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ABSTRACT

Recent observations indicate that underground lifelines have
received heavy damage due to the occurance of earthquakes in their
vicinity. Because of the importance of these lifelines to the safety
and health of the people at the time of the disaster, their capacity to
suryive an earthquake is vitally important. The research described in
this investigation aitempts to ascertain the influence of superimposed
concentrated (or line) footing loads of buildings on shallow buried
rigid pipes in urban areas in the event of an earthquake.

As no information currently exists in the literature concerning the
transfer of static concentrated (or 1ine) footing Toads on underground
concrete pipes, static analyses using the finite element technique are
initially performed for various Toading conditions. Because of the
insignificant influence of nonlinear material properties on Toad calcu-
lations for buried pipes, as demonstrated by other investigators, only
linear elastic material properties are assumed in the static analyses.
Dynamic analyses are performed on the finite element model of the
system using linear as well as nonlinear soil properties. The latter
is achieved by a combination of the equivalent linear method and the
method of complex response with complex moduli.

The response of ihe pipe~soil system subjected to an earthquake
base motion is calculated to yield the time histories of the vertical
and horizontal displacements of the pipe. The finite element model of
the pipe alone is then subjected to these displacements at specific

times to yield the novrmal siresses in the guter and inner fibers of the



pipe due to seismic Toads. Addition of these stresses to the correspond-
ing static stresses leads to total stresses for which buried pipes in
urban areas in seismic zones must be designed.

Maximum stresses and dynamic load factors for various loading con-
ditions are calculated and presented. It is seen that the additional
stresses due to an earthquake with a maximum acceleration of 0.15g9 may
be as high as 180 % of those due to the gravity loads for some soils
and loading conditions. Estimates are made concerning the magnitudes
of total stresses that can occur in shallow buried rigid pipes in the
event of an earthquake. Recommendations for future research for a

better assessment of pipe stresses are also made.
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INTRODUCTION

Underground pipes and tunnels in urban areas, besides serving as
lifelines for the distribution of water, sewage and communication sys-
tems, often perform another vital function of providing mass transporta-
tion routes. Recent studies have shown that buried water/sewer 1ife-
lines have been damaged heavily by earthquakes. For example, in the
1906 San Francisco earthquake, the lack of water due to breakage in the
underground pipe lTines was mainly responsible for the great fire follow-
ing the earthquake. Because of the importance of lifelines to the safety
and health of the people at the time of disaster, capacity of these
structures to survive earthquakes is vitally important. Consequently,
lifeline earthquake engineering is drawing considerable attention of the
engineering profession (1, 2, 3, 4).

It is becoming increasingly obvious that the behavior of buried
Tifeline systems is quite different than that of the above ground
structures. For example, seismic damage to buildings and dams is mainly
due to the horizontal inertial force. In underground piping systems,
on the other hand, seismic damage is caused primarily by ground movement
and faulting, traveling seismic waves, liquefaction of soil, or dif-
ference in stiffnesses of the two horizontally adjacent soil layers (5).

The structural design ¢f most buried water and sewer pipes is based
on static analysis. Occasionally passive physical design considerations
are used to avoid damage due to seismic effects (6). Since there do not
exist any code provisions in the United States for the design of buried
pipelines, more research is needed for the development of future design

practice and establishment of design guidelines.



As in the case of buried lifelines, 1ittle is known about the
seismic response and design of tunnel linings. A determination of the
earthquake Toading on underground linings requires superposition of an
induced dynamic loading to the existing static conditions. Methodologies
for combining appropriate loading conditions are lacking. One should
not design a buried pipe system by the seismic coefficient method, which
is sometimes used for the design of above-ground structures, because
unrealistically small stresses in the pipe might be obtained due to the
neglect of soil-structure interaction.

It has been observed from the field data that a number of parame-
ters related to soil and pipe affect the intensity of damage due to
seismic shaking (7). However, the research and experimentation required
to thoroughly investigate the influence on pipe stresses of the wide
variety of parameters for the vast number of possible combinations of
constituent sizes and properties making up the soil-pipe system need a
better understanding.

Recently a number of studies have been performed to examine the
behavior of buried pipes under seismic loads. An extensive and up-to-
date review of the literature is provided in Reference (8). The vast
majority of research to date on the seismic stress analysis of buried
pipes has used beam theory as a model for the pipe. However, very
little attention has been paid to the cross-sectional stress analysis
when the seismic wave is traveling perpendicular to the pipe.

As a part of an overall understanding of the behavior of buried
pipes under seismic excitation, one particular topic that needs to be
investigated is the soil-structure interaction when the seismic wave is

traversing perpendicular to the pipe axis. More specifically of concern



are the dynamic stresses caused in the pipe in addition to the static
stresses as a result of this interaction. Because these dynamic stresses
can be shown to have substantial magnitude, their effects on the buried
pipe must be understood before they can be incorporated into the design
standard.

0f specific interest to an engineer responsible for the design of a
buried pipe or tunnel lining is the magnitude and distribution of stresses
in the pipe or tunnel Tining. In the case of pipes and tunnels which
must be built in urban areas, the problem is further complicated by the
fact that these are often shallow and must support the load of the struc-
tures at the ground surface in addition to the soil overburden Weights
as shown in Figures 1 and 2. One way of avoiding these structural loads
is to align the pipes and tunnels below the surface streets but this may
not always be possible. Best routes for laying drainage and transporta-
tion systems should not necessarily be governed by the arrangement of
the surface streets. In downtown metropolitan areas with many highrise
buildings, the building foundations usually extend far below the ground
surface to bed rock, thus, not contributing much load to the buried
structures. On the other hand, in builtup areas of mid- or low-rise
structures, pipes and tunnels may be laid below the building foundations
and must be designed to support structure foundation loads.

For buried structures that are lTocated in areas of high seismic
activity, the maximum design loads may noi necessarily be due to static
conditions, as described in the previous paragraph, instead they may
be caused by the soil-structure-foundation interaction during the
occurrence of a severe earthquake. As the safe operation of the under-

ground water and sewage distribution and transportation systems through
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tunnels 1in urban areas is vital to the health and safety of the general
public before and afier an earthquake, it is extremely important that a
better understanding of the loads that are transferred to a buried pipe
or tunnel Tining during an earthquake be developed. In particular, the
effects of the concentrated column Toads (or the strip Tine loads) on
these structures during an earthquake should be assessed. No studies are
available in the Tliterature Tor the computation of such loads and no
recommendations currently exist in the assessment of these loads.

The dynamic interaction of a buried pipe or tunnel lining with the
surrounding soil along with the time dependent input of superimposed
surface loads from the structure footings due to earthquake acceleration
can cause additional loads on the buried structure that may be either
extremely critical in design or may not be of substantial magnitude to
influence a design. However, no estimates of these loads can be made

without actually carrying out some dynamic analyses.

Related Research

In an effort to better understand the dynamic load transfer mecha-
nism for buried pipes or tunnel linings in urban areas when subjected
to earthquake forces, some of the related research on the subject is
reviewed.

Various attempts have been made during the last 20 years to under-
stand the phenomenon of soil-structure interaction for buried culverts
and tunnel Tinings when subjected to static loads by employing the
exact and approximate solution techniques. Linear properties were nor-
mally assumed in these analyses both for the buried structure and the

surrounding material. Large numbers of experimental and field



investigations have also been undertaken to isolate the effects of vari-
ous parameters, i.e., the relative stiffness of the soil and structure
and the depth of overburden, on pressure distributions around buried
pipes. In addition, the finite element method has also been utilized

by the engineers and researchers to determine loads around buried pipes
and field stresses in the media around cavities. An exhaustive bibli-
ography concerning the estimation of static loads on buried pipes may
be found in Reference (2).

Discrete elemeni techniques for elastic-plastic plane problems have
been developed recentily for metal structures. Elastic-plastic stress-
strain relations for soils and rocks have also been proposed in the last
few years and have been used to a limited extent in the solution of
problems involving consolidation, pressure distribution below founda-
tions and slope stability (10).

Recently, some studies have been made to compute pressure distribu-
tions around shallow buried rigid pipes due to static loads considering
the soil as an elastic-plastic material (11, 12). A comparison of the
results of these analyses with those obtained by an elastic finite ele-
ment solution indicates that the stresses around shallow buried pipes
due to uniformly disiributed static surface Toads are essentially the
same whether the soil is considered elastic or elastic-plastic. The
other available published results that describe the state of stress
around a buried pipe or tunnel 1ining using the elastic-plastic finite
element analysis are due to Ghaboussi and Rankin (13). These authors
also considered only the static load of the soil overburden and the
superimposed uniform surface loads, and reached essentially the same

conclusion as given in Reference (12) that an introduction of a plastic



behavior for the surrounding soil does not alter the Toads on a buried
pipe significantly.

Studies regarding the seismic response of oil pipelines that are
above the ground level and are supported on friction supports have
recently been reported in the literature (14, 15, 16). However,
analyses of earthquake effects on above-ground pipelines involve sub-
stantially different problems than those which arise in the analyses
of underground pipes or tunnel linings. The former support system must
allow pipe movement due to thermal as well as pressure forces and at
the same time resist the inertial forces that develop during an earth-
quake. In the later system, on the other hand, the buried pipe or
tunnel Tining continuously supports and interacts with the surrounding
soil during the application of the static and seismic loads.

Also, large numhers of scientific and technical papers have been
published in recent years investigating the seismic response of under-
ground Tifelines, bihiiography of which can be found in References (1)
and (8). However, the majority of these studies have analyzed the
behavior of underground pipelines using longitudinal models. Of those
few which have analyzed transverse models, none has attempted specifi-
cally to investigate the effect of frequently encountered superimposed

concentrated (or line) surface Toads on tunnel linings or buried pipes.



DETERMINATION OF PIPE STRESSES

In order to assess the influence of superimposed surface loads on
buried pipes or linings during an earthquake, the effect of the super-
imposed load in addition to the soil overburden under static conditions
should first be determined. This would permit one to estimate the level
of dynamic stresses over and above the static stresses under given
loading conditions.

As no definite information currently exists in the literature con-
cerning the static Toads that act on a buried pipe due to superimposed
footing loads, static analysis is initially performed to estimate these
loads, as well as the corresponding stresses in the pipe.

Dynamic stresses in the pipe are found with the help of the re-
sponse of the soil-structure system subjected to an earthquake excita-
tion at the base of the model. This response can either be in terms of
the acceleration-time history of the system or the displacement-time
history of the structure under investigation. The later type of re-
sponse is used in this study to determine the equivalent static stresses
in the buried pipe. The response of the soil-structure system due to
the seismic ground motion is calculated using LUSH (17), one of the
available finite element programs.

It has been shown earlier (11, 12, 13) that only linear elastic
finite element analyses are nacessary in an accurate determination of
static loads on buried pipes. Consequently, only elastic analyses are
carried out for the determination of static loads in this investigation.
However, the effect of non-linear soil properties on pipe stresses in

the dynamic analysis is considered.



A basic assumption is made throughout this study that there is a
perfect bond between the soil and the buried pipe at the soil-structure
interface. The analyses assume that tensile, as well as compressive,
normal stresses can be transferred across the soil-structure interface,
and that there is no slippage of the soil relative to the pipe at the

interface.

Static Analysis

Finite element technique is employed to calculate static stresses
in buried pipes due to the soil overburden and superimposed surface
loads. As mentioned in the earlier section, only linear elastic ma-
terial properties have been assumed in the analyses hecause of the
insignificant influence of nonlinear material properties on loads for
buried pipes and tunnels.

Loading, Geometry, and Material Properties

It has been shown (12) that the effect of uniformly spaced column
loads on a buried pipe can be approximated by an equivalent uniformly
distributed 1ine load without introducing an appreciable error. Con-
sequently, only line load is considered in the static analysis. For
computation of the footing or column loads acting on the pipe, it is
assumed that the pipe is Tocated below a long building directly under
the Tine of columns that are spaced equally apart. The typical line
loads at the surface are based on the allowable bearing capacity of
various soils (i.e., sandy clay, coarse sand, and dense sand and gravel)
and are given in Table 1 (18, 19).

The buried pipe under investigation is assumed to be a circular

concrete pipe of 10 Teet in diameter and 10 inches in thickness. The
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1

depth of burial chosen for the analysis equals one pipe diameter which
satisfies the criterion of a shallow buried pipe. For all loading con-
figurations and types of soils considered in the analyses, the concrete
pipe is assumed to behave elastically and the buckling phenomenon is not
included. The cracking of concrete due to tensile stresses as well as
the presence of veinforcement in the pipe are also neglected. The con-

3ksi and

crete is assumed to have & modulus of elasticity of 3.33x10
Poisson's ratioc of 0.2. Eight different load cases, as shown in Tablel,
have been analyzed statically to investigate the effects of variable
load widths and different soil properties on stresses in shallow buried
rigid pipes by elasiic analysis. Corresponding to these eight étatic
load cases, dynamic analyses were carvried out which will be described

in later sections.

Finite Element Model

In order to evaluate static stresses in the pipe due to superim-
posed surface loads, the finite element technique has been utilized in
which it is assumed that a continuous structure can be idealized as an
assemblage of a discrete number of finite elements. The finite element
technique provides a method for determining the displacements caused by
the applied Toads on a structure. From these displacements, strains
and stresses in the system can be calculated easily (20). It is assumed
throughout this study that the structure and loading systems are suffi-
ciently long and a plane strain condition exists.

For the purpose of finding detailed static stresses in the con-
crete pipe, analysis is carried out in two parts.

In the first part, the whole soil-structure system is modeled for

the finite element analysis. In this model, it is assumed that the so0il
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medium exists up to a depth of one pipe diameter below the pipe. A
spacing of twelve pipe diameters between the Tateral boundaries has
been chosen.** This region with the necessary dimensions and loading
is shown in Figure 3. Because of the symmetry of the structure only
nalf of the system is analyzed. The finite element mesh has 205 quadri-
lateral and/or triangular elements (including 36 elements for the con-
crete pipe) and 233 nodal points (including 36 boundary nodal points)
as shown in Figure 4. Restraints are provided by assigning rollers at
the lateral boundaries and hinges at the base. Nodal point displace-
ments along the center line of the pipe circumference caused by the
applied surface loads and soil overburden are calculated in the finite
element model using an available plane strain finite element computer
program.

In the second part of the static analysis, the concrete pipe is
modeled for a finite element analysis with a relatively fine mesh as
shown in Figure 5. Displacements along the pipe circumference obtained
from the first part are imposed as boundary constraints in this finite
element model, solution of which leads to stresses and strains in the
pipe. With the help of this model it is possible to find the variation
of stresses across the pipe thickness as well as the pipe circumference.
As the finite element analysis gives stresses at the centroid of each
element, a linear extrapolation technique has been utilized to get

stresses at the outer and inner faces of the pipe.

** For static analysis, a total lateral dimension of eight pipe diame-
ters for the model would also suffice. However, dynamic analysis
criterion restricts the Tateral dimension to be equal to at Teast
twelve diameters as discussed in a later section.
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Figure 5.

Finite Element Mesh of the Pipe
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The above meniioned procedure is followed for each of the cases

listed in Table 1.

Dynamic Analysis

An important consideration while finding stresses in the structure
under investigation due to seismic effects is the evaluation of the
dynamic interaction between the structure and the surrounding soil.
This can be accomplished in one of the two ways, either i) by including
the effects of the so0il on the structural response by representing the
soil as a series of springs and dashpots or ii) by modeling the complete
soil-structure system as a finite element model. Seed, Lysmer and
Hwang (21) have shown that the finite element method offers a better
prospect for evaluating the probable behavior of a soil-structure sys-
tem, and an early availability of a more accurate analysis procedure.

A good finite element analysis should have the capability to in-
corporate different prescribed damping ratios in every element of the
mesh. The mesh should be sufficiently fine to ensure the propagation
of all frequencies in the range of interest and extensive enough to
provide adequate representation of radiation damping. For the analysis
of the socil-structure model under consideration, computations were made
by a procedure permitting the use of variable damping in the soil-
structure system. This was accomplished by utilizing 'LUSH', a finite
element computer prugram which uses the method of complex response (17).

The solution procedure for the seismic analysis may be summarized
as follows: 1) A finite element model for the complete soil-structure
system is developed. 2 ) Response of the finite element model is de-

termined due to an earthquake motion applied at the base of the model.



17

3) Time histories of the vertical and horizontal displacements at the
nodal points along ihe pipe are plotted. 4) Displacements at a given
time that lead to maximum stresses are imposed as boundary constraints
on the refined finite element model of the pipe alone to yield the
maximum equivalent static stresses in the pipe. 5) Addition of these
maximum stresses to those due to the initial static gravity loads then
gives total stresses in the pipe under seismic conditions. This pro-
cedure is followed for each of the Toad cases shown in Table 1.

It should be noted here that although in reality there is an inter-
action between the iooting and/or column above the pipe and the pipe-
soil system, this interaction is neglected in this study. The objective
here is only to ascertain the influence of superimposed surface loads
on buried pipes due io the earthquake motion.

LUSH - Theory and Description

LUSH is basically a finite element program designed for earthquake
analysis of plane structure. The program, in an approximate manner,
takes into account the strong nonlinear effects which occur in soil
masses subjected to strong earthquake motions. This is achieved by a
combination of the equivalent linear method described by Seed and
Idriss (22) and the method of complex response with complex moduli (23).
The latier method makes it possible to work with different damping pro-
perties in all elements of the finite element model.

The soil-structure model is excited by a specified acceleration-
time history at the rigid base. The stiffness and damping of the ma-
terials in the model can be chosen to be constant or to vary with the

effective shear strain amplitude in each element. The mass distribution
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within the model can be either distributed (consistent mass matrix) or
concentrated at the nodal points (lumped mass matrix), or it can be any
combination of these.

Method of Complex response. The equation of motion for undamped

vibration of the finite element model can be written as

[M] {u} + [KI{u} = - {m} y(t) , (1)
in which

{u} = the nodal point displacements relative to the fixed base,

{ﬁ} = the corresponding accelerations,

[K] = the stiffness matrix,

[M] = the mass matrix (Tumped or consistent),

y(t) = the given input acceleration at the rigid base with
the horizontal and vertical components, and

{m} = the Toad vector corresponding to y = 1.

Matrices [M] and [K] are symmetric, banded and have the dimensions
NF*NF, where NF = 2 x number of free nodal points.
The method of complex response assumes that the input motion is

harmonic with the frequency w (radians/sec), i.e.,
gty =¥.e ™, (2)

where the amplitude Y may be compiex. This implies that for a linear

system the response is also havymonic, i.e.,

) = et (3)
where {U} is a constant, perhaps complex, vector (24). Substitution of
Equations (2) and (3) into Equation (1) yields

(K] - W®[MD)U} = Y - {m}, (4)

which is nothing but a set of linear equations in the unknowns {U}.
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Equation (4) can be solved by Gaussian elimination if w is not a
natural frequency of the system and the time-dependent response {u}
follows from Equation (3).

Since the veal part of the output corresponds to the real part of

the input, the response to

Re({V} - a9ty (5)

"

y(t)
is

Re( (U} - & 9F) (6)

u(t)

One advantage of the method of complex response is that the viscous
damping can be introduced simply by using the complex moduli,

2

shear modulus: G* = G(1-28“+2ig VT-82), and (7)

2

Young's moduius: E* = E(1-28°+2ig /T-82) , (8)

in the formation of the stiffness matrix [K]. In Equations (7) and (8),
B is the ratio ot the applied frequency to the natural frequency of the
system. Thus, the determinant of Equation (4) cannot vanish and it is
possible to find {U} for all values of w. For non-uniform damping,
formulas given in Equations (7) and (8) can still be used with different
values of G, E and 8 in each element.

The discrete Fourier transform. Actual earthquake motions are not

harmonic. However, if a motion is given as a digitized record with N
points at the time interval At, it can be decomposed into N/2+1
harmonics as follows (24):

. N/2 .. iw. t

y(t) =Re x V_-e . (9)

5= 5

in which
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wg = . for s=0919.,..,,%, (10)

and the ?S are the complex amplitudes

4 .
N-T ~jw kAt )
%- I Y c-e > , for s =0,s = g-g
. k=0
Yo = o ) (11)
o N-T ~iWwckAt N
¥ Loy, e s Tor 1 <s <3 .
N 2 K 2 )

In this formula
yk = ylk-at), for k=0, 1,...,N1, (12)

are the given digitized values of y(t).

The computation of the complex amplitudes, Vs » in the fre-
quency domain from the given real values, yks in the time domain and
vice versa is most conveniently done by a superfast algorithm known as
the 'Fast Fourier Transform' (25). A limitation on the use of the
fast Fourier transform method in LUSH is that N must be a power of 2,
(radix 2). Since the motion given by Equation (9) is periodic with
period

T=N-at, (13)
it is desirable to augment the earthquake by a string of trailing zeros.
Moreover, ‘quiet zone' at the end of each cycle allows the viscous
damping of the system time to attenuate the response from one cycle
before the beginning of the next cycle. Since the damping in soils is
high, the quiet zone usually needs to be only a few seconds long.

Since superposition is valid for linear viscoelastic systems, the

complete solution can be found by simple superposition of each of the
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terms of Equation (9) obtained independently by the method of complex
response. Suppose {U}S is the solution vector in Equation (4) corre-
sponding to the term Vs oexp(iwst). Then the complete sclution
N/2 Tugt
{u(t)} = Re x (U} e (14)
s=0
can be found by using the inverse fast Fourier transform on the corre-
sponding complex components of {U}S. This solves the problem of
transient response analysis except for the addition of the rigid base
motion to all displacements to form the absolute dispiacements of all
nodal points. This can be done in the time domain or in the frequency
domain. LUSH uses the Tatter method. |
Equations (10) and (13) show that the frequencies at which solu-

tions are to be obtained are

v =3 for s =0, 1,...,

S'Ts ? (]5)

~o| =

where Vg is the frequency in Hz and T is the total duration of the mo-
tion including the trailing zeros of the quiet zone.
The highest frequency is the 'folding' or 'Nyquist' frequency that

is given by

VN2 T %Z g (16)
and is the highest frequency which can be represented by data digitized
in the time interval At.

According to the above method, Equation (4) would have to be solved
for %-+ 1 frequencies. However, this number can be reduced by cutting
off the higher frequencies. Equation (16) shows that for earthquake

records digitized atl very small time intervals, 'Nyquist' frequency is

very high. Such high frequencies are usually not of interest and can
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be neglected by setting the high frequency terms in Equation (14) equal
to zero, or redigitizing the earthquake record with larger time inter-
vals, thus avoiding the solution of Equation (4) for these frequencies.
The redigitizing of an earthquake record for larger time intervals, if
necessary, can be done by the computer program SHAKE (26).

The number of frequencies at which the solution need to be found
can be reduced further by interpolation in the frequency domain. Sup-

pose, instead of Equation (4), one solves
(K] - w’[MD){A} = - {m} , (17

over the range of frequencies. Then, the components of {A}, here calle
amplification functions, will be smooth functions of w. One can, there
fore, proceed by evaluating {A}S at say every 4th freguency wg for s =
4, 8,..., and then obtain the intermediate amplification functions by
interpolation. Experience has shown that linear interpolation on the
inverse of the amplification functions gives good interpolated values
even near the natural frequencies as long as there is good separation
between the latter. Typicaily, it has been found necessary to solve
Equation (17) for every 4th or 8th frequency.

The equivalent linear method. The above solution procedure makes

extensive use of superposition and is, therefore, applicable only to
linear visco-elastic systems. However, the large shear deformations
which occur in soils during strong earthquakes introduce significant
nonlinear effects. This has been taken care of by introduction of the
equivalent Tinear method by Seed and Idriss (22). In this method an
approximate nonlinear solution is obtained by a linear analysis wherein

stiffness and damping used in the analysis are so chosen so as to be

)

d

0,
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compatible with the effective shear strain amplitudes at all points of
the system. Seed and Idriss (27) have published data on strain-com-
patible soil properties for typical clays and sands. This data has been
summerized in Table 2 and is graphically shown in Figures 6 and 7. These
strain dependent properties are incorporated within Subroutine CURVE52
of LUSH in the form of DATA statements.

The equivalent linear method uses the above data as follows: A set
of shear moduli and damping values is estimated for each soil element
of the finite element model. The system is analyzed using these pro-
perties and the shear strain history is computed in each element of the
model. From these time histories the effective shear strain amb]itudes
are estimated (in LUSH by assuming that y (effective) = factor *|y|
(maximum)) in each element and Table 2 is consulted to see if the
strain level is compatible with the values of shear moduli and damping
used in the response evaluation. If the soil properties are not com-
patible the table is entered to provide improved values of shear moduli
and damping for the next iteration and the process is repeated until
convergence is reached, usually within 3 to 5 iterations. The response
from the last iteration is taken as being the nonlinear response.

IT the material properties are assumed to be strain-independent,
then Subroutine CURVE52 in the program is bypassed and there is no need

for an iterative procedure.

Program description. The computer program LUSH was developed by
Lysmer, Udaka, Seed and Hwang of the Department of Civil Engineering, Uni-
versity of California at Berkeley. The program used for the purpose of

analysis in this study is LUSHZ version and is written in FORTRAN IV Tanguage.



24

"S|9A9]

urea3s 4aybLy e sninpow 3y3 uie1qo 031 (Jusd43d y-0l Se papuLjap a4sy) sapnii|dwe
ULeU1S JBBYS MO[ 2B Sninpouw Jeays ayz o3 paLidde ag 03 sey YdLUM 403Je) dY} SL SLU| «

9°te 0°6¢ 6v0° 0 ¥00°0 01 00°0L <
9°%e 0°9¢ 670" 0 €L0°0 G0 gL°€
9°¥¢ 0°0¢ 670°0 LEO°0 0°0 00°L
0°1¢ 8¢l gLL"o 9.0°0 g 0- 91" 0
G Gl GZ°6 92°0 ¢S’ 0 0°L- _|o~ X 00°1L
0° 0L 0679 ey 0 19¢°0 G°1- N-o_ X 9L°¢
09°g LY 959°0 00r° 0 0°¢- N-oﬁ X 00°1L
0¢°¢ 06°¢ 928°0 G9G°0 g°2- mIDF X 91°¢
gLt 08°¢ 7€6°0 19470 0°¢- m-op X 00°1L
08°0 05°¢ ¥86°0 £i6°0 g ¢- w-oF X o1°¢
0s°0 0¢°¢ 000" L 000° L 09~ @uew X 1>
pues fei3 pues Ael) s A&v$$m>
(%) Buidueg 403084 (57) bon :wwmmwmmm%w

1e21114) 4O UoLIdedd

uoL1oNpPayY Sninpop 4esays

sa1quadodd |L0S @[qLieduwo)-uiedis g d|qel



25

403084 UOLIONP3Y SN|NPOy JedayS 3|qLieduiog-uLed3s 9 a4nbiy

ﬁi@&. ) Bo7
Ol o0 ol- oe- O¢g- Ov-
““a““““ﬂ“huwwnﬂgnmsﬂu i H i 1 H 1 L Go@
/i’iiﬁii » Ne@
~
// ~.
NN - 50
// //
// fa/i s@@
N RN
AB|Q == ===~ SO 80
PUDS — —= — ~ Se
S <
TS e Sa

i
O

JOL9D-] UoINPaY SNINPOW IDBUS



26

oL3ey burdueg [eotgidg 9ql3eduod-uteds <7 aunbiq

A.twk.v @o..d
1 00 o . 0& | 9% | 9%
. . \\%“\aaaa 00
ﬂhw\\ir&uamﬂﬂ.n“ ﬁﬁﬁﬁﬁﬁﬁﬁ i Hag
e 0% 5
Ry :
" p 00l &
i 4 o
’ / :
\% y -0Gl =
¢ \ 2
S s .
S ADIg---- - Rl
K \ PUDS == = — W m
%\X -0'Ga =
-00¢ %_




27

The program operates in three modes, i.e., Mode 1, Mode 2, and Mode
3. Mode 1 initializes the program and stores the input data, forms mass
and stiffness matrices, computes all amplification functions from
Equation (17), and estimates new soil properties from Subroutine CURVE52
if these are strain dependent. Specified number of iterations are car-
ried out in this mode to obtain strain-compatible material properties.
At the end of Mode 1, all the information is stored permanently in TAPE1
for subsequent use. Since the record in TAPE 1 is complete and perma-
nent, this tape can be stored indefinitely for retrieval of the mo-
tion-time history of any nodal point.

In Mode 2, the contents of TAPE 1 are copied onto TAPE 2. The in-
formation in TAPE 1 can then be recovered to generate additional output
for any new input metion without repeating the costly finite element
procedure used in Mode 1. Also, additional iterations on soil proper-
ties at higher frequencies can be initiated. The resulting amplifica-
tion functions are written on TAPE 1.

Mode 3 1is used to obtain the combined response of different hori-
zontal and vertical input motions as follows: First the horizontal
response is determinied using Mode 1 and/or Mode 2. This produces a
TAPE 1 containing the horizontal response. This tape is then read in
Mode 3 which transfers the horizontal response to TAPE 2, reads the
vertical input motion, and produces the vertical response on TAPE 1.

The two physical tapes TAPE 1 and TAPE 2 may then be read by a separate
auxiliary computer program COMBINE, which superimposes the two motions.

Both LUSH, operating in any mode, and COMBINE can output the nodal
point motions, as punched or printer-plotted displacement-or accelera-

tion-time histories or as velocity and acceleration response spectra.
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Development of the Finite Element Model
for Dynamic Analysis

Criteria for selecting various input data are discussed in this
section as the response of the system may be rather sensitive to some of
the parameters.

Selection of model dimensions and boundary conditions. As mentioned

earlier, LUSH is a finite element program designed for earthquake analy-
sis of plane structures. Since the soil-pipe system under investigation
can be represented as a planer structure, the finite element model for
the dynamic analysis is essentially similar to that used in the static
analysis. However, some considerations involved in the development of
the finite element mesh for the dynamic analysis, which differ from
those in the static case, are discussed here.

The overall dimensions of the finite element mesh influence the re-
sponse of the structure due to reflections from the boundaries. Hence, it
is necessary to use a finite element model which extends a sufficient dis-
tance away from the structure to ensure that radiation damping effects
are properly accounted for. If the boundaries of the mesh are placed too
close to the structure, some of the energy which should dissipate from
the system will be reflected back, thereby changing the response.

The rigid base, where a sudden increase in stiffness with respect
to the depth occurs, should be located at a soil depth below the struc-
ture at least equal to the width of the structure. Side boundaries
should be defined at a distance far enough away to achieve a free
field condition. It is usually sufficient to place the lateral bounda-
ries at a distance of 2.0 to 2.5 times the depth of the model away

from the structure. This rule applies only to cases with considerable
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damping and assumes that the boundary conditions have been chosen as
discussed below.

In order to simulate the existence of horizontal soil layers
outside the vertical boundaries, it is necessary to impose special
boundary conditions on these boundaries. If the input motion is hori-
zontal, the motion in the free field will correspond to vertically
propagating shear waves and all motions in the free field will be
horizontal. This condition can be simulated by imposing the boundary
conditions that all nodal points on the vertical boundaries can move
in the horizontal direction only. Similarly, if the input motion is
vertical, the boundary conditions imposed allow movement in vertical
direction only at the lateral boundaries.

The above boundary conditions can be used to take advantage of the
symmetry in the finite element model. Suppose the symmetric model
shown in Figure 8(a) is to be analyzed for the combined action of the
horizontal input motion H(t) and the vertical input motion v(t). It
is then sufficient to analyze one half of the structure with the
boundary conditions shown in Figures 8(b) and 8(c¢). The horizontal
response is found first, using Mode 1 or Mode 2 and the model shown
in Figure 8(b). Then the vertical response is found, using Mode 3 and
the model shown in Figure 8(c), and the two solutions can be added by
the computer program COMBINE.

Another aspect of the finite element analysis requiring careful
control is the choice of the element size in the finite element mesh,
especially in the vertical direction. Kuhlemeyer and Lysmer (28) found
that the dimensions of the elements in the direction of wave propagation

have a major influence on the frequencies of motions that can be
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transmitted, with larger elements being unable to transmit motions

with high frequencies and correspondingly short wavelengths. In fact,
they proposed the emperical rule that the required mesh size for effec-
tive transmission of any moiion should not be more than one-quarter, or
preferably one-eighth, of the wave-length of the motion. Experience
with LUSH has shown that a good rule is to choose the element size in

the vertical direction which is less than

1 1

A (18)
max 5 s 5 Vhax
where xs is the wave length of the shortest shear wave, Vg is the shear

wave velocity in the element, and v is the highest frequency con-

max
sidered in the analysis. The computed response is less sensitive to
the choice of the element size in the horizontal direction which can be
chosen several times larger than the dimension given by Equation (18).
Input motion. The input motion at the base of the finite element
model in a typical probiem is provided as a digitized earthquake accele-
ration record with specified maximum acceleration and duration. Majority
of the earthquake motions are recorded at the ground surface or at some
elevation in the superstructure depending upon the Tocation of the
accelerometers at the site. To get the acceleration record at the base
of the soil profile for use as input in the analysis, deconvolution
analysis is generally performed. However, the earthquake record used
in this study is an acceleration-time history of a hypothetical earth-
quake that is given in the LUSH manual and, therefore, does not require
any deccnvolution analysis.
As mentioned in an earlier section, the input motion must be aug-

mented by trailing zeros and the total number of points at which the
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acceleration is defined must be a power of two. The number of trailing
zeros in a recovd is considered sufficient if the output motions com-
puted by LUSH are attenuated within the selected period of the input
motion. The earthquake record for the purpose of this study has 64
points digitized at time intervals At = 0.04 sec. By introducing 64
trailing zeros at the end of the earthquake record to provide the de-
sirable quiet zone, the number of discrete points have been increased

to 27

=128. The ordinates of the earthquake record have been scaled to
provide a maximum acceleration of 0.15g as shown in Figure 9. The
Nyquist frequency for this earthquake record with at = 0.04 sec. can be
computed from Equation (16) and equals 12.5 Hz.

Maximum frequency. The highest frequency to be considered in the

analysis is the most important of all decisions since the frequency

will more than anything else affect the accuracy of the response, the
finite element dimensions to be selected in the analysis and the cost

of the analysis. Typical values for the highest frequency are 8 Hz for
earth dams and 25 Hz for stiffer systems like nuclear power plants.
Using the results of a preliminary investigation, a maximum frequency of
12 Hz is selected for the soil-pipe system under consideration.

Interpolation control. The actual number of points at which in-

termediate amplification functions given by Equation (17) can be ob-
tained by interpoliation without introducing significant error should
be determined by a trial and error procedure.

An example problem consisting of two columns of five rectangular
elements and 11 nodes was considered for the purpose of finding the
effect of the number of intermediate points (at which the amplifica-

tion functions are obtained by interpolation) on the response of this
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system using a maximum frequency of 12 Hz. It was observed that the
percentage difference in the response acceleration at a particular

node was 7% when the number of the intermediate points was increased
from 2 to 4. However, this difference increased to approximately 30%
with an increase in the number of the intermediate points from 4 to 8.
Therefore, for the purpose of the analysis in this study, Equation (17)
was solved at every 4th frequency point to obtain an acceptable solution
with minimum amount of computational effort.

Mass matrix. There have been some findings in the 1iterature which
state that the use of consistent mass matrix provides a better accuracy
than the Tumped mass matrix (28). However, Clough (29) statess "ex-
perience shows that the Tumped mass formulation must be used to obtain
reliable results in any wave propagation problem". The two experiences
are contradictory and further accuracy studies that separate the effects
of the various approximations are required in order to further clarify
the disagreements. As the major benefit in using the lumped mass matrix
to solve transient problems is a saving in the computer storage space,
this method would be used in the finite element analyses carried out in
this research.

Material properties. The basic material properties to be specified

for each finite element are the unit weight, Poisson's ratio, the frac-
tion of critical damping, and the shear modulus at small strains, here

defined as vy zTOmQ

% . The appropriate value for each of these quanti-
ties were found from the related texts (18, 19), and are listed in
Table 1. IF the soil properties are considered strain dependent, then
estimates must also be made for the shear modulus to be used during the

first iteration. It is possibie to obtain these estimates using the
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column studies on soil. As no column studies were performed, the
values of the shear modulus used for each element during the first
iteraticn in the analysis was chosen as 40-50% of the maximum.

For strain independent materials, the values for the shear mo-
dulus and fraction of critical damping remain constant.

Iterations on soil properties. From experience it has been shown

that convergence to within 5-10% on the shear moduli and damping values
can be expected within 2 to 3 iterations. Savings in the computational
effort can be achieved by solving Equation (17) for amplification func-
tions at fewer frequency points during initial iteration(s) in Mode 1.
This can be done by choosing a frequency lower than the desired‘highest

frequency, and by solving for the amplification functions at Targer

intervals. Solutions in Mode 1 have been obtained for 10 Hz at every
8th frequency point for the analyses presented in this study. In Mode 2
and 3, on the other hand, a maximum frequency of 12 Hz has been utilized
to solve the amplification functions for every 4th frequency.

Solution Procedure

Procedure similar to that used in the static analysis has been
utilized for finding equivalent static stresses due to seismic loading.
As discussed eariier in this chapter, the soil-structure system is re-
presented by a plane strain finite element model with surface loads at
the top as shown in Figure 4. This model is analyzed for 14 different
load cases, where in eight cases strain-independent soil properties
have been used (Table 1), and in the remaining cases the soil is assumed
to have strain-compatible material properties. Displacement-time his-
tories along the pipe circumference are found due to the hypothetical

earthquake motion, shown in Figure 9, applied as a base acceleration
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in the horizontal and vertical directions using the LUSH program for
all Toad cases shown in Table 1. Base earthquake acceleration in the
vertical direction is assumed to be 66.6% of the horizontal accelera-
tion in these analyses. Typical plots for displacement-time history
due to horizontal and vertical excitation are shown in Figures 10 and 11.
As in the static case, the concrete pipe alone is modeled for a
quasi-static finite element analysis with the fine mesh as shown in
Figure 5. Nodal point displacements along the pipe circumference,
obtained at a given time from the displacement-time histories, are
imposed as boundary constraints on the finite element model of the pipe
which is solved to yield the element stresses. This procedure ﬁs re-
peated at several relevant time instances, e.g., 0.56, 0.64 and 1.04
seconds, to obtain maximum stresses in the pipe for horizontal and

vertical accelerations separateiy, for each load case.
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EVALUATION OF PIPE STRESSES

General Considerations

Any soil-structure system, when subjected to a random input mo-
tion as an earthquake, yields a random response. The resulting
stresses at a given point in the system are random in nature due to
this response and, itherefore, fluctuate between compression and tension.

The 1input motion in this study, given by the earthquake accelero-
gram, is applied along the horizontal and vertical directions to yield
two independent random responses. In most cases, the maximum stresses
as a result of these two input motions do not occur at the same time.
However, it is still possible for the maximum stresses due to both
acceleration components to occur at a particular time instance because
of the random phase difference between the acceleration components in
the horizontal and vertical directions in majority of the earthquakes.
Hence, the maximum quasi-static stresses due to the horizontal and
vertical accelerations, even if these occur at different times, are
added to the existing state of stress from static loads to yield the
worst possible combination of stresses.

The influence on the normal tangential stresses in the pipe due to
a variation in the width of the superimposed surface Toad for three
different types of soils using strain-compatible and strain-independent
material properiies has been investigated in this study. Fourteen dif-
ferent cases, as shown in Table 1, have been analyzed. Three different
types of soils considered in the analyses are i) dense sand and gravel

(hard), ii) coarse sand (medium), and iii) sandy clay (soft).
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Since the soil properties encountered most commonly in the field at
shallow depths are simiiar to those assumed for the medium soil in this
study, cases with these properties are analyzed extensively. For this
soil, superimposed surface loads over widths of d, 2d and 4d are applied
with a uniform intensity of q = 7.5 kips/ftzgand the pipe response is
determined using strain-compatible as well as strain-independent soil
properties. In addition, one case without any superimposed load is
also investigated.

For soils other than coarse sand, the intensity of superimposed
surface loads acting on the pipe is assumed to be larger than q for
hard soils and smaller than q for soft soils due to larger and smaller
bearing capacities of these soils, respectively. Surface loads of 12
kips/ft and 4 kips/ft, respectively, are assumed in the analyses for
dense sand and gravel (hard), and sandy clay (soft). For each soil,
Toad widths of d and 2d are considered. As unrealistically small
values of shear modulus are obtained after few iterations with the
use of strain-compatible material properties for soft soils, only
strain-independent material properties are considered in this case.

Nomenclature and Sign Convention

Each Toad case is designated separately to facilitate identifica-
tion, where the following procedure is utilized for the purpose of
nomenclature. Each of the soils is designated by a letter, e.g., H for
hard, M for medium, and S for soft. Similarly, letters I and D are
used to denote strain~independent and strain-compatible soil proper-
ties, respectively. The magnitude of the column or footing load acting
at the ground surface, in each case, is denoted in terms of the width

of a uniformly distributed 1oad, e.g., 2d for a uniformly distributed
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load of width 2d and O for no superimposed load. Thus, a case of uni-

formly distributed superimposed load of width 2d for hard soil using

strain-compatible material properties may be designated as H-2d-D.
Stresses found after analyzing all the load cases are plotted

and tabulated to facilitate the evaluation of the pipe behavior under

different Toading conditions. Since the surface Toad intensity used

for different soils is different, non-dimensional stresses are presented

for the purpose of comparison. Tangential stresses obtained in each

load case are non-dimensionalized with respect to the corresponding

load intensity, p, and are given by
a

- 9
- (19)

Non-dimensional tangential stresses at the outer and inner faces of the
pipe are plotted separately for each loading case, in which tension

and compression are assigned positive and negative signs, respectively.

Maximum Stresses and Dynamic Load Factors

Since the input motion is random, as discussed earlier in this

chapter, equivalent static stresses at a given point on the pipe due

to horizontal and vertical excitations may accentuate or relieve the
existing state of stress due to static loads. This leads to various
combinations of stress configurations in the pipe for each loading case;
for example, stresses due to static plus/minus horizontal plus/minus
vertical seismic loads. Since it is impractical to show all these com-
binations on each plot, only pertinent combinations which Tead to maxi-
mum compression and/or tension are shown in Figures 12 to 39. Letters

C and T in these graphs, respectively, denote maximum compression and

maximum tension around the pipe circumference. Stresses at inside and
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the Load Case M-0-D for Horizontal and Vertical Accelerations
at 1.12 and 0.64 Sec., Respectively
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Figure 17. Total Stresses at the Inner Face of the Pipe for

the Load Case M-d-I for Horizontal and Vertical Accelerations
at 0.64 Sec.
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the Load Case M-d-D for Horizontal and Vertical Accelerations
at 1.28 and 1.12 Sec., Respectively
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the Load Case M-d-D for Horizontal and Vertical Accelerations
at 1.28 and 1.12 Sec., Respectively
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Figure 20. Total Stresses at the Outer Face of the Pipe for

the Load Case M-2d-1 for Horizontal and Vertical Accelerations
at 1.04 and 0.64 Sec., Respectively
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at 1.04 and 0.64 Sec., Respectively
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Figure 22. Total Stresses at the Outer Face of the Pipe for
the Load Case M-2d-D for Horizontal and Vertical Accelerations
at 1.28 and 1.12 Sec., Respectively
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the Load Case M-4d-I for Horizontal and Vertical Accelerations
at 1.12 and 0.72 Sec., Respectively
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the Load Case M-4d-I for Horizontal and Vertical Accelerations
at 1.12 and 0.72 Sec., Respectively
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Figure 26. Toial Stresses at the Outer Face of the Pipe for

the Load Case M-4d-D for Horizontal and Vertical Accelerations
at 0.96 and 1.28 Sec., Respectively
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the Load Case H-d-I for Horizontal and Vertical Accelerations
at 0.56 and 0.64 Sec., Respactively



59

98 Cose H-d-I

S ————  Static

S.0E8 Static
.=E=
Dynamic

0.0

o
@

Figure 29. Total Stresses at the Inner Face of the Pipe for
the Load Case H-d-I for Horizontal and Vertical Accelerations

at 0.56 and 0.64 Sec., Respectively



Op Case H-d-D

P — Static
BO0r————_ el Static
~ +

= -=—J Dynamic
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the Load Case H-d-D for Horizontal and Vertical Accelerations
at 0.64 and 0.56 Sec., Respectively
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the Load Case H-d-D for Hovizontal and Vertical Accelerations
at 0.64 and 0.56 Sec., Respectively
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the Load Case H-2d-1 for Horizontal and Vertical Accelerations
at 0.64 and 0.5 Sec., Respectively
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the Load Case H-2d-1 for Horizontal and Vertical Accelerations
at 0.64 and 0.56 Sec., Respectively
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Figure 37. Total Stresses at the Inner Face of the Pipe for
the Load Case S-d-1 for Horizontal and Vertical Accelerations
at 1.76 and 1.04 Sec., Respectively
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the Load Case S-2d-1 for Horizontal and Vertical Accelerations
at 1.36 and 1.12 Sec., Respectively
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outside fibers of the pipe thickness are plotted in separate figures.
Numerical values of non-dimensional stresses at these points for all

load cases are tabulated in Table 3 for outer and inner faces of the

pipe. The maximum total stress divided by the maximum static stress,
for a given load case, gives the Dynamic Load Factor (DLF). Dynamic

Toad factors for all load cases are obtained for compressive and

tensile stresses on each face of the pipe and are tabulated in Table 4.

Effect of Variable Load Width on Pipe Stresses

Effect of variable surface load widths on stresses in a pipe was
sought for the types of soils considered in Table 1. As mentioned
earlier, medium and hard soils were analyzed for strain-independent as
well as strain-compatible soil properties while strain-independent soil
properties only were utilized in the analyses with the soft soil.

Strain-Independent Soil Properties

Uniform surface loads of widths d, 2d and 4d are considered for
the medium soil leading to load cases M-d-I, M-2d-I and M-4d-I, respec-
tively. Non-dimensional pipe stresses for these load cases are plotted
for outer and inner fibers of the pipe as shown in Figures 16, 17, 20,21,
24 and 25, and the maximum total compressive and tensiles stresses for
these cases are given in Table 3.

The maximum total compressive stresses at the inner face of the
pipe for load cases M-d-I, M-2d-1 and M-4d-I are 12.23, 22.22, and 29.35,
respectively; whevreas the corresponding dynamic load factors, as shown
in Table 4, are 1.51, 1.21, and 1.19. Similarly, the tensile stresses
at the inner face of the pipe for cases M-d-1, M-2d-1 and M-4d-1 are
11.30, 19.30, and 20.40, respectively; and the corresponding dynamic

load factors ave 1.27, 1.20, and 1.22. It is obvious from these results
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that the maximum non-dimensional tangential stress increases with an
increase in the width of the load applied at the ground surface. When
the load width is increased from d to 2d, the compressive stress in-
creases by 81% and the tensile stress by 71% . However, the respective
increases in the maximum stress for compression and tension are 32% and
6% when the load width is increased from 2d to 4d. Thus, it can be
seen that the rate of increase in the maximum pipe stress diminishes
with an increase in the width of the surface load. Consequently, the
effect of an increase in the load width larger than 4d may be unimpor-
tant. The dynamic load factors, on the other hand, tend to decrease
only slightly with an increase in the load width from d to 4d.

The values of maximum stresses and dynamic load factors for the
above mentioned load cases for the outer face show similar trend.

The given soil-pipe system was also analyzed for the medium soil
with only the soil overburden without any superimposed surface loads.
Static stresses, in this case, are in a direction opposite to that
found for the surface superimposed loads. This is evident when Figures
12 and 13 are compared with Figures 16 and 17, respectively. The maxi-
mum total compressive stress at the inner face of the pipe due to the
overburden alone is 6.55, whereas the corresponding stress for a load
width of d at the ground surface is 12.23. The respective dynamic load
factors are 1.21 and 1.51. The maximum tensile stress at the inner
face of the pipe due to the soil overburden alone, on the other hand,
is 10.77. The corresponding maximum tensile stress for the case with
a surface load width of d is found to be 11.30. The respective dynamic
load factors calculated from the tensile stresses are 1.18 and 1.27.

It is evident from these values that the maximum stresses and dynamic
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load factors are Tower for those cases where no superimposed surface
loads are applied. Inspection of the values in Tables 3 and 4 indicates
that similar trends also exist at the outer face of the pipe.

Analyses with strain-independent hard soil were carried out for
uniform surface load widths of d and 2d. Plots of non-dimensional
stresses for these cases are shown in Figures 28, 29, 32 and 33. Maxi-
mum total compressive stress at the inner face of the pipe for this soil
increases from 6.91 to 12.82 (an increase of 85%) when the load width
is increased from d to 2d. However, the dynamic load factor reduces
from 1.26 to 1.21 with an increase in the load width. Maximum tensile
stress at this face, on the other hand, increases by 45% to 8,16 with
an increase in the load width from d to 2d. The respective dynamic
load factors are 1.20 and 1.18. Although the magnitudes of the maximum
stresses and dynamic load factors at the outer face of the pipe are
different than those at the inner face, trends of an increase in the
value of the stress and decrease in the dynamic load factor with an
increase in the load width remain the same for both faces.

For the analyses of the soil-pipe system performed with the soft
s0il with strain-independent material properties and superimposed sur-
face Toad widths of d and 2d, the results are shown in Figures 36, 37,38,
and 39. At the inner ¥ace, the maximum compressive stress increases
from 12.53 to 25.53 with an increase in the Toad width from d to 2d
yielding a stress increase of 105% . The corresponding dynamic Toad
factor, on the otheyr hand, reduces from 2.82 to 1.61. The maximum
tensile stresses at this face for load widths d and 2d are 14.78 and
32.66, respectively, indicating an increase of 121%. The respective

dynamic load factors are 2.42 and 1.94. Similar increases in stress
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and decreases in dynamic load factors due to an increase in the load
width are observed for the outer face of the pipe.

From the results given above for the three kinds of soils using
strain-independent properties, it can be stated that the maximum stress
in the pipe increases as the width of the superimposed surface load is
increased. This increase is substantial for all soils, especially
when the load width is increased from d to 2d, with the percentage
increase for the soft soil being somewhat larger. The dynamic load
factors, which give increase in the stress level due to seismic excita-
tion over and above the existing state of stress, tend to decrease with
an increase in the load width., This reduction is significant only when
the pipe is surrrounded by a soft soil.

Strain-Compatible Soil Properties

As indicated eariier, load widths of d, 2d and 4d were also uti-
Tized in the analyses of soil-pipe system with medium soil using strain-
compatible material properties. Total stresses in the pipe due to the
resulting load cases (i.e., M-d-D, M-2d-D and M-4d-D) are plotted in a
non-dimensional form and are shown in Figures 18, 19, 22, 23, 26 and 27.
The values of maximum stresses and dynamic load factors for the corre-
sponding Toad cases are given in Tables 3 and 4, respectively.

In order to evaluate the effect of a variation in the width of the
superimposed load on the maximum pipe stresses in the case of strain-
compatible soil properties with medium soil, the values of the maximum
compressive and tensile stresses are examined at the inner and outer faces
of the pipe. The maximum compressive stresses at the inner face of the
pipe for load widths d, 2d, and 4d are 16.45, 27.85, and 30.05, respec-

tively, and the respective dynamic load factors are 2.01,1.52, and 1.22.
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The maximum tensile stresses at the inner face, on the other hand, are
18.64, 29.34, and 24.44 for these loads with the corresponding dynamic
load factors of 2.11, 1.84 and 1.46. These results for the strain-
compatible soil appear to be very similar to those obtained for the
corresponding analyses using strain-independent soil properties. There
is a 70 % increase in the maximum compressive stress and 58 % increase
in the maximum tensile stress when the Toad width is increased from d
to 2d. For a further increase in the Toad width from 2d to 4d, the
maximum compressive stress increases by 8% while the maximum tensile
stress reduces by 17% . The values of dynamic load factors tend to
decrease with an increase in the width of the superimposed surface load.
Similar trends can also be observed for the stresses at the outer face.

As in the case of strain-independent soil properties, one case
without any superimposed surface load was also analyzed for strain-
compatible soil properties using the medium soil. The total stresses
for this case (i.e., M-0-D) are shown in Figures 14 and 15, and the
corresponding maximum total stresses and dynamic load factors are given
in Tab]és 3 and 4, respectively. It can be seen that the maximum
stresses and dynamic Toad factors are lower in this case than the cor-
responding quantities with the superimposed loads. This behavior is
similar to that which was observed for the corresponding case with
strain-independent s0il properties.

The influence of the superimposed surface load width on pipe stres-
ses for hard soil using strain-compatible properties is considered for
load widths d and 2d only. The resulting stresses are plotted as shown
in Figures 30, 31, 34 and 35, and the corresponding maximum stresses

and dynamic Toad factors ave again given in Tables 3 and 4, respectively.
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From the values in Table 3, it can be seen that the maximum total com-
pressive stress at the inner face of the pipe increases from 7.70 to
13.82 (an increase of 80%) as the load width is increased from d to 2d.
The dynamic load factor, on the other hand, decreases from 1.40 to 1.31.
The maximum tensile stress at the inner face also undergoes a similar
increase, i.e., from 6.02 to 8.97 (an increase of 49 %) , with the cor-
responding increase in the load width. The dynamic load factor for ten-
sile stress, on the other hand, does not experience any appreciable
change due to an increase in the load width in this case (e.g., 1.29 vs.
1.30). Similar increase in the maximum stress and decrease in the dy-
namic load factor can be observed at the outer face of the pipe.

As indicated earlier under General Considerations, no analyses
using strain-compatible soft soil were performed because of the unre-
alistic values of the resulting shear modulus for soil.

From the results presented and discussed in this section for
strain-compatible soil, it can be concluded that the maximum stresses
in the pipe increase substantially with an increase in the width of the
superimposed surface load. This stress increase occurs primarily as
the load width increases from d to 2d. A further increase of load
width from 2d to 4d does not increase the stresses significantly. The
dynamic load factors generally tend to decrease with an increase in the
width of the superimposed surface Toad.

These observations from the analyses with strain-compatible soil
are similar to those that were made from the analyses with strain-inde-

pendent soil.
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Comparison of Stresses due to Strain-Independent
and Strain-Compatible Soil Properties

As analyses with strain-compatible soil properties have been per-
formed for medium and hard soils only, results of these two cases are
compared. The values of maximum stresses and dynamic load factors for
each case are given in Tables 3 and 4, respectively.

Medium Soil

The tangential stress distribution around the pipe for various load
widths s shown in Figures 16 through 27.

For strain-independent soil properties, the maximum compressive
stresses at the inner face of the pipe for surface load widths of d, 2d,
and 4d are 12.23, 22.22 and 29.35, respectively. These stresses in-
crease by 35%, 25% , and 2% , respectively, to 16.45, 27.85, and 30.05
when strain-compatible soil properties are used. The corresponding dy-
namic load factors for the strain-independent soil are 1.51, 1.21, and
1.19 which increase to 2.0, 1.52, and 1.22, respectively, for the
strain-compatible soil. Similarly, the maximum tensile stresses at the
inner face of the pipe due to load widths d, 2d and 4d increase by
65%, 54%, and 20%, respectively, when strain-compatible instead of
strain-independent soil properties are utilized. The dynamic load
factors based on the maximum tensile stresses at the inner face of the
pipe also become larger with the use of strain-compatible soil proper-
ties. The maximum stresses and dynamic Toad factors at the outer face
of the pipe generally tend to behave in a fashion similar to that at
the inner face.

From the results given above for the medium soil, it is obvious

that for all load widths the maximum total stresses in the pipe
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obtained with strain-compatible soil properties are higher than those
obtained with strain-independent soil properties. This increase,
which is Targest when the surface load width is d, gradually reduces
as the load width increases to 4d. The dynamic load factors are also
generally larger for sirain-compatible soil properties.

Hard Soil

Analyses with strain-compatible hard soil were carried out for load
widths of d and 24 only. The resulting total stresses around the pipe
for strain-independent and strain-compatible soil properties for these
two Toad widths are shown in Figures 28 through 35.

The maximum compressive stresses at the inner face of the pipe for
surface load widths of d and 2d are 6.91 and 12.83 if strain-independent
hard soil is utilized in the analyses. These stresses increase by 11%
and 8% , respectively, for the strain-compatible soil. A similar in-
crease in the maximum stresses and dynamic 1oad factors is also ob-
served for the tensile stresses at the inner face. The maximum stresses
as well as the dynamic load factors at the outer face follow a trend
similar to the one at the inner face.

The results obtained using the strain-independent and strain-
compatible soil properties are very similar for medium and hard soils.
The non-dimensional maximum total stresses in the pipe for each soil
are found to be higher when strain-compatible rather than strain-inde-
pendent soil properties are used in the analysis. However, this dif-
ference is larger for the medium soil and smaller for the hard soil.

In addition, this difference reduces as the surface load width increases.
Also, the dynamic load factors in the case of strain -compatible soils

are larger.
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Effect of Soil Stiffness on Pipe Stresses

Once again, as superimposed surface load widths of d and 2d only
have been used in the analyses with soft and hard soils, results for
only two Toad widihs are compared. In addition, as no analyses have
been carried out using strain-compatible soil properties for the
soft soil, comparisons are made only between the hard and medium soils
in this case. However, the resuits of all three soils, i.e., hard,
medium and soft, are compared for cases involving strain-independent
soil properties. The maximum total stresses in the pipe and the dynamic
Toad factors will again be taken from Tables 3 and 4, respectively, for
comparison purposes. |

Strain-Independent Soil Properties

For a load width of d, the non-dimensional maximum total compressive
stresses at the inner face of the pipe for hard, medium, and soft soils
are 6.91, 12.23, and 12.53, respectively. The corresponding dynamic
load factors are 1.26, 1.57, and 2.82. The maximum tensile stresses
in the pipe at the inner face for these scils, on the other hand, are
5.63, 11.30, and 14.78, with the corresponding dynamic load factors as
1.20, 1.27, and 2.42. 1t can be seen that as the stiffness of the soil
decreases, the maximum non-dimensional stress in the pipe as well as
the dynamic load factor increase. This trend is also observed at the
outer face of the pipe.

When the superimposed surface load width is increased to 2d for
the three seils, trends similar to those established for the load width
d are again observed. In this case, for example, the maximum non-dimen-

sional total compressive stresses at the inner face of the pipe for hard,
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medium, and soft soil are 12.82, 22.22, and 25.53, respectively. The
respective dynamic Toad factors are found to be 1.21, 1.21, and 1.61.

Strain-Compatible Soil Properties

If strain-compatible soil properties are used, the maximum total
compressive stresses at the inner face of the pipe for load width d
for hard and medium soils are 7.70 and 16.45, respectively. The corre-
sponding dynamic load factors are 1.40 and 2.01. The respective ten-
sile stresses at the inner face of the pipe, on the other hand, are
6.02 and 18.64 With the corresponding dynamic load factors as 1.29
and 2.11. As in the case of strain-independent soil properties, it
is evident from these results that the maximum non-dimensional stresses
as well as the dynamic load factors are higher for the medium soil
than the hard soil.

Similar trends for the maximum stresses and dynamic load factors
are observed when the load width is increased to 2d.

From the resulis given above for various soils with different
stiffnesses, it can be concluded that the maximum non-dimensional
total stresses in the buried pipe increase as the stiffness of the
soil decreases. The corresponding dynamic load factors also increase
with a decrease in the soil stiffness and can be as high as 2.82 for

soft soils.



CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

Conclusions

Underground buried pipe as shown in Figure 3 was analyzed when sub-
jected to seismic excitation for three different kinds of soils and
various loading conditions using strain-compatible and strain-independ-
ent soil properties as shown in Table 1. Static and dynamic stresses
for all the load cases along with the corresponding dynamic load fac-
tors are obtained at the outer and inner faces of the pipe. In the
preceding chapter, effects of the variations in some parameters'on the
pipe stresses and dynamic load factors were established. Conclusions
based on these results are presented in this chapter. Although these
conclusions are hased on the results of limited analyses performed on
pipes buried at a fixed shallow depth, and subjected to a hypothetical
earthquake excitation, it is expected that these conclusions could
also be applicable to pipes buried at somewhat larger depths and sub-
Jjected to other earthquake loads.

1. The dynamic load factor, which gives the increase in the
stress level due to seismic excitation over and above the existing
state of stress due to static loads, is found to be as high as 2.82
if the pipe 1s buried in a soft soil. This factor decreases to a
maximum of 2.10 for the medium soil and 1.40 for the hard soil. Thus,
it is clear that, in the event of an earthquake, the stiffness of the
soil surrounding a buried pipe does have a large influence on the be-
havior of the buried pipe. After reviewing the damage data from

various earthquakes, Kachadoorian (7) came to a similar conclusion



85

that the damage in a buried pipe is inversely proportional to the soil
stiffness.

From the values of the dynamic load factors given above, as well
as those discussed earlier, it must be concluded, therefore, that in
seismic zones the siress estimates based on static analyses alone
could be very erroneous. Consequently, dynamic analyses must be
carried out, especially if the pipe in question is subjected to a
superimposed surface ioad and is buried in a soft or medium soil at a
shaliow depth.

2. It has been shown that the magnitudes of the total stresses
and dynamic load faciors are higher, in general, if strain—compétib]e
instead of strain-independent soil properties are used in the analyses.
However, as the ‘increase due to the use of strain-compatible soil
properties is fairly small (approximately 8-10%) for the hard soil,
computationally expensive iterative procedure can be avoided by using
strain-independent soil properties in this case without compromising
accuracy. Nevertheless, the use of strain-compatible soil properties
is recommended for analyses with the medium soil where an increase of
up to 65% 1in stresses and dynamic load factors is observed. It may
also be reiterated here that most of the medium soils (i.e., coarse
sands) do exhibit strain-compatible properties as shown in Figures
6 and 7.

3. It is observed that, irrespective of the type of soil surround-
ing a buried pipe, the total stresses in the pipe increase as the width
of the uniform superimposed surface load increases. The increase in the
total maximum stress is about 80-100% when the load width increases

from d to 2d and only a few percent when the Toad width increases
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from 2d to 4d. One can conclude, therefore, that the total stresses in
a buried pipe increase asymptotically with an increase in the width of
the superimposed surface load. The dynamic load factors, on the other
hand, generally show a decreasing trend with an increase in the load

width.

Suggestions for Future Research

Although a great deal of insight has been obtained in this study
concerning the Toad transfer on shallow buried rigid pipes due to
seismic effects, the conclusions given in the previous section are
based on the resulis of analyses in which many idealizations and assump-
tions have been made. Before these conclusions can be assumed to be
generally acceptable for other similar cases, further research is
necessary. Some of the pertinent points that need further investiga-
tion may be described as follows:

1. In the static and dynamic analyses performed in this study,
it was assumed that the Toading system is sufficiently long and plane
strain condition exists. The surface Toads may often be concentrated,
however, and the response of a buried pipe, in this case, may or may
not necessarily be similar to that described in this study. The effect
of point loading on the maximum stresses in a buried pipe should,
therefore, be investigated.

2. No consideration has been given in the analyses to the steel
reinforcement that generally exists in a concrete pipe (or a tunnel
lining). Analyses in which the steel reinforcement has been modelled
should also be performed for some load cases to ascertain whether the

results without the inclusion of steel reinforcement are valid.
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3. The magnitudes of stresses that are induced in a buried pipe
due to soil overbuvrden and superimposed surface loads naturally depend
upon the depth of burial of a pipe. The relative contribution to the
total stresses in a pipe from the soil overburden and superimposed
surface loads will change with the depth of the pipe, and may be dif-
ferent for the static and dynamic loads. As a soil overburden of one
pipe diameter only has been considered in the analyses presented in
this study, additional analyses with other depths must be performed
before the values of the dynamic Toad factors given in Table 4 can be
generally accepted for other depths.

Similarly, analyses with locations of the rigid base at dépths
other than d below the pipe should also be carried out.

4. The conclusions given in the previous section were based on
the utilization of a hypothetical earthquake shown in Figure 9. Dif-
ferent set of conclusions may be anticipated if the soil-pipe system is
subjected to different earthquake excitations. for example, those due
to E1 Centro or 1971 San Fernando Valley earthquakes. Such analyses
should, therefore. be performed depending upon the history of earth-
guakes in a given region.

5. In actual field conditions, it is not uncommon to encounter
various horizontal layers of soil with different material properties.
Hence, it would be most appropriate to further investigate the pipe
behavior under these conditions. Moreover, since a trench is usually
excavated before a pipe is Taid, which is then surrounded by a Tayer of
soft material, analyses must be carried out with these material proper-
ties to assess their influence on the maximum pipe stresses and dynamic

load factors.
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6. The effect of slippage at the pipe-soil interface as well as
the possible inability of tensile stress transfer between the pipe and

soil should be investigated.
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