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PREFACE

This report was prepared by N. C. Tsai of NCT Engineering, Inc., for the
Lawrence Livermore Laboratory (LLL). It is intended to clarify certain
technical issues in the analytical treatment of soil-structure interactions,
These issues arose during the limited reanalyses of the Oyster Creek and
Palisades Nuclear Power Plants that LLL is conducting for the U.S. Nuclear
Regulatory Commission (NRC) as part of the Systematic Evaluation Program
(SEP)., The NRC FIN No. is A-0233, and the technical monitor is H. A. Levin.

The report is intended for use by the SEP's Senior Seismic Review Team in
formulating recommendations on the treatment of damping in soil-structure
interaction analysis. It has been technically reviewed by SEP program leaders
R. C. Murray and T. A. Nelson at LLL.

The author wishes to thank Shelly Calvert for typing the final manuscript

and R. K. Johnson of EG&G/San Ramon Operations for editing assistance.



ABSTRACT

This report was prepared at the request of the Lawrence Livermore
Laboratory (LLL) to provide background information for analyzing
soil-structure interaction by the frequency-independent impedance function
approach, LLL is conducting such analyses as part of its seismic review of
selected operating plants under the Systematic Evaluation Program for the U,S.
Nuclear Regulatory Commission. The analytical background and basic
assumptions of the impedance function theory are briefly reviewed, and the
role of radlation damping in soil-structure interaction analysis is
discussed, The validity of modeling soil-structure interaction by using
frequency-independent impedance functions is evaluvated based on data from
several fizld tests. Finally, the recomended procedures for performing
soil-strueture interaction anmalyses are discussed with emphasis on the modal

suprposition method,
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LIST OF SYMBOLS
Frequency-independent radiation damping coefficients
for lateral translaticn, rocking and vertical

translation of the base.

Radiation damping ratios based on Cx’ Cr, and

Cv' respectively,
Frequency-independent impedance springs for lateral
translation, rocking and vertical translation of the

base.

Frequency-dependent radiation damping coefficient for
lateral translation and rocking of the base.

Frequency-dependent impedance springs for lateral
translation and rocking of the bage.

Percentage of critical damping and natural frequency,
respeetively, of the j-th mode of the fixed base
structure.

Canposite modal damping and natural frequency,
respectively, of the k-th mode of the soil~-structure
interaction system.

Gravitational acceleration,

Shear modulus of foundation soil,

Shear wave veloelty of foundation soil.

Circular frequency (radian/see).
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1. INTRODUCTION

In the seismic agnalysis of structures, the soil-structure interaction
effect may be accounted for by either the imp&@ance function or the finite
element approach. Both methods have advantageé and limitations.

Nevertheless, the state of the art indicates that both approaches share the
same theoretical basis--specifically, both recognize that geometrie radiation
damping should be placed where the soil foundation i{s cut off from the
soil-structure system. In the impedance approach, radiation damping is
simulated by attaching to the structural base some frequency-dependent dampers
or, if the approximation suffices, Frequency~independent dampers, For the
finite element approach, radiation damping is simulated by a series of dampers
placed along the soil cut-off boundaries (e.g., Refs. t, 2, 3, 4).

Unlike material internal damping, radiation damping is not an inherent
material property. It is one of the parameters required to represent those
soil media that are excluded from the soil-structure interaction model under
consideration., Its analytical derivation is based on the assumption that the
excluded soil media extended to a semi~infinite half space. In view of the
relative dimensional difference between the earth and typical buildings, one
may say that the half-space representation of the earth is fairly reasonable.

Note that the radiation damping concept has already been used in seismic
prospecting and in investigating the influence of local soil deposits on
earthquake ground motions {e.g., Refs. 5 and 6)}. Thus, it is a recognized way
to account for the spatial dissipation of epergy in a soil medium.

Over the last several years use of radiation damping in soil-structure
interaction problems has gained acceptance by engineers. Much confusion stiil
exists, however, for the following reasons:

o Many engineers do not have the background necessary to really understand
the mechanism of radiation damping and to cor:uctly apply the rather
abstract concept to soil-structure interaction amalyses. Radiation
damping is often mistakenly perceived as a kind of material damping.

o It is generally held that the larger the radiation damping, the lower
will be the structural response. As a consequence, limiting values on
the magnitude of the radiation damping have been stipulated. Such
confusion occurs because the actual effect of radiation damping on the
structural response is seldom understood properly. As will be
illustrated later in this report, an increase in radiation damping does

not necessarily lead to & decrease in structural response.
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¢ Data from dynamic tests of buildings and foundations provide the only
realistic way to test the validity of soil-structure interaction
theory. However, such data can often be misinterpreted. For example,
one set of test data can lead to different conclusions depending on how
the data are interpreted.

Additional confusion arises in the simpi. case in which soil=-structure

interaction is represented by frequency-independent impedance
functions., This i5 because most engineers use the method of modal
superposition (also referred to as modal analysis or the normal mode
method) to solve the equations of motion, but few realize that:

- Modal superposition gives only approximate solutions; the rigorous
solution must be obtained by such methods as Fourier transformation
or direet integration.

- The computed structural response may vary appreciably with the
technique chosen for determining the composite modal damping.

- Modal superposition is inapplicable, no matter what modal damping
values are used, for cases in which the radiation damping is
sufficiently large. This will be illustrated later in the report.

Such misunderstandings lead many engineers to stipulate a limiting value

for the composite modal damping, giving rise to yet another controversy.

This report is intended to review the impedance function approach and the
significance of radiation damping in soil-structure interaction nanalyses and,
thereby, to clarify the issues described above. To accomplish these
objectives, the report is organized as follows:
¢ Brief review of the essence of the impedance function representation for
a foundation.
¢ Discussion of the effect of radiation damping on structural response.
¢ Discussion of the limitations of the modal superposition method and the
proper view of the role of composite modal damping in the analysis,
o Evaluation of the available dynami¢ field test data and their

correlation with theory.

ke



2. THE IMPEDANCE FUNZTION aPPROACH

For a strugtupre founded at the surface of a site that is idealized as an
elastiv, horizontally layered half space (Fig. 2-Ha)}, the half-space
foundation may be aralytically represented by & set of complax,
frequency~-dependent impedance funetions. In essence, the impedanece functions
relate the structural base shear and moment—-Vb(t) and Mb(t),

reapectively=-~to the base motions as follows

RO} (R + 1L R o) 4l xbm]
¢ (2-1)
Mb(t) Rrx{u} + iIrx(w) Rrr(oﬂ +iim‘(w) rb(t)J

where Xb is the base translation relative to the free-field motion, and ry
is the base retation.

The impedance functions are frequency-dependent because the soil mass is
included in the derivetion. The imaginary parts in the Impedance matrix exist
because of the assumption that certain refracted seismic waves propagate into
the semi-infinite space and do not return; they vanish identiecally if,
instead, a perfectly rigid boundary is assumed to exist somewhere in the
half-space 50il foundation. The off-diagenal terms are usually smell and, as
a simplification, may be ignored. As a mechanical analogy, the simplified
impedance watrix may be translated into a set of frequency-dependent springs

and dampers by letting

Hxx(u] z Kxx(u) Ixxiu) = A.:Cn(w}

Rr-r'(w) z Krr(w) Irr(w) z "3?(@))

{22

Thus, the simplified Eg, (2-1) can be rewritten (Ref, 7) as

vb(t.) : Km(w) xb(t) , Cxx(w) ib(t) @3
Mb(t) - K”(w) rb(t) Crr(w) t‘-b[t)

This results in the equivalent soil-structure system shown in Fig. 2-1(b), in
which the impedance functions Kw and Cw are for vertical vibrations,

When the soil profiles permit a uniform half-space idealization of the
site, the frequency-dependent parameters may be further approxipated by
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frequency-independent ones (Ref. 7). That is, Eq. (2-3) may be further

simplified for a uniform site:

{Vb(t)) ’:Kx bem) ) lcx :,[):(b(t)] -
M (t) K| [my(e) AR EXG

Because of the approximation, the values of Kx""‘cr may vary somewhat,

deperding on the choice of the individual engineer., A popular choice is that
suggested by Richart, Hall, and Woods (Ref, 8), Tables 2-1 an 2-2 show their
values for circular and rectangular bases, respectively,

Several important featuras of the imp:dance functions are summarized

below.

(a) The impedance fumctions are analytically derived on the assumptions that
the structural base is rigid and that a perfect bond exists between the
tase and the soil foundation. For actual building baczes that have a large
ratio of horizontal dimension to thickness, the rigid-base assumption may
be questionable. However, the "box" or "framing" effect of those
structural walls extending down to the base tends to increase base
rigidity, In other words, the base slab within a building system is
actually more flexurally rigid than if the base slab alone is placed on
the soil foundation. Such an observation has typically been demonstrated
by finite element soil-structure interaction analyses for which no

rigid-base assumption is necessary.

{b) As pointed out above, the equivalent damping terms in the impedance
functions stem from the imaginary parts that exist because of the wave
radiation assumption in the theory. Therefore, they should not be

construed as material damping.

~—

(¢c) The impedance functions represent the equivalent boundary conditions
required to replace the entire half-space foundation that is excluded from
the model along the soil-structure interface. In the event that the
half-space foundation is cut off somewhere away from the base--such as in
the finite element approach--the impedance functions required along tie
cut-off boundary to replace the excluded portion of the foundation become

those described in Ref. 1. The soil-structure system shown in
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Fig. 2-7{c), therefore, is mathematically identical to these in
Figs. 2-1(a) and (b), This illustrates the statement made in the
Introduction that boch the impedance and the finite element approaches

share the same theoretical basis--the half-space assumpiion.

The offect of soil material damping may be accounted for in the impedance
functions through analytical derivations (Refs. 9, 10)., The soil damping

mechanism may be viscous or hysteretic.

Inclusion of the material damping modifies both the spring and the damping
terms, although, as one would anticipate, the effect on the latter is more
pronounced. The equivalent damping terms now contain the composite
effeets from both the radiation damping and the material damping.

Rigorous analytical solutions are not availablie yet to account for the
effect of structural embedment. Approximate solutions, however, have been
suggested (e.g., Refs. 10, 11). In general, embedment tends to increase

the values of boti1 the spring and the damping terms.
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TABLE 2-1, Frequency-independent impedance functions for circular bases (from

Ref. 8).

Motion

Horizontal

Rocking

Vertinal

Equivalent Equivalent
Spring Constant Damping Coefficient

K, = 320vIGR e g.5768 R [o/G
X X X
7-Bv

esn3 0.39 e
g = 8GR c. = 22K r [o/6
T o3(1-y) 1+B

v

. _ 4GR oo
hv = I::— c 0.85KvR ’p/G

= Poisson's ratio of foundation medium,

= ghear modulus of foundation medium,

= radius of the circular base mat,

= density of foundation medium,

3(1-v)IO

8pR

= —

= total mass moment of inertia of structure

and hase mat about the rocking axis at the base.
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TABLE 2-2.
[from Ref. 8).

Frequency-independent impedance functions for rectangular bases

Equivalent Equivalent

Motion Spring gonstant pamping Coefficient *
Horizontal K, = 2(1+v}GBxﬁE Ry = BT

‘ Y. R = o0
Rocking Ky = =, B°L r B31/ 3

: .6 - BI7R
vertical Kv = 1= ﬂzﬁﬁ: Rv = BL/Y
* The equivalent radius, R, R_or Ry is for computing the

radiation darping C

Table 2-1.
B
L
Bx' BW 'Bz =

= length of the base mat

) Cp ¥or € " redpectively, using the

-

= width of the base mat in the plane of

horizontal! excitation;
perpendicular to the

plane of horizontal excitation;

constants that are functiops of the dimen-

sional ratio, B/L. (After Fig. 10-16 in Ref.8)
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(2) Building on An Elastic,
Layered Half Space
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3. RADIATION DAMPING

This section details the pitfalls of expressing radiation damping in terms
of a damping ratio that is then used to predict the effect of radiation
damping on structural response. A simple illustrative example of a one-mass

structure is presented.
3.7 RADIATION DAMPING AS A DAMPING RATIO

It is common engingering practice to convart the radiation damping
coefficient that is derived from theory into a certain damping ratio in order
to predict its effect on the structural response. This practice may have
begun because engineers are familiar with the concept of the modal damping
ratio as a convenient measure of the effect of material damping in a
structural system subjected to dynamic loadings. There are several pitfalls
associated with treating radiation damping the same way, and few engineers

actually krow about them. These pitfalls are discussed below.

(a) To convert the radiation damping coefficient, say Cx‘ into a damping

ratio requires a certain definition such as
D, = cx/zx/m' (3-1)

This definition applies only to single-degree-of-freedom (SDOF) systems
having uniquely specified values of m, ¢, and k, and it has certain
physical meaning., & gquestion henee arises: what K and w must be used in
Bq. (3-1) for a soil-structure system? There is no unique answer to this
question; hence, the value of Dx will vary depending on the engineer's
choice. Although one common practice is to use k = Kx and m = total
structural mass, the Dx so computed has no particular physical
significance unless the struture is so stiff relative to Kx that it may
be regarded as a rigid body, and the entire interaction system may be
viewed as a SDOF system.

In short, not only does Dx have no unique definition, it generally has

no particular physical meaning. Thus, misunderstanding and misuse of the
radiation damping concept can easily happen whenever it is thought of only
in terms of the damping ratio.



|

(p) Not realizing that the theory provides only the radiation damping

coefficient from which the damping ratio must be computed, many engineers
infer that structures with similar geometry and founded on similar soils
have similar valves of radiation damping ratios for soil-structure
interaction analyses. The pitfall is apparent: it is the radiation
damping coefficients that would have similar values. Consider the
conditions shown in Fig. 3-1., For Case (a), which consists of the basemat
alone, assume that Dx equals 18% as predicted by the theory or measured
from dynmamle tests. According to the theory, the valte of the radiation
damping coefficient, Cx’ will remain the same for all three cases.
Applylng Eq. (3-1) to convert to a damping ratio and using the

conventional practice of k = Kx and m = the total structural mass, one
would find that the same Cx results in the following Dx values:

18/ VA
188/ V3

9% .eieseenas Caze (b)
6% ceveveeses Case (e).

o
u

1

=
L1}

Note that Kx remains unchanged for all three cases, according to the
theory; hence, Dx is inversely proportional to the total structural mass
in this example. To infer that all three cases have the same value of

Dx = 18% is apparently erroneous.

(c) Many engineers take Dx to be a modal damping ratio to predict how

(d

pa—

radiation damping affects structural response. This misunderstanding will
be clarified in Sec. 3.2.

As mentioned in the Introduction, engineers often resort to modal
superposition for the numerical solution in analyzing uniform soil sites,
for which the impedance functions are approximate frequency-independent
functions. Certain composite modal damping values must then be
determined, and computational techniques have been developed that are
formulated only in terms of the radiation damping ratio, not the damping
coefficient. The pitfall associated with adopting such techniques to

caleculate composite modal damping will be discussed in See. 4.



3.2 THE EFFECT OF RADIATION DAMPING

It is generally held that large radiation damping results in low
structural response. Such is not necessarily true, and the illusion stems
from a misunderstanding of the actual role of radiation damping. To
illustrate this point, consider one simple example--a two-mass,
spring-and~damper-connected system undergoing vertical harmonic vibrations as
depicted in Fig. 3-2. The system may be regarded as a soil-structure
".¢- sction system composed of a one-mass structure (ml), the base (me).

e frequency-independent impedance functions k2 and ey The
structural frequency is 5 Hz, and structural damping is 2% of critical (see
Fig. 3-2). Let €
when converted to the dimensionless parameter D2 acecording to Fig, 3-2,

the radiation damping in this case, be a variable which,

assumes the valuves of 0.1, 0.5, 1, 2, 5 and 10, When subjected to harmonic,
vertical, fnmt ground motion of ﬁg(t) s sinwt, the amplitude of the
steady-state response of m, is that shown in Fig. 3-3 (Ref. 12). Note the
following observations.
o The response amplitude of m’ indeed decreases as Dz inereases from
0.1 to 0.5 to 1.0, hut then it increases again for higher values of Dz.
e The resonant frequency of the system, which is dictated by the location
of the peak frequency for the amplitude curve of ™ shifts from
3.3 Hz (the first frequency of the undamped system) to 5 Hz (the
fixed-base-structure frequency) as D2 increases from 0.1 to 10.0.
This is so because the dynamic response of m, approaches that of the

fixed-base struciure as D, becomes large. 1In the limiting case (D2

becomes infinite), the stiucture becomes dynamically fixed at the base
because of the infinite damping force, even though soring k2 has only
a finite valye. In other words, the amplitude curve of m, for D2
equals infinity will be identical to that of the fixed-base structure

having a damping of 2% critieal,

The point to be made here is that the radiation demping ratio is merely a
dimensionless quantity and, unlike the modal damping, cannot be used to
predict the magnitude of the structural response. The example clearly
demonstrates another important point: arbitrarily reducing the magnitude of
the radiation damping for any giwen problem for fear that the structural

response might be underestimated does not necessarily produce a more
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conservative structural response, Besides, such a reduction may result in a
floor spectrum that has peaks at erroneocus frequencies. For instance, assume
that the theoretical value of D2 is actually 10 in the example problem, If
this value is drastically reduced to 0.1, the response of m, would not
inerease drastically as many would anticipate, Actually, the responss of a,
decreases slightly. Also, the resonant frequency is in error (3.8 rather than

5.0 Hz).
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Y4, RESPONSE ANALYSIS BY THE METHOD OF MODAIL SUPERPOSITION

In the impedance approach to soil-structure interaction analysis, the
equations of motion should explicitly incorporate the impedance springs, K,
and dampers, C, in the system stiffness and damping matrices, respectively.
Moreover, when the damping property of the structure is specified in terms of
the fixed-base structural modal damping, which is the current practice, a
certain transformation of the coordinates must be applied to the equations of
motion so that the structural modal frequences, "’j’ an¢ damping
values, ,Gj, are explicit parameters in the transformed system stiffness and
damping matrices, respectively (e.g., Ref. 13).

In general, because the impedance springs and dampers are
frequency~dependent, the equations of motion are solved rigorously by the
method of Fourier transformation in the frequency domain. When
f'requency~inde pendent impedances can be used for uniform soil sites, for
example, the rigorous solution can be obtained by the methods of Fourier
transformation, complex modal analysis, or direct ‘int,egration. The method of
norpal mode superposition, though widely used in engineering practice, yields
only approximate solutions because classical normal modes do not exist, in
general, for the problem wunder consideration. Besides, under certain
conditions the normal mode approximation may be unacceptable--a very important
point.

Tn conjunction with the application of modal superposition, controversies
arise with regard to the technique for determining the composité modal

damping, B,, and its magnitude. 1t has often been postulated that the

composite r:odal damping value should be limited in order to produce
conservative structural response.

This section highlights the limitations of modal superposition for
soil~structure interaction analysis. A proper understanding of the role of

the composite modal damping in such analyses is developed.

Lk

4,1 LIMITATIONS '

The very nature of modal superposition dietates that the resonant
frequenclies of the structural response invariably coincide with the N

frequencies of the soilestructure system, @ As illustrated previously in

k'
Fig. 3-3, the resonant frequencies of the system will gradually increase
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toward the fixed-base structural frequencies, wj' as the radiation damping
increases. Such a frequency shift cannot be done with normal mode methods, no
matter what composite damping values are used. To 1llustrate this point,
consider again the two~mass system in Fig, 3-2.

Figure 4-1 shows the normal moce solutions for the response amplitude of
structural mass m, for several assumed composite modal damping ratios, {71

and ﬁa. A close comparison of Fig. U=1 and Fig. 3-3 reveals the following:

{a) When D2 = 0.1 {damping ratio for the foundation), the normal mode
approximation is acceptable, and the required values for composite

modal damping are, by inspection, 31 = 4% and 32 < 404,

{b) When D2 exceeds 0.5, the normal mode approximation becomes less
acceptable, regardless of the values of the composite modal damping.
In fact, when D2 exceeds 1.0, a fixed-base-structure assumption
turns out to be a better approximation, provided that an effective
structural modal damping greater than 2% is used, As D2 increases
further, the effective damping rapidly converges toward 2f--the

fixed-base structural damping specified initially.

In conclusion, modal analysis shouid be used with caution because its
validity largely depends on the magnitude of the radiation damping and the
structural rigidity relative to impedance springs. Provided that the relative
structural rigidity is not too great, the modal superposition approximation is
generally acceptable until the radiation damping, expressed in terms of the

dimensionless ratio D, exceeds the range of 0.8 to 1.0.
4,2 COMPOSITE MODAL DAMPING
4,2.1 Determination of Composite Modal Damping

When the impedance functions permit the normal mode approximation, the
value of the composite modal damping also dictates how close are the
amplitudes of the approximate and rigorous solutions. Several techniques are
available for estimating modal damping values (e.g., Refs. 13, 14, 15). These
methods are not compared at great length here. Note, however, that a suitable

technique must always correlate the approximate and rigorous solutiens during
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the process of computing the composite modal damping (e.g., Ref. 13).
Although the correlation criteria may vary from one person to another, the
variation is usually small, and one can always foretell the quality of the
approximation with respect to the rigorous solution., For instance, the best
estimates for E1 and 52 for the two-mass system discussed in See. 4.1 (a)
were based on correlating the approximate and rigorous solutions for the
response of m1.
On the other hand, any technique that computes the composite modal damping
without a correlatior with the rigorous solution will render the degree of
approgimation uncertain. This is the case with most existing techniques
{(e.g., Refs, 14, 15), Typically, these techniques compute the composite modal
damping as a oertain weighted average of the structural damping IJJ. and the
radiation damp.ng ratios, Dx’ and Dr. A convenience, and, hence, a
defect, of these techniques is that tney do not require formal formulation of
the equations of motion. The nonuniqueness of the parameters, Dx and Dr’
adds additional uncertainty to the computed damping values. A general trend
has been observed--these teschniques usually overestimate the required modal
damping and, henwe, underestimate the structural response, particularl:’ when
the radiation damping ratios are much larger than the structural damping
(Refs. 13, 14).

4.2.2 The Proper Role o” Composite Modal Damping

To understand the role of the composite modal damping, it is imperative to
first observe the following premise:

Given that the impedance functions are valid representations of the
foundation, that the rigorous solution must be obtained by one of the
three numerical analysis methods mentioned above, and that normal
mode approximation is permissible, then the required composite modal
damping values, regardless of their magnitudes, must be set in such a
way that the optimum approximation for the structural response can be
achieved.

Thus, to arbitrarily limit the computed values of the composite damping is, in
reality, to render a poor approximate solution, Unnecessary conservatism will
be introduced into the structural response, and sometimes extra floor spectrum
peaks will be created with respect to the rigorous solution. For example,

, ® 0.1, the best
estimates for ﬁk are, according to Sec. 4.1 (a), ﬁ1 = 4% and Bz = 40%.

consider again the two-mass system. For the case of D
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Say ﬁa is to be reduced to 10%. Then, the consequence is obvious: based on
Fig. 4-1, an extra spectral peak having an appreciable amplitude could be
created at E:z = 9.2 Hz on the floor spectrum of m,.
In general, unless the radiation damping is small, at least two modes (one
mode for vertical amalyses) are inevitably associated with large values of
composite modal damping. These are the modes for which substantial
participation of the base translation and/or base rocking takes place, which
is physically understandable. For a given problem, if such modes do not occur
within the frequency range of interest, it does not mean that they do not

exist. They are at higher frequencies.
4,3 CASE STUDY

Reference 16 presents a very int~rorting aase ~tudy of the
structure-foundation interaction effect for a seven-story braced truss chime
tower (Fig. 4-2). A frequency sweeping test was done with a shaker placed on
the fourth fleor, Apparent resonances were observed at about 2.4 to 2.5 Hz
and at 7.9 to 8.5 Hz, and the associated damping values were estimated to be
about 2.5% and 5.5%, respectively.

The authors then established a mathematical model for the structure and
attempted an analytical correlation with the fisld test results. Two
different approaches were used. In the first approach, the soil-strueture
interaction effect was simply assumed to be megligible, and a fixed-base model
was considered, The frequencies of the first two modes of the fixed-base
model are compared with the measured values in Fig. 4-3. The correlation is
reasonably good, indicating that the interaction effect is indeed
insignificant. As ne may anticipate, the analytical modal frequencies are
siightly higher than the test results because the deformability of the
foundation soil was reglected.

In the second approach, frequency-independent impedance springs, Kx
and Kr’ were computed to represent the foundation. The frequencies and mode
shapes of the first three modes are shown in Fig. 4-3. Note that the second
mode (4.7 to 6,9 Hz) was not observed in the field tests, nor. in the
fixed-base model. This by no means implies that the interaction model is
inaccurate, because the first and third modes agree closely with the test
results. The only logical interpretation is that the second mode must be
highly damped. Such an interpretation is supported by the fact that the
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second mode shape is predominantly translation and rocking of the base, and,

hence, a high damping for that mode is anticipated. Though the authors did

not attempt to compute the composite modal damping, they estimated that the

second mode must have a umping of at least 50%.
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5. EVALUATION OF FIELD TESTS

In this section, information from several available dynamic field tests is
reviewed to assess the validity of the impedanee theory. Of particular
interest is the evaluation of the amalytical radiation damping values in
Tables 2-1 and 2-2, which, though often used, are extremely controversial.

Some field tests were performed on structures, others on footings. It is
important to differentiate the two., The damping ratio deduced from tests on
structures is equivalent to the composite modal damping for the interaction
system, ﬁk’ while that from tests on footings is equivalent to the defined
damping ratio, D, which comprises the combined effects of radiation damping
and soil material damping. Each available test result is reviewed separately

below,
5.1 CASE I--HAMAOKA NO. 1 BWR REACTOR BUILDING (Ref. 17)

5.1.1 Structural Data

Base dimension b mx6dm

Total wt. (mg) P14 x 10° ton

Mass mom. inert,

abt. base (IO) : 9,916 x 106 t—m—sec2
Total height : S8.7m

Embedment ¢ 12.7m on three sides

5.1.2 Foundation Data

Shear wave veloecity (VS) : 800 m/sec on ave,

Shear modulus {(G) : 1312 X 105 t/m2
Unit weight (pg) ;2,01 t/m3
Poisson's ratio : /3
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5.1.3 Analytical Impedances

From Table 2-2, the equivalent radii for caleulating the radiation damping
are Hx = 36,2 m and Rr = 36,6 m, and the following were computed:

Kx =2.20 x 107 t/m

Dx = 518 (Dx =1gx/ 2\/@)
Kr' = 2,58 x 10 t-m/rad
D, =315 (D, = C/2kT)

The authors did a complete analytica. ‘ediction of the composite modal
damping, using the frequency-dependent ir  nce funetions suggested by Tajimi
(Ref. 18) for a uniform half space. Figure 5-1 compares the simplified,
frequency-independent impedances with the frequency-dependent impedances.

Note that for horizontal motions K, {w) is to be compared with Kx' and
K2<‘") with C,. Similarly, for rotational motions K1(w) is to be
compared with Kr’ and Kz(m) with wCr. Of particular interest is the
comparison of the radiation damping ratios. At the fundamental system
frequency 51, which was analytically computed to be 27 x 5 Hz and 27 x 5.2
Hz for the EW and NS directions, respectively, the effective EW radiation

damping ratios for the frequency-dependent impedance are:

Dx(¢31=2nx5Hz) = 60%
Dr(“—’1 =27 x5 Hz) = 2B%

As the frequency exceeds the fundamental mode frequency, the effective
radiation damping ratio for the frequency-dependent impedance will also
increase, as suggested by Fig. 5-1, .

5.1.4 Frequency and Composite Modal Damping

The authors established a mathematical model for the structure, and
assumed that the structural modal damping BJ. is 2% for all modes. the
interaction system was coupled with the frequency-dependent foundation
impedances and analyzed by the method of complex modal analysis. This method
produced the rigorous solutions for the system frequency and the composite
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modal damping. They are compared with the experimental values in the

follawing table, for the first mode only. )
EW NS

& b @ 2
Theory 5.0 Hz 17.7% 5,2 Hz 19.8%
Experiment 4.8 Hz 22.5 to 28.3%% 5.0 Hz 17.5 to 31.5%%
(Ave. = 20.6%) (Ave., = 22,08)

*The experimental values vary from floor to floor.

5¢1,5 Summary

Comparison of the analytical and experimental values for system frequency
and composite damping for the first mode justifies the adequacy of the
impedance theory. Note that the experimental damping consists of the effects
of 80il material damping and embedment, while the analytical valuz represents
only the radiation damping from the elastic half-space theory.

From the comparisons of Dx and Dr between the frequency-dependent and
frequency-independent impedances, it is reasonable to predict that similar
analytical results would be obtained when the Frequency-independent impedances

are used in the calculations.
5.2 CASE II--HAMAOKA NOS. 1 & 2 BWR REACTOR BUILDINGS (Ref. 19)

Forced vibration tests, similar to those performed on Unit 1 in Case I
were conducted on Unit 2 after it was built. More data were collected, but
the results are essetially the same as those obtained for Case I. Thus, the
authors did not attempt another analytical correlation with the test results.
The following points are worth mentioning:

¢ Through~soil structure-structure interaction appeared to be

insignificant, when the data are compared between Ref. 17 and 19.
¢ By using a regression analysis technique, the authors were able to more

precisely identify the various modes, whether highly damped or not.
Based on this technique, the modal damping values for the different
frequency ranges are as follows:

1tol Bz eeevss 40 to 50% (essentially ground movements)

4 to5.7THZ envss 20%

5.7te9Hz ...... 3to 15%




» Because of the similar experimental results in Cases I and II, Case II

provides additional verification of the adequacy of the radiation

damping theory.

5.3 CASE III--NUCLEAR SAFETY RESEARCH REACTOR BUILDING (Ref. 20)

5.3.1 Structural Data

Base dimension : 21 m diam (cireular)
Total wt. (mg) : 7585 ton

Wt. mom, inert.

abt. base (I g) s 1,01 % 108 t-n?
Height ° 1 30m

Embedment t10m

5.3.2 Foundation Data (Layered Soil Site)

Shear wave wvelocity : U00 m/sec, ave.
Shear modulus : 3,27 x 10u 1;/m2 ave,
Unit weight 1 2.0 t/m3 ave,
Poisson’s ratio : 0.45 ave.

5.3.3 Impedances

The following values were obtained based on Table 2-1:

= 777 x 106 t/m Kr‘ 1,84 x 108 t-m/rad

= 36% D =19.,2%

i

5.3.4 Experimental Results

Resonance was observed at 5 and 6 H: in one horizontal direction and at 5
Hz in the other horizontal direction. The associabed damping values were
found to be about 15% and 18%, respectively.



5.3.5 Summary

The experimental value of the composite modal damping is smaller than that
in Case 1. The analytical values for Dx and Dr’ the impedance damping
ratios, are alsc smaller than those in Case I. Thus, reasonable agreement
betwean the experimental and analytical composite modal damping values can be
anticipated although the latter was not available fram Ref. 20.

9.4 CASE IV--CONCRETE SLAB FIELD TESTS AT SONGS 2 & 3 SITES (Ref. 21)

To gather realistic soil-structure interaction analysis parameters for the
design of Units 2 and 3 of the San Onofre Nuclear Generating Station (SONGS),
vibration tests were performed on concrete slabs built at the construction
laydown area of the Unit 1 site. Five types of concrete slabs representing
different size, embedment condition, and geometry were built (Fig. 5-2). The
configuration of the bottom of Slab No. 3 was built fo simuylate the base slab
configuration of a typical PWR containment structure. Additional variations
in embedment conditions for Slab Nos. 2 and 3 were considered (Fig. 5-3).

Transient~load vibration tests were conducted. Figure 5-4 shows the
mechanism (pull-release) for triggering the slab vibrations. The resultant
slab accelerations ranged from 0.2 to 1.0 g, comparable to the anticipated
design ground accelerations at the site. The resonant frequency of the slab
vidbration ranged from 17 to 90 Hz. As expected, the slab motions were
typically damped sinusoidal motions.

The near-surface soil is the San Mateo Formation Sand. The shear wave
velocity is about 800 to 1200 ft/sec for the top 15 ft of soil, and the
averaged value is about 930 ft/sec,

The tests showed essentially the same resonant frequency for both the
"horizontal” and rocking modes. Inspection of Figs. 5-2 and 5-U shows why:
for all the horizontal pull tests, the pulling lcad did not pass through the
center of resistance, and significant rocking motion always gceurred even
though the tests were intended to produce only horizontal-mode slab motions,
The slab motion traces shown in Fig. 5~5 for Slab No. 1 clearly confirm this
observation,

hppendix & of Ref. 21 describes the details of the slab tests and the
resonant frequencies from the various tests. Correlation between the field

test results and Table 2-1 impedances is discussed below.
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5.4,1 Impedance Springs

When the mass of the slab is known, the effective 30il spring constant can
be calculated from the observed resonant frequency of the slab. The embedment
appeared to have significantly increased the resonant frequency and, hence,
the actual soil spring constant,

In general, with shallow or no embedment, the tests suggest that the
impedance springs Kx and Kv given in Table 2-1 are sufficient. For the
rocking mode, Kr from Table 2-1 appears to overestimate the experimental
value., From the analytical point of view, this is also anticipated because,
as 1llustrated in Fig. 5-1, the frequency-dependent impedance spring for the
rotational mode is smaller than the Kr from Table 2-1 for the frequency
range under consideration. When applied to soil-structure interaction
analysis, however, the frequency-independent approximation is still
acceptable, as was justified in Ref. 7 for a uniform soil site. Moreover,
from the practical point of view, base slabs of the actual structures are all
embedded to a certain extent and are seidom purely unembedded. According to
the test results, any nominal embedment of the structural base will easily
increase the field value of Kr to surpass the analytical value from

Tables 2-1 or 2-2.
5.U4,2 Impedance Damping

The decay rate of the slab motion provides the value of the equivalent
damping ratio, D. Note that the field value includes the combined effects of
s0il material damping and radiation damping. Comparison of the field and
analytical values given by Tables 2-1 or 2-2, which accounts for only the

radiation damping, is summarized in Table 5-1.

5.4,2.1 Slab Nes. 1, 2, 4 and §

For the rotational mode, the analytical radiation damping adequately
accounts for the experimental damping. Embedment appears to significantly
increase the radiation damping, which is consistent with analytical
predietions.

For the horizontal mode, the analytical radiation damping exceeds the
experinental value by about 10 to 208, This is not surprising because, as
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mentioned above, the horizontal mode tests produced very stronmg coupling
between the horizontal and rocking motions. Hence, the observed horizontal
mode damping was lower than that anticipated on the basis of execiting a pure
horizontal mode because the observed damping value represents a certain
average of the rocking mode damping and the would-be horizontal mode damping.
For the vertical mode of slab motion, the test results suggest that the
effective damping depends strongly on the stress distribution of the soil
beneath the slab and on the amplitude of the motion. Note that, in reality,
soils do not possess iension capability. During vertical vibrations of
substantial amplitude, the bottom of the slab could partially separate from
the soil, and the damping would be smaller than that from a low-amplitude
vibration. Therefore, it appears reasonable to reduce the analytical

radiation damping based on the acceleration of the slab motion.
5.4,2,2 Slab No. 3

This is a peculiar case because the comparison shows the analytical
damping value grossly overestimates the field value for all three modes of
slab vibration. A correlation between the theory and the field tests appears
improbable. Intuitively, one would expect the contrary to occur because the
annular ring and bloek at the bottom of the slab would produce a better "bond"
with the soil than would a flat slab bottom.

Because Slab No. 3 was intended to simulate the actual configuration of a
typical PWR containment base construction, it is imperative that more test
studies be conducted to better understand the effect of the slab bottom

configuration on impedance damping.
5.5 CASE V--HARMONIC VIBRATION TESTS ON A STEEL BODY (Ref. 22)

Reference 22 deseribes harmonic vibration tests conducted on a cubic steel
body (1 x 1 x 1 m) that was subjected to different embedment conditions.
Figures 5-6 and 5-7 illustrate the test configurations as well as typical
footing response vs test frequency curves for the lateral and vertical
vibration tests, respectively. Impedance damping for the unembedded case is
evaluated here. For the embedded cases, it is apparent that the impedance
damping increases with the ratio of embedment of the footing.



5.5.1 LATERAL TEST

In view of the manner in which the lateral vibrarion force was applied,
the footing response would be primarily a rocking motion rather than the pure
lateral translation o the unembedded case. Therefore, the test value of the
damping can be correlated with the analytleal rocking mode radiation damping,
Dr' The damping value from the test is about 4% of critical for the
unembedded case. For the analytical value, the following data are used in the

caleulation:
Unit wt. of soil weese 0,13 kip/ft3
Effective radius, Rr eress 1,87 It (based on Table 2.2)
Wt. of footing, W vesss 5.5 kip
Poisson's ratio ceees 0.4

Wt. moment of inertia canee 5HR5/3, approx.

According to Table 2-1, the rocking-mode radiation damping ratio is

Dr- = 2.8%, which is comparable to the experimental value of 4%,
5.5.2 VERTICAL TEST

The damping from the footing test for the unembedded condition is about
128, The analytiecal value, according to Table 2-2, is found to be 35%. Such
comparison with the experimental value is similar to that observed in the slab
tests in Case IV.

The acceleration of the footing at resonance can be estimated to be about
0.65 g. At such high acceleration, the footing-soil contact condition could
substantially differ from that at low acceleration, which would account for
the discrepancy between the analytical and the experimental damping values.
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TABLE 5-1. Comparison of equivalent damping ratios from analysis and testing.

Damping ratio

Slab no. Data source Dy Dy Dp
aa 53% : 32% 13%
Fb 29 to 60% 17 to 4u% 6 to 20%
1&2 (8 tests) (13 tests) (14 tests)
Ave, = 45% Ave. = 26% fve. = V4%
Fave,/8 0.85 0.81 1.08
A 66% 1% 29%
F 29 to 38% 17 to 31% 12 to 30%
3 (5 tests) (7 tests) (6 tests)
Ave, = 33% fve. = 25% Ave. = 20%
Faye /A 0.50 0.60 0.69
A 53% 32% 13%
F 32 to 50% 18 to 40% 10 to 29%
485 Fave,/A .05 0.91 1.46

35 = Analytical value based on Table 2-1 or 2.2,
PP = Field-test value.
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6. SIMMARY AND CONCLUSIONS

The analytical background and the basic assumptions for the impedance
theory were briefly reviewed. The role of radiation damping in soil-structure
interaction analysis was discussed. The validity of modeling the
soil-structure interaction by using the frequency-independent impedance
functions was evaluated based on data from several field-test cases. Finally,
the proper procedure for performing soil-structure interaction analyses was
discussed with emphasis on the modal superposition method, The limitations of
this method were mentioned, and the proper technique for determining composite
modal damping was discussed.

The important conclusions and highlights of the discussions are listed

below.
6.1 VALIDITY OF THE FREQUENCY-INDEPENDENT IMPEDANCE APPROACH
o For the purpose of analysis, the assumption that the impedance functions
are frequency-independent is acceptable for modeling the foundation at

sites having fairly uniform soil profiles, but not necessarily for

significantly layered sites.

The impedance springs appear to be adequate representations in

accordance with the field tests, and structural embedment effects appear
to significantly increase the magnitude of the spring stiffness.

For the horizontal and rocking modes of a base, the field tests suggest

that analytical radiation damping alone is sufficient to represent the
combined effects of soil material damping and actual radiation damping
in the field. The only exception appears to be Slab No, 3 in Case IV,
for which the analytical radiation damping overestimated the observed

value. More tests on slabs of similar configuration are recommended.

Aceording to the field tests, the impedance damping appears to be
sensitive to the amplitude of the base vibration For the vertical mede
of base vibration, probably because the theory assumes tension
capability for the seil in the derivation of impedance. The amalytieal
radiation damping for vertical vibration, therefore, appears to have
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overestimated that cbserved in field tests and should probably be scaled
down in proportion to the anticipatel structural base acceleration in
actuval applications. Based on the limited information from Cases IV and
V, che scale factor may be on the order of 1 - aE, where aE is the

ground acceleration expressed in units of g.
6.2 THE EFFECT OF RADIATION DAMPING ON STRUCTURAL RESPONSE

It was pointed out and demonstrated by examples thut the magnitude of the
structural response is by no means inversely proportional to the magnitude of
the conventionally defined radiation damping ratio, D. Consequently,
arbitrarily reducing the radiation damping does not warrant a more
conservative structural response. Moreover, floor spectra with erroneous peak

frequencies could result from such arbitrary reductions.

6.3 ANALYSIS PROCEDURE

The following comments apply to analysis by modal superposition (the normal

mode method):

e When frequency-independent impedance functions are used to model the
foundation, the normal mode method produces only approximate solutions;
the acceptability of such solutions depends largely on the magnitude of
the radiation damping. To obtain L2 rigorous solutions, one can use

the methods of Fourier transformation, complex modal analysis, or direct

integration.

o When the normal mode method is acceptable, it is important to use the
appropriate technique for determining the composite modal damping in
order to produce the best approximate solutions. Most existing
techniques tend to overestimate the composite modal damping and result

in unconservative structural response.

e Given that the normal mode method is acceptable for a problem, and given
that an appropriate technique is used to estimate the composite modal
damping, the modal damping so determined need not be reduced, Any



drastic reduction in the damping for highly damped modes will only
result in extra peaks in the floor spectra--an important point that has

been illustrated both amalytically and experimentally.
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