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SUMMARY

Studies are made to examine (1) dynamic characteristics under the steady-
state loading, amd (2) applicability to randam waves with regard to modifica-
tions of the Ruamberg-Osgood and Hardin-Drnevich models which are used to ex—
press the hysteretic stress-strain relations of soil. It is found from the
result that in connection with (1) there is a trend for response to be sup-
pressed markedly with the medified Hardin-Drnevich wodel. Concerning (2), it
ie found that the modiffed Ramberg-Osgood model is effective in the nmonlinear
dynamic analysis [f the model is used according with the procedure indicated
in the present paper. In addition, based on comparisons with observed records,
it is found that linear analysis 18 inadequare when the maximum strain level
of soll iy of the order of 1072, and it Is necessary to consider nonlinearity.

INTRODUCT LON

The Ramberg=Osgood and Hardin~Drnevich models are representative of dy-
namic models showing the hysteretic stress-strain relations of soil.

The Ramberg-Osgood model had been proposed originally to analyse nonlinear
behaviers of metal materialeg and 18 not in the effective functional expression
for soil problems. The Hardin-Drnevich model is iIntroduced for soil based on
the hyperbolie~type stress-strain relationship proposed by R.L.Kondner.
However, 1n this model the area surrounded by the hysteresis curve, i.e., the
vnergy dissipated per eyele of vibration 1s only represented. Thus, a distinct
expression concerning the hysteresis curve is not given. Then, modifications
bave been devised for both models (Ref. 1,2), and they are used to analyse the
nonlinear warthquake response by the step-by-step integration scheme.

The paper presents the research results on

(1) dynamic characteristics of soll under the steady-state loading

(2) nonlinear earthquake response analysis of soil based on observed

récords
in order to investigate what kinds of characteristics these modified models
possess under the steady-state loading and what degrees they would be appli-
cable to the actual fleld,

DYNAMIC CHARACTERISTICS OF 8OIL UNDER STEADY-STATE LOADING

Resonance Curve and Phase Curve

The formulation for the steady-state response characteristics of each
model was made by the slowly varying parameters method. When the slowly

(1) Shimizu Construction Co., Ltd., Tokyo, Japan

679



varying parameters method is employed, the resonance and phase curves of a
nonlinear system with one degree of freedom are given by the following equa-
tions assuming strain y as Yy = ya(t) sin( pot + Y(t) )=va(t) sin 6(t) for
external force (applied load) P sin pot (Fig. l)

Resonance curve: C2(ya) + {S(ya) - vaPo?}? = Q%  ............. ¢D)
Phase curve: tan ¥ = -C(ya)/{S(ya) - yaPoz}
where,

C(ya) = %Jg“R(ya sin 8) cos 6d6
S(ya) =-%J§NR(ya sin 9) sin 6d6
Q = P/m& and R(Y) express the hysteresis curves of dynamic model of soil.

Modified Ramberg-Osgood Model (Modified R-O Model)

The skeleton curve and the hysteresis curve of the modified R-0 model
proposed by F.Tatsuoka et al. are given by the following equations:

Skeleton curve: y = =— (1 + a|z|B)
. 3 i-‘Ya=TiTa + T & Tg By *eoceemenas .o (3)
Hysteresis curve: > o (1 + of 5 [7)
- 2Mhmex 2 B ! \
where, B = , &= ( )P, T and y are stress and strain, G, is an
2-mwhmax GoYr

initial shear modulus, yx is reference strain, and hpgx 1s a damping coeffi-
cient when y is infinitely large.

With £ = v/yxr and £5 = va/yr, Eq. 2 shown in the form of C(£a) and $(fa)
will be

1 2 +2
C(Ea) = E’hmax G 212 B /Ea
£a Y Gentaeane ceees (B
S(ga) = ;E; I-ga Goy
where, g(£) = &/V Ea2-£2. The resonance curve and phase curve of this model

will be shown in Fig. 2.

Modified Hardin-Dronevich Model (Modified H~D Model)

The skeleton curve and the hysteresis curve, determined by Masing's law,
of the modified H~D model are given by the following equations:

Go
Skelet ve: =
eleton curve T e ( y o
H . T fTe GOY:tYa 2 [ e
ysteresis curve: 5 l E( _ )/Zyr}

The C(Za) and S(Ea) are expressed in the following equations:
C(ga) = 2 £al2/fa - 1/(1 + £a) - 2/Ea2-1og(L + £a)}

iersnessecans (6)
S(Ea) = 8/Eal(l + £a/2)/Y 1 + £a - 1}

and the resomance curve and the phase curve will be shown in Fig. 3.
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Hardin-Drnevich Model (H~D Model) (Ref. 3)

The steady-state response characteristics of the H-D model are also
examined in order to compare with those of the modified models. The skeleton
curve of the H-D model is given by a following equation:

Go
T = E‘:“T§7;;T ............. eee (D

And the energy dissipated per cycle of vibration AW(ya) is prescribed by the
equation below.

AW(Ya) = 2mhyaG2va?(1/6~1/Go)  eeeaee.. R €:5)

where, G = 7a/va.

Incidentally, the relationships for the resonance and phase curves shown
in Eq. (1) can be similarly deduced by Fourier's expansion with R(y) as expan-
sion order n = 1, This has an extremely significance in considering the be-
havior of the H~D model which does not provide a distinct expression to the
hysteresis curve under the steady-state forced vibration. When the hysteresis
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curve R(y) is expressed by a skeleton curve ts(y) and a damping curve 14(y) as,

R(Y) = 1s(y) % td(y), dy/dt 20  eieeeiel... (9

the sine term subjected to Fourier's expansion will correspond‘to the skeleton
curve and cosine term to the damping curve. Accordingly Eq. (2) can be written
as

Clya) = ;i—;ﬁrd(v)dv = MW(ya)/ (nya)
S(va) = %Jg"rs(Ya sin 6) sin 0do

As expressed before in the form normalized by vy, C(fa) and 8(fa) will be
expregsed as follows:

C(Ea) = 2hpaxEa®/ (L + ga)?
S(ka) = 4(Ea - /2 + I)/(nga)

where,
1= 2{tan*l/-ffifgf7ififgy - tanulcaa//“f¥éa7)i/f’l—gaz, 1otas
I = tn{(+Ea+/ EaZ-1)/ (I+Ea~v £a?=1)}/V 22’1 , leia” ... (12)
I=1 , lsga

When the resonance and phase curves are plotted using Fgq. (1), the results
will be shown in Fig. 4.

Comparigons of Each Model Steady—State Regponse Characteristies

The resonance curves in Fig. 2 through Flg. 4 are shown with yr/ys as a
parametexr. In this figure, frequency ratlo X = Po/un (wn being the natural
circular frequency of the system determined by Go) la taken on the absclssae,
and dynamic maximum strain yva against static maximum stralo v, i.e., yvalys,
is taken on the ordinates.

In the figures on resonance curves, it may be seen that the peak values
and shapes of resonance curves of each model vary with the value of the para-
meter yr/ys, and it can be understood that there 1s a minimum value of va/ys
for the state of resonance below which the value does not exist. Further, from
the figures on phase curves, it may be seen that the peak of the resonance
curve is given where the phase angle is n/2.

The disparities in the vibration characteristics of dynamic models of
soil appear prominently in the resonance curves. On comparison of the modified
H~D and H-D models, & considerable difference exists between rLhe two,i.e.,
the amplitude ratio of modified H~D model is extremely suppressed compared
with that of the H~D model. This is probably due to the fact that the modi-
fied H~D model for which the hysteresis curve is determined applying
Maging's law always takes hyay = 2/7, therefore the damping force acts sub-
stantially.

On comparison of the modified R-0 model and H~-D model in the same value
of bpax, & large difference exists in the large values of resonance frequencies.
And the shapes of resonance curves for modified R-0 model is in good agree-
ment with that for modified H-D model. However, it is thought that the pecu-
liarity of the modified H~D model wherein the value of hygy always takes

a constant 2/ will prove to be a great problem for practical purposes.

682



be defined properly as the damping constant when y is infinitely large. But

if the value of hpax were fixed in this manner on the modified R-0 model, there
will be a considerable deviation in part (for example, as shown in Fig. 6(a))
between the theoretically defined G/Gy ~ vy and heq v y curves and the experi-
mental curve of soil (the proposed curve of Ref. 5 in this case).

(a) M-R-0 Model (b) M-R-O Model after Adjustment (c) M-R-O Model and M-H-D Model
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Fig. 6 G/Gov Y Relation and heqV Y Relation

Incidentally, the influence of this deviation on the response result is
great, therefore it is important to reduce such deviations for the accuracy of
analysis. Looking at the theoretical equations of the G/Go, ~ y and heq ™ ¥
curves of the modified R-0 model, these can be written as follows with hpax as
the parameter.

G . L
o 14 (2L-2)P
Ye 6o ©0 (13)

G
heq = hpax (1 - Go )

ZTThmax

————=~, In Fig. 7 values of the above equation are plotted with a
2-mhyax

where B =

parameter hpgy.
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Fig. 7 G/Govy/yr Relation and heqVy/yr Relation

From this figure, the G/G, ™ y curve can be varied depending on the value
of hpax- By manipulating the value of hpax, the G/Go ~ y curve of the modi-
fied R-0 model and the experimental curve of soil can be approximated within

the strain levels produced at the each layer of soil.
The constants hpgy of the modified R-O model were all determined by this

procedure. Figure 6(b) shows an example of approximation of the experimental
curve under strain level of 10~% in Fig. 6(a).

Analysis Results and Considerations

To compare results obtained by different methods, earthquake respomnse
analyses by a linear model were also performed. Linear analyses were made by
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NONLINEAR EARTHQUAKE RESPONSE ANALYSES
OF SOIL BASED ON OBSERVED RECORDS

In this chapter, earthquake records observed at two different soft soil
deposits are used to perform nonlinear earthquake response analyses (Ref. 4),
and a study is made to examine the applicability of the dynamic model of soil
to the actual field based on comparisons between analytical results and
observed records.

Soil Condition and Accelerometer Locations

The soil profiles and the locations where accelerometers were buried are
shown in Fig. 5. The sites of earthquake observatilons were Shibaura, Minato-
ku, Tokyo, and Sodegaura, Kimitsu-gun, Chiba-ken. The accelerometers are
buried at depths of G.L. -1 m, G.L. ~20 m, and G.L. -60 m at Shibaura, and
¢.L. -1 m, G.L. =18 m, and G.L. -42 m at Sodegaura. The earthquake records
used for analyses were observed for the Chiba-ken Chubu Farthquake (M = 6.1,
D = 80 km) of September 25, 1980.
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Fig. 5 Soil Profiles and Analysis Models

Analytical Models and Soil Properties

The analysis models are shear~type lumped-mass systems, with 26 massg
points for Shibaura soil and 22 for Sodegaura soil. The models of the two
soils are shown in Fig. 5.

For each of the soils, the initial shear modulus Gy was obtained from
Go = stz. With regard to reference straln yr, since dynamic tests had not
been performed on both Shibaura and Sodegaura soils, strains corresponding
with G/Gy = 0.5 were taken based on the G/Gevy curve proposed hy the Ministry
of Construction Public Works Research Institute (Ref. 5),

Damping Constant hpax of Modified Ramberg~Osgood Model

The constants of the modified H~D model are Gy and yr. On the other hand,
those of the modified R~0 model are Go, yr and hpax. 7The value of hpax would
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the mode synthesis method. The damping constants (Ref. 6) used are as follows:
hy = 0.084, hy = 0.020, hy = 0.030, hy - hps = 0.018 for Shibaura soil and

hy = 0.106, hy = 0.053, h3 = 0.020, hy = 0.007, and hg - hyy = 0.005 for
Sodegaura soil.

In Figure 8, the results obtained by these analyses are compared with
obsgrve@ records. In all cases the dashed lines are observed waves and the
solid lines calculated waves. What should be noted with respect to the results
are the response characteristics for both sites around peak acceleration from
during 3 sec to 6 sec.
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Prominent disparities are not recognized among differences in dynamic
models of soils including the results of linear analyses, from the analytical
results of Shibaura site. In analysis of Sodegaura site, there exist signifi-
cant differences among results of those models. In linear analyses consider-
able phase lags are produced between observed and calculated waves around
peak accelerations.

In nonlinear analyses, the phases of calculated waves obtained by R-0
model and H~D model are in good agreement with that of the observed waves.
However, the amplitude of the calculated waves for the modified H-D model is
greatly suppressed around the peak acceleration. As described in the previous
chaper, this is caused.by the uniqueness of the modified H-D model, i.e., as
shown in Fig. 6(c), this is due to the fact that this model gives excessive
damping in the range of large strain. On the other hand, the calculated wave
obtained by the modified R-0 model for which the value of hmax was determined

by the method in this paper, agree quite well with the observed wave.
It is found from the distribution diagram shown in Fig. 9 that nonlinear

analysis is not significant in the order of 10" for maximum shearing strain
(from the distribution diagram for Shibaura site). When maximum strain is of
the order of 10~-3 (from the distribution diagram for Sodegaura site), a linear
model is inadequate, therefore the modified R-0 model should be applied to

simulate the observed waves.
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CONCLUSIONS

Studies are made to examine (1) dynamic characterlstics under the steady-
state loading, and (2) applicability to randanm waves with regard to modifica-
tions of the Ramberg-Osgood and Hardin~Drnevich medels. Consequently, the
next results are obtained.

(1) The steady-state response characteristiecs of the moditied H-0 model
and the modified H-D model including the H~D model are clarifled.

(2) 1t is found from the comparisons between analytiecal results and
observed records that the modifled R-0 model should be applied to simulate
the observed waves over strain level of 10~%,
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