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SUMMARY

Liquefaction of sand deposits during earthquakes is studied as a prob-
lem of random vibration of hysteretic systems in which the random nature of
the seismic ground motions, and the nonlinear soil response behavior are
properly accounted for. It is assumed that liquefaction will occur when
the excess pore pressure becomes equal to the initial effective vertical
stress, i.e. when the sand stiffness has deteriorated to zero. The random
vibration results and the uncertainty analysis of the soil properties are
used to calculate the reliability of sand deposits against liquefaction
under a random seismic loading with a given intensity and duration.

INTRODUCTION

The excess pore pressure rise in saturated sand deposits under random
selsmic loadings 1s represented in terms of a contimious damage parameter.
The damage parameter i1s a function of the shear-strain hysteretic energy
dissipated and of the amplitude of the hysteretic restoring shear-stress.
The random vibration analysis leads to the determination of the mean and
standard deviation of the equlvalent duration of an earthquake loading with
a specified intensity capable of causing liquefaction. These quantities can
be used to calculate factors of safety for the deposit as well as the as-
soclated reliability levels. Comparison with previously observed field be-
havior has showed that the method can be useful for a risk-based design
against liquefaction.

PORE PRESSURE GENERATION

Uniform Cyclic Loading

For saturated undrained conditions, the work performed in rearranging
the particles of sand, MW, when the excess pore pressure rises from zero to
u is given by
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where r, = EYGGO is the excess pore pressure ratio, ﬁéo is the initial
effective confining pressure, e, is the initial void ratio of the sand, ey
is the minimum void ratio for the sand, ny is the bulk modulus of the water,
and V is a parameter independent of the void ratio of the sand; f(l+r;) aund
g(eo—ey) are nondecreasing functions (Nemat-Nasser and Shokooh, 1979).

For liquefaction ry, = 1, and the work performed, AW(ry = 1), is a

constant for a given initial state of the sand. For the purposes of this
study, the work done when the excess pore pressure rises from 0 to ry,
MW(r,) is normalized with respect to AW(ry = 1); in this manner the need

to measure VY, 0l,, Ny, €, and g(e,—ey) is eliminated. The

normalized measure of work is then defined as ry = /W(ry)/MW(l1).

_ Let the energy dissipated by hysteresis in one cycle of amplitude

T = 1/0l, be denoted as E.(7). The value of AW aftexr N cycles of constant
amplitude loading may be considered proportional to the number of cycles of
loading if the amplitude of shear-stress is large (Nemat-Nasser and Shokooh,
1979); thus,

AW = h(?-)NEC Q) (2)

where h(?) is a weight function that depends only on the amplitude of the
shear-stress T. For liquefaction to occur,

AWC(L) = Nzh('?mc_ ) 1

where Ny is the number of cycles of constant stress amplitude, ¥, causing
liquefaction of the sand. Then, the energy ratio ry is, according to Eqs. 2
and 3 given by ry = N/Ng. The function h(7) as well as AW(l) are obtained
from the test results of undrained resistance to liquefaction under uniform
cyclic stress loading.

It has been suggested (Seed, Martin and Lysmer, 1976) that N/Ng and 1,
may be related by

N 20/ "F
ﬁ;“ sin (-—Z-u-> (4)

where 6 is an empirical constant. Substituting N/Ng in Eq. 4 by ry and dif-
ferentiating, the differential equation relating the excess pore pressure rise
to the energy ratio ry, can be written as

dru _ 1

dr r ~1( ™y
Wooon cos(zzg)sinze 1(”}“

Equation 5 is easily extended for calculating the excess pore pressure rise
under random seismic loads.

(5)

Random Seismic Loading

Under random seismic loading, the quantity AW at any time t after the
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start of the excitation is given by

t 4
AW =] X(t')ET(t')dt' (6)
o)

where Ep(t') is the rate of shear-strain energy dissipated at time t°',
and X(t') is an equivalent weighing function defined by

T
max

- e T ENYRCDTE (D da
pT(O?,UF,r,t )h(T)EC(r)dT

X(t") = % 7
max

P=(c_,0_,7,t")E (1)dT
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in which Ty, is the nomalized static shear strength of the sand, and

Py (95,0#,7T, t') is the probability density function of the peaks of T.
Using the chain rule of differentiation together with Eqs. 5 and 6, the
differential equation describing the excess pore pressure rise can be writ-
ten as

dru VXCE)ET(t>

AW(1) aos<?§%>ainze—l<?§é>

Equations 6 and 8 are appropriately modified for considering the deterio-
ration of the sand stiffness as a result of the excess pore pressure rise
(Pires, Wen and Ang, 1983).

(8)

SEISMIC RELIABILITY EVALUATION

Inelastic Response Analysis

The response of soill deposits under earthquake loadings 1s often in
the inelastic range; in addition, the behavior of the material is hyster—
etic, and the stiffness or strength are likely to deteriorate with the
number of oscillations. The model and the analytical technique recently
proposed by Wen (1980), Baber and Wen (198l), are capable of yielding the
statistics and probabilities of the seismic response of horizontally
layered soil deposits (Pires, Wen and Ang, 1983). In this model, the
hysteretic restoring shear stress is described by a first-order differen-
tial equation which allows for a simple linearization of the equations of
motion (Wen, 1980). The solution for the response requires the detemi-~
nation of the covariance matrix [S] of the response variables satisfying
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the following matrix differential equation

atsl _ - g
=5t = [61(s] + (S][G]T - [B] 52

where [G] and [B] are the matrices of the lumped-mass system and ground mo=
tion parameters, respectively.

The hysteretic shear-strain energy Ep at any depth in the deposit is
important, because the excess pore pressure rise is a function of Ep (see
Eqs. 6 thru 8). The above formulation allows the determination of the sta-
tistics (mean and standard deviation) of Ep, which are required in the
reliability analysis. Details of the evaluation of these statistics can be
found in Pires, Wen, and Ang (1983).

The ground motion, particularly the strong ground motion phase, of a
given earthquake may be mwodeled by a stationary Gaussian random process.
In this form, it can be characterized by a power spectral density function,
such as the Kanai-Tajimi spectrum. The expected peak ground acceleration
apax is the product of the root-mean-square ground acceleration apy, and
the "peak factor™ (PF); average values for (PF) have been suggest ed
(Vammarcke and Lai, 1980).

Reliability Evaluation

For an earthquake loading with a given amplitude and duration, the tail=-
ure condition at any depth within the deposit is [AW(1l) =~ AW < 0], where
AW(l) and AW are random variables. The statistics of AW are obtained from
the random vibration analysis, including the uncertainties in ground motion
parameters and some soll properties through sensitivity analysis and fiest~
order-second-moment approximation (Pires, Wen and Ang, 1983). The statis-
tics of AW(l) are obtained from the uncertainty analysis of the undrained
resistance against liquefaction under uniform cyclic stress loading.

ILLUSTRATIVE APPLICATIONS

Homogeneous Saturated Sand Deposit

The deposit is idealized as consisting of several layers to model the
changes in soil properties with depth as shown in Fig. 1. The undrained
cyclic resistance curves against liquefaction for the sand are shown in Fig.
2. The statistics of the time until liquefaction at 12.5-foot depth, T,
for several stationary loadings with different peak base accelerations aggyy
are shown in Fig. 3.

The statistics of the time t£ill liquefaction were also calculated for
a specific load with an expected peak ground acceleration of 0.10 g and the
modulating functiom shown in Fig. 4. At a depth of 12.5 feet, the mean dur~
ation is M, = 3.6 seconds and Op, = 1.8 seconds, when the stiffness de-
terioration of the sand is consid%r«d; whereas these values become 3.2 and
1.7 seconds, respectively, when a total stress analysis is used. As
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expected the statistics of the time till liquefaction can be well predicted
with the total stress analysis; the stiffness deterioration leads to slight-—
ly longer expected times for liquefaction.

Case Studies

The probabilities of liquefaction predicted with the proposed method—
ology are compared with the field performance of sand deposits during past
earthquakes. Usually, the historical data for the in-situ resistance of
the sand are plotted against the intensity of the earthquake load, and a
boundary separating the cases of liquefaction and no-liquefaction is de-
termined (Seed and ldriss, 1981). A convenient parameter to represent the
intensity of an earthquake is the ratio of the average shear stress T hye
developed on horizontal surfaces of the sand to the initial effective ver-
tical stress Oy,. Values of these shear-stress ratios known to be as-
soclated with some evidence of liquefaction or no-liquefaction in the field
are plotted as a £unction of the standard penetration resistance (SPT), Ni,
corrected to a value of Gvo equal to 1 ton/sq~ft (Seed and Idriss, 1981).

A graphical representation of some of the available historical data is
shown in Fig. 5, where the boundary separating the cases of liquefaction and
no-liquefaction (Seed, Arango and Chan, 1975) is shown by a solid line;
information about these data points can be found in Table 1.

The proposed methodology is used to calculate the probability of lique-
faction for some of the data points in Fig. 5, namely: (1) at three loca—
tions in the city of Hachinohe (Japan) during the Tokachioki earthquake of
May 16, 1968 (points 5, 6 and 9 in Fig. 5); (ii) at three locations in the
city of Niigata (Japan) during the Niigata earthquake of 1964 (points 1, 3
and 4 in Fig. 5); and, (1ii) at one location in the city of Niigata (Japan)
for two historical earthquakes of magnitude 6.1 and 6.6 (points 10 and 1l in
Fig. 5).

The probabilities of liquefaction were calculated for each case con-
sldering two different values of the c.o.v.'s of the shear stress ratio that
causes liquefaction in a given number of uniform loading cycles; these prob-—
abilities are summarized in Fig. 5. The model by Fardis and Veneziano
(198l), is used to characterize the undrained resistance to liquefaction un-
der uniform cyclic stress loading. The statistics of the strong-motion dur-
ation shown in Table 1 were obtained with the correlations between magnitude
and epilcentral distance proposed by Lai (1980), and Shinozuka, Kameda and
Koike (1983). Details concerning the modeling of the soll profiles for each
case as well as the assumptions underlying the analysis can be found in
Pires, Wen and Ang (1983).

The comparison with the observed historical data shows that the pro-
posed methodology appears to be a viable procedure for predicting the
seismic reliability of sand deposits against liquefaction, and for as-
suessing the relative reliability of design alternatives.
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