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ABSTRACT

Experimental and analytical studies of the effects of soil-structure interaction on the
response of a structure during forced vibration tests are presented. Forced vibrations tests
designed to isolate the effects of soil-structure interaction are described and the results obtained
for the nine-story reinforced concrete Millikan Library building are analyzed. It is shown that it
is possible to determine experimentally the fixed-base natural frequencies and modal damping
ratios of the superstructure. These values may be significantly different from the resonant fre-

quencies and damping ratios of the complete structure-foundation-soil system.

In the case of the Millikan Library it is found that the rigid-body motion associated with
translation and rocking of the base accounts for more than 30 percent of the total response on the
roof and that the deformation of the superstructure at the fundamental frequencies of the system

is almost entirely due to the inertial forces generated by translation and rocking of the base.

Comparisons of the experimental and calculated response reveal that it is possible to predict
accurately the effects of soil-structure interaction during forced vibration tests. Finally, the
apparent changes in behavior of the Millikan Library as a result of the San Fernando earthquake

are discussed.






1. INTRODUCTION

Full-scale forced vibration tests are commonly used to determine the natural frequencies,
modal damping values and mode shapes of structures. In some cases, the experimentally deter-
mined values are used to define some of the parameters appearing in a mathematical model of the
structure; in other cases, the results of forced vibration tests are used to validate structural
models employed in computational analyses. The frequent practice in interpreting the results of
forced vibration tests is to neglect the effects of the interaction between the structure and the soil.
Such simplifying assumption may lead to serious errors in that resonant frequencies, energy dissi-
pation and other dynamic characteristics of the complete structure-foundation-soil system are
ascribed to the superstructure. The typical result is that the fixed-base natural frequencies of the

structure are underestimated while the energy dissipation in the structure is overestimated.

The principal objective of this study is to analyze in detail the effects of soil-structure
interaction during forced vibration tests. In particular, an attempt is made at isolating struc-
tural characteristics, such as fixed-base natural frequencies and energy dissipation mechanism, as
well as foundation-soil characteristics, such as foundation impedance functions, from forced vibra-

tion test results which involve the complete structure-foundation-soil system.

Although a large number of theoretical studies of the interaction between structures and the
supporting soil have been made and a variety of highly sophisticated analytical models have been
proposed, the experimental study of the interaction phenomenon has been very limited. The
second objective of this study is associated with the need of illustrating the interaction effects
under controlled experimental conditions. A final objective corresponds to the desire of testing
one of the mathematical soil-structure interaction models by attempting to reproduce the experi-

mental observations.

For the purpose of the study the nine-story reinforced concrete Millikan Library Building
was selected as experimental site. The Millikan Library has been the subject of a large number of

forced vibration tests (Kuroiwa, 1967; Jennings and Kuroiwa, 1968; Trifunac, 1972; Foutch et al.,
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1975; Luco et al., 1975) and ambient vibration tests (Blandford et al., 1968; Trifunac, 1972;
McLamore, 1972; Udwadia and Trifunac, 1973). Accelerograr.ns for the 1968 Borrego Mountain,
1970 Lytle Creek and 1971 San Fernando earthqgakes have been recorded in the Library and a
number of studies on its seismic response have been conducted (Crouse, 1973; Udwadia and Tri-
funac, 1974; lemura and Jennings, 1973). In addition, detailed soil mechanics information is
available (Converse Foundation Engineers, 1959) and shear wave velocity profiles have been
determined in the vicinity of the site (Eguchi et al., 1976; Shannon and Wilson, Inc. and Agba-

bian Assoc., 1976).

Besides the wealth of information available, other reasons have guided the selection of Milli-
kan Library as experimental site. An initial experimental study of the effects of soil-structure
interaction during forced vibration tests conducted by Jennings and Kuroiwa (1968) led to the
conclusion that the rigid body motion of the superstructure due to compliance of the soil contri-
buted less than 3 percent to the total motion at the top of the structure for vibrations in the N-S
direction. More detailed tests performed by Foutch, Luco, Trifunac and Udwadia (1975) indi-
cated that the rigid-body motion contributes approximately 29 percent to the total motion at the
top in disagreement with the previous tests. Although an error in the data reduction in the ini-
tial experiments cannot be ruled out, Foutch and Jennings (1978) argue that the change in soil-
structure interaction effects is real and corresponds to degradation of the foundation system as a
result of the San Fernando earthquake of 1971. Another aspect that needs to be analyzed
corresponds to the observation that the resonant frequencies of the Millikan Library seem to have
changed as a result of the San Fernando earthquake (Udwadia and Trifunac, 1974). The funda-
mental resonant frequencies in the N-S and E-W directions measured immediately after the
earthquake were 5 and 14 percent lower than the corresponding values before the earthquake. It
is important to establish whether these reductions are associated with degradation of the super-

structure or changes in the foundation system.

After a brief description of the Millikan Library building and a summary of the results of

previous experiments, a model of the superstructure and the tests required to isolate the charac-
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teristics of the superstructure are described. A detailed study of the contribution of the motion of
the base to the total motion at the top of the superstructure is followed by the development of a
mathematical model of the complete structure-foundation-soil system. Comparisons of the
theoretical and experimental results at the base and top of the structure are made and the possi-
bility of determining experimentally the foundation impedance functions is explored. Finally,
some approximate relations that permit the estimation of the interaction effects are presented

and utilized to study the effects of the San Fernando earthquake on the Millikan Library system.






2. DESCRIPTION OF THE MILLIKAN LIBRARY BUILDING

The Robert A. Millikan Library is a nine-story reinforced concrete building located on the
campus of the California Institute of Technology. The structure has a basement and an enclosed
roof area. The typical floor plan covers an area of 21 x 23 m (69 x 75 ft) and the building stands
43.9 m (144 ft) above the first floor level and 48.2 m (158 ft) above the basement slab (see
Fig. 1.). The majority of the lateral loads in the transverse (N-S) direction are resisted by 30 cm
(12-in) reinforced concrete shear walls located on the east and west ends of the building. In the
longitudinal (E-W) direction the 30 cm (12-in) reinforced concrete walls of the central core pro-
vide most of the lateral resistance. The north-side and south-side facades are precast window
wall panels connected to the main structure with steel angle clips. The floor system consists of
23 cm (9-in) slabs of lightweight concrete reinforced in two directions and supported by rein-
forced concrete beams. The total weight of the superstructure is estimated at 1.05 x 108 New-

tons (23.5 x 10° 1bs).

The foundation system of the library consists of a central pad 9.75 m (32 ft) wide and
1.22 m (4 ft) deep which runs in the E-W direction and extends from the east curved shear wall
to the west curved shear wall (Fig. 2). Also provided are beams 3 m (10 ft) wide by 0.61 m (2 ft)
deep which run E-W beneath the rows of columns at the north and south ends of the building.
These beams are connected to the central pad by stepped beams. The contact between the cen-
tral pad and the underlying soil is approximately 7 m (23 ft) below the first-floor level. The plan
dimensions of the foundation are approximately 23.3 x 25.1 m (76.5 x 82.5 ft) with additional
areas of dimensions 9.9 x 1.7 m (32.5 x 5.5 ft) and 9.9 x 3.5 m (32.5 x 11.5 ft) at the east and
west extremes, respectively. The total weight of the foundation is estimated at 0.14 x 108N
(3.2 x 10° Ibs). The foundation rests on alluvium composed of medium to dense sands mixed

with gravel. The alluvium at the site extends about 275 m (900 ft) to bedrock.



TYPICAL FLOOR PLAN
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Millikan Library Building: N-S elevation and typical floor plan.

Figure 1.
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Figure 2. Millikan Library: foundation system.






3. SUMMARY OF PREVIOUS EXPERIMENTAL STUDIES

Since 1966 the Millikan Library Building has been subjected to a number of ambient, man-
excited and shaker-excited vibration tests. A list of the experimentally determined apparent fun-
damental resonant frequencies in the N-S and E-W directions is presented in Table 1. The most
recent forced vibration tests indicate fundamental resonant frequencies of 1.8 and 1.2 cps in the
N-S and E-W directions, respectively. Inspection of the results presented in Table 1 reveals that
the most recent values of the resonant frequencies are somewhat lower than those determined in
the initial forced and ambient vibration tests. In particular, comparison of the results of ambient
vibration tests before and after the 1971 San Fernando earthquake indicates reductions of 5 and
14 percent for the resonant frequencies in the N-S and E-W directions. Detailed moving window
analyses of the response during the San Fernando earthquake show marked reductions in the
apparent resonant frequencies within the duration of the strong shaking followed by partial
recovery at the end of the excitation (Udwadia and Trifunac, 1974). Whether the observed
reductions in resonant frequencies correspond mainly to changes in the soil, foundation or super-

structure remains an open question.

Vibration tests of the Millikan Library Building have also provided estimates of apparent
modal damping in the neighborhood of the first resonant frequency as listed in Table 2. These
values are of the order of 1.5 percent for both the N-S and E-W directions. A study of the E-W
response of the Library during the San Fernando earthquake indicates that the average apparent
damping during the first 43 secs of the strong motion portion of the excitation may have been as

high a 5.5 percent (Udwadia and Marmarelis, 1976).

In an experiment performed in 1974 the Millikan Library Building was forced into resonance
by a vibration generator located at the roof and the three-dimensional motion at 51 locations on
each of four floors, the basement slab and the roof were measured for shaking in both the N-S and
E-W directions (Foutch et al., 1975). The resulting floor deformation patterns are illustrated in
Figs. 3 and 4 for vibrations in the N-S and E-W directions, respectively. The patterns of defor-

mation of the west shear wall for N-S excitation and of a section through the central core for E-W



TABLE 1. APPARENT RESONANT FREQUENCIES : FIRST MODE

MILLIKAN LIBRARY BUILDING

FREQUENCY-CPS

Test N-S -W
Forced Vibration Test (1966-67) 1.89-1.98 1.46-1.51
(Kuroiwa, 1967)
Ambient Vibration Test (March 1967) 1.91 1.49
(Blandford et al., 1968)
Ambient Vibration Test (April 1968) 1.89 1.45
(Udwadia and Trifunac, 1973)
Ambient Vibration Test (July 1969) 1.89 1.45
(Udwadia and Trifunac, 1973)
Lytle Creek Earthquake Transfer 1.90-2.00 1.30-1.50
Function (Sept. 1970)
(Udwadia and Trifunac, 1974)
San Fernando Earthquake Transfer 1.50-1.90 1.00-1.50
Function (Feb. 1971)
(Udwadia and Trifunac, 1974)
San Fernando Earthquake (Feb. 1971) - 0.82-1.43
(Iemura and Jennings, 1973)
San Fernando Earthquake (Feb. 1971) - 1.02-1.11
Linear Model
(Udwadia and Marmarelis, 1976)
Ambient Vibration Test (Feb. 1971) 1.80 1.25
(McLamore, 1972)
Ambient Vibration Test (March 1971) - 1.30
(Udwadia and Trifunac, 1973)
Man Excited Vibration Test (Dec. 1972) 1.77 1.37
(Udwadia and Trifunac, 1973)
Ambient Vibration Test (April 1973) - 1.28
(Udwadia and Marmarelis, 1976)
Forced Vibration Test (1974) 1.76 1.21
(Foutch et al., 1975)
Forced Vibration Test (July 1975) 1.79 1.21

(Present Study)




TABLE 2. APPARENT MODAL DAMPING, FIRST MODE
MILLIKAN LIBRARY BUILDING

APPARENT MODAL
DAMPING-PERCENT
Test N-S E-W
Forced Vibration Test (1966-67) 1.2-1.8 0.7-1.7
(Kuroiwa, 1967)
Ambient Vibration Test (March 1967) 1.6 1.5
(Blandfordet al., 1968)
San Fernando Earthquake - 1.0-13.0
Relative Motion (Feb. 1971)
(Iemura and Jennings, 1973)
San Fernando Earthquake (Feb. 1971) - 3.5-5.5
Linear Model
(Udwadia and Marmarelis, 1967)
Ambient Vibration Test (April 1973) - 1.3
(Udwadia and Marmarelis, 1976)
Forced Vibration Test (July 1975) 1.8 1.8
(Present Study)
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excitations are shown in Fig. 5. The observations indicate that for N-S excitations each floor
remains essentially plane experiencing an almost uniform translation and an almost uniform rota-
tion about an E-W axis. For excitation in the E-W direction, each floor experiences an almost

uniform translation while the average rotation is almost zero. In this case the central core intro-

duces a marked bending of the floor slabs.

Amplified views of the patterns of deformation of the basement slab for excitation in the N-
S and E-W directions are shown in Figs. 6 and 7, respectively. For vibrations in the N-S direc-
tion, the stiff shear walls on the east and west ends of the building cause an almost rigid transla-
tion of the basement slab together with an almost uniform rotation about the E-W axis of sym-
metry of the base (Fig.6). Some deviations from this average rigid-body motion may be
observed at the location of the central core and at the north and south ends of the slab. In this
case, the deformation of the basement slab resembles that of a flexible rectangular plate with two
rigid edges (east and west ends) vibrating on top of an elastic medium. For vibrations in the E-

W direction, the central core induces large localized deformation of the basement slab (Fig. 7).

The results of the experiment conducted by Foutch et al. (1975), indicate that the interac-
tion of the structure and the soil has a marked effect on the response during forced vibration
tests. In particular, for N-S vibrations, it was found that the translation of the basement slab
was 4 percent of the motion at the roof and that the average rotation of the basement slab multi-
plied by the height of the structure amounted to 25 percent of the roof motion. Thus, the rigid
body motion of the structure due to soil compliance contributed 29 percent of the roof response.
These results are in sharp contrast with those of a previous study (Kuroiwa, 1967) which indicate
that the rigid body motion contributes less than 3 percent to the N-S response at the roof and
which led Jennings and Kuroiwa (1968) to the conclusion that the structure behaved essentially
as if it were fixed at the foundation level. The present study is motivated in part by the need to

explain this discrepancy.

In related experiments the three-dimensional motion of the soil surface generated by the

forces that the foundation exerts on soil during forced vibration tests were recorded in the
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immediate neighborhood of the Library and in one quadrant of the Pasadena area extending to a
distance of six kilometers (four miles) from the building (Foutch et al., 1975; Luco et al., 1975).
These studies reveal that the motion of the foundation distorts the soil surface in the vicinity of

the building and generates Rayleigh and Love waves which can be easily measured at consider-

able distances from the structure.
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4. EXPERIMENTAL DETERMINATION OF THE FREQUENCY RESPONSE

A set of forced vibration tests designed with the purpose of isolating the effects of soil-
structure interaction was conducted by the authors in 1975. In these tests the N-S and E-W
steady-state response of the Millikan Library to a harmonic exciting force produced by an
eccentric-mass vibration generator mounted on the roof was measured. The response of the
building was recorded at four points, three of which were located on the basement slab (stations
1, 2 and 3) while the fourth point was located on the roof (station 4). The locations of the
recording stations for vibrations in the N-S and E-W directions are shown in Fig. 8. The horizon-
tal motion of the basement slab and of the roof were recorded at station 1 and 4, respectively,
while the vertical motion of the basement slab was recorded at stations 2 and 3. For vibrations
in the N-S direction, the response was determined at 116 distinct frequencies in the range 0.8 to
2.50 Hz. For vibrations in the E-W direction, the response was recorded at 67 frequencies in the

range from 0.8 to 1.75 Hz.

The recording system consisted of four Model SS-1 Ranger-type seismometers (moving coil,
velocity-type transducers with natural period in the vicinity of 1 sec), an Earth Sciences SC-201A
signal conditioner, an Ampex SP-300 tape recorder and two Brush recorders. In addition, an
instrument designed to determine the phase of the forcing function with respect to its peak value
was also used. For each frequency of excitation, the output of the four seismometers amplified by
the signal conditioner was recorded on a common time basis on the tape recorder and plotted on
the Brush recorders. The phase of the forcing function was also recorded. The data was
corrected to account for the effects introduced by the seismometers and the signal conditioner.

Details of the corrections used are presented in Appendix A.

The resulting corrected data corresponding to the displacements at the four recording sta-

tions can be described by the functions

yj(w) = Y;(w) exp{i[wt - ¢j(w)] } , (1=1,4) (1)
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where, w represents the frequency of the excitation, Y,(w) denotes the amplitude of the displace-
ment at the jth station, and #;(w) represents the phase of the motion at the Jth station with

respect to the force that the vibration generator exerts on the roof. The harmonic force that the

vibration generator applies on the roof is given by

fr(w) = Fr(w) exp (1wt) | (2)
where Fr(w) = 103.6 w® Newtons (23.3 «? 1b) (Keightley, Housner and Hudson, 1961).

Assuming that the deformation patterns of the basement and roof slaBs determined in previ-
ous experiments (Foutch et al., 1975) remain unchanged for frequencies in the neighborhood of
the first resonant frequency, it is possible to use the response at the four recording stations to
estimate the translation and rotation of the basement slab and the translation of the roof. In
particular, the average translation and rotation of the basement slab, ﬁ,,e"wf and abei‘”', and

the average total translation of the roof, UT(:"“” , can be expressed in the form

-[71) = 1.10}!16—{¢l, Hab = “‘3.07 Yzc-iqsz + 3.34Y3€_i¢3, UT = Y4e_'.¢‘ (3)
for N-S vibrations, and
U, = 1.14Y,e ", HS, = —i%2 ~ids T _ oy -it
p = 1. le N » ~ 1.70 Yze -+ 2.14 Yse 5 UT = Y4e (4)

for E-W vibrations. In Egs. (3) and (4), H = 43.3 m (142 ft) denotes the height of the roof slab

with respect to the basement slab.

For vibrations in the N-S direction, the response of the superstructure is controlled by the

\
motion of the shear walls along the east and west ends of the building. The translation at the
base of the shear walls, U, e*“!, can be approximated by the average translation of the foundation

-ﬁbei“’t, ie., U, = U,. The rotation of the base of the shear walls about an E-W axis, ®, e’

can be expressed in terms of the average rotation of the foundation, '5,,8‘"‘, by
Qb = a@b (5)

where o = 1.3.
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For E-W vibrations, the response of the superstructure is highly affected by the motion of
the central core. The translation at the base of the central core, U, e*“!, can be approximated by
the average E-W translation of the foundation (U, = ﬁb) The rotation of the base of the central
core about a N-S axis, ®,e'“!, can be expressed in terms of the average rotation of the complete

foundation, ®, e, as in Eq. (5), where, in this case, a = 3.33.

The coefficients appearing in Egs. (3) and (4) connecting the average translation and rota-
tion of the foundation with the response at the recording stations have been derived from the
deformation patterns shown in Figs. 6 and 7. The values of the coefficient o appearing in Eq. (5)
and connecting the rotation of the shear walls and of the core walls to the average rotation of the

foundation have also resulted from the data in these figures.

The amplitudes and phases of Uy, Hsb, H®, and Uy for vibrations in the N-S direction are
plotted versus frequency in Figs. 9 and 10, respectively. The corresponding quantities for E-W
vibrations are presented in Figs. 11 and 12. In Fig. 9 the amplitudes of the motion at the base-
ment slab level and at the roof for N-S excitation are plotted on a logarithmic scale versus the
frequency of excitation. The average rotation of the base 36 and the rotation of the base of the
shear walls ®, have been multiplied by H = 43.3 m (142 ft), the height of the roof with respect
t;) the basement slab. The results shown indicate that the response at both the roof and the base-
ment slab reach peak amplitudes at the same frequency of 1.79 Hz which corresponds to the fun-
damental resonant frequency of the complete soil-structure system for vibrations in the N-S direc-
tion. By considering the width of the peaks, it is found that the complete system damping ratio
has a value of 1.8 percent. At the resonant frequency the amplitude of the basement translation
is 4.0 percent of the amplitude of the total roof translation. The contribution of the rigid-body
rotation, H®,, aésociated with rotation of the base of the shear walls amounts to 33.1 percent of
the total roof motion. If the average rotation of the basement slab is used as reference, the con-
tribution of the rigid-body rotation, HE,,, amounts tqo 25.6 percent of the total roof motion.

These percentages remain approximately constant in the frequency range from 1 to 2.5 Hz.
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The phases of the N-S response at the roof and basement levels with respect to the forcing
function (e.g. Uy = | Uy | exp[—iph (T]-T)] ) plotted versus the frequency of excitation are

shown in Fig. 10. Inspection of Fig. 10 indicates that the different response components are
essentially in phase with each other (except for the translation of the base which lags the other
components). For low frequencies, the response of the system is in phase with the forcing func-
tion. At the resonant system frequency the response is 90 ° out of phase with the force at the

roof while for higher frequencies the phase difference becomes 180 °.

The results shown in Figs. 11 and 12 indicate that for E-W vibrations the fundamental sys-
tem frequency corresponds to 1.21 Hz and that the system damping is also 1.8 percent. For E-W
vibration, the translation of the basement slab amounts to 1.2 percent of the roof response while
the rigid-body rotation, H®,, associated with rotation of the central core amounts to 20.7 per-
cent of the total roof response. If the average rotation of the basement slab is taken as reference,

the rigid-body rotation HE,, contributes 6.2 percent of the total roof motion.

These tests confirm the experimental results of Foutch et al. (1975) which reveal significant
soil-structure interaction effects during forced vibration tests. For N-S vibrations, the rigid-body
motion of the superstructure associated with compliance of the soil corresponds to 37 percent of
the roof response if it is assumed that the superstructure is driven by the shear walls and to 30
percent if it is assumed that the structure reacts to the average basement rotation. The relative

motion of the roof with respect to the displaced and rotated basement slab
UT=-U-T_Ub~H¢b or UIT=-U_T—‘Ub—H66, (6)

representing deformation of the superstructure, amounts to 63 or 71 percent of the roof response
depending on whether the motion of the base of the shear walls or the average motion of the
foundation is taken as reference. It will be shown later that a major portion of this deformation
of the superstructure is associated with the inertial forces created by the translation and rotation
of the base. Under these conditions it can be stated that the effects of soil-structure interaction

dominate the response in the N-S direction.
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For vibrations in the E-W directions, the rigid-body motion of the structure associated with
foundation compliance amounts to 22 percent of the roof response if it is assumed that the
response of the superstructure is controlled by the motion of the base of the central core, and to 7
percent if it is assumed that the superstructure is driven by the average motion of the basement
slab. The lower interaction effects for E-W vibrations can be attributed to the higher flexibility
of the superstructure in that direction. The response of the system at the fundamental resonant

frequencies is summarized in Table 3.
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TABLE 3. RESPONSE AT THE FUNDAMENTAL SYSTEM FREQUENCY

N-S E-W
Vibrations Vibrations

Fundamental System Frequency: 1.79 1.21
f1 =@ /2n (Hz)
System damping Zl 0.018 0.018
| Uy | (m) 7.59 x 1074 8.49 x 107
| Up| = | Up - H®, - U,| (m) 4.79 x 1074 6.63 x 1074
| H®, | (m) 2.51 x 107* 1.76 x 107*
| U'p| =| Up - H®, - U, | (m) 5.36 x 1074 7.86 x 1074
| H®, | (m) 1.94 x 1074 0.53 x 107*
| U, | (m) 0.306 x 1074 0.100 x 1074
Fr/w*M, (m) 0.0973 x 107* 0.0973 x 107*
| Up/Up | 0.631 0.781
| H®, /Uy | 0.331 0.207
| U,/ Uy | ©0.040 0.012
| U'7/Up | 0.706 0.926
| H®, /Uy | 0.256 0.062
| U,/Ur | 0.040 0.012
| Fp/?M, Uy | 0.013 0.011
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5. A MODEL FOR THE RESPONSE OF THE SUPERSTRUCTURE

The tests described in the previous section indicate that the base of the Millikan Library
Building undergoes significant translation and rotation when a harmonic force is applied at the
roof level. Under these conditions it is not possible to analyze the test results by assuming a fixed
base model. To study the effects that the base translations and rotations may have on the struc-
tural response it is convenient to consider the model of the superstructure shown in Fig. 13. The
superstructure is represented by a lumped mass model excited at the top level by the force
Fre'”! that the harmonic vibration generator applies on the roof. The harmonic translation of
the base is represented by U, e'“' and the harmonic rotation of the base about a horizontal axis is

represented by ®, e“!,
The total harmonic displacement at the jth level .I—J_jei“’t (7 =1, N) may be written in the

form

Use'' = (U, + h;j®, + U;) e (7)

in which Ujei“’t represents the displacement at the jth level associated with deformation of the

superstructure and h; denotes the height of the jth level with respect to the basement slab.
The equation of motion for harmonic vibrations of the superstruciure is
- GIMI{U} + iw[C]{U} + [K]{U} = {F)} (8)
where {U} and {U} represent the total and relative displacement, vectors, respectively, and
{F} =(0,0,0.., Fp)T (9)

denotes the vector of external forces applied to the superstructure. The N x N matrices [M],
|C], and [K] correspond to the mass, damping and stiffness matrices for the superstructure on a

rigid base.

Substitution from Eq. (7) into Eq. (8) leads to

(- M) + du(C] + [K)) U} = (F} +HM) ({1} Uy + (k) @, (10)



- 30 -

Figure 13.

Model of the superstructure.
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in which

{1} = (1, L., )T,
(11)
(kY = (hyy hgyeery hy) T

Assuming that the superstructure, when fixed at the base, has classical normal modes it is

possible to introduce the change of variables
N
{(Uy =3 46", (12)
r=1

where {¢(’)} is the rth fixed-base mode. After substitution from Eq. (12) into Eq. (10), it is

found that

_ (w/w,)* Fr

T e P 1 2 ) | A, -
where

T . T 1 T
g0 O] SN SRR S A C ' - ' ’
M, {¢( } {M]{# } ; M,{¢( >} lfﬂ{as( )},5, 2w’M’{¢< ’} [C}{qﬁ( )} (14)
and
T T
5, :-T;T{M} [M] {13, 'y,:—g]l;[-r-{aﬁ(’)} (M) {1} (15)

In the equations above, M, denotes modal mass while w, and &, correspond to the rth fixed-base

natural frequency and modal damping, respectively. For convenience, it is assumed that the

modes are normalized to unity at the top of the structure (¢,(,') = 1).

By use of Egs. (7), (12) and (13), it can be shown that the total displacement at the jth

level of the superstructure is given by
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7 N ("“’/Wr)2 FT
[]] = Ub + h](}b + 2 2 N
r=1 1 - (w/wr) + 21 fr (w/wr) sz

T

+ B, Uy + 7, H®, | ¢{7) (16)

where ¢](’) denotes the amplitude of the rth fixed-base mode at the jth level.
Equation (16) shows that the total displacement at the jth level may be thought as being

formed by two parts: the first part (U, + h;®,) corresponds to a rigid-body motion while the
second part, given by the term with the summation sign, corresponds to the deformation of the
superstructure. The form of this last term indicates that the deformation of the superstructure
arises from the force applied at the top (terms proportional to F7) and from the inertial forces

associated with translation and rocking of the base (terms proportional to U, and ®,).
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6. FIXED-BASE NATURAL FREQUENCIES AND MODAL DAMPING VALUES

One of the desired applications of forced-vibration tests is the experimental isolation of the
fixed-base natural frequencies and modal damping values of the superstructure. The model just
described, and, in particular, Eq. (16) provide the basis for a procedure to accomplish this objec-
tive. Equation (16) involves the total motion at a given level of the structure ﬁj, and the trans-
lation U, and rocking angle ®, of the base. These quantities can be measured over a frequency
range. In addition to the known amplitude Fj of the force that the vibration generator exerts on
the roof, Eq. (16) also involves the modal quantities M,, 8, and ~,, and the modal amplitudes
¢>5'). The modes of vibration can be obtained experimentally or they can be estimated from a
fixed-base model of the structure. The quantities M,, 3, and v, depend on the geometry and
mass distribution of the superstructure and on the fixed-base modes of vibration as indicated in
Egs. (14) and (15). Fortunately, at least for the fundamental mode, these quantities are not very
sensitive to the details of the structure and can be easily estimated. The values of M, /M, (where
M, is the total mass of the superstructure), 8, and v, for the first two modes of the Millikan
Library are listed in Table 4. Since the values in the E-W and N-S directions are very similar,
average values of M;/M,; = 0.35, 8, = 1.42 and ~, = 1.07 will be used in the subsequent analysis
for both directions. The corresponding modal quantities for a uniform shear wall, a structure
with a uniform mass distribution and a linear first mode, and a uniform beam are also listed in

Table 4 for the purpose of comparison.

The above discussion indicates that all the quantities appearing in Eq. (16), except for the
fixed-base frequencies w, and the damping ratios £,, can be determined experimentally or
estimated from the structural properties. Equation (16) can then be used to determine the modal
constants w, and £,. Consider the case in which the frequency of the excitation is in the neigh-
borhood of the fundamental fixed-base natural frequency of the superstructure. In this case, the
contribution of the higher modes to the total response can be neglected and Eq. (16) reduces at

the top of the structure (7 = N) to
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TABLE 4. MODAL CHARACTERISTICS OF THE MILLIKAN LIBRARY

l First Mode | Second Mode
Ml/Mb* By " M2/Mb* Ba T2
Millikan Library
N-S (1) 0.38 142 1.02 - - ;
(2) 0.35 142 1.12 . -
E-W (1) 0.33 1.44 1.08 0.40 -0.63 -0.08
(2) 0.36 1.38 1.04 - - -
Uniform Shear Wall 0.50 1.27 0.81 0.50 -0.42 0.09
Uniform Mass
Distribution and 0.33 1.50 1.00 - - 0.00
Linear First Mode
Uniform Beam 0.25 1.57 1.14 0.25 -0.87 -0.18
Values Used for
N-S and E-W vibrations 0.35 1.42 1.07 0.40 -0.63 -0.08

M, total mass of the superstructure.
(1) Based on experimental mode shapes reported by Jennings and Kuroiwa (1968).

(2) Based on experimental mode shapes reported by Foutch et al. (1975).
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(FT/szl) + B U, + mH®,
(‘*’1/‘*’)2 =1+ 2i&(w;/w)

(17)

where _UT = UN corresponds to the total motion at the top of the structure. Defining the func-
tion

(FT/wiMl) + 81U, + mH®,

A(w) = =
Uy - U, - HO,

(18)
which depends only on known quantities, it is possible to write Eq. (17) in the form
(wi/w)? = 1 + 206 (w;/w) = A (w) (19)

Taking real and imaginary parts of Eq. (19) and solving for w; and &, leads to the following esti-

mates for w; and &;:

o, =w[1 +ReA(w)}1/2 (20)
_ Im A (w)
“ 2[1 + Re A (w) |/ (21)

The frequency response data presented in the previous section has been used to compute the
estimates of the fixed-base natural frequency w, and of the structural modal damping ratio ¢; as
defined by Egs. (20) and (21). The results obtained are shown in Figs. 14 through 17 plotted
versus the frequency of the excitation. It must be pointed out that independent estimates of w,

and &, are obtained for each value of the excitation frequency.

Two sets of estimates have been obtained: the first set is based on the assumption that the
superstructure responds to the average rotation of the foundation (i.e., @ =1 in Eq. (5)); the
second estimate is based on the assumption that the superstructure is driven by the rotation of
the base of the shear walls for N-S vibrations (@ = 1.3) and by the rotation of the base of the cen-
tral core for E-W vibrations (a = 3.33). In Figs. 14 through 17, as well as in the rest of this
report, the first estimate is labeled "rigid foundation" while the second estimate is labeled "flexi-

ble foundation."
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The results presented in Fig. 14 for vibrations in the N-S direction indicate that the esti-
mates of the fixed-base natural frequency under the "rigid foundation" assumption range from
2.16 to 2.29 Hz while the corresponding estimates under the "flexible foundation" assumption
range from 2.30 to 2.44 Hz. At the fundamental system frequency, the estimates for the two con-
ditions are 2.16 and 2.30 Hz, respectively. These estimates of the fixed-base natural frequencies
are 21 and 28 percent higher than the current fundamental system frequency of 1.79 Hz and indi-
cate that the interaction between the structure and the soil is significant for vibrations in the N-S
direction. The results presented in Fig. 15 indicate that estimates of the E-W fixed-base natural
frequency at the fundamental system frequency are 1.26 and 1.38 Hz corresponding to the rigid
and flexible foundation assumption, respectively. These values are 4 and 14 percent higher than
the current E-W fundamental system frequency of 1.21 Hz. Since earlier vibration tests indicate
fundamental system frequencies in the E-W direction in excess of 1.45 Hz it seems that the
assumption of a flexible foundation is more representative. The estimates of the fixed-base
natural frequencies presented in Figs. 14 and 15 exhibit minima in the vicinity of the fundamen-
tal system frequencies where the response of the structure is maximum. These minima may be
associated with nonlinear response of the superstructure. Given the limitations imposed by the

accuracy of the experimental procedure it is not possible to arrive at a firm conclusion.

The estimates of the structural damping ratios for vibrations in the N-S and E-W directions
are shown in Figs. 16 and 17, respectively. The estimates obtained range from 0 to 1.5 percent of
critical damping. For N-S vibrations, a representative value in the vicinity of the fundamental
system frequency is 1.2 percent. For vibrations in the E-W direction the estimates of the struc-
tural damping ratio depend on whether the foundation is assumed rigid or flexible. If the founda-
tion is assumed rigid a representative value for & in the vicinity of the fundamental system fre-
quency is 1.2 percent. The corresponding value under the assumption of a flexible foundation is
0.8 percent. These estimates of the structural damping ratio are significantly lower than the

damping ratio of the complete soil-structure system (1.8 percent). The results obtained indicate
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that damping values obtained from forced vibration tests without correction for the effects of

soil-structure interaction may overestimate the energy dissipation in the superstructure.

The estimates of £; for frequencies close to the system frequencies (1.79 Hz and 1.21 Hz for
N-S and E-W vibrations, respectively) are very sensitive to the phase differences between the
response at the top and base of the structure. For frequencies away from the system frequencies,
the estimates of £; are highly sensitive to the phase difference between the response at the top
and the forcing function. Under these conditions small instrumental errors or errors in the
parameters used to correct for instrument response may have a significant effect on the estimated
damping values. The limitations in the accuracy of the phase measurements do not permit us to
draw conclusions as to the nature of the energy dissipation mechanism in the structure. In par-

ticular, it is difficult to say whether attenuation should be modeled as viscous or hysteretic.
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7. CONTRIBUTION OF THE BASE MOTION TO THE TOTAL RESPONSE

For frequencies in the neighborhood of the fundamental system frequency the total displace-

ment at the top of the structure _U-T can be approximated by
Up=U, + H®, +[(FT/‘*’2M1) + B, U, +71H‘I>b] Z;(w) (22)

where
2,0) = [ @/l = 1+ 2igy(an/o)| (23)

The term (U, + H®,) represents the contribution of the rigid-body motion due to soil compli-
ance to the total motion at the top. The last | term in Eq. (22), ie.
[(FT J*M) + B U, + 7]H<I>b] Z(w), reflects the contribution of the deformation of the super-
structure to the total motion at the top. Equation (22) reveals that the deformation of the super-
structure results from the effects of the force applied at the top [ (Fp/w*M,) Z l(w)] and from the

effects of the inertial forces associated with translation and rocking of the base

(6,0, + 11H®,) Z4(w)].

It must be pointed out that the interpretation of forced vibration tests is often made on the
basis of the assumption that the base motion is negligible. In this case, the total motion at the
top of the superstructure in the neighborhood of the fundamental frequency is approximately

given by
Uy = (Fp/w*M)) Z,(w) - (24)

Comparison of Egs. (22) and (24) indicates that the effects of the base motion can be neglected
only if (i) | U, + H®, | << | Uy | and (ii) | BV, + 1 H®, | << | Fp/w?M,|. The first con-
dition is satisfied in many cases, i.e., the rigid-body motion associated with ground compliance
may be a small percentage of the total response. The second condition, however, is generally not

satisfied. The term Fj/w?M; is proportional to the ratio of the eccentric mass of the vibration



- 42 -

generator to the total mass of the superstructure. In most cases this ratio is extremely small and,

consequently, a small amount of translation or rocking of the foundation is sufficient to invalidate

the second condition.

In the case of the Millikan Library, and for vibrations in the N-S direction, the rigid-body
motion amounts to 37 percent of the total motion at the top already indicating significant
interaction effects. The most important result, however, corresponds to the fact that at the fun-
damental system frequency (1.79 Hz) the quantity | 8,U, + », H®, | is 11.2 times larger than
the term | Fy/w?M, | indicating that the deformation of the superstructure at that frequency is
almost entirely caused by the inertial forces associated with motion of the foundation
(Fp/w?M; = 0.278 x 10" m). The experimental results presented in Figs. 9 and 11 show that
| H®, | > | Fy/w*M,| over a range of frequencies, and, consequently, the inertial forces due to
motion of the foundation will be more or equally importantk than those associated with the force

applied at the top over a wide frequency range.

A vector representation of the complex quantities appearing in Eq. (22) is shown in Figs.
18a and 18b. Figure 18a represents the roof response at the fundamental system frequency
(w = @), while Fig. 18b represents the response at the fundamental fixed-base natural frequency
of the superstructure (w = w;), both for vibrations in the N-S direction. For w = Wy, the total
motion at the top of the structure, TJ_T, as well as the translation and rotation of the base are
essentially 90° out of phase with respect to the force at the top F r- According to Eq. (22), the
total motion at the top Uy corresponds to the vector sum of the terms U,, H®,, 5,U, Z,(w),
71 H®, Z,(w) and (Fy/w?M;) Z,(w). These terms are represented in Fig. 18a by the vectors 04 ,
AB, BC, CD and DE, respectively. The total motion at the top, —(jT, is represented then by the
vector OF, while the relative motion at the top, Uy, is represented by the vector BE. If the
structure were supported on a rigid base, the total response at the top of the structure at a fre-
quency of 1.79 Hz would correspond to the vector DE. Figure 18a illustrates that the motion of

the base is responsible for almost the entire response at the fundamental system frequency. In
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particular, the total contribution of the motion of the base is represented by the vector OD which

has an amplitude only slightly lower than the amplitude of the total response OF.

At the N-S fixed-base natural frequency of the superstructure (2.30 Hz) the total response at
the top of the superstructure, represented by the vector OF in Fig. 18b, is essentially 180 ° out of
phase with respect to the force F'; applied at the top. The contribution of the rigid-body motion
and the relative displacement or deformation are represented by the vectors OB and BE | respec-
tively. Figure 18b shows that in this case the deformation caused by the inertial forces due to
motion of the base (vector BD) combine with the deformation due to the force applied at the top
(vector DE) to yield the deformation at the top represented by the vector BE. If the structure
were supported on a rigid base, the total response at the top at the fixed-base natural frequency
(2.30 Hz) would be represented by the vector DE. It may be appreciated that the motion of the
base has significantly modified the response of the structure at this frequency. Comparison of the
vector DE in Fig. 18b with the total response represented by vector OF in Fig. 18a indicates
that the soil-structure interaction effects have not only introduced a frequency shift, but have also
modified the amplitude of the response that would have been obtained on the assumption of a

fixed base.

Finally, if as customary, the system is modelled as a structure on a rigid base with a fixed-
base natural frequency equal to the fundamental system frequency (w; = @;) and a modal damp-
ing equal to the system modal damping (£, = €, = 0.018) the total response at the resonant fre-
quency (1.79 Hz) would coincide with the experimentally determined total response represented
by the vector OF in Fig. 18a. The nature of the response obtained by use of this model, how-
ever, is completely different from that obtained by considering the motion of the base. The
equivalent fixed-base model would indicate that the total roof response is due to deformation of
the superstructure while the experiments indicate that 37 percent of the response is associated
with rigid-body motion due to soil compliance. In addition, the equivalent fixed-base model
would predict that at the resonant frequency (1.79 Hz) the deformation of the superstructure

would be due to the force applied at the top, while consideration of the base motion reveals that
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the deformation of the superstructure, at that frequency, is mainly due to the inertial forces

induced by motion of the base.

The above discussion is based on the experimental results obtained for N-S vibrations of the
Millikan Library. For vibrations in the E-W direction the situation i/s similar, although in this
case, in addition to the effects of soil compliance, the deformability of the foundation in the
neighborhood of the central core also plays an important role. In the E-W direction the rigid-
body motion associated with translation and rotation of the base of the central core contributes
22 percent of the total response at the roof. The deformation of the superstructure at the E-W

system frequency (1.21 Hz) is again essentially controlled by the inertial forces due to motion of

the base; the term | 8, U, + 7, H®, | is, in this case, 7.3 times larger than | Fy/w?M, |.
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8. A MODEL FOR THE COMPLETE SOIL-STRUCTURE SYSTEM

The experimental observations just described indicate that the interaction between the
Millikan Library Building and the soil has a marked effect on the response of the structure during
forced vibration tests. It is of interest then to attempt to reproduce the experimental observa-

tions by use of a simple mathematical model of the soil-structure system.

Previous studies of the response of the foundation of the Millikan Library (Wong, Luco and
Trifunac, 1977) indicate that although the foundation experiences some deformation, the relation
between the base forces and moments and the average translation and rotation of the base can be
obtained by use of a rigid foundation model. Thus, if Hge'“! and Mge*“! represent the force and
moment that the foundation exerts on the soil and Ub e’ and abei“” represent the average

translation and rotation of the base, it is possible to write

Hg = GL(Kyy Uy + Kgy L'®,) (25)
Mg = GL¥ Ky Up + Kypy L®;) (26)

where Kpy, Ky = Kyp, Ky represent the complex frequency-dependent impedance functions
for the foundation assumed rigid. The impedance functions are normalized by a shear modulus of
reference G and a characteristic length L. Details. of the foundation and soil models used to

determine the impedance functions are presented in the following section.

For later use it is convenient to write Eqs. (25) and (26) in terms of the displacement
U, = U, and rotation ®, = a®, of the active elements of the foundation (shear walls and central

core for N-S and E-W vibrations, respectively). In this case Eqgs. (26) and (27) transform into

Hg — (U
{MS/H} - GL [K]{ H<I>b} (27)

where



Kyy o 'YKyy

K1 = K un a 'V Ky (28)

and y= L /H.

The horizontal force Hg and the moment Mg that the foundation exerts on the soil can also
be obtained by consideration of the variation of the linear and angular momenta of the super-
structure and foundation. For the lumped mass model of the superstructure shown in Fig. 13, it

is found that

Hg = Fp + WM, T, + * {1} M) {T} (29)

Mg = HFp + w*1,®, + W*1,,®, + o* {h} [M] {T)} (30)

where M, corresponds to the mass of the foundation, I, to the mass moment of inertia of the
foundation with respect to a horizontal axis through the center of the basement slab, and I, to
the sum of the moments of inertia of all floors with respect to horizontal axes through the centers
of each floor. In Eq. (30) the contribution of the rotary inertia associated with deformation of

the superstructure has been neglected.

Substitution from Eq. (16) into Egs. (29) and (30), leads to

Hg I A -
where
M S
1+ —> — .

_ Mb HMb ﬁ/} 187 ﬂr7r M,. ( )

M] = + 2 — Z 32

| S, o, + I, + 1, Sl B | My T

L HM, H2Mb

and

— 1 N /Br
{F}={1}+§1{%}z, . (33)
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In the above equations,

Z, = | (w, /w)* = 1 + 20€, (w, /w) (34)

and
Sy = {h}7 [M]{1} (35)
I = {h}7 [M]{h} . (36)

Eliminating Hg and Mg from Egs. (27) and (31), and solving for U, and @, results in

N (2wl (K] - () T P 37
He, [~ | oM (P | 7 (37)
where « is a dimensionless parameter defined by
o = wleb (38)
GL ~

characterizing the relative stiffness of the structure as compared with that of the soil. Equation
(37) provides the means to compute the translation and rotation of the foundation from
knowledge of the properties of the superstructure, foundation and soil. Once the translation and
rotation of the foundation have been obtained, other quantities of interest may be easily calcu-
lated. For instance, substitution from Eq. (37) into Eq. (27) leads to the following expressions

for the force and moment that the foundation exerts on the soil

-1

Hg/Fr —
{ {F} . (39)

MS/HFT}= {E] ( [I_{] - (‘3“1‘ )? '“[M]

The total displacement TJ-T at the top of the structure (U, = ﬁN) may be obtained by sub-

stitution from Eq. (37) into Eq. (16), resulting in

Up/(Fr/w*M,) = [ é -]-g':- Z, () (40)

+ (L) {FYT

K] - (—:’l— )? 5[ M]

The first term in the right-hand side of Eq. (40) represents the total displacement at the top of

the structure if the soil were rigid (x = 0); the second term corresponds to the motion at the top
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associated with the flexibility of the soil. After discussing the foundation and soil models
employed to evaluate the foundation impedance functions, Eqgs. (37) and (40) will be used to cal-

culate estimates of the response which may be compared with the experimental observations.
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9. IMPEDANCE FUNCTIONS FOR THE FOUNDATION

In plan, the foundation of the Millikan Library building is rectangular with dimensions of
25.1m x 23.3m (825 x 76.5ft) with additional areas of 9.9 x 1.7m (32.5 x 5.5 ft) and
9.9 x 3.5 m (32.5 x 11.5 ft) at the east and west extremes, respectively. The radius of a circular
foundation of equal area is 14.2 m (46.7 ft), while the radii for circular foundations with equal
moments of inertia about E-W and N-S axes are 13.6 m (44.7 ft) and 15.2 m (49.7 ft), respec-
tively. The embedment depth varies from about 4.0 m (13 ft) along the north and south ends to
about 5.5 m (18 ft) on the central E-W foundation pad. For the purpose of calculating the
impedance functions in the N-S direction, the foundation was modelled as a rigid cylinder with a
base radius of 13.7 m (45 ft) embedded in the soil to a depth of 4.0 m (13 ft). For vibrations in
the E-W direction, the foundation was modelled as a rigid cylinder with a radius of 13.7 m (45 ft)
embedded to a depth of 5.5 m (18 ft). The embedment depths of the equivalent cylinders were
selected to correspond to embedment depths of the active elements of the actual foundation for

rocking vibrations in the N-S and E-W directions.

The soil properties at the site were investigated by Converse Foundation Engineers (1959)
six years before construction of the library. A summary of test results has been presented by Jen-
nings and Kuroiwa (1968). The soil consists of medium to dense sands with gravel. Firm soil
was found at a depth of about 5.5 m (18 ft) below the ground level. The shear wave velocities in
the upper layers at the Millikan Library and at the Athenaeum Building (located 370 m) from
the Library) have been determined by Eguchi et al. (1976). The shear wave velocities at a boring
next to the Arms Laboratory at a distance of 76 m from the library have been measured by Shan-
non and Wilson and Agbabian Associates (1976). The shear wave velocities at these three sites
are listed in Table 5. For the purpose of the model studied here, the shear waves velocities below
the depth of 9.75 m (32 ft) were averaged to obtain the velocity profile listed in the last column
of Table 5. The velocity profile thus obtained is consistent with the soil mechanics information
available. The soil model considered consists of nine viscoelastic layers resting on a uniform

viscoelastic half-space. The unit weight of soil in all layers is taken to be 18.1 x 10° N/rn3
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Figure 19. Foundation model
(a) N-S section of actual foundation,
(b) section of foundation model for E-W vibrations, and

(c) plan view of actual foundation and model.
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TABLE 5. SHEAR WAVE VELOCITIES

SHEAR WAVE VELOCITIES, m/sec (ft/sec)

Depth Range Millika Athenaeu Arms Average

m (ft) Library Building Laboratory Model
0-1.83 (0- 6) |298.7 (980) | 262.1 (860) | 192.0 (630) | 298.7  (980)
1.83-2.74 (6- 9) |298.7 (980) | 262.1 (860) | 338.3 (1110) | 298.7  (980)
2.74-5.49 (9- 18) | 298.7 (980) | 365.8 (1200) | 338.3 (1110) | 298.7  (980)
5.49-7.01 (18- 23) | 387.1 (1270) | 420.6 (1380) | 338.3 (1110) | 387.1 (1270)
7.01-9.75 (23- 32) | 387.1 (1270) | 420.6 (1380) | 487.7 (1600) | 837.1 (1270)
9.75-13.41  (32- 44) 420.6 (1380) | 487.7 (1600) | 454.2 (1490)
13.41-20.12  (44- 66) 487.77 (1600) | 487.7 (1600)
20.12-102.41 (66-336) 609.6  (2000) | 609.6 (2000)
102.41-118.57  (336-389) 762.0  (2500) | 762.0 (2500)
118.57- (389- ) 944.8  (3100) | 944.8 (3100)

(1) Eguchi et al. (1976).

(2) Shannon and Wilson, Inc. and Agbabian Associates (1976).
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(115 1b/ft’) and the P wave velocities were taken to be twice the corresponding shear wave velo-
cities. It was assumed that the hysteretic damping ratios for P and S waves are equal £p = £g.

Calculations were performed for a value of €5 = 0.02 for all layers.

The rocking, horizontal and coupling impedance functions for the foundation model were
evaluated by use of an indirect boundary integral equation approach which involves the Green’s
functions for the layered viscoelastic soil model (Luco and Apsel, 1986). The calculated
impedance functions were referred to the center of the basement slab located 4.3 m (14 ft) below
the first floor slab as illustrated in Fig. 19. The horizontal impedance functions were multiplied
by the factor (14.23/13.72) to account for the difference between the equivalent radius for a circu-
lar foundation of equal area (a,, = 14.l23 m) and the radius of the model (¢ = 13.72 m). Simi-
larly, the rocking impedance functions for vibrations in the N-S and E-W directions were multi-
plied by the factors (13.62/13.72)> and (15.15/13.72)%, respectively. The coupling impedance
functions were left unmodified. The real parts of the corrected impedance functions are shown
versus frequency in Figs. 20 and 21 (solid lines). The imaginary parts divided by the dimension-
less frequency a, = wL /B, where L = 13.7m (45 ft) and B = 382 m/sec (1253 ft/sec) are a
length and shear wave velocity of reference, are shown with segmented lines in the same figures.
The impedance functions are normalized by the shear modulus of reference G = 2.68 x 10® N/m?

(38.9 x 10° psi) and the length of reference L.
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Figure 20. Foundation impedance functions for N-S vibrations.
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10. COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS

The structural, foundation and soil models described in the previous sections have been used
to calculate the response of the Millikan Library Building during forced vibration tests. The
model of the superstructure involves the parameters M,, S, I,, I,, and H, and the modal quan-
tities w,, &, M,, B, and ~,. The first set of parameters was evaluated on the basis of the
geometry of the structure and from the mass distribution reported by Jennings and Kuroiwa
(1968). The quantities M, /M,, 8, and 7, for the first two fixed-base modes, appearing in the
last line of Table 4, were obtained from knowledge of the geometry and mass distribution of the
superstructure and from the experimental mode shapes reported by Jennings and Kuroiwa (1968)
and Foutch et al. (1975). The quantities w, and £, were estimated from the results of forced
vibration tests. The values used for the fundamental fixed-base frequencies (w;) and modal
damping ratios (§;) are estimates based on the results shown in Figs. 14 to 17 for two cases
corresponding to the assumptions of "rigid" and "flexible" foundations, respectively. An excep-
tion, to be discussed later on, is the fixed-base damping ratio & for E-W vibrations which is
assigned a value of 1.5 percent for both the "rigid" and "flexible" foundation models (Table 6).
No attempt was made to evaluate the fundamental fixed-base frequencies directly from the eléstic
properties of the structure. Such calculations have limited accuracy and would not permit us to

discriminate whether the "rigid" or "flexible" foundation model is more appropriate.

The foundation model is characterized by the parameters M, and I, listed in Table 6 and
by the normalized impedance functions shown in Figs. 20 and 21. The shear modulus of reference
has been taken to be G =2.68 x 10° N/m? (38.9 x 10® psi) and the length of reference is
L =13.72m (45 ft). The flexibility of the foundation is characterized by the parameter a
defined by Eq. (5) (o = 1 for the "rigid" foundation model). The values of & for the "flexible"
foundation model were determined on the basis of the observed deformation of the basement slab

(Table 6).
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TABLE 6. CHARACTERISTICS OF THE STRUCTURAL
AND FOUNDATION MODELS

| N-S | E-W
Rigid Flexible Rigid Flexible
a 1.00 1.33 1.00 3.33
w; /27 (Hz) 2.16 2.30 1.26 1.38
£ 0.012 0.012 0.015 0.015
woy/27 (Hz) 10.0 10.0 6.20 6.20
¢ 0.012 0.012 0.015 0.015
K 0.533 0.605 | 0.181 0.218
S,/HM, 0.554 0.554
I,/ H*M, 0.395 0.395
I, /H*M, 0.027 0.030
M, /M, 0.136 0.136
I,/H*M, 0.004 0.005
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The theoretical results for "flexible" and "rigid" foundation models and for vibrations in the
N-S and E-W directions are compared with the experimental values in Table 7 and Figs. 22 to 25.
Considering first the comparisons for N-S vibrations, it is observed that the theoretical calcula-
tlons for both the "flexible" and "rigid" foundation models lead to a system frequency of 1.81 Hz
which is only one percent larger than the observed system frequency of 1.79 Hz. The amplitudes
of the total response at the top Uy, normalized rotation H®, and normalized average rotation of
the foundation Ha;b agree closely with the observed amplitudes at the system frequency
(Table 7). The calculated translation of the base I_]b at the system frequency, on the other hand,
1s 26 to 29 percent lower than the observed response. The comparisons of the frequency response
curves for "flexible" and "rigid" foundation models shown in Figs. 22 and 23, respectively, also
illustrate excellent agreement between theoretical and experimental values for Uy, H®, and
H&;b and some discrepancy on the calculated value of the translation of the base ﬁ,,. The quality
of the comparison for the "flexible" and "rigid" foundation models is similar and, consequently, it

is not possible to discriminate between the two models on the basis of these comparisons.

For E-W vibrations it is found that the calculated system frequency is 1.205 Hz which is
only half-of-one-percent lower than the observed value of 1.21 Hz. At the system frequency, the
calculated amplitudes of ﬁT, H®,, Hab and U, match the corresponding observed amplitudes
with an error of less than 3 percent (Table 7). The comparisons of the frequency response curves
presented in Figs. 24 and 25 show excellent agreement between calculated and observed responses
for frequencies below 1.21 Hz. For higher frequencies, the theoretical results are lower than the
observed values. This discrepancy, as explained in the following section, may be associated with
the failure of the theoretical model to predict the large observed radiation damping for E-W hor-
izontal vibrations. It has been indicated that the fixed-base modal damping value for E-W vibra-
tions £; was taken to be 1.5 percent instead of the values of 0.8 (flexible foundation) and 1.2
(rigid foundation) percent which resulted from the identification shown in Fig. 17. This larger

value of & = 0.015 for the damping in the structure leads to the excellent agreement in response
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TABLE 7. COMPARISON OF CALCULATED AND OBSERVED

RESPONSE AT THE SYSTEM FREQUENCY

N-S E-W
Calculated Observed Calculated - Observed

Rigid Flexible Rigid Flexible
71 (Hz) 1.810 1.810 1.79 1.205 1.205 1.21
| Uy | (107*m) | 7.99 7.57 7.59 8.76 8.58 8.49
| H®,|  (107*m) - 2.53 2.51 - 1.81 1.76
| H®,|  (107*m) | 1.99 1.90 1.94 0.54 0.54 0.53
| U, | (107*m) | 0.218 0.225 0.306 0.103 0.102 0.100
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at the system frequency but cannot compensate for the lack of radiation damping at frequencies

higher than 1.21 Hz.

Given the lack of experimental accuracy in determining damping values (as a result of the
experimental difficulty of accurately determining the phase of the response) the agreement

between theoretical and observed results can be considered encouraging.

Finally, it is necessary to discuss the effects of the assumed value for the material damping
in the soil {5 and its interdependence with the fixed-base damping value ¢; assumed for the
superstructure. In Fig. 26, the calculated amplitude | Uy (&;) | of the total response on the roof
at the system frequency is shown versus the value of ¢ for soil material damping ratios &g of 2
and 2.5 percent. Considering first the results for N-S vibrations, it is found that if £ = 2 percent
then for the calculations to match the observed response it is necessary that & = 1.2 percent. If
€5 = 2.5 percent then the required value for & is 0.77 percent. For E-W vibrations, if &5 = 2
percent then ¢ must be 1.53 percent while if {5 = 2.5 percent then ¢; must be 1.33 percent. This
example shows that different combinations of material damping in the soil and damping in the
superstructure may lead to the same value of the response amplitude at resonance. The process
of matching response amplitudes by itself is not sufficient to completely determine the damping

in the superstructure.
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11. EXPERIMENTAL EVALUATION OF IMPEDANCE FUNCTIONS

The foundation impedance functions play an important role in soil-structure interaction stu-
dies. It is of interest to explore the possibility of determining these functions experimentally.
The relations between the force and the moment that the foundation exerts on the soil and the
translation and rotation of the foundation involve impedance functions as indicated by Egs. (25)

and (26) repeated here for convenience

HS = GLKHH-U—], + GLzKHMgb (41)
Mg = GL?Kyy U, + GL3Ky;,®, . (42)

The coupling impedance functions Kp) and Ky are equal. By experiments of the type
described herein, it is possible to determine the force and moment that the foundation exerts on
the soil and the displacement and rotation of the foundation. Once these quantities have been
obtained, the problem of determining the impedance functions reduces to solving the two linear
equations (41) and (42) for the three unknowns Kyy, Ky, and Ky, = Kypy. 1t is apparent that

it is not possible to obtain a unique solution.

Analytical evaluations of the impedance functions reveal that the normalized coupling terms
Kyy = Kyp are considerably smaller than the normalized diagonal terms Kgy and Ky, , which
are numerically of the same order. It is possible, then, to define the following approximations to

the horizontal and rocking impedances:

K’ Hs (43)
SeTA A
. M
K mum Gl%s, (44)

From Egs. (41)-(44) it is found that

K 'py = Kyg + Kyy (L®,/T,) (45)
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K ym = Kyy + Kyy (U, /L ®,) (46)

which indicate that the error of the estimates depends on the ratio of the rocking of the founda-
tion to the corresponding translation. It will be shown that for a superstructure of height H, the
ratio LE,, / ﬁ,, is approximately proportional to the slenderness ratio H/L. For tall structures,
K " ppy will provide an accurate approximation to Ky, while K “ gy may not properly represent
" Kyy.

When the frequency of the excitation is in the neighborhood of fundamental fixed-base
natural frequency, it is possible to obtain expressions for the force and moment that the founda-
tion exerts on the soil from which the approximate impedance functions K “ gy and K "3, can be
readily computed. For w < w,, the contributions of the second and higher modes to the base

force and moment can be neglected. In this case Egs. (31), (32) and (17) lead to

Hs _ I + 1+£—ﬂ——1- U +o|—— -8 — |HT +,6-Aﬁ'17
WM, WM, My, "M, | HM, "M, P M, T
(w<<wy) (47)
MS FT Sb Ml — a_ll,, +Iob +Ib M 1 =—
= + - U, + « H®, +y— U
szb H (J.)sz HMb mn Mb b H2Mb TN Mb b N A T

(w < wy) . (48)

These expressions for Hg and Mg involve quantities that can be estimated (M,, I,, M;, I,, I,

M,/M,, B, 7, &) or experimentally determined ,, ®,, Ur).

The estimates of the approximate impedance functions K 3y, and K g based on the exper-
imental data and obtained by use of Eqgs. (43), (44), (47) and (48) are shown versus frequency in
Figs. 27, 28, 29 and 30. The rocking impedance functions for N-S and E-W vibrations are shown

in Figs. 27 and 28 while the horizontal impedance functions for N-S and E-W vibrations are
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shown in Figs. 29 and 30. In each figure the real part and the imaginary part divided by the
dimensionless frequency e, = wL /B are shown for the "rigid" and "flexible" foundation models.
Also shown in Figs. 27 through 30 are the theoretical estimates of K ;) and K g obtained by
use of Eqgs. (45) and (46) and based on the theoretical impedance functions shown in Figs. 20 and

21 and on the theoretical value of (L ®,/U,) for the "flexible" foundation case.

A first feature of the comparison between experimental and theoretical impedance functions
is the excellent agreement for the rocking stiffnesses (real part of the impedance functions) in
both the N-S and E-W directions (Figs. 27 and 28). A reasonable agreement is also found for the
imaginary parts of the rocking impedance functions in both directions. The comparison in Fig.
29 indicate that the theoretical horizontal stiffness in the N-S direction overestimates the
corresponding experimental result by about 50%. This discrepancy is responsible for the
differences shown in Figs. 22 and 23 between the observed and calculated N-S translation of the
base. At the N-S resonant frequency (1.79 Hz) the theoretical and experimental imaginary parts
of the N-S horizontal impedance functions are in excellent agreement but this agreement

deteriorates at other frequencies.

Finally, the comparisons shown in Fig. 30 indicate that the theoretical horizontal stiffness in
the E-W direction is only about 10 percent higher than the corresponding experimental value for
f = 1.21 Hz. On the other hand, the theoretical values for the imaginary parts of the E-W hor-
izontal impedance function are less than half of the experimental values. This discrepancy is
responsible for the narrower theoretical frequency response curves for E-W vibrations shown in
Figs. 24 and 25. The underestimation of the imaginary part of the horizontal impedance function
in the E-W direction may have resulted from the presence of the foundation for a pond located to
the east of the Library and to other details of the foundation not included in the theoretical

model.

On the basis of the results presented in this section it can be concluded that estimates of the
rocking and horizontal impedance functions can be obtained experimentally. Theoretical esti-

mates of the impedance functions based on simplified models of the foundation match very closely
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the experimental rocking impedances but deviate from the experimental horizontal impedance

functions.
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12. APPROXIMATE SOLUTION OF THE INTERACTION EQUATIONS

Preliminary analyses of the soil-structure interaction effects during forced vibration tests
can be conducted on the basis of approximate solutions obtained by introducing some simplifying
assumptions. These approximate solutions are also helpful in reaching a qualitative understand-

ing of the interaction effects.

For forced vibrations in the neighborhood of the first fixed-base natural frequency, it is pos-
sible to neglect the contributions of the higher modes. In this case, the relative motion {U}e'v?

and the total motion {U}e**! can be a proximated b
p y

{U} = { ¢“>} Uy (49)

and

{U} ={1} U, +{h} 9, +{¢(1)} Ur (50)

where Upe'“! represents the relative motion at the top of the structure (Uy = Uy), and { ¢(1)}
denotes the fundamental fixed-base mode normalized to unity at the top of the structure

(64) = 1).

T
Substitution from Eqgs. (49) and (50) into Eq. (8) and premultiplication by { ¢(1)} leads to

(—w® + 2iww € + wf) Up — 81U, — Py H®, = Fp /M, (51)

in which the notation introduced in Egs. (14) and (15) has been used.

In many cases, the mass of the foundation M, and the moments of inertia I, and I,, are
small compared with the total mass of the superstructure M, and the moment of inertia I,. In

these cases, substitution from Eq. (50) into Egs. (29) and (30) leads to

-’ Uy — *BEU, — w*ByyH®, + Hg/M, = Fy /M, (52)
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—wz’hUT - w2ﬂ171 Uy - Lb'2’)’1217[‘1’1: + Mg/HM, = Fr /M, (53)
in which terms involving M,, I, and I,, have been neglected, and the approximations
M, ~ ﬁ12M1a Sy ~ BnMH , I, ~ ’712MlH2 (54)

have been introduced.

Next, the force-displacement relationships for the foundation given by Egs. (25) and (26) are
simplified by neglecting the coupling terms associated with Ky, = Kjy. The force-displacement

relationships for the foundation reduce, then, to
HS = GLKHH Ub ‘ (55)
and

MS = GLaKMMa_IQb (56)

in which U, = -U_b and &, = aE).b. The complex frequency-dependent impedance functions

Kyg(w) may be written in the form

K () = b () + | 265y (@) + wen (4) (57)

Kym () = kpppr (w) + 4 [2§skMM (w) + wepy (W)] (58)

where kyy and ky;, are the translational and rocking stiffness coefficients, respectively, while cgy
and cyy represent the translational and rocking radiation damping coefficients. The constant ¢ S
represents the hysteretic damping ratio in the soil. In Egs. (57) and (58), the imaginary parts of
Kyy and K, have been decomposed into two parts: the first part is associated with material

damping in the soil, while the second reflects the radiation of energy into the soil.

At this point, it is convenient to introduce the notation

wi = GLkyy(w)/BEM, (59)

wh = GL3kpps (w)/ayE M H? (60)
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€pp = GLegy (w) /2wy BEM, (61)

€rp = GLcppy (w)/2wpoyiM H? . (62)

By use of Egs. (55)-(62), it is found that Eqgs. (51)-(53) reduce to

Ur 1 F
[P@]{ lenfo) Uy =1 (rfon)/ | —= (63)
N(wp /w)) H®, (wi/wg)/m s
where the matrix D (w) is given by
1 (aofe)?+2i (/)1 (/) wfoon) (/) @fwrp)
(D@ =] ~wed@on)  1-(@/on)+2i | &+w/wn)éa] ~(/wn)(w/wr)
~(w/r) (/x) ~(w/wp) (w/wn) 1 (feon V421 | €5+(w/wp ) |

(64)

Solving Eq. (63) and recalling that the total displacement at the top of the structure -ﬁT is
given by Uy = Uy + U, + H®,, it is found that in the neighborhood of the resonant frequency

of the complete system

U, 1
Ur (w/@,)? (&1/wy)? Fyp 6
~ - 4 1~
1 U 1— (w/@y)? + 2i&(w/@y) | BT @1/wn) | wPM, (65)
He, 71 (@ /wp )?
where
1 1 1 1
—_—= e — o — 66
&)12 wlz w,% wf{ ( )
and

. \3
Wy
':;'; ] €rr - (67)
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In deriving Eq. (65), terms proportional to the damping coefficients &1, gy and Epp have
been neglected from the numerator, while terms involving squares or products of the damping
coefficients have been neglected from the denominator. For use of these approximate relations,
the stiffness and radiation damping coefficients kyy, kyn, cyy and cpy, entering into Egs. (59)-
(62) should be evaluated at the fundamental system frequency @,;. When the frequency is not
known a priori, an iterative process starting with an estimate of &;, may be required. Equation
(65) is similar to the expression obtained by Bielak (1975) for the case of seismic excitation.

Equations (66) and (67), except for notation, are equivalent to results previously obtained by

Bielak.

Equation (65) indicates that, to a first approximation, the different response components are
in phase with each other and reach peak amplitudes at the fundamental system frequency @;.
This is in agreement, for example, with the experimental observations presented in this report.
Equation (65) also reveals that the total response at the top of the superstructure ﬁT may be
obtained on the basis of an equivalent fixed-base system with fixed-base frequency and damping
ratio equal to the system frequency @; and system damping ratio Zl, respectively. In addition,

from Eq. (65) it is found that
Ur/Up = (&1/w))?, Uy /Ty = Bion/wy)?, H®,/Up = 47 (@ /wg )? (68)

indicating that the ratios between the different response components are frequency independent in
the neighborhood of the fundamental system frequency. This is also in agreement with the exper-
imental results shown in Figs. 9 and 11. In particular, from Egs. (65), (59), (60) and (5) it is

found that the ratio

kHH

2 (69)

kMM

1!
B
is proportional to the slenderness ratio H/L and is essentially independent of the relative stiffness

of the superstructure to that of the soil. If the reference length L is taken equal to the radius of a
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circular foundation of area equal to that of the actual foundation, then, for most foundations,

kgp [kym ~ 1. Also, for most structures, v;/8; ~ 2/3 indicating that L®,/U, ~ (2/3)(H/L).
As discussed previously, the ratio (6, U, + 7,H®,)/ (Fy/w*M,) controls the relative contri-

bution of the inertial forces induced by motion of the foundation to the deformation of the super-

structure. From Egs. (65) and (66), it may be shown that at the fundamental system frequency

1 in |’
AU, + 71 H®, wy .
— ~ — y (w=ay) (70)
Fp/orM, 21§,

indicating that even if the system frequency is only slightly lower than the fixed-base frequency,
the term 8, U, + v, H®, may have a larger amplitude than that of F r/@£M,, in which case the
deformation of the superstructure will be dominated by the effects of the inertial forces induced

by motion of the foundation.

The frequency wy defined by Eq. (59) corresponds approximately to the fundamenta) fre-
quency of the system if the superstructure is assumed rigid and the foundation is prevented from
rocking. Similarly, the frequency wy defined by Eq. (60) corresponds to the frequency of the sys-
tem if the superstructure is assumed rigid and the foundation is only ;zllowed to rock. The rock-
ing frequency wp involves the constant a, and, consequently, is affected by the flexibility of the
foundation (for a rigid foundation a = 1). The frequency (wg 24 w§2)‘1/ ? corresponds approxi-
mately to the frequency of the system if the superstructure is assumed rigid and the foundation is
allowed to rock and translate. When the superstructure is flexible, the fundamental system fre-
quency w, is given by Eq. (66). Although in most cases w; < wp < wy, for very rigid structures
or soft soils it is possible to encounter cases in which wp, is less than w;. Equation (66) indicates
that the frequency shift due to soil-structure interaction depends essentially on the ratio wy/wp
(for wy, = wp, the system frequency &, is approximately 30 percent lower than the fixed-base fre-
quency wy).

Equation (67) reveals that the system damping ratio E] depends on the fixed-base structural

damping ratio &, on the material damping on the soil £¢ and on the radiation damping ratios
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€ry and Epp. Depending on the relative stiffness of the structure to that of the soil, the system
damping ratio may have values ranging from ¢, for very flexible structures (w; << wp < wg) to
€s + (wp /wy)Epy + Egp for very soft soils (wp < wy << w;). When the rigidity of the super-
structure is high compared with that of the soil, the system damping ratio essentially measures
the material and radiation damping in the soil. This is particularly important in interpreting the
high values of the system damping observed under strong seismic excitation. In this case the

high strains in the soil reduce the rigidity of the soil and increase the soil material damping.

The approximate relations described above have been used to calculate the response of the
Millikan Library during forced vibration tests. The calculations are based on the structural pro-
perties listed in Tables 4 and 6 and on the impedance functions shown in Figs. 20 and 21. The
results obtained are compared in Table 8 with the observed response. In the derivation of Egs.
(65)-(67) the effects of the coupling impedance functions have been neglected. The results calcu-
lated under this assumption are listed in Table 8 in the columns designated 1st iteration. After
an estimate of L-q_>b / ﬁb has been obtained, it is possible to improve the accuracy of the approxi-
mation by substituting the impedance functions Kpy and Ky, (both real and imaginary parts)
by the functions K gy and K "3, defined by Eqgs. (45) and (46). The results obtained after this
substitution are listed in Table 8 under the columns designated 2nd iteration. The relative agree-
ment between the calculated and observed response indicate that the approximations given by

Eqgs. (65)-(67) are sufficient for most practical applications.

One interesting aspect of the approximate calculations is that they provide a breakdown of
the system damping into its components. For vibrations of the Millikan Library in the N-S direc-

tion Eq. (67) leads to

€ = 0.487¢, + 0.381¢, + 0.0029 + 0.0003 (71)

in which the last two terms correspond to the radiation damping in horizontal and rocking vibra-
tions, respectively. For values of & = 0.012 and &g = 0.02, Eq. (71) leads to a system damping

ratio of 0.0166. The contributions of the structural and material damping in the soil and of the
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TABLE 8. COMPARISON OF OBSERVED AND CALCULATED
RESPONSE (APPROXIMATE EQUATIONS)

| N-S | E-W
Calculated Calculated
Observed Observed
1st iteration |2nd iteration 1st iteration |2nd iteration
fg =wg/2nHz|  9.50 9.02 - 10.57 9.20 -
fr =wg/27Hz| 3.14 3.11 - 2.67 2.60 -
f1=01/27 Ha 1.82 1.81 1.79 1.22 1.21 1.21
Urp /Uy 0.626 0.619 0.631 0.779 0.766 0.781
H®,/U, 0.315 0.316 0.331 0.194 0.202 0.207
U, /Uy 0.026 0.028 0.040 0.009 0.012 0.012
L®,/T, 2.91 2.65 1.97 1.97 1.59 1.68
100 £y 34.5 35.8 - 20.5 16.7 -
100 épp 0.18 0.15 - -0.97 -1.03 -
100 €, 1.62 1.66 1.8 1.41 1.41 1.8
Up(@)m  |8.58 x 107 | 8.37x 107 |7.59 x 10| 9.86 x 10™* | 9.86 x 10~* [8.49 x 10~*
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radiation damping in the translation and rocking are, respectively: 0.0058, 0.0076, 0.0029 and

0.0003. In this case, 65 percent of the system damping stems from energy dissipation in the soil.
The approximate relations derived above can also be used to analyze the results of forced
vibration tests. Assuming that U,, H®, and 5T and @; have been determined, Egs. (66) and

(68) may be used to obtain

wy } (8,0, ) Up) /2
Wg ¢ = Wy (mH®,/Up)1/? . (72)
wy (1 - U,/ Uy — 7, H®, /Uy) 1/

Estimates of the horizontal and rocking stiffness can also be obtained by use of Egs. (59),

(60) and (72), leading to

~2 -
e o1/M; Uy
Han = —r— oo (73)
~2 2 73
Wiy M, H Uy
k’ —q — | AL
A A (74)

An example of the use of these equations is provided in the following section.
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13. EFFECTS OF THE SAN FERNANDO EARTHQUAKE

ON THE MILLIKAN LIBRARY SYSTEM

It has been mentioned that forced vibration tests conducted by Jennings and Kuroiwa
(1968) in 1966-67 seem to indicate a small contribution of the motion of the base to the total
motion at the top of the structure in contrast to the results of the more recent tests conducted by
Foutch et al. (1975) as well as of those described in this report. Foutch and Jennings (1978)
argue that the modification of the soil-structure interaction effects is associated with degradation
of the foundation system as a result of the San Fernando earthquake of 1971. In addition, the
results of a number of forced and ambient vibration tests conducted before and after the San
Fernando earthquake indicate a sharp reduction in the fundamental N-S and E-W system fre-
quencies which occurred at the time of the earthquake (Udwadia and Trifunac, 1974). It is of
interest to analyze these apparent changes in response and to establish if they are associated with
degradation of the superstructure or of the foundation-soil system. This can be accomplished by

use of the approximate relations derived in the previous section.

The pertinent results of the forced vibration tests reported by Jennings and Kuroiwa are
compared in Table 9 with those obtained in the course of the present investigation. It may be
observed that a significant reduction of the fundamental system frequencies has taken place in the
nine years which separate both series of tests. In addition, the rocking of the foundation in the
more recent tests is 24 and 14 times larger than the values reported by Jennings and Kuroiwa for
vibrations in the N-S and E-W directions, respectively. The translation of the foundation in the
more recent tests is 1.7 and 3.0 times larger for vibrations in the N-S and E-W directions, respec-
tively. The rocking of the active elements of the foundation @, listed in Table 9 has been
obtained by multiplying the recorded average rotation of the foundation -‘Sb by the constant o
also listed in Table 9, i.e. it has been assumed that the deformation pattern of the basement slab

has not changed in the time comprised between the two series of tests.



- 83 -

TABLE 9. COMPARISON OF PRESENT AND INITIAL TEST RESULTS

| NS
Present Jennings and Present Jennings and
Experiment (1975) Kuroiwa (1968) Experiment (1975) Kuroiwa (1968)
@y/27 Hz 1.79 1.92 1.21 1.48
H®, /U, 0.331 0.014 0.207 0.015
U, /Uy 0.040 0.024 0.012 0.004
a 1.3 1.3 3.33 3.33
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By use of Egs. (72)-(74) and of the data presented in Table 9, it is possible to obtain
estimates of the frequencies wy, wg, of the fixed-base natural frequency of the superstructure wy,
and of the horizontal and rocking stiffness coefficients for the foundation. The resulting estimates -
are presented in columns (1) and (2) of Table 10 corresponding, respectively, to the recent and
the initial test data. The results presented in Table 10 indicate that the frequencies wy and wp
would have experienced a significant reduction as a result of the San Fernando earthquake. Such
reduction, if real, would reflect a drastic degradation of the stiffness of the foundation-soil system
as revealed by the estimates of the rocking and horizontal stiffness coefficients k “j;, and k gy .
The rocking stiffness coefficients k "y, as calculated from the Jennings and Kuroiwa data for N-S
and E-W vibrations would be 27 and 21 times larger, respectively, than the corresponding values
calculated on the basis of the more recent test data. Similarly, the horizontal stiffness coefficients
k * gy computed on the basis of the pre-San Fernando earthquake data for N-S and E-W vibra-
tions would be 2 and 4 times larger, respectively, than those values calculated from the more
recent data. Comparison of the calculated fixed-base natural frequencies of the superstructure
(w;) indicates that as a result of the San Fernando earthquake the N-S stiffness of the superstruc-
ture would have increased by 41 percent while the E-W stiffness of the superstructure would have

suffered a reduction of 14 percent.

The hypothetical effects of the San Fernando earthquake just calculated do not seem plausi-
ble and indicate the possibility of an error in one of the two sets of data. In particular, the reduc-
tion of the foundation rocking stiffness by a factor of 27 and the 41 percent increase in the N-S
structural stiffness seem unlikely. The radius of a circular foundation with N-S rocking stiffness
equal to that of the foundation in the present condition is 13.6 m (44.7 ft). The radius of a circu-
lar foundation 27 times stiffer would be 3 larger and would correspond to 40.9 m (134.1 ft).
Thus, the foundation before the San Fernando earthquake would have had an equivalent area 9
times larger than the area of the present foundation. Foutch and Jennings (1978) erroneously
estimate the change in equivalent radius of the foundation to be 1.7 m (the correct change in

radius required is 27.3 m) and argue that this change could be explained by cracking of the
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TABLE 10. CHARACTERISTICS OF THE MILLIKAN LIBRARY BASED
ON PRESENT AND INITIAL VIBRATION TESTS

N-$ E-W
(1) (2) (1) (2)
fug = wy /27 Hz 7.51 10.40 9.27 19.64
fr = wg /27 Hz 3.01 15.69 2.57 11.68
f1=w/2r Hz 2.33 1.97 1.39 1.50
kv 5.36 145.89 10.04 207.24
k’ un 4.55 8.72 6.93 31.10

(1) Calculated by use of approximate relations and based on data obtained in 1975 (present

experiment).

(2) Calculated by use of approximate relations and based on data obtained in 1966-67 by Jen-

nings and Kuroiwa (1968).
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foundation and by separation of small access structures initially connected to the first floor of the
Library. It is difficult to justify a reduction of rocking stiffness by a factor of 27 on the basis of

these small modifications.

The response of the Millikan Library in the present conditions as obtained in the tests per-
formed in the course of this study is in agreement with the response obtained in an independent
set of tests (Foutch et al., 1975) and with the theoretical calculations described previously. Since
the differences between the present tests and those of Jennings and Kuroiwa (1968) cannot be
reconciled, it is highly likely that the results from the initial tests are subject to instrumental or
data reduction errors. In these conditions, to study the effects of the San Fernando earthquake
on the Millikan Library it will be necessary to rely only on the information describing the changes

of the fundamental system frequencies.

During the period 1966-1975 the Millikan Library Building has been subjected to a number
of forced and ambient vibration tests. The N-S and E-W fundamental system frequencies
obtained in these tests are listed in Table 1 and their variation with time is illustrated in Fig. 31.
In this figure the frequencies obtained by ambient, man-excited and shaker-excited vibration tests
are designated by the letters A, M and S, respectively. In addition to the data from forced
vibration tests, information on the change of the fundamental system frequencies during the 1970
Lytle Creek and the 1971 San Fernando earthquakes is also available (Udwadia and Trifunac,
1974). The range of variation of the fundamental system frequencies in these two earthquakes is

illustrated in Fig. 31 by the segments of lines designated by £, and E,.

Inspection of Fig. 31 indicates an apparent reduction in the system frequencies as a result of
the San Fernando earthquake in which the base of the structure was subjected to peak accelera-
tion of the order 0.2g. Considering the earliest and the latest shaker-excited tests as a reference,
the system frequency in the N-S direction would have dropped from 1.92 Hz to 1.79 Hz, while the
system frequency in the E-W direction would have dropped from 1.48 Hz to 1.21 Hz. The

minimum values of the system frequencies during the strong motion part of the San Fernando
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earthquake as calculated by Udwadia and Trifunac (1974) are approximately 1.5 and 1.0 Hz in

the N-S and E-W directions, respectively.

To determine the possible modifications of the system which may have caused the observed
changes in system frequencies it is convenient to refer to Eq. (66). This equation may be written

in the form

1 1 | K, 1 | Kum 1
ol e oull B g = (75)
of  wi | K wp | Kum Wy

in which, @; corresponds to the fundamental system frequency when the modal stiffness of the
superstructure is K, (K; = wfM;) and the rocking stiffness of the foundation is K. mym- The refer-
ence values of the modal stiffness K, and of the rocking stiffness K, correspond to those
obtained in the present study and reflect the 1975 configuration of the system. The frequencies
wy, wp and wy also correspond to the 1975 configuration of the system. (The values of these fre-
quencies in Hz as calculated by use of the approximate equations are, respectively: 2.33, 3.01 and
7.51 for N-S vibrations, and 1.39, 2.57 and 9.27 for E-W vibrations). In writing Eq. (75) it has
been assumed that the mass of the structure has not changed and that the small effects of varia-

tions of the horizontal stiffness of the foundation can be neglected.

For a given value of the system frequency @,, Eq. (75) allows one to obtain all possible com-
binations of structural and foundation-soil stiffnesses consistent with that particular value of the
system frequency. The combinations of values of K,/K, and Kyag /Ky consistent with the sys-
tem frequencies before, during and after the San Fernando earthquake are plotted in Figs. 32a
and 32b corresponding to the N-S and E-W directions, respectively. The upper and middle curves
in these Figs. correspond respectively to the system frequencies before and after the San Fernando
earthquake. The bottom curves correspond to the system frequencies calculated at the time of
the strongest shaking during the earthquake. The 1975 state of the system is represented by
point A of coordinates (1,1). Since it is unlikely that before the San Fernando earthquake the
structure or the foundation were more flexible than in 1975, the possible configurations of the sys-

tem before the earthquake are restricted to lie on the solid line portion of the upper curves
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shown in Figs. 32a and 32b. By the same type of argument it is possible to restrict the possible
configurations consistent with the lower system frequencies to the solid line portion of the lower

curves shown in these figures.

In trying to determine the path followed by the system during the San Fernando earthquake
various alternatives are possible. One extreme interpretation is that the observed changes in the
system frequencies are associated with degradation of the stiffness of the superstructure without
any change in the stiffness of the foundation-soil system. In this case the path of the system
would be described in Figs. 32a and 32b by B’'D “A and it would require permanent reductions
(from B’ to A) of structural stiffness of 22 and 43 percent in the N-S and E-W directions, respec-
tively. This interpretation has been explored by lemura and Jennings (1973) who found thaf a
rigid-base nonstationary equivalent linear model and a nonstationary bilinear hysteretic model
with degrading properties could represent the E-W response of the Millikan Library during the

San Fernando earthquake.

On the other extreme, one may attempt to interpret the changes in system frequencies as
resulting from degradation of the foundation-soil system without modification of the s@iffness of
the superstructure. In this case, the system in the N-S direction would have described the path
B"’D’"A shown in Fig. 32a which requires a permanent reduction (from B "’ to A) of the N-S
rocking stiffness of 37 percent. In the E-W direction it is not possible to explain the change in
system frequencies solely on the basis of reduction of the rocking stiffness. Assuming that the
foundation-soil system was initially rigid (Kj;, = 0o0) would require a permanent reduction in the
E-W structural stiffness of the order of 14 percent. This extreme position of ascribing the fre-
quency reduction to changes in the foundation-soil system has been adopted by Foutch and

Jennings (1978) in their study of the N-S response of the Millikan Library.

By considering additional information it is possible to reduce the range of possibilities as to
the system configuration prior to the San Fernando earthquake. Comparison of the torsional sys-
tem frequencies obtained by ambient vibration tests conducted before and after the 1971 San Fer-

nando earthquake indicates a 8.7 percent reduction of the fundamental torsional system frequency
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(Udwadia and Trifunac, 1974). There are indications that the torsional stiffness of the
foundation did not suffer degradation during the earthquake (refer to Appendix B) and that the
reduction of torsional system frequency was associated with a 17 percent reduction in torsional
stiffness of the superstructure. Since most of the torsional stiffness of the superstructure is pro-
vided by the east and west shear walls, it seems that a 17 percent reduction of stiffness in these
walls could explain the reduction in system frequencies in both N-S and torsional vibrations. Av
plausible initial configuration of the system in the N-S direction is shown as point B """ in Fig.
32a. In this case, as a result of the shaking, the N-S structural stiffness would have suffered a
permanent reduction of the order of 17 percent while the N-S rocking stiffness of the foundation

experienced no significant permanent degradation.

The initial configuration of the system in the E-W direction is more difficult to ascertain.
The only information available is that small cracks have been observed in the interior plaster at
the points of support of the precast window panels which constitute the north and south facades
of the building (lemura and Jennings, 1973). The results of tests described by Jennings and
Kuroiwa (1968, Table 7) indicate that these panels which represent only 5 percent of the total
mass contributed about 25 percent of the stiffness for small vibrations in the E-W direction. It is
possible that the contribution of the window panels to the E-W stiffness has decreased

significantly as a result of the shaking.

Hypothetical paths (B“°" D """ A) describing the changes in structural and foundation
stiffnesses during the San Fernando earthquake are shown in Fig. 32a and 32b. The actual path
followed by the system was probably more complex as indicated by the temporal variation of the
system frequencies determined by Udwadia and Trifunac (1974) and lemura and Jennings (1973).
The position of point D *" " although hypothetical is consistent with the results of dynamic triax-
ial tests of the sands at the depth of the foundation which indicate that for shear strains of the
order of 1072 percent the shear modulus of the soil could be reduced by a factor of two, while for

strains of the order of 107! percent the reduction would correspond to a factor of four (Shannon
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and Wilson, Inc. and Agbabian Assoc., 1976). These reductions of the shear modulus would

affect the rocking stiffness in the same proportion.

It should be mentioned that during the strong shaking portion of the San Fernando earth-
quake the ratio &;/w; becomes lower than the value computed for the current configuration and
consequently the soil-structure interaction effects during the earthquake were even more
significant than those described for the present system characteristics. One particular effect of
the increased interaction between the structure and the soil is that the weight given in Eq. (67) to
the damping in the structure decreases while the weight given to the material damping in the soil
increases. At the same time due to the seismic strains material damping in the soil increases
significantly. The dynamic triaxial tests described above indicate values of the material damping
in the soil of the order of 5 and 12 percent for shear strains of 1072 and 10—1 percent, respec-
tively. As a result of these two factors the system damping increases significantly. It is apparent
that the large values of system damping calculated on the basis of recorded seismic response of

structures reflect to a high degree energy dissipation in the soil rather than in the structure.

The previous discussion illustrates the problems associated with attempting to determine
loss of stiffness in the superstructure based oniy on knowledge of the changes in system frequen-
cies. The present strong motion instrumentation of structures which only considers one instru-
ment per level as well as most forced vibration tests which do not accurately measure the rocking
response of the base do not provide sufficient information to decide whether a change of the sys-
tem is mainly associated with modification of the structure or of the foundation-soil portion of
system. Simple tests in which the amplitude of the rotation of the base at the resonant frequency
of the system is recorded provide sufficient information to calculate via Eqgs. (72)-(74) estimates
of the fixed-base natural frequencies of the superstructure as well as the rocking and horizontal
stiffness of the foundation. Tests of this type conducted immediately after completion of major
structures and after large earthquakes could reveal with some degree of confidence where the.

changes in stiffness have taken place.
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14. CONCLUSIONS

It has been shown that simple forced vibration tests in which the amplitude of the response
at the top of the superstructure as well as the amplitudes of the translational and rotational com-
ponents of the response at the base are recorded at the resonant frequency of the complete
structure-soil system contain sufficient information to obtain estimafes of the fixed-base funda-
mental frequencies of the superstructure and of the foundation stiffness coefficients (real parts of
the foundation impedance functions). More detailed tests in which the phases of the response
components With respect to the foréing function are also recorded give, in addition, information
from which estimates of the fixed-base dami;ing ratios of the superstructure as well as estimates
of the fouﬁdation damping coefficients (associated with the imaginary parts of the foundation
impedance functions) can be obtained. Analyses of the results of forced vibration tests ‘of the
nine-story reinforced concrete Millikan Library Building as well as theoretical considerations
reveal that interpretations of forced vibration tests which do not include soil-structure interaction
effects underestimate the fixed-base natural frequencies of the superstructure and overestimate

the energy dissipation within the structure.

The theoretical and experimental results obtained indicaté that the interaction between
siructures and the soil may have significant effects on the response during forced vibration tests.
In addition to the frequency shifts and effects on the system damping already mentioned, the
translation and rotation of the foundation associated with ground comp]iancé lead to a rigid-body
motion éf the superstructure that may account for a significant portion of the total response. In
the case of the Millikan Library Building, the rigid-body motion by itself accounts for more than
30 percent of the total N-S roof response. Perhaps even more important is the finding that the
inertial forces associated with the rigid-body motion account for a major portion of the deforma-
tion of the superstructure at the resonant system frequency. This effect occurs even when the
rigid-body motion is small compared with the total response. For torsional vibrations of the Mil-
likan Library the rigid-body twist amounts to only 2.5 percent of the total twist at the roof. In

this case, however, the dmplitude of the torsional deformation at the top due to the inertial
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torque associated with the rigid-body twist is 1.8 times larger than the amplitude of the
deformation caused directly by the external torque applied by the vibration generator. It can be
concluded that under very general conditions, the soil-structure interaction effects dominate the

response at the resonant system frequency during forced vibration tests.

The agreement obtained in comparisons of experimental and calculated responses reveals
that it is possible to predict accurately the effects of soil-structure interaction during forced vibra-
tion tests. The agreement obtained validates the soil-structure model considered and, in particu-
lar, gives confidence on the use of analytical methods to calculate the impedance functions for
rigid foundations embedded in the soil. The importance of the effects of the flexibility of the
foundation for E-W vibrations of the Millikan Library emphasizes the need for the development

of analytical methods to obtain the dynamic response of flexible foundations.

After detailed study, it has been found that the discrepancy between the earlier results of
Jennings and Kuroiwa (1968) based on forced vibration tests conducted in 1966-67 and the exper-
imental results obtained by Foutch et al. (’1975), as well as those described in this report, cannot
be attributed to degradation of the foundation system resulting from the 1971 San Fernando
earthquake as argued by Foutch and Jennings (1978). The results of Jennings and Kuroiwa
would indicate that for N-S vibrations of the Millikan Library the rigid-body motion amounted to
3 percent of the total response at the roof while the more recent tests indicate a contribution
higher than 30 percent. Such change would require a reduction of the rocking stiffness of the
foundation by a factor of 27 which cannot be reconciled with minor modification of the founda-

tion as a result of the San Fernando earthquake.

Analysis of the data available inaicates that the torsional and N-S stiffnesses of the super-
structure may have suffered permanent reductions of the order of 17 percent as result of the shak-
ing induced by the San Fernando earthquake of 1971. The corresponding permanent loss of struc-
tural stiffness in the E—W direction lies between 14 and 43 percent. It appears that the N-S rock-
ing stiffness as well as the torsional stiffness of the foundation suffered no permanent alteration as

result of the earthquake shaking. The observed permanent reductions in torsional and N-S
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system frequencies are probably associated with stiffness degradation in the superstructure. The

permanent reduction in E-W system frequency may have resulted from loss of stiffness in both

the structure and the foundation.

From the experimental point of view, it was found that reliable estimates of the damping
ratio of the superstructure and of the foundation damping coefficients (associated with the ima-
ginary part of the impedance functions) can only be obtained if the phase of the different response
components with respect to the forcing function is recorded with high accuracy. Further studies
on the nature of structural damping will require improved instrumentation and more complete

calibration techniques.
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APPENDIX A

DESCRIPTION OF APPARATUS AND EXPERIMENTAL PROCEDURES

The forced vibration tests of the Robert Millikan Library were carried out in the summer of
1975 at night to avoid disturbances to building occupants and to minimize any interference with
the measuring equipment. The force vibration generator and the recording equipment were
placed on the roof. Seismometers in the basement of the library were connected by cables via the

stairwell located in the western shear wall of the building (Figure 8).

The forced vibration generator was anchored to the roof slab. Its vertical axis was located
approximately six feet south of the southern side of the core wall and east of the north-south axis
of the building (21’6" east of the southwest corner of the core wall (Figure 8)). This generator
operates in the frequency range up to ~ 10 cps and is capable of producing a sinusoidally varying
force with maximum amplitude of 5000 Ibs. At any given frequency the amplitude of the force
the generator applies to the building is a function of the number of layers of weights in its
baskets. During the experiments discussed here the baskets were fully loaded (Figures A.1 and

A.2). The corresponding force can be described by F = 23.3 w? Ib.

Vibrations in the library were monitored by four SS-1 Ranger Seismometers. These trans-
ducers have the moving coil in the magnetic field and produce an output voltage which is propor-
tional to the velocity of the coil-mass relative to the fixed instrument housing. The natural
period of these transducers is approximately equal to one second. The typical coil resistance is

equal to several ().

The voltage from the Ranger Seismometers was amplified by an Earth Sciences SC-1 signal
conditioner and then recorded on Ampex SP-300, seven channel, tape recorder in FM mode. The
signals were also recorded by Mark 220 Brush recorders to provide immediate indication of

recorded amplitudes (Figure A.3).

The phase of the force generated by the shaker corresponds to the angles of individual

baskets relative to the direction of maximum force. Zero or 180 ° phase corresponds to one of the
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baskets being above the other. Figure A.l1 shows the baskets off the maximum force position
(zero phase) by about 10 °. Figure A.2 shows the baskets at about 90 ° angle which in this exam-
ple corresponds to the zero north-south excitation force. During the north-south excitation of the
library the basket positions corresponding to the maximum force in the south direction were
selected to represent the zero phase configuration (Figures 8 and A.1). During east-west excita-
tion of the library the zero phase angle was assigned to the maximum shaker force in thevwest
direction (Figure 8).

In the experiment described here the assumption was made that the foundation slab defor-
mation patterns do not change much for frequencies in the neighborhood of the fundamental sys-
tem frequencies. On the basis of this assumption the translation and rotation of the basement
slab were described by monitoring the motion at three points and by use of the deformation pat-
terns shown in Figs. 6 and 7. The location of the Ranger Seismometers (No. 1 recording horizon-
tal vibrations of the basement, Nos. 2 and 3 recording vertical motions in the basement of the
library and No. 4 recording horizontal motion of the roof) for north-south and east-west vibra-

tions are shown in Fig. 8.

During the north-south and east-west experiments the recorded motions were sampled at
1.?;8 and 122 frequencies, respectively, between ~.7 Hz and 2.5 Hz. At the end of both experi-
ments, all four seismometers were placed on the roof slab and recorded the same north-south or
east-west motions. This calibration run was designed to provide a check on all four recording
amplitudes as those are operated on by the complete chain of signal processing (signal
amplification, attenuation, integration, tape recording, tape playback into analog to digital con-

verter and digital processing) and analysis.

Analog signals recorded in the field were played back through the Ampex SP-300 tape
recorder and converted to digital data. For each frequency during north-south and east-west
experiments, 30 seconds of selected analog recordings were used to generate digital data. The

digitization rate was 100 pts/second. The high rate was chosen to permit accurate relative phase
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determination among four recorded displacement functions and the forcing function and to enable

digital low-pass filtering of signals in later processing.
To describe the seismometer and signal conditioner corrections it is convenient to define:

f(t) = F(w)e'™" = forcing function as a function of frequency

y;(t) = Y;(w)e'" = displacement at location j (j = 1,2,3,4)
vi(t) =V; (w)e'“! = voltage output of the jth seismometer

Ai(t) = SJ~(w)e£”’ = signal output of the jth channel of the signal conditioner.

The amplitude D; and phase with respect to the forcing function & ; of the displacement at

the jth location can be obtained from

o S;(w)

Vi) = Die = g, @

(A1)

where S;(w) = A]-e‘m" (A; amplitude and n; phase with respect to the forcing function) is the
recorded output of the jth channel of the signal conditioner' and H,;(w) and H,;(w) are the

seismometer and signal conditioner transfer functions, respectively.

The seismometer transfer function (displacement to voltage output) is given by

2
Hyy(w) - w"" L (A2)
w 2 w sz + ch
1- + 2z'hj
wn] wnj
where
G-2

I S, (R, T Ry

where h; is the total damping of the jth transducer, and w,;, G;, B,;, R,;, m; are the natural
frequency, the generator constant, the core resistance, the external resistance and the mass of the

jth transducer, respectively.
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The transfer function for the signal conditioner (seismometer voltage output to signal condi-

tioner output) is written in the form

~0.118dB; ~ig;(w)

H,;(w) = 350000 e (A4)

where dB; is the dB setting and ¢ j(w) is an empirically determined phase shift introduced by the

jth channel of the signal conditioner. The functions ¢;(w) (5 = 1,2,3,4) are shown in Fig. A4.
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APPENDIX B
EFFECTS OF SOIL-STRUCTURE INTERACTION

ON THE TORSIONAL RESPONSE

To study the effects that the twist of the base may have on the torsional response of a
symmetric structure, it is convenient to represent the superstructure by a lumped mass model.
The excitation is represented by the torque MTei”t that the harmonic vibration generator

applies on the jth level. The total harmonic twist at the jth level may be written in the form

®,e' = (9, + ;) e (B.1)

where @, denotes the twist of the base and ®; is the twist at the jth level associated with defor-
mation of the superstructure. Using the fixed-base torsional modes of the superstructure, it can

be shown that

¢1(’) + 6,9,

N
P = d, + &) B.2
! ’ rgl 1 - (w/wr)z + 22'67 (w/wr) w2I ! ( )

T

((")/(“)7)2 ( MT

where ¢§’) represents the amplitude of the rth fixed-base torsional mode of the superstructure
(qﬂ}\,') = 1), while w, and ¢, correspond to the rth fixed-base torsional natural frequency and

damping ratio, respectively. The modal quantities I, and f, are defined by

- (n]?
L -3, [qS] ] (B.3)
j=1
and
L g oe0)
ﬂr = T Z Iz;¢] (B‘4)
r oj=1
in which [,; represents the moment of inertia of the jth lumped mass about the vertical axis of
symmetry.

By simultaneous measurement of the total twist at the top of the superstructure and at the
base, it is possible to determine w; and & in the same manner utilized to find the translational

fixed-base fundamental frequency and damping ratio.
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The torque Tge*“" that the foundation exerts on the soil can be expressed in the form

N —
TS = MT + wzjzoéb + UJ2 Z ]2]¢] (B.5)
i=1

where [, corresponds to the moment of inertia of the foundation about the vertical axis of sym-

metry. Substitution from Eq. (B.2) into Eq. (B.5) leads to

Tg=Mp |1+ f; 6\8,Z, | +PL,®, |1+ b + f} BiZ, ]]— (B.6)
r=1 z r=1 zb
N
where I, = 33 I,; and Z, is defined by Eq. (34).
j=1
The torque Tg can also be written in the form
TS = GL3KTT¢I, (B.7)

where Kpp is the normalized torsional impedance function for the foundation, G is a shear

modulus of reference and L is a characteristic length of the foundation. Eliminating Tg from
Egs. (B.6) and (B.7) leads to

2 2 I N I B N M
@ = || k| Kpp - k| 142245 22, == || 1452 6008,2, | = (B3

wl wl Izb 1 zb 1 w Izb

where
2
wlIzb

= = . B.g
73 (B.9)

Equation (B.8) provides the means to calculate the base twist from which other quant;ities'
of interest may be easily obtained. Substitution from Eq. (B.8) into Eq. (B.2) leads to the fol-

lowing expression for the total twist ET = 31\, at the top of the superstructure

N Izb

@ /(Mp/uPly) = | D 7 o{"z, | +
r=1 °r
2 o )2 L, X LY [ » N
| w|Bpp— || £|1+=+X 822, || [1+Z8.2||1+X¢")82 (B.10)
Wy W b 1 2b 1 1
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For frequencies in the vicinity of the fundamental fixed-base frequency of the superstructure,
it is possible to obtain an approximate expression for the normalized torsional impedance func-
tion which involves quantities that can be measured or estimated. From Egs. (B.2), (B.5) and

(B.7) it is found that

K wzlzb MT 1+ Izo ﬂ ]1 ,8 11 67‘ ( B.1
TT GL 3 wZ[zb @b Izb 1 ]zb 1 Izb @b W < (4)2) ( )

This expression can be used to determine experimentally the torsional impedance function.

Approximate solutions of the interaction equations for the case of torsional excitation can be

obtained by the procedure described in the text. The resulting expressions are

1

T ~ 12
M
TR ~(u;/wl).~ - (@1/wy)? ZT ¢! (B.12)
1 - (w/@,)* + 2i&(w/dy) N .| W
o, Bi* (@/wr)
in which
1 1 1
27w T (B-13)
N o) &, ) & )
& = - G+ 1-|—]| | & +|—]| &r - - (B.14)
1 wy

The frequency wy and the torsional radiation damping £y are defined by

wt = GLkqp(@)/BP1, (B.15)

wr CTT(‘:’I)
= e e L B.16
Rr 2 krr(@;) ( )

where

Krp(w) = kpp(w) + 4 [2€skrr(w) + weprp (w)] . (B.17)
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The approximate expressions given by Eq. (B.12) can be used to estimate the effects of soil-
structure interaction during torsional forced vibration tests. They can also be used to determine

some characteristics of the superstructure and of the foundation from test results. From Egs.

(B.12), (B.13) and (B.15) it is found

3 - 7-1/2
Wy = W [1 - B (‘I’b/q’T)] (B.18)
wr = (8@, /@) (B.19)
o Bl @
kpp(@g) = @2 2L 2T
rr(@1) = @ CL® o, (B.20)

from which the fixed-base fundamental torsional frequency of the superstructure wy, the torsional
frequency of the system assuming the superstructure rigid wy, and the torsional stiffness

coefficient of the foundation k77, can be obtained from knowledge of &y, ®, /@, 8;, I, and GL®.

The above equations can be used to analyze the torsional test results reported by Jennings
and Kuroiwa (1968) for the Millikan Library. In these tests the Millikan Library building was
excited in torsion by a vibration generator located on the ninth floor at a distance of 10.79 m
(35.41 ft) from the axis of symmetry of the structure. Some of the results obtained by Jennings
and Kuroiwa are summarized in Table B.1 for different values of the exciting torque M. In Test
9a, the fundamental torsional system frequency was 2.89 Hz and the twist of the base was 2.45
percent of the total twist at the roof. Based on the torsional mode shape reported by Jennings
and Kuroiwa, it can be found that 8, = 1.4 and I;/I,, = 0.34. The radius of gyration of the
superstructure with respect to the vertical axis of symmetry is estimated to be r = 10.36 m
(34 ft) leading to a moment of inertia for the superstructure of gI,, = 1.12 x 10'° N-m? (2.7 x
10'% | b-ft?).

Based on Egs. (B.18)-(B.20) and on the test data, it is possible to obtain the estimates of
wy, wp and kpp listed in Table B.1. For test 9a the estimate of the fundamental fixed-base tor-
sional frequency is 2.94 Hz while the corresponding system frequency is 2.89 Hz. In this case the

effects of soil-structure interaction have lead to a system frequency only 1.7 percent lower than
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the fixed-base frequency. Although the frequency shift is small and the rigid-body twist
associated with ground compliance amounts to only 2.5 percent of the total twist at the roof, the
effects of the inertial forces associated with rotation of the base are still significant. At the sys-
terﬁ frequency (2.89 Hz for test 9a) the quantity | 3,9, | which controls the contribution of the
base rotation to the deformation of the superstructure (Eq. B.2) is 1.76 times larger than the
term | (My/w?I,) ¢! | which determines the deformation of the superstructure associated with
the applied moment in absence of soil compliance (¢{!) = 0.907, | @, | =6.59 x 10" rad. for test
9a). In this case, the deformation of the superstructure associated with the inertial forces induced

by rotation of the base represents the larger contribution to the total deformation.

The estimates obtained for the normalized (G = 2.68 x 10®N/m? (38.9 x 10° psi),
L = 13.72 m (45 ft)) torsional stiffness coefficients k;; which range from 9.91 to 10.51 are close
to what would be expected on the basis of the foundation and soil models shown in Fig. 19 and
listed in Table 5. These results indicate that the torsional stiffness of the foundation was not

drastically affected by the San Fernando earthquake of 1971.

Comparison of the torsional system frequencies obtained by ambient vibration tests con-
ducted before and after the 1971 San Fernando earthquake indicates a 8.7 percent reduction of
the fundamental torsional system frequency (Udwadia and Trifunac, 1974). Since the torsional
stiffness of the foundation seems to have remained unchanged, it appears that the torsional
stiffness of the superstructure may have suffered a reduction of the order of 17 percent. Since the
east and west shear walls provide most of the torsional stiffness of the superstructure, this sug-
gests that the shear walls would have suffered a stiffness reduction of approximately 17 percent as

a result of the San Fernando earthquake.

The torsional system damping Zl obtained in forced vibration tests has a value of 1 percent
which is significantly lower than the system damping values obtained for N-S and E-W vibrations
(Jennings an Kuroiwa, 1968). This difference can be explained by use of Eq. (B.14). For tor-
sional vibrations the system frequency is close to the fixed-base torsional frequency and the radia-

tion damping is small. In this case Eq. (B.14) leads to
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TABLE B.1 CHARACTERISTICS OF THE TORSIONAL RESPONSE

Test Data (Jennings and Kuroiwa, 1968) Calculated Values
Test My [P, @y /27 ®,/®, w, /27 wp /27 kg
Hz Hz Hz
9a v5.78 x 1077 2.890 0.0245 2.94 15.61 10.51
9b 10.64 x 1077 2.865 0.0255 2.92 15.16 9.93
9¢c 13.59 x 1077 2.857 0.0254 291 15.15 9.91
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& = 0.95¢, + 0.034¢5 + 0.0003 (B.21)

indicating a small contribution of damping in the soil to the system damping. Assuming values
of £, = 0.012 and {5 = 0.02, Eq. (B.21) leads to a value for £, of 1.2 percent. Thus the value of

the torsional damping in the superstructure is consistent with the calculated value for damping in

the shear walls under N-S excitation.

Finally, comparison of the frequencies determined from tests 9a and 9c indicates that the
increase in level of the excitation has caused a reduction in the system frequency of 1.14 percent.
This reduction in system frequency is associated with a 2.2 percent reduction in the stiffness of
the superstructure and a 5.8 percent reduction in the stiffness of the foundation. In this case,
both the superstructure and the foundation-soil system experienced a degradation of stiffness as a
result of the higher strains. It is suggestive that the effects on the foundation and soil were
higher than those on the superstructure. The recording of the base motion during forced vibra-
tion tests at different force levels may permit to analyze the sources of the apparent stiffness

degradation of the complete system.






