of 35 cm are
buried in the soil socket. The parameters of the analytical model shown in Table 1 are set
according to Ohmachi (1992). The velocity amplitude of the horizontal or vertical com-
ponent (V_or V ), the frequency of input f, and the shape of the socket varied in numerical
simulations. The shape of the socket is determined based on the level h, of the contact
point C and the burial depth h,.

Figure 5 shows the height A of maximum separation and the maximum horizontal
displacement A, when h=10 cm and h,=12 cm. The input direction is varied to keep the
resultant velocity amplitude ny=(Vx2+V,2)°'5 defined in Fig. 1(d) equal to 103 kine.
Variation in the maximum horizontal displacement A is relatively small compared with
that in the height A, of maximum separation when the input direction is changed.
Therefore, we estimated the A , according to the next equation similar to the Eq. (1).

Agz=R - AOxy, A0x,={(1+3e) ny}2/2g )

In the following, the value of the coefficient 3 is examined. Figure 6 shows the
values of 2 when h =10 cm and h,=12 cm. This figure shows the values when V_is
increased and V_ is kept at 100 kine, or when V  is increased and V_ is kept at 100 kine.
Figure 7 indicates the variation of # when V_=206 kine. The socket shape is changed by
increasing h, from 5 cm to 20 cm, and keeping h,/h =1.2. Coefficient '3 shows a decreas-
ing tendency as burial depth decreases or the velocity amplitude increases, as shown in
Figs. 6 and 7. This occurs because the boulder is apt to leave its socket, and the response
velocity cannot be sufficiently amplified. However, it is clear that (3 is hardly affected by
the input directions shown in Fig. 6. Therefore, the maximum horizontal displacement

Table 1 Paramet-ers used in r'1umeric.al ~§1 80 YIS S S
analyses (Vertical and horizontal input) :E: Zg 1 V:= 25kine V::lOOkine
F A
Stiffness K 8.7 X 105N/m % so} a
Stiffness K 1.0 X 10*N/m 40
Restitution coefficient e 0.3 g 30
Friction coefficient s 038 g 20
Radius of circle element r 35cm é 10
Density of circle element 2.45 ym 3 g 0

f (Hz)

Figure 5§ Maximum displacement of boulders
(Vertical and Horizontal input: h =10 ¢m, h =12 ¢cm)

3
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Figure 6 Normalized maximum Figure 7 Normalized maximum
horizontal displacement horizontal displacement
(Vertical and Horizontal input: h=10 cm, h,=12 ¢cm) (Vertical and Horizontal input: h,/h =1.2)

A, is associated with velocity amplltude V., by Eq. (2), though A is somewhat affected
by the socket shape. In our study, j is approx1mately about 0.5 to 2. For instance, the
velocity amplitude V_of 116 kine on the soil surface is estimated for A =50 cm by
substituting 3 =2 and €=0.3 in Eq. (2). This velocity amplitude approximately equal to
100 kine is comparable to the near-field ground motions measured to date. Therefore, the
estimation of ground motion intensity using Eq. (2) is considered appropriate.

3. SHAKING-TABLE EXPERIMENTS

We have conducted vibration experiments using a three-dimensional large-scale shaking
table. The parameters of specimens are shown in Table 2. Boulder models are balls 5 cm
to 13.5 cm in diameter made of marble or steel. Natural boulders are also used. Boulder
models are placed in a hemisphere socket 10 cm in diameter, as shown in Fig. 8, or on the
hexahedral soil model made of silicon rubber. Sine waves, Ricker wavelets, or near-field
recordings (Imperial Valley Earthquake (1979) El Centro Array No.6) are adopted for
input motions in the vertical or horizontal directions. The predominant frequencies of
these input motions are less than 10 Hz, where amplification in the soil model is not
observed in the vibration tests of the soil model. The control signals of the shaking table
and paths of the boulder are measured.
Boulder paths are measured using a laser-

displacement meter positioned above the Boulder model
boulder model, or using a high-speed s
video camera. Photo 1 was taken using Horizonta
the video camera and shows the upthrown @ e "t"”"“’"
. . t0em
Table 2 Properties of specimens
Soil modet
Young's modulus E 2.0 kg/em 2
; i 3
Soil Welg'}TtA per vol.ume b4 1.0 t/m Rigid trame\ Laserdisplacement meter 0
Poisson’s ratio v 0.48 video camera
Steel (S5~S13.5) Diameter : Scm~13.5 cm U ; s
Boulder | Marble (BS ~B13.5) | Diameter : 5 cm ~13.5 cm l —l o
Natural boulder Weight:  3.82kg o t !
Vertical vibration
Restitution coefficient e 0.65 ~0.80

Figure 8 Schematic view of the shaking-table test
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eter. According to the resu!ts 104 5 10 5 20
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noise with a low velocity, the Figure 10 Time histories of displacement (S12 : Vertical input)
predominant frequency f; of S9

and S12 on the soil model is 13.8 Hz and 7.6 Hz, respectively. It is clear from Fig. 9 that
A, for Ricker wavelets is smaller than that for the sine wave input, and that boulders
hardly leave the soil against impulsive excitations. Boulders are also hardly thrown into
the air in the experiments using observed near-field motions. One reason for this may be
that the duration time of the main shock is short for the upthrow. On the other hand, the
upthown phenomenon of the S9 boulder under horizontal sine wave is shown in Fig. 11.
The behavior of the boulder is globally random. However, the boulder collides with the
soil several times before it leaves the socket. The motions of the boulder increase as the
collision is repeated.

Next, Eqgs. (1) and (2) are examined using the experimental results for sine waves.
Figure 12 shows the comparison of A, obtained through experiments with those obtained
using Eq. (1). The frequency fis 5 Hz or 10 Hz and satisfies f>f,. Here, the coefficient
of restitution e between the boulder and soil models, which are evaluated based on free-
fall experiments of boulders, are substituted into Eq. (1). The expenmental results show
good agreement with Eq. (1) except for several cases in which f is nearly equal to f.
Figure 13 shows the relationship between A, when the sine wave ( f=5 Hz ) is 1nput
horizontally and those estimated using Eq. (2), assuming 3 =1. Itis clear that the values
of A, calculated using Eq. (2) are also good approximations of the experimental results.
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4. CONCLUSIONS

The conclusions reached on the basis of the results of our studies are as follows:

(a) The upthrow phenomenon is mainly the result of the large-velocity amplitude of
ground motions at the soil surface.

(b) Boulder upthrow is caused by periodic motion rather than impulsive motion.

(c) An equation by which the maximum velocity of ground motion is estimated from
the horizontal displacement of a boulder has been proposed based on numerical simula-
tions assuming the ground motion to be a sine wave. The proposed formula shows good
correspondence with the results of our shaking-table experiments.

ACKNOWLEDGMENTS

The authors would like to thank Prof. Midorikawa, Tokyo Institute of Technology, and Prof. Umeda, Disas.
Prev. Res. Inst., Kyoto University, for their useful suggestions.

REFERENCES

Midorikawa, S, 1994, Case Histories of Upthrow of Objects during Earthquakes, ZISIN, J. Seism. Soc.
Japan, Vol. 47, 333-340.

Ohmachi, T. and S. Midorikawa, 1992, Ground Motion Intensity Inferred from Upthrow of Boulders dur-
ing the 1984 Western Nagano Prefecture, Japan, Earthquake, Bull. Seism. Soc. Am., 82, 44-60.

P.A.Cundall , 1971, A Computer Model for Simulating Progressive Large Scale Movements in Blocky
Rock System, Symp. ISRM, Nancy, France, Proc. Vol. 2.

o™ Horizontal displacement

—— Boulder
L SR N = i Soil

-8.5
S Vertical displacement My = 5.2 €M (TIME = 0.44 SEC)

oo |
al

MAYX = 9.2 ¢cH (TIME = 1.32 SEC)

Y i
TIMECSEC)
Figure 11 Paths and displacement time histories of S9 under sine wave input in the horizontal direction

(f=5 Hz, V =47 kine)

100 15
- _ ® BS
g E A B7
= a 87
= 10 10 0
g L3 2 o so
E 2 > a
3 = a
(=% () o
g y g
= ¢ . €3
<> ' q::
[ o *
o1 0
0.1 1 10 100 0 5 10 15
Av estimated by Eq. (1) (cm) AH estimated by Eq. (2)  (cm)
Figure 12 Comparison of A (Vertical input) Figure 13 Comparison of A, (Horizontal input)



