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Buried pipelines are damaged in earthquakes due to forces
and deformation impased on them thiough interactions at the pipe-
soil interface. That is, the ground moves and thereby causes the
pipe to deform. For purposes of analysis, any arlitrary ground de-
formation can be decomposed into a longitudinal component (soil
movement parallel to the pipe axis) and a transverse conponent
(soil movement perpendicular to the pipe axisi. Both those types
of pipe-soil interactions are discussed in this chapter. in the trans-
verse direction, interaction involves relative deformation and
Joading in both the horizontal and vertical planes. For relative
ground movement in the vertical direction, one must distnguish
between upward and downward pipe movement since the inter-
action forces are different for these two cases. Finally one must
distinguish between pipe surrounded by corpetent, norlique-
ited soil, and pipelines located in a liquefied layer.

COMPETERNT
NON-LIQUETFIED S ol L

Soil interaction forces for a pipeline surraunded by compe-
ter:t, non-liquefiec soil are well established. Thev are basec upon
laboratory tests. For example, Trautmann and T Q’Rourke 11983)
established a force-deformation relation for horizontal lateral move-
ment as shown in Figure 5.1.

The ASCE Technical Council on Lifeling Earthquake Engineer-
ing (TCLEE} Committee on Gas and Ligquid Fuel Lifelines (ASCE,
1984) have suggested, for the purpose of analysis, idealized elasto-
plastic models as shown in Figure 5.2. Note that the elasto-plastic
model 15 fully characterized by two parameters; the maximam rz-
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sistance {, p , ¢, in the horizontal axial, horizontal transverse
and vertical ransverse directions respectively, having units of force
per unit length and the maximum elastic deformation x , y , z ,
having units of dislance, The equivalent elastic soil spring coeffi-
cients, having units of force per unitarea, is simply the ratio of the
maximu 1 resistance divided by a half of the maximum elastic
delormatior, for example 2t /x, for the horizontal axial (ongitudi-
nal) case Nete that this spring coeflicient 1s elfective only for relative
displacemerts less than the maximumvalues of x v, z_after which
the resistance is constant,
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5.1 .1 LONBITUDINAL MOVEMENT

Relative movement parallel to the pipe axis results in longitu-
dinal (horizontal axial) forces at the pipe-soil interflace. For the
elasto-plastic model, the ASCE guideline provides the following
relations for clay and sand.

For sand,
L= g FHQ+ kyhtankd (51
=(0.1-~02)in=2.54~508x10"'m {5.2)

Tor clay,
(, = mDas5, (5 3)
X,=(02~04)in=508-10.16x10"m 5 4

where D is the pipe diameter, 5 is the undrained shear strength of
the surrounding soil, « is an empirical adhesion coefficient vary-
ing with 5, ¥ 1s the eflective unit weight of the soil, #/is the depth
to center-line of the pipeline, & 15 the angle of shear resistance of
the sand and k_is the coefficient of lateral soil pressure at rest. The
magnitude of k) for normaily consolidated cohesionless soil has
been repoited to range from 0.35 [o 0 47 However, one expects
k, to be somewhat larger because of the backliliing and rompac~
tian of the soil around pipelines. T O’Rourke et 2l {1985}
recommend that k,=1.0, as a conservative estimate under most
conditions of pipeline burial. Finally, & is the reduction factor de-
pending on the outer-surface characteristics and hardness of the
pipe. For a concrete pipe, steel or cast iron pipe with cemenit coat-
ing, k=1.0, for cast iron or rough steel, k ranges from 0.7 to 1 0,
while for smooth steel or for a pipe with smooth, relatively hard
coating, k ranges from 0.5 to 0.7.

The ASCE guideline recommends the relationship between «
and 5_shown in Figure 5.3, in which the adbesion factor is a de-
creasing function of the undrained shear strength of the soil
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3., .2 HoORIZONTAL TRANSVERETE
MOVEMENT

Relative movement perpendicular to the pipe axis in the hori-
zontal plane results in horizontal transverse forces at the pipe-soil
interface. For the elasto-plastic model, the ASCE guideline pro-
vides the following ielations for sand and clay.

[ar sand,

By = § HANgD (5.5)

J:’O.D? ~DIMH+D 2 for loose sand
Yo = ](O.U3 ~QO0SH +D/2)y  for medium sand

{5 6}
(0.02 - Q03H + D /2 for dense sand



For clay,

p,=SN.D (5.7}

v

y, = (0.03 - 0.05) {H + D/2) (5.8)

where N, N, are the horizontal bearing capacity factors forr.and
and c!ay, respectwely N, is shown in Figure 5.4 for sand N,
equivalent toN , with ¢= 30”
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5.1 .3 VERTIC AL TRANSVERESEE
MDVEMENT, UPFPWaARD DIRECTION

Relative upward movement perpendicular to the pipe axis re-
sults in laterai forces at the pipe-soil interface. For the elasto-plastic
model, the ASCE guideline provides the following relations for
clay and sand.



For sand,

g = THND (5.9)
z =(0.01 ~0.015)M 5.10)

For clay,
9, =SND (5.11)
7,= 0.1~ 0)H (5.12)

where N isthe vertical uplift factor fcr sand and N is the verti-
cal uplilt facor for clay.

N, and i_ are presented as functions of the depth over diam-
eter ralic in figure 5.5 and Figure 5.6, respectively.
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5 .1 A

VERTIO AL TRANSVERSE

MDVEMENT, DOWNWARD DIRECTION

Relative downward movement perpendicular to the pipe axis
in the vertical plane results in lateral forces at the pipe-soil inter-
face. For the elasto-plastic model, the ASCE guideline provides
the following relations for sand and clay.

For ;and:

For ciay,

Go = FHND + %yD’N,, (5 13)
z =(0.10 ~ 0.15\D (5 14)
q, =SND (5.15)



where vy is the total unit weight of sand, N, and N are the bearing
canpacity factors for horizontal strip footings on sand loaded in the
vertically downward ditectior, while N is the bearing capacity
factor for horizantal strip foctings on clay

The ASCE guideline suggests that these three factors can be
abtained from Figure 5.7
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As noted previously, interaction at the soil-pipe interface can
be modeled a5 an elastic spring as long as the relative displace-
ment is less than the maximum elastic deformation x, etc. In such
cases, pipeline response can be determined by “Beam on Elastic
Foundation” types of analysis. However, these analyses apply only
for small to moderate levels of ground deformation since the maxi-
mum elastic deformation {x , etc ) typically are small For example,
for a .3 m diameter pipe (12 in) in moderately dense sand
{y=1.8x10"7 kgf/cm?, 112 pef, =357 with H=1 2 m (3.3 ft), the
maximum elastic deformation for longitudinal, transverse horizon-
tal, transverse upwards and transverse downward are 3.8%x10 ' m
(015in), 0.04 m{1.6in), 0.018 m (0.7 in) and 0.038 m (1.5 in),
respectively



In the following subsection, alternate relations for these spring
coefficients are compared with those from the ASCE guideline.

5.2 .1 AXIAL MDVEMENT

For axial soil spring constant, the Specifizations for Seismic De-
sign of High Pressure Gas Pipelines (Japan, 1982) suggests that the
seil spring constant is proportional to pipe diarmeter. M. O'Rourke
and Wang (1978} suggest that the soil spring constant is twice the
effective shear modulus of soil. Table 5.1 provides a comparison of
these three approaches for a pipe with diameter of 0.15 (6 in), 0.30
(12 in) and 0.61 m (24 in) in moderate dense sand {v=35%,
v=1.8x10" kgf/em?, 112 pef) and burial depth of 1.2 m (3.9 1),

[ ] Tab ¢5. 5. I Cnmparlsun of Axial Suil 8pring Shﬁness

Stifiness (kpi/cm?y [
Source Formula - . - Nole
D=Gin | D=1 in l D=14 in
T
Jninese 0K 8.3 56.5 i K= 0.6 sghen
. o K K : .= 000 kgl/en
Gas Association | ' "
€' Rourke and G, 60.2 60.2 €02 0= 0h, 3\1«, = o + ”‘"
Wang
ASCE Cuideline Ty 7.9 59| 1 | "y :; g“’:_l:] 9,
{Equivalenn Wy 32 _1 |)1r1rnelers for iy 5.0

As shown in Table 5.1, all three approaches match rezsonably
well fot’a 12-inch diameter pipe. However, because the M.
O’Rourke and Wang approach does rot depend on pipe diameter,
't apparently underestimates the axial stiffness for a large-diam-
eter pipe and overestimates the axial stiffness for a small-diameter
pipe. The equivalent axial soil spring stilfness from the ASCE guide-
line matches well with that by the Japanese Gas Assacia’ior far al’
three pipe sizes.

5.2.2 LATERAL MOVEMERNT IN THE
HORIZDNTAL PLANE

For lateral movement in the horizontal plane, Audibert and
Nymar (1977} proposed three soll spring constants as shown in
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Figare 5.8, for modeling the pine-soil interaction as an efasto-plastic
system That is, K, and K, are for small and moderate relative
displacernents at the pipe-soil interface, respectively K|, is for rela-
tive displacements equal or large than y,.

Similarly, Thomas (1978) suggests the following soil spring
constant, K, for larpe Iateral ground movement:

K =27 i“ (5.17)

For small giound movement such as the movement induced
by wave propagation, El Hmadi and M. O'Rourke (1989) suggest
the folowing so il spring constant:

Ki =667 B (5.18)
Yu

Note that these two constants are based on same interaction
curve recommended by the ASCE guideline. Equation 5.18 corre-
spords ta the initial slope of the interaction curve, K, in Figure
5.8 Hence, this equation conservatively estimates the interaction
larce even for the wave propagation case.



5.2.8 VERTICAL MUVEMERNT

Considering a infinite beam on an elastic subgrade, Vesic (1961)
developed a soil spring constant using the Winkler hypothesis for
downward pipe movement. The resulting vertical spring stiffness
is:

l

4\
& = .65 &2 i (5.19)
Epf ™ IL’

where E_is the soil modulus, £,= 2(1+p. )G, i, is the Poisson ratio
of soil, G is the shear modulus of soll, £ Anls the flexural rigidity of
the pipe.

For a steel pipe with a diameter of 30 cm 12 in) and a wall
thickness of 0.76 «m (0.3 in), the vertical stiffness (rom Equation
5.19 ranges from 40 kgf/cm? to 260 kgf/em? for G varying from 32
kagf/cm? to 600 kglfem?. Using Equations 5.13 and 5.14 and as-
suiming a moderately dense sand i$=35°, y=1.8x10 'kghcm’, 112
pct) and burial depth of 1.2 m (3.9 11, the ASCE guideline evalu-
ates a soil spring constant of 140 kgf/cm? (2.0 kips/in?). Note that
this value is about an average of the value from Equation 5.19.

LI QUETFIED 5 ot L

For a pipeline lccated in a hquefied layer as opposed to a com-
petent layer, Suzuki et al. (1988) and Miyajima and Kitaura (1989)
have shown that the pipe response is very sensitive 1o the stiffness
of the equivalent soil springs. This subsection will discuss the
equivalent stiffness of soil springs for a pipe in Iiquefied soil.

Combining experimental data with analytical solutions based
on a beam en an elastic foundation approach, Takada et al. (1987)
developed an equivalent soil spring for a pipe in a liquefied soil,
They indicate that the equivalent stifiness ranges from 1/1000 to
1/3G00 of that for non-liquefied soil. On the other hand, Yoshida
and Uematsu {1978), Matsumoto et al. {1987}, Yasuda et al. (1387),



and Tanabe (1988 suggest that the stiffness ranges from 1/100 to
3/100 of that for non-liquefied soil based on their mode! experi-
ments.

Miyajima and Kitaura (1991} also conducted model tests which
indicated thal the stiffness is related to the effective stress in the
liquefied soil. That is, the soil spring constant is an increasing func-
tion of effective stress and hence, a decreasing function of excess
pare water pressure ratio,

For saturated sandy soil, T, O’Rourke et al. (1994) proposed a
reduclivn factor, R, lor a pipe or pile subject lo transverse ground
displacement, as’

_ th 1

R _
"7 K 0.0055N, {5.20})

where K_is the bearing capacity factor for undrained soil and (N),,
is the corrected SPT value.

The reduced stiffness at the pipe-soil interface is then giver by
the stilfness for non-liquefied soil divided by the reduction factor.
Their results suggest that the equivalent stiffness ranges from 1/
100 to 5/100 of that for non-liquefied soil. Hence, both the longi-
tudinal and transverse stiffnesses for a pipe in a liquefied soii can
be taken as about 3% of the stiffness for a pipe in competent sail.

For the approach described above, the liquefied sail is treated,
more or less, as a very soft solid. A liquetied soil can also be viewed
as a viscous fluid. For that model, the interaction force at the pipe-
soil interface varies with the refative velocity between the pipe
and surrounding soil. According to Sato et al {1994), the trans-
verse {orce imposing on the pipe per unit lengtn is:

_ 4V 5.1
2002 -logR. (5-21)

where 1 is the coefficient of viscosity for the liquefied soil, Vis the
velocity of the pipe with respect to the liquefied soil, R =pVD/n, is
the Reynolds number and p is the density of liquefied soil.

Based on madel tests, Sato et al. (1394) established a relation
between the coe'lictent of viscosity and the hquefaction intensity
factor, £, This relation is shown o Figure 5.9.



=]

® . Velpoity of Pipe 1 0cm/s
&, Valooity of Pipe - 45 -5 4 chvs

f=-]

-

[=al
T

&
T

Coefiicient of Viscosity 1 (10" Pas)

[ ]
AR
0 02 o4 ve 0.8 1
Fi- value

After Sala of @i, 1404
B Figure 5 8 Coefficlent of Viscus_[t_y vs. F.-Value

Japanese Road Association (1990} defined the factor of lique-
faction intensity, F, as:

__ 0.00420,
k (aﬂmx / g) (G‘ F ol (5422)

where O is the relative density of the soil, a__ is the maximum
acceleration of the ground, _is the total overburden pressure and
o’ is the effective overburden pressure.

Note that there are two problems with modeling liquified soil
as a fluid. First of all, the velocity of the soil, which is an upper
bound for the velocity of the soil with respect to the pipeline, typi-
cally is unknown. Secondly, when the liquefied sod stops flowing
(i.e.,V = 0), Equation 5.21 suggests that there would be no restor-
ing spring force at the soil-pipeline interface which seems
counterintuitive.



