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PREFACE

Cn October 15, 1979 during the Imperial Valley earthquake, the Imperial
County Services Building, located in El Centro, California, became the first
extensi#ely instrumented building to sustain significant structural damage
induced by seismic loads. This report presents a preliminary assessment
of the dynamic behavior of this building based on the vibration data recorded
prior to {ambient), during, and after (ambient) the October 15,.1979 earth- -
quake. The thirteen building and the three nearby free field records obtained
during this earthquake are analyzed in detail in the time and frequency domains
to trace the nonlinear response.

The results show that the building initially vibrated in higher modes.

A study of the relative displacement time histories shows that yielding
initiated in the first story columns between 6 and 7 seconds after the initial
triggering followed szcollapselof the east end columns at about 11.2 seconds.
Column failure resulted from high axial loads and moments imposed on the
columns. The east end columns failed but the west end columns did not because
the relative displacements at the east end were on the order of 2 to 3 times
larger than at the west end. Throughout the earthquake, the first and second
translational and torsional modes in the north-south direction were closely
coupled. At the end of the strong motion (approximately 12.0 seconds) and
beyond, the fundamental frequencies in both the north-south and east-west
directions decreased to values of about 0.4 times the ambient vibration
frequencies,

Chapter 1 presents background information on the seismicity of the

Imperial Valley, structural characteristics of the Imperial County Services
-

viii



.

Building, strong motion instrumentation in the building, structural damage
ﬁgserved during the Qctober 15, 1979 earthquake, and vibration records
obtained in the building prior to, during, and-after the earthquake. 1In
Chapter 2, the building response characteristics during the October 15, 1979
earthquake are studied as a function cof time using the absolute acceleration
and relative displacement time histories. The time variation of the frequency
content is quantitatively assessed in Chapter 3 using moving time window
analysis. Differences between the free field and base motion are discussed.
Based on recent strong ground motion research, the root mean square (rms)
acceleration response and Arias intensity (energy dissipation) are investi-
gated in Chapter 4. It should be mentioned that the results obtained in
Chapter 2, 3 and 4 are not mutually exclusive; analyses in the time and
frequency domains can duplicate results as well as provide additional in-
formation not as readily obtainable In the other domain. Chapter 5 interprets
the dynamic behavior determined in the preceding chapters and suggests further

research prompted by this study.

ix
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CHAPTER 1: BACKGROUND INFORMATION AND AVAILABLE DATA

1.& Seismicity of the Imperial Valley

In historic time, the seismicly active Imperial Valley region has
experienced only moderate to small earthquakes. Located in southern California
near the Mexican border, this region is dominated by the San Andreas and
San Jacinto faulf systems and by other northwesterly trending faults as
shown in Figure 1.1. Most of these faults are right lateral strike - slip
faults. More moderate to Small,(ML < 6.0) earthquakes and earthquake swarms
have occurred in this region than In any other area along the San Andréas
fault systeﬁ. The recorded history of earthquakes occurring with magnitude
ML greater than 6.0 is summarized in Table 1.l. 1In spite of the frequent
rate of earthquake occurrences, Table 1.1 shows that there have been no
great earthquakés (M > 8) in the Imperial Valley in historic time, suggesting
that the rather frequent occurrence of moderate size earthquakes is suffi-
clent to release the_ accumulated strain emergy. The only other recorded
earthquake activity prior to the November 9, 1852 Fort Yuma event occurred
on June 23, 1843 with a MMI of VII (Ulrich, 1941).

The moderate magnitude Imperial Valley earthquake (ML = 6.6 CalTech
Seismological Laboratory) occurred at 16:16 Pacific Daylight Time on
October 15, 1979, with the epicenter located at 32.64° N and 115.33° W.

The earthquake had a shallow focal depth and was generated by right lateral
slip on the northwest trending Imperial Fault. This earthquake had similar
local Richter magnitude, peak horizontal ground acceleraticn, and measure

of the closest distance to the rupture surface as the May 18, 1940, earthquake.
Damage estimated to be 30 million dollars was evident in residential areas

of southern Imperial County and northeastern Baja California., As will be

discussed later, the foundatidn and structure of the Imperial County Services
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*
TABLE 1.1 SEISMICITY OF THE IMPERIAL FAULT REGION, ML_z 6.0

I max Felt area

DATE GMT LAT. LONG. MAGNITUDE (M) (x10°1m?2) Reference
1852 29 Nov. 20:00 32.5 115.0 M= 6.5 g 1
1906 19 Apr. 00:30 32.5 115.5 M= 6.0 8 1460 2
1915 23 Jun. 03:59 32.8 115.,5 M= 6.3 3 200 2
1515 23 Jun. 04:56 32.8 115,5 M= 6.3 8 200 ' 2
1927 1 Jan. 08:16:45 32.5 115.5 M= 5.8 8 130 2
1940 19 May 04:36:40.§ 32.?33 115.50 ML= 6.4 10 155 3,4,5,6

M= 7.1
1979 15 Qct. 23:16:54.3 32.644 115.312 ML? 6.6 6,7
M= 6.8

References to Table 1.1

1. Toppozada, T., Real, C., Bezore, S., and Parke, D., 1979. Compilation of
pre-1900 California earthquake history, Annual Technical Report, U.5.G.5.
Grant No. 14-08-0001-G-513.

2. Toppozada, T., Parke, D., and Higgins, C., 1978. Seismicity of California
1900-1931, CDMG Special Rpt. 135, Sacramento, Califormila.

3. Hileman, J.A., Allen, C.R., and Nordquist, J.M., 1973. Seismicity of the
Southern California Region 1 January 1932 to 31 December 1972 (Seismological
Laboratory, California Institute of Technology).

4, Richter, C.F., 1958. Elementary Seismology, W.H. Freeman, San Francisco, p. 7682

5. Neumann, F., 1942, United States Earthquakes, 1940, Serial #647, U.S. Dept.
of Commerce Coast and Geodetic Survey, Washington.

6. Pechmann, J., 1979, pers. comm. (see Table 2).

7. German, P., 1980, pers. comm.

From (Leivas, et al, 1980, p. 28)
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Building in El Centro were extensively damaged. Other damaged structures
included mobile homes, a cemcrete block wall, bridge abutments, and metal

grain elevators.

1.2 Structural Characteristics of the Imperial County Services Building

The six story reinforced concrete Imperial County Services Building

is one of the few tall buildings in the highly seismic Imperial Valley.
Located approximately 7.5 km southwest from the Imperial fault and 29 Ikm
northwest of the October 15, 1979 epicenter, this bullding was designed

to the 1967 Uniform Building Code (UBC) and built in 1971. Figure 1l.2a

shows the south and east exterior faces of the buillding. The plan and eleva-
tion dimensions are shown schematically in Figure 1.2b. With a plan dimension
of 136'-10" x 85"-4" (41.7 m x 26.0 m), the building is five bays wide in the
east-west (longitudinal) direction and three bays wide in the north-south
(transverse) direction, with all bays 25'-0" long. Lateral loads are resisted
-by reinforced concrete moment resisting frames in the E-W direction. 1In

the N-5 direction, lateral load resistance is provided by exterior facade

full width shear walls on lines A and H (Figure 1.2b) above the second floor
and by four 25'-0" long center bay shear walls on lines B, D, E and F in the
first story. The shear walls are 12" thick with two curtains of reinforce-
ment in the first story, 7-1/2" thick with a single curtain of reinforcement
in the second story, and 7" thick above the second level with a single curtain
of reinforcement. According to the design calculations, the design "K"

factor was 1.33 for the N-5 shear walls, 0.67 for the E-W exterior frames

and 1.0 for the E-W interior frames.

The first story columns are square. Above the second floozx, the

a,
interior columns are square but the exterior columns on the north and south
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faces are elongated to the outside tapering from 18" wide to 10" wide over
a depth of 5'-10". The column reinforcement is Grade 40 steel consisting
of ten ##11 bars in the exterior columns and eight #11 bars in the interior
columns. The reinforcement layout for the east end corner columns which
were severely damaged during the October 15, 1979 earthqﬁake is shown in

Figure 1.3. At the first floor level, the pile caps are 2'-2" below the floor

line with #4 tie bars at 3" spacing. Above the first floor level to 2'-2"
? below the girder framing, i.e., over the midsection of the column, the ties
are #3 bars at 12" spacing. For 3'-0" above and 2'-2" below the girder fram-
ing, #4 bars are used ‘at 2 1/2" and 3" spacings, respectively.

Except at the second floor, the longitudinal framing consists of 10"
thick x 4'-~6" deep spandrel sections below the floor level on the exterior
column lines and 24" x 30" girders on the two Interior column lines. At

E the second floor level, the exterior girders are also 24" x 30". Above the

second floor the slabs are 3" thick supported by 5 1/2" x 14" reinforced
concrete jolsts at 36" o.c. in the transverse direction. The 3" thick floor
slab at the second level allows the shear transfer in the diaphragm between

the first and second stories. The design strength of the concrete was &4 ksi

in the beams and slabs and 5 ksi in the columns and shear walls. The build-
ing is supported on tapered piles 45' to 60' long which extend into an alluvium

(sand and clay) layer.

1.3 Strong Motion Instrumentation and Data

Because of its structural characteristics, size and location in a
known highly seismic area, the Imperial County Services Building was initially
instrumented in May 1976 with the 9-channel Kinemetrics CRA-1 accelerograph

-3,

system shown in Figure 1.4a, The instrumentation consisted of a tri-axial
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package of accelerometers at the ground level and 3 single-axis horizontal
accelerometers each at the second and roof levels. The 9 channel system
was triggered by the magnitude Mi = 4.9 Imperial Valley earthquake of
November 4, 1976. The epicenter of this earthquake was about 20 miles (32

km) north of ‘the building. Because the amplitudes of the recorded building

" accelerations were very low (peak values less than 0.1 g) as shown in Figure

1.4b, the records were not processed. After a review of the 1976 earthquake,
the instrumentatlon was upgraded in May 1978 to its present 13 channel con-
figuration and a triaxial Kinemetrics SMA-1 accelerograph, intended to record
the nearby free field motion, was added at the ground level approximately
340" east of the bullding. Locations of the sixteen accelerometers are
shown in Figure 1.5. The revised system was maintained by the California
Division of Mines and Geology (CDMG) Office of Ground Motion Studies.

The thirteen buillding and three free field accelerometers produced
high quality records of almost 60 seconds duration of the October 15, 1979
Imperial Valley earthquake, All building records had triggered at the same
time, Tﬁe buillding and the free field records were processed by the CDMG
Office of Ground Motion Studies and are shown in Figure 1.6. The peak accel-
eration values and times of occurrences are summarized in Table 1.2 and

plotted in Figure 1.7.

1.4 Structural Damage from the October 15, 1979 Earthquake

During the October 15, 1979 earthquake, the foundation and first
story of the Imperial County Services Building were irreparably damaged.
As documented in detail by Wosser et al (1980) and shown in Figure 1.8a,

LY

the most significant structural damage was the failure just above ground

10
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TABLE 1.2

MAXIMUM ACCELERATIONS IN THE IMPERIAL
COUNTY SERVICES BUILDING FROM THE

OCTOBER 15, 1979 EARTHQUAKE

Time of
Maximum Maximum
" ok Acceleration Acceleration
Trace No. Location Direction cm/se.c2 (sec)
TR1 FF 092 588E -231.44 7.75
TR2 FF UP UP 230.90 5.10
TR3 FF 002 NO2E 209.02 8.95
TR1 N/R/W NOOE 531.34 9.12
TR2 N/R/C NOOE -551.56 8.89
TR3 N/R/E NOOE -569.38 8.89
TR E/R/C NSOE -443.90 10.92
TRS E/4/C N9OE 258.21 6.97
TR6 E/2/C N9OE ~268., 54 7.77
TR7 N/2/W NOOE 355.80 6.40
TR8 N/2/C NOOE 307.44 6.42
TRS N/2/E NOCE -641.95 11.20
TR10 N/G/W NOOE 330.57 6.41
TR11 N/G/E NOOE 284.03 6.44
TR12 U/G/E UP -174.26 5.79
TR13 E/G/E NSQE -324.96 7.72

See Figure 1.5

*k

West End of the Building.

the remainder of this report.
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N/R/W is the abbreviation for North-South Direction/Roof Level/
These abbreviations will be used in
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Failure of Ground Level Column Line G at FEast

Ground Level Column 3E from the North.

Structural Damage to the Imperial County Services
Building During the Imperial Valley Earthquake of

October 15, 1979.

Figure 1.8
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level of the four reinforced concrete columns located along the east end
of the building (column line G in Figure 1.2b). The concrete at the base
of each column was badly shattered, ﬁhe vertical reinforcing bars had severely-'
buckled, and the horizontal tie bars had loosened. The columns shortened
about 12 inches during the main event and after shocks but the building did not
appear to lean in any direction. The settlement of these four columns caused
hinging at the first story of the east end bays of the longitudinal moment
resisting frames as evidenced by minor cracking of the girders and incipient
spalling at the tops of the columns. Spalling of concrete was evident in the
first story columns in line 1 (Figure 1.2b) but nothing approaching complete
failure. As shown in Figure 1.8b, column 3E shows a steep shear crack in the
E-W direction which cracked the adjacent infilled wall and created a 3 cm
gap between the top of the column and wall (permanent displacement at the
second floor).

In the upper stories only minor damage due to the first story east
end column failures was evident. Shear cracks in the floor diaphragms and
some longitudinal frame yielding was observed. The exterior shear walls

showed minor diagonal tension cracks.

1.5 Ambient Vibration Test Results

Ambient vibration tests were performed on the Imperial County Services
Building prior to and after the October 15, 1979 earthquake. The pre-earthquake
ambient vibration test was performed by Pardoen (1979) in February 1979.
Measurements were recorded at floor levels 2, 4 and 6 and the roof in both
the N-S and E-W directions. The measured frequencies and damping ratios
are summarized in Table 1l.3a. Values for the first two N-S and E-W transla-—

Y

tional modes and for the first torsional mode are given by Pardoen: the
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TABLE 1.3

FREQUENCIES AND DAMPING RATIOS OF IMPERIAL

COUNTY SERVICES BUILDING OBTAINED FROM
AMBTENT VIBRATION TESTS

a) February 1979

lst Mode 2nd Mode 3rd Mode
Dampin
Direction Frequency Frequency Frequency 2 g
(Hz) P.F. (Hz) P.F. {Hz) P.F.
E-W 1.54 " 1.50 5.1 -0.42 8.9 0.43 6
N-§ 2.24 1.72 9.0 -0.146 - - 10
Torsion 2.85 1.13 - - - - 8
b) March 1980
Frequency (Hz)
Direction 1lst Mode 2nd Mode 3rd Mode
E-W 1.20 2.88 7.28
N-S 1.92 ~6.4 -
Torsion 2.32 - -

Participation Factor

20
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frequency of third translational mode was derived from the given power spectra,
The power spectra show a small perturbation near 4 Hz that could not be
identified. The damping values were obtained by Pardoen using three methods: ’
from the width of the peak of the spectral density functien at half the
peak value, from the parameters of the exponential curve fit to the auto-
correlation envelope, and the random decrement technique. Mode shapes derived
from the power spectra at the various floor levels are sketched in Figure 1.9.
Pardoen presents similar mode shapes for the first N-S and E-W translational
modes but a slightly different shape for torsion. The participation factors
are computed for each mode shape from the mass distribution assumed in Filgure
1.9.

In March 1980 Pardoen performed a post-earthquake ambient vibration
test, The new frequency values, listed in Table 1.3b, reflect the build-
ing in its shored up configuration. The second ambient test frequencies
show a decrease of 22%, 14%, and 19%, in the E-W, N-S, and torsional mode
frequencies, respectively, from the first test and show that the foundation
movement at the building base was very important. It is interesting to note
in Figure 1.10 that the post-earthquake ambient ground motion spectra at
the nearby free field site is nearly flat (wide band) with the peak envelope
at 3-4 Hz and is completely different from the motion recorded at the base

of the building. The Influence of the pile-~foundation is strongly evident.
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CHAPTER 2: TIME DOMAIN ANALYSIS

2.1 Introduction

The number of strong motion buillding records obtained from past
earthquakes are few. Nonetheless, the few avallable records are invaluable
for furthering an understanding of the dynamic response of structurés as an
aid to design practice. On October 15, 1979, the Imperial County Services
Building became the first extensively instrumented building to sustain
significant structural damage. The records obtained in this building make
it possible to trace the nonlinear response in the time and frequency
domains with the goal of recreating the building vibration and following
the time variation of the frequency content.

In this chapter, the records are analyzed in the time domainﬂ The
absolute acceleration, relative velocity and relative displacement histories
are studied in detail. Therobjective of this chapter 1s to portray the
building response as a function of time, especially to identify the times
of initial yielding and final collapse of the east end ground level columms.
As discuésed below, the highly nonstationary ground motion and building
respense can bé roughly divided into three time intervals: O to 6 seconds,
low amplitude free field motion producing linear building response; 6 to 12
seconds, large amplitude mﬁtion in both the free field and the buillding with
yielding and eventual failure of the ground level columns; and 12 seconds to
the end of the record, small amplitude motion, degraded building response.
Chapter 3 will quantitatively assess the frequency content during these time

intervals.
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2.2 Absolute Acceleration Time Histories

A study of the three nearby free field and the thirteen buiiding
acceleration time histories (Figu;e 1.6) gives a preliminary understanding
of the characteristics of the strong ground motion and building response.
The peak absolute acceleration values and times of occurrence were listed in
Table 1.2 and plotted in TFigure 1.7. The nomenclature used in Table 1.2
to denote the recorded traces {(e.g., N/2/W to denote motion in the N-S
direction, 2nd floor, west end of the building) will be followed in the
reﬁainder of this report.

A visual inspection of Figures l.6a, b and .c shows that the nearby
free field motion was highly nonstationary. The two horizental ffee field
components, FF 092 (E-W) and FF 002 (N-S), had similar amplitudes and phase
throughout the earthquake. During the first six seconds, i.e., the P wave
phase, the horizontal components contained low frequency (0 to 3 Hz)
motion and low amplitude accelerations (less than 30 cm/secz). Between
6 and 12 seconds, an abrupt increase in the amplitudes (about 10 times;
maximum was 0.23g) occurred corresponding to the S wave influence. Between
5 and 7 secoﬁds, the N-S component (FF 002) showed a transition stage not
present in the E-W component (FF (092). At about 12 seconds, the amplitudes
of both components rapidly decayed to about 50 cm/sec2 and less and by 24
seconds, the amplitudes were less than 15 cm/secz. The time history of the
vertical component (FF Up) din Figure l.6b, however, showed less variaticn
with time, consistent high frequency content and an envelope of large aﬁplitude

motion between 4 and 8 seconds.
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0Of special interest 1s a comparison between the motion at the
free field site (Figures 1l.6a, b and ¢) and at the base of the building
(Figures 1.6m-p). Visual comparisons show several interesting features.
Although the peak horizontal accelerations for all base components were
higher than at the free field site (see Table 1.2), the vertical free field
motlon was generally higher in amplitude than at the base of the building.
One way to further compare the horizontal free field vs. base motion is to
compare the response of a single degree of freedom oscillator to each of
the: ground level records. In the E-W direction, the free fleld (FF092)
and base (E/G/E) motions were very similar. In Figures 2.1(a) and (b) the
response of a single degfee of freedom oscillator (frequency of 1.54 Hz,
critical damping of 6%: reference Table 1.3) to each of the above E-W ground
motions are shown. Because the response is very similar, it can be
concluded that the input motions, i.e., FF092 and E/G/E, also contained similar
content at this frequency. On the other hand, the free field (FF002) and
base (N/G/E) components in the N-S direction differed significantly. 1In
Figures 2.1(c) and (d) the response of a single degree of freedom oscillator
{frequency 2.24 Hz, critical damping of 10%) to these two N-35 records are
shown and are completely dissimilar.. Thus the free field and base N-S5 components
contained different content at this given frequency. The two N-S records at
the base of the building, i.e., N/G/W and N/G/E, however were similar in
phase (no torsion) and amplitude as shown later in Figure 2.9.

Important features evident in the upper-story acceleration time histories

(Figures l.6c through 1) Are obvious from visual inspection of the records,
did not require analysis to arrive at these observations, have been-noted

by Rojahn and Ragsdale (1980) and are included below for interest:
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. The abrupt occurrence of long period motion in all E-W
direction upper story records at second 6.8.

(] Clusters of low amplitude, high frequency components at
various times in all upper story traces at and after second
6.8,

L A 0.5 second long cluster of high amplitude, high frequency
(50 Hz) motion (visible only in the original, unprocessed
record) near second 11 in the N/2/E component directly above

the east end column line that failed.

2.3 Relative Velocity and Relative Displacement Time Histories

Using the records at the base, second, fourth and roof levels, the
relative velocity and relative displacement time histories are computed.
If the relative displacements obtained numerically from the corrected accelera-
tions are accurate, then the relative displacements can.be used to trace
the building motion with time. A comment about the use of relative displace-
ments in this study, however, is pertinent. It is well-known that the absolute
displacements obtained from acceleration records are highly dependent on the
data treatment used, and particularly, on the cut-off frequency at the lower
end., Relative displacements were also found in this study to be dependent
on the filter characteristics: differences in amplitudes up to 40%-were
observed, but the geometry of deformation remained unchanged. However, for
this study, we assume that the techniques used by CDMG to compute the absolute
displacements are "'state-of-the-art" in data processing. If the current
processing methods are reviewed in the future, though, the relative
displacements and conclusions discussed below may be subjected to additional

adjustments.
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i The relative velocity and relative displacement time historiles for

the upper story locations are computed by subtracting the absolute velocity
(or displacement) time history at the base of the building for the correspond—
ing absolute velocity (or displacement) time history at the upper level of
interest. The relative velocity and displacement time histories are shown
in Figures 2.2 and 2.3, respectively. The maximum values and times of
occurrence are listed in Table 2.1 and plotted in Figure 2.4. Because the
relative displacement time histories are used extensively in the remainder
of this section to trace the building motion, these time histories are
magnified between 5 and 12 seconds in Figure 2.5. Between 5 and 12 seconds
all components experienced about 5 to 7 cycles of large amplitude displace-
ments. As an ald for later use in this section, the peak relative displace~
ments at the second floor at key times within this timespan are summarized
in Figure 2.6.

The relative displacements are used below to recreate the building
motion in elevation and plan views between 5 and 13 seconds. Such a portrayal
of the building vibration facilitates a bétter understanding of the actual
response and enables the approximate times of initiation of yielding and
collapse of the ground level east end columns to bé determined. After

presenting the elevation ana plan views of the building motion, an interpreta-

tion of the‘response follows. However, it should be noted that the times

of yielding and failure can theoretically be identified in the frequency domain
as the times when the frequency characteristics change. Because the build-

ing response was highly nonstationary and nonlinear, 1t was not possible, though,
to determine the exact times of yielding and collapse using the method of

analysis chosen in Chapter 3.
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TABLE 2,1

Maximum

Relative

Velocity

Component (cm/sec)
N/R/W 54,14
N/R/E 56.27
N/2/W 10.78
N/2/E 24.59
E/R/C 95.51
E/4/C 65.§1
E/2/C 36.33

SUMMARY OF MAXIMUM RELATIVE VELOCITIES AND
RELATIVE DISPLACEMENTS AND TIMES OF OCCURRENCE

Maximum
Time of Relative Time of
Occurrence Displacement Occurrence
(sec) (cm) {(sec)
8.94 5.62 8.83
B8.44 7.93 10.17
9.00 2.65 6.58
11.13 3.44 9.22
10.74 23.58 10.31
10.64 16.47 10.32
10.62 8.90 10.34
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In the N-S direction, the building motion in elevation view is plotted
between 5 and 13 seconds at the east and west ends in Figure 2.7 from the
relative displacements at the second and roof levels. The relative displace-
ment at the base of fhe building is assumed to be zero. Between the ground,
second and roof levels, the motion is assumed to follow a straight liﬁe.

This is a reasonable assumption for the east and west shear wall ends between
the second and roof levels, Similarly, in the E-W direction, the motion

in elevation view is plotted between 5 and 13 seconds in Figure 2.8 based

on the computed relative displacements at the base (assumed to be zero),
second, fourth and roof levels. Straight line motion is also assumed between
these levels since the responsé at the other intermediate floor levels was
not recorded.

The evolution of the building motion in plan view between 5 and 13
seconds is illustrated in Figures 2.9, 2.10 and 2.11 to show the translational
and torsional vibrations as well as in-plane floor vibrations at the base, second
floor and roof, réspectively. Linear motion is assumed between all points of
known relative displacements. For illustration purpeses, the building dimensions
are disproportionately reduced in order to magnify the relative disblacements
and visually see the motion.

The horilzontal vibration shown in Figures 2.5 through 2.11 is now
interpreted at key times, It should be noted that because no vertical
component of acceleration was recorded at the upper building levels, the
influence of the vertical displacement component could not be included in
the following discussion.

Between 0 and 6 seconds, the response was linear and the buildiné

began to vibrate in modes higher than the fundamental mode. In the N-S
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dire;tion, the second torsional mode was indicated. (Ihis mode prevailed
during most of the strong motlon as 'well.) As an 1llustration, the second
torsional mode was evident at 5.0 seconds in Figure 2.7 because 1) at both
the east and west (shear wall) ends; the motilon at the second floor was out
of phase with the motion at the roof (see also Figure 2.10) and 2) iﬁ eleva-
tion view, the east and west eﬁds were out of phase ﬁith each other, This
torsional mode was influenced by the discontinuity of the exterior shear
walls at the first story level and by the slight eccentricity in plan at
the first story. At the base of the building, thoﬁgh, Figure 2,9 shows that
Initially in the N-S direction (and during the strong motion also), the east
and west eﬁd base motions were mostly in phase (no fotation). Finally,
in the E-W direction, the building also started to vibrate in higher modes
of vibration as can be seen between 5 and 6 seconds in Figure 2.8.
Yielding may have been initiated in all first story columns between
6 and 7 seconds. At the second floor during this time, the E/2/C frame
component, (Figure 2,5f) experienced displacements of about 4 cm coupled
with long duration (> 1 second) displaéement pulses of about 2 to 3 cm evident
in the N/2/W (Figure 2.5g) and N/2/E (Figure 2.5i) components. Also, the
building continued to vibrate in the second torsional mode. It is hypothesized
therefore, that the second torsional mode configuration combined with the
first large N-S second story displacements caused rotation of the upper level
exterior shear walls which in turn imposed the first large axilal loads on the
east and west end columns. These axial loads, coupled with the resulting
P-4 effect from the E-W frame motion, initiated yielding in these columns.
Between 7 and 13 seconds, the second torsional mode still prevailed
in the-N1§~direction , (Figures-2.7, 2.10 and 2.11), but now the first mode

was emerging in the E-W direction , (Figure 2.8). Around 11.2 seconds,

~

44



in both the N-S (east end) and E-W directions at the second floor, the near
maximﬁm relative displacements were simultaneously obtained. (See Table 2.1
and Figures 2.5 and 2.6). This may be the time of collapse of the east

end columns. The east and west end elevation configurations in the N-8
direction shown at 11.2 seconds in Figure 2.7 may explain why the east end
columns failed but the west end columns did not. At this time, observe that
at the east end, the second floor was out of phase with the roof. This
motion was similar to the motion between 6 and 7 seconds but now the dis-
placements were 2-3 times larger. The resulting shear wall rotation and
imposed axial column loads, combined with the P-A effect from the E-W frame
direction, may have caused collapse. Around 11.2 seconds at the east end,
the N-S5 relative displacement was 2 to 3 times larger than at the west end.

The smaller displacements at the west end may have been due to the presence

of a single bay shear wall along the west end ground level column line (column

line G in Figure 1.2b). Because the second floor was in phase with the
roof at the west end, however,there was no rotation of the shear wall and
hence the axial loads on the west end columns due to loads from N-$ motion

were smaller than at the east end.

From the above discussion, it is therefore hypothesized that the building

started to vibrate in higher modes. Yielding of the ground level columns

may have initiated between 6 and 7 seconds. Collapse of the east end columns

occurred at about 11.2 seconds.r The large column loads, especially at the

east end, may have resulted from the axial loads due to the rotation of the

upper shear walls in the N-S direction and from the P-A effect due to the

E-W frame motion. In Chapter 3, the frequency content will be quantified.
The apparent deformation of the diaphragm at the second floor and

‘roof level seen in Figures 2.10 and 2.11 was due to the difference in the
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stiffness between the first and upper stories. The second floor and roof
diaphragms may each act ag a "simply supported" beam whose supports are the
rigid shear walls at the east and west ends of the building. The maximum
relative deformations at the center df the second floor and the roof were
approximately 1.5 cm and 2.0 cm, respectively. Such deformation may'be
significant, since diaphragms are usually considered to be rigid bodies in
current design practice. The shear walls, however, may also deform but

the magnitude cannot be assessed from the given records. No great distress
was apparent in the diaphragms since only small cracks were visible.

As a final note of interest, the particle motion between 5 and 13
seconds at the base of the building, second floor, and roof is plotted in
Figures 2.12, 2.13 and 2.14, respectively. The horizontal components show
that the motion was more pronounced in the E-W direction due to the greater

flexibility in that direction.
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CHAPTER 3: FREQUENCY DOMAIN ANALYSIS

3.1 Introduction

The time domain analysis in Chapter 2 showed that the building not
only responded nonlinearly with column yielding initiating between 6 & 7 seconds
and east end ground level column collapse occurring near 11.2 seconds but
also that the building vibration contained frequencies higher than the funda-
mental coupled with torsion. Hence, the purpose of this chapter is to
quantitatively assess the frequency content. For a linear system subjected
to an input motion, the frequency response can be determined from the Fourier
amplitude spectra and the transfer functions using the entire reco¥d. For non-
linear response, as evidenced in the building, linear methods of analysis
and the concept of modes are not rigorously applicable. Howevexr, the above
linear techniques can be adapted, using moving window time analysis, to
trace the time variation of the frequency content of the Imperial County
Services Building. ﬂsfing window techniques have been used successfully
In the past for buildings (Millikan Library, JPL Engineering Building 180)
which responded only slightly nonlinearly (Udwadia and Trifunac, 1974; Udwadia
and Marmelis, 1976). Because the response of the Imperial County Services
Building was highly nonstationary and nonlinear, modal identification using
this technique in the range between initiation of yielding and column collapse
was very difficult to assess, More elaborate methods of system identifica-
tion have recently been developed to determine the response of slightly
nonlinear structures: McVerry (1979), Udwadia and Marmelis (1976), Beck

(1978), and Kaya and McNiven (1978).

ay
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3.2 Theory of Moving Time Window Analysis

The principle of superposition allows the total response y(t) of a
linear time invariant single degree of freedom system to be the summation

of the individual responses to each impulse of the input x{t) occurring from

time = —» to time = t. TIn equation form the response y(t) is given -as
' t
y(t) = f h(e-7) x(T)dT (3.1)
—CO

r

where h(t-T) is the response of the system subjected to a unit impulse

x(T) of time t = T and zero initial conditions are assumed. 7In the frequency
- domain for a linear system, the transfer function relates the Fourler trans-
form of the input motion to the Fourier transform of the respomnse. For a

given time history z(t), the Fourier transform Z(w) is defined as
o0

2(w) = f z(r)e T g¢ (3.2)

If the Fourier transform of both sides of equation (3.1) is taken, then

the response in the frequency domain becomes
Y(w) = H(w) X(w) (3.3)

where H(w) is the transfer function between the Fourier transform X{w) of
the input and the response Fourier transform Y(w). Therefore H(w) is computed

as

(3.4)

Because the building responded nonlinearly, the principle of super-
position and hence modal concepts are no longer valid in the range between

the initiation of yielding and partial or total collapse. The above linear
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theory, however can be adapted for nonlinear analysis using moving time

window techniques to account for the time variation of the frequency content

of the building. Such an approach assumes that the response during a limited
time segment of the record can be determined by considering only that segment

of the record. During each segment or time window of length T, the structure

is assumed to respond as a linear time invariant system, 1l.e., the nonlinearities
are small and the amplitudes and frequencies are slowly varying. With the

center of the window locafed at time T/2, the Fouriler transform of those

segments of the input and output signals that lie within the time segment T

are computed, The resulting Fourier amplitude spectrum or transfer function

glves the frequencies in an average sense over that time interval at a time
P corresponding to the center of the time window.

For this earthquake, the window length T was chosen to be 5.12 seconds
(512 points at 0.0l second intervals). The window length was narrow encugh
so that the systemlcanﬂbe assumed to remain linear during the window but
also long enough (sufficient number of points) so that meaningful frequency
resolution was achieved. The window started at time zero and was moved (dis-
placed) along the time axis by 1 second intervals.

Based on the available records, four different types of transfer
functions have been computed for this building as illustrated in Figure 3.1:
between the roof and building base, between the roof and free field, between
the building base and free field, and between an intermeddiate story level and
the free field. However, for frequency determination, the transfer functions
used were those computed between all the building levels and the free field
since the base of the building responded throughout ‘the earthquake as if it

‘: were an upper story level as illustrated in Figure 3.2. Table 3.1 -lists the
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A = Roof

= Upper Stpry
~ N \5 N, ®
B = Base of Building C = Frec
lHAB(m)l = Transfer function between the roof and the base

of the building

Tfénsfer function between the roof and the free
field

[Hyc ) |

Transfer function between the base of the building
and the free field

]

g () |

IH (w)l = Transfer function between an upper story level and
the free field

FIGURE 3.1 Location of Computed Transfer Functlons
B | = [¥(w) /X(w |
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ROOF

BASE OF BUILDING
(GROUND LEVEL)

FICTITIOUS BASE

FIGURE 3,2 Base of Building Response

in N-S5 and E-W Directions
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TABLE 3.1 COMPUTED MOVING WINDOW FQURIER AMPLITUDE

SPECTRA AND TRANSFER FUNCTIONS

Moving Window Fouriler Amplitude Spectra Figure
FF 092 (E-W Direction, Entire Record) 3.3a .
FF UP (Vertiecal Direction, Eantire Record) 3.3b
FF 002 (N-S Direction, Entire Record) ' 3.3¢
FF 092 | 3.4
FF UP 3.5
FF 002 3.6
N/2/Ww -~ W/2/E (To determine torsion) 3.13
N/R/W - N/R/E (To determine torsion) 3.14
Moving Window Transfer Functioms: H{w) = Y(w)/X(w) Figure
Y(w) X(w)

E/R/C FF 092 3.8
E/4/C - FF 092 3.9
E/2/C FF 092 3.10
E/G/E FF 092 3.11
E/R/C E/G/E 3.12
N/R/W FF 002 3.15
N/R/C | FF 002 3.16
N/R/E FF 002 3.17
N/2/w FF 002 3.18
N/2/E FF 002 3.19
N/G/E FF 002 3.20
N/R/E N/G/E 3.21
U/G/E FF UP 3.22
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computed Fourler amplitude spectra and transfer functions used to
determine the frequency content. All spectra consildered were unsmoothed
spectra. Due to the number of computed moving window spectra, spectra are
shown only for the time intervals beginning at 0.0, 2.0, 4.0, 6.0, 8.0,
10.0, 12.0 and 14.0 seconds. Before discussing the results from the moving
" window analysis, several comments are pertinent regarding the application
of this technique. First, the ﬁoving window technique violates the zero
initial conditions in equation (3.1). Second, the window T neglects the
effect of the Input motion before the time interval T and hence the memory

T

characteristics of the system are neglected. Third, the ground motion for

this earthquake was highly nonstationary. Thus the moving window of length

5 seconds looked at a highly nongtatilonary time record. Transfer functions
of such nonstationary records may have limited validity. Finally, it should
be noted that the transfer function computed from equation (3.3) is the ratio
of two Fourier spectra. 1f the modulus of the input spectrum has a very
small value, then the ratio could be large, resulting in a peak. This peak
may not represent the physical phenomena but may be the numerical problem

of using a ratic method.

3.3 Frequency Content of Free Field

The frequencies recorded at the base of the building differed from
the frequency characteristics of the nearby free field motion. Consider
the free field motion. The Fourier amplitude spectra of the entire accelera-
tion records for the free field station are shown iIn Figure 3.3.
The spectra show that for the horizontal components, the major energy transfer
occurred between O and 2.5 Hz, with amplitudes between 2.5 and 6.0 Hz uniformly

3

but weakly amplified. The free field vertical component, on the other hand,

56




15 OCT 1979 2317 UTC DMG 335 EL CENTRO FF

FREQUENCY ( HZ ]

8 (a)
g1 SMA 2761 TR 1 092 DEGREES FF 092
[=)
",
24
»
a
g
0.00 1.00 2.00 5.00 4.00 5.00 8.00
FREQUENCY (HZ)
~g 15 OCT 1979 2317 UTC ORG 335 EL CENTRG FF
51 SMA 2761 TR 2 uUP FF Up
=
*g
0w
a
W g A AN
“0.00 +.00 8.00 12.00 20.00 24.00
FREQUENCY (HZJ
g 15 OCT 1879 2317 UTC DMG 335 EL CENTRO FF ©
21 SMA 2761 TR 3 002 DEGREES FF 002
=)
*g
oo
la o
g
.00 1.00 2.00 3.00 5.00 6.00

FIGURE 3.3 Fourier Amplitude Spectra
of Free Field Components
(Based on Entire Records)
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showed fairly uniform amplitude of all frequencies between 0 and 12.5 Hz
with peaks being amplified in the 0 to 1 Hz and 8 to 9 Hz ranges.

Because the free field motion was highly nonstationary, the frequency
content was diffiecult to determine from the moving window Fourier amplitude
spectra shown in Figures 3.4, 3.5 and 3.6 for the FF 092, FF Up and FF 002
components, respectively. However, for each component, a general envelope
spectrum could be determined and frequency bandwidths, in a gross sense, could
be assessed as illustrated in Figure 3.7. Note that the frequency bands for the
horizontal components were similar to the amﬁient vibration test frequencies

at the free field station shown in the spectra in Figure 1.10.

3.4 Frequency Content of the Building

The base of the building responded as an "upper story level™ rather
than as input motion to the structure. In both the E-W and N-S directions, the
transfer functions computed between the base of the building and the free field
contained the same frequency content as the transfer functions computed between
the upper stor& levelg.énd the free field. For example, in the E-W direction,
the frequency content of the transfer functions computed between the building
components at all levels and the free field, Figures 3.8, 3.9, 3.10 and 3.11,
were the same. However, the transfer function computed between the E/R/C
component and the base, Figure 3.12, had different frequency content than
seen in all transfer functions computed between all building levels and the
base. A comparison of Figures 3,17, 3.19, 3.20 and 3.21 shows similar base
response In the N-S direction.

Consider the building response in the E-W direction shown in Figures
3.8 through 3.11. During the initial 6 seconds, the transfer functions and
the corresponding phases show that the E-W motion started to vibrate at a

high freqiency, about 8.5 Hz. Considering that in the time domain, the
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FIGURE 3.7-Summary of Frequency Content of Free Field Components
(Based on Moving Time Window Analysis)
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fourth floor moves out of phase with the roof and that the frequency of

motion at all floor levels is about 8.5 Hz, it can be deduced that imn this
direction the buillding was initially vibrating in the third translational
mode. Note that the identification of mode shapes using the transfer function
technique requires that both the amplitude and the phase be known. Although
both were used in this report, only the amplitudes are presented. From

the pre-earthquake ambient vibratién tests conducted in 1979, (Pardoen, 1979),
the third mode frequency was calculated to be about 9 Hz. Hence, at slightly
larger amplitudes (during the P wave phase) the third mede frequency was
slightly reduced. Figures 3.8 and 3.11 show that this frequency was initially
being excited at both the base and the roof but was not predominant in the
corresponding free field motion.

During the ensuing strong motion (~6 to 12 seconds), the building
response constantly changed. The moving time windows which include an initial
part of the large amplitude strong motion show that the first and second
translational modes of wvibration, at 1.0 and 3.3 Hz, respectively, were
establishing themselves in addition to the already present third mode.

The third mode, however, decreased substantially from 8.5 Hz to 6.5 Hz.

The peak which appeared near 9 Hz was therefore no longer the third mode

but now the energy transfer at higher but undetermined modes. Towards the

end of the strong'motion, the frequencies of the first, second and third modes
lowered from 1.0, 3.3 and 6.5 Hz to 0.6, 2.0-2.2 and 3.9 Hz respectively.
Beyond 12 seconds (after column failure at ~11.2 seconds) the latter fre-
quencies prevailed with most of the energy transfer occurring in the first and
second modes. The transfer function between the roof and the free field,
Figure 3:F, showed that the second mode was amplified quite robustly, although

usually at the roof level the second mode signature is small. The above
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time variation of the frequency content in the E-W direction is summarized
in Table 3.2 and shown graphically in Figure 3.23.

The apparent coupling between the translational and torsional modes
in the N~S direction complicated the frequency identification in this
direction. The torsional frequencies are determined from moving window
Fourier amplitude spectra of the difference between the N/2/W and N/2/E
components (Figure 3.13) and the N/R/W and N/R/E components (Figure 3.14).
The transfer functions between 0 and 5 seconds (Figures 3.13 t6 3.20) show
that the major portion of the energy transfer initially occurred at 2.0 Hz
(first mode translation), 2.3 Hz (first mode torsion), 7.0 Hz (second mode
torsion) and at about 9.0 Hz (second mode transverse}. Between 5 and 10
seconds, the windows iIndicated no pronounced peaks except for some small
amplification of all frequencies. Thus the building response was in transi-
tion with no dominant mode prevailing. During the end of the strong motion
and beyond 12.0 secondgg_the building vibrated in two bands: 1.0 to 1.5 Hz
and 2.7 to 3.5 Hz. The bands were due to the close coupling between the
first mode translation at 1.0 Hz and the first mode torsion at 1.4 Hz. and
between the second mode torsion at 2.7 Hz and second mode translation at
3.0-3.5 Hz. The time variation of the frequency content in the N-S direction
is also summarized in Table 3.2 and shown graphically in Figure 3.23,

In both the E-W and N-8 directions, the frequencies of vibration
decreased substantially from the ambient vibration test. The N-S translational
first mode decreased by a factor of 2.24, compared to a decrease of 2.6 in
the E~W direction. It may be concluded that the first story east end column
failures caused significant degradation of the stiffness of the building.

However, the stiffness degradation at the first story cannot be the only

£
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cause of such a large decrease in frequencies. The 1980 ambient vibration
test on the shored up structure showed frequencies comparable to the 1979
ambient vibration test. Hence the amplitude of vibration, different behavior
of soil for large amplitude values (soil-pile interaction), etc., may account
significantly in the final explanation. In previous studies of buildings
monitored during the 1971 San Fernando earthquake, similar effects, but

on a smaller scale, were observed.

The apparent decrease in the translational first mode frequencies in
the N-S and E-W directions beyond 12 seconds (beyond the large amplitude,
strong motion response) can also be seen in the relative displacemént time
histﬁries plotted in Figures 2.3. All upper story level traces in the N-S
direction show that beyond 12 seconds,the fundamental frequency was about
1 Hz. Similar components in the E-W direction show that beyond 12 seconds
ﬁhe fundamental frequency was abeout 0.6 Hz.

Finally, congider the vertical transfer function between the ground
level and the free field shown in Figure 3.22, which is the only one avail-
able for vertical vibration. This transfer function showed no definitive peaks
in the low frequency range. Because higher frequencies, however, were being
amplified, the possibility of rocking motion in at least the E-W direction

could be eliminated.
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TABLE 3.2

SUMMARY OF TIME VARIATION QOF FREQUENCY CONTENT

OF THE IMPERIAL COUNTY SERVICES BUILDING

East-West Direction (Hz)

. Seconds 0-6

Mode (Translation)
Measurement Time 2 3
Ambient Vibration Test, February 1979 1.55 5.0 8.9
‘i October 15, 1979 Earthquake:
' 4,8 8.6
f Seconds 6-12 1.0 2.3-3.3 3.9-6.3
Seconds 12-End 2.0 3.9
Ambient Vibration Test, March 1980 .20 2.88 7.28
North-South Direction (Hz)
Mode
1st 1st 2nd 2nd
Trans- Torsion Trans- Torsion
Measurement Time lation lation
‘jAmbient Vibration Test, February 1979 2.24 2.85 ——— —-——
October 15, 1979 Earthquake:
Seconds 0-6 2.0 2.3 9.0 7.6
Seconds 6-12 1.4 —— 5.3
Seconds 12-End 1.0 1.4 3.0-3.5 2.7
Ambient Vibration Test, March 1980 1.92 2.32 6.4(72) —-——
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FIGURE 3.23 Summary of Time Variation of Frequency Content
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CHAPTER 4: RMS ACCELERATION AND ARTAS INTENSITY

Recent research to develop root mean square (rms) acceleration and dura-
‘tion coupled as a means of characterizing strong ground motion, (MeCann and Shah,
1979; McGuire and Hanks, 1979), provides the impetus to investigate rms accelera-—
tion as a structural response parameter. The availability of upper level
records in the Imperial County Services Building from the October 15, 1979 earth-

quake makes such an investigation feasible. The rms acceleration is defined as:

1 AT , J1/2
A = [E fo [a(u) ]%du (4.1)

where a(u) is the acceleration time history and T is the duration of the
record. The rms acceleration can be related to the Arias (1970) definition
of strong motion Intensity. The Arias intensity, I, is defined as the sum
of the energy dissipated per unit mass for all single degree of freedom
oscillators with frequencies from 0 to o, If E(w) 1s the energy dissipation

of an oscillator of natural frequency w, then the Arias intensity 1s given

as

0

I = j(; E(w)dw (4.2)

Arias has shown that equation (4.2) can be written for an individual

oscillator as a function of critical damping, &, of the oscillator and the

time history a(u) as

1 - -arcosf f [a(u) ] %u (4.3)
| gVi-g? 70
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For zero percent critical damping, equation (4.3) simplifies to:

00

I = lf [a(u)]2du (4.4)
&Jo

Parseval's theorem allows the Arias intensity in equation (4.4) to be ex-—

pressed in terms of the rms acceleration defined in equation (4.1):
I = a « T (4.5)

Two interpretations of the rme acceleration are noted. First, the rms acgelera—
tion can be interpreted as the square root of an average constant intensity,
aims’ acting for duration T. Second, by considering the Arias intensity
to be the energy (intensity) of the given motion, then the rms acceleration
is the square root of the rate of energy arrival,.

The discretelcumulative rms acceleration (McCann and Shah, 1979) and
Arias intensity, derived from equations (4.1) and (4.4) respectively, are

expressed as

241/2 |
‘k {a(t,)
a_ (k) = [E (—1)] © (4.6)

X 2
10 = ) [late)] 4.7)
i=1

As descriptors of the energy (intensity) of the strong ground motion and
response, fhese cumulative functions should give insight into the character-
istics of the motion of interest. The cumulative rms function describes

the average rate of energy (intensity) arrival as a function of duration

and peaks where the motion is most intense. If the rate of energy dissipa-
tiop qf the structure was known, then the initiation of yielding would occur

when the rate of energy arrival exceeds the rate being dissipated.
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The cumulative Arias intensity is a simple summation and therefore
should change slope dramatically as sudden increases or decreases in energy
arrival occur. The maximum Arias Intensity value occurs at the end of the
record. |

The cumulative rms acceleration and Arias intensity are shown in
l Figures 4.1 and 4.2, respectively, for the three free field and thirteen
building acceleration records. The maximum values are listed in Table 4.1.
f A study of the cumulative functions glves several insights into the build-
ing response:

. From the shape of cumulative rms functions as shown in Figure

4.1, it can be seen that the majority of the energy buildup

k| occurs between 5 and 12 seconds. Between 5 and 12 seconds,
the rate of energy buildup shows three distinet regions of
energy arrival. Between 5 and 7 seconds, the slope of the

cumulative rms functions for all records shows a constant

but steep ratélbf Increase in the energy arrival. This corre-
sponds to the suddenly increasing large amplitude accelera~
tions evident in all traces during this time interval. From.
7 to 8 séconds, the rate of energy arrival 1is in transition,
as shown by the abrupt flat or slightly deéreasing average
rate of energy arrival. At this time the acceleration traces:
show a high amplitude, long period (approximately 1 second)

pulse. From 8 seconds to the time of the maximum cumulative

f rms (see Table 4.1), the cumulative rms increases again but the

slope of the curve is not as steep as between 5 to 7 seconds.

% Beyond 12 seconds, the large amplitude motion decreases and
3 hence the cumulative rms decreases to the end of the record.
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Finally it should be noted that these three time reglons of
energy arrival are also seen in the corresponding plots of
Arias intensity.
. It is of interest to note that the maximum cumulative rms,
i.e., the maximum rate of energy arrival, occurred at exactly
the same time (10.26 seconds) at the roof level for all three
N-8 components (N/R/W, N/R/C and N/R/E). At the second floor,
the maximum cumulative rms occurred at almost the same time
for traces E/2/C (11.57 seconds) and N/2/E (11.60 seconds).
] In all traces, the Arias intensity was at least 70% of its
maximum value at the time of the maximum cumulative rms value.
. The horizontal components of free field motion have almost
identical cumulative rms and Arias intensity functions (Figures
4.1 and 4.2) indicating very similar motion.
The durations of strong motion for the three free field and thirteen
building responses wer; determined from the definitions of duration given
by Trifunac and Brady (1975), Bolt (1973), and McCann and Shah (1979). The
TIrifunac and Brady duration is the time interval required to accumulate the
Arias dintensity between 5 and 95 percent of its maximum value. Bolt's defini-
tion is based on the total time elapsed during the record between the first
and last crossing of a given acceleration level. In this report, the Bolt
cutoff level is 0.05g. Finally, the duration from McCann and Shah is deter-
nined from the derivative of the cumulative rms function. The rms acceleration
over each calculated duration is then computed. Table 4.2 lists the duration
and the corresponding rms values. The maximum rms computed from the cumula-
tive rms function is also listed and hence corresponds to a duration between

0 seconds and the time of the maximum value., A general trend is evident.
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l.}u‘;

For many of the buildingan&free field components, the rms values are reason-
ably similar and hence the definition of strong motion duration does not
affect the value. Furthermore, Figures 4.3a and b now show for building
response a similar linear relationship between rms and peak acceleration

as found by Mortgat (1976) for free field motion.
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CHAPTER 5: INTERPRETATION OF RESPONSE

From the analyses performed in the preceding chapters, the response of
the Imperial County Services Building during the earthquake of October 15, 1979
showed the following features:

¢ The ground motion at the free field of the building was a highly
nonstationary process. The horizonta; components contained low
frequency content (0 to 3 Hz). During the first 6 seconds (P wave
phase}, the horizontal components had amplitudes less than 30
cm/sec2. Between 6 and 12 seconds, the amplitudes increased about
10 times (maximum was 0.23g) corresponding to the S wave influence.
At about 12 seconds, the amplitudes rapidly decayed to about 50
cm/sec2 and less and by 24 seconds, were less than 15 cm/secz. The
vertical component, on the other hand, showed less varilation with time
and a predominant high frequency content (8 to 9 Hz). Rotational
components of g;ound motion were not significant.

. In an average sense, the 0.23g horizontal PGA was amplified to
values at the roof of the building of 0.45g in the E-W direction
and O.Sg_to 0.6g in the N-S direction. The largest PGA of 0.64g
occurred in the N-S direction at the second floor level, east énd
of the building, (N/2/E component), at 11.2 seconds. Large relative
displacements of 23.5 cm were computed at the roof (E/R/C) and 8.9 em
at the second floor (E/2/C) in the E-W direction. In the N-5 direction,
maximum relative displacements of 7 em were observed at the roof
(N/R/E) and 3.4 cm at the second floor (N/2/E).

® Pile-soll interaction occurred during the earthquake since the

horizontal motion at the base of the building reflected the response

-~
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of the building (similar frequency content). The vertical transfer
function between the free field and the base showed only high
frequency amplification (16-18 Hz) and hence eliminated the possibil-
ity of rocking in the E-W direction. Horizental peak ground accelera-
tioné were 150% higher at the base of the building than at the

free field and-the peak vertical ground acceleration was 130%
lower.

The dynamic characteristics of the building changed dramatically
during the earthquake. Using moving time window Fourier analysis,
the frequency content in the N-S (first and second translational
and torsional modes) and E-W directions (first, second, and third
translational modes) was determined. During the first five seconds
of low amplitude vibration, a reduction of the frequencies from

the ambient vibration values was already apparent. At the end of
the strong motion (12 seconds) and beyond, the frequencies for all
identifiable modes had decreased to 0.4 times the pre-earthquake
ambient vibration test frequencies. Post earthquake ambient wibra-
tion tests for the shored up structure showed frequency values

only 0.80 times smaller than the pre-earthquake ambient vibra-

tion test.

Due to the high frequency content of the first 5 seconds,

high frequency modes were excited; in particular, the second
torsional mode prevailed during most of the record. This

second torsional mode was clearly influenced by the discontin-

uity of the exterior shear walls at the first story and by

the slight eccentricity in plan at the first story.
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With the arrival of the § waves, the predominant frequencies shifted to
the lower end of the spectrum (0.5 to 2 Hz) and the first modes of
vibration were excited. The rapid increase in amplitude (=10 times)

in the 1 to 2 Hz frequency range caused an apparently large decrease

in the building frequencies and a consequent increase in the relative
displacements,

Yielding may have occurred at the ground level columns between 6 and 7
seconds when the first large relative displacements occurred between
the base and the second floor. Tt is hypothesized that the second
torsional mode configuration combined with the first large N-S second
story displacements caused rotation of the upper level exterior shear
walls which in turn imposed the first large axial loads on the east

and west end columns. These axial loads, coupled with the resulting
P-A effect from the E-W frame motion, initiated yielding in these
columns.

During the next 6 seconds until collapse of the east end columms, large
amplitude motion continued with coupling between the transverse and
torsional modes, .

Collapse of the four east end columns may have occurred near 11,2 seconds
when the E-W and N-S motions obtained simultaneously their near. maximum
relative displacements at the second floor after an overall 5 to 7
cycles of high amplitude displacements. At this time, the axial loads
from the N-S motion on the east end columns were high and coupled with
an Important P-A effect from the E-W frame vibration. Failure of the
west end columns was prevented by the presence of a single bay shear
wall along the west end ground level column line.,

It is interesting to note that large deformations occurred at the
second floor and roof diaphragms ( about 2 cm maximum) as

observations of minor cracking suggest. Usually,
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in design practice these elements are considered as in-plane

rigid bodies.

] Finally, from the thirteen records in the building, a reasonably
complete analysis of the dynaﬁic behavior during the earthquake
was obtained. However, two important points are mentioned:

1) There were no vertical records in the upper story levels and
hence the influénce of the vertical component could not be assessed, o
and 2) A study performed to determine filter effects on the relatiﬁe ﬂL

displacements showed that while the relative interstory displace-

ments obtained from the accelerations were sensitive (20 to 40%)
to filtering techniques, the phases were not. Therefore some of

the conclusions based on relative displacements may be subjected

to additional adjustments if the method of processing records is

revised., L

The above analysis of the dynamic behavior of the Imperial County Services

s

Building motivates several areas of further needed research:

. Dynamic Analysis Techniques:

Could the observed behavior of the building and the change in the build-
ing properties during nonlinear response have been predicted if the
input free field motion were known? Are the present approximate
methods of analyses, e.g., static, response spectra, etc., adequate
to analyze this structure? What values should be chosen to represent
the fundamental frequencies? Particularly, why did the apparent
- frequencies change so dramatically? What is the role of soil-pile

interaction?
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Strong Ground Motion Vs, Response Parameters:

If the building had been subjected to strong ground motion triggered
at other locations, would failure of the east end columns also have
occurred? Is root mean square (rms) acceleration a better measure
of the response than PGA? |

Design Implications:

Had the building been designed with shear walls down to the founda-
tion level, would collapse have occurred? What structural damage
would be expected 1f the first story level had been designed with
complete symmetry?

Instrumentaticn:

Keeping in mind that this bullding was the best instrumental build-
ing to suffer extensive damage, can we retrace the behavior from
the start of the earthquake to the end? If not, what is the value

of such instrumentation?
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