|

é

PERMANENT GROUND
CEFORMATION HAZARDS

The principal forms of permanent ground deformation [PGDY
are surface faulting, lands:cing, seismic settlement and |ateral
spreading due to soil liguefaction Whether the buried pipeline
fails when subjected to PCL depends, in pait, o1 the aimaunt and
spatial extent af the PCD, which are Introduced hare,

The aim of this chapter is to provide a general overview of
permanent ground deformation First, we discuss the types of faults
and the expected amount of faull offset, wlich is =mpincaily cor-
related with eart-quake magnitude. Second, we desenbe the types
of landslides, empirical relations for the ocruirence of landstides,
and analytical relatronz ior the amount of earth flow movemenl.
Thid, two approaches to evaluate ground setiler ent inducesd by
soil liquefaciion are introduced. Finally, we present the character-
istics ul tateral spreads induced by soil liquelactinn

Fa u LT

An active lault is a disconiinuity between two portions of the
earth crust along which relative movements can occur. The move-
ment is concertiated in relatively narrow [ault zones Principal
types of fault movement include strike-sl'p, normal-shp and re-
verse slip as shown in Figure 2.1, In a stike-shp fault the
predominant motion is horizontal, which defoims a continuous
pipe primarily in tensicn or compression depending on the pipe-
fault intersectioral argle. 11 normal and reverse fau!'s the
predominant ground displacement is vertical. When the overhang-
ing side of the fault moves downwaids, the fault is normal, which
deforms a horizontal pipe primarily in tension When the over-
hanging side of Lhe fault maves upwards, the [ault is reverce, which
deforms a horizontal pine primarily in compiession.
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As mentioned previously in Section 1 2, the strain in a con-
tinuous pipe subject to fault offset depends on the amount of the
fault offsel and the pipe-fault intersectional angle. Here we only
discuss the amaunt of fault offset. [he effects of the intersectional
angle will be discussed in Chapter 8.

Various empirical relalions between fault displacement and
marent magnilude have been praposed. They all have a similar
logarithmic form. Here we only introduce the relationship by Wells
and Loppersmith {1994) because il extends previous studies by
including clata from recenl earthquakes and from new investiga-
tions of older earthquakes. Based on a worldwide data base of
421 historical earthquakes, Wells and Coppersmith selected 244
earthquakes, and developed the following empirical relationships:

log®, = -6.32 + 0.90M for Strike-Ship Fault 2.1
logd, = -4.45 + 0.63M for Normal Faul (22)

logs, ~ -0.74 + 0 0BM for Reverse Fault 2.3



where 8§, is the average fault displacement, in meters, M is the
moment magnitude. The observed fault displacement in the Wells
and Coppersmith’s data base (i.e., magnitude range from 5.6 to
8.1) varies from 0.05 to 8.0 m for strike-slip faults, 0.08 10 2.1 m
for normal faults, and 0.06 to 1.5 m for reverse faulls as shown in
Figure 2.2. The maximum fault displacement is twice the average
fault displacement, according to Wells and Coppersmith. Note that
the single curve (i.e., solid iines) in Figure 2.2(a) is for a combined
model, while the three curves in Figure 2.2 (b) are for strike slip,
reverse and narmal faults respectively.
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If a fault is poorly known or blind (i.e., lack of clear surface
expression to judge fault type), the all-tlip-type regression pro-
vided by Wells and Coppersmith can be used to evaluate the
expected fault displacement.

logd, = -4.80 + Q.69 for all {2.4)
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Landslices are mass movements of the ground which may be
tiggered by seismic shaking. A large numker of systems have been
developed to classify landslides. The most widely used classifica-
tion system in the United States was devised by Varnes (1978).
Varnes identified five principal categories based on s0il movements,
geometry of the slide, and the types of material involved., Varnes's
categories are: falls, topples, slides, spreads, and flows. Herein,
latera) spreading is considered to be a liquefaction-induced phe-
nomencon, and is discossed in Section 2.2,

Based on the different effects on pipelines, Meyersohn {1991)
established three types of landstides as shown ir Figure 2 3

As shown in Figure 2 3, Type | includes rock fall and rock topple,
which can cause damage to above-ground pipelines by direct im-
pactof falling rccks. This type of landslide has relatively little effect
on buried pipelines and will not be discussed in detail. Type I
includes earth flow and debris flow, in which the transported ma-
terial behaves as a viscous fluid. Large movements (several meters
or more) are often associated with this type of landslide hut the
expected amount of movement is diflicult o predict. Type If land-
shides will not be discussed herein. Type 11l includes earth slump
and earth slide, in which the earth moves, more or less as a block.
They usually develop along natural slopes. river channels, and
embankments. Because pipelines often cross such zones, the fol-
lowing will facus on this type of landslide.

Empirical methods have been used to determine upper bounds
for the occurrence of landslides. Figure 2.4 shows one such rela-
tion (Applhed Technology Council, 1985), in which the maximum
clistance of vbserved landslides to the fault rupture zone is platted
as a function of earthquake magnitude. ’

Recent worx by jibson and Keefer (1993) resulled in analytcal
eshimation of the expected amount of landslide movement They
used the computer program STABL (Siegel, 1978) to search for the
critical failure surface by randomly generating slip surfaces and
calculating the factor of safety (TS} The factor of safety is the ratio
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of the sum of the resisting forces and sum of the driving forces that
tend to cause mavement. That is, the critical failure surface s *he
slip surface with the lowest factor of safety.

Based on Newmark's Black model (Newmark, 1965}, the criti-
cal acceleration, a,, can then be defined as:

a_ =g(fs 1)sina i2.5)

where g is the acceleration due to gravity and « is the inclinad
angle of the slope,

The displacement af the black is then calculaled by double
integration of the ground accelerations larger than the critical z¢-
celeration a .
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jJibson and Keeler selecled 11 strong-molion records to esti-
mate the Newmark displacement. For each of the strong-motion
records, they calzulated the Newmark displacement for several
critical accelerations between 0 02 and 0.4 g, which is consid-
ered to be the practical range of interest for most
earthquake-induced landslides. The resulting data are plotted in
Figure 2 5, for which the best regression function 15

iogD, = 7.460logf - 6.642a + 1.546 {2.6)
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where D, is the Newmark displacement in centimeters and I_ is
the Arias intensity in g's, defined as:

h = ?’;-namr’dr (2.7)

where a(t} is the ground acceleration time history
In this regard, Wilsun and Keefer (1983} developed a simple

relationship between Arias intensity, earthquake magnitude, M
and source distance, R, in xilometers:

’

Eogl_, =M - 2logR- 4.1 (2.8)

Note that Equation 2.8 is developed from California earth-

quakes and may slightly underestimate shaking intensity in the
central United States.




LATERAU AL S PREADI NG

Lateral spreadls develop when a lcose saturated sandy soil de-
posit 1s liquefied due 1o seismic shaking, Liquefaction causes the
soil to lose its shear strenpth, which in turn results in the flow or
lateral movement of liquefied soil. Although the ground move-
ment is primarily horizontal, Towhata et al. (1991) observed that
vertical soil movement often accompanies liquefaction-induced
lateral spreading. However, the vertical component is typically
small and will be disregarded herem.

In terms of pipeline 1esponse, two situations are possible. In
the first case such as at the Qgata Primary School site during the
1964 Niigata event, the top surface of the liquefied layer is essen-
tially at the ground surface. For this first case, a pipeline is subject
to horizontal force due to liquelied soil flow over and around the
pipeline, as well as uplilt or buoyancy forces. In the second case
such as at the Mission Creek site during the 1906 San Francisco
event, the top surface of the liquefied layer is located below the
bottom of a typical pipeline That is, the pipeline 15 contained in a
non-liquefied surface soil layer which rides over the liquefied fayer.
For this secaond case, the pipeline is subject to horizontal forces
due to non-liquefied soil-structure interaction but not subject to
buoyancy effects. Pipeline response to such horizontal loading is
discussed in Chapler 6 and 7. Pipeline respanse to buoyancy forces
is tliscussed in Chapte 7.

The direction of movement for the lateral spread is controlled
by geometry, When the lateral spread occurs at or near a free face,
the movement is generally lowards the free face. When the lateral
spreacd occurs away hom a free lace, the movement 1s down the
slope of the ground surlace or down the slope of the bottom of the
liquefied layer. For the “PGD towards a free face” data, the ob-
served distance is from 10 to 300 m (33 1o 984 ft) away from the
Nee face with average value of 100 m (Bartlett and Youd, 1992)
For the “PGD away from a free face” data, the observed slope is
from 0.1% to 6% with an average value of 0 55%

There are four geometric characteristics of a lateral spread
which influence pipeline respanse in a horizontal plane. With ref-



erence to Figure 2 6, these are the amount of PGD movement B,
the transverse width of the PGD zone W, the longitudina| length
of the PGD zone L, and the pattern or distribution of ground move-
ment across and along the zone,
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In the fo'lewing subsection, available information which can
be used to quantity each of these characteristics is presented.

Z2.3.1 AMBDUNT DODF PED

In general, the potental for PGD 1o induce pipe damage e
related to the amount of ground movement, the length and width
of the PGD zone as well as the pattern of deformation. Piadict'ng
the amount of ground displacement due to snil liquefaction is o



challenging problem. Neveitheless there have been a number of
studies, both analytical and empirical, which have addressed this
tssue These studies are reviewed below.

Analytical and Numerical Models

Dobry and Baziar (1990), and Mabey (1992) estimate hique-
faction-induced displacement using a Newmark sliding block
analysis. ‘n this analysisa 1.1, rigid soil block model is allowed to
displace along a planar failure surface during time intervals when
the sum of the inertial (i.2., earthquake) and gravity {i.e., self weight)
components along the shide surface exceeds the shear strength of
the soil

Hamada et al. (1987), Towhata et al. (1991), and Yasuda et al.
11991} used 2-D, static elastic models to estimate the amaount of
‘ateral spreaciing displacement. They model the non-liquefied sur-
face layer as a 2-D, elastic beam, (loating on the liquefied layer
below, and subject to lateral loading (the component of the grav-
1y load rarallel to the inclined ground surface). An analytical,
closed form solution is used to calculate the ground displacement
Dy minimizing the potential energy of the system.

Crense and Towhata (1992) used a variational principle to
develop a 3-D analvtical relation for the amount of fiquefaction-
incuced ground displecement. The method is based on the principle
of mmimurn petential energy, The lateral displacements are calcu-
laled based on the assumption on a half sinusoidal distribution of
lateral dispiacement along a vertical section (i e , zero at the bot-
tom and maximum at the top) and vertical displacements are
caleulated basec on canstant volume assumption. The Rayleigh-
Ritz netvod is employed to ohtain the solution.

However, as pointed out by Bartlett and Youd (1992), these
analytical and numerical models have not been applied to a wide
rane of earthquake and site conditions More validation and cali-
bra.ion studies are itkely needed before these analytical and
nu nerical techniques can be used directly by practicing engineers

Ewrpirical Model

Several en-pirical models have been proposed to predict lat-
eril spread displacements The following brief review describes



these existing empiricai reiations, their underlaying assumptions
and expected range of applicakility.

Work by Hamada et al. (1986} suggests that the amount of
PGD induced by liquefaction is clesely related to the geometric
configuration of the estimated liquefied layer They proposed the
lollowing regression formula for the magnitude of horizontal PGD,
b, In meters:

5 =075Vl {85 (2.9)

where /1 is the thickness of the liquefied layers, in meters, and 8, is
the slope of the lower boundary of the liquefied layer or the ground
surface (%), whichever is larger.

Note that the Hamada et al. relation does not distinguish be-
tween the amount of expected PGD at a free face as opposed to
that for gently sloping ground. In addition, the thickness of the
liquefied layer Is in a sense a pseudo parameter which accounts
for the amount of ground shaking (related to earthquake magni-
tude and distance) as well as the soil characteristics at the site
According to Bartlett and Youd {1992}, it produces reasonable es-
timate for earthquakes with magnitude around 7.5 and epicenter
distance in the 20 to 30 km range,

Youd and Perkins {1987) introduced the concept of a Lique-
faction Severity Index (LSH which is defined as the amount of PGD,
in inches, associated with lateral spreading on gently sloping
ground and poor soil conditions. 151 is arbitrarfly truncated at 100,
Youd and Perkins established a correlation belween LSI, earth-
quake magnitude and distance for the western U1.5. as follows:

logLSt=-3.49 - 1.86logR, + 0.98M_ (2.10)

where R is the distance from the epicenter to the site, in kilome-
ters for western U S. earthquakes, and M_ 15 the earthquake
magnitude.

Using that correlation as a starting point and data available for
the 1811-12 New Madrid earthquakes, Turmer and Youd (1987)
proposed the following refation for the New Madrid area:

loglsi=4.252-1.276logR, (2.11)



Two separate equations are provided to account for differences
in attenuation of strong ground motton east and west of the Rocky
Mountains. Note that LSI given above is not a function of local soi
parameters (i e, applies to the worst possible soil condition) nor
ground slope (it applies to ground slopes between 0 5 and 5%). In
addition, as with Hamada’s work, the LS| relation does not distin-
guish between the expected amount of PGD at a free face as
opposed to that for gently sloping ground condition.

Using data from 1906 San Francisco, 1964 Alaska, 1964
Niigata, 197 | San Fernando, 1979 Imperial Valley, 1983 Nihankai-
Chubu, 1983 Borah Peak and 1987 Superstition Hills earthquakes,
Bartlett and Youd (1992) recently developed two empirical rela-
tions for the expected amount of PGD due to liquefaction The
first is for lateral spreads down gentle ground slopes and the other
is for lateral spreads at a free face.

For gently sloping ground condition, the relation is

i0g(& + 0.0 = -15787 +1.178M - 0.927log Ry — 0.013R,
+042%0g § +0.34Blog Tis = 4527 log(100 — Fig) — 09220,
(2.12}

For PGD at a free face

log(§ + 0.01) = —15.787 1 1.178M - 0.927log Ry — 0.013R4
+0.42910g ¥ +0.34810p /15 + 4,527 log(100 = fe} - 0.922D5,.

2 13)

where 8 is the permanent horizontal displacement of ground {m),
M is the earthquake magnitude, R is the epicentral distance tkm),
§is the ground slopes (in percent, shown in Figure 2.7(a)), Yis the
iree face ratio (in perceni, shown in Figue 2. 7 (b)), F,. 15 the aver-
age fines conlents in T, (%), Dsq. is the mean gram size in T,
tmmj}and T, is the thickness of saturated cohesionless soils with a
corrected SPT value less than 15, (m).

Both equations include the effects of shaking at the site, soil
properties and site topography. For a given amount of ground shak-
ing (i.e,, magnitude and epicenter distance fixed), the parameters
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which most strongly influence the amount of PGD are the average
fines contents, followed by the mean grain size and the ground
slopestree face ratie. The arcuracy of the Bartlett and Voud {1922}
empincal relations are relatively good, in that predicted values
are generally within a factor of two of the observecd values, As

such, they are arguably the best currently available relations for
use in the western U.S.

2.3.2 SPATIAL EXTENT OF LATERAL
SPREAD ZOMNE

As will be seen later, the width and the length of the PGD
zore have a strong influence o1 pipe response o FGD. Unfortu-
nately the currently availeble informalion on the spatial extent of
lateral spread zone 1s somewhat limited. Although ane expects
that the spatial extent of the lateral spread zone strangly correlates
with the plan dimensions at the area which liquefied, analvtical o1
empirical relations are not currently avaitable. 0 the foltowing.
both the width W and length [ as ¢chown in Figure 2 & will be
discussed

Information on observed values for the spatal extent of the
lateral spread zone has been develaped by Suzuki awl Masuda
(19215, Using data from the 1964 Niigeta and 1983 Nihonkz-
Chubu earthquakes, they presented scattergrams in Figure 2.6 of
the amount of ground movement and spatial extent of the lateral
spread zone for PGD away lrom a free face. Note that most all the
observed widths are distributed in the range of about €0 to 500 m
(262 to 1968 ft) and the lateral displaceent tends to increaze
with increasing width

In terms of the length of the lateral spread zone at a free face,
the study by Bartlett and Youd (1992) provides useful information.
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Figure 2.9 shows cbserved data on the amount of PGD and the
length of the lateral spread zone at a free face. As with the ob-
served PGD) zane width shown in Figure 2.8, the observed lengths
in Figure 2.9 are less than about 400 m {1312 1), with most of the
values below 200 m (656 ft). Although there is a large amount of
scalter, the ground displacement appears to be a decreasing func-
tion of the length of the lateral spread zone for this {ree face
situation. On the other hand, as discussed in relation to Figure
2.8, the ground displacement appears to be an increasing func-
lion of the width of the lateral spread zone lor gently slopiny ground
situations.

Nevertheless, due to the large amount of scatter in these fig-
ures, it seems that the expected length and width of a lateral spread
zone, particularly for site specific studies, should be based upan
the expected plan area of liquefaction as opposed to the estimated
ground maovement,

2.3.3 PGD PATTERN

As noted previously, the response of buried pipelines to PGD
is influenced by the pattern of deformation, that is the variation of
permanent ground displacement across the width {Figure 2.6(b))
or along the length (Figure 2.6(c)) of the lateral spread zone. The
study by Hamada et al (1986) of liquefaction in the 1964 Niigata
earthquake and 1983 Nihonkai-Chubu earthquake provide a
wealth of information on observed longitudinal PG palterns. Fig-
ure 2.70 shows longitudinal PGD observed along five of 27 lines
in Noshiro City resulting from the 1983 Nihonkai-Chubu earth-
quake. in this figure the height of the vertical line is proportional
to the observed horizontal PGD at the point.

Note that about 20% of the observed patterns (6 out of 27}
have the same general shape as Figure 2.10(a). That is, they show
relatively uniform PGD movement over the whale length of the
lateral spread zone. The response of continuous buried pipeline to
idealizations of these lengitudinal patterns of PGD is discussed in
Chapter 6.

Information on transverse patterns of PGD, as shown in Figure
2.6(0) is more limited. Figure 2 17 shows five transverse PGD pat-
terns observed in the 1971 San Fernando earthquake and 1964
Niigata eanthquake
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SEI s MIG S ETTLEMENT

Earthquake induced subsidence may be caused by densifica-
tion of dry sand, corsolidation of clay or consolidation of liguefied
soil. Among these three types, the liquefaction-induced ground
settlement s samewhat more ircportant in that it can lead tc larger
ground movement and hence higher potential for damage to bur-
ied pipeline system. Ground settlement induced by soil liguefaction
is discussed below.

An example of observed seismic settlement due to liguefac-
tionis shown in Figure 2.12, This ligure presents contours of ground
settlement in the Marina District occasioned by the 1989 Loma
Mrieta earthquake (T. O'Rourke et al,, 1991).
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Note inat the maximum ground settlement is about 14¢ mm
(5.5 in). I+ comparison to the expected amount of lateral spread
deformalicn discussed previously, the expected amount of ground
setilement, for the sare geseral level of ground shaking, are typi-
cally simallar,



For saturated sands without lateral spread movement, Tokimatsu
and Seed (1987) developed an analytical procedurs 1o evaluate
ground settlement. The fundamenta! relation is:

E = E(et.m i=12 ..n (2 14)

where € is the volumetric strain for a saturated sandy soil layer, h
is the layer thickness and n is the number of sand layers with dif-
ferent SPT N-values.

The volumetric strain in each layer depends on the SPT N-
value and the cyclic stress ratio as shown in Figure 2,13, where
(N, is the corrected SPT N-value

The cyclic stress ratia can be computed by

Tove Oa

Amix O
=0.65 20 22 , .
a5 g o) ¢ (2.15)

where a__ is the maximum acceleration at the ground suface, @,
and ¢’_ are the total overburden pressure and the initial effective
overburden pressure on the sand layer under consideration and r
is the stress reduction factor varying from a value of 1 at the ground
surface to a value of 0.9 at a depth of about 10 m (30 1) (Seed et

. 1987,

Note that T O’Rourke el al {1991) used a similar approach to
estimate liquefaction induced settlement ir the Marina District.
As noted by T. O’'Rourke et al |, there is good agreement belween
the estimated and measured settlements for the natural soils and
land-tipped fill, but the estimated setticments of the hydraulic (ill
are almost twice as much as thase observed in the field

Seed et al.'s analytical approach provides a relatively accurale
estimate of ground settlement. However, it is somewhat complex
and requires detaited information on site condition and soil prop-
erlies,

Takada and Tanabe (1988} developed two empirical regros-
sion equations for licuefaction-induced ground seltfement at
embankments and plain (level] sites based on 404 ohservations
during five Japanese earthquakes.
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® Figure 213 Relalion between Gyche Stress Ratio, (W), and Volumetric Straln for Salurated
Sards

For embankment:

5=011H H,a, /N+20.0 (2.16)
Far plain site:

§=030Ha, /N+2.0 (2.17)

where & 15 the ground settlemert in centimeters, s the thick-
ness of saturated sand layer (in meters), H, is the height of
embankment (in meters), N is the SPT N-value in the sandy layer,
and a, s the ground acceleration in gals, Takada and Tanabe's

empincal approach is simple but somewhat less accurate than the
Seed et al's approach.



