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SUMMARY

This paper presents the seismic interaction analysis between soil
and buried pipelines. The solutions of imperfectly bonded soil-pipeline
system are obtained in closed form based on the frictional slippage of
the main pipe and the wave propagation in the far field. The numerical
considerations are made on the mean square response not only of the
strain and the joint expansion of the main pipe, but the end stress of
the branch pipes, subjected to the recorded strong motioms. Recom~
mendations are made to densely distribute the joints for preventing
the failures by slippage during earthquakes.

INTRODUCTION

In almost all of the existing investigations on the earthquake
response of buried pipelines, the slip between pipe and surrounding soil
has been overlooked. It is now known through bench-scale and field
experiments that the slip phenomenon plays an important role during
earthquakes. Numerous analytical modelings of very small vibrational
amplitudes of the shear force acting at the soil-pipe interface were
reported in the literature [for example, Toki and Takada(Ref. 1), Ugai
(Refs. 2 and 3) and Parnes(Ref. 4)]. However, no serious analytical
modeling of large vibrational amplitudes for such systems is possible
until a good model of slipping is adopted.

This paper offers the concept of large vibrational amplitudes in
dealing with the interaction of imperfectly bonded soil-pipe system
during earthquakes. The friction at the interface is assumed to be of
Coulomb mechanism by a viscous friction model having a viscous coefficient
developed by Miller (Ref. 5) and Akiyoshi (Ref. 6). Analysis is first
made for steady-harmonic earthquakes (=plane P-and S-waves), and the
slip displacement is represented in closed form which involves some
earthquake, soil and pipe parameters. Further the periodically jointed
pipelines are analyzed by replacing them with the statically equivalent
linear and uniform omes, and then the branch pipes elastically connected
both to the main pipes and the structures are investigated. Those
harmonic solutions are extended to the seismic response of buried pipes
subjected to recorded strong motions, decomposing them into discrete
spectral amplitudes by the fast Fourier transform.

GENERAL FORMULATION AND SOLUTION

When an earthquake propagates toward a pipeline as shown in Fig. 1,
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part of the incident wave will be reflected at the surface of the pipe~
line. Thus the wave in soil is generally represented by superposing
the incident and outgoing waves.

Axial Vibration of Soil-Pipeline System M

For the axial vibration of the soil-
pipe system the radial and axial dis- R N
placements may be sufficient to analyze ~, .ﬁdé NN
the respective interaction. Using the & 8'”}%:\:232\
solution of the soil displacement w_ by o
Ugai (Ref. 3) the shear stress T at

the interface is obtained as (Re¥z6) Fig. 1T Geometry of problem
ow
z

Tpg|pery = ¥ 55—4r=r0 = (o, + o) ¢y
where w7, wg = displacement amplitudes of incident and reflected P-waves
respectively, kZ = w/vz = wave number of P-wave, w = circular frequency,
u% = veloc%%y of P~wave, ¢ = incident angle to main pipe axis, 7 = /(—1),
H 5)( Js H'77( ) = Hankel functions of order zero and one of the second
kind, ks = uvbs = wave number of S-wave, Vg = velocity of S-wave, H = (
= shear modulus of soil, q7 = kysind, qg = kshs, hs =vY[1 - (v /vz)zcosz¢],
a7 = pkssing Jz(qzro)/JO(qZTO), JO( s JZ( )°="Bes8el function8, and

2 kZcos?¢ H(Z%q ) q H(Z)(q r)
_ _Pw _ 1 0 'L s 0 s
I TV P ¢ DA ¢ D (2
1 % 1 957

In the above expressions o, in eq. (2) has been called "resistance factor"
of soil by Nogami and Novaﬁ (Ref. 7).

Formulation of Slippage

When the slip at the soil-pipe inter-— Te
face occurs, the frictional stress Tp equals Ts
the boundary sress T__ in eq. (1): X reat(t)>0
rz i 1
T, =T (3) i
F rz|r=r0. ) | realfu}
For a broad class of frictional models, the X ° !
o Y
frictional stress T, depends only on the Crealln) <ol
slip displacement u and the velocity amplitude l 1T !
u = du/dt which can be replaced with an
equivalent system [Caughey(Ref. 8), Miller Fia. 2 Frictional sStress-
(Ref. 5)]. Thus if Coulomb friction as s1ip displacement
shown in Fig. 2 is assumed at the soil-pipe relation in Coulomb
interface, T@ is approximately represented friction
by
— s. g
T T ¢ )
where T_ = slip stress, U = real amplitude of the slip displacement u.

Under the steady-harmonic excitation the slip displacement z will
take the following expression:

u = Uei(wt—kzzcos¢-¢y)

where ¢y = phase difference of the slip displacement u.

(5)
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Axial Interaction

Thezgoverningzequation of axially vibrating pipe is written by
9V 9V

z _ 3
magz < ES 922 © ZWTOTrz r=r, (6)
where v_ = axial displacement of pipe, m = unit length mass of pipe, F =
Young's"modulus of pipe, S = cross sectional area of pipe, r, = radius

of pipe and TTZ = shear stress acting on the interface. 0

Now define the slip displacement u by the difference between the
soil displacement wz and the pipe one vz;

u=w_-v )
Then subst¥tutidn of u, v_, w_ and T,y of eq. (1) into eq. (6) leads to
the complex equation in t€rms“of U and ¢y. Therefore separation of the

equation into the real and imaginary parts gives the system of equations
which may be solved as

4T 4T 2nr
_ s 2 22,2 “Ts2°™ 2
U=~ —= sy /[ (1-058 ) %als ol |°-(=27¢ 7 +s,)°1 (8)
only if lwéll> wcr’ and otherwise U = 0 where
4T 2mr
s 0 2 2 2 2.2
W, = —;rV[( i +31) + sz]ﬁ/[(l-uzs]) + azsz] 9
where M = -mw® + ESkjcos®¢, w cosd, a, b = respectively real and

=w
imaginagy part of 0y, and s =z£/(a21b2), s, = b/(a*+h?).  Hence

, 2
v, = sz(w) wlcos¢ eﬁ(&t-kzz cos9) (10)
where Hz (w) = frequency response function of axially vibrating pipe to
P-wave &hich yields 4TS 4Ts
= - — M —2
sz(w) = 2ﬂr0(a2 az)z = / {“OUu2+z - (Mb+2wr0a2)] (11)

Estimation of Joint Expansions of Main Pipes

Consider a long pipeline which consists of finite length pipes and
periodically arranged joints whose axial stiffness are represented with
kp = ES/1 and k. respectively (E, S, 7 = Young's modulus, cross sectional
area %nd length’ of the pipe). Then the equivalent axial stiffness k' =
E'S/1T will satisfy the relation

1.1 % 1
?(—+?-- orv =/(1—m) (12)
J p J p
where E', v! = apparent Young's modulus and wave velocity of the equiva-
lent pipe. © For a ductile cast iron pipe the relation k./k_= 1/36
(unit of I = meters) is available (Ref. 9). J P

X
T

If some obstacles such as buildings or T-joints prevent the smooth
propagation through the pipelines, the maximum joint expansion d may be
estimated by the sum of the slip displacement ds of the single pipe and
the relative displacement dj of the joint;

d=d_ +4d.
s J
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Twt Wt

= Pz(w) w,e + Pg(w) wge (13)
where FRF of the joints to P-wave takes the form
4T
P (w) = (a -0, )M Uu/[M Ua2+a OW +2Wr o )]aos¢[ ~tk Zcos¢ -1]
+[sz(w)cos¢+ir0kzcos¢ﬂ (w)sind]le -tk 18 cos¢ -1] (14)

and FRF to S-wave may also take almost the similar form in which e =
effective length of joint.

Branch Pipe Response

Consider a branch pipe of the length L' p—— | ——
and the radius rj in which the both ends
are elastically and perpendicularly connected

to the main pipe and the structure. . _k-iy/" H

When the earthquake waves propagate toward Main pipe %

the main pipe with the incident angle ¢, ’//64 g

the branch pipe will also be subjected to i

the same waves with the incident &nng%e l }

angle Y = 90° - ¢ as shown in Fig. 3. R ke g

Then the equation of the transverse Structure |

motion v_ of the branch pipe is written by
2 Fig. 3 Geometry of main
d Uz d dvz and branch pipes

EI'W + Ex—,(lv'%r) = pz' (15)
where I', N' = geometrical moment of inertia and axial force of the
branch pipe respectively, and p! = lateral earth pressure to the branch

pipe which is generally represented as pz = k,(wising - v), k, = earth
pressure per unit displacement (Ref. 6).

Since the lateral earth pressure to such slender pipe is very large
compared with the pipe stiffness EI', the movement of the branch pipe is
restricted except for the both ends. Thus the solution of eq. (15)
to P-wave, which is valid close to the pipe ends, will be approximately
represented by

wzcos¢(1-H21) k

k
_ -\ x' R Az’
v, = k [(EI,+A )X -(ET,+x1)Aje 27 ] (16)
(A -A )(EI,+AZ+AZ)
where N N K
A Xy =V - o7 2EI’ 1 /(ZEI') - g 1h

kR = rotational stiffness of the T-joint.
NUMERICAL RESULTS

Numerical computations are conducted for the root mean square (RMS)
response of ductile cast iron (DCI) pipes buried in the elastic soil.
The standard values of the parameters of earthquakes, pipes and soils
used for computations are the incident angle ¢ = 45°, the shear wave
velocity of soil, vs 200 m/s, ratio of P-to S-wave velocity, Uz/vs = 2,

202



ratio C-)f slip stress to shear modt-llus of soil, TS/G = 10P4_, radius of
main pipe, r, = 0.3 m, wave velocity of pipe, v,"= 4000 m/s, nondimensional
mass ratio m = 0.5, and I/.S“r; = 0,5, P

El Centro (1940) earthquakes are used as the reference P-and S-
waves having RMS accelerations of 0.5 m/s* whose Fourier spectra are
plotted in Fig. 4.

Appropriate choice of Fourier decomposition number N is required
in advance of RMS analysis. Fig. 5 denotes that N = 1024 is sufficient
to represent the discrete spectral displacements at the low frequency

range. The diagram also shows Iwzl <w » which means no slip at any
frequency. e
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Fig. 6 is the plot of RMS strain of the main pipe versus incident
angle ¢ , subjected to the reference earthquakes (P-and S-waves) of the
RMS = 0.5 m/sz. This plot denotes that the slip is caused mainly by
P-wave because the slip arises for small incident angle with decreasing

slip stress. x1&)
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Fig. 6 RMS of pipe strain versus Fig. 7 RMS of pipe strain versus
incident angle radius
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Fig. 7 is the diagram showing the effect of the pipe radius r, on
RMS strain 0, of the ductile cast iron (DCI) pipe. The pipe strain is
small for small slip stress, soft soil (small v ) and large diameter
pipe. In such case the earthquake damage of the pipes will be released,
but the joints must absorb the slippage.

Fig. 8 is the diagram denoting the effect of S-wave velocity v_ of
the soil on RMS strains of DCI pipes for r, = 0.3 m. Deceasing v
which is equivalent to decreasing soil stigfness increases the possibility
of the slip of the pipes. Therefore it follows that Vg and Ts have
the equivalent effect on the slip of pipes.

In Fig. 9 RMS of the pipe strain is plotted versus RMS of the soil
strain subjected to the accelerograms of the duration of T = 20.48 sec-
onds which have been recorded on the ground surface in Japan and U.S.A.
It is shown that the small-diameter pipes follow the surrounding soil
unless the boundary shear stress yields. This means that the slip works
effectively for lowering the strain of the large-diameter and stiff pipe.

Fig. 10 is the diagram of the joint expansions of the joint-pipe
systems versus the apparent wave velocity v, of the pipes and the pipe
length 7. It is noted that RMS joint expansion 0, decreases with
decreasing pipe length 7, and is depressed under I mm unless the slip
occurs. Thus the dense distribution of the joints results in lowering
the stiffness of the pipeline systems and restricting the joint expansion
below an allowable values.

Fig. 11 shows the stress distributions of branch pipes in which
the stress concentration dominates close to the end for thin branch
pipe and loosens for thick pipe.

Effect of rotational stiffness K_, of the branch pipe on the end
stress 0; is plotted in Fig. 12 in which the solid and dotted lines
denote the stress of the branch pipes at ' = 0 and x' = 1'/10 respectively.
Stress-concentrated position moves to the end of the branch pipe with
hard clamping (large K_) at the T-joints.

It is also shown in Fig. 13 that the soft soil (small v ) causes
the slip of the main pipe and therefore induces the remarkabie stress
increment of the branch pipe.

CONCLUSIONS

The effect of slippage of buried pipes during earthquakes on the
pipe strain, the joint expansions and the end stress of the branch pipes
have been theoretically investigated, using the existing solutions of

elastic waves in the far field. Results obtained are summarized as
follows:

(1) Slip consideration at the soil-pipe interface enables to eliminate
the restriction of the small amplitude assumed in the conventional
selsmic wave propagation analyses.

(2) Most of slips begin with small incident angle. Therefore the
maximum slip is expected when P-wave propagates along the pipe axis.
Further the slip in general tends to occur for large-diameter pipe,
large stiffness ratio of pipe to soil, small slip stress, and large
power of earthquakes.

(3) For small-diameter (slender) pipes, interaction effect on pipe
strain increases with the diameter, but is very small. Hence the pipe
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strain is almost equal to the soil one unless the slip occurs. If the
slip occurs the pipe strain is restricted below the soil strain during
earthquakes.

(4) Dense distributions of the joints in the pipeline systems lower the
stiffness and release the stress concentration at the joints.

(5) Soft soil, small diameter and hard clamping of the T-joints
concentrate the stress at the ends of the branch pipes.
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