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SUMMARY

"A method of analysis in terms of effective stresses is developed, aim—
ing -in the determinuation of the dynamic response of saturated, horizontal—
ly layered sandy soils when subjected to earthquake loading. A direct non-
linear analysis based on a hyperbolic stress-strain law and employing dyna-
mic pore pressure parameters is performed. The method is applied to study
the response differences owing to the use of a total stress or an effective
stress analysis, as well as to study the effects of soil properties, bed-
rock motion intensity and existence of surface surcharge, on the response
characteristics of a soil deposit.

INTRODUCTION

The dynamic response of horizontally layered soils has been the sub-
ject of considerable interest and research, and many analytical and pumer-
ical procedures have been developed for this purpose. These procedures dif-
fer in the simplifying assumptions that are made, in the idealization of the
physical system, in the representation of the stress—strain behaviour of
soils, in the manner in which the development of excess pore pressure during
the earthquake is taken into account, and in the methods used to integrate
the equation of motion. :

The nonlinear behaviour and the development of excess pore pressure
in soils under cyclic loading is very pronounced. As such, it is essenial
to apply a nonlinear effective stress analysis which takes into ‘account the
effects of this pore pressure increase as the earthquake progresses. Re-
cently, several methods of effective stress response analysis have been
proposed (Ref. 1,2,3,5,6,7,8). These methods should be compared mainly on
their effectiveness in approximating the nonlinear stress-strain behaviour
of the soil and the pore pressure build up. Herein, a new method is pre-
sented, based on the coupling of dynamic soil response and pore pressure
response. ‘

CONSTITUTIVE RELATION

The constitutive relation presented by Tsatsanifos (Ref. 11) and
Sarma and Tsatsanifos (Ref.10) was used. During an earthquake a sand de-
posit is subjected to an irregular loading pattern, which comsists of in-
tervals of loading, unloading, reloading or reverse loading. The stress-
strain behaviour of the sand in each loading pattern is different. It is
assumed that during the initial loading, and up to the point of the first
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load reversal, a hyperbolic stress-strain path is followed. This path can
be described by the equation

Gmax°Y 1)
Ts —m—
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in which G is the initial maximum tangent shear modulus and T__ is the

assymptotemg¥ the hyperbola. Expressions for the parameters GmaX and Tmax
have been proposed by Hardin and Drnevich (Ref. &)

It is also assumed that during unloading, and up to the point of total
load reversal, a linear stress-strain path is followed, with a modulus e-
qual to the initial modulus of the virgin curve. When reloading occurs
before total load reversal, the linear path is followed until the last hy-
perbolic path is crossed, Fig. 1. From that point on, this hyperbola is
followed until the next load reversal.

Fig. 1 Modified Hyperbolic Model

Finally, when the stess—strain path crosses the strain axis and com-
plete load reversal occurs, the linear path is abandoned and a hyperbolic
path is followed again. This new hyperbola is fitted from the crossing
point to the assymptote defined by the virgin curve, with an initial maxi-
mum tangent shear modulus.

G (y=v_)
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in which vy is the shear strain of the crossing point, Y, and T_ are the
coordinates of the last load reversal point, and (sg%) denotes the sign of
the response velocity at the particular time instance. Hence, the expres-
sion for any reloading and reverse loading curve is

G, (Y-Yr)
re——m T (3)
. G (Y"Yr)
(Sgk)rmax

where Y, is the shear strain of the crossing point
PORE PRESSURE RISE MODEL
The modified dynamic pore pressure parameter model proposed by Tsatsa-

nifos and Sarma (Ref.12) is used. The excess pore pressure increase Au,
up to the Nth cycle of loading, due to the application of shear stress T is

Ja C1 : T z T
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in which 0;0 is the inivial vertical effective stress and Cy,C;,Cq and C,
soil parameters.

Using Eq. 4, it is possible to predict the pore pressure rise under
a given cyclic loading up to any number of uniform cycles. In case of
nonuniform loading a method based on the assumption that the pore pres-—
sure increase during edach cycle depends on the pore pressure level exist-
ing at the beginning of that cycle is used (Ref. 9).

COUPLED EFFECTIVE STRESS MODEL

Coupling of the stress—strain model with the pore pressure rise model
results in an effective stress—strain relationship the parameters of which
are updated at each time step in order to be compatible with the current
level of effective stress. If G, is the maximum shear modulus and Tpgn
is the maximum allowable shear stress at the end of the Nth cycle of load-
ing, then

¢ =c  (—9t )

mn max U\'ro
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T =T . i (6)

Hence, the updated form of the hyperbolic stress-strain path (Eq. 3) is
given by

G =v.)
oS OV )
1 +Gmn (Y‘Yr)
(sgi{)rmn

It has been noted (2) that most of the volume changes during drained
cyclic loading tests and the pore pressure rise during undrained tests oc-
cur during the unloading parts of any load cycle. Accordingly, modifica-
tions to the parameters of the stress-strain model for the effects of the-
pore pressure are made only during the unloading parts of the stress-strain
response. »

Conditions of full saturation are assumed to exist throughout the soil
profile. Also, it is assumed that, because the earthquake forces are ap-
plied so suddenly and for a short time, no flow of pore water takes place,
i.e. undrained conditions can be considered.

RESPONSE TO EARTHQUAKE MOTION

The dynamic response of horizontally layered soil deposits was studied
using the lumped mass method, in which the deposit is represented as a mul-
tidegree of freedom shear beam. The response at any level of the deposit,
due to an earthquake excitation g(t) at the base of the deposit, is ob-
tained by solving the differential equation of motion of the system

[M]) + [cliz) + [K]{x) = - [M] (& ()} @)

where [M] is the diagonal mass matrix, [C] the viscous damping matrix,

[K] the non-linear stiffness matrix and (¥}, {%} , and {x} the acceleration,
velocity and displacement vectors respectively. In the present analysis
only hysteretic damping, inherent in the stress-strain model, has been
considered.
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Equation 8 is solved numerically using an operator assuming parabolic
variation of the ecceleration between two successive time steps (Ref.11).

An excerpt from the Temblor N65W strong motion record obtained during
the Parkfield earthquake has been used as input earthquake motion at the
base of the examined soil profile.

Four case studies were carried out in order to study the effects of a
number of parameters on the response characteristics of a soil deposit.

In Case Study No. 1 the response of the deposit was evaluated in terms
of total and effective stresses. The results are shown in Fig. 2. 1It can
be seen that the analysis in terms of total stresses shows an amplification
of the bedrock motion, while that in terms of effective stresses a depression.
It can also be seen that for about the first 1.2 sec. of shaking both ana-
lyses yield accelerations of the same order of magnitude. However, in the
analysis in terms of effective stresses excess pore water pressures were
allowed to develop and by the time of 1.2 sec. the excess pore pressure had
reached considerably high values, which led to degradation of the soil stif-
fness and development of zones of plastic failure. Consequently, the fail-
ure zones started to act as a cut-off to the input motion and large strains
were induced.

Case study No. 2 was used to study the effects of the bedrock motion
intensity on the response characteristics of the deposit. The Temblor N65W
acceleration record was used as bedrock motion twice, the second time scaled
to maximum acceleration equal to half of the original record. The results
are shown in Fig. 3. It can be seen that the maximum surface acceleration
due to the weak motion is larger than that due to the strong motion. This
can be mainly attributed to the degrading effect, on the soil stiffness, of
the development of high excess pore water pressures during shaking. In
fact, in a lower level of the deposit, during the initial stages of shaking
the strong bedrock motion induces much larger accelerations and consequently
larger shear stresses than the weak motion. This resulted in the generation
of higher excess pore pressures which in effect degraded the stiffness of
the soil and the material was not able to transmit any more large accele-
rations. At the same time the excess pore pressures in the deposit under
the weak motion were low and the material was still strong enough to trans-
mit larger accelerations than the deposit under the strong motion. It has to
be noted that the findings of this case study can be applied only to a soil
deposit consisting of material with a given potential to develop excess
pore water pressures during earthquake shaking, and cannot be generalized.

In Case Study No. 3 the response of two soil deposits, with the same
geometric characteristics but different soil properties, were compared.
The results are shown in Fig. 4. It can be seen that the "soft" soil de-
posit transmits smaller accelerations than the "stiff" deposit, at the ex-
pense of larger shear strains. The analysis has also shown that the higher
excess pore pressure development potential(1) is more critical, from the
depression of the input motion point of view, than the softer material
(material with low shear strength parameters).

(1) The shear stress ratio T/c; required to cause liquefactionm,
i.e. Au/o’ =1, in one cyc?e is termed herein as excess pore pressure
development potential.
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Finally, is Case Study No. 4 the effects of the presence of a mass on the
surface of a soil deposit on its response have been studied. The results
are shown in Fig. 5. It can be seen that the imposed depression on the in-
put motion, for these site conditions, in much lower than that without sur-—
face surcharge. This can be attributed to the stiffening of the soil in the
former case, since the soil strength parameters, being dependent on the ef-
fective stress level, have been considerably increased due to the presence
of the supported mass. It can also be seen that all the high frequencies
that exist in the response of the deposit without surcharge have been fil-
tered out. This is because the high frequencies of the deposit with sur-
charge are much lower than those of the deposit without surcharge.

CONCLUSIONS

An effective stress method for the dynamic response analysis of hori-
zontally layered soils has been developed and used to study the effects of
a number of parameters on the response characteristics of a soil deposit.
The method is based on the coupling of the dynamic soil response, assumed
to be nonlinear, and the pore pressure response.

The analyses reveal substantial differences between the response com-
puted in terms of effective stresses and that in terms of total stresses,
the latter overestimating the liquefaction potential of the deposit as well
as the induced accelerations and underestimating the induced displacements.
There is also a considerable effect of the bedrock motion intensity on the
response characteristics of the deposit, and under certain conditions a
weak motion can induce larger accelerations than a stronger motion. The
results also show that large ground accelerations can be transmitted to a
structure only through strong soil deposits. Weak foundation materials act
as a cut—off to the transmission of large accelerations on the expence of
large displacements. Finally, the presence of a surface surcharge results
in the transmission of larger accelerations than the normal case.
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