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ABSTRACT

Using Monte Carlo simulation, the probability of liquefaction in a soil layer
spreading over a finite area is calculated. Vertical propagation of seismic wave
and horizontally layered soil are assumed for random vibration analysis.
Statistical spatial correlation of the undrained shear strength of sand against
liquefactdon is considered with perfectly correlated input ground motion
excitation characterized by power spectrum and peak factor. The fragility
curves against liquefaction spread of finite strips extending along lifelines with
specified levels of base input ground motions for typical sand layers of
Metropolitan Tokyo are presented.

1. Introduction

The authors have been developing a probabilistic analysis method of
liquefaction of layered scil under random seismic loads[1].

The method has been applied to evaluate the seismic reliability of the
connectivity of electric power transmission network of a small area of
Metropolitan Tokyo. The rehability of the connectivity of an example low voltage
power network was found tc be strongly degraded by the presence of
liquefaction cof the sand layers within which the pipes were buried at shallow
depth{2].

It was assumed that an area of 500 m x 500 m would totally ligquefy when the
soil profile representing the soil properties of the above unit area showed the
possibility of liquefaction against a given ground acceleration, that the hume-
pipes for power transmission buried within the area would be damaged
somewhere within the area and that when damage of the pipes due to
liguefactdon should occur the power cables installed therein would be cut off
without exception causing electrical disconnection.

This assumption was adopted, because there is no information about the
behavior of buried hume-pipes under liquefaction; however, the assumption

1} Tokyo Electric Power Services Co., Ltd., Tokyo, Japan
2) Department of Civil Engineering, University of California, Irvine, U.S.A.
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seems reasonable for discussing electrical disconnectivity. The authors have
extended their work in two areas: one is to estimate the strength of scil after
liquefaction and its interaction with buried pipes[3]; the other is to
probabilistically estimate the lateral liquefaction spread within an area which
has liquefied[4].

The last work is comprehensively discussed in J.A. Pires et al{5]; however,
there we discussed only the case where a finite area will liquefy and
contiguously spread with decreasing probability in all directions.

When we apply our results to a practcal case of liquefaction of soil
surrounding buried power cable ducts of low voltage, lifelines that are closest
to demands, we should consider the practical situation of these pipes: due to
installation of a pipe underground., the surrounding scil might have been
disturbed, and with the work and the existence of the pipe underground water
will collect along the pipe that may extend several hundred meters for various
configurations. Therefore, the liquefied area of the surrounding scil may
collectively spread along the pipe more than in the other directions; such
damages as uplift of manholes and heaving-up of the buried pipes along the
path of pipes due to liquefaction have been observed in recent past
earthquakes.

In this paper, not only to estimate the proximity of liquefaction along the
buried structure but also to estimate the magnitude of the area along the buried
structures where restoration work may be necessary after liquefaction, the
probability of contiguous soil liquefaction spread along a finite longitudinal
strip is discussed.

2. Liquefaction Analysis Model
2.1 Cyclic Resistance Curves against Liquefaction

The resistance of sand against liquefacton is defined by the number of
cycles, N,(?)\ of constant amplitude shear stress ratio, t, necessary to induce
liquefacton known as "cyclic resistance curve". Theload term, the shear stress
ratio, is defined as t/¢ , where < is the working stress in the soiland o',
is the effective overburden stress. Based on the occurrence of ligquefaction
during past earthquakes, the cyclic stress ratios have been correlated with
Standard Penetration Test Blowcount normalized to an effective overburden
stress of 1.0 ton/ft’ and an energy ratio of 60%, (N)g-SPT[6].

Based on the above observed correlation between (Nl)so’SPT and the stress
ratio, < /o' .- the authors derived such "cyclic resistance curves against
liquefactHon" asis shown in Fig. 1 with different fine contents for Magnitude 7.5
earthquake. The detail of the process toobtain the curves is given in J.A. Pires
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et al[l].

2.2 Random Seismic Loading

Any of the "cyclic resistance curves" can be interpreted by
N{T)[E(x) (%)l =W, (1)

where W is an arbitrary constant, Ec( r) is the energy dissipated through
hysteres15 in one cycle of shear stress amplitude <, and h(r) is a weighing
function. The concept of the number of equivalent uniform loading cycles implies
that under N loading cycles with different shear stress, ?,, liquefaction will
occur when

W=y E(T)h(3) (2

/-1

reaches Wu.

The probability that liquefaction will occur at any point in the critical layer
of a layered soil, independently of liquefaction occurring anywhere else in the
layer, is given by

PLE)) = [ Fu (@) fwen () da (3)
0

where f, denoctes the PDF of W and fW( ah is the probability density function
of W(a,b)-

For an earthquake with a given intensity A=a, and a strong motion duration
T~=t liquefaction occurs when

Z=W, - W(a,1)<0.0 (4)

where Wu denotes the hysteretic energy dissipation capacity of the soil layer
and if this capacity is exhausted the liquefaction will set up. The quantity
W(a,t) is given by

W(a,t)=[X(nér(nar (5)
0

where ér( 1) is the rate of hysteretic energy dissipated at time rand X(r)is an
equivalent weighing functon to include the effect of random stress
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amplitude(7],

Xy = [ h(D) EL(R) T, N 1 [ [ EL(D) F(5, D] (6)
0 o}

where a is the normalized maximum of the hysteretic component of the shear
stress for the sand and f,(t, r) isthe probability density function of the peaks
of - at me r.

The mean and varianceof W(4, ) areobtained from random vibration analysis
[7.8].

On the other hand, the statistics of Wu are obtained from the uncertainty
analysis of the cyclic resistance against liquefaction and the "cyclic resistance
curves" in Figs. 1{(a) to 1(c¢), are regarded as the mean resistance curves and
the coefficient of variation(c.o.v.) was found to be 0.57 for a given N-SPT
blowcount by assuming independence of the stress ratio to cause
liquefacticn[1]. When the uncertainties in the N-SPT blowcount are considered,
the c.o.v. of the N-SPT blowcount will increase. Considering the c.o.v. of 0.15 for
the N-SPT bilowcount, the c.o.v. of appraximately 0.8 for the number of uniform
loading cycles tll liquefactHon is used in our study.

2.3 Response Analysis of the Layered Sail

The total shear strain at each layer of the liquefiable layer defined by
¥,=(X., -x,)/ Ah, is calculated by idealizing the soil layer as a multi-degree of
freedom lumped mass model with viscous damper at the bottom with the outcrop
input ground motion defined at the top of the base layer; where x; andAh,
denote the total response displacement of the mass i and the thickness of the *
th layer, respectively. A hysteretic model and an analytical procedure[7,9,10]
are used here to represent the soil hysteresis and calculate the necessary
component of the shear stress by a first-order differential equation. Statistical
linearlization is used in the sglution of the nonlinear equation.

The hysteretic component, z of the shear strain is expressed by

9z _p-pltlizim-n iz (7)
Ca Y

where y 1s the total shear strain, A, p,8 and r are parameters that describe
the shape of the hysteresis loop. Then the shear stress is given by
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t=aGLy+(1-a)G,2 (8

where Gm is the initdal shear modulus and ¢ Gm is the residual stiffness. The
maximum hysteretic shear stress is then given by

tp=(1-2) Gl A (B +&) (9)

In this study, the following values are used for the smooth hysteretic model:

Assuming r=0.5in Eq.(7) and the Hardin-Drnevich type strain-dependency
curve is assumed with the reference strain y r=4.0x104, respectively. Also the
following parameters are used:

A=10, 5=p, «=0.05

with $§ and y calculated from Eq.(9) for a specified value of ..

2.4 Input Ground Motion Statistics

In the analysis, the stochastic input ground motion is characterized by a
stationary Gaussian random process; power spectral density function defined
by Clough-Penzien[11].

144 plw/wp) (w/wg)®

(10)
[1-(w/wg)+4¢%5(w/wg? [1-(0/wg)P+4{% g(w/we)

S(w) =S,

where the parameters wy=16.9rad[s, (5=0.94, (5=0.7, andwg= 1.25 radfs
were chosen. This ground motion is applied at the hypothetical outcrop surface
of the base layer.

2.5 Calibration of the method

In order to assess the reliability of the above method, the probabilities of
liquefaction were computed for some past case histories of occurrence or non-
occurrence of liquefaction. The case histories investigated are summarized in
Table 1. Cases 1, 3, 4, 6, 9B, 9T, 10 and 11 were investigated. The results of the
investigation are shown in Fig. 2. The line shown in Fig. 2 separates the data for
which liquefacton has occurred from those data for which liquefaction has not
occurred for Magnitude 7.5 earthquakes. The probability of the onset of
liquefaction computed with the methodology appear to be consistent with the
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observed data.

3. Lateral Extent of Liquefaction Spread
3.1 Methodclogy

The probability that liquefaction will occur at any point in the critical layer
of a particular layered soil has been given by the previous Eqg.(3). The soil
resistance capacity and the load terms, respectively W, and W(a, t), are
replaced by § and @ here, to simplify the description.

The soil resistance in a finite area, BxL, of concern is described by a two-
dimensional homogeneous lognormal random process with mean §, varianceg 2
and auto-correlation function of resistance capacity Agg(r)). where r, is the
horizontal distance between any two points in the layer. The area is divided into
elementary squares with side Dnumbered i=12,.....N, as shown in Fig. 3.

The scil resistance against liquefaction at the center of the elementary
squares are random variables denoted by S8, i=L2....N. Here, within the
elementary square, the probability of ligquefaction is assumed tc be kept
unchanged from the value given to the layer. Then the random variables SI are
identically distributed but are not statistically independent. The coefficient of
correlation for a pair of random variables (S,, S/) is

Rss(ry)

pes(ry) =—1-1 (11)
OS,OSI

where 0g=0g5=0g:
The probability that ligquefaction will extend over the entire area BxL is the
probability that all elements within that area will liquefy. Therefore,

P, (B, L)=[(8§<Q)N(S,<Q)N..N(Sy<Q)] (12)

which can be wntten as

P(B, L}=[Fq, s (@--uq)f0(q)dq, (13)
Q
where
q q
Fsrnsﬂ(q,....,q)=f asae f(sr"sN(S-“...-,SN)ds1.-~dSN (14)
0 0

The integral in Eq.(13) for each value of g is evaluated using Monte Carlo
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simulation. Here, it is assumed that the input ground motion defined at the base
layer is perfectly correlated within the area BxL. The practical computation is
performed after transforming both the variables S,, and Q(see [5]).

3.2 Contiguous Lateral Spread in All Direction

The examples of liquefaction fragilies at any point within the area of
concern for soil deposits B and F, the soil profiles of which are shown in Fig. 4,
are shown in Fig. 5[5]. For these deposits, the correlation functon

pss(r) =exp[-(r/b)?] (15)

is applied for generating two-dimensional homogeneous horizontally correlated
random field. In the equation, b is a positive parameter called oorrelation
coefficient and r is the horizontal distance between any two points in the layer.

Various methods have been proposed to estimate the parameter b for the
correlation function of soil properties[12,13]. The correlation length defines a
distance such that the average number of uncorrelated observations of the scil
property within it is 1.0. The value b in Eq.(15) is converted from the
correlation length §, as b=5u/ﬁ and ranges from about 30 m to 40 m. The
actual values of b should be evaluated for a particular case as the adverse
consequences of liquefaction will depend on the size of contiguous liguefaction
relative to the diameter of the buried pipes and manholes. In this paper,
however, the HquefacHon fragilities for socil deposit F with was computed by
making the size of squared-area B=L as parameter; e.g., let B from 1.94 to 5.81
times b. Therefore, if we assume b=40 m, then B=L becomes about 80 m to 230 m.

The results are shown in Fig. 6; the probability of liquefaction contiguously
spreading over a given area decreases very rapidly as the area increases. Fig.7
shows another expression of the probability of contiguous liquefaction with the
size of squared-areas.

Using the proposed method it is also possible to compute the probabilities
that a specified fracton of the area B x L will liquefy[14]. The method is also
possible to be directly applied to estimate the probability of liquefaction spread
along a finite strip where long pipes are assumed to be buried in shallow depth.

3.3 Contiguous Longitudinal Spread in a Strip
The proposed method was applied assuming rectangular-area as shown in

Fig. 8. The sail deposits selected are the previous F and B, and further E of
which soil profile is shown in Fig. 9. These soil deposits are very popular in
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Metropolitan Tokyo.

First, the liquefaction fragilities for soil deposits F, E and B are shown in
Fig. 11. Among them the results for scil deposits F and B are the same with
those given in the previous Fig. 5 even if they were separately computed and
the results for soil deposit E is newly added.

Taking width B and Length L of a rectangular—-areain Fig. 8 as 40 and 500 m,
respectively, the proposed method was directly applied to the above three types
of deposits to estimate the probability of liquefaction spread along a finite strip
where long pipes or ducts are assumed to be buried in shallow depth. The
results are shown in Fig. 11. The size of element area was chosen as 20 m x 62.5
m and the correlation coefficient as b=62.4 m which may give more adverse
consequences in spreading the liquefaction along the area of concern than the
case using the reported values of b ranging from 30 m to 40 m.

The probability of liguefaction contiguously spreading over a given strip
also decreases as the area increases.

For comparison, if we take the previous results for soil deposit F from the
case with the base peak acceleration, PGA=0.095 g and lateral extent of
liquefacHon L=6{actual squared-area has L=B= 62.4 m x 5.81 = 363 m), the
probahility of contiguous liquefaction spread in the squared-area becomes about
0.35, whereas the corresponding result of this time, the probability of
contiguous liquefaction spread along the strip, becomes 0.5 by taking Ls/L=363
m/500 m = 0.725 and the interpolated result at PGA=0.95 from those of PGAs 0.090
and 0.098 in Fig. 11. It seems reasonable to obtain more adverse result from the
case of spread along a finite strip than the previous case of squared-area.

4. Discussion

As we already pointed out, when we consider the practical situation of soil
surrounding buried pipes, due to installabon of a pipe underground, the
surrounding soil might have been disturbed and, with the work and the
existence of the pipe, underground water will collect along the pipe that may
extend several hundred meters for various configurations. Therefore, the
liquefied area of the surrounding soil may oollecively spread along the pipe
meore than in the other directions; such damages as uplift of manholes and
heaving-up of the buried pipes along the path of pipes due to liquefaction have
been observed in recent past earthquakes. The proposed method tco evaluate
lateral liquefaction spread of layered soil deposits has given reasonable results
numerically as already shown in the preceding part of this paper. )

Based upon the results above obtained, the proposed method seems to give
us more useful and practical information in the evaluation of seismic reliability
of power transmission network as follows:

624



Fig. 12 shows a model electric network located in Metropolitan Tokyo and the
probability of black-out at the demand nodes of 66 kv in 25 yvears(2]. The
location of the area of concern is plotted in Fig. 13(a) denoted as "C" and the
Annual Probability of Exceedance of PGA at the location is given in Fig. 13(b).
The higher values of probability of black-out(electrical disconnectivity just
after an earthquake) for demand nodes are distributing within and near the
hatched meshes which have been evaluated as the meshes very vulnerable to
liquefaction. This is considered reasonable because these meshes are lying on
old nver bed or terrace.

It was assumed that an area(a mesh) of 500 m x 500 m would totally liquefy
when the soil profile representing soil properties of the above unit area showed
the possibility of liquefaction against a given ground acceleration, that the
hume-pipes for power transmission buried within the area would be damaged
scmewhere within the area and that when damage of the pipes due to
liquefaction should occur the power cables installed therein would be cut off
without exception causing electrical disconnection.

This assumption was adopted, because there is no information about the
behavior of buried hume-pipes under liquefaction and the assumption seems
reasonable for discussing electrical disconnectivity; however, as already shown
in the previous Figs. 7 and 11, the probability of liquefaction contiguously
spreading over a given area decreases very rapidly as the area or the length
of strip increases.

The hatched meshes in Fig. 12 consist of soil deposits 3, 4 and 6 shown in Fig.
14. Among them, soil-3 and soil-4 respectively corresponds to soil F and E in
this study. The probabilities of liquefaction for these soil deposits are given in
Table 2. Although it is not clear how the structural consequences due to
liquefaction will be affected by the size of hquefaction spread along the
structures, however, it may be reasonable to estimate severer damage for larger
liquefaction spread but with less probability.

From the demand node distribubon of the model network, hume-pipes for
power transmission have around 250 m unit-length.

The expected PGA for 25 year-return period is 0.18 g at the ground surface
evaluated as 0.12 g at the base layer[2], and the annual probability of
exceedance of PGA at the location C is 0.25 from Figs. 13(a) and 13(b). The
probabilities of liquefaction for soils F and E are 0.99 and 0.38 from Fig. 11.
Therefore, the probability of liquefaction spreading contiguously over this
length for each soil deposit will become 1-2.6x107% and 9.1x107}, respectively; as
similar to the results shown in Table 3. However, if we take the fulllength of the
pipes within a mesh, it becomes 1-5.2x10"° and 0.08, respectively for soils F and
E; in this case the decrease of the contiguous liquefaction probability is
remarkable for soil deposit E(soil-6).

The above information obtained here may be helpful in planning the
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restoration work and formation of work force for local power supply network
after damaging earthquakes.

From the above results, it should be emphasized that since larger the value p
becomes, the probability of contiguous liguefaction extending over a particular
area or finite strip will become larger, the value b should be evaluated for a
particular project; the adverse consequences of liquefaction will depend on the
lateral extent of contiguous liquefaction relative to the diameter of the buried
pipes and manholes. Also in this regards, the relation between the lateral extent
of liquefaction and the practical consequences of buried structures should be
extensively investigated.

5. Conclusion

A method to calculate the probability of the onset of liquefacton in
horizontally layered soil deposits as a function of the expected maximum ground
acceleration is presented. The method are practically consistent with past
observed case histories of on-occurrence or non-occurrence of liquefaction.

The method was extended to compute the probability that liquefaction will
spread over a given squared-area and a finite strip where lifelines are buried.
It was observed that the probability of liquefaction spreading over a given area
decreases as the contiguous lateral extent of liquefaction increases.

The method was applied to re-evaluate the vulnerability of a model power
transmission network of Metropolitan Tokyo to liquefaction. The results may
help future study on not only the seismic assessment of buried lifelines but also
on the restoration planning by relevant organizations.
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Table2 Parameters of Equivalent Lognormai Distribution
for the Fragility Curves for Liquefaction
(cm/s?)
Soil Profile 1 2 3 y 5 6
Median 297.0(1240.0 72.1] 102.0) 418.0| 105.0

Log Std. Dev.| 0.24| o0.44; 0.20| 0.22|( 0.38| 0.18
Table 3 Probabilities of Liquefaction for Six Soil Profiles

Soil Profile

Probabllity ! 2 3 4 5 6
Annual 1.6x10-3 ] 3.4x106 | 25x10-V | 1.1x10-7 | 79%x10-4 | 9.6x 10-2
25 years 3.9x10-2 | 85x105 {1-7.6X10% 945107 | 20x 102 | 9.2x 10
50 years 7.7x102 | 1.7x104 11-5.6x10-7|1-3.4x10-3| 3.9x10-2 [1-6.5x 103
Pen =1 - (1 - Ppy )0

where

: Prn

629

probability in n years
annual probabillity




('N) s8|943 jo JaquinN
0¢ 101 S Z oo&
'lll"-l,:rl..l.[.
~ mlé’[
-— B e
/rl ar ,lrl.’l
-
.I..[rl..’l.
GrEifstorgN—| v
|

{(1odge>? 3)eounysisay uorjoojanbin

SIUSJUCO AU JUDIBIFIP I0T

uonerenby Jsutebe svAIND ouEISTSVI LD T "Brd

(IN) 5231240 jo JsquinN

(0* o [2) oyoy ssays

0z 00 S ¢ o0
'Il.lloljll.llliv‘
af.,lfflru.-. ] I
i rmJ.l!rlrl
/.w/.rll -
III"I.__ 14
dd=H(srolB'N
I

(r12dg | >” J)8ouD|sisay uojjopjanbin

(o /1) oy ssoils

('N) saj247 jo sjaquinN

osH$Adig N

(1uediadg>? 4)aoubysisay uoyopjanbig

02 01 S Z 0
!I.:llollllll.l.
ot T )
‘f/ll N
0T [T
szl

e
S R 4

{°* o [1) ooy ssayg

630



CALCULATED PROBABILITIES

CASE HISTORY | PROBABILITY CASE HISTORY| PROBABILITY
1 1.000 % 0.233
3 0954 9 0.000026
5 0.460 10 0.142
6 1.000 1 0.000058
@ — LIQUEFACTION QO — LIQUEFACTION NOT
OBSERVED QBSERVED
0.5
H
1]
1
!
0.4 i
‘I
CYCLIC H
SHEAR H
STRESS 0.3 )
RATIO /
54
¢
0.2 3 /
1
B OgT
[o]
0.1 A 10
4
0.0
0 10 20 30 40 50

SPT BLOWCOUNT. (N | )gg

Fig. 2 Probabilities of liquefaction for selected case-histories.

0

6 7 +3 9 10
® ® [ ] ®

1 2 3 4 |- s
L [ )] L ] ®

_ |
le 1=5D N

Fig. 3 Discretization of area 8 X L into elementary squared-areas.
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DEPTH SOIL N-SPT SHEAR WAVE PERCENT
(m) TYPE  |Uncorrected | VELOCITY(mvsec FINES
Water
310 Table
r— LOAM 4 160 —
70
LOAM
with 5 173 —
CLAY
120
CLAYED| 225 2
SAND
170
SILT 18 263 —_—
230
>50 >450
(a)

) Name Shear Wavd
o of N-SPT|  Veloeny | Fe
Laver m/sec (%)
0.5m——
p— Upper
Yurakuche 10 175 21
Formauon
60 {{ (sand)
Lower
Yurakucho 3 119 44
Formauon
110 |} (ctayed-sand)
>50 > 450 m/sec
(b)

Fig. 4 Soil deposits analyzed:(a) soil B; (b) soil F
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Fig. 5 Liquefaction fragilities for soil deposits B and F.
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Fig. 7 Probability of liquefaction spreading in the layer (soil deposit F).
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Fig. 8 Liquefaction spread along buried conduit.

Name N Shecar Wave
Depth . Percent
of SPT * Velocity Fine
(m) Layer (m/scc) nes
— 0.5 Upper
Yurakuche
10 175 21
(SAND)
5.0
*UNCORRECTED >50 >450 B

Fig. 9 Soil profile of soil deposit E
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Fig.12 Model Electric Network and Probabilities of Black-Out at the Demand Nodes
of 66 kvin 25 Years
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Fig.14 Fragility Curves of Liquefaction for the Soil Profiles in the Selected Area
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