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ABSTRACT

Shaking table tests have been performed in this research to represent the
nonlinear vibration of soft grounds due to strong earthquake motions. Special
care has heen taken for the design of a soil container in order to reproduce
idealized horizontal shear wave propagation in the model ground. Nonlinear

‘acceleration responses to various random motions measured in the model ground are

compared with the numerical results obtained by the equivalent linear analysis
‘widely used ih engineering practice. This comparative study reveals general
efficiency of the analytical technlque for engineering prediction of. earthquake
motion of soft grounds although the analysis gives poorer prediction for smaller
amplitudes involved in the random motion.

INTRODUCTORY REMARKS

It was pointed out by Dr. Kanai (1969) that the dynamic response of the
ground to major portion of earthquake motions is mostly caused by the vertical
propagation of horizontal shear wave motion (Sy~wave). Number of research works
followed alopg this way in which soft ground was idealized as linear elastic
material possessing constant shear medulus and damplng ratio irrespective of the
intensity of earthquake disturbance. The modern development of soil dynamics in
this decade have experimentally clarified the dynamic properties of soll materi-
als. Hardin and Drnevich (1970,a) making a thorough experimental study on the
subject came to the principal conclusion that the magnitude of strain has pre-
dominant effect onp, dynamic properties of soil; namely for shear strain larger
than 107", thé shear modulus of soil decreases, and the equivalent damping ratioc
lncreases with, the* 1ncrease of strain.

. Baged on the Kanai's theory of multl-reflection of Sg-wave Schnabel and
Lysmer (1972) proposed an numetical analysis of earthquake response of ground,
what is called "equivalent linear analysis", in which strain-dependency of
dynamic properties of soil is taken into account in approximate fashion.
According to this analytical scheme shear strain as much as 107° is to be induced

"in soft grounds during strong earthquakes implying the significant nonlinear

effects should be expected in these occasions, It is therefore of much impor-
tance to find out how efficient the equivalent linear analysis is for the
prediction of nonlinear earthquake response of soft grounds. The best way to do

_this is to have simultaneous records of vibratlonal response to a strong earth-

quake motion at different levels of a ground, which are not yet available.

Thé main objective of this research is to prove the applicability of the
na1y31s with the help of scaled model tests. A model ground of one meter in
depth made of fine clean sand was set on a shaking table, and various kinds of
random waves 51mulat1ng earthquake motions were applied to it. The change of the
acceleration amplification dlong with the table acceleration was extensively
studied. The experiments were compareéd with the equivalent linear analysis often
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used in engineering practiCe, in which material properties extracted -in advance
from the damped free vibration of the model ground itself were used.

SCALED MODEL VIBRATTION TESTS

Model Ground On the ground that the dominant horizontal motion of earth-
quakes is caused by the propagation of horizontal shear waves, it is crueial to
reproduce the free horizontal motion of the shear mode in the model ground.
Conventional soil containers with rigid walls have considerable confinement on
the shear vibration. A new type of a scil container shown in Fig. 1 has ‘been
developed in this research to satisfy the requirement mentioned above. Its walls
consist of 16 rectangular. steel hollow frames with 60 mirimeter square Cross-—
sectional area, These frames are set up ome by one to form the side walls of one
meter -in height with ball bearings at each contact to ensure frictionmless horizon-
tal movements. The wall is covered by rubber membrane to make the box watertight.
Specidl care was taken to reduce the weight of the wall to 9 to 12 percent of the
weight of the contained soil.

Fine clean sand was chosen as a material for the model ground which was W
dropped by a2 specially designed apparatus. It was a shallow box mounted on the
soil container whose bottom consists of twentyfour separate thin flaps rotating
at the same time by pulling a lever, Such high void ratic as 0.89 to 0.91 could
be attained by this apparatus for both dry and saturated ground.

Straln—gage type accelerometers were used to measure the v1bration at five
different levels in the model ground from the surface to the basé with approxi-
mate intervals of 25 centimeters. The frequency range of the accelerometer was
from zero to 70 Hz covering the extent necessary for this experiment, Small
seismometer were embedded in the ground at four different levels for seismic
explorations which were conducted before shaking table tests to estimate the wave
velocities of the ground.

Dynamic Material Properties of Model Ground The maximum cdonfining pres-
sure in the model ground does not exceed 0.1 kg/cm and laboratory test data
corresponding that low stress condition are not available now. The alternative
way taken herein was to make direct determination of the materlal properties by
seismic exploration and by the measurement of damped free’ v1brat1on of the model
ground

The variation of shear moduli determined by seismic explorations is shown in
the logarithmic graph of Tig. 2 along with the wvertical effective stress. .
Despite of a rather 1arge scatter of the results, it can be said the shear o
modulus, G, is approximately proportlonal to ' the square root of the effective
vertical stress, ov'. In order to decide the materlal properties for larger
vibrations than those corresponding to seismic exploratlons, damped free oscilla-
tions of the model ground in Its lowest natural frequency were measured.
Sinusoidal motion, first given to the model by the shaking table to excite the
responance, was suddenly interrupted, and the subsequent damped oscillation was
measured to give the average shear modulus G as well as the damping ratio H as the
functlons of sheal strain induced in the ground. Shear strain computed from the
division of the displacement at the surface by the ground depth was assumed
constant for every portion of the ground, which proved to be reasonable (Kokusho
et al. 1978}, The dynamic material properties thus obtained, shown in Fig. 3,
represent the average values for the ground as a single degree of freedom system.
The maximum shear modulus, Gmax, derived in this way is equal to 74 kg/cm?® for
the dry sand, and 56 kg/cm® for the saturated gand, undershootlng the values
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determined by seismic explorations as illustrated in Fig. 2. This may be attribu-
table mostly to the fact that the depth to width ratio of the model ground is not
large enough to kill the bending mode of oscillation to reproduce the ildeal shear
vibration. ' '

In order to spot the G vs. Y curve and the h vs., ¥ curve for larger strains
than experimentally determined, theoretical model for strain-dependency of soil
‘properties proposed by Hardin and Drnevich (1970,b) was employed with some modifi-
cations. According to the model the G vs. Y relation is written as

G/Gmax = 1/{1 + (Y/Yr)). ' _ | | o

Yr, called as reference strain, is defined with maximum shear modulus, Gmax, and
shear strength, Tf, by

Yr = 1f/Gmax. o ' ) (2)
The same model expresses the h vs. Y relation as
Ch/hmax = Y/YE/LE (YD) (3

with maximum damping ratic, hmax, to be assumed. hmax iz usually considered to
be around 0.3 (Hardin and Drnevich 1970,b). Since it was expected from shaking
table tests that the model ground possibly has larger damping ratio than evaluated
by Eq.(3), a modified form of the Hatdin-Drnevich model proposed by the authors
(Rokusho and Sakurai 1978) was used for the h vs. ¥ relationship. In this modi-
fied model, although the shear modulus is expressed by Eq.(2}, the damping ratio

" is differently formilated as o .

' 4 Gmax ; Yr yr.? ' Y . 1 '
hetpZBELELo D InQ+ Dt -Fh 4)

2l SRE feclon (0. T L4 ¥ - g ] (
" 1t should be noted that the proposed model gives almost the séme'dampiﬁg ratio as
that given by Eq.(3) with hmax = 0.3 as long as (Y/Yr) is less than 2, after that
Eq.(4) ylelds larger damping than Eq.(3). For better agreement with experimental
values a constant term of 0.02 was further added to Eq.(4).

Dynamic response to Random Motions with Different Magnitude In order to
experimentally simulate the dynamic respounse of soft grounds to earthquakes, four
different random motions were selected to be applied to the model ground, which
are named here as Ea, Eb, Ha and Hb. The former two were produced from El Centro
motion [1940, NS] while the latter two from Hachinole motion [1968] by appropriate
time shortening and wave filtering processes. As shown in the acceleration
 response spectra of Flg. 4, Ea and Eb motions have a rather flat spectrum of 8
to 22 Hz and 14 to 30 Hz, whereas Ha and Hb motions have a high concentration of
spectrum around 25 Hz. Based on the fact that the first resonant frequency of
the model ground for small tremors exists around 18 Hz for the dry ground or 14
Hz for the saturated ground, it is expected that the first two motions are more
likely to excite the first resonance than the latter two.

~ Fig. 5 shows acceleration response of the ground measured at five levels due
to the Ba sotion with three different magnitudes. It is evidently -seen that the
surface motion varies quite a bit with increasing base acceleration in spite of
the similarity of the base motions. The decrease of amplification with increasing
base acceletation is also obviously seen. The change of amplification along with

the magnitude of base motion is more clearly illustrated in Fig. 6 where the ratlo
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ofthe maximum acceleration of the ground of four different levels to that of the
base 1s taken versus the maximum base accéleration for the four random motions.
It is noteworthy here that the amplification scattered for smaller base accelera-
tions than 100 gal shows consistent decline for larger accelerations irrespective
of the random motions, and at the surface it even decreases less than one for
larger accelerations than 300 gal. Tig. 7 is the same graph of amplification vs.
base acceleration in the saturated case for Fa and Ha motions. TFor the saturated
ground the amplification decreases more rapidly than for the dry ground and be-
comes smaller than one for base acceleration around 80 gal. Liquefaction which
did not evidently take place under B0 gal can mot be the principal cause for this
rapid decline of amplification. Instead, this may be explained by the difference
of the soil demsity and the effective vertical stress.

Thus, the shaking table tests have demonstrated that the acceleration ampli-
fication of the model ground due to strong base motions is much smaller than that
due to small motions., TIn the light of new concept of simulitude {(Kokusho et al.
1978) which may possibly be applicable to model tests using real soil materials, a
similar decline of acceleration amplificaiion is very likely to occur for soft
grounds of prototype. The increase of damping with increasing shear strain will
be the maln cause of this consistent reduction of amplification, although the
decrease of the shear modulus with increasing strain may possibly fluctuate this
by the change of the resonant frequency of the ground.

EQUIVALENT LINEAR ANALYSIS

The frequently used way to estimate the acceleration response of soft ground
is the equivalent linear amalysis in which, instead of performing complete non-
linear response analysis, a series of linear analyses are iteratively conducted
employing appropriate modulus and damping corresponding to induced strain. The
problem hereby arises how to choose the most appropriate values in order to enable
the linear analysis to best approximate the nonlinear response. According to
Schnabel and Lysmer (1972) the effective strain, Yeff, determined by the maximum
strain, Ymax, as

Yeff = &Ymax ' ' (5)

can be used to choose the corresponding soil modulus and damping. The same au-
thors contended that the constant ¢ may take 0.65 although such values as 0.5 to
0.7 will not make great difference in the results. The discussion on § is not
the subject of this research, hence Yeff = 0.65 Ymax is adopted in this analysis
since it is most widely used in engineering practice today.

The ground was first assumed to be uniform with single values of the shear
modulus, G, and the damping ratio, h. 1In this case the G ~ Y relationships of
Fig. 3 were directly used. WNext a four layers model was employed to represent
the model ground. In that case the maximum shear modulus, Gmax, and the reference
strain, Yr, for each layer were determined by using the assumption that they are
proporticnal to the square root of the effectlve vertical stress (Rokusho et al.
1978).

Fig. 8 shows acceleration time histories at the surface due to Ea and Hb
motions with base accelerations of almost 200 ‘gal analysed with the single layer
model. Thelr agreements with the measured performance are quite satlsfactory
Fig. 9 'again shows analysed acceleration responses at the surface using the four
layers model., Analytical results in Figs. 8 and 9 well coincide with each othexr
implying that the single uniform model is almost sufficient te numerically analyse
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the dynamic response of the ground. Similar comparisons of the analyses and the
experiments are shown in Fig. 10 for the saturated ground. Although generally
good agreements of the analyses and real performances are quite visible in Figs.
8 to 10, a careful look at the figures reveals that the degree of coincidence
differs from one portion to another in each random motion. This can be more
obviously seen in Fig. 11(a) where each amplitude of measured random motions
shown in Figs. B8 and 10 is taken along the abscissa against the amplitude ratio
of analysis to experiment along the ordinate. For larger amplitudes involved in
random motions the ratio is about one meaning that the analysis makes good esti-
mate of real performance, while for smaller amplitudes the ratio takes smaller
values than one implying that the analysis somewhat underestimates the experiment.
In Fig. 11(b) some of the measured amplitudes of the motions are again taken
against the corresponding phase lags in seconds between the two acceleration
motions of experiment and analysis. The phase lag relatively small for larger
accelerations grows larger for small accelerations. The two graphs described
above indicate that the equivalent linear analysis where the constant § in Eq.(5)
is equal to 0.65 makes a good predictlon of acceleration motion for relatively
larger amplitudes involved in random motions, whereas poorer prediction should be
expected for the remainder. This comparative study has, therefore, confirmed a
vague expectation that the nonlinear wvibratlon of a ground is only pariially
simulated by the equivalent linear analysis.

It can be maintained, however, this fact will not greatly hinder the effici-
ency of the analysis in engineering sense, since larger amplitudes of earthquake
response are most significant Lo engineering design. Maximim accelerations at
the surface of the medel ground due to the random motions predicted by the analy-
gses are plotted with the star marks in Figs. 6 and 7 for the dry and saturated
grounds. GCenperally good agreements between the measurements and the analyses are
quite visible for wide ranges of base acceleration. Furthermore acceleration
response spectra shown in Fig. 12 also demonstrate a satisfactory agreement
between the experimental measurement and the analysis hence the effectiveness of
the analysis.

CONCLUSIVE REMARKS

The combined study of the model wibration tests and the numerical analyses
has drawn a conclusion that the equivalent linear analysis offers a good predic-
tion of the nomlinear dynamic response of soft grounds for engineering purposes.
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