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PREFACE

This is the final report on IIT Research Institute (IITRI)
Project J6378 entitled, "Theoretical Investigation of Loads on
Buried Structures'". This research project was performed for the
Air Force Weapons Laboratory (AFWL) under contract F29601-76-C-0124
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The AFWL Project Officer was Capt. Stanton A. Chang, Struc-
tural Dynamics, Survivability Branch. The project was initially
under the direction of R. E. Welch (1 June 1976 to 31 December 1976)
and completed by R. R. Robinson under the general supervision of
A. Longinow Structural Analysis Section and K. E. McKee Director,
Engineering Division. IITRI personnel who made significant tech-
nical contributions include A. K. Gupta, R. R. Robinson and R. E.
Welch. Professors N. M. Newmark, W. J. Hall and J. D. Haltiwanger
of N. M. Newmark Consulting Engineering Services acted as consultants
throughout the project and provided a simplified procedure for de-
termining loads on buried structures during the early phases of
the project. M. A. Plamondon of the AFWL Survivability Branch pro-
vided a good deal of the incentive associated with the attempts to
chracterize dynamic loads on huried structures by a few of the
modal components.
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SECTION I

INTRODUCTION

1. BACKGROUND

It is a well established fact that the structural response of
hardened weapon system facilities to nuclear airblast and ground
shock loading is significantly affected by the manner in which
the structure is founded upon or buried within the soil media.
Although there is an acknowledged awareness that the structure
interacts with the adjacent medium, the exact nature of this in-
teraction is imprecisely defined.

These phenomena and related aspects have generally been re-
ferred to as soil structure interaction (SSI). SSI has been in-
vestigated extensively for a number of years from different points
of view, and the determination of loads on buried structures is
an integral part of the subject.

The subject of SSI constantly recurs in connection with facil-
ity response problems simply because there is no logical and con-
sistent way of avoiding it. The dynamic characteristics of a
structure in contact with an extended material (i.e., the earth)
differ substantially from its dynamic characteristics in vacuo.
The surrounding medium has the effect of providing:

e Resistance, stiffening the structure in both rigid body

and flexible modes of motion;

e An apparent damping of the structural motions by trans-
porting energy in the form of a dynamic disturbance away
from the structure (i.e., radiation damping) ;

e Additional, real damping due to the dissipative effects
in the medium;

@ "hock mitigation or amplification at the soil-structure
interface depending on the properties of the medium; and

e Arching action above and around the structure.

In terms of the free field, the inclusion response consists
of a perturbation of free field stress waves to the extent that
the inclusion displays stiffness or mass properties which differ

from the material for which the free field stress waves are
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defined. This perturbation also displays the described charac-

teristic effects.

Despite previous research efforts in SSI, it remains diffi-
cult to distinguish and identify such effects in real structures.
One reason for this is that in most real structures the gross mo-
tions (rigid body) tend to follow the associated free field dis-
placement fields with relatively small displacement perturbations.
However, the fact that interaction effects are relatively small
in terms of displacement fields means only that they have their
greatest influence in terms of velocities, accelerations and,
structural deformation (i.e., stresses and strains) which are more
difficult to analyze and observe. 1In this connection note that:

e If a structure closely follows the free field, this

implies that there is enough damping, real or appar-
ent, in the interaction process to suppress any major
oscillation about the free field motions.

e If there were a strictly imposed condition that the
structure follow the free field, the stress-strain field
throughout the whole or part of the structure would
be known from compatibility and, except for very flex-
ible structures, these would be completely unrealistic.

Although the subject of SSI and loads on buried structures

has been studied to some extent in connection with such applica-
tions as culvert design and mining operations, early attempts

to design hardened ground facilities gave great impetus to the
field; and for the last 20 years it has been the subject of ex-
tensive research in connection with military facilities and,
more recently, with the seismic design of nuclear power plants.
The literature associated with the field is so substantial and
widely scattered that only some brief comments on thz development
of the field with an emphasis on the generation of sources of
data and the application of such data to the design process are
given here. References 1 through 57 are cited for potential
application to the subject investigation. The results presented
in these references have either been used directly or reviewed
for possible use in this research program. Several attempts at
a detailed literature review have been made including those in
references 1 through 6.

EEFENE [P
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Numerous research investigations have been undertaken to
study and quantify various phenomena associated with buried
structures under dynamic loads in connection with the need to de-
sign or harden military facilities against nuclear attack. These
early studies employed data from nuclear tests, small-scale lab-
oratory experiments, existing solutions for classical inclusion
problems, and a design rationale largely adopted from soil me-
chanics. Early centers for studies of this type were at IIT Re-
search Institute (IITRI), then Armour Research Foundation, the
University of Illinois, and the Massachusetts Institute of Tech-
nology. This phase of research culminated with the appearance
of a variety of handbooks and technical summaries such as the
early Air Force Design Manual (Ref. 5), the Compendium of Air-
blast Effects (Ref. 6) and a series of Corps of Engineers manuals
entitled Design of Structures to Resist the Effects of Atomic
Weapons (Ref. 7). These documents generally, and the Air Force
Design Manual in particular, took a conventional and somewhat
conservative approach to the question of loads on buried struc-
tures. The design process employed was basically quasi-static
and the structure was essentially designed for the estimated free
field pressure wave. The beneficial effects of soil arching above
and around the structure were also taken into account; however,
the possibility of load magnification on the structure due to
reflection of the soil stress wave at the interface was generally
dismissed on the grounds that little or no evidence for such phe-
nomena could be found in the available test data.

Subsequent activity saw the decreased reliance on full-scale
test data (the moratorium on aboveground testing had come into
effect), the increased use of medium-scale field simulations, and
especially, the increased use of large-scale computations and com-
puter programs. Early computer work involved the extension of

more or less classical approaches (i.e., series and modal solu-

tions) as in references 8,9 and 10, and the development of so-called

SST models in which effects at the structure-soil interface were

represented by stiffness and damping terms. An early model of this

type was developed at IITRI (Ref. 11, 12, and 13) in which the
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normal stress B (i.e., unit load) on the surface of the structure

was represented as

o = of+k(uf-us)+s(flf-ﬁs) (1)

where O is the normal stress in the free field (i.e., in the soil
if the structure were not present); ue and u, are corresponding
normal displacements of the free field and the structure; and ﬁf
and &s are the velocities. Such representations were for a time
extensively used by IITRI and others in the evaluation and design
of facilities including the MINUTEMAN and SAFEGUARD system struc-
tures (see Ref. 14 through 19 for instance). The approach was
developed as a generalization of fairly old techniques related to
culvert and tunnel design; and while it has fallen into disuse in
recent years due to theoretical objections and the development of
finite element and other techniques, it remains a potentially val-
uable tool for the evaluation of loads on buried structures and
known classical solutions can be set up in this form. The method
displays several known ingredients of the inclusion response solu-
tion, namely, the explicit dependence on the free field stress,
the recognition that the surrounding medium has stiffness, and the
incorporation of wave dispersion or interface reflection in the

damping term.

The solution to classical inclusion problems has been the sub-
ject of numerous investigations throughout the most active period
of SSI research. The response to spherical, elastic inclusions to
steady state dilatational wave strains has been studied with re-
spect to stress concentrations in the surrounding medium (Ref. 20)
and scattering phenomena (Ref. 21). In both cases the numerical
results are few and apply principally to the limiting cases of rig-
id and hollow spheres. The analogous acoustic inclusion problem
(i.e., acoustic sphere in acoustic medium) has been solved in refer-
ence 22. The rigid spherical inclusion has also been studied by
C. C. Mow in references 23 through 25, with emphasis on the inclu-
sion response for a transient compressive pulse with exponential
decay. These papers, especially reference 24, contain the principal
qualitative information derivable from the classic inclusion lit-
erature in terms useful for the structural inclusion problem.

4

T S U . =
O Y

s




il abos du i ad bt A

Briefly these findings are:

e The velocity of the inclusion exceeds the incident
free field particle velocity only when the inclusion
is heavier than the same volume of the surrounding
medium,

® The solution contains a free vibration term which de-
cays exponentially as energy is carried away from the
inclusion response by wave action.

e The velocity and acceleration response of the inclu-
sion may differ substantially from the corresponding
free field motions even though the differences in
displacement components are not great.

The first of these observations is often cited as an argument
that there can be no amplification in the gross motion of a struc-
tural inclusion since these are inherently hollow, lined cavi-
ties and therefore of lower average density than the surrounding
media.

The corresponding two-dimensional inclusion problems have
been more extensively studied although they generally remain lim-
ited to elastic materials and simple geometries. References 26
through 31 are concerned with the impingement of plane waves on

cylindrical cavities. Stress concentrations are obtained in refer-

ence 30 for harmonic dilatational wave trains as functions of
wavelength and Poisson's ratio. References 27, 28 and 29 consider
the response of cylindrical cavities for transient compression
pulses and generate influence functions which are subsequently
used in obtaining the response of a cylindrical shell used as

a cavity liner (Ref. 32 and 33). The equivalent problem for a
cylindrical shell in an acoustic medium is given in references

34 and 35.

The rigid circular inclusion is treated for harmonic dilata-
tional waves in references 36 and 37, with reference 36 providing
information on the relation of inclusion response to wavelength
and inclusion mass (similar to that given in Ref. 24), and refer-
ence 37 giving stress concentration data. Exact elasticity solu-
tions for thick cylindrical inclusions are given in reference 38
for harmonic dilatational waves and in reference 39 for incident
shear waves. References 40 and 41 consider the response of

5
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cylindrical cavities and shells to plane waves which are obliquely
incident (i.e., propagate along, in addition to across, the axis
of the cylinder).

A class of problems that can be called the surface inclusion
or footing problem involves the response of various types of slabs
resting on the surface of a semi-infinite, and perhaps layered,
elastic medium. These differ from the spherical and cylindrical
classical problems only in that the slab does not replace any of
the surrounding medium. The classic papers for this problem are
by Bycroft (Ref. 42 and 43) and deal with the forced harmonic vi-
bration of a rigid, circular surface footing in four distinct
modes. The solutions consist of driving force versus frequency,
amplitude, and dimensionless constants and have proved useful in
the analysis of the response of surface structures. Reference 44
provides similar solutions for the rectangular slab and indicates
that these results are similar over a range of footing aspect
ratios to those for the circular slab. Unlike fully buried struc-
tures, heavy surface structures can display significant amplifi-
cation effects since they are not limited by a displaced volume

of soil and can generate significant surface mass densities.

More recent activity in the SSI research has seen the increased
reliance on large-scale computations and simulations of the re-
sponse of buried structures. This is due almost entirely to the
emergence of the finite element analysis technique as a powerful
tool making such simulation possible. Although a wide variety of
programs and techniques have been used for the analysis of buried
structures, some programs which have been developed and used spe-
cifically for this purpose include INDEPS (Ref. 45), NOFEAR (Ref. 46)
and DYNAX (Ref. 47), and SAMSON (Ref. 48); the last two were de-
veloped at IITRI.

It is noteworthy that throughout these later developments com-
paratively little effort has been devoted to extract design type
data on loads and response or to the preparation of summaries and
systematic simplified procedures. The new edition of the Air
Force Design Manual (Ref. 49) presents little new data relating
to the loads on buried structures over that which were available

6
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in the earlier editions. In fact, the 1 sanual treats tnis
phase of design almost exclusively in terms of response of rigid
structures with soil response represented by dissipative terms of
the form pcV corresponding to plane elastic wave propagation. This
is equivalent to the simplest form of the SSI model described in
equation (1) with k=0 and s =pc.

2., OBJECTIVES

This research project has been directed toward the develop-
ment of simplified techniques for determining loads on buried
structures of cylindrical geometry subjected to severe dynamic
blast load environments. The data forming the basis for these
design loads have been primarily derived from numerical, finite
element analyses for a wide range of loading, soil, and structural
parameters. The numerical results presented herein have been
generated exclusively from this research investigation.

The primary objective of this program has been to generate
SSI loads and internal cylinder forces for horizontally oriented
cylinders. Both static and dynamic solutions have been obtained
in order to study in a more or less systematic manner the SSI
loads and internal cylinder forces for variations of the struc-
tural stiffness, depth of burial, and soil media parameters.

During the course of this project, a concept was postulated
that air blast induced SSI loads could be represented by only a
few components of the modal representation of the SSI loads. For
example, a buried cylinder in an infinite elastic medium is sub-
jected to only the uniform (mode 0) and ovaling (mode 2) load
components for a statically applied biaxial state of free field
stress. With this concept in mind, various static and dynamic
buried structure analyses were performed to determine the appro-
priateness of characterizing SSI loads by a few modes for a wide
range of structure, soil, depth of burial and loading parameters.

3. SCOPE OF WORK

Attempts have been made throughout the project to cover a

rather wide rang2 of loading, structure, and soil media parameters.




However, the depths of burial of the structure that were consid-
ered are relatively shallow since it has been postulated that
ground surface effects can be generally ignored for depths of

burial greater than two times the cylinder diameter. Most of the
results are presented in nondimensional form; however, if any spe-
cific dimensions were required, such as the diameter of the cylin-
der, then a 4 meter inside diameter has been employed. The cylin-
der has also been idealized throughout the stud& as an elastic

material with thicknesses and material parameters corresponding to
| concrete.

The initial phase of the project was devoted to a brief review
of the literature which was summarized in section I.l. Other ac-
tivities required early in the project were to establish a commu-
nication link with the AFWL computer facilities at Kirtland AFB,
New Mexico. This effort was required since the majority of the
numerical calculations were to be performed on the CDC 6600 and

e T ————

7600 computers at Kirtland AFB through a remote batch configura-
tion via a dial-up terminal at IITRI in Chicago.

Several simplified methods of analysis for determining loads

e e E———

on buried structures have been developed in the past. Cne such
technique that is based on experimental results, analytical inves-
tigations, and engineering judgement was defined early in this proj-
ect by N. M. Newmark Consulting Engineering Services and is pre-
sented in appendix II. This method does not reflect the numerical
results of the analyses conducted in this investigation.

The early numerical results were devoted to the generation of
some elastic material, static load solutions for variations of the
cylinder and soil media parameters. The results of these studies

Y ——

are given in section II.

There are some indications that the principal components of
SSI loading on a horizontally oriented cylinder can be represented
by a relatively few modal components of the loading. This simpli-
fied loading concept appeared to be plausible since the uniform
component (mode 0) and ovaling component (mode 2) are the only

sources of loading for an elastic cylinder embedded in an isotropic

8
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elastic media of infinite extent subjected to a free field biaxial
state of static loading. The major effort undertaken during the
project was devoted to the generation of dynamic finite element
numerical results in an effort to ascertain whether or not a few
modes can be selected which will adequately represent the loading
on a structure. The SAMSON computer code was used for these anal-
yses to obtain solutions to a basic set of structure, soil, and
loading parameters. A total of 32 cases was defined to represent
what was considered to be reasonable extreme values of the param-

eters that were varied. The five parameters considered were:

Radius to thickness ratio of cylinder
Depth of burial
Peak airblast overpressure

Duration of overpressure loading

Soil types (nonlinear material)

Two additional elementary cases were also solved using nonlinear
reinforced concrete cylinder parameters. Also, two solutions were
obtained using an elastic soil material in conjunction with the
elastic concrete tunnel liner. These finite element SAMSON solu-
tions and the manner in which the numerical results are processed
and displayed are presented in section III.

Section III also contains the method of analysis that was used
to judge the postulation that only a few of the modal components
of the load are required to adequately represent the essential
SSI loads. A discussion of the results of the SAMSON analyses and
the problems encountered in determining which modal load components
are important is given in section III. Conclusions and recommen-

dations for future work are in section IV.

Appendix A gives the results of a number of free field solu-
tions that were generated involving the two soils considered and
the four airblast loading waveforms. Appendix B presents a simple
method for determining loads on buried structures that was defined
by N. M. Newmark Consulting Engineering Services at the beginning




of this project. Appendix C 1is presented to indicate the mag-
nitude of errors that can be expected if the stresses in the soil

elements surrounding the structure are used to determine the SSI
loads.

Volume II of this report contains the bulk of the SAMSON solu-
tions for each of the cases that were run. These results include:
(1) tables of maximum and minimum values of the cylinder internal
forces and SSI stresses around the liner, (2) modal amplitude his-
tories of the cylinder forces and the SSI stress, (3) time history
plots of the cylinder moment and thrust and the SSI radial stress
at the crown, springline, and invert points.

10
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SECTION II
STATIC ANALYSES

This section presents the results of several static-elastic
analyses that were performed to investigate the effects of depth
of burial and structure and soil media stiffness on the SSI stresses
and the cylinder* internal forces. These investigations are limi-
ted to plane strain analyses of horizontally oriented cylinders,
and hence they are applicable to the analysis of a long cylinder
where the effects of the ends of the cylinder can be neglected.
Both the structure and the soil media have been indealized as linear
elastic materials.

1. INFINITE MEDIA ANALYSES

These analyses consider an elastic liner embedded in a homo-
genous elastic soil media of infinite extent. A biaxial free field
state of stress in the soil is assumed, and the interface between
the soil and structure can be idealized as either free to slip (i.e.,
no interface friction) or fully bonded (i.e., infinite interface
friction). This problem has been treated extensively in the past
by Burns and Richards (Ref. 50) and Hoeg (Ref. 51 and 52). Burns
and Richards restricted their investigation to the case where the
biaxial free field stress state is derived from a uniaxial state
of strain, and solutions are given for the calculation of the media
stresses and the cylinder force resultants. The major disadvantage
of the uniaxial strain case is that the biaxial stress ratio is

dependent on Poisson's ratio of the soil.

Hoeg's studies are not restricted to a uniaxial strain case,
and the biaxiality ratio can be arbitrarily specified. However,
these investigations do not include solutions for internal force
resultants of the cylinder and a typographic sign error exists in
one of the equations which can lead an unsuspecting user to
erroneous conclusions.

* The terms cylinder, tunnel, and liner are used interchangeably
to denote the right circular cylinder buried structure.

11
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The following equations are based on appropriately modified and,
where necessary, corrected results from reference 51.

2. SOIL MEDIA STRESS ANALYSIS

Referring to figure 1, the nondimensional media stresses at
any nondimensional polar coordinate in the media (p,0) are given
by

Radial Stress, o = or/p = o0_g+0,, cos 26 (2)

Circumferential Stress, Eg = og/p = 590-+692 cos 20 (3)

Shear Stress, ?rQ T,.9/P = T.gp sin 20 (4)

where

k = biaxiality ratio of free field soil stress and the sub-

scripts 0 and 2 refer to the uniform and ovaling components.

o = R/r (< 1.0) (5a)

5.0 " -(1+k)(1-a1p2)/2 (5b)

5., = -(1-k)(1-3a, p4-4a3 0%y /2 E
Ggo = - (1+k) (L+a, 02y/2 (5d)
Ggy = (1-k)(1-3a, p*)/2 (5e)
Tray = (1-X)(1+3a, o*+2ay 0%)/2 (5£)

The coefficients aj, ap, aj have been determined for two ideal-
ized soil-structure interface conditions; namely, the fully bonded
or no slip (IS) case and the zero friction or free slip (FS) case.
For the NS case the coefficients are

o = ity o (6a)

a, = [(1-2v>(1-c> F-(1-2v)2 ¢/2 +2]/b (6b)

a; = {[1+(1-2v) C]F < (d=2v) Cf2-2 }/b (6¢)

where b = [(3-2v)+(1-2v) C]F+(2.5-8v+6v%) C+6-8v  (7a)

and C = a(R/t)/(1-V), compressibility ratio (7b)
12
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F = 2C(l-2v)(R/t)2, flexibility ratio (7¢)
* _
o =M /Ec, material modulus ratio (74d)
M* = TTgé%%%%ZU)’ constrained modulus of soil (7e)

E,v = modulus of elasticity and Poisson's ratio of soil media

Ec = Ec/(l-vf), apparent modulus of cylinder (7£)

Ec,vc = modulus of elasticity and Poisson's ratio of cylinder

For the FS case the coefficients are

_ (1-2v)(Cc-1) (82)
(1-2v) C+1

&

2F+1 - 2v
" IFF5 -6y by

&3

= 2F-1
33 = 2FF5 - 69 ge

If the free field is in a state of uniaxial strain, i.e., only
the vertical strain is nonzero, then the biaxiality ratio is de-

termined from Poisson's ratio of the soil as
k = v/(l-v), uniaxial strain case 9

Equations (2) through (8) for the calculation of soil stress
are independent of equation (9), and the biaxiality ratio can be
any value desired.

The solutions for the FS and the NS idealizations have been
used to compute the radial and circumferential stress variation
in the vicinity of the cylinder along the crcwn ray (8 =0) and
the springline ray (8 =90 deg). Since the solution is for the
unbounded or infinite media case, the invert ray (8 =180 deg)
stress variation is the same as for the crown ray. Results were
obtained for several cylinder stiffnesses and a typical soil
media with

14
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E = 25 ksi (172.4 MPa) or M" = 30 ksi (206.9 MPa)
0.25
1/3

!
|

\%

k

These soil and structure parameters will be referred to as Case A. i
The cylinder material parameters are appropriate for a concrete

tunnel liner, viz., 1

E, = 3000 ksi (20,700 MPa) ]

Vo = 0.2

Results are shown in figure 2 for four cylinder geometries rep-
resented by radius to thickness ratios (R/t) of 15, 8, 6 and 4.
For a tunnel with a 6.6 ft (2 m) inside radius, these R/t ratios
correspond to cylinder thicknesses ranging from approximately 0.5
to 2 ft (0.152 to 0.610 m). For this figure, a rather unconven-
tional method has been used to display the radial and circumferen-
tial soil stress variations in a condensed manner. Note that all
of the stresses are compression (negative) except the circumferen-
tial stress near the crown for the FS case. The compressive (-)
radial stresses have been displayed above the abscissa (crown or
springline ray); whereas, the compressive (-) circumferential
stresses are displayed below the abscissa. Hence, the tension (+)
circumferentizl stresses at the crown are plotted above the

abscissa.

An examination of the curves in this figure indicates that the
soil stresses are very nearly equal to the free field stress for
points approximately 1 to 1.5 diameters away from the edge of the
liner. These curves also show that the soil stresses adjacent to :
the cylinder are significantly different for the NS and the FS
solutions, especially the circumferential stresses. The NS case
is considered a more realistic occurrence than the FS case. For
example, it has been observed that when highway tunnel liners that
have been in service for some time are excavated, soil particles
are attached or bonded to the entire surface of the liner. This

indicates that if relative tangential motion occurs between the

15
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i structure and the soil, it takes place in the soil because the
! shear capacity of the soil is exceeded and not because there is
| low friction strength at the soil-structure interface.

3. CYLINDER FORCE RESULTANT ANALYSIS

The internal force resultants (moment and thrust) of the cylin-

y der can be computed in the following manner. The elastic law for
1 the cylinder moment is (Ref. 53, p 211)

F. K dzw)
| M= - W+ (10a)
] EZ de” |
;_ where
§ K =E, e3/12 (10b)
3 The radial displacement of the cylinder is

v = 0.5p g (1+k)(1-v)(1-+1?%;)

(10¢)

+ (1-k) f%f%[l%—a24-4(l-v) a3]cos 20
J

The nondimensional radial displacement of the cylinder can be
written as

w = wM*/(pR) = Go + ﬁz cos 20 (10d)
where

— S|

W, = 0.5(1+k)(1-v)(1 + =55 (10e)

Wy = 0.5(1-k) %5§3 [1 +a, + 4(1-v)a3] (10€)

From equations (10a) and (10b) the nondimensional cylinder moment
is obtained as

M= M/pR2 = ﬁ0-+ﬁ2 cos 20 (10g)
where &
TR =y I = 1

18
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M, = 3¢, (1-k) 5% 1-+a2-+4(1-v)a3] (101)
3
e S ;
‘17 qwd TS ® -

The differential equation of radial equilibrium for the cylinder
is (Ref. 53, p 211)

Z
4 _ gr - o R? (11)
de
The radial stress (or) referred to in this equation is the inter-
face SSI stress, computed from equations (2) and (5) with

p = 1. Performing the indicated operations in equation (11) and

T T

solving for the nondimensional thrust yields

T =T/pR = TO-PTZ cos 29 (11a)
where T, = -0 ]
0 rOJ@ el

= (1+k) (1-a;)/2 (11b)

—_ ~ . I _ —_

Ty = _GrZJ@ il 4 Mz

1- -~

= 0.5 (k_l){g-3az-4a3-24 Cl(Tfft [1+a2+4(1-v)a3]}. (11c)

A very close approximation to the nondimensional cylinder

PP ¥ T

force modal amplitudes can be written as a function of the non-
dimensional SSI modal stresses as

—
-~

M, = IE—%§7E;7 (11d)

My = (-G, + Toq9/2)/3 (11e)

T, = - 3, GINIES

Ty &G,y = 2 tu5)/3 (11g)
19
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The following four fundamental nondimensional parameters
are sufficient to completely specify the material and geometric
characteristics of the problem:

a, modulus ratio, equation (7d)

k, biaxiality ratio of free field stress
v, soil Poisson's ratio

R/t, cylinder radius to thickness ratio

In an effort to study the nondimensional variation of the SSI
stresses (Er,?rg) and the cylinder internal forces (M,T) around
the cylinder (6=0 to 90 deg), a number of elementary solutions
have been computed using the appropriate equations (2) through
(11) for the NS case at the interface idealization.

As before, a typical soil medium postulated (E = 25 ksi =
172 MPa, v = 0.25, k = 1/3) and a concrete cylinder is assumed
(Ec = 3000 ksi = 20,690 MPa, Vo = 0.2) with the same four radius-

F to-thickness ratios. For this cace, the fundamental parameters are
Case A: o = 0.0096

] k = 0.333

v = 0.25

: R/t = 15, 8, 6, 4

The circumferential variations of the nondimensional SSI

stresses and the cylinder internal forces for this case are shown

in figure 3.

Solutions to three additional cases have also been obtained
to indicate the influence of the parameter  on the results. For
these cases, the biaxiality ratio k has been taken as zero so that
the results can be used to obtain solutions for any biaxiality
ratio. This can be done by transforming the k=0 results by
90 deg, multiplying by the desired biaxiality ratio, and adding
this solution to the original k = 0 solution. Only the param-
eter o has been varied between these three cases; the remaining
fundaniental parameters for each case have been taken as

20
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k=0
v = 0.25 cases B, C and D
R/t = 15, 8, 6, 4

The modulus ratio and figures containing the SSI stresses and

cylinder internal forces for each case are:

Case B c D
a 0.0096 0.096 0.96
figure 4 5 6

Case B has the same value of o as case A, but assumes there is no
horizontal free field stress. Cases C and D use values of o that
are one and two orders of magnitude greater than case B. Thus, if
the tunnel liner material is again assumed to be concrete, then the
constrained modulus of the soil media, M*, would be 30, 300 and
3000 ksi (206.9, 2069 and 20,690 MPa) for cases B, C and D, re-
spectively. Case D is representative of a very competent rock-
like soil media, and case C would represent a material intermediate

between a typical soil and rock-like media.

Table I gives the mode O and mode 2 component amplitudes of
the nondimensional SSI stresses and the cylinder internal forces
for each of the four sets of material parameters (cases A, B, C
and D). These amplitudes have been computed for each of the
structure-soil media interface idealizations, i.e., the fully
bonded or NS assumption and the zero friction or FS condition.

The results of cases B, C and D demonstrate a number of in-
teresting things such as the arching action through the soil
around the liner for the more flexible cylinders of case Band very
high magnitudes of arching around the liner for all cylinders con-
sidered for cases C and D. Also, the SSI shear stress (Trg) and
the cylinder thrust (T) are not terribly sensitive to the cylinder
stiffness (R/t) or the material modulus ratio (o) until the soil
media modulus approaches that of the _ylinder. As expected, the
bending moments in the liner (M) are very sensitive to both the

modulus ratio (a) and the cylinder stiffness (R/t).
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