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ABSTRACT

Two existing GSA builldings, one in Long Beach, California and one in
Portland, Oregon, were subjected to low-level vibration tests to
determine cthelr dynamic properties and response frequencles. The
measured dynamic properties of the buildings were incorparated into the
computer models of the buildings and time-history analyses using these
models were performed. Reasonable agreement bhetween the measured and
calculated response frequencies and deflected shapes were observed. The
differences in calculated and measured response frequencies range from 3%

to 32%. The larger difference i{s in the torsional response of the
Porcland bullding. This 1is probably due to the irregular geometry of
this bullding. The models were then analyzzd with past earthquake
acceleration records used as source of excitacions. The Portland

building was subjected to three components of acceleration obtained from
the November 1962 Portland earthquake. The Long Beach building was
subjected to three components of acceleration obtalned from the 1987-
Whittier Narrows earthquake. The purpose of the analyses is to reveal
building response under these realistic earthquake excitations, so that
logical selsmic instrumentation scheses can be developed for these
buildings. The results of the analyses suggest that the response of the
Portland building is jinfluenced more by torsional and rocking motions,
while the response of the Long Beach bullding is influenced mainly by
translational modes. From the observed behavior of the buildings, a
seismic instrunentation scheme is developed for each buflding, and a
general guideline for sefsmic instrumentation in existing building 1s
recommended.

Key words: Analytical model; buildings; dynamic; earthquake; frequency:
ground acceleracion; instrumentation; model; mode shape;
selsmometers, spectral density; vibration.
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EXECUTIVE SUMMARY

As part of its effort to improve earthquake design of buildings in
seismically active regions, the General Services Administration (CSA) has
initiated a program to install strong morion instruments in existing and
new buildings. As a pilot project, the Public Bulldings Service
(PBS)/GSA has sponsored the Center for Building Technology of the
National Institute of Standards and Technology (NIST) to develop criteria
for deploying strong motion Instruments in new and existing Federal
bulldings, This includes procedures for determining an optimum number
and location of Iinstruments required for a particular building. The
project also included installation of strong motion Instruments in a
selected building. Structural performance data obtalned from strong
motion ingtruments can give the designer useful information for
verifying design assumptions. This information can be used to improve
seismic design.

The Public Bulldings Service selected two existing Federal buildings
for this stuay. One is a prestressed concrete frazc building, located in
Portland, Oregon (Uniform Building Codes’ seismic zcne 2). The other is
a steel frame building in Los Angeles, California (UBC selswmic zone 4).
NIST's technical approach included three parts, the first part included
computer modeling of the two buildings by the finite element techniques,
the second part included field vibration tests of the buildings, and the
third part included verification of the models using the vibration test
results, and time-history analyses of the models using past earthquake
acceleararion racords. The field vibracion testa, which were conducted
jointly with the Branch of Geologic Risk Assessment of the U.S.
Geological Survey, providad measures of the dynamic properties of the
buildings (building's period and damping) which were incorporated into
the computer models of the bulldings for analysis.

Reasonable agreement betwsen the analytical predictions and the test
results were observed. Time-history analyses were performed using
computer models of the bulldings and past earthquake acceleration
records as source of excitations to simulate the building’'s behavior
under actual sarthquake conditions. The model of the Fortland building
was analyred using the acceleration records from the November 1962
Portland aarthquake, and the model of the Long Beach building was
analyzed using the accsleration records from the 1987 Whittier Narrows
earthquake, The results of the analyses show that the two opposite ends
in the long directien of the Porrland building would undergo different
motions, while the motions at the same two ends of the iong Beach
building wers aessentially the same. This suggests that the Portland
building can ba considarad as structure with flexible floors, i.e. more
than six degrees of freedom (thres translational and three rotational)
are nesded to fully characteriza the motion of the floor in this
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building; and the Long Beach building can be considered as structure
with rigid floors, L.e. six degrees of freedom (three translational and
three rotational) are sufficient to characterize the motion of the floor
in this building.

Based on this study, specific instrumentation schemes were
developed for the two buildings. These instrumentation schemes are
described in detall in Chapter 6 of this report. In summary, the

recommended instrumentations schemes are as follows:

For the Portland building, a total of three sets of strong motion
instruments are recommended to be placed at cthree elevations: the
building foundation level (Bl), floor 3, and the penthouse level. Each
set of instruments consists of eight (8) uniaxial accelerometers.

For the Long Beach building, a total of cthree sets of strong wmotion
instruments are recommended to be placed at the building foundarion
level, floor 4 and floor 8 levels. However, each set consists of only
six (6) wuniaxial instruments since the floors of the Long Beach
building are rigid.

In addftion, general guidelines which can be used ta determine the
appropriate number and locaction of strong wotion instruments for existing
buildings are recommended in Chapter 6. Finally, since the Long Beach
building (UBC seismic zone 4) {s more likely to experience strong motion
than the Portland building (UBC seismic zone 2), it is recommended that
this building be instrumented In accordance with the recommended
instrumentation scheme for future study.

The results of this prcject have produced the following benefits to
GSA:

o General guidalines for use in deveioping seismic
instrumentation schemes for existing bulldings. Data
obtained from the instruments installed in a building can be
used to monitor the building performance and to improve
seisnic deaign criteria.

o Analytical models of the Portland and the Long Beach
buildings which can be used for future study.

o Detailed instrumentation schemes for the Portland and the
long Beach buildings and recommendations for implementation.
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SEISMIC INSTRUMENTATIOR OF EXISTINGC BUILDINGS

1. INTRODUCTION
1.1 Background

Because of the complexity in structural responses of modern high-rise
buildings to earthquake excitations, prediction of a building’s dynamic
responses to an earthquake using simple analytical methods has become less
reliable. Even with sophisticated mathematical models, the accuracy of
prediction of the dynamic response of buildings with abrupt changes in
stiffness or mass distributions 1s dependent upon accurate characterization
of the tuildings dynamic properties (mode shapes, damping) and the ground
mation. Thus, beside analytical methods, long-term seismic instrumentation
using accelercgraphs and accelerometers is increasingly desired for
structural rasponse studies. Prior to an earchquake, data cbtained from a
well-instrumented building permit the characterization of the building's
structural dynamic properties and its elastic responses to low-level,
ambient excitations. After an earthquake, these data peruit the
reconstructlion of the ground motion and the actusl building responses to
the earthquake. The reconstructed responses can be used to determine the
changes in structural performance, and to identify nonlinear behavior
associated with high-level exciratfons or potential damage in the
building. Thus, data obtained from seismic Instrumentation are essential
in (1) improving the understanding of the behavior of the instrumented
structure under seismic loading, (2) assessing local damage in the
building due to an earthquake and determining appropriate mechodclogies for
tepair and strengthening, and (3) avaluating the adeaquacy of the original
earthquake-rasigtant design asgsumptions and identifying deficiencies in
current design criteria.

From a structural engineering standpoint, it is desirable to have many
recording instrumsants deployed in a bullding so that a comprehensive
intepretaction of the structural rasponse can bs performed. However, the
cost of the equipment {installatic-, maintenance, and data procassing
usually limits the number of instruments installed. Thus, it is more
important and practical to deploy an optimum number of instruments at
judiciously selected locations in the building so thar sufficient and
meaningful data essential for the reconstruction of the building’s
structural rssponse to an sarthquake can bs recorded. The current code
requirements pertaining to seisnic instrumentation for bulldings in the
wvest coast specifies a minimum of thrse approved accelerographs, to be
placed typically at the basement level, mid-height level, and near the top
level of every building over six stories in height with en aggragate floor
arsa of over 60,000 square feet, and every building over 10 stories in
height regardless of floor area. The practicality of the current coda
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recoumendations regarding the number and locations of strong motion
instruments has been discussed in many papers [3,4,5,6,7,13). In general,
most agree that the minimum number of instruments required by the codes is
inadequate for capturing many possible deminant modes of wvibration in a
building, and thus 1is considered insufficient for srructural response
studies, especially where torsional and rocking motions, which are often
dominant In wmwedlum-rise, irregularly-shaped buildings, are involved. For
example, in order to determine the input ground motion to the building due
to an earthquake, {t would be necessary to install more than one tri-axial
accelerograph at the basement level to obtain tri-directional shaking
motions and rocking motions. The most desirable locations for the strong
motion instruments can be determined based on anticipated or sanalytically
predicted building responses to seismic excitation. However, certain
locations such as the center of a floor slab can be ruled out immediately
since it i{s difficult to distinguish signals from the secondary flexural
vibration and the primary response motions at these locations.

This report describes the structural response studies of two GSA's
buildings using low-level vibration testing and three-dimensional
nathenmatical modeling, The mathematical models of the buildings, after
being verified by field tests, are analyzed using past earthquake records
as gource of excitations to determine the buildings response under the
actual esarthquake conditions. The bulldings response characteristics are
used in identifying the most appropriate number and locations of seismic
instruments needed for each building. The final objective and scope is
explained i{n the next section,

1.2 Objectives and Scopa

As parct of its efforc to improve earthquake design efficiency and life
safery for building occupants in selsmically active regions, the Ceneral
Services Adainistration (GSA} has sponsored the Center for Building
Technology of the National Institute of Standards and Technology (NIST) to
conduct the current study with the following objectives:

1. To davelop criteria for locaring strong motion instrumentation
in Federal buildings, and the procedure for determining an
optimum mnumber of instruments required to determine the
responss of building to an actual sarthquake.

2. To install instruments in one of the two selected buildings at
recommendad locations to obtain data for later use in
developing techniques for improving earthquake resistance of
sxisting buildings, In evaluating damage to Fedaral bulldings
following an sarthquake and in repairing sarthquake-damaged
structures.



Two f_deral buildings were selected by GSA for this study, one in
Long Beach, Calffornia (UBC seismic zone 4), and the other in Portland,
Oregon (UBC seismic zone 2). These buildings are refered to in this report
as the Long Beach and the Portland buildings, respectively.

1.3 Technical Approach

NIST's technical appreoach involved the following initial steps. These
initial steps are essential for achieving the overall objectives listed
above

1. Obtain and review the architectural and structural plans and
specifications of the two selected buildings to study building
layouts and structural properties. Make site visits to
document non-structural information such as partitions thatc
might effect the dynamic response of the buildings and ar-
deviations from the bullding plans.

2. Develop three-dimensional finite element models of the ctwo
buildings.

3. Conduct low-level vibration tests on the buildings to determine
in-situ dynamic properties such as damping values, frequencies
and mode shapes. These measured dynamic properties are to be
incorporated into the finite element models. Mode shapes,
response frequencies obtained from vibration tests are compared
with analytically predicted values to verify the validity of
the computer models. The dynamic testings of the bulldings are
jointly conducted with the Branch of Geologic Risk Assessment
{BGRA) of the U.S. Geological Survey (USGS).

4. After satisfactery modal verificstion, the buildings are
analyzed by subjecting them actual acceleration records of past
earthquakes. The analytical dynamic responses of the buildings
will help identifying the most desirable locations for strong-
motion instrumentations in the bulldings.



2. EXISTING GUIDELINES FOR SEISMIC INSTRUMENTATION
2.1 The 1988 Uniform Building Code

The 1988 Uniform Building Code (UBC) [l, section 2312({)! recommends
the followings:

1. In seismic zones 3 and 4 every building over six stories in
height with an aggregate floor area of 60,000 square feet or
more, and every building over 10 stories in height regardless
of floor area, shall be provided with not less than three
approved recording accelerographs.

2. The i{nstruaents shall be located in the basement, midportion,
and near the top of the building. Each instrument shall be
located so that access is maintained at all times and is
unobstructed by room contents. A sign stating "MAINTAIN CLEAR
ACCESS TO THIS INSTRUMENT"™ shall be pasted in a conspicuous
location.

3. Maintenance and service of the instruments shall be provided by
the owner of the building, subject to the approval of the
bullding official. Data produced by the instruments shall be
made available to the building officlal upon his reguest.

2.2 The 1981 Los Angeles County Building Code

The 1981 Los Angeles County Bullding Code [2, chapter 23-General
Design Requirement, section 2300] adopted earlier UBC earthquake recording
instrumentation provisions and expanded it to include not only those
buildings which are rTequired by the UBC to have chree ctriaxial
accelerographs, but also all unusually shaped buildings in the Los Angeles
county into the types of bulldings which require at least three approved
recording accelsrographs.

It should be noted that nefther of the sslected buildings is required
to be instrumented by the codes. Since the Portland building, despite
having an irregular shape, ls located in UBC seismic zone 2 and outside Los
Angeles County; and the Long Beach building, despite being in UBC seismic
zone 4, is symmetric with a largest floor area of 48,390 square feet, less
than the 60,000 square faat spacifiad by the codas.



3.  BUILDING DESCRIPTIONS
3.1 The Portland Building

Figure 3.1 shows the shape and dimensions of the Portland building.
Figure 3.2 shows plan view of a typical fleor. Views of the North and
South facings of the building are shown |n Figures 3.3 (a) and (b).

The Portland building is a prestressed concrete office building which
was constructed in 1984 The building is unsymmetrical in plan with 8
above-ground floors (level B-1 to level 7), 2 basement floors ( levels B-2
and B-3), and a penthcuse. The total height from the ground floor (level
B-1) to the roof of the penthouse is 132.17 feet. The story height of the
intermediate floors is typlcally 13.5 feer, except for the first story and
the penthouse level which have story heights of 14.83 feet and 20.83 fect,
respectively. The foundation i{s trapezoidal in shape, with an approximate
foundation plan area of 78,640 square feet. The building also includes
two shear walls, located toward the center, to provide shear resistance.
One shear wall extends from the foundation all the way to the roof of the
penthouse level. The other terminates at the penthouse level. The ratio
of building height to base width (aspect ratio) is approximately 0.8. The
building's exterior consists of marble stone plates and glass. At the time
of testing, the building was fully occupled and was furnished with office
furnitures.

The floor saystems of the baseasnt floors consist of reinforced
concrete floors supported by a system of concrete joists and beams  The
floor gystems of the above-ground floors are prestressed in both orthogonal
dirsctions and supported by reinforced concrete perimeter beams. The floor
systems are in turn supported by round and rectangular reinforced concrete
columns, which are evenly spaced at 32 feet in the east-west direction and
30 feet in the north-south direction. Many perimetsr columns in the north
and west faces are cterminated with Iincreased elevaticn, resulting in a
stepback look from the outsids and smallar plan areas for floors above the
ternination slevations. This discontinuity also results in abrupr change
of structural sciffness in both orthogensal directions of the building. The
foundation system consists of 10 inches thick reinforced concrece perimeter
valls and individual square or rectangular spread footings which are not
tied together. The slevation difference between the grade at the east and
wvest sides is approximately 17.1 feet. Typical bay length in the east-west
direction is 32 feet and in the north-south direction is 30 feet. The
north and west facings of the bullding are square, the south and east
facings are continuously curved.

3.2 The long Beach Building

Figure 3.4 shows the shape and dimensions of the Long Beach building.
Plan view of a typical floor of this building is shown in Figures 3.5,
Figure 3.6 shows view of the South facing of tha building. Figure 3.7
shows view of the interior of the top floor.



The long Beach bullding is symmetrical in plan with respect to the
north-south direction, with a total of 8 floors above ground (floors 1 to
8), one basement floor, and a small mechanical level. The total building
height, from ground fleor (floor 1) to top of the mechantcal room is 147.5
feet. Typical story hefight of the above-ground floors is 15 feet, except
for the first story (between flcor 1 and 2) which {s 20 feet. The height
between the basement floor and the first floor is 13.5 feet. The basement
is surrocunded by a 12-inch reinforced concrete perimeter wall, supported
by reinforced concrece wall footing. The foundation ix rectangular, 315.92
fr by 153.17 ft, wicth an approximate base areaa of 48,320 square feet. The
long dimension of the building is in rhe east-west direction, with typical
floor length of 305 feer. The short dimengsion 1{s in the north-south
direction, with typical floor width of 105 feet. Typical bay length in the
east-west direction {s 30 ftr. The bay length in the north-south direction
varies from 22.5 fr to 33.25 ft. The elevation differenca between the
grade in the east and west sides {3 approximately 13.5 feet. The building
aspect ratio (height-to-base width ratio) is 0.82. The building is in UBC
sefsmic reglou 4. At the time of testing, all strucrural aspacts of the
building had been completed. However, it was neither ready for occupancy
nor furnished with any non-structural partiticens or mechanical equipment.
The elevators, to be installed in cthe elevator sghafts located toward the
center of the building, were not yet in place. This provided ideal
conditions for low-level vibration testing and analytical modeling.

The typical floor system of this bullding consists of a composice
reinforced concrete slab on cold-formed stesl decking, which is supported
by wide-flange steel joists and beams. Lateral losd is resisted by a
moment resisting stael frame, consisting of steel columns. The columns,
made of either commercially available wide-flange or built-up sections, are
connected at every other story by welded connections and have smaller
section with increased elevation. Soms of the perimeter columns are
supported by the foundation footing, others including all interior columns
are supported by individual spread footings which are not tied together.
At the 5th floor, there is an abrupt change in floor plan resulring in
stiffness discontimuity at this elevation. Since the basement floor {s
used for parking, all steel columns in the basement level are sncased in
thick concrets to prevant possible damage by accidental car impact.



4. ANALYTICAL MODELING AND FIELD TESTIRG OF THE BUILDINGCS
4.1 3-D Finite Elenent Digcretization of the Bulldings

To ensure accurate prediction of buildings translational, torsional
and verrical responses, the analytical models must be capable of accurately
simulacing all structural aspects of the bufldings in the plan directions
as well as in the vertical direction. This raises the need for 3-
dimensional analytical modeling. This is particularly necessary for the
Portland building because of its unsymmetrical floor plan and set backs :
several story levels. Both buildings were modeled by discretizing all
structural components into finite elements, intercomnected at corner or end
nodes to form the three-dimensional geometries of the models. Time-history
analyses of the models were performed using Nastran, which is a large-scale
general purpose digital computer program. The process wused in
discretizing the buildings for finite element analyses is dliscussed below.

The 3-D models of the buildings consisted of a large number of finice
elements representing structural components such ag beams, columns, slabs
and shear walls. Structural connections, such as welded and bolted joints
or monolicthic casc-in-place connections between beams, columns, and slabs
were modelad as rigld connections. The number of elements used in the
discretization process depended on the capabilities of the software for
modeling and hardware for analysis. Because of changes in geometry and in
structural properties of the bulldings, each story of the buildings had to
be modeled individually.

4.1.1 Modeling Beams and Columns

Structural beams and columns were modeled using 2-noded beam
elements. Each end node of a beam element has & degrees of freedom. or 12
degrees of freedom per element. The required input for each element
includes such physical and material praparties as the cross sectional area,
momants of i{nertia with respect to the strong and weak axes of the element,
shear and elastic woduli, Polsson’s ratio, and mass density. For steel
beams or columns, except f~r built-up members where physical properties
were hand-computed before input, the physical properties of commerctially
avallable sections were conveniantly incorporated using special library
which contains the propsrties of theass sections. For concrets beans,
jeists, and columns, the physical properties were computed using the
dimension obtained from tha scructural drawing. The Portland building is
assuned to be new with no serious cracks in its structural components,
thus only the masses of the rsinforcements were considered. Contribution
of the reinforcement to the structural stiffness of the entire building was
ignored.

Within a story, each column was modeled using three line el.ements
equal in length. Within a bay, each bean wvas nodsled by at least two line
elements. The geometry of each beam element was characterized by ics
cross sectional propsrties at two ends. As mantionad above, all beanm-
coluan connections wers modaled as rigid connections.
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4.1.2 HModeling Slabs and Shear Ualls

Slabs, shear walls and foundation walls were modeled using three-

noded triangular and four-noded quadrilateral elements. Rigid beam
elepencs were used at the boundaries of the quadrilateral elements to
simulate built-in foundation columns. The floor slabs, shear walls, and

foundation walls were subdivided such that the connections between them and
the beam and column elemernts were at their corner nodes.

4.1.3 Modaling Foundation

Since only low-level excitation was applied to the building on the
top floor, soil-structure interaction was considered insignificant for the
purpose of model verification. The surrounding soil around the foundation
wall was therefore not modeled. All columm, foundation wall and shear wall
elements were fixed at the foundation level.

4.2 Field Testing

Vibration tests were conducted on both buildings in cooparation with
USGS. The response data were recorded snd anslyzed by USGS to determine
the in-situ dynamic properties of the buildings. Dynamic properties that
vere measured included response frequency and damping. The response data
vere obtalned by deploying portable digital seismometars at judiciously
selected locations in the buildings. The buildings were excited by human-
induced motion. The advantage of using controlled human-induced motion,
rather than mechanically induced motion 1s that the buildings can be tested
conveniently without disrupting bullding occupants or damage to the
facility. The disadvantage is thar the forcing function of this kind of
dynamic excitations can not be accurately defined. Although the motions
induced by this technique were small, they were large enough to be clearly
distinguished from motions induced by ambient conditions such as wind or
moving traffic.

4.2.1 Taat Setup and Excitation Techniqua

Thres-componant shart pariod seismometers wers used to measurs
velocity at various locations in the building. A total of 7 selsnometers
were used in testing the Portland building, and 10 ssismometers were used
in the Long Beach building. The difference in number of ssismometers used
was due to the availability of extra ssismomsters at the time the Long
Beach building was testad. Thass seismoseters wers connactsd to individual
Portable Data Acquisition Systems. Several tests vars performed in each
building. In each test, the seismometers wers deploysd at predstsrmined
locations, usually near the slab-column jointa. To excite the bullding,
twvo persons spply synchronous impulses to columns located at the far ends
of the building to induce the building into motion in the desized



direction. For example, to induce torsional motion, one person would push
the column in one direction while the other would push in the opposirte
direction. While this ctechnique Is simple and quite effective in
determining the fundamental frequencies of building response, it poses
difficulty in computer modeling since the dynamic forcing function needed
for dynamic transient analyses cannot be accurately defined. The
difficulty involves determining accurate duration of each impulse and the
time interval between impulses.

4.2.2 Mode Shape and Frequency Calculation

Frequencies of vibration of the buildings {in two orthogonal
dirsctions and in torsion were computed by performing specrral analyses of
the velocity records. The veloclty records were integrated to give
displacement histories of instrumented nodes. The displacement histories
were used to plot the mode shapes at different time intervals. For the
Portland building, data obtained at different elevations (from basement
level to floor 7) of column G7 were used in calculating mode shapes. For
the Long Beach building, mode shapes were plotted using data at different
elevations of column D9 (from basement level toc floor 8).

Typical three-componant velocity records, obtained at column L23, on
floor 7 of the Portland bullding are shown in Figures 4.1 (&), (b), and
{e¢). The dashed curves that overlay the data identify "windows™,6 i.e. the
portions of the records that were used in spectral analyses. Three
components of the displacement histories of the same node, inteagrated from
the velocity records ars shown in Figures 4.2 (a), (b), and (c). Figures
4.3 (a) and (b) show spectra for the N-S5 and E-W direction, respectively,
of the Portland building. The building mode shapes are shown in section
4.3.2.

4.3 Verificacion of Mathematical Modals

As discussed in section 4.2, the buildings were excited by human-
induced impulses applied at pre-dstermined columns on the top floor of each
building. For dynanic analyses, the forcing function was aodelsd as
impulse loads (ses Figurs 4.4). The duration and the time interval of
impulses wers estimated since they wara not precisely measursd.

To verify the mathematical models, dynamic analyses were performed on
models of both bulldings using impulse forcing function which emulates
human-induced impulss loading. The calculsated responses ware then compared
with the nsasured responses. In the analyses, the damping values obtained
from the actual tests wera usad. For the Portland bullding, masses due to
exterior and intarior non-structural elsmants ware added to the structural
mass in the analysis. Since the long Beach building was not furnished at
the time of testing, no add.d mass was used in the analysis of this
building.



The analytical model was verified by comparing calculated and
measured values of mode shapes and corresponding frequencies. Frequencies
af the buildings in the North-South, East-West, and in torsional direc:ions
are obrained by performing fast fourier transform of the nodal displacement
histories. The calculated response frequencies and the test response
frequencieg of both buildings are listed in Tables 4.1 and 4.2.

For the Portland bullding, the calculated and measured deflected
shapes, plotted wusing normalized displacements obtained at different
elevations of column Q7, are shown in Figures 4.5 and 4.6. Spectral
densities of four nodes of the Porcland building, corresponding to
locations of columms S&4, S7, L20, and L23 on the seventh floor, are shown
in Figures 4.7 (a) to (l). For this building, a structural damping ratio
of 0.95% was used in all directions for the analyses, sincc the measured
damping rarios are very close together, being 0.93%, 0.95%, and 0.95% in
the North-South, East-West, &and torsional directioens. The calculated
translational response fraguencies Iin the North-South direction of the four
indicated nodes, obtained from fast fourier transform of the time-histories
of rtheir trarslational displacements are 1.09 Hertz, 1.10 HKertz, 1.01
Hertz, and 1.U1 Herez, respectively. The calculated translationsl response
frequencies in rhe East-West direction are 1.18 Hertz, 1.17 Hertz, 1.30
Hertz, and 1.33 Hertz, respectively. The caslculated torsional response
frequencies are 2.11 Hertz for column S4, 1.74 Hertz for column $7, 1.50
Hertz for columm L20, and 1.46 Hertz for column L2131,

For the Long Beach bullding. the calculated and messured deflected
shapes, plotted using normalized displacements obtained at different
elevations of column D9, are shown In Figures 4.8 and 4.9. The measured
damping ratios for rhe North-South and the East-West directions are 1.27%
and 0.98%, respectively, The spactral densities, obtained from fast
fourier transform of the translational and torsional displscement histories
of four nodas at grids C2, C5, C8, and Cll on the eigth floor are shown in
Figures 4.10 {(a} to (l). The translational responses of this building
appesar to be very uniform in both horizontal directions. In the North-
South direction, the response frequencies dus to model impulses applied in
that direction rangs from 0.72 Hertz to (.73 Hertz. In ths Esst-West
direction; the rasponse fraquenciss range from 0.845 Hertz to 0.860 Hertz.
The torsional responss frequenciss, obtained from the fast fourier
transform of the rotational displacement histories with respsct to the
vertical axis, are slightly different for the two ends of the building. In
the west end where grids C2 and C5 are located, the computed torsional
response frequencies are 1.090 Hartz end 0.92 Hertz, respsctively. In the
east eond vhers grids C8 and Cl1 are located, the computed torsional
Tesponse fraquancias are 0.%Z Hertz and 0.86 Hartz, respectively.

The differances betwesn the messured and calculated rasponse
frequencies of the Portland building sre approximately 3.8% to 4.8y in the
H-8 direction, 6.4% in the E-W direction, and 6.2¢ to 328 in torsion. For
the Long Beach building, they ars 3.3% to 4.3% in the N-5 direction, 3.0t
to 4.9% in the E-W direction, and 3.1%8 to 14.7¢ in torsion. Better
agrespent betwsan the measured and calculated freguencies in the Long Beach
building is thought to be dus to the symmatry of the building.
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5. BUILDINGS RESPONSES TO KNOWN EARTHQUAKE RECORDS
5.1 Introduction

Dynamic analyses were performed on the finite-element models of both

buildings with acceleration records obtained from past earthquakes. The
purpose was to examine building response to actual recorded earthquake
ground motion. Since general dynamic response characteristics of the

buildings are only of inter.st, influence of such factors as site
ampiific.cion, distance from the buildings to the free-field stations where
the acceleration records were taken, and soll-structure interaction were
not considered. Even though snalytical response was imprecise due to the
reasons stated above, the buildings response characteristics obtained from
the analyses provided helpful insight for the development of logical
seismic instrumentation schemes for the buildings being studied. The model
of the Portland building was excited by three components of the
acceleration records from the 1962 Portland earthquake, and the model of
the Long Beach building was subjected to acceleration records from the 1987
Vhittier Narrows earthquake.

5.2 Response of the Portland Building to the 1962-Porcland Earthquake

The three components of ground acceleration which were used as input
excitation for the Portland building are shown in Figures 5.1a, b, and c.
These acceleration records were obtained during the November 1962 Portland
earthquake at a station located at 45.52° latitude and 122 .68° longitude
(station 2110P). The maximum peak ground acceleration recorded was
approximately 0.12g, in the north-south direction. The building response
to this earthquake is shown by the particle moticns of two nodes located at
columns Q4 and L23, see Figure 5.2}, These particle motions were
superimposed to show the relative motion of the opposite ends of floor 7.
Figures 5.3, 5.4, and 5.5 show the particle motions i{n three planes,
horizontal (x-y plans), vertical and bulilding long direction {x-z plane},
and verzical and building short direction (y-z plane), respectively. From
the particle motion plots, it can be seen that the east and west ends of
the building responded very differently. The motion (see Figure 5.3) of
the east end, where column L23 {s located, {s very directional. 1In the
horizontal plane, this motion is predominantly in the north, north-west
direction. While the motion of the west end, where coluan Q4 {s located,
is strongly influenced by circular motion. This differsnce in responses of
the east and west ends clearly suggests that the rasponss of this building
is dominatred by toraional and rocking wmotions. This probably may be
attributed to the {rregular shape of the building and the locations of the
shear walls relacive to the two nodes. Thesa observations also indicate
that the flocrs of the Portland building are flexible and the motion of any
one floor in this building cannot be sufficlently characterized by only &
degrees of freedom.
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5.3 Respouse of the Long Beach Bullding to the 1987-Whittier Earthquake

The north-south, east-west, and vertical components of ground
acceleracion for the 1987 Whittier Narrows earthquake are shown in Figures

5.6a, b, and c. The station at which these records were obtained is
located at 12400 Imperial Highway in Norwalk, California (statlion NORWA,
33.92° latitude, 118.07° longitude), Maximum peak acceleration was
approximately 0.24g, in the N-5 direction. Similar to the Portland

building, the building response to this earthquake excitation was
iliustrated by superimposing the particle motions of two nodes located at
columns C2 and Cl11 on floor 8. These two nodes are symmetrical with
respect to the short direction (North-South) of the building (see Figure
5.7). Flgures 5.8, 5.9, and 5.10, respectively, show the particle motions
of the two selected nodes in the horizontal plane (x-y plane), in the
verctical and building long direction plane (x-z plane), and in the
vertical and building short direction plane (y-z plane). From these
particle motion plots, it can be seen that the two ends of rthe Long Beach
building experienced similar motions in all three planes. This suggests
that this building 1s predominantly controlled by translational
displacements. Since the selected nodes are locatsd at opposite ends along
the building length, it also indicates that the floors of this building
behaves like a rigid body, i.e. the motions of an entire fleor of this
building can be characterized by the & degrasas of freedom of any node on
that floor.
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6. GUIDELINES FOR SEISMIC INSTRUMENTATION
6.1 GCeneral Recommendatjons

Since buildings with different aspect ratios, geometries, and/or floor
rigidity behave differently under reismic excitations, it is difficult to
develop a detalled, rigid guideline for seismic instrumentation that is
suitable for all the particular designs of existing buildings. General
instrumentation schemes for monitoring in-plane and 3-dimensional motions
of buildings, with some variacion to accomodate structures with different
floor rigidicy, has been recommended in [1]. These recommendations are
adopted in this section and developed into general guldelines for seismic
instrumentation of existing buildings. These guldelines wili be used along
with the observed building behavior under earthquake excitatioris, described
in previous section, to develop seismic instrumentation schemes for the two
buildings invescigated hare.

Two sets of guidelines are recommended in the following sections. Ome
set for structures with rigid floors, vhere each floor can be considered as
a rigid body and thus its motion in the 3-D space can be characterized by 3
translational and 3 rotational degrees of freedom (x, y, z, theta-x, theta-
y. and theta-z). And one set for structures with flexible floors, where
different segments of a floor might behave differently and thus the motion
of a floor in the 3-D space cannot be sufficiently defined using only 6
degreas of freadom. It is beyond the scops of this study to suggest which
types of design will result in either rigid or flexible floor. However, as
discussed in previous section, the 1esponses of the two bufldings being
studiad indicate that the Long Beach building may be treated as a building
with rigld floors, and the Portland building may be treated as a building
with flexible floors.

6.1.1 Structures with Rigid Floors

As discussed above, the horizontal motion of each rigid floor can be
characterized by 2 in-plane translational degrees of freedom (x and y) and
1 rotational dagres of freedom with respect to the vertical axis (thets-z).
For vertical motion, 3 additional degrees of freedom are needad to define
the position of the floor plans in the 3-D space (z, thata-x, and theta-y).
Thus at least 3 uniaxial instruments are needed to characterize horizontal
motion of a rigid floor, and at least 6 uniaxial instruments are needed to
characterize both vertical and horizontal motions of a rigid floor. Based
on that obsarvation, the following instrumentation deployment schemes are
recommended for buildings with rigid floors:
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6.1.1.A Guidslines for Vertical Deployment

Selsmic monitoring instruments are recommended as fallows (schematic
describing these recommendations s shown in Figure 6.1):

1, At the bullding foundation level, a minimum of one set of &
uniaxial accelerometers or equivalents (e.g. 1 triaxial and 3
uniaxial accelerometers) should be used to fully characterize
building base excitations. Within the foundation level, these
instruments should be placed at locations recommended in
section 6.1.1.b.

2. On the top floor or at highest permissible elevation where the
instruments can be properly maintained, a minimum of one set of
6 uniaxial accelercmeters or equivalents should be deployed
since there will always be non-zero displacements at this
elevarion, regardless of what mode the buillding ls responding.
Within floor arrangement should also follow recommendations in
section 6.1.1.b.

3. At elevation where there are significant or abrupt changes in
structural stiffness, structural mass, or structural geometry,
such as termination of perimater columns, changes in floor
plan geomerry , etc., since these discontinuities represent
structural nonlinearity and may significantly alter the
structural responses of the building. A complete set of 6
uniaxial instruments is desirable at these locations, but all 6
are not required since two complete sets are required at the
foundation and the top floor. These Instruments should be
placed at locations and in directions which, along with data
otained from the foundation and the top floor (recommendations
1 and 2), would facilitate mode shape calculation with ar least
3 data points.

4. At elevations where maximun displacements asgoclared with
individual wmode shape, are anticipated. Similar to
recomnendation 3, a complete set of 6 uniaxial instruments is
desirable but not required at these slevations.

5. Where possible, free-fiald inscrumentation should be deployed
to allov an assessment of the complex soll-structrure
interaction. Actual building base excitation can be assessed
by differentiating the £free-field wmotion and the moction
racorded at the foundarion level of the building.
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6.1.1.B Guidelines for Horizontal (within Floor) Deployment

1. Within one floor, the instruments should be placed close to the
perimeters of the building. Since displacements at locations

closer to the bullding perimeter are usually larger than those
close to the bullding center.

2. Out of one set of six (6) uniaxial instruments recommended for
each rigld floor, three (3) shouid be placed horizontally to
monitor horizoncal motion, and three (3) vertically to momitor
vertical and rocking motion, of the floor. Two (2) of the
three horizontal instruments should be placed in the same
horfzontal direction which way have larger translaticnal
displacement or smaller stiffness (generally in the direction
perpendicular to the length of the building), but the straight
line between these two instruments should not be parallel to
that horizontal direction in order to allow the calcularion of
rotational displacement in the horizontal plane. The remaining
horizontal instrument should be placed at the same location
with one of the first two, but In the orthogonal direction to
allow the calculation of the horizontal translational
displacement 1in that orthogonal <direction and another
calculation of rotational displacement in the horizontal plane.

3. The remaining three instruments of the set should be placed In
the vertical direction to monitor vertical and rocking motion.
Two (2) of these vartical instruments should be placed at the
same locations where the horizontal instruments are placed, and
the remaining vertical insctrument at a location which forms a
right angle with the other two locations. This allows the
calculation of vertical displacement and rotational
displacements with respect to both horizontal axes, thus
defines the rocking motion of the building. A schematic
explaining these recommendations is shown in Figure 6.2.

6€.1.2 Structures vith Flexible Flcors

Buildings which have large floor length-to-width ratios may be
considered as having flexible floors. For this type of buildings, more
instruments are needed on sach floor to characterize the horizontal and
vertical motions of the floors.

6.1.2.A Guidalines for Vertical Deployment

Recommandations for vertical deployment of instruments for
buildings with flaxibla floor are the same as for buildings wich rigid
flooxs (section 6.1.1.A), since the varcical deployment of Instrumencs
depends on other factors such as the building height-to-bases width ratio,
the continuity of stiffrness and mass distributions, etc., rather than the
floor rigidity.
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6.1.2.B Guidelinss for Horizontal Deployment

A flexible floor may be subdivided into smaller finite segments
that are rigid. Within each segment, a complete set of & unfaxial
instruments, placed following recommendations for a rigid fleoor, s
needed. However, the number of instruments used may be reduced by placing
some instruments on common boundary of twe Tigid segments. There is no
specific rules pertaining to the division of flexible floor into finite
segments. The practitloner will make his or her own judgement regarding
this division.

6.2 Recommended Instrumentation Schemes for the Selected Buildings

Based on the recommended guidelines and the observed behavior in the
two buildings, the following instrumentation schemes are suggested for
future seismic monitoring of the Portland and the Long Beach buildings. It
should be noted chat cthese schemes are developed from the structural
performance viewpoint only. The probahility of the buildings experiencing
future strong ground motion is not considered in developing these seismic
instrumentation schemes.

6.2.1 The Portland Building

The instrumentation schems for the Portland building 1is shown in
Figures 6.3 and 6.4, Since the floor of this building is considered
flexible, each floor is arbltrarily divided into two segments, wizh line 16
in the North-South direction as commen boundary betwsen the two segments.
Three sets of instruments are recommended for the foundation level (Bl),
floor 3, and the Penthouse level. Within each floor, a total of 8 uniaxial
accelerometers are recommended. Of these, 4 accelerometers are placed on
the common boundary lina, 3 at grid Q16 and 1 at grid H16, The remaining &
accelerometers on esch floor sre placed in the East and West sides of the
common boundary, 2 at grid Q4 and 2 at grid H23. This arrangement allows
all 6 degrees of freedom needed to define the moticn of each of the two
rigid segments to be mesasured.

6.2.2 The Long Basch Building

A total of cthree ssts of instruments, esach consisting of € uniaxial
sccelerometers or equivalents, and one triaxial accelerometer for free-
field instrumentation are recommended for the Long Beach building (21
uniaxial asccsleromsters in all). Of the three sata, one set is to be
placed at the building foundation level. The second set iz to be placed on
floor &4, where the floor configuration changes. And the third set is to be
placed on floor 8. The locations and direction of these instruments are
identical within the floors. Figures &€.5 and 6.6 show the locations of the
instruments. This instrumentation schams allows two wmode shape
calculactions in the North-South diraction, one for the East end of the
building at column D10, and one for the West snd at column D3. One mode
shape calculation in the East-Vest direction can also bs obtained at column
D3. Torsicnal and rocking motion of the foundation, floor &, and floor 8
can also be msasurad.
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7. SUMMARY

Two buildings, the Long Beach Federal Building and the Portland
Federal Building East, were identified by G3A for study with the aim to
develop guldelines for seismic Linstrumentation in existing buildings. Low-
level vibration tests were performed for both buildings te determined thelr
dynamic properties, The building dynamic properties were then
incorporated into 3-D finite element models of the buildings and time-
history analyses were performed with the controlled human-induced
excitations as impulse excitations (step function). The measured and
calculated response frequencies and mode shapes were compared. Fer the
Porrtland building, che largest difference between the measured and
calculated frequencies was 32%, In torsion. The smallest difference was
3.88, in the N-5 direction. For the Long Beach building, the largest
difference was 14.7% in torsion, and the smallest was 3.0% in the E-W
direction. The models were then subjected to the acceleration records
obtained from past earthquakes to reveal buildings response under these
reallstic earthquake excitations, The Portland building was analyzed using
the acceleration records from the November 1962-Portland earthquake. The
results show that the east and west ends of the building behave very
differently under this kind of excitation, and that the building response
is influenced by torsional and rocking motions. The Long Beach building
was analyzed with acceleration records obtained during the 1987-Whittier
Narrows earthquake. Similar motions wera observed for the east and west
ends of the building which suggests that the response of this building was
mainly translational. Based on the analytical results, cthe Porcland
building was considered as having flexible floors, while the long Beach
building was considered as having rigid floors. From these observations,
two seismic instrumentation schemes were recommended as follows:

1. For the Portland building, a total of 24 unilaxial
accelerometers are recommended to be deployed within the
building at cthree elevations, the foundation floor, floor 3,
and the penthouse floor. Within each instrumented floor, B8
uniaxial accelerometers are to be arranged as follows: 4
acceleroneters on line 16 (3 at grid Ql6 and 1 at grid H16,
see Figure 6.4), 2 accelerometars in the wast end at grid Q4,
and 2 accelarometars in the east end at grid H23. In addition,
three fres-fisld accelerometers are recommsendad I{f field
condition permits.

2. For the Long Beach building, a total of 18 wuniaxial
accelerometers are recommended at thres elevations, the
foundation floor, floor &4, and loor 8 (6 wuniaxial
acceleromsters per floor). Wichin mach floor, 3 accelerometers
are to be placed at grid D3, 2 accelerometers at grid D10, and
1 at grid A3 (see Figure 6.6). Three optional free-field
accelerometers are also recommended if field condition permits.

This study provided GSA with guidelines for use in developing
appropriate instrumentation scheme, including the procedurs to determine
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the required number and locations of the instrumencts, for existing
buildings. Specific instrumencacion schemes were also recommended for the
two buildings analyzed in this study. Since the Long Beach building is
more likely to experience sctrong mortion, it is recommended that this

building be instrumented for furure study.
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Building East (Portland Bullding)

Figure 3,1 Structural View of the Federal

3T, 32

Figure 3.2 Plan View of a Typical Floor of
the Portland Building



Figure 3.3 Exterior Views of the Portland Buiiding
(a) Nerth Facing
(b) South Facing
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Figure 3.3 Plan View of a Typical Floor of
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Figure 3.6 South Facing View of the Long Beach Building

Figure 3.7 lIuterior View of Long Beach Building's tep
Floor at Testing
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Figurs 4.5 Measured and Calculated Moda Shapes in
N-S5 Direction of the Portland Building
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FLOOR 7, PORTLAND BUILDING

Figure 5.2 Locations of Interested Nodes in the Fortland Building



JuipTing puetiaogd ayi jo (A-x) auwyyg
I9IUCZ IO Yl U SIPON PRIS2IAIU] JO UOTION 21IFIANY ¢ sandyyg

INAWHIVERISKE M-d dAZVIVINIUN

JNIWIIV'MSIA §'N GIZITYHWUON

659 FAON
6t IAON




NORMALIZED VERTICAL DISPLACEMENT

NODE 39
NODE 659

s eneane et

PISTTR .

NORMALIZED E-W DISPLACEMENT

Figure 5.4 Parcticle Motion of Interested Nodes in the Verticasl
Plane (x-z) of the Portland Building
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ACCELERATION (CM/ARC*?)
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Figure 3.6 Ground Acceleration Records »t
12400 Imperial Highway in
Norwalk, California, Due to the
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Figure 6.1 Schematic for Seismic Instrumentation along
Building Elevation
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Figure 6.2 Schematic for Deployment of Instrussntation
Vichin a Rigid Floor
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