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ABSTRACT

ELASTO-PLASTIC RESPONSES OF BURIED PIPELINE SYSTEMS
UNDER WAVE PROPAGATION

Yuean-Chen Lau
0ld Dominion University, 1989
Director: Dr. Leon R. L. Wang
The purpose of this research is to study the elastic
and inelastic behavior of buried pipeline system under
arbitrary seismic wave propagation. Both continuous and
segmented pipes with joints and junctions are included. The
surrounding soil is simulated by a series of elasto-plastic
springs uniformly distributed longitudinally and laterally
along the pipes. To the joints, elasto-plastic longitudinal
springs and bilinear rotational springs are adopted. It is
assumed that the pipes remain linearly elastic. The effects
of soil liquefaction and fault movement are not considered.
Since the dynamic effect has been found to be
negligible, a quasi-static analysis is adopted in this
study. In use of the finite element technique, the equations
of static equilibrium at any particular time have been
obtained and a rigorous procedure for solving the inelastic
responses of buried pipeline considering hysteretic
characteristics of soil and joints is developed. The
effects of wave forms, pipe sizes, wave velocities and

incident angles are investigated with various combinations
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of soil and joint properties. The comparison of elastic and
inelastic analysis is also done. Recommendations for future

seismic design of buried pipeline systems are drawn.
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Chapter 1
INTRODUCTION

1.1 Background

Buried pipelines including water, sewage, gas and oil
pipelines have been damaged by strong ground motions due to
earthquakes. The major causes to the damage of buried
pipelines can be classified as: (1) soil liquefaction, which
usually occurs in the area of sandy soil with high level of
water table. The pipeline might be damaged by dynamic
effect on axial tension, buckling or uplift due to loss of
soil support and buoyancy possibilities; (2) large ground
displacement, which causes large deformation of buried
pipeline by surface faulting and soil lateral spreading; (3)
seismic ground shaking, which covers the largest area and
most buried pipelines are damaged due to the ground motion
or wave prqpagation effects. Researches to study the
failure behavior/mechanisms have been carried out by many
investigators [8, 11, 19, 21, 39, 40, 41, 42, 44, 50, 51,

521" in the past decade. The elasto-plastic behavior of

*The numbers in the brackets indicate references.

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



buried pipelines subjected to seismic ground shaking is of
interest in this study.

Not as above-ground structures, the dynamic effects are
unimportant to the behavior of buried pipelines subjected to
ground movement because of the high restraint and damping of
surrounding soil. However, the ground movement is time
dependent, therefore a so-called quasi-static approach
introduced by Wang et al. [50] is widely accepted by many
researchers [28, 29, 30, 38, 42] in this area. The
longitudinal behavior of straight buried pipelines subjected
to compression waves has been investigated by Wang et al.
[50]). However, for a buried pipeline system where junctions
are included subjected to seismic shaking, the shear type of
waves, which will cause bending to the pipe, should also be
considered in addition to compressive type of waves of the
ground. In this research both longitudinal and lateral
responses of buried pipeline systems under either

compression or shear waves are investigated.

1.2 Literature Review

Damage of buried pipelines caused by strong ground
motions in the past earthquakes has been reported in a
number of papers [13, 15, 16, 18, 19, 20, 22, 37, 49]. 1In
general, damage to the buried pipelines occurred at

joints/junctions and transition area of soft soil to stiff

- ——————— e e e e —_
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soil by pull-outs, breaks and cracks. Recently, in the
Whittier Narrow earthquake, October 1, 1987, some new
patterns of damage such as blowout as a hole and
longitudinal cracks in the buried pipelines is reported and
being investigated by Wang et al. [54].

The fact that the dynamic effects can be ignored for
buried pipelines under seismic environment has been studied
experimentally and analytically by Sakurai et al. [34] and
Shinozuka et al. [38], respectively. It was pointed out
that the longitudinal strain predominates for buried
straight pipeiines in seismic environment [7, 8, 18, 20, 22,
28, 29, 38, 41, 44, 49, 50, 51]. In 1967, Newmark [24]
provided a conservative analysis for buried pipeline under
wave propagation. Wang et al. [50, 51, 52] have studied the
elastic and inelastic behavior of a straight buried pipeline
subjected to compressive seismic waves. It was pointed out
that the pipe size, wave propagation velocity and soil
stiffness will affect the pipe strain and joint responses.
Shah [35], Goodling [9] and Igbal and Goodling [14] have
derived general formula by considering the critical cases of
elbow, bend and T-junction of continuous buried pipelines.
Some Japanese researchers [21, 42, 43, 44] have also studied
the behavior of buried pipelines (continuous/segmented) .
Koike [21] furnished the calculation formula presented by

Goodling with arbitrary angle other than 90 degree. Takada
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et al. [42] studied the behavior of a straight pipe for
different numbers of the branch pipes within one wave
length. It is found that the maximum pipe strain is
increased as the number of the branch pipes increases.
Tamura [43, 44] presented general elastic solutions for
responses of a submerged tunnel under seismic motion. It
should be noted that in the previous studies, there is no
general formula for solving inelastic responses of buried
pipeline by considering the hysteretic characteristics of
soil and joints, which is important for the time-dependent
inelastic behavior of buried pipelines and has been
considered in this study.

To study the response behavior of buried pipelines
under strong ground motions, some important parameters such
as soil stiffness (longitudinal and lateral) and pipe joint
stiffness (longitudinal and rotational) have to be included.
For soil stiffness related to the soil-structure
interaction, Brumund and Leonards [5] and Potyondy [32] have
determined interface friction between various soils and
construction materials experimentally. Colton et al. [6],
Novak and Nogami [26], O'Leary et al. [27], Saito et al.
[33], Toki et al. [46], Shibata [36], and Wang [53] have
studied or recommended the value of longitudinal soil
stiffness; Audibert et al. [2, 3], Toki et al. [46], and

Trautmann et al. [47, 48] for the lateral soil stiffness.
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The data of longitudinal and lateral soil stiffness are
shown in Tables 1.1 and 1.2, respectively. For pipe joint
stiffness, Singhal [39, 40] presented some experimental
results of rubber-gasket joints in tension, compression and
rotation. The results are shown in Figs. 1.1 and 1.2.
Ishibashi et al. [17] presented some dynamic characteristics
of a flexible joint. For other types of joints, no existing
data is available.

Another important factor is the seismic wave velocity
which depends on the geological condition of the seismic
area. There is a wide range of seismic wave velocities
presented in the literature. From published papers the
shear wave velocity ranges from 80 to 6500 ft/sec [7, 25,
29, 30, 31, 53] and compression wave velocity is usually
considered as twice as shear wave velocity [14]. The
existing data on shear wave velocity are listed in Table
1.3.

Published rearch papers fail to fully explain the
behavior of buried pipeline systems subjected to seismic
shaking. There is no design code for buried pipelines
considering seismic effects at the present time. Further
analytical studies on buried pipeline systems as well as
more laboratory and in-situ testings certainly will aid to

establish aseismic design code for buried pipelines in the

future.

U P [ - ———— e e - e -
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1.

4

Assumptions and Conditions

The assumptions and conditions in this study are:

1.

The surrounding soil is simulated by a series of
longitudinal and lateral springs uniformly
distributed along the pipe.

The joints are represented by longitudinal and
rotational springs only; lateral spring is
considered infinitely rigid.

The force-displacement relationship is assumed to
be elasto-plastic for soil and bilinear for
rotational joint springs with elastic unloading
characteristics. Longitudinal joint spring is a
special spring that has different tensile and
compressive resistant characteristics.

The pipeline system is assumed to be empty; no
water pressure is considered.

Circumferential strain or stress of pipe is not
considered.

The wave propagation is in the same plane of the
pipeline system; no torsional effect on the
pipeline system is considered.

The system response is considered quasi-static.

Description of Models

A general buried pipeline system subjected to an

arbitrary seismic ground shaking is shown in Fig. 1.3. The

-
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system includes such important parameters as seismic ground
motions, pipe segment properties and surrounding soil, the
resistant characteristics of joints and junctions. For such
a complicated buried pipeline system, the important

parameters are described as follows:

1.4.1 Seismic Ground Motion

A lot of energy will be released as an earthquake
occurs in the form of wave propagation from the source of
the earthquake (hypocenter). There are several types of
ground waves due to an earthquake (e.g., shear, primary,
Love and Rayleigh waves); however, to the buried pipeline
system only the characteristics (i.e. the magnitude, the
traveling direction and the speed) of the waves are of
interest. For example, a characteristic of the shear wave
(S-wave) is that the vibration direction is perpendicular to
the traveling direction. For a primary or compression wave
(P-wave) , the vibration direction is in the traveling
direction, but with much higher speed than the shear wave.

Since the strong ground motion usually affects possibly
hundreds of square miles in the vicinity of the epicenter,
the spatial and temporal variations of wave propagation and
the angles of incidence of the seismic waves should be taken
into consideration in the analysis of buried pipeline
systems. I£ should be noted that ground motion data records

three components, i.e. two horizontal and one vertical
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components. In this study only horizontal motion is
considered since the vertical component is usually much
smaller than the horizontal components. Other effects such
as reflections, refractions and scattering of the waves are

out of the scope of this research.

1.4.2 Model for Pipe and Surrounding Soils

Figure 1.3 shows an analytical model of a buried
pipeline system under a seismic wave. To analyze the system
by the finite element technique, the pipe element shown in
Fig. l.4a is modeled as a beam element with three degrees of
freedom, two translations (longitudinal and lateral) and one
rotation, at each end (node). It is also shown in Fig. 1l.4a
that the surrounding soil is represented by a series of
elasto-plastic longitudinal and lateral springs with their
initial spring constants kga and kg, respectively,

uniformly distributed along the pipe element.

1.4.3 Model for Joints

In general, five types of joints, namely, (I)
continuous,“(II) linear, (III) elbow, (IV) T or Y, and (V)
cross, as shown in Fig. 1.5, are used in a pipeline system.
In Fig. 1.4b a simple analytical model of a linear joint is
shown. Since most pipe joints are locked in space laterally,
the relative lateral displacements between two segments are

negligible at the joints. Hence, two springs, one

e
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longitudinal translation and one rotation with spring
constants kya and kjyr , respectively, are utilized to

represent resistant properties of a pipe joint.

1.5 Objective and Scope

The purpose of this research consists of: first, to
formulate the quasi-static equations of equilibrium for a
general buried pipeline system under arbitrary wave
propagation; secondly, to develop a general computer program
with numerical schemes for the solutions of the desired
pipeline responses (elastic and inelastic), such as the
maximum pipe strain and pipe curvature, maximum relative
joint displacement and rotation; and finally, to investigate
the effects of various parameters by using the developed
computer program.

In Chapter 2 the governing equilibrium equations of a
buried pipeline system (segmented and continuous) are
derived based on finite element method. The formulation
includes important parameters such as seismic wave velocity
and displacement, pipe and joint stiffness, soil resistant
spring constants, and boundary conditions. Parametric
behavior of buried pipelines was investigated and discussed
by assuming that the whole system will behave elastically.

The basic formulation for solving the inelastic
responses of the buried pipeline system is derived in

Chapter 3. An iterative procedure considering the
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hysteretic characteristics of soil and joint is described.
Parametric behavior of buried pipelines was investigated and
the comparison of elastic and inelastic solutions were also
made.

Chapter 4 presents the summary and conclusions of this

study and recommendations for future investigations.

10
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Table 1.1 longitudinal Soil Spring Constant (Kep)

*
Author Gy Soil Condition kSA
(ksi) (ksi)
Berger 1.4 Soft Clay 1.4-4.2
et al. 12.5 Stiff Clay 12.5-37.5
(1977) 16.7 16.7-40.1
[4] 48.6 Very Stiff Clay 48.6-145.8
Hardin 3-18 Clean Dry Sand 3-54
et al. 24-31 | Dry 60-100 Silica Sand | 24-93
(1972) 10-18 Lick Creak-Silt 10-54
[12]
Tamura 17.6 Fine Sand 17.6-52.9
et al. 6.7 Silt 6.7-20.3
(1976)
[43]

*Note : The values of kgp are obtained by means of following

informations:

O'Rourke and Wang (1978) [28]: kgp = 2 G

Colton (1978) [6]: kgp = 3.98 kips/in/in

Toki, et al. (1983) [46]: kgp = 3 G

O'Leary and Datta (1985) [27]: Ksp = 2 G

Shibata et al. (1987) [36]: ksp = G

Takada et al. (1987) [42]: Kga = 1.65 MN/m’
(0.24kip/in/in)

kga is in the range of 10" - 102 ksi.

11
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Table 1.2 Tateral Soil Spring Constant (kg )

Author kg, Soil Condition
(ksi)
McClure 0.43 Light Dry Topsoil
et al. 1.09 Moist Loaming Silty Topsoil
(1964) 2.40 Clayey Topsoil
[23] 2.83 Semi-consolidated Sandy Clay
Topsoil
5.60 Wet Loam
8.75 Rubble or Gravel
11.15 Cemented Sand
11.95 Sandy Clay
19.75 Cemented Sandy Clay
21.48 Dense Wet Clay
22.50 Saturated Sand
45.0 Clayey Sandstone Clay
56.6 Sand
Tamura 11.38 Silty Clay
et al. 17.08 Silty Clay
(1976)
[43]
Audibert 0.34 Loose Sand
et al. 1.35 Dense Sand
(1976) 1.8 Backfill
(2, 3]
Trautmann 0.79 Loose Sand
et al. 0.94 Dense Sand
(1983)
[47, 48]
Takada 0.24 -
et al.
(1987)
[42]

Note: kg, is in the range of 10~

L. 102 kip/in/in

12
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Table 1.3 Shear Wave Velocity of Soil (C.)

Author Cgq Soil Condition
ft/sec
Abe & Ang 80 Banking
(1974) 400 Loam
[1] 750 Clay
1400 Sandy Clay
2900 Gravel
3500 Silt Stone
Hakuno 330 Fine Stone
(1974)
[10]
Kubo 210 Very Soft Soil
(1973) 210 - 660 Soft Layer
[22] 1980 Hard Ground
McClure 750 Light Dry Topsoil
et al. 1150 Moist Loaming Silty Topsoil
(1964) 1650 Clayey Topsoil
[23] 1700 Semiconsolidated Sandy Clay
{ Topsoil
2500 Wet Loam
2290 Rubble or Gravel
3000 Cemented Sand
3500 Sandy Clay
4000 Cemented Sandy Clay
4450 Dense Wet Clay
4600 Saturated Sand
5900 Clayey Sandstone Clay
6500 Sand
Tamura 410 Depth 0 - 80 ft
et al. 710 Depth 80 - 200 ft
(1976) 1130 Depth 200 - 380 ft
[43] 850 Fine Sand
520 Silt
Hall 3000 Sand and Competent Soil
et al. . 3500 Massive Gravel
(1978) 4000 Rock or Permafrost
(11]
13
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Chapter 2

ELASTIC ANALYSIS

It is assumed that the pipes will move along with the
surrounding soils as long as the ground strain is in the
elastic range. For buried pipeline problem, the dynamic
effects (inertia and damping forces) are found to be
negligible [34, 38]. However, since the input ground motion
is time dependent, the so-called quasi-static method is

adopted in the analysis.

2.1 Finite Element Formulation

A segmented (jointed) pipeline is considered to
formulate the governing equation of equilibrium of the
buried pipeline systems. The continuous pipeline system can
be considered as a special case where the joint stiffnesses
approach infinity. For a segmented pipeline system, three
major parts, i.e. pipe members, surrounding soil and joints,
are included in the analysis. Applying the energy approach,
the total potential energy of the system which includes the
strain energies of all three major parts (i.e., soil, pipes

and joints) is obtained. Then, using the principle of

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



variations, the equations of equilibrium are constructed.
The formulation for the quasi-static equilibrium equations

is shown in the following sections.

2.1.1 Strain Enerqy of the Pipe

As shown in Fig. 1.4a, the pipe element is modeled as a
beam element with three-degree-of-freedom at each end. The
strain energy of the ith pipe element can be obtained as:
i1 T
Pipe- 2 (Upi} [Kpjl {up;}

1x6 6X6 6xX1

U i=1, 2,..., NM (2.1)

where
{u .}T= [u,.. u,_, u_. u,_, u, . u..] (2.l1a)
Pi 61-5 "6i-4 "6i-3 "6i-2 “6i-1 61
1x6
is the nodal displacement vector and
ElAi EiAi
L 0 0 - I 0 0
i i
12EiIi 6EiIi 0 ) 12Ei i 6EiIi
3 2 3 2
Li Li Li Li
[kp; 1= 4E, I, 6E,I, 2E.I,
1 0 - 2
6x6 Li Li Li
L 0 0
i
Symmetric 12EiIi 6Eixi
3 2
4EiIi
L Ly _
(2.1b)
20
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is the standard member stiffness matrix of the ith pipe
element, NM is the total number of pipe elements, Eji,
Young's modulus, A;, area, I;, moment of inertia and Li,
segment length of the ith pipe.

It should be noted that Eq. (2.1b) is obtained in local
coordinates. The relationship between local and global
coordinates is shown in Fig. 2.1 where x-y-z and X-Y-2
represent the local and global coordinates, respectively.

In order to obtain the system stiffness matrix, all element

stiffnesses shown by Eg. (2.1b) have to be transformed to

global coordinates by the following equation:

_ T
(Rpj1 = [T31" [kpyl [T4] (2.1c)
6x6 6X6  6X6  6%6

where [Kpj] is the element stiffness matrix in global

coordinates and [T;] is the transformation matrix given

below:
cosfj sing; O 0 0 0
-singj cosg; 0 0 0 0
[Ti]= 0 0 1 0 0 0 (2.14)
0 0 0 cosdj sindj O
6x6 0 0 0 =-singj cosfj O
0 0 0 0 0 1

where 6; is the angle between global and local coordinates
and measured counterclockwise as shown in Fig. 2.1. The
subscript i represents ith element.

By assembling the strain energies of all pipe elements

!

the total strain energy of pipe elements can be obtained in

21
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the form of

UTotal; Ng Ui
Pipe i=1 Pipe
NM
= 1 T
i=1 1x6 6X6 6x1
or
Total_ 1 T

l1xn nxn nxl

where [Kp] is system stiffness matrix of pipe; (Up}, system
displacement vector in global coordinates; and n, the total

number of degree of freedom.

2.1.2 Strain Enerqgy of Surrounding Soil

The relative soil-pipe displacement {ug} is defined as:
{ug} = {up) - {%5) (2.4)
where (Xg) is displacement vector of the ground. The

strain energy of soil can be derived in longitudinal and

lateral directions, respectively, as shown in the following

sections.

In Longitudinal Direction

The relative displacement function defined by the

discrete displacements at the nodes between a pipe element

22
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and the ground (surrounding soils) in longitudinal direction

can be expressed as:

. u 3 x .

1 X X 61-5 GA21-1
Ya(x) = [(1 - ) 1 ( - )

A L, Ly { Ugi-2 } { XcA2i }

\

where {uppi)} and {Xgai)} are the longitudinal components of
the ith pipe displacement and the corresponding ground
displacement, respectively, as shown in Fig. 1l.4a; {(ugpyi) is
the relative soil-pipe displacement vector and [Najl is the
assumed linear displacement function in longitudinal
direction. Then the soil strain energy in the longitudinal
direction of the ith element can be obtained as:

U;oil,Long= % Izi kSAi(yi)zdx (2.6)

Substituting Eq. (2.5) into Eq. (2.6), one obtains

3 k . L .
i ks L4 2
Usoil,Long™ "2 fo ([Np;] (ugpy))“ax

Kens Ly
SA
=2 Iol (Ugpy)  [N507 [Nj;0 (ugpsd dx  (2.7)

In view of Eq. (2.4), the terms inside the integral on the

right hand side of Eq. (2.7) can be expanded as:
T T T T
(pagd (Nas 1 INp3I0Upas ) = 2Quppy ) [N 3D [N 5T (Xgp )

T T
. T epgd Na 1 N3 1)
Plugging these terms into Eq. (2.7), one obtains:

23
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L,

i 1 i

2 T
Usoil,Long™ 2 ¥saifUpai) J‘o [N

T
ail [Np3l dx {u

pAi’

L.
- kSAi{uPAi}T Iol [NAi]T[NAi] dx {Xga;)

Ly

1 T T
+ 2 Koail¥eas) fo (Na317[Np30 A% {Xga4)  (2.8)
Note that the last term on the right hand side does not
contain unknown nodal displacement. There is no need of
carrying out the integration since this term will go out
upon its variation. It can be simply represented by a

constant aj. Thus, Eg. (2.8) can be rewritten after

integration as:

i 1 T

_ 1 i
Usoil,Long™ 2 (Ypail  [Kgal (Uppy!
1x2  2x2  2x1
- (up, 3 TIkE ) (%) + ay (2.9)
PAi SA GA1 i *
1x2  2x2  2x1
where
. L.
i, i T
[kgal = kSAiIO [Np;17 [Ny ldx
2%2
- 1 1 0.5
=3 kSAiLi[ 0.5 1 ] (2.9a)

In Lateral Direction

The relative displacement between pipe element and

surrounding soil in lateral direction can be written as:

24
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x

Ugi-g GL2i-1
. u_. 0
1 61-3
yr(x) = [N, N, N, N, ] ( )
L 1727374 Yei-1 XeL2i
u 0

61

where {upyj} and {xgpj} are the lateral and rotational
components of the ith pipe displacement and the
corresponding ground displacement, respectively, as shown in
Fig. 1.4a. {ugrj} is the relative soil-pipe displacement
vector and [Nrj] is the assumed displacement function in the

lateral direction and is given in the form of:

2 3 2 3
3x 2X 2X X
LY L, i LY
1 1 1
2 3 2 3
3x 2X X X
5 -3, (-5 + %)) (2.11)
L2 L3 Li L2
i i i

Then the soil strain energy in the lateral direction within

the ith element can be formulated as:

Ly

s SLi J‘0

-1 i, 2
USoil,Lateral— 2 X (yp) “dx (2.12)

Substituting Eq. (2.10) into Eg. (2.12) yields:

i Ly

_ 1 2
Usoil,rateral™ 2 Kspi fo (INp;1 {ugp 3 dx

Ly

1
=2 X4 J.o {uSLi}T[NLi]T[NLi] fUgpi) dx  (2.13)

25
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In view of Eq. (2.4), the terms inside the integral on the

right hand side of Eq. (2.13) can be expanded as:
T T T T
(prid [Npg 3 INLyT(upps) = 2 (Wpp) NI INGS T (%gps)

T T
T Xgpi) INpy ) INp Mgy )
Plugging these terms into Eq. (2.13) obtains:

i L

_1 r (L4 T
Usoil,ratera1l™ 2 Kspi{(Upri! fo (Npi 17N T ax (up, )

L.
e Lg T
= Kgpi{Uppi! Io (N1 [Np;) dx (xgp 50

L.
1

1 T T
* 2 Xgpif¥gpi) fo [(Npgd7[Npjl ax (xgr5)  (2.14)
Again, as mentioned before the last term on the right hand
side of Eq. (2.14) can be represented by a constant bj.

Thus, after integrating Eg. (2.14) can be rewritten as:

i 1 T i
Usoil,Lateral™ 2 (Upp;) [Kgp! {Uppi)
1x4  4x4  4x1
- ug Tk 1 (%) + b, (2.15)
PLi SL GLi i :
1x4  4x4 4x1
where
26
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L

i _ i T
[kgp] = kSLi-ro [Npj1 [Np;1 ax
4x4
(13 11 2 _ .13, ]
35 210 Pi 70 220 Ti
2 2
Ly 13 Ly
k1L 105 220 Ui 7120
SLi~i 11
E = RR—
35 210 “i
Symmetric Li
I 105 |

(2.15a)

and bj is a constant. Combining Egs. (2.9) and (2.15), the

total soil strain energy within the ith element can be

obtained as:

i

= i i
soi1 ~ USOil;Long * Usoil,Lateral (2.16)
or
i = 1 T.,1 1 T i
Usoil™ 2 (Upas} [kgalUpay) + 5 (upp:} [kgpl{upr,)

1x2 2x%2 2x1 1x4 4x4 4x1

_ T i _ T i
(Upaj )} [Kgal(¥gas} = (upps} [kgpI{%gps)
1x2  2x2 2%l 1x4 4x4  4x1

+ a; + bi (2.17)

Note that the first four terms on the right hand side of Eq.
(2.17) can be expanded to the same dimension and then the

first two terms and the next two terms can be composed

27
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together, respectively. Eg. (2.17) can be rewritten as:

i _1 Tod - T . i
Usoil = 2 (Upg} [kgl{up;} = (up;) [kgli{xgg) + o
1x6 6x%x6 6x%1 1x6 6x6 6x1

(2.18)

where [ksi]“is the element stiffness of surrounding soil
along the ith pipe element and cy = aj + by is a constant.
After transforming the soil stiffness matrix [kg] of
local coordinate into [Kg] of global coordinate in view of
Egs. (2.1c) and (2.1d), the total strain energy of
surrounding soil can be obtained by adding Eq. (2.17) or

Eq. (2.18) through all elements:

UTotal - Ng Ui
Soil i=1 Soil
-3 (2w, (UL ) = (U ) TIR T (Xe) + o)
i=1 2 P1 S1 P1 P1i S1i Gl 1
1x6 6x6 6x1 1x6 6xX6 6x1
(2.19)
or
Total_ 1

1 T ) T
USOil - 2 {UP} [KS]{UP} {UP} [KS]{XG} + c
ixn nxn nxl 1xn nxn nx1

(2.20)

where [Kg] is the system stiffness matrix of surrounding

soil and ¢ is a constant.
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2.1.3 Strain Enerqy of Joints
As shown in Fig. 1.4b, the relative displacement of the

ith intermediate linear joint can be written as:

i 2 2,1 _ 2
Usoint™ 2 ¥gai(Uei+1™ Ysi-2)  + 3 Kyri(Ygits™ Ygi)
(2.21)
or in matrix form:
i _ 1 T . i . -
UToint™ 2 (Uy;) [kKJ) (ugy) i=1, 2,..., NJ-NBJ
1x4 4x4 4x1
(2.22)
where
{u }T= u u u u (2.22a)
Ji [Ugit1r Ygitzr Ugj-zr Ygil .
1x4
Ksai 0 “Kgjpy O
. k.. 0 k...
(k31 = JR1 K gRl (2.22b)
4x4 Symmetric JAL X
JRi

NJ is the total number of joints in the system in which the
number of boundary joints is denoted as NBJ. kyai and KIRri
are longitudinal and rotational spring constants of ith
joint, respectively. Note that there is no lateral
displacement component involved in Eq. (2.21), since no

relative joint displacement in lateral direction at each

29
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joint is assumed. The detail of stiffness matrices of other
types of joints are shown in Appendix. For the boundary
Joints, which are connected to the station, building or
free, the strain energy at each boundary joint can be

written as:

2,1 2
+ 5 Kyps Ugi_ 4 (2.23)

j
U Kraj (@ caj) 2 XIRj

Joint™ 2 JAJ X

6i-5"
or in matrix form:

) Ty
lx2 2x2 2x1 1x2 2x2 2x1

1 .
2 (¥gpj! [k ] (%gpy) j=1, 2,..., NBJ (2.24)

1x2 2x2 2x1

where i is the nodal number of the pipe adjacent to boundary

joint j;
T _ . T _
533" = [¥gi 50 Yg5-317 (Xgpy)" = [Xgays O]
1x2 1x2
(2.25a)

are the boundary joint displacement vector and the

corresponding ground displacement vector, respectively, as

shown in Fig. 2.2, and

Kiaz: O

[k 1= { gAJ k.. } (2.25b)
JRJ

2x2

is the stiffness matrix of the jth boundary joint. Note

that the last term on the right hand side of Eq. (2.24) is
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independent of unknown nodal displacements and can be
represented by a constant dj.
After transformation of axes and assembly, the total

strain energy of joints can be obtained in the form of:

UTC’*.:al = NJ;NBJ Ui . + NSJ Uj .
Joint i=1 Joint j=1 Joint
NJ-~-NBJ NBJ

1 . § 1 T..J

1=1 ix4 4x4 4x1 71 1x2  2x2 2x1

- UK (X.o.) + 4l) (2.26)
T 8] (¥gpj j
12 2%X2 2x1

or
NBJ
Total_ 1 T _ T
Usoint™ 2 {Up) [K;1(Up) ifl{UJAi} [Kyail{Xgpi) + d

1xn nxn nxl Tt oixl 1x1 1x1

(2.27)

where [Ky] is the system stiffness matrix of joints. Note
that the second term on the right hand side of Eq. (2.27)
contains oniy the longitudinal strain energy of boundary
joints since the rotational component of ground displacement

is zero; the boundary conditions of the system are imposed

at this term.

2.1.4 Total Potential Enerqgy of the Pipeline Svystem

Adding Egs. (2.3), (2.20), and (2.27), one obtains the

total strain energy of the pipeline system in the form of:

31
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UTotal Total Total Total

= UPipe * Usoil * Usoint

(2.28)
orxr
Total _ 1 T i T
U = 2 {UP} [KP] {UP} + 2 {UP) [Ksl {UP}
1xn nxn nxl ilxn nxn nxl

1 y,T T
+ 3 (Up) (K51 (Up) - (Up) [Kg] (Xg)

lxn nxn nx1 1Xxn nxn nxl
NBJ .
- iil (Uzag) [Kypil (Xgay) + €+ d (2.29)
1x1 1x1 1x1

Note that on the right hand side of Eq. (2.29) the first
three terms can be combined together as well as the fourth
and fifth terms. Then Eq. (2.29) can be expressed in a

simple form as:

UTotal

1 T
= 3 (Up) [Kgygl (Up) - (Up)T(K] (%) + h
1xn nxn nxl 1xn nxn nx1
(2.30)
where
[KSYS] = [KP] + [KS] + [KJ] (2.30a)
nxn nxn nxn nxn

is the system stiffness matrix of the buried pipeline system
and [K] is a coefficient matrix consisting of system
stiffness of surrounding soil, [Ksl, and longitudinal

stiffness of boundary joints, and h is a constant.
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2.1.5 Governing Equations of Equilibrium of a Buried

Pipeline System

Based on the principle of variation, the first
variation of the total potential energy of an equilibrium

system should be equal to zero. Thus,

s yrotal _ (2.31)
or
Total
4 U _
s = O (2.32)

where {Up) is the unknown nodal displacement. Then in view
of Eq. (2.30) one obtains the following equation:

[Kgyg] (Up) = [K] (X} = (F(t)) (2.33)
nxn nxl nxn nxl nxl

where (F(t)} is the equivalent force vector. Since (Xg) is
a function of time, then the forcing function (F(t)} is a
function of time.

Solving Eq. (2.33), the displacement responses of the
pipeline, {Up}, can be obtained. Then the pipe responses in

local coordinates, {up}, can be obtained by following

equations:

{up;) = [T] {Up;} i=1,2, ..., N\M (2.34)
6x1 6x6 6x1

where [T] is the transformation matrix as shown in Eq.
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(2.1d). The relative joint displacement can be obtained by
subtracting the corresponding displacements, longitudinal
and rotational displacements, at each joint. The strain and
curvature of pipe can be obtained from the strain- and
curvature-displacement relationships [56], respectively,

which are given as:

1 1 _
{sj-(X)} = [- E’_ r E"— ]{uPp‘i} l=1,2,...,NM (2.35)
o2xa
and
6 1 4 6X 6 12x
(x; (X)) = [(- 5 +==F), (-3 4+, (& _ )
* 2 13 Ly 12 1.2 .3
i i i i i
2 6x )
(=1, % T3 )Muppy}y i=1,2,...,NM (2.36)
oL 4x1

2.1.6 Special Case (Continuous Pipeline System)

For a continuous pipeline system, the same governing
equilibrium equation, Eq. (2.33), for the segmented pipeline
is also applicable as long as the joint stiffness is close
to infinite. However, in order to save computational time,
the governing equilibrium equation for a continuous pipeline
can be formulated without consideration of joints (except
boundary joints) just like the traditional structural
analysis. Therefore, the detail will not be shown here and
the governing equilibrium equation is given in the form of:

[Kgys] (Up) = [K] (Xg) = (F(t)) (2.37)
nxn nxl nxn nx1 nxl
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where

[Kgys] = [Kpl + [Kg) (2.37a)
nxn nxn nxn

and
[K] = [Kg] + [Kgg] (2.37h)
nxn nxn nxn

and n is the total number of degree of freedom of the
continuous buried pipeline system. In view of Eq. (2.34),
the pipe responses in local coordinates, {up}, can be
obtained. Then Egs. (2.35 and 2.36) can be applied to

obtain the pipe strain and curvature.

2.1.7 Ground Motion Input

The solution for pipe response, {Up}, given in Egs.
(2.33 or 2.37) depends on the inputs of the ground motion,
{Xg}. Since {Xg)} is a function of time, the solution of
{Up} is also a function of time.

Assuming that the wave form of the traveling seismic
excitation remains constant over the entire pipeline system,
the inputs of the time-space varying ground motions starting

from the first node are:

Xeai

(Kei ()} = Xgps ¢ = Bnaxd(t = Aty

) (2.38)

0
where Ap,y is the amplitude of ground displacement; g(t) is
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the displacement time function which equals 0 as t < N
At; is the delay time of seismic wave traveling from the
first node to the end face of the ith node and is given in
the form of:
i
At, = = L,/C. (2.39)
j=1 J° 3]

and Cj is the propagation velocity of seismic wave with
respect to the jth pipe segment. Note that in Eq. (2.38)
there is no rotational component in the ground displacement

input.

2.2 Solution and Computer Program

A computer program is developed to solve the elastic
responses of buried pipeline system (continuous and
segmented). For a given buried pipeline system, the
coordinates of each node, and information on the pipe
(Young's modulus, outer and inner diameter), surrounding
soil (longitudinal and lateral spring constants), joint
(longitudinal and rotational spring constants) and ground
motion (wave velocity, incident angle, types of wave,
displacement data such as number of records, time step and
magnitude) are required as input data. Then the stiffness
matrices, (Ksys]l, [Kg], [Kjy] and [K] are constructed
automatically. Because of the symmetric characteristics of

the stiffness matrices, the Choleski scheme is applied to
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solve for the pipe responses in global coordinates, {Up) as
shown in Egs. (2.33) and (2.37). Then, converting (Up} to
local coordinates, {up}, the joint responses for segmented
pipes, {ujya} and (uyr}, can be obtained and so can the pipe
strains and curvatures (Egs. (2.35) and (2.36)).

Note that this program has been modified for studying
inelastic analysis. For more information about this
program, one can refer to Sec. 3.7 and the details of
input/output data and listing of the computer program will

be given in a separate report [55].

2.2.1 Verification of the Developed Computer Program for
Elastic Anaiysis

The developed program has been verified by comparing
the results with those obtained by traditional structural
analysis and Wang's program [52].

Considering a plane frame structure as shown in Table
2.1 subjected to a unit vertical displacement at support A,
the responses at node B by using the developed program and
traditional plane frame analysis are shown in Table 2.1.
From this table one can see that the results obtained by the
developed program is almost the same as those obtained by
plane frame analysis.

Another comparison is made by considering a straight
buried pipeline with both ends fixed as shown in Table 2.2

subjected to a sinusoidal P-wave with traveling velocity of
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2400 in/sec, amplitude of 1 inch, period of 0.8 sec., time
step of 0.1 sec. and duration of 4 sec. The maximum
compressive pipe strain responses with various longitudinal
soil spring constants, kga = 0.001 to 1000 ksi, obtained by
the developed program as well as by Wang's program are shown
in Table 2.2. It is shown in this table that the results
obtained by both programs are almost exactly the same.

The above comparisons verify the accuracy of the
developed program. Using this program, a series of
parametric studies have been studied and shown in the

following section.

2.3 Parametric Study

To study the effects of various parameters in a buried
pipeline system, a cross type pipeline with 10 segments for
each leg (East, West, North and South) as shown in Fig. 2.3
is used as a referenced system for the parametric study.
Three types“of wave form, trapezoidal, sinusoidal and
triangular waves as shown in Fig. 2.4 are used as input
ground motions. They have the same amplitude of 1 inch,
period of 0.8 seconds, duration of 4 seconds and time step
of 0.1 seconds. Later on only the sinusoidal wave is used
as the input ground displacement for the rest of parametric
study. The referenced and the parametric conditions set for

the comparison of results are given in Table 2.3.
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2.4 Results and Discussion

Using the developed computer program [55], a series of
parametric studies have been done. For comparison purposes
only the maximum responses, i.e., maximum pipe strains, pipe
curvatures, joint displacements and rotational angles are
plotted versus various soil conditions. The results and
discussion of continuous and segmented pipeline system are

presented in the following sub-sections, respectively.

2.4.1 cContinuous Pipeline System Responses

The results of the parametric study for continuous
pipeline system are given in Figs. 2.5 to 2.12. Figures 2.5
and 2.6 show the effects of wave forms on the maximum pipe
responses; Figs. 2.7 and 2.8, the effects of pipe sizes;
Figs. 2.9 aﬁd 2.10, the effects of wave velocities; Fig.
2.11, the effects of incident angles of ground waves; and
Fig. 2.12, the effects of pipe materials. The longitudinal
and lateral soil spring constants are varied from 0.00001 to
100,000 ksi for Figs. 2.5 and 2.6. Because of the effect of
low spring constant, the value of 0.1 to 100,000 ksi for
soil spring constants were used for subsequent studies as
shown in Figs. 2.7 to 2.12.

For continuous pipelines, one can see that the maximum
pipe strain increases as the soil longitudinal stiffness
increases as shown in Figs. 2.5, 2.7, 2.9, 2.11 and 2.12

while the maximum pipe curvature increases as the soil
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lateral stiffness increases as shown in Figs. 2.6, 2.8, and
2.10. As the soil stiffnesses approach to zero, kga = kg, <
0.01 ksi, the pipe responses will approach to zero since
there is no interaction between the soil and the pipe. As
the soil stiffnesses approach to a large value, i.e., kga =
Kgp, > 1000 ksi, the maximum pipe strain will approach to the
upper bound, the maximum ground strain, since the soil is so
rigid that no relative soil-pipe displacement is created.

In other words, the pipe responses will be identical to the
ground movement.

Figurgs 2.5 and 2.6 show that the trapezoidal wave will
create higher pipe responses than the sinusoidal and
triangular waves since the trapezoidal displacement wave
form produces a greater peak ground velocity than that of
the triangular and sinusoidal waves with the same amplitude,
period and duration. It is known that higher peak ground
velocity produces higher ground strains. Because of high
ground strains imposed on the buried pipeline, the pipe
responses would also be high. For the same reason the
sinusoidal wave produces larger pipe responses than the
triangular wave. The maximum velocities of the three
different wave forms are presented in Table 2.4.

The effects of pipe sizes on the maximum pipe
responses, strain and curvature, are shown in Figs. 2.7 and
2.8, respectively. As shown in Fig. 2.7, the maximum pipe

strain decreases as the pipe diameter increases. Since a
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larger diameter pipe is stiffer, it is more difficult to be
stressed by the imposed ground strain. Therefore, the pipe
strain becomes less. Similarly, as shown in Fig. 2.8, the
bending rigidity will increase as the pipe diameter
increases. Therefore a larger diameter pipe is more
difficult to be bent by the imposed ground curvature. A
smaller value of the curvature is expected as the pipe
diameter increases.

From the responses shown in Figs. 2.9 and 2.10, one can
conclude that the lower propagation velocity (P- and S-wave)
of the soil (soft soil) at the site will produce higher
pipeline responses. This is because the higher wave
propagation velocity would allow the ground displacement to
travel a longer distance, thus there would be less ground
strains and curvatures imposed on the buried pipes.

The effect of the ground wave incident angles, ¢, on
the maximum pipe strains is displayed in Fig. 2.11. 1In Figq.
2.11 a sinusoidal P-wave with various incident angles, i.e.,
¢ = 0°, 15°, 30° and 45°, is used and the maximum pipe
strains are obtained for pipelines in North-South (N-S) and
East-West (E-W) directions. One can see from this figure
that when ¢ = 0°, E-W pipe has the highest strain, while N-S
the lowest since longitudinal strain dominated the response
behavior. At ¢ = 45°, both E-W and N-S pipes have the same
maximum pipe strains because the pipeline system used is

symmetrical.
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It is also shown in Fig. 2.12 for different pipe
materials, i.e., steel, concrete and cast iron, but the same
soil conditions, element length, pipe size and ground motion
input, the maximum pipe strain increases as the material
becomes softer (the smaller value of Young's modulus). This
is the same reason related to the relative stiffnesses

between the pipe and the surrounding soil.

2.4.2 Segmented Pipeline System Responses

In addition to the parameters used in parametric study
for continuous pipelines, the value of joint spring
constants, kjyp and kgr, varying from 0.1 to 10,000 k/in and
k-in/deg are also included for parametric study of segmented
pipelines. The results of parametric study for segmented
pipeline system are given in Figs. 2.13 to 2.23.

For segmented pipeline systems, in general, as for
continuous pipelines, the maximum pipe strain increases as
the longitudinal soil stiffness increases as shown in Figs.
2.13, 2.15, 2.18 and 2.20 while the maximum relative joint
displacements decreases as the longitudinal soil stiffness
increases as shown in Figs. 2.14, 2.16, 2.17, 2.19 and 2.21.

Figures 2.13 and 2.14 present the effects of pipe sizes
on the pipe strain and relative joint displacements

responses. As shown in these figures, the larger the pipe
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size, the larger the maximum relative joint displacement and
the smaller the maximum pipe strain will be.

The maximum pipe strain and relative joint displacement
responses for different wave velocities are shown in Figs.
2.15 to 2.17. It is shown in these figures that the lower
propagation velocity (P- and S-wave) of the soil will cause
larger pipeline responses, i.e., pipe strains, joint
displacements and rotations.

As shown in Figs. 2.18 and 2.19, the pipe strain and
relative joint displacement responses will decrease as the
incident angle of ground motion increases. As the incident
angle increases, the apparent wave velocity increases
(shorter delay time) and the ground displacement component
imposed on the pipe decreases (smaller ground strain).

Thus, smaller pipe strain responses and relative joint
displacements are expected.

In Figs. 2.20 and 2.21 the effects of pipe materials
are shown, i.e., the stiffer the pipe material is (larger
value of Young's modulus) the smaller the pipe responses and
relative joint displacements will be.

The effects of joint stiffness on pipe strain and
relative joint displacement responses are shown in Figs.
2.22 and 2.23. From these figures one can see that the pipe
strain responses increase, but the relative joint

displacement responses decrease, as the joint stiffness
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increases. 1In other words, the more flexible the joint is,
the smaller the pipe strain and the larger the relative

joint displacement responses will be.
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Table 2.1 Comparison of the Responses of a Plane Frame

Subjected to a Unit Vertical Displacement at

Support A
uz
“1{*;13 F
E Al o )
E = 10 ksi
A = 13.94 in®
E Al ! I = 549.1 in*
ENA 1
} L —
Responses at Node B
u, (in) u,(in) u; (rad)

L * *h * *t * L 14
(ft) (1) (2) (1) (2) (1) (2)
12 0.166 0.166 0.519 0.520 =-0.043 -0.043
24 0.104 0.105 0.787 0.792 -0.028 -0.028
36 0.059 0.060 0.885 0.892 ~0.020 =0.020
60 0.025 0.025 0.954 0.957 -0.012 -0.012
72 0.018 0.018 0.963 0.970 -0.010 -0.010

" Obtained by Developed Program

" obtained by Plane Frame Analysis
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Table 2.2 Comparison of the Maximum Compressive Pipe Strain

Responses of a Straight Buried Pipeline Subijected

to a Sinusoidal P-wave

ksa ksp ksp ksp kgy E = 30,000 ksi
cp—] s IJVHW A = 13.94 in?
E A
| L ; C, = 2400 in/sec
Maximum Compressive Pipe Strain (x10°)
Ksa
(ksi) Developed Program Wang's Program
0.001 0.42 0.421
0.01 0.447 0.427
0.1 0.678 0.674
1.0 1.70 1.70
10.0 2.84 2.84
100.0 2.96 2.959
1000.0 2.95 2.95
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Table 2.3 Referenced and Parametric Conditions

Used in Elastic Parametric Study

Physical Referenced Parametric
Parameter Condition Conditions

Pipe Material Steel E=30,000 ksi Concrete E=3,000 ksi
C. I. E = 13,000 ksi

Diameter oD = 6" 12", 18", 24n

Soil kg = kg = 1ksi kg = 0.1 to 100,000 ksi

Stiffness kg = 0.1 to 100,000 ksi

Joint Continuous kKj, = 0.1 to 10,000 k/in

Stiffness wr = 0.1 to 10,000
k-in/deg

Wave Velocity C 2400 in/sec C 1200 to 12,000 in/sec

)
o
i

C, 1200 in/sec C, 600 to 6,000 in/sec
Incident Angle 4 = 0° ¢ = 0°, 15°, 30°, 45°
Wave Form Sinusoidal Triangular, Trapezoidal
47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2.4 The Maximum Velocities of

Three Types of Wave Form

Trapezoidal Sinusoidal Triangular
Maximum Wave
Velocity 10.0 7.07 5.0
(in/sec)
48
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Chapter 3

INELASTIC ANALYSIS

3.1 Basic Formulations
Due to the elasto-plastic behavior of soils and joints,
a non-linear inelastic analysis of buried pipeline systems
is necessary. To this end, it is convenient to reformulate
the equilibrium equations, Eq. (2.33), in terms of the
relative soil-pipe displacements, {Ug}, which are given by
{Ug) = X5} - {Up) (3.1)
nx1 nxl nx1
Note that the relationship shown in Eq. (3.1) is also true

for local coordinates. Substituting Eq.(3.1) into Eq. (2.33)

one obtains

[Kgygl{Ug) = [K] (X5} = {F(t)) (3.2)
nxn nxl nxn nxl nx1

where
[K] = [Kp] + [K;] - [Kp;] (3.2a)
nxn nxn nxn nxn

Eq. (3.2) can be solved for relative soil-pipe

displacements, (Ug}, directly. Applying Eq. (2.34) the
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relative soil-pipe displacements in local coordinates, {ug},
can be obtained. Then through back-substitution the pipe
responses, {up}, and relative joint displacements, {uz}, can
be obtained. Because the input ground displacement,
{Xg(t)}), is time dependent, the equivalent force function,
(F(t)}, will perform cyclic loading situations, i.e.,
loading, unloading and reloading, on the soil elements and
joints once their elastic limits are exceeded. The
idealized hysteretic characteristics of soil and joint
springs are assumed as shown in Figs. 3.1 and 3.2. Once the
responses of soil and/or joint exceed their elastic limits,
the inelastic analysis considering the cyclic loading

situations will begin.

3.2 Hysteretic Characteristic of Soil Springs

The assumed hysteretic characteristics (load-
displacement relationship) of the soil (longitudinal or
lateral) is shown in Fig. 3.1 under the loading, unloading
and reloading situations.

When the tensile (positive) loading response, ug,
reaches and exceeds the elastic limit, Ug,ys the resistant
force, fg, acting on the pipe from the surrounding soil will
keep at a constant limited value, fS,y' while the pipe
displacement increases. This is called the slippage or
yielding of soil. As the loading decreases (unloading

situation), the displacement will decrease elastically as
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shown in Fig. 3.1. If the unloading continues until
reaching its compressive (negative) limited resistant force,
fS,-yr compressive slippage or yielding of soil will occur.
Again if the loading increases (reloading situation), at
this stage, the displacement will increase linearly as shown
in Fig. 3.1. This force-displacement (hysteretic)
relationship is also applied to the compressive loading,

unloading and reloading situations.

3.3 Hysteretic Characteristic of Joint Springs

Hysteretic characteristics of a joint for longitudinal
(axial) and rotational resistances are shown in Figs. 3.2a
and 3.2b, féspectively. Singhal [39, 40] presented a set of
experimental results that are shown in Figs. 1.1 and 1.2 for
a rubber gasket joint. It is shown that the load-
displacement relationship for longitudinal (axial) spring is

elasto-plastic and bilinear for rotational spring.

3.3.1 Longitudinal Springs

Figure 3.2a shows the force-displacement relationship
cf a rubber gasket joint for longitudinal (axial) loading,
unloading and reloading situations. Line FCDD! indicates
the behavior of the joint after the contact of two connected
pipe ends, i.e., the relative joint displacement is

constant, uy o, while the force continues increasing. 1In

general, two possible cases for longitudinal (axial)
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e

loading-unloading situations shown in Fig. 3.2a, namely (1)
OABCD' and (2) OAB'C'DD' are discussed. Case (1) represents
that the ends-contact, BC, occurs before the joint yields,
i.e., £5 >

fJ'_y, while in case (2), the joint yields, fy = fJ,_y,
before the ends contact, C'D. For reloading situation, case
(1) will follow the direction of D'CB, while case (2) D'DE.
The jumps, D'C and D'D, result from the sudden loss of ends-
contact. Similarly, the compressive loading and unloading
situations are demonstrated by OFD' and D'FAB(B'),
respectively. For compressive reloading situation, two
possible cases, i.e., BCD' and B'C'DD' could occur just like
tensile unloading situation. Note that the joint is
considered failure as the positive relative joint
displacement, Uy, reaches the pull-out joint displacement,

U,y as shown in Fig. 3.2a.

3.3.2 Rotational Springs

Figure 3.2b shows the moment-rotation relationship for
loading, unloading and reloading situations of a rotational
joint spring. One can see that Figs. 3.1 and 3.2b have
similar patterns. However, the soil spring has an elasto-
plastic force-displacement relationship (Fig. 3.1), while a
bilinear relationship (Fig. 3:2b)l;s adopted for rotational

joint springs as suggested in Refs. [39, 40].
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3.4 Modified Stiffness Matrices and Inelastic Nodal Force

Considering a pipe segment in which the surrounding
soil is partially plastified in the longitudinal direction
as shown in Fig. 3.3, the inelastic portions can be

calculated by following equations:

xp; = — S0 g, (3.3a)
s1 ~ Yso
u -1
Xgy = oY L (3.3b)
s1 ~ Yso

where xtj and x.;j are the tensile and compressive inelastic
length of soil, respectively, along the ith pipe element.
ug,y and Ug, -y are the tensile and compressive elastic
limits, respectively, and Ugg and ug; represent longitudinal
nodal responses at the two ends of the ith segment. Then

the potential energy of soil along the ith segment can be

written as:

» k L] L
1 _ _SAi 1 2
Ysoil, Long™ "2 J'o (INp;Ifugy;)) “ax

k k

. o X, . . oL
SA1L["ti 2 SAi[T1
2 J.o ([NpjI{ugp;})dx - — ILi-

2
xcé[NAi]{uSAi}) dx

X

SN (ue..yax + £ b
o (Npjl{uga;ldx

1
+ : .
£ SA, -y ILi-xcgNAll(uSAl

SA,y f ydx

(3.4)
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where fgp , and fsa,-y are the constant longitudinal tensile
and the constant compressive resistant forces, respectively.
Observing Eq. (3.4), on the right hand side the first
term represents the elastic enefgy of entire segment, the
second and third terms represent the elastic energy of
inelastic portions and the last two terms represent the
work-done by the constant yield resistant forces, fsa,y and
fSA,—yr along the inelastic portions. Thus, Eq. (3.4) can

be written in a short form as:

i

USoil,Long= Aj = By + ¢y i=1, 2,..., NA (3.5)
where
Koas: L.
- —SAl 1 2
Aj_ - 2 IO ([NAi]{uSAi}) dx (3.5a)

Ko.. X% . L.
_ _SAi ti 2 1 2
B;= —SAL [ ([Na;T(ug,;)) %ax + fLi-xcglNAi““sm” dx)

(3.5b)

X

ti[N ] {uq:}dx + F X
0 Al SAi

- i
¢i= ¢ SA,-iji-xcgNAi]{uSAi}dx

i SA,yf
(3.5¢c)

and NA is the total number of segments in which the
surrounding soil is partially plastified longitudinally.
Note that for elastic case, both B; and C; vanish and Eq.

(3.5) is the same as Eq. (2.9).
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Similarly, the potential energy of soil, which is
partially plastified in lateral direction, can be expressed

as:?:

.

J - - .=
where
K.r. oL.
I 2
py= S [ (ovg1 a0 %ax (3.6a)
Koo oX, . L.
_ Bt [*e 2 . 2
Bj= S5 (w1 ugp ) 2ax + ij_chg[NLj]{uSLjn ax)

(3.6b)
X, . L.
- t) J
Fy= fSL,yIO [Npyltugpsidx + fSL,-yILj-ch[NLj]{uSLj}dX

(3.6c)

and NL is the total number of segments in which the
surrounding soil is partially plastified laterally. Again
for elastic case, both E5 and Fy vanish and Eq. (3.6) is the
same as Eq. (2.18).

Assuming the joint responses are in the elastic range,
after transformation and assembly the total potential energy

of the pipeline system can be expressed as:

UTotal= Total+ Total Total

UPipe Joint™t USoil,m (3.7)
where
Total _ .. Total_ . Total
Soil,m ~Soil USoil,Inel (3.7a)
and
78
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Total  _ '3 (B,- C,) + E
Soil,Inel i=1 i i -

; (E5- Fy) (3.7Db)

1
It should be noted that for unloading and reloading
situations, Egs. (3.5b), (3.5c), (3.6b) and (3.6c) are still

applicable as long as the inelastic portions, X¢i and Xq4,
are known. However, these inelastic portions are not easy
to calculate even after one cycle of loading. Therefore, an
approximate approach is introduced to solve this complicated
problem.

The element as shown in Fig. 3.4 is divided into a
number of sub-elements. The displacements at the center
points of all sub-elements are recorded in order to identify
whether a sub-element is plastified or not. In other words,
the behavior of each sub-element is represented by that of
its center point. Once the behavior of each sub-element is
known, the modified stiffness matrices and the nodal
inelastic force vector can be constructed by Egs. (3.5b, c
and 3.6b, c), respectively.

Applying variational principle, the equilibrium

equations of the pipeline system can be obtained as:

([KP] + [KJ] + [Ksl = [KS]Inel) {US}

nxn nxn nxn nxn nxl
= (K] (X5} - (F)p (3.8)
nxn nxl1l nxl
79
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where [Kglinej is the soil stiffness matrix obtained from
inelastic portions of soil, B; and Ey, and (F}p is the
inelastic nodal force vector from C; and Fy. It should be
noted that Eq. (3.8) is obtained by assuming that the joint
responses are elastic. Therefore the joint stiffness matrix
should be modified if any joint response is also in
inelastic range.

In the case of inelastic joint response due to tensile
or compressive loading, the secant modulus, kypg, are shown

in Fig. 3.5a and given in the form of:

u

JA
k = A, ¥ k (3.9a)
JAs uJA,l JA

for tensile yielding and

u

JA,2
K., = —8:< (3.9b)
JAs Ujp o TA

for compressive yielding. This secant modulus will replace
the elastic modulus, Kya, in the computer analysis.
Similarly, for the case of inelastic joint response due to
bending, the secant modulus, kyrgs @s shown in Fig. 3.5b and

given in the form of:

. _ (1-a) uJR.V+ @ uJR « (3.10)
JRs uJR JR

will replace the elastic modulus, kgr- uga,y and UgR,y are

the elastic limits for longitudinal and rotational joint
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spring and ujya and ujyg are the inelastic longitudinal and
rotational joint responses, respectively. o is the ratio of
rotational joint stiffness after yielding to the elastic
rotational joint stiffness as defined by Singhal [39, 40],
who found that « varies from 0.1 to 0.3 for a rubber gasket
joint.

After constructing modified joint stiffness matrix by
substituting the secant moduli, kyas and Kgrg, for the
elastic moduli, kya and kyr, respectively, Eq. (3.8) can be

rewritten as:

([Kpl + [Kjl+ [Kgly) (Ug) = [K](Xg) - (F)p (3.11)

nxn nxn nxn nxl nxn nxl nxl

or
[(Rgygln{Us} = [K1 (X5} = (F)p (3.12)
nxn nxl nxn nx1i nxl

where
(Kgyglny™ [Kpl + [yl + [Kglp (3.12a)
nxn nxn nxn nxn
[Kslm= [Ks] - [KS]Inel (3.12b)
nxn nxn nxn

and
[K]m= [KP] + [KJ]m- [KBJ]m (3.12¢c)
nxn nxn nxn nxn

where (Kgyglnp, [Kglp, [(Kylp, @and [Kgylp are the modified
stiffness matrices for the system, surrounding soil, the

intermediate joint and the boundary joint, respectively, and
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{F}p is called the inelastic force vector. Note that for
elastic case, (KsysIm=[Kgysl, [Klp=[K]l, [Kpylp=[Kpy] and
{F}p=(0}, Eq. (3.12) is identical to Eq. (2.33).

Equation (3.12) will be used to solve for inelastic
relative soil-pipe responses, {Ug}, in global coordinates.
Then by back substitutions, the responses of pipe, {up}, and

joint, {uj}, in local coordinates can be obtained.

3.5 Iterative Procedure

Observing Eq. (3.12), one can find that this equation
can not be solved for the unknown inelastic responses, (Ug},
directly. Because once the unknown displacements, ug and/or
Uy, are in the inelastic range, the corresponding stiffness
matrices will be changed and so will the inelastic nodal
forces, all of which are functions of the unknown
displacement responses, ug and uy. Therefore, an iterative
procedure to solve this inelastic problem is developed as

described in the following sections.

3.5.1 1Initial Stage of Inelastic Responses of Soil/Joints

As shown in Fig. 3.6 for surrounding soil, there are
eight possible yielding conditions along a pipe segment .
For each case, the soil stiffness will change and be
affected by the extent of inelastic portion. The modified
soil stiffness matrix, [Ksly, and the inelastic nodal force

vector, (F)}p, can be generated by the energy approach as
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described before. For an inelastic joint, the secant
stiffness is employed. Then, by assembling the modified
system stiffness matrix, [Kgyglp, can be obtained. Note
that the stiffness of a pipe will remain constant since the
behavior of the pipe is assumed to be elastic. The
instantaneous inelastic equilibrium equation in a trial

calculation can be expressed as:

i i_ i _ i
[KgyglniUg) ™= [KIp(X) - (Fip (3.13)
nxn nxl nxn nxl nxi1
where
i_ i i
[Kgyglp= [Kpl + [Kglp+ [Kj1- (3.13a)
nxn nxn nxn nxn
i i i
[(Klp= [Kpl + [Kjlp- [Kgzlo (3.13b)
nxn nxn nxn nxn

and {F}p is the nodal force vector contributed by inelastic
portion of soil, which can be calculated by Egs. (3.5c and
3.6c). The superscript, i, indicates the number of
iterations;“ As i=1, the initial trial, {Ug}q, is the
elastic solution. 1In this case, {FP}1= {0} and Egs. (3.2
and 3.11) are identical. Based on the information of
inelastic responses of the soil and the joints, the updated
matrices, [Kgyg]i*l and [K]i*l, and the inelastic force
vector, (Fp}i*l, are generated. Then solving Eq. (3.13), a

new set of responses, {Us}i+1, are obtained. Following
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criterion is applied to check the convergence of new
solutions.

i

i+i
(Ug} "= (Ug)

< (e} (3.14)

where e is the prescribed tolerance. If any violation
occurred in Eq. (3.14), then the procedure is repeated,
recalculating the modified stiffness matrices, (Kslm: [Kylps
[Klm and [Kgygly, and the inelastic force vector, {Fp}, to
obtain another update responses, {Us}i+1, by Eq.(3.13)

until Eq. (3.14) is completely satisfied.

3.5.2 Iterative Procedure after the Initiation of Inelastic
Responses

After the initial inelastic responses are obtained as
described in the previous section, some additional efforts
need to be made to obtain the inelastic responses for the
remaining time history of ground motions. Since the seismic
shaking induced ground displacements are time dependent, the
hysteretic characteristics of the soil and joints should be
considered.

It is necessary to track the loading status after the
initiation of inelastic responses take place due to the
hysteretic characteristics of soil and joints springs. Hence
an incremental equilibrium equation as following:

[(Kgyg] {AUS}j= (K] (8Xe)y (3.15)
nxn nx1 nxn nxil
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where subscript j represents present time step, and {AUS}j
is the incrgmental response vector corresponding to the
incremental ground displacement vector, {AXG}j, is applied
to detect the loading path of inelastic elements and joints.
After solving Eq. (3.15) for incremental responses, {AUS}j,
the initial trial responses, {Ug}y, at time tj are obtained

by:

1
{us}j S}j—1+ {Aus}j

nxli nxl nxi

- (u (3.16)

Based on the information of the loading path for inelastic
elements and joints and Eq. (3.16) which provides possible
additional inelastic elements or joints, the update
stiffness and inelastic nodal force of the individual
element and joint can be developed as described in section
3.4. Then the modified stiffness matrices, Egs. (3.13a) and
(3.13b), and the inelastic force vector, {Fp}, can be
obtained by assembling/modifying the original matrices. The
iterative procedure for initiation of inelastic responses
described before is again applied to solve the responses,
{Us}j. This procedure will be repeated for the rest of time
history of seismic shaking.

It should be noted that there are two possible failure
modes: (I). Foundation Failure: The surrounding soil is

completely plastified. 1In this case, the pipeline system
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becomes unstable. (II). Joint Failure: The relative joint
displacement (longitudinal) is greater than the ultimate
Joint displacement. 1In this case, the joint is classified
as pull-out failure. Hence following two conditions have
been checked at each iteration.

Det[Kgly / Det[Kg] > e* (3.17)

{uga} é {9z, 4} (3.18)
where

Det[Kg]y = determinant of modified system soil

stiffness
Det[Kg] = determinant of elastic system soil stiffness
e* = tolerance to determine if the surrounding soil is
failure
{uga} = the relative longitudinal joint displacement
vector
{uy y} = the ultimate (pull-out) relative joint

displacement vector.

3.6 Elastic Limit for Load-displacement Relationship of
Surrounding Soil and Joint
As mentioned before there are few testing results for
buried pipelines available. However in order to study the
pipe and joint responses due to the inelastic behavior of
surrounding soil and joints, the elastic limits for the
surrounding soil, Uga,y in longitudinal direction and Usr,y

in lateral direction, and joint, Uga,y in longitudinal
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(axial) direction and UsR,y in rotational direction, are the
most important factors that will affect the responses.
Hence from the available sources the values of elastic

limits of surrounding soil and joints were studied.

3.6.1 Elastic Limit of Surrounding Soil

In 1977 Audibert et al. [2] presented testing results
for lateral responses of a buried pipeline. 1In order to
utilize these nonlinear curves for the elasto-plastic
analysis, the method presented by Thomas ({45] is adopted.
For a nonlinear load-displacement curve, the elastic limit
is obtained by drawing a straight line connecting origin and
the point of 70% ultimate load and intersecting another
horizontal line passed the peak point of the curve as shown
in Fig. 3.7. Applying this method the values of elastic
limit for the curves of different burial depths presented in
Ref. [2] are calculated and presented in Table 3.1.

Another available source for elastic limit of
surrounding soil for buried pipelines was presented in
reference [7]. In reference [7] equations for calculating
elastic limits for both longitudinal and lateral reactions
with two different soil conditions, sand and clay, were
given. Because backfill materials used around buried
pipelines are usually granular, it was decided only the
equations for sand are of interest. The equations for

longitudinal and lateral elastic limit of soil-pipe
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longitudinal and lateral elastic limit of soil-pipe

interaction are given as:
usA y= 0.1 to 0.2 inches for dense to loose sand
4

(3.19)
0.03 to 0.05(H+D/2) for medium sand (3.20a)
UsL,y~

0.02 to 0.03(H+D/2) for dense sand (3.20Db)

where

o
Il

burial depth from soil surface to centerline of
the pipeline

D = outer diameter of pipeline.

Using Egs. (3.20a) and (3.20b), the values of lateral
elastic limit, usg,yr for different pipe sizes and burial
depths were calculated and presented in Table 3.2.

From Tables 3.1 and 3.2, cne can see that the elastic
limit of soil in the lateral direction, Usy,, yr depends on
the soil conditions, the pipe size and burial depth, and the
values vary from 0.1 inches (OD=1 inch, H/D=2) to 4.2 inches
(OD=24 inches, H/D=3). These values and the longitudinal

elastic limits shown in Eq. (3.19) are referred later in the

parametric study.

3.6.2 Elastic Limit of Joint

From Figs. 1.1 and 1.2 presented by Singhal, 1984 [40],
the elastic limits of rubber gasket joint springs in

longitudinal, Ugya,yr and rotational, UsR,y: directions are
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given in Table 3.3. It is shown in Table 3.3 that for
rubber gasket joint springs, the values for Ugp,y are in the
range of 0.1 to 0.6 inches while UjR,y 0-2 to 0.5 degrees
for pipes of 4 to 10 inch diameter. These values will be

referred in the parametric study in the following section.

3.7 Solution and Computer Program

A computer program for elasto-plastic analysis has been
developed. The computer program is able to solve elastic
and inelastic responses of buried pipeline (continuous and
segmented) system subjected to any kind of ground motions
with various traveling velocities and arbitrary incident
angle. The program starts with solving Eq. (3.2)
elastically until soil and/or joint response exceeds its
elastic limit. Then the iterative procedure described in Sec
3.5 begins. The modified stiffnesses, (Kslpr [Kylp and
[KsysIms and inelastic force vector, {F}p, due to the
inelasticity of soil and/or joint are generated
automatically at each iteration. A smaller time step, which
depends on the elastic limits of soil and joint, might be
required in order to achieve convergency of solutions. In
general, a time step of 0.001 second will be suitable for
all kinds of inelasticity of soil and/or joint. The details
of input/output data and listing of the computer program

will be given in a separate report [55].
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This program is not meant to solve a buried pipeline
system with large degrees of freedom. Experiences have
shown that most pipeline damages occurred at the junctions
or boundary areas where the stiffnesses are suddenly
changed. In general, for purposes of design, or checking
the safety of a buried pipeline system subjected to ground
shaking, only the portions including boundary and junctions
are needed to be considered. 1In other words, this program
may be sufficient for real case investigations with limited
total degrees (say 250) of freedom. To upgrade the current
program to a large comprehensive program, a skyline scheme
which can save storage space as well as computational time,

or a parallel computing code may be considered in a future

study.

3.7.1 Verification of the Developed Program for Elasto-
plastic Analysis

It was tried to compare the inelastic pipe responses
obtained by the developed program and those presented by
Takada, et al. [42]. The comparisons showed that the
Takada's results are smaller (about 1.5 to 2 times less)
than those obtained by the developed program. Since Takada
did not consider the hysteretic characteristics of soil and
joints, the smaller inelastic pPipe responses are expected.
Using the developed program, a series of parametric studies

have been done as shown in the following section and the
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trends of the inelastic responses of buried pipelines are

reasonable.

3.8 Parametric Study

To study the inelastic behavior of a buried pipeline
system subjected to ground shaking, the same cross type
pipeline as mentioned in Sec. 2.2 is used.

The focus of this study is the effects of the inelastic
responses with various elastic limits of soil and/or joint
compared to the elastic responses. Therefore, some of the
parameters, such as pipe size, wave velocity and incident
angle, used in the elastic parametric analysis along with
various elastic limits of soil and/or joint are used also
for this inelastic parametric study. The referenced and the
parametric conditions set for the comparison of results are

given in Table 3.4.

3.9 Results and Discussions

Using the developed program as mentioned in Sec. 3.7,
the parametric study of inelastic analysis has been done.
The results are shown in Figs. 3.8 to 3.14 for continuous
pipeline responses while Figs. 3.15 to 3.29 display the

segmented pipeline responses.
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3.9.1 Responses of Continuous Pipelines

The inelastic responses of continuous pipelines are
shown in Figs. 3.8 to 3.11 for two different pipe sizes, OD
= 6 and 24 inches; two wave velocities, cp = 2400 and 12000
in/sec; and two incident angles, ¢ = 0° and 45° with soil
elastic limits, Usa,y = Ysr,y = 0.05, 0.1, 0.2 and 0.5
inches. The corresponding elastic responses are also
presented in each figure for comparison purposes.

Note that the effect of lateral soil elastic limits in
the range of 0.05 to 0.5 inches which covers the available
data mentioned in Sec. 3.6.1 have been evaluated, and the
results showed that the responses in lateral direction will
remain in elastic range, i.e., Ugy, < Ugy,y- Therefore, the
inelastic responses shown in Figs. 3.8 to 3.11 represent
only the inelastic behavior of the pipe due to longitudinal
soil yielding (slippage).

Figure 3.8 shows the inelastic responses of a
continuous pipeline of 6 inch diameter subjected to a ground
wave of 2400 in/sec traveling velocity and 0° incident
angle. As shown in Fig. 3.8, the inelastic pipe responses
decrease as the elastic limit of soil, Ugp,ys decreases.
The smaller the elastic limit of soil, the easier the soil
becoming inelastic will be, or the easier the slippage will
occur. Therefore, inelastic pipe responses are expected to

be smaller than the elastic responses. For given pipeline
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conditions, the elastic response becomes the upper bound of
the inelastic responses.

The same trend of inelastic behavior due to soil
yielding‘(siippage) for different pipe size, wave velocity,
and incident angle can be found in Figs. 3.9 to 3.11. The
effects of pipe size, wave velocity and incident angle of
ground motion are shown in Figs. 3.12 to 3.14, respectively.
In each figure the results of Usa,y = 0.5 and 0.2 inches are
plotted for demonstration purposes.

Figure 3.12 shows the effect of pipe size on the
inelastic pipe strain responses. One can see that the pipe
strain responses decrease as the pipe size increases. The
same trend is also found in elastic analysis.

Figures 3.13 and 3.14 show that the pipe strain
responses decrease as the wave velocity and incident angle
increases except in very small range of kga. Since higher
propagation velocity and larger incident angle will yield
smaller ground strain which was shown in elastic analysis,
the chance of the soil becoming inelastic for these cases is
smaller than that for the lower velocity and smaller
incident angle cases. On the contrary, for lower wave
velocity and smaller incident angle, the induced ground
strain is higher, and therefore more portions of soil might
become inelastic than that of higher velocity or larger
incident angle. The maximum pipe strain produced by Cp =

2400 in/sec and ¢ = 0° may be in the inelastic stage, while
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the maximum pipe strain produced by Cp = 12000 in/sec and ¢
= 45° may be in the elastic stage. Consequently, the maximum

strain of the former is less than the latter case.

3.9.2 Responses of Segmented Pipelines

The results of inelastic analysis for segmented
pipelines atre shown in Figs. 3.15 to 3.29. The elastic
limits of the soil spring for the parametric study are set
to be » (elastic), 0.5, 0.2, 0.1 and 0.05 inches. The
tensile elastic limit and the available compressive contact
spaces of the longitudinal joint spring, i.e., Uja,y and
Ugc, varied from 0.1 to 0.5 inches; and the elastic limit of
the rotational joint spring, UgR,ys from 0.1 to 0.5 degrees.
The pipe body is assumed to remain elastic and the pipeline
itself is assumed to remain functioning, i.e., no pull-out
failure of joints, in the study. For comparison purposes,
in each figure, the corresponding elastic responses of the
continuous and the segmented pipeline are also presented.

Under seismic shaking environments, the rotational
joint responses are found to be relatively small and within
the elastic limit, i.e., UyR < UgR,y- Therefore, the
results indicated only the inelastic behavior of
longitudinal soil and joint spring responses in the
longitudinal direction.

Figures 3.15 to 3.19 show the inelastic pipe strain

responses of a 6 inches diameter pipe subjected to a ground
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motion with velocity of 2400 in/sec and incident angle of
0°. The variables are the elastic limits of soil spring,
Ugp,yr tensile elastic limit, Uyp,ys and the available
compressive contact space, Uye, Oof the longitudinal joint
spring, and the elastic limit of the rotational joint
spring, uyR,y. The corresponding elastic continuous and
segmented pipe responses are also shown. One can see that
the inelastic pipe responses increase as the available
contact space of longitudinal joint spring decreases. The
elastic responses of continuous and segmented plpes appear
to be the upper and lower bound, respectively, of the
inelastic pipe responses. It is interesting to note that as
the contact space of joint decreases, the pipe will behave
more like continuous pipe regardless of the inelasticity of
soils and joints. The effects of soil yielding, uga,y, on
the segmented pipeline for the specified joint properties
can be seen by comparing Fig. 3.15 to Fig. 3.19. 1In
general, pipe strain decreases as Usa,y decreases. That is
to say that the pipe strain is reduced because of soil
slippage (yielding).

The effects of the pipe size, wave velocity and the
incident angle of ground motion under elastic soil and
inelastic joint conditions, Uga,y = Yge = 0.1 and 0.3
inches, are plotted in Figs 3.20 to 22, respectively.

Figure 3.20 shows that the pipe strain response

decreases as pipe size increases as discussed in the elastic
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analysis. It is also shown in Fig. 3.20 that the larger the
Uga,y and ujy. are, the smaller the pipe strain responses
will be. This trend also concurs with the conclusion
obtained from the elastic analysis since the larger values
of uya,y and ujy. represent a more flexible (ductile) joint.

In Fig. 3.21, the effect of wave velocity on the pipe
strain response is presented. One can see from this figure
that the larger the wave velocity is, the smaller the pipe
strain response is. Also, for Cp = 12000 in/sec, the pipe
strain response is not affected by the value of Uya,y and
Ugc for kga > 10 ksi. For kgp < 10 ksi (soft soil), small
variations can be seen for different uj. values. For Cp =
2400 in/sec! the value Uga,y and ujyo will affect the pipe
strain response in the entire range of ksa-

From Fig. 3.22, the effect of incident angle of ground
motion can be seen. The pipe strain response decreases as
the incident angle increases. Again, the trend is also shown
in the elastic analysis. For incident angle of 45°, the
value of Ugp,y and ujyc will affect the pipe strain responses
in the range of kga < 100 ksi.

The corresponding relative joint displacement in
longitudinal direction for different wave velocities and
incident angles are shown in Figs. 3.23 and 3.24,
respectively.

Figure 3.23 shows the effect of wave velocity on the

relative joint displacement response. The relative joint
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displacement response decreases as the wave velocity
increases. It also shows that for lower wave velocity, Cp =
2400 in/sec, the value of Usa,y and ujy. affects the relative
joint displacement response almost in the entire range of
kgp up to kga = 1000 ksi, as the same for pipe strain
response. For Cp = 12000 in/sec, the value of Usa,y and uyq
affects the relative joint displacement response in the
range of kgpa < 10 ksi, and the variation is small.

The effect of incident angle of ground motion on the
relative joint displacement response is shown in Fig. 3.24 .
The response decreases as the incident angle increases and
the same trend is also found in elastic analysis. For the
incident angle of 45°, the value of Uga,y and uy. affects
the relative joint displacement response in the range of kgp
< 100 ksi. Because the pipeline system under study is
symmetrical, the behavior for an incident angle greater than
45° can be gbtained through the image of that from an
incident angle less than 45°.

The inelastic as well as the corresponding elastic
relative joint displacement responses of a pipe of 6 inch
diameter subjected to a ground motion with wave velocity of
2400 in/sec and incident angle of 0° are presented in Figs.
3.25 to 3.29. The variables are the same as those used to
study the inelastic pipe strain responses. These figures
show that the longitudinal joint responses increase as the

contact space of joint decreases. Since if the available
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contact space of a longitudinal joint spring is small, the
joint responses switch from compressive to tensile side
after the contact. Thus, the joint response, is easier to
reach and exceed the tensile elastic limit. From joint
response point of view, a smaller contact space of joint
will be unfavorable because the joint responses become
easier to reach and exceed the pull-out joint limit, Usa,u-
Also, a small contact space of joint will give higher pipe
strains as discussed earlier. These figures also show that
the elastic joint response appears to be the lower bound of
inelastic joint responses. The effects of soil yielding to
relative joint displacement of segmented pipelines can be
seen by comparing Fig. 3.25 to Fig. 3.29. 1In general, soils
with smaller elastic limit yield higher joint responses.
From the above observations, one can conclude that for
a continuous pipeline, the response of the elastic analysis
is conservative, especially for smaller values of the
elastic limit, e.q., Usp,y = Usr,y < 0.1 ksi, and softer
soil, kgp = kgp, < 10 ksi of soil spring. For the segmented
pipeline, the value of Uyc pPlays an important role in the
inelastic behavior of pipes and joints. For a soft soil,
say Kga < 100 ksi, the inelastic analysis should be
considered since both pipe and joint responses of elastic
analysis will underestimate the real responses if soil
and/or joint becomes inelastic. However, for very high wave

velocity, Cp = 12000 in/sec, the elastic analysis may be
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sufficient for estimation of the responses of pipe as well
as joint due to wave propagation. For future aseismic
design of buried pipeline, more flexible (ductile) joint
should be concerned to accommodate larger relative joint
displacement (without pull-out failure). Accordingly the

pipe strain can be reduced also.
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Table 3.1 Elastic Limit of Soil in Lateral Direction,

Ugy, vy Obtained from Figs. 3.7 and 3.8

as Presented in Ref. [2]

Elastic Limit Note
Uy, y (in)
Laboratory 0.1 - 0.5 OD=1", 2.45" and 4.5"
Testing H/D=2, 3, 6, 12 and 24
In-Situ 0.54 OoD=9"
Testing H/D=4

Table 3.2

Elastic Limit of Soil in Lateral Direction
*——_‘__———L

Ygy, y. Obtained from Egs. (3.20a and 3.20b)
as_Presented in Ref. [7]

Elastic Limit, Usr,y (in)

D(in) H/D Medium Sand Dense Sand
2 0.45 - 0.75 0.3 - 0.45
6 4 0.81 - 1.35 0.54 - 0.81
6 1.17 - 1.95 0.78 - 1.17
2 0.9 - 1.5 0.6 - 0.9
12 3 1.26 - 2.1 0.84 - 1.26
4 l1.62 - 2.7 1.08 - 1.62
24 2 1.8 - 3.0 1.2 - 1.8
3 2.52 - 4.2 l1.68 - 2.52
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Table 3.3 Flastic Limits of Joint, ujp y—and uyp .

Obtained from Figs. 1.1 and 1.2 [39, 40]

Elas.tic Limit Note
uga,y (in) R,y (deg)
0.1 - C.6 0.2 - 0.5 Nominal Pipe
Diameter

= 4"’ 6"' 8" and 10“
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Table 3.4 Referenced and Parametric Conditions

Used in Inelastic Parametric Study

Physical Referenced Parametric
Parameter Condition Conditions

Pipe Material Steel E=30,000 ksi -

Diameter oD = 6" 24"

Soil keoa = kg =1 ksi kg = 0.1 to 1,000 ksi
Stiffness kg = 0.1 to 1,000 ksi
Joint Continuous k;,, = 1.0 k/in
Stiffness =

ks 1.0 k~in/deg

Wave Velocity C, = 2400 in/sec C, = 12,000 in/sec

Incident Angle ¢ = 0° é = 45°
Elastic Limit Elastic y,, = 0.05, 0.1,
(Continuous and ) 0.2, 0.5 inches
Segmented) u,=0.1, 0.3, 0.5 inches
Je = 0.1, 0.2
) 0.3, 0.5 inches
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Chapter 4

SUMMARY AND CONCLUSIONS

The behavior of buried pipeline systems under ground
shaking has been studied. The quasi-static equilibrium
equations for both elastic and inelastic analyses have been
derived. A rigorous iterative procedure considering the
hysteretic characteristics of soil and joint has been
developed. A computer program which is capable of solving
both the elastic and inelastic responses of buried pipeline
system has been developed. Using the developed program, the
parametric studies for both elastic and inelastic anaiyses
were done. From the results, some conclusions can be made
as follows:

l. The smaller the pipe size, the larger the pipe
responses will be.

2. The faster the ground wave velocity, the smaller
the pipe responses will be.

3. The longitudinal (axial) pipe responses dominate

the behavior of buried pipelines.
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4. The pipe which is parallel to the direction of
ground motion (incident angle = 0°) will
experience higher responses.

5. The more flexible (ductile) the joint, the
smaller pipe strain responses will be.

6. The elastic pipe strain responses of continuous
pipelines are upper bounds compared to the
inelastic pipe strain responses of both continuous
and segmented pipes.

7. The elastic pipe strain and the relative joint
displacement responses of segmented pipelines
appear to be the lower bound of inelastic pipe
strain and relative joint displacement responses.

8. The available contact space of joint, uy, ¢, Plays
the major role in the inelastic behavior of
segmented pipes. The smaller the contact space,
the larger the pipe strain as well as the relative
joint displacement responses will be.

9. The softer (lower stiffness) the surrounding soil,
the smaller the pipe strain responses will be.
However, the larger joint response will be
eXpected.

10. For very fast ground wave velocities, e.q., Cp 2
12000 in/sec, the elastic responses of pipe and

joint are sufficient for estimating inelastic

135
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responses of pipe and joint, especially for
stiffer soil, say kga > 10 ksi.

To verify the results, laboratory and in-situ
experiments of buried pipeline subjected to ground waves are
needed. Accordingly, a more realistic model for the
hysteretic characteristic of soil and joint can be
developed. To aid future designs, the operating pressure of
water supply pipelines and circumferential distortion of

pipes should be included.
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APPENDIX

STIFFNESS MATRICES OF DIFFERENT TYPES OF JOINT

This appendix presents the stiffness matrices of four

different types of joint, i.e., (i) elbow, (ii) T, (iii) Y

and (iv) cross, as following:

Stiffness Matrix of Elbow Type of Joint

Kia1
KjR1
Kjpos ©OKjR2
B 7
kjay O 0 kja1 O 0 0
ka2 0 0 0 -kjpp O

kyjritkgra 0 -kjp; 0 -kypo

[ky] = k 0 0 0
7x7 JAL
Symmetric kjp1 © 0
kjpo 0
k
| JR2_
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:ﬁuu_ =
9x9

Stiffness Matrix of T Type of Joint

k

ia1 T Kja3

LSTN|

JA2 0

Kjr1 T Kjro t KjRp3

Symmetric

k

0 —kjpg

JA1

0

0 —kjpo

0
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Stiffness Matrix of Y Type of Joint

ga §

1

+Kjp

2
]

w.~>»oum_+5>moMmm 0
2
kyars + kjaoS+kjag Y

kjr1 * kjr2 kg3

Symmetric

OHH GOM®h

§1= mbbm_

Co= oommm So= sin mm

6o
~ ke —kyae s 0
JALC] JA1C1 S
_ 2
Kja1€18) — kypsy 0
0 0 - kjR1
2
kjarer kja1©15 0
2
w.;awu o]
kjR1

2
= kjp0cs

~ Kja2CaS2

— KjpocpSy ~kyposs

0
o]
0

0

Kjp2¢5

0
0
0
0
kin2®2%2

Kyaess

kjRr2

Kjag
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m?hu =
11x11

Stiffness Matrix of Cross Type of Joint

Kia1 * Kjas 0 0

Symmetric

0 0o - _ﬁ;w
“Kjpz 00
0 W.:NN 0
o o0 0
0o o0 0
w,;m 0 0
kjpe 0

Kja3
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