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AN EXPERIMENTAL STUDY ON SLIDING RIGID BODY IN
WATER DURING EARTHQUAKES

By Tatsuo UWABE* and Norihiro HIGAKI**

Shaking table tests of model blocks were conducted to study sliding behavior of a rigid
body in the water during earthquakes. The accelerations and hydrodynamic pressures on
the model block decreased instantaneously on set of sliding and remained the same levels
during sliding. The static and dynamic coefficients of friction obtained from the vibration
tests in consideration of the added mass of which inertia force corresponded to the
hydrodynamic pressures on the model block were almost the same values as those measured
by Euler’s method. A method to estimate the displacements of the sliding block during
earthquakes was presented. The displacement calculated from the horizontal and vertical
base accelerations showed relatively good agr t to the ed value,

1. - INTRODUCTION

Many kinds of the investigation for the seismic stability of port facilities have been done in the Tokai
area where a large earthquake is concerned to occure in the near future. In order to take efficient
eartquake prepardness it is necessary to know how each facility is damaged, that is to know the damage
deformation, such as a residual sliding displacement of gravity type structures. A calculation method of a
sliding displacement during earthquakes is desired to be discussed in full detail.

In his 1965 Rankine Lecture Newmark? described simple concepts for computing the displacement of a
sliding mass in an embankment subjected to earthquake accelerations, Additional studies of the sliding
mass during earthquakes have been made?~?. In Japan Fujino, Sasaki and Hakuno® reported the slip of a
friction controlled mass excited by earthquakes, Toki, Sato and Miura® studied a separation and a sliding
between soils and structures during strong motions using a joint element. In the past studies values of
static and dynamic coefficients of friction and the relation between them were not discussed in detail, and
the validity of the calculation methods for the sliding displacement during earthquakes was not checked
except the study of Sim and Berrill?. The sliding of gravity type structures in the water during
earthquakes was not analyzed in the past studies. The present paper is concerned with these points that
were not discussed in the past studies. This paper accordingly describes a sliding behavior of a simple rigid
body model in the water, static and dynamic coefficients of friction and verification of the validity of the
calculation method for the sliding displacement during earthauakes based on shaking table tests,
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238 T. UWABE and N. HiGAKI

2 RIGID BODY MODEL Table 1 Rigid body model,

Unit [HeightxWidth| Weight(kgf) Kind of test
. .. . . Model | weight xLength No IncTude[TensiTe[Euler’s| STiding
Four kinds of rigid body models were used in this (af/cn®)|  (cm)  |pickups|pickups| test | test | test
; 30] 5. .
study. These models were named A, B1, B2, C A I i I o . °
. . B2 1.6 28 x 23 x 30{31.3 32.5 o 0
and D model. Table1 shows the unit weight ¢ | 201 |28 x 23 x 30/20.4 |[41.6 o
YD 2.1 10 x 23 x 30[14.3 14.9 0

(rounded to one decimal), the dimension, the
weight (the weight that includes pickups is also shown) and the kind of test. The rigid body model A is a
low model that was made to know the sliding behavior clearly, The rigid body model D is also low and was
used for preparatory tests to select a proper accelerometer.

3. SLIDE TESTS FOR STATIC COEFFICIENT OF FRICTION

Fig. 1 shows a slide test of a rigid body model to measure static coefficients of friction. A pulling load
was a drop of shots whose diameter is about 2mm in a bucket shown in the left side of Fig. 1. The contact
surface between the model and the acrylic sheet is

dry or wet, The water was put to ] ¢cm from the /MODEL

acrylic sheet surface for the wet contact suface, A ACRYLIC SHEETT; ] DISPLACEMENT
. . . e TRANSH

full infiltration of the water between the model and ___ LoaDcELL e

— £
the acrylic sheet was confirmed before the test. —¥ 8
According to test results the average static é ‘
coefficients of friction were (). 52 for the model B 1 Srore
and (. 63 for model C (both of standard deviations Fig.1 Slide test setup,

were (0. 02) . As the static coefficient of friction for

the model B 1 with the wet surface, at an average of 4 times of tests were (). 52, it is considered that there

is no change of the static coefficients of friction in surface conditions,

4. EULER'S TEST FOR STATIC AND DYNAMIC COEFFICIENT OF FRICTION

(1) Eulers test

The well-known Euler’s test gives static and dynamic coefficients of friction from a sliding mass on a
slope, The coefficients of friction y, static and g, dynamic are as follows”.

us=tanbs

2-S

g-lscosbs
In these equations §; is the angle of inclination to start sliding, S is a distance of sliding down, i, is the
time to slide distance of S and g is acceleration of gravity.

Fig. 2 shows the Euler’s test setup. The inclined board was pushed up by a oil jack to make a rigid body
model start sliding. Two kinds of tests, the rigid

ua=tanb,—

body model B 2 on the acrylic sheet (No. 1) and the O EMENT
rigid body model B 1 on the mortar board (No. 2) ACCELEROMETERJ/
were examined, PLAN VIEW %L
The angle of inclination was obtained from DISPLACEMENT - s / O TRANSBUCER
measuring the sliding direction of acceleration of o
gravity by an accelerometer on the inclined board. ! : /;e'o, \» MODEL
The time for the rigid body model to slide certain - - 21 acceLEROME TER

distance was measured as follows. An instance to

X SLIDING
BOARD

DISPLACEMENT

start sliding was detected by the displacement i

transducer on the top of the inclined board shown in —
Fig.2. An instance to come to end of sliding Fig.2 Euler's test setup.
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Table 2 Results of Euler’s test (No.1).

Model B2 on acrylic sheet, Sliding distance 150 cm
No.| Angle of Time |Velocity|Coef. of friction Table3 Results of Euler’s test (No.2).
sliding board| elapsed| (m/s) Static] Dynamic
(Degree) (s) Model Bl on mortar board, Sliding distance 146 cm
1 29.0 1.57 0.96 0.55 | 0.41 No.| Angle of Time |Velocity|Coef. of friction
2 29.9 1.43 1.05 0.58 | 0.40 sliding board|elapsed Static | Dynamic
3 29.6 1.62 0.93 0.57 0.44 (Degree) (s) (m/s)
4 30.1 1.31 7.15 0.58 | 0.37
5 29.6 1.48 1.01 0.57 1 0.41 1 36.9 1.50 0.97 0.75 | 0.58
6 27.8 2.20 0.68 0.53 | 0.46 2 32.2 1.71 0.85 0.63 | 0.51
7 33.1 1.7 1.28 0.65 | 0.39 3 32.8 2.01 0.73 0.65 | 0.56
8 9.8 1.48 | 1.01 0.57 | 0.41 4 35.6 1.47 | 0.99 | 0.71 | 0.54
9 29.9 1.51 0.99 0.58 | 0.42 5 29.8 1.84 0.79 0.57 | 0.47
10 29.9 1.47 1.02 0.58 | 0.41 6 229 1,42 1.03 066 | 047
1 29.8 1.49 1.0 0.57 | 0.41
12 30.9 1.35 1.1 0.60 | 0.40 Average | 0.66 | 0.52
13 31.0 1.44 1.04 0.60 | 0.43 gza?gi:gn 0.06 | o0.04
Average | 0.58 [ 0.41 deylgtion
Standar
deviation 0.03 0.02

distance was found out by the displacement transducer’s detection of a contact between a rigid body model
and a rod on the lower part of the inclined board. The time to slide a distance was calculated from records
of the two displacement transducers and a paper speed of a recorder,

(2) Test results

Table 2 shows test results of the model B 2 on the acrylic sheet, and Table 3 shows those of the model
B 1 on the mortar board, As shown in Tables 2 and 3 the dynamic coefficient of friction is smaller than
static one. A dynamic to static ratio is about (). 7 on the acrylic sheet and about (. § on the mortar board.
The differnce between dynamic and static coefficients of friction for the acrylic sheet is larger than that for
the mortar board.

5. SHAKING TABLE TESTS OF SLIDING RIGID BODY MODEL IN WATER

(1) Models and instruments
Table 4 shows accelerometers used in this test, A water-proof inductive-type dlsplacement transducer
whose ampltude limit is +10 mm was used to :

measure the sliding displacement of a rigid body i Table 4 Accelerometer,
model. A strain-gauge type pressure gauge (rated Symbol Type Ampl 1tude] Size (mm)| WeTght] Frequency
. Timit (gf) |range(Hz)
capacity is 0.5 kgf/cm? (49 kPa) and weight is A [Stratn-gauge | 106 | 18x18x24 | 40 | 0-150 |Water-proof
d h h d d A2 |Semi-conductor] % 5G 3.7x3.7x9 2.1 0-80
i element
230 gf) was used to measure the hydrodynamic a3 | Shene c 26 |apasxios| 530 ] o370
; M |Strain-gauge | +106 |16x16x16 | 17 | "0<350
pressure on the model. Figures 3, 4 and 5 show A5 smin-éaﬂge 110G |18x18x24 | 40 | 0-760_|Water-proof

models and pickups. The used models are A, B 2 o
and D shown in Table 1.

(2) Shaking table and type of excitation

The shaking table of the Port and Harbour Research Institute, Ministy of Transport was used. A
glass-sided rectangular box on the shaking table is 5 m long, 1.5 m wide and 1.5 m heigh. As a duration
time of a excitation was short, and as it was considered that the distance between the model and the wall in
exciting directions is long enough, a wave absorber was not placed in front of the wall in exciting
directions.

Types of excitation are a periodic 10-sine-wave and a earthquake wave. The 10-sine-wave means a
periodic excitation of 10-wave with a certain frequency and a uniform amplitude, The frequency of
10-sine-wave excitation was selected from 5, 7, 10, 20 and 30 Hz. The amplitude of the 10-sine-wave was
given to be strong enough to cause model sliding. The wave used for the earthquake excitation is a strong
motion earthquake record (S-1210, E-W component) obtained on the rock at Ofunato port in
1978-Miyagiken-oki earthquake. The duration time of the record was not modified, and the amplitude was
scaled to cause model sliding.

(3) Selection of accelerometer used in tests

215s



240 : T. UWABE and N. HicakI

~ACRYLIC SHEET

AHACCELEROMETER
(HORIZONTAL )

AV (VERTICAL)

D DISPLACEMENT

TRANSDUCER

MODEL D -
Al~A5  ACCELEROMETER MODEL A

Fig.4 Model A and pickups,

1
G
i)

10icm
1

ACRYLIC
SHEET

Al /A3 10HZ
600. -

Fig.3 Model D and pickups. o 1 /\\,}/\’\\\,JIJV‘

-500. -

< . AH: ACCELEROMETER (HORIZONTAL ) A2 /A3 10HZ
s S AV: " (VERTICAL) 600.

.
NG T>\._ WIPRESSURE GAUGE 1 [\ /V\ ,jv\
§ > 0. DISPLACEMENT TRANSDUCER 0

—— %, i \.rj \l\/
. J
S

. v AV7AHQ77 -600
" § o N :\ 600, - A4 /A3 10HZ
S| g 1| e .

e e A
Ny R N \ \/j \/J
Vig 2| ““\Zaa\ Wg\ -600,
: ! AS /A3 10HZ
MODEL B2~ e | 500. -
| o 1A\ \
______ N \/j \/‘J
T T T H T E

600 -
" . 0 o ¢ 0.2 0.3
Fig.5 Model B2 and pickups. TIME-SECONDS

At

o

| N —

i

T T 1
0,4

Fig.6 Observed waveforms of accelerometer,

A flat response range of the frequeucy was uncertain to measure the accurate acceleration waveform of
sliding model. Then a preparatory test to select a proper accelerometer was conducted for the 5 kinds of
accelerometers whose frequency range .is different as shown in Table 4.

The accelerations of 5 kinds of accelerometers on the model D shown in Fig. 3 were compared by a
periodic excitation test. Fig.6 shows a test result. Solid lines shown in Fig. 6 are the waveforms of a
accelerometer A 3 whose upper limit of a frequency range is highest and dotted lines are those of other
accelerometers, Accoridng to Fig.6 there was no difference in the acceleration waveform of the
accelerometer whose upper limit of frequency range is more than 150 Hz. Therefore it was decided that the
accelerometer A 1 whose frequency range is from () to 150 Hz was used for this study. The accelerometers
shown in Figures 4 and 5 are all A1,

6. RESULTS OF SHAKING TABLE TESTS

(1) Slide of rigid body model during vibration

Fig. 7 shows test results of model A on the acrylic sheet by 10-sine-wave excitation with a frequency of
10 Hz. According to the acceleration waveforms of model A an amplitude of model accelerations decreased
instantaneously at the moment to cause a sliding displacement and remained the same level during sliding.
The reason why accelerations of the model decrease is a change of coefficient of friction from static to
dynamic, A full discussion about this is described after. Though the acceleration waveforms of models on
set of the first sliding are mentioned above, the acceleration waveforms on set of the second sliding was not
same as the first one, In this report the first sliding of a rigid body model was described, and the next step
to investigate the complicated behavior on and after the second sliding will be studied in the future.

Fig. 8 shows the test results of model B 2 in the water on the acrylic sheet by 10-sine-wave excitation
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waveforms of horizontal accelerations,

(2) Hydrodynamic pressure on rigid body model

The amplitude of hydrodynamic pressures decreased instantaneously at the moment of sliding and
remained the same level during sliding as same as the accelerations. Then hydrodynamic pressures on set
of sliding were compéred with those during sliding. Fig. 9 shows ratios of hydrodynamic pressures during
sliding to those at the instant of sliding. According to Fig. 9 the decreasing rates are from 20 to 30 % and
are almost same at each height.

(3) Coefficient of friction obtained from shaking table tests
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Fig. 10 Sliding block under horizontal sine excitation, g 1
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s X &
Fig. 10 shows a concept of a sliding rigid body IgO,Srv ?
. . N . . . © r
subjected to a periodic loading without a vertical o
. . . L. =
motion, As shown in Fig. 10 the rigid body starts 2
sliding by an inertia force that is equal to a static
. . . I [ L J
friction force, and continues sliding under a dyna- o ‘ 560 1600

. . . . INPUT MAXIMUM ACCELERATION (Gal)
mic friction force that is smaller than static one :

until a relative velocity becomes zero. Though it Fig.12 Static coef. of friction (Model B2 without water).
was considered that coefficients of friction de-

crease continuously from static to dynamic values with increase of a relative velocity and approach a certain
value”, it is assumed in this report that the coefficients of friction decrease discontinuously from static to
dynamic value and remain dynamic value during sliding, As described before the model accelerations
decreased instantaneously at the moment to cause a sliding displacement and remained the same levels
during sliding. Therefore the above assumption is likely valid to calculate a sliding displacement, The
calculation method of a sliding displacemeht is discussed in next chapter.

Next, coefficients of friction based on the above assumption were obtained from shaking table tests,
The test results of model A were firstly discussed. The static coefficients of friction were calculated from
the maximum horizontal accelerations and the vertical accelerations, The average dynamic coeffcients of
friction were calculated from the average of horizontal accelerations during sliding. Fig. 11 shows static
and average dynamic coefficient of friction of a model on the acrylic sheet or on the mortar board.
According to Fig. 11 the ratio of dynamic to static coefficient of friction is about 70 % on the acrylic sheet
and about 90 % on the mortar board.

Secondly test results of the model B 2 with the water depth of 25 cm and without the water are described.
In calculations of coefficients of friction the added mass of which inertia force corresponds to twice the
hydrodynamic pressure on a side wall of the model was considered. Fig. 12 shows static coefficients of
friction for model B 2 with and without the water versus input maximum accelerations. Static coefficients
of friction for model B 2 with the water are a little smaller than those without the water, It was supposed
that one of reasons to cause this differnce was the characterictics of the pressure gauge and the
accelerometer (An accelerometer whose rated capacity is 10 G (9 800 Gal) was used in case of small
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input accelerations -~ from restriction of the frequency ~ ; 10, MODEL B2 ON ACRYLIC SHEET
characteristics) . Both coefficients of friction obtained from slide g SINE EXCITATION Stz ya 4
tests in Chapter 3 and Euler’s tests shown in Fig, 12 are likely Z 7 WATER DEPT“Z‘;;‘“ ye ‘
same as those without the water. In view of the results so for * Euler's TEST P
described above it was concluded that the sliding behavior of a S /’
rigid body in the water was able to be discussed in consideration é 08 ) /: i
of the added mass that is twice the hydrodynamic pressuresona 5 | ,/ v
side wall of a rigid body divided by acceleration of gravity. § . // d

Fig. 13 shows static and dynamic coefficient of friction obtained h // d
from shaking table tests. In Fig. 13 the results of Euler’s tests o/ N 015 L f—llo
are also shown. The ratios of dynamic to static coefficient of STATIC COEF. OF FRICTION

friction for Euler’s tests were slightly small compared with those  Fig 13 Static and dynamic coef. of friction
of shaking table tests, (Model B2).

7. DISPLACEMENT COMPUTING METHOD OF
SLIDING RIGID BODY DURING EARTHQUAKES

(1) Concepts for displacement computing method of sliding rigid body

In this report the displacement of a sliding rigid body during earthquakes was computed from the
concepts shown in Fig, 10. In Fig. 10 A(%) is the input acceleration, g, and g4 are the static and dynamic
coefficient of friction and g is acceleration of gravity. A rigid body starts sliding when A (%) is equal to
1s*g. As the acceleration of the rigid body becomes y,- g during sliding, the difference between the input
acceleration and the rigid body acceleration is caused. This difference of accelerations between the
foundation and the rigid body during sliding gives a relative displacenemt. The relative displacement is
obtained from the integral of the relative velocity that is the integral of the difference of accelerations
between the foundation and the rigid body during sliding.

The relative displacements of a sliding rigid body were calculated under the following.

i) The input motions are horizontal and vertical

accelerations (AH1, AV 1). 505 = CASEJ-34AH1 SHZ

ii) Coefficients of friction obtained in Chapter 6 ]

were used, 1
iii) The first sliding of 10-sine-wave excitation was 7004
. -
discussed. R CASE3-J4AVI SHZ
. .3 .. 2 -7
iv) The effect of the water on a sliding rigid body was S i
. . -
evaluated by the added mass that is twice the < 0 v
. . P u -
hydrodynamic pressures on a side wall of a rigid 2 100
é -700.
Table5 Calculated and observed relative displacement. CASE3-34AH2 SHZ
700. -
CasejNo.| Model| Water Input Input Coef. of friction Relative 4
depth | wave |max. accq for calculation displacement (mm)
(cm) (Gal) Y Ubserved 0.
. Static | Oymamic o 02 Calculated ]
1] 9| A+ 0 |5ine Vel g2 0.73 | 0.55 0.22] 0.73 -7100, : CBSERVED
1|12 . |sie el 740 | 0.76 | 0.55 [0.05 [0.07| 0.08 ; opg T CALOIATED
. -
1lee| . L |Eareha. ) ggp 0.59 | 0.52 |0.26 [0.26] 0.29 = 0:5 CASE3-34D1 z
5|8l - , [Sine wvel g0 0.68 | 0.53 |0.40 [0.41] 0.26 = J a
s|a| - . |jine wavel 726 | 0.69| 0.57 |0.18 |0.27] 0.30 2E 4
3 (34| B2 » |3hne wvel 573 0.57°| 0.49 |0.46 [0.45| 0.36 = 4
46| - 25 |3ine wavel 30 0.45 | 0.34 |0.15|0.15] 0.08 2 s .
613l ael o lste wvel 53 0.65 1 0.61 lo.nalo0al 0.02 e o, o1 a2 1 03
6 [12] - + |sinesavel 650 | 0.61| 0.56 |0.020.01| 0.02 TIME-SECONDS
: Fig. 14 Calculated and observed relative
A* B2 : on acrylic sheet, A**: on mortar board displacement (MOdel BZ)-
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body divided by acceleration of gravity. yoo. - CASEL-22AH1L
(2) Comparison of observed and calculated re- 1 ]
s i
Table 5 shows the computed results., The time histor- -700. ]
ies of computed and observed sliding displacement are g CASE1-22AV1
shown in Fig, 14 for the model B 2 on the acrylic sheet and = 00
in Fig. 15 for the model A on the acrylic sheet. § o 1 -
Though there were two computed displacements which § 1
were 3 and (. 15 times respectively than observed one, § -700. <
other computed displacements were almost same as DT TI CASEL-22AH2
observed displacements, Therefore it was concluded that 1 ‘ d l g
the displacement computing method presented here was e ]
valid for the sliding rigid body that does not show a large 700, ‘
response. The displacement computing method of a _ CASE1-2201 . T CRtotate
sliding rigid body that shows large reponse will be ; ¢ Sj
discussed in the future. § g o0 [
8. CONCLUSION R
s 0. I. Sk S fine 10,
The discussed results are as follows. Fig.15 Calculated and observed relative
(1) According to the shaking table tests an ampli- ~ displacement (Model A).

tude of model accelerations decreased instantaneously at

the moment to cause a sliding displacement and remained the same level during sliding (see Fig.7).
Therefore it may be assumed that the coefficient of friction decreases discontinuously from the static value
to the dynamic and remains a dynamic value during sliding,

(2) According to the shaking table tests of a rigid body model in the water the coefficients of friction
obtained in consideration with the added mass that is twice the hydrodynamic pressure on a side wall of a
rigid body divided by acceleration of gravity were nearly same as those of a rigid body model without the
water (see Fig, 12). Therefore it may be concluded that the added mass that is twice the hydrodynamic
pressure on a side wall of a rigid body divided by acceleration of gravity can be used to calculate the sliding
displacement of a rigid body during earthquakes.

(3) The hydrodynamic pressure on a rigid body model decreased instanteneously at the moment to
cause a sliding displacement and remained the same level during sliding (see Fig. 8). This waveform of the
hydrodynamic pressure was similar to that of the acceleration,

(4) The displacement computing method of a sliding rigid body under earthquake loading was
presented, The calculated results in consideration with the above paragraph from (1) to (3) were likely
same as the observed results. Therefore it was concluded that this displacement computing method of a
sliding rigid body that does not show a large response is valid (see Table5, Fig.14 and Fig. 15).
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