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PREFACE

The work reported below is related to forced vibration testin< which
was performed on approximately one-third scale model reinforced concrete struc-
tures. The tests were performed at Fort Polk, Louisiana, in the Summer and
Autumn of 1975 in connection with Event ESSEX-V by personnel of Waterways
Experiment Station, Vicksburg, Mississippi. Those at WES who have been es-
pecially helpful in obtaining data needed to prepare this report include Dr. J.
P. Balsara, Mr. Robert Walker, Dr. Sam Kiger, Mr. Roger Crowson and Mr. Jim

Ball. Their cooperation is greatly appreciated.

Acknowledgment is also due Mr. J. P. Wright of Weidlinger Associates,
New York, New York, whose suggestions led to pursuing the effect of backfill
stiffness on radiation damping. The authors are also indebted to Professor H.
H. Bleich, consultant to Weidlinger Associates, who pointed out the possibility
that friction at the soil-structure interface is a significant mechanism of
energy absorption. The authors are also grateful to Dr. T. L. Geers of Lockheed
Palo Alto Research Laboratory who made available results of analytic solutions

for vibrations of a cylindrical shell in an infinite elastic domain.
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NOTATION

radius of shell
tributary surface area associated with nodal point
wave speed (in general)

bar, shear and dilatational wave speeds, respectively

viscous friction coefficient
depth of a point on a buried structure below ground surface

Young's modulus of structure and idealized soil medium,
respectively

matrix of friction forces

maximum harmonically-applied force

acceleration due to gravity
thickness of structure wall

area moment of inertia

stiffness of single degree-of-freedom oscillator
stiffness matrix

width of an element

mass matrix

cycle number (subscript)

typical nodal normal force
frequency of excitation

matrix of externally applied forces
radius of arch

time

particle velocity

maximum velocity

weight density

weight

displacement, velocity, acceleration

maximum displacements in successive cycles of oscillation

maximum displacement of single degree-of-freedom system
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r'n

tmax

maximum displacement under statically applied load

non-dimensional shell pa: meters

ratio of bar wave velocity to dilatational wave velocity

log decrement

angle subtended by two radii from ar'h centerline to two adjacent

element centroids
strain
fraction of critical damping

coefficient of friction

Poisson's ratio for the structure and soil, respectively

mass density of structure and soil, respectively

horizontal and vertical components of overburden stress

normal stress on surface of structure due to overburden

maximum friction stress

angle of a node on the surface of the arch (positive clockwise

from horizontal)

natural frequency of single degree-of-freedom oscillator
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SECTION 1
INTRODUCTION
1.1. BACKGROUND

Forced vibration tests were conducted on a 1:3.7 scale buried arch
and on two buried rectangular structures at the site of ESSEX-V near Fort Polk,
Louisiana. The objective of the tests was tc determine stiffness and damping
characteristics of the structures before and after backfill was placed. This
information is reeded in order to develop single degree-of-freedom models of

structures for use in target evaluation.

The geometry of the arch and backfill are shcwn in Figure 1-1. The
arch was first tested in the excavation without backfill cover. Then backfill
was added and compacted (98-100 pcf) up to original grade level and vibration
tests repeated. All vibration testing on the arch was completed before the main
ESSEX-V eveni. The tests and results are described in detail in Ref. 1. Typical
results of the tests are shown in Figure 1-2 in the form of impedance (Fmax/vmax)
and quadrature (Fmax times peak acceleration times sine of the phase angle
between them) versus frequency. The valleys in the impedance curves and the
peaks in the quadrature curves for the uncovered structure show that the peak
velocity becomes large (resonance) when the driving frequency approaches a
natural frequency of the structure. The curves for the covered structure do
not show such peaks or valleys. This is interpreted as absence of resonance.
The covered structure was tested three times at peak force levels of 50, 150
and 500 pounds, respectively, and the impedance versus frequency plots were

almost identical. This result is considered to confirm the absence of resonance

in the covered structure.

Forced vibration tests were also conducted on two 1:3.7 scale rectan-
gular structures, whicn are illustrated in Figure 1-3. Unlike the arch, these
structures were subjected to forced vibration testing after ESSEX-V. The orig-
inal backfill was excavated, the structures were inspected and were found to be

undamaged, and sand backfill was placed by raining from a height of 5 feet.




The plots of impedance and quadrature versus frequency for the stiffer struc-
ture (Structure 3D, L/h = 4) with and without backfill, Figure 1-4, exhibit
distinct resonances. Similar plots for the more flexible structure (Struc-
ture 3B, L/h = 10), Figure 1-5, show resonances for the uncovered structures.
Some evidence of weak resonance was also found in the covered structure, but

this is somewhat a matter of interpretation of the data.

The observations that resonance did not appear in the arch after
backfilling and that resonance was weak in one rectangular structure (L/h = 10)
were unexpected. The results cast doubt on the usefulness of forced vibration
testing to develop parameters for SDOF models of buried structures. The results
also point out a deficiency in fundamental knowledge of soil-structure inter-

action.

1.2. OBJECTIVE

The objective of the present study is to explain why resonance was
suppressed in the buried arch and to determine what changes, if any, should
be made in SDOF models of buried arches. The results of the tests on the
buried rectangular structure which clearly exhibited resonance were kept in
mind when various hypotheses were evaluated. A secondary objective was to
study methods of estimating the equivalent percentage of critical viscous damp-
ing from the forced vibration test data and also from the various finite ele-

ment simulations.
1.3. SCOPE

An investigation was made of factors governing the behavior of the
arch before and after emplacement of backfill using three-dimensional elastic
finite element simulation techniques. The scope of the studies included ob-
taining mode shapes and frequencies, performing dynamic modal analysis and

dynamic step-by-step analysis.

The chief hypothesis of the analytic studies was that adding back-
fill to the arch increased the effective damping to the point where resonance

was significantly reduced or suppressed altogether. This type of effect occurs

-10-
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in a single degree-of-freedom oscillator with even modest amounts of viscous
damping. Figure 1-6 shows that at 12.5 percent critical damping, forced vibra-
tion of a SDOF oscillator at its resonant frequency produces only four times
the displacement produced by the same peak force applied statically; at 50 per-

cent critical damping, peak dynamic and static displacements are equal (Ref. 2).

Possible sources of damping for the buried arch were identified as

follows:
a. Radiation damping
b. Friction between soil and structure
c. Hysteresis in soil adjacent to the structure

Structural damping in the concrete structure was another possible source of

damping; it was assumed to be small and was therefore not considered.

The amount of radiation damping for each structure depends on the
natural frequencies of the soil-structure system, its geometry and the wave
speeds in the soil and structural materials. Differences in geometry between
the arch and rectangular structures and in the respective backfill materials
may account for different amounts of radiation damping. This is considered

to be a significant effect.

Friction must be considered because overburden stresses (0) of 2 to
10 psi allow maximum friction stresses (Imax) of between .5 psi to 3 psi to
develop, based on an assumed coefficient of friction (u) of .25 to .3 (Ref. 3).
Summing these stresses over the surface area of the structure indicates a
potential for energy absorption which is comparable to the total of kinetic
and potential energy of the structure during the forced vibration tests. Since
the geometry of the arch structure is more conducive to generating motions
tangent to the soil-structure interface, which enables the friction forces to
do work, and since the soil is probably in more effective contact with the
arch than with the vertical walls of the rectangular structures, dissipation
due to friction may be greater for the arch. Friction is therefore a second
possible source of damping which may effect the arch and rectangular structures

to different degrees.

=11~




Hysteresis in stress-strain relations causes energy to be absorbed
by cycles of load-unload or reload which are produced in the soil by oscilla-
tion of the structure. The effective hysteretic damping depends on the amount
of energy absorbed in each cycle. Although no measurements of soil strains were
made during the forced vibration tests, the order of magnitude can be estimated

(Ref. 4) from

™
1l
nl<

where
£ = representative strain parameter in the soil

v = peak particle velocity in the soil (.05 in./sec. to .5 in./sec.

for 500 pounds maximum force

[}

c wave speed in the soil (approximately 12,000 in./sec. for backfill.

This leads to estimates of order 5 x 10 ° to 5 x 10 ° in./in. in a small volume
of soil adjacent to the structure, and smaller values at greater distances.

It is difficult to estimate the energy loss associated with these strain levels
because no accurate measurements were made on the backfill material in this
range. Earthquake-related research has developed a concept of equivalent crit-
ical viscous damping for soil subjected to shear waves (Refs. 5 and 6). The
problem of converting this information into fractions of equivalent critical
viscous damping for the present soil-structure system is formidable and beyond
the scope of the present study; however, an upper bound can be determined by
assuming that the structure experiences as much damping as the adjacent ele-
ments of soil, which is that associated with the strain range given above.

This appears to be about 3 to 4 percent of critical damping.

The present study concentrates on radiation damping and friction.
Preliminary estimates suggested that radiation damping is the dominant effect
and major emphasis was placed on investigating it. The final results con-

firmed that radiation effects outweigh friction by 4 or 5 to 1.

-12-
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Figure 1-5.

Peak Force F = 500 Pounds

Impedance and Quadrature for Rectangular Struc-
ture 3B Before and After Placement of Backfill
Determined From Tests With Vibrators In Phase.
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SECTION 2
FINITE ELEMENT SIMULATION OF BURIED ARCH
2.1. INTRODUCTION

The first step in simulating the forced vibration tests on the arch
is to obtain natural frequencies and mode shapes associated with deformations
of the structure. Those of the uncovered structure were compared with measured
quantities in order to qualify the dynamic model. Modes and frequencies of the
covered structure were compared with those from the uncovered structure to
indicate the extent of soil participation. WJext, a normal mode analysis was
performed using the results of the modal extraction. The loading was a fre-
quency sweep in which 25 cycles of a harmonic load were applied at the crown,
following which the frequency of the force was increased by roughly 5 percent
and held for another 25 cycles. Undamped modal analysis was conducted for
both covered and uncovered models, and a parametric study of the effects of
modal damping on resonance in the covered structure was made in which 12.5,

25 and 50 percent critical damping in all modes were assumed. The third step
was to clarify the role of radiation damping by investigating the properties

of the structure in a semi-infinite soil deposit. Since such a system does

not possess classical normal modes, the harmonic modal analysis was abandoned
in favor of transient analysis using direct integration, and a non-reflecting
boundary condition of the Lysmer-Kuhlemeyer type (Ref. 7) was used at the sub-
surface edges of the soil island in order to simulate a semi-infinite soil
domain. A parametric study was made to study the effect of variation in wave
speeds in soil on radiation damping. The final step reported here is to in-
vestigate the contribution of friction at the soil-structure interface to damp-
ing of the covered structure. The linear finite element code GENSAP was amended
to apply damping forces at interface nodes. After executing several check
problems, a three-dimensional transient analysis of the covered structure, in-

cluding nonlinear effects of friction, was performed.
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2.2, RESULTS OF MODAL EXTRACTION

The geometry of the finite element simulation used throughout the
present study is shown in Figure 2-1. A plane of symmetry is assumed perpen-
dicular to the long axis of the structure, with the result that only half the
structure is represented. A second geometric plane of symmetry exists which
lies along the axis but this was not assumed in the model. 1In order to pre-
serve the option to consider anti-symmetrical modes and unsymmetrical loading
it was necessary to include both sides of the structure. However, this option
was not used during the phase of the study reported here. The finite element
discretization of the structure is shown in Figure 2-2. Thin plate elements
(four node, linear curvature compatible) are used for the structure. Hexa-

hedral continuum elements are used for the soil.

The material properties of the soil assumed in the analysis were based
on secant moduli in uniaxial strain from 0 to 1-2 percent strain (Ref. 8).
This was based on a preliminary upper bound estimate of the stresses which could
be induced by the forced vibration. The properties derived in this way are
shown in Table 3-1. As is discussed below, subsequent transient response anal-
ysis showed that this strain level is probably much too high. Although the
transient analyses showed the radiation damping to be sensitive to changes in
the assumed moduli, previous numerical experiments indicate that the effect of
soil stiffness on mode shapes and frequencies is much weaker (Ref. 9). A de-
tailed parameter study was therefore deemed necessary, and the modes reported

below are obtained on the basis of lower bound soil moduli.

The natural frequencies and mode shapes were obtained with a Rayleigh-
Ritz procedure in which the initial shape functions were a set of harmonic dis-
placement functions suggested by the theory of cylindrical shells. Modes of
the uncovered structure were extracted by placing the structure in the excava-
tion without any backfill. Modes of the covered structure were extracted by
adding soil elements having properties of backfill. Table 2-2 compares natural
frequencies of the covered and uncovered models with measured frequencies of

the uncovered structure. The range of measured frequencies is somewhat above
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those calculated. This is partly because the calculations reveal lower modes
which are strongly influenced by rigid body motion whereas the measurements
tend to miss these. The calculations could have been extended to higher modes,
but this would have required finer discretization of both structure and soil.
This was unnecessary because only a few deformational modes are needed to
investigate the influence of damping on response. The range from mode 5 to
mode 10 of the models is rich in deformations. Measured mode shapes and
natural frequencies for modes 1 and 2 compared favorably with values calculated
for modes 5 and 7 of the finite element model of the uncovered arch. This is
shown in Figures 2-2 and 2-3. Measurements of the deflected shape for mode 3
were not reported by WES. Hence, it is not certain whether the mode shape is
the same as that of mode 9 of the uncovered analytic model. The calculated

mode shapes of the covered and uncovered structure are given in Appendix I.

Previous studies (Ref. 9) have correlated mode shapes of a structure
with and without soil cover by summing the dot product of eigenvectors from
the two analyses. This correlation was part of an effort to develop in vacuuo
models which would have the same frequency characteristics as buried structures.
The present study investigates the damping associated with free vibration of
an embedded structure. This information may eventually be combined with the
previous data to develop an in vacuuo model with approximately the same fre-

quency and damping characteristics as the embedded structure.
2.3. SIMULATION OF FORCED VIBRATION MODAL ANALYSIS

Simulation of forced vibration at the crown of both covered and un-
covered structures was performed using the natural frequencies and mode shapes
described above. The crown of the arch was driven with a sinusoidally varying
force whose peak magnitude was 250 pounds (500 pounds for full structure).
Starting at a frequency of 75 Hz, the frequency of the forcing function was
held fixed for 25 cycles. The frequency was then increased by 5 percent (to
78.75 Hz) and held for another 25 cycles. This procedure was continued until
a frequency of 141 Hz was reached. Damping was assumed to be zero apart from

a small amount present in the linear acceleration method used to integrate the
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modal equations. The results are shown in Figures 2-4 and 2-5 in terms of

velocity-time histories at the drive point. Each discrete frequency and the
interval during which it is applied is shown on the time axis. Each natural
frequency of the finite element simulation is marked by an arrow pointing to

the time interval (and hence, frequency) where resonance might be expected.

Figure 2-4 shows the velocity-time history for the uncovered arch
at the crown (excitation point). There are three natural frequencies that
occur within the range of the sweep and which may appear as a resonant peak.
The ones at 84.2 and 100.5 Hz (modes 6 and 7) can be recognized because of
the relatively high amplitudes reached as the forcing function sweeps through
them. However, mode 8 (119.9 Hz) is not detected at all. This is apparent]

because it involves predominantly floor deformations.

The corresponding velocity-time history at the crown of the covered
arch, Figure 2-5, contains three natural frequencies within the frequency
range swept and range of modes extracted. The first natural frequency in this
range is 83.8 Hz. However, this is the same floor mode that did not exhibit
resonance at the crown of the uncovered arch and it is believed that it goes
undetected again for the same reasons. However, modes 9 and 10 are observed.
These are at 100.5 and 110.8 Hz. Because of their close spacing extra care

must be taken in examining and interpreting the results.

The occurrence of resonance in both models indicates that much greater
damping was needed to simulate the physical experiment. In order to estimate
the equivalent viscous damping required to suppress resonance, which would agree
qualitatively with the observations on the covered arch, three modal analyses
were made in which the percentage of critical damping was 12.5, 25 and 50 per-
cent. In each case the damping was assumed to be constant in all modes. The
calculations are thus similar to the one whose results are shown in Figure 2-4,
except that the damping is greater. The results show that resonance occurs
at 12.5 percent and that it is suppressed at 50 percent. At 25 percent critical
viscous damping there are only slight remnants of resonance. There is motion
in both the 25 and 50 percent cases, but the amplitude is, to first order, inde-

pendent of frequency of the forcing function.
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The result described above indicates that an effective damping of
20 to 30 percent is required to bring the analytic model iato qualitative agree-
ment with the test data. The questions to be addressed next are: What are the

sources of damping and is their aggregate effect great enough to suppress reso-

nance?
2.4. TRANSIENT ANALYSIS OF COVERED ARCH

Three damping mechanisms have been postulated in Section 1 as con-

tributing to the total damping of the arch:
a. Radiation damping
b. Friction
c. Hysteresis in backfill material

Radiation damping is associated with wave propagation in an infinite
or semi-infinite domain and is not correctly represented in a bounded domain
such as the one analyzed by modal extraction methods. To represent a semi-
infinite soil domain, a Lysmer-Kuhlemeyer non-reflecting boundary condition
(Ref. 7) was apjplied to the subsurface boundaries of the soil island. This
model no longer possesses classical normal modes, and hence resort is made
to a direct, step-by-step integration method. The possibility that friction
between the soil and structure may absorb a significant amount of vibrational
energy arises from the significant confining stresses (2-10 psi, depending
on depth) due to overburden. Sliding friction introduces nonlinearity into
the system of equations, which is another reason for using direct, step-by-step
integration methods. As is explained above, soil hysteresis is omitted for
lack of experimental data on which to base a constitutive model and structural

damping is omitted because it is small.

In the following analysis, damping is investigated by observing decay
in the amplitude of free vibration. Motion is induced by applying a triangular
pulse whose duration is about equal to .005,second (approximately the half
period of the 100.7 Hz mode). The total duration of the calculation is .108
second, or about 21 times the duration of the load; case 2 is an exception due

to being terminated prematurely by the computer center operator.
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2.4.1. EFFECT OF SOIL STIFFNESS ON RADIATION DAMPING

Calculations were made to investigate radiation damping and the in-
fluence of wave speed in the backfill and surrounding soil on the amount of
radiation damping. The finite element simulation showed that the amount of
radiation damping is sensitive to variations in the assumed wave speeds which
are within the range of experimental uncertainty. All of the analyses were
based on measurements of uniaxial stress-strain properties performed on undis-
turbed samples taken from the ESSEX test site. The site profile and repre-
sentative stress-strain data are given in Ref. 8. Among the most important
data is the uniaxial stress-strain curve for the tamped backfill surrounding

the arch, which is shown in Figure 2-6.

In interpreting the data for use in the calculations, attention was
given to possible differences between the actual stress-strain curves for
backfill in the field and the representative curve given in Figure 2-6. There
is the possibility of disturbance during sampling; the effects of sampling
procedures on moduli are not well known at the exceptionally low stress levels
of interest in the present study. This problem is reflected in the observa-
tion that in situ seismic wave speeds are in some cases (Ref. 10) higher than
laboratory stress-strain measurements would lead one to expect. Also, there
is variability in such properties as the extent of compaction of the backfill,
which is reflected neither in the stress-strain curve in Figure 3-5 nor in the

calculation.

A second question is whether the secant or the initial tangent moduli
of the experimental stress-strain curves should be used as a basis for the
elastic moduli of the finite element model. A parametric study was performed
to investigate how backfill and in situ soil stiffness influence radiation
damping. A lower bound on moduli in the backfill and other soil layers was
established on the basis of the secant modulus from O to 1-2 percent strain.
The secant modulus in the backfill is about 6,700 psi, which leads to a dilita-
tional wave speed of about 533 psi. The wave speeds assumed for the backfill

and the other soil layers are summarized in Table 2-3. The results of the
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calculation using these properties are illustrated by a velocity-time history
at the crown in Figure 2-7. The response is lightly damped and is unlike the
response of the physical arch. Suspecting that this is due to ineffective
transfer of energy in deformational modes to the soil, a second calculation
was made in which the soil properties were based on the initial tangent
moduli, which are about four times stiffer. The justification for this is
that the stress levels developed in the backfill during the tests were prob-
ably of order 0.1 psi (order .01 bars), so that the initial tangent modulus
is more representative of the stiffness governing radiation damping effects
in the forced vibration tests (though not necessarily under weapons effects
loading) than is the secant modulus. The results of the second calculation,
shown as velocity-time history of the crown in Figure 2-8, indicate a sub-
stantial increase in radiation damping. Since this result is central to

the nurnose of the present study, it was decided to perform another calcula-
tion which would establish a reasonable upper limit on the radiation damping.
In this calculation, the initial tangent moduli were doubled. This is a
modest increase in the recommended values which in the opinion of the authors
could have occurred. The results, shown in Figure 2-9, confirm the trend

toward increasing radiation damping with increasing wave speeds in the soil.

It appears that, as the impedance of the soil approaches that of the
concrete, coupling improves between deformational modes of the structure and
the sofil. In the extreme case of a perfect impedance match between structure
and medium, the radiation damping would be very high; in the opposite extreme
case of a structure in vacuuo, there would be no damping. In case 3 (2 X tan-
gent moduli) where the impedance ratio of concrete to backfill is about 1 to
15, the damping is estimated to be the equivalent of 12 to 21 percent critical
viscous damping, depending on interpretation of the response of the crown.

In order to confirm the trend obtained from the finite element calculations,
Dr. T. L. Geers of Lockheed Palo Alto Research Laboratory was asked to compute
analytically the equivalent fraction of critical viscous damping for an infinite

cylinder having roughly the same geometric and material properties as the arch
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and which is embedded in an infinite medium having roughly the same properties
as those assumed for the backfill in the finite element calculations. In spite
of significant differences between the arch and the cylinder, the trends sub-

stantially agree. Results of the cylinder analysis are shown in Appendix II.
2.4.2. EFFECT OF FRICTION ON DAMPING

The energy of vibration which is absorbed by friction between the
soil and the surface of the structure was investigated. An ideal computer
simulation of friction would include three-dimensional geometry, non-reflecting
boundaries and the capability for slip at the soil-structure interface and a
Coulomb-type friction slip criterion in which the direction and magnitude of
the friction force depend on the relative velocity between the soil and struc-
ture. A step was taken toward this ideal simulation by modifying the existing
GENSAP model to include frictional forces tangential to the interface and in
the direction opposite to the absolute velocity of the structure. It is be-
lieved that this simulation is adequate for purposes of this study. The maxi-
mum frictional stress which can be applied was assumed tc be proportional to
the normal stress acting on the structure, which depends on the depth of each
nodal point below the surface. The relationship between the overburden and
frictional stresses is shown in Figure 2-10. The frictional shear stress was
multiplied by the tributary area for each node and the resulting force was in-

cluded in the discretized equation of motion as follows:
Mx + Kx = P - F
where
M, K = global mass and stiffness matrices
%, x = acceleration, displacement vectors, respectively
P = externally applied load (forcing function)
F = friction force (applied only to soil-structure interface nodes)

An initial attempt was made to compute F according to a simple Coulomb-
friction law in which the maximum magnitude of friction force was applied when-

ever the absolute velocity of a node on the structure exceeded a threshold value.
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The direction of the force was assumed always to be opposite to the velocity
of the structure. This attempt was unsuccessful because the system was too
strongly nonlinear for the integration algorithm to handle it correctly. The
results depended on the time step used. Consequently a nonlinear viscous
friction model, in which the frictional force was assumed to be proportional

to velocity, was used.

The nonlinear viscous friction model used was adapted from the work
of Den Hartog (Ref. 2); a viscous single degree-of-freedom model in which the
work per cycle done by the friction force is equivalent to a constant force

Coulomb model. In the viscous model, it is assumed that

F = Cx (2-1)
where
4f
C = s (2-2)
0
and

-
"

peak friction force

w = frequency of the SDOF system

t

X

= peak displacement of the SDOF system

This model exaggerates the effects of friction by assuming that the friction forces are
related to the absolute rather than to the relative velocity. It is believed

that, because the loading is from inside the structure, the absolute motion of

the structure is reasonably close to the relative motion. This would not neces-

sarily be the case for engulfment by a shock wave.

The implementation of this type of model in GENSAP required numerous
coding changes, and two check problems were devised to test the new model.

These are described in Appendix III.

An analysis of the covered arch was performed which was aimed at pro-
ducing an upper bound estimate for damping including the effects of friction
and radiation damping. The friction parameter f in Equation 2-2 was calculated

for each node as follows:
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f=pyo A (2~3)
n
where
= normal stress at each surface node due to overburden

A

tributary surface area associated with the node

"

u coefficient of friction

The nodal friction force is applied tangentially to the arch in the direction
opposite to the tangential component of velocity. It is the large cumulative
area which magnifies the friction force and which makes friction potentially a
significant effect. In the present example y = 0.4 was assumed on the basis

of data presented in Ref. 3.

The wave speeds in the soil are based on two times the initial tan-
gent moduli (see Table 2-3); hence, radiation damping is maximum for the range
of parameters considered in this study. This is not a situation which maximizes
dissipation due to friction because large radiation damping reduces velocities
which in turn reduce friction forces. However, the total damping is maximum,

or nearly so.

The results of the calculation are best interpreted when compared
with the response without friction, which is done in Figure 2-11 for the crown.
Friction reduces the amplitudes of oscillations at intermediate and late times,
but the effect is not dramatic. The response of the model also contains higher
frequency motions at intermediate and late times. This is due to the assump-
tion that the friction force is proportional to the absolute velocity and has
the opposite direction. High frequency oscillations are even more characteristic
of Coulomb than of viscous damping (Ref. 2). Another aspect of the response
with friction is that the first downward motion is greater than in the case
without friction. The reason for this is apparently discretization error in
space, time or both. The frictional forces are applied tangentially to the
true curve of the arch, which is only approximated at each node by the two inter-
secting flat plate elements. Thus, the lines of action of the internal resist-
ing forces are not exactly correct, and this error is compensated in the inertia
terms in order to achieve equilibrium. Also, at early times the friction forces

are the same order as the inertia forces, which means that nonlinearity is
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strong. The integration algorithm is not capable of handling strongly non-
linear systems perfectly, and some errors undoubtedly occur. For the main part
of the calculation, the friction forces are smaller than the inertia fcrces and

the conditions for accurate integration are more nearly met.

2.5. EVALUATION OF PERCENTAGE OF EQUIVALENT CRITICAL VISCOUS DAMPING FROM
CALCULATIONS

Evaluation of an equivalent fraction of critical viscous damping from
the results of free vibration computations is necessary to decide whether the
damping mechanisms considered analytically can account for the suppression of
resonance in the physical vibration tests. It is difficult to arrive at a
clear and unambiguous fraction of critical damping because the response of the
arch involves several modes. It is therefore hard to apply the conventional
log decrement interpretation to the displacement-time history because it is
difficult to identify successive maxima in the same mode. It is also probable
that the fraction of critical damping varies from mode to mode, as is shown by
the results given in Appendix II. In the following, the log decrement approach
is applied to successive maxima according to the expression

X

o _ﬂii_l =& = wzqu (2-4)
n V1-n?
where
) R = gsuccessive maximum amplitudes

n n+1
n = fraction of critical viscous damping
§ = log decrement

Pairs of successive maxima are obtained from each calculation and Equation 2-4
is solved for n. To try to reduce bias in selecting maxima for each case, two
pairs of maxima are chosen wherever possible. The pairs selected here are the

first and second and the second and third.

Displacement-time histories at the crown from the four cases considered

are shown in Figures 2-12a through 2-12d. In each case, the points chosen for
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successive maxima are indicated by the numbers 1, 2 and, in most cases, 3.
Table 2-4 shows the fractions of critical damping for each case. The trend is
in the direction of greater damping for stiffer soils; it is increased further
by accounting for friction. However, not all damping values are consistent
with this pattern; it is necessary to select the values marked by an asterisk
to obtain the trend described above. However, visual inspection of the dis-
placement-time histories supports the interpretation that the cases are ranked

in Table 2-4 in order of decreasing damping.
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Figure 2-2. Comparison of Calculated and Measured Mode Shapes and Natural
Frequencies for Uncovered Arch-Sway Mode.
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jackfill

Component
Roof
lluur

Endwalls

TABLE 2~-1.

MATERIAL PROPERTIES USED IN

Depth (ft.)
3.6
11.0
19.0
11.0

l'-” (psi )

4

3.77 x 10
3. 77 % 10°
Y77 10

Soil

y’m (psi)
4,700,
8,800.
4,930.
4,900,

Structure

+L 16
«176
« 176

L

ANALYSIS OF

(1b.-sec.

’ . o
O in.

a2y x 3

ARCH

(1 h._—_s‘l"(' )
B Sl
.1820 * 10~
Mo 1
.1780 x 10~

L1880 < 10°

4")
h (i_n. )

12.0

16.0




TABLI

Measured
(I'ncovered)

)

)

FREQUENCIES OF ARCH STRUCTURE,

COVERED AND

Calculated
(Uncovered)

UNCOVERED

(Covered)

A A N i

(Hz) Mode (Hz) (Hz)
1 10. 8 L0
2 [Tl 7 10.4
3 16.1 155
4 33.0 29.3
70 5 2007 42.1
6 84.2 A
105 7 100.1 62.5
8 119.9 83.8
155 9 148.7 100.7
10 185.4 LEG3
222
260
(5 450
wly =
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[ABLE 2-3.
SOIL PROPERTIES USED IN PARAMETRIC STUDY OF RADIATION DAMPING
ASSOCIATED WITH FREE VIBRATION OF BURIED ARCH
( 8 !'\
Depth (Ft.) (fps) (fps)
secant Modul i
1 Strain)
wver |1 0- 3.6 269 533
4 3.6-14.6 359 713
3 14.6-18.6 268 464
Backfill 0-10.6 261 522
fangent Moduli
Laver 1 0O- 3.6 654 1296
) 3.6-14.6 983 1953
3 14.6-18.6 941 16 30
Backfill 0-10.6 519 1039
2 langent Moduli
Layer 1 0- 3.6 925 1833
2 3.6-14.6 1390 2762
3 14.6-18.6 1330 2305
Backfill 0-10.6 734 1469
~4 8~
i e R —




TABLE 2-4.
FRACTIONS OF CRITICAL VISCOUS DAMPING FROM
FREE VIBRATION ANALYSES OF BURIED ARCH
Case Cycles 1-2 Cycles 2-3 Average

Soil properties based on
)

2 X tangent modulij; fric-

tion included .14 .26 20
Scil properties based on
) X tangent moduli 12 $21% 1.7
Soil properties based on
tangent moduli wld* .06 12

Soil properties based on
secant moduli AL 2%

-
-

*If these cases are selected as being most representative, a trend of increasing
damping with increasing soil stiffness is obtained. Including friction increases
damping to the level which suppressed resonance in the frequency sweep simulation
using modal analysis.
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The static stiffness of the arch, defined by the force required to

produce a unit deflection at the crown, is k = 5 = 107 1b./fc.

Simplifving Equation 4-1 we obtain
s

“Ivrvl'x"/\mav
| = — ‘; == p (3-2)

Substituting experimentally measured values of F into this expression,

/v
max —max
the results presented in Table 3-1 are obtained. Equation 3-2 has been evaluated
at p = 105 Hz and 222 Hz because resonance is observed in the uncovered arch in
this range and because p = 105 Hz is in the center of the range considered by
the modal analysis, Section 2.3, which indicated that 25 percent critical damp-
ing is the minimum needed to suppress resonance. The results presented in the
table are not reasonable except in the case of vibrators in phase at w = 105 Hz
where the uncovered structure with only 6 percent critical damping would exhibit
resonance whereas the covered structure with 41 percent would not. The other
values are apparently too high. This exercise illustrates the difficulty of
evaluating the fractions of critical damping from the experiments. It is only
slightly easier to estimate the effective damping in the calculations, as is

described in Section 2.5.

The failure of this approach to yield reasonable values for damping
in the experiments was unfortunate since it meant that there was no method of
comparing quantitatively the measured and calculated fractions of critical damp-
ing. Instead, it must be argued that since the modal analysis indicates that
about 25 percent critical damping suppresses resonance and since this amount can
be accounted for in the finite element simulation if wave speeds are based on
2 X tangent moduli, it is possible that the fundamental phenomena observed in

the tests are accounted for in the calculation.
3.3. DIFFERENT RESPONSES OF ARCH AND RECTANGULAR STRUCTURES
The buried rectangular structure 3D (L/h = 4) clearly exhibited

resonance in the experiments as shown in Figure 1-4. The buried rectangular

structure 3B (L/h = 10) less clearly exhibited resonance in the experiments
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FRACTIONS OF CRITICAL DAMPING ESTIMATED FROM THE

EXPERIMENTAL DATA ON ARCH USING EQUATION 3-1

Covered Uncovered
In Phase Out of i’l».lﬁv In Phase Out of Phase
105 .41 + 81 .06 A
222 L2 el 35 kad
E
y
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SECTION 4
SINGLE DEGREE-OF-FREEDOM PARAMETERS FROM FORCED VIBRATION TESTS

The value of forced vibration tests in developing parameters for
highly simplified structural models, such as SDOF oscillators, appears limited
in light of experimental and analytic findings. These tests are probably a
good way to obtain data on frequencies in the elastic regime so long as the
frequencies show up (unlike the arch case) and so long as the backfill of the
model is tamped similarly to that of the prototype. The possibility of lessened
participation of soil mass due to loose backfill must be recognized both for
test and target or prototype structures. Table 2-2 shows that the frequencies
of covered and uncovered structures differ significantly; these represent
lower and upper bounds, respectively, on the effect of soil mass participa-
tion. The analyst who intends to use forced vibration test data must either
know where the backfill conditions of his target structure place it in the
frequency range shown in Table 2-2, or he must be prepared to assume upper
and lower bounds for the frequency of his model and conduct at least two anal-

vses in order to bound the response.

The test data and analysis also show that the contribution of radia-
tion to the total damping depends significantly on the wave speeds in the soil.
Here again the backfill stiffness in the test must be like that of the proto-
type to be sure that this effect is properly accounted for. Since forced vibra-
tion tests generate stresses much lower than weapons effects loading, the effec-
tive wave speeds in the test are either higher or lower than in the prototype
depending on whether the uniaxial stress-strain curve is stitfening or soften-

ing in the range of interest.

Another point related to different stress levels in vibration tests
and weapons effects loading is the effect of hysteresis in soil stress-strain
relations., The role of hysteresis in damping structural vibrations is at pre-
sent unknown and should be investigated. [If hysteresis were signiticant, it

would be another deficiency of the forced vibration tests.
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SECTION 5
SUMMARY AND CONCLUSIONS

A finite element simulation of the forced vibration tests on the
buried arch structure at ESSEX-V was developed. The model of the structure
surrounded by a finite amount of soil was qualified by calculating natural
frequencies and mode shapes and, for the uncovered structure, comparing them
with measurements. Modal analysis of the soil-structure system showed that
drive point motions increased dramatically in both covered and uncovered cases
when the frequency of the oscillating force at the crown approached a natural
frequency of the system. Modal analysis of the covered structure was repeated
using different assumed fractions of critical viscous damping. The resonant
behavior of the structure was suppressed when about 25 percent critical damp-

ing in all modes was assumed.

Radiation damping, friction, hysteresis in the surrounding medium
and structural damping were identified as possible mechanisms for absorbing
the energy of vibration in the physical test. To evaluate the contributions
of radiation damping and friction, transient, free vibration of the buried
structure was simulated using a direct integration approach. Nonreflecting
boundary conditions were used on the subsurface boundaries of the soil island
to simulate a semi-infinite soil domain. It was found that the amount of
radiation damping varies significantly, depending on the wave speeds assumed
in the backfill and surrounding media. In order to establish a reasonable
upper bound on radiation damping, it was assumed that the initial tangent
constrained modulus of the backfill was two times the value recommended by
WES on the basis of laboratory tests. This produced damping due to radiation
effects of about 21 percent of critical; evaluation of the percentage is some-

[:

what subjective. A friction model was developed which added about 5 percent
to the radiation damping, leading to a total of about 26 percent of critical.
The model used in the calculations probably overestimates the damping due to
friction effects because signs and magnitudes of friction forces are based on

absolute rather than relative velocities. Hysteresis in the soil was not




considered quantitatively, but it is believed capable of contributing less than

3 to 5 percent. Structural damping was not considered.

An attempt was made to evaluate damping from the physical test. This
led to larger values of damping than appear reasonable and was considered unsuc-

cessful.

Unlike the case of the arch, forced vibration of rectangular structures
produced resonance. This is partly explained by the backfill conditions, which
differed significantly between the two types of structures. The arch had a com-
pacted backfill of native soil whose uniaxial stress-strain curve was initially
concave to the strain axis. In contrast, the rectangular structures had sand
backfill which was placed by raining. The uniaxial stress-strain curve for
the sand was initially convex to the strain axis, which leads to lower seismic
wave speeds than for the arch. The parametric series of calculations on the
arch shows that its radiation damping is greater than for the rectangular struc-
tures and could be about two times greater. The result of the different back-
fill conditions is that the rectangular structures were closer to in vacuuo

conditions than was the arch.

It is concluded that effective damping can be increased from 10 to
12 percent critical to 20 to 25 percent critical and possibly higher by increas-
ing the wave speed in the backfill and surrounding soil by a factor of three to
four. Damping due to friction is at most one-fifth that due to radiation effects
in the present study. In cases where the active earth pressure due to overburden
is less, the influence of friction is likely to be less. It is concluded further
that a large part of the difference between the responses of the arch and the
rectangular structures is due to the different backfill materials and methods

of placement.




SECTION 6
RECOMMENDATIONS

The following recommendations are divided into categories of anal-
vsis, testing and development of single degree-of-freedom models of complex

structures.

l. Analysis--the model of the arch with friction and high wave
speed backfill (case 3, Table 2-4) should be used to simulate a portion of the
frequency sweep in which quasi-steady state conditions are reached at a number
of closely-spaced frequencies. This would clarify whether resonance is appar-
ent when radiation and friction effects are explicitly included in the model
rather than being lumped as in modal damping. Their values should be the maxi-

mum that can be reasonably assumed.

2. Testing--future tests on large model structures should be per-
formed with the same thoroughness, including soil testing in the backfill and
vibrations at different levels of maximum force, as were the ESSEX-V tests.
Ihe possibility of measuring relative displacements at the soil-structure
interface tangential to the structure surface should be investigated; this
would indicate whether friction should be included in the calculations. It
appears that much information might be also derived from smaller scale model
tests; a series of parallel vibration tests and shock loading tests in the
Blast Load Generator would show whether the forced vibration tests include
the same damping phenomena that are present in shock response. Finally,
attention should be given to a free vibration phase of the tests in which

damping could be estimated by observing the log decrement of the amplitude.

}. Development of SDOF Models--if incorporating 20 to 30 percent
critical damping in SDOF models has a significant impact on targeting decisions,
new methods of evaluating the equivalent fraction of critical viscous damping
from test data on complex structures should be developed. Those who use such
models should become aware that backfill conditions can affect damping signifi-
cantly and that, if they do not know the backfill conditions in the structures
they are analyzing, they should assume a range of damping values from about

12 to 15 percent to 25 to 30 percent.
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APPENDIX I
MODE SHAPES OF ARCH STRUCTURE WITH AND WITHOUT BACKFILL
Natural frequencies and mode shapes of the arch structure were

cal-

ulated with ard without backfill in place. The soil and backfill properties
were based on secant moduli up to 10 psi. Although it was subsequently found

that using initial tangent moduli improved the dynamic simulation using direct

integration methods, the modal extraction analyses were not repeated. Previous

experience (Ref. 9) indicates that the frequencies would not be significantly

increased (less than 10-15 percent) by basing the soil stiffness on tangent

moduli and that the mode shapes would not be changed at all. An end-on eleva-

tion view of the structure and surrounding soil is shown in Figure 2-1. For
the modal analysis, all subsurface boundaries of the soil island were fixed ex-
cept nodes on the plane of symmetry (parallel to the plane shown in Figure 2-1),

which were constrained to move in the plane. The mode shapes of the structure

are shown with soil stripped away. Figure I-1 shows the undeformed structure.

Figures I-2 through I-11 show mode shapes of the uncovered structure. Yigures

I-12 throvgh I-21 show mode shapes of the covered structure.

¥
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Figure I-1.

Initial Undeformed Configuration
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Figure I-2.
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Mode 1, Uncovered Arch, w = 10.8 Hz.
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Figure I-3.

Mode 2, Uncovered Arch, w = 13.7 Hz.
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Figure I-4.

Mode 3, Uncovered Arch, w = 16.1 Hz.
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Figure I-5. Mode 4, Uncovered Arch, w = 33.0 Hz.
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Figure I-6.

Mode 5, Uncovered Arch, w = 70.7 Hz.
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84.2 Hz.

Uncovered Arch, w

Mode 6,
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Figure I-8.

Mode 7, Uncovered Arch, w = 100.1 Hz.
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Figure I-9.

Mode 8, Uncovered Arch, w = 119.9 Hz.
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Figure I-10,

Mode 9, Uncovered Arch, w = 148.7 Hz.
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Figure I-11.

Mode 10, Uncovered Arch, w = 185.4 Hz.




Figure I-12.

Mode 1, Covered Arch, w = 10.1 Hz.




Mode 2, Covered Arch, w = 10.4 Hz.

Figure I-13.
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Figure I-14,

Mode 3, Covered Arch, w = 13.8 Hz.
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Figure I-15. Mode 4, Covered Arch, w = 29.3 Hz.
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Figure I-16.

Mode 5, Covered Arch, w = 42.1 Hz.
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Mode 6, Covered Arch, w = 51.8 Hz.

Figure I-17.
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Figure I-19. Mode 8, Covered Arch, w = 83.8 Hz.
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Mode 10, Covered Arch, w = 110.3 Hz.
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APPENDIX II
RADIATION DAMPING ASSOCIATED WITH DEFORMATIONAL MODES OF A
CIRCULAR CYLINDER EMBEDDED IN AN INFINITE ELASTIC DOMAIN

It is shown in Section 3 that radiation damping associated with
vibration of the covered arch increases significantly as the stiffness of the
surrounding soil increases. It appears that, in the range of uncertainty with
which wave speeds in the surrounding soil are known, significant variation in
radiation damping can occur. This finding suggests that backfill conditions,
such as degrees of compaction and contact with the structure, may need to be
considered in developing damping parameters for the idealized, single degree-

of-freedom analytic models used in targeting analysis.

To confirm the trend obtained in the finite element calculations,
Weidlinger Associates requested that another DNA contractor, Lockheed Palo
Alto Research Laboratory, apply a closed-form analysis technique (Ref. 11)
to obtain free vibration, mod.l response of an infinitely long cylinder em-
bedded in an infinite elastic domain. The principal investigator at Lockheed,
Dr. T. L. Geers, supplied the responses for three problems in which the shell
parameters were held constant while the wave speeds in the soil varied in the
ratio 1:2:4. The geometry and material properties of the cylindrical shell
and soil, defined by following non-dimensional ratios, are roughly the same as

those of the arch.

h?
o % s5—p = L0017
p h
)
T = .17
0 p a
m
l"
B = — = 1/2
o { 2
||
whe ¢
h, a = thickness, radius, respectively, of the shell
-l
o ~ — e — T T IT———" -




= mass density of the shell and soil medium, respectively

¢ = shear and dilatational wave speeds, respectively, in the soil

medium

The wave speeds in the soil are defined through a further dimensionless ratio

e
Pl o]
"o c
p
where
E
g y 2 0
¢ = bar velocity in the shell, c¢* = = ———. , Where
0 o ( (1 - v°)

(8]

E , are Young's Modulus and Poisson's ratio, respectively, for
; ]

the shell material.

In the three cases considered, B was varied by varying Cp the dilatational
O X

wave speed in the soil. The range of parameters was as follows:

Case 0
1 47.6 (softest soil)
2 23458
3 11.9 (stiffest soil)

The time histories of radial displacement are presented in Figures

[I-1 through 1I-4 for modes n = 0 through n = 3 for an impulsive excitation
the extensional modes. The radial displacement w for mode n and the time t are

normalized to a and ¢ /a, respectively. The normalization parameter for time
n
!

makes it appear in the figures as if the natural frequencies of the shell are

drastically reduced if the shell is placed in stiffer soil. This is mainly an
illusion caused by the nondimensional parameter, as can be seen by dividing the
time scale in cases 2 and 3 in Figure II-1 by 2 and 4, respectively. Some re-

duction of natural frequency occurs, however, apparently due to large effective

damping ratios; see case 3, Figure II1-4.

The main purpose of performing these calculations is to see how the

equivalent fraction of critical viscous damping varies with wave speed in the




soil. In these cases, damping is entirely of the radiation type. There is

no ambiguity in evaluating the log decrement for each displacement-time his-
tory because each represents the oscillation in one mode only, and the decay
rates for deformational modes are negative exponentials. The fractions of
critical damping are shown in Table II-1. The table shows a trend of higher
damping with increasingly stiffer soil, which is the same trend exhibited by
the finite element calculations of the arch. When the properties of the
system are fixed, the amount of damping is highly dependent on the mode number.
For example, in case 2, mode 1 is lightly damped, mode 2 is about critically
damped and mode 4 is highly, yet subcritically, damped. This clearly illus-
trates the frequency dependence of structure-medium interaction. The n = 1
mode involves rigid body motion only and hence the normalized responsc appears
to be independent of wave speed in the soil. The damping for this mode is
logarithmic in nature, unlike that for the deformational modes which is expo-

nential. Damping in the rigid body mode is very large and no oscillation

occurs.
L5
5
2
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Figure II-1. Normalized Modal Displacement for n = 0 Mode Versus Normalizec

Time for a Shell Embedded in Three Different Elastic Soils.
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APPENDIX I11
CHECK PROBLEMS FOR IMPLEMENTATION OF FRICTION IN
THREE-DIMENSIONAL, LINEAR FINITE ELEMENT CODE

The implementation of a friction model in GENSAP required numerous
coding changes, and two check problems were devised to test the new model.
These are illustrated in Figure III-1. The simulation of the block sliding
on the plane is the same problem for which Den Hartog (Ref. 2) derived equiva-

lent viscous and Coulomb damping. The friction coefficients in the expression
f = uN

was chosen such that p = 0.20. This produces 10 percent equivalent critical
viscous damping. Initially, a force having rise and decay times each equal

to a quarter of the natural period of the system was applied to the block to
set it in motion. Displacement-time histories for the block with and without
friction are shown in Figures 111-2 and III-3. Eliminating the damping due to
the integration algorithm, which accounts for the decrease in amplitude in
Figure 111-2, indicates that the friction is responsible for approximately

8 percent damping.

A more ambitious check solution was then obtained for the two-
dimensional arch subjected to a point load at the crown, which is illustrated
in Figure I1I-1. The dimensions of this arch and the three-dimensional one
of ultimate interest are identical. However, the mass and stiffness properties
of the soil were omitted from the two-dimensional example. In this calculation,

the frictional forces F were computed separately for each node.

F = (h“ )A
n

where

0 = the normal stress at each node, respectively, due to overburden

stress

The value of ”n varies due to variable depth of a hypothetical overburden anl

to varying angle between the normal to the arch and the vertical.

-} ]




Another detail in implementing the model is to decide on the direction
of the friction force. It must lie along the tangent to the arch at each node,
but there are two possible directions. The choice is made by comparing the direc-
tion of the velocity vector with the normal and requiring the friction force vector

to lie on the opposite side of the normal. This is illustrated in Figure ITI-1.

As in the other example, the effect of damping is evaluated by apply-
ing an impulsive force to the crown and noticing the decrement in amplitude of
the crown with successive cycles. The cases shown in Figures III-4 and III-5
have U = 0.4 and zero friction, respectively. As in the case of the block slid-
ing on a frictionless plane, there is significant decrease in amplitude. In this
case, it is partly due to the integration algorithm and partially due to the
nature of the dynamic response. The decrement in the case with friction is much

greater.
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