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ABSTRACT

Two existing GSA buildings, one in Long Beach, California and one in
Portland, Oregon, were subjected to lo~-level vibration tests to
determine their dynamic properties and response frequencies. The
measured dynamic properties of the buildings were incorporated into the
computer models of the buildings and time-history analyses using these
models were performed. Reasonable agreement between 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 is in the torsional response of the
Portland bullding. This is probaoly due to the irregular geometry of
this building. The models were then analyz~d with past eart.hquake
acceleration records used as source of excitations. The Portland
bUilding was subjected to three components of acceleration obtained from
the November 1962 Portland earthquake. The Long Beach building was
suojected to three components ')f acceleration obtained from the 1987­
Whittier Narr01l'li earthquake. The purpose of the analyses is to reveal
building response under these realistic earthquake excitations, so that
logical seismic instrumentation sche~es can be developed for these
buildings. The results ~f the analyses suggese ehae ehe response of the
Portland building is :Influenced more by torsional and rocking motions,
while the response of the Long Beach building is influenced mainly by
translational modes. Froll the observed behavior of the buildings, a
seismic instruaentation scheme is developed for each building. and a
general guideline for seismic instrumentation in exhting building is
recommended.

Key words: Analytical lIodel; buildings; dynamic; earthquake; frequency:
ground acceleration; instrumenCation; 1I0del; .ode shape;
seismometers. 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 (GSA) has
initiated a program to install strong motion instruments in eXisting and
new buildings. As a pilot project, the Public Buildings Service
(PBS)/GSA has sponsored the Center for Building Technology of the
National In.titute of Standards and Technology (NIST) to develop criteria
for deploying strong lIotion instruments in new and existing Federal
buUdings. Thh includes procedures for determining an optimum number
and location of instruments required for a particular building. The
project also included installation of strong motion instruments in a
selected building. Structural performance data obtained from strong
motion instruments can give the designer useful information for
verifying design a.swaptions. This information can be I.1sed to improve
seismic design.

The Public Buildings Service selected two existing Federal buildings
for this stuay. On. i. a prestressed concrete fr&~~ bUilding, located in
Portland, Oregon (Uniform Building Codes' seismic ZG~. 2). The other is
a st.el fr..e building in Los Angel•• , California (UaC seismic zone 4).
NIST's t.chnic.l .pproach includ.d three parts, the first part included
computer modeling of the CWo buildings by the finite element techniques.
the second part included field vibr.tion tests of the buildings, and the
third part included verification of the lIodels using the vibration test
result., .nd till.-history analy.e. of the models using p•• t earthquake
.cceleration records. Th. field vibration te.ts, which were conducted
jointly with the Br.nch of Geologic Risk A••essllent of the U.S.
Geological Survey, provided lIeasure. of the dynAllic properties of the
building. (building' a p.riod and damping) which were incorpor.ted into
the computer modela of the buildings for .nalysis.

Re.sonable .gr....nt b.tween the analytical predictions .nd the test
re.ult. w.re ob••rv.d. Tlae-hiatory .nalya.s w.re perform.d using
computer models of the building. and past .arthquak. .cc.leration
r.cords a. aourc. of .xcitations to .1JIul.te the building's behavior
und.r .ctual .arthquake conditions. The model of the Fortland buildingw.. analyzed using the .cceleration records froll the Nov.mber 1962
Portl.nd e.rthquake, .nd the model of the Long B••ch building was
.nalyzed uains the .ccel.ration records froll the 1987 Whittier Narrows
e.rthquake. The r ••ult. of the analy.e••how that the CWo oppo.ite ends
in the long dir.ction of the Portland buildins would und.rgo diff.rent
motions. while the IIOtions .t: the ._e CWo .nds of the Long Be.ch
building were ••••nti.lly the ..... This sugg••ts that the Portland
building can be considered •• atructure with fl.xibl. floor., i.e. more
th.n .ix degre•• of fre.dom (thr•• tr.nsl.tional .nd three rot.tional)
.re needed to fully characterize the .otion of the floor in this
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building; and the Long Beach building can be considered as structure
with rigid floors, i.e. six degrees of freedom (three translational and
three Iotational) 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 detail 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 three elevacions: the
b"ilding 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 three sets of strong ~otion

instruments are recommended to be placed at the building foundation
level, floor 4 and floor 8 levels. However, each set consists of only
six (6) uniaxial instruments since the floors of the Long Beach
building are rigid.

In addition, general guidelines which can be used to determine the
appropriate number and location of strong ~otion instruments for existing
buildings are reco_ended in Chapter 6. Finally. since the Long Beach
building (UBe seismic zone 4) is more likely to experience strong motion
than the Portland building (Uae seismic zone 2), it is recommended that
this building be instrumented in accordance with the recommended
instrumentation sche.e for future study.

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

a General guid.lines for use in developing seismic
in.trwaentation .ch.... for .xisting buildings. Data
obtained fro. the instruments install.d in a building can be
us.d to monitor the building performance and to improve
s.is.ic design criteria.

o AnalytIcal models of the Portland and the Long aeach
buildings which can b. used for future study.

o Detailed InstruJl4lntation .ch.... for the Portland and the
Long a.ach buildings and r.commendations for i.ple••ntation.

v
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SEISMIC INSTRUMENTATION OF EXISTING BUILDINCS

1 . INTRODUCTION
1.1 BackgroWld

Because of the complexity in structural responses of modern high-rise
buildings to earthquake excitations, prediction of a building's dynamic
response. to an earthquake using simple analytical methods has become less
reliable. Even with sophisticated lIIathematical 1II0dels. the accuracy of
predie t ion of the dynamic response of buildings wi th abrupt changes in
stiffness or mass distributions is dependent upon accurate characterization
of the 1:ulldings dynamic properties (mode shapes, damping) and the ground
m~tion. Thus, beside analytical methods, long-term seismic instrumentation
using aceelerographs and accelerometers is increasingly desired for
structural response studies. Prior to an earthquake, data obtained 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 permit the
reconstruction of the ground motion and the actual 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 excitations or potential dam4ge in the
building. Thus, data obtained from seismic instrumentation are essential
in (1) improving the understanding of the behavior of the instrumented
structure under sei.mic loading, (2) a ••es.ing local damage in the
building due to an .arthquake and determining appropriate .ethodologies for
repair and strength.ning, and (3) .valuating the ad.quacy of the original
earthquake-resistant design ...umptions and identifying deficiencies in
current design criteria.

From a .tructural .ngin••ring .tandpoint, it is d•• irabl. to have many
recording inatru.ents deployed in a building ao that a comprehensive
intepretation of dl. structural r.sponse can b. p.rformed. However, the
co.t of the .quip..nt installatic -'. maintensnc., and data processing
usually U.IIlta the n~er of instruments in.tall.d. Thus, it is more
important and practical to d.ploy an opti-.- numb.r of instruments at
judiciously .el.ct.d locations in the building .0 that sufficient and
meaningful data ••••ntlal for the r.construction of the building's
structural r.spons. to an .arthquak. can b. r.cord.d. The current code
r.quir.m.nts pertaining to s.h.ic instru.entation for buildings in the
west coa.t .pecifi.. a .lni_ of three approv.d aceel.rograph., to be
placed typically at dle ba••••nt l.vel, mid-height level, and n.ar the top
level of ev.ry building over six storie. in height with an aggregate floor
ar.a of ov.r 60,000 aquar. feet, and every building over 10 storie. in
height r.gardle.. of floor area. The practicality of the curr.nt code

1



recommendations regarding the number and locations of strong motion
instruments has been discussed in many papers [3,4,5,6,7,13J. In generul.
most agree that the minimum number of instruments required by the codes is
inadequate for capturing many possible domInant lIIodes of vibration In a
building, and thus is considered insufficient for structural response
studies. especially where torsional and rocking motions, which are often
dOllllnant in medium-rise, irregularly-shaped buildings, are involved. For
example, in order to determine the input ground lIIotion to the building due
to an earthquake, it would be necessary to install more than one tri-axial
aceelerograph at the basement level to obtain trl-directional shaking
motions and rocking motions. lne most desirable locations for the strong
motion instruments can be determined based on anticipated or analytically
predicted building response. to seismic excitation. However, certaIn
locations such as the center of a floor slab can be ruled out immediately
since it La difficult to distinguish signaIa 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
m.th....tic.l modeling. The lIathematical models of the buildings, after
being verified by field tests, are analyzed using p.st earthquake records
as source of excitations to determine the buildings response under the
.ctual e.rthquake conditions. The buildings response characteristics are
used In identifying the .oat appropriate number and locations of seismic
instruments needed for e.ch building. The final objective And scope is
explained in the next s.ccion.

1.2 Objectives and Scope

As part of its effort to improve earthquake design efficiency and life
s.feey for building occupants in lela.icaUy active regions, theCeneral
Service. Adainistration (GSA) has sponsored the Center for Building
Technology of the N.tional Institute of Standards and Technology (NIST) to
conduct the current study with the following objective.:

1. To develop criteria for locating .trong .ation
in Feder.l buildings. .nd the procedure for
optL.ua ~r of inst~nts r.quired to
response of building to an actual earthquake.

in.trumentation
deterai"ing an
deteraine the

2. To inst.ll instrwaents in one of the two sel.cted buildings at
reco_ncSed loc.tions to obtain data for l.ter ua. in
developing technique. for t..proving earthquake resist.nce of
existing buildings. in evaluating duage to Federal buildings
follOWing an earthquake and in repairing a.rthquake-damaged
.truc:eure•.

2



Two f_Jeral buildings were selected by GSA for this study, one in
Long 8each, California CUBe 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 approach 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. Hake site visits to
document non- struc tural information such .s parti tions that
might effect the dynamir. nsponse of the buildings and aro·..
deviations from the building plans.

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

3. Conduct low-level vibration tests on the buildings to determine
in-situ dynamic properties such as damping values. frequencies
and mode .hapes. These measured dynamic properties are to be
incorporated into the flnite el••nt lIodels. Mode shapes,
response frequencies obtained froll vibration tests are compared
with analytically predicted value. to verify the validity of
the computer aodel.. The dynamic te.tingl of the buildings are
jointly conducted with the Branch of Geologic R.isk Assessment
(&eRA) of the U.S. Geological Survey (USGS),

4. After aati.factory model verification, the buildings are
analyzed by subjecting thea actual accel.ration records of past
earthquake.. The analytical dynaaic responae. of the buildings
will help identifying the aoat desirable locatlona for Itrong­
motion instrumentations in the buildin.a.
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2. EXISTING GUlDEI..IHE.S FOR SEISKIC INSTRUMENTATION
2.1 The 1988 Unifor. Building Code

The 1988 Uniform Building Code (USC) [1. section 2312(i): recommends
the follOWings:

1. In seismic zones 3 and 4 every buil:Jing over six stories in
height with an aggregate floor area of 60.000 square feet or
mQre, and every building over 10 stories in height regard~ess

of floor area, shall be provided with not less than three
approved recording accelerographs.

2. The iratruaents shall be located in the basellent. lIidportion.
and near the top of the building. Each ins trument sha 11 be
located .0 that access is _intained at all tilles and is
unobstructed by room contents. A sign stating "MAINTAIN CLEAR
ACCESS TO THIS INSTRUMENT" shall be posted in a conspicuous
location.

3. Kaintenance and .ervice of the instruments shall be provided by
the owner of the building, subject to the approval of the
building official. Data produced by the iratruments shall be
aade available to the building official upon his request.

2.2 The 1981 Lo. ADade. County &uUding Code

The 1981 Los Angeles County Building Code [2, chapter 23-General
Design Requirement, .ection 2300] adopted .arlier USC earthquake recording
in.trwaentation provlsiona and expanded it to include not only those
buildings which are required by the USC to have three triaxial
accelerographs, but also all unusually shaped buildings in the Los Angeles
county into the types of buildings which require at least three approved
recording accelerographs.

It should be noted that neither of the .elected buildings is required
to b. in.strwaented by the code.. Since the Portland building, despite
having an irregular .hape, 1. located In USC .el••lc zone 2 and outside Los
Angele. County; ancl the Long Beach building, de.pite being in UBC seisllic
zone 4, is .,..etrie with. large.t floor are. gf 48,390 square feet. less
than the 60,000 .quare feet .pecified by the codes.
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3. BUIWING DESCJlIPTIONS
3.1 The Portland B~ildin&

Figure J.1 lihows the shape and dimensions of the Portland building.
Figure J, 2 shows plan view of 4 typical floor. Views of the North and
South facings of the building are shown in Figures 3.3 <a) and (b).

The Portland building is a prestressed concrete office building which
was constructed in 1984. The building is uns)'IIIIIIetrical in plan wi th 8
above-ground floors <level &-1 to level 7), 2 basement floors ( levels B-2
and B-3), and a penthouse. 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 typically 13.5 feet, .xcept for the first story and
the penthou.e l.vel which have story heights of 14.83 feet and 20.83 fe't,
resp.ctiv.ly. The foundation is 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 extend. 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 consi.ts of .arble stone plates and glass. At the time
of testing, the building va. fully occupied and va. furnished with office
furnit~res.

The floor syste.. of the b•••••nt floors consi.t of reinforced
concrete floor••upport.d by a system of concrete joist. and be&DIS , The
floor systems of the above-ground floors are pre.tres.ed in both orthogonal
directions and supported by reinforced concrete peri••ter beams. The floor
systems are in turn .upported by round and r.ctan~lar reinforced concrete
columns, which are .venly .paced at 32 feet in ehe east-vest direction and
30 f ••t 1n the north-south direction. Many peri.eter colWllllS in the north
and west face. are tenainated with incr••••d elevation. resulting in a
stepback look fro. the outaide and ...ll.r plan ar... for floor. above the
tet1l1natlon .levations . Thi. discontinuity al.o r ••ul ta in abrupt change
of structural .tlffne.. in boch orthogonal dir.cClons of the building. The
foundation ay.t•• conaisCs of 10 inches thick reinforc.d concr.e. perimeter
waUs .nd individual square or r.ceansular .pr.ad footing. vhich are not
tied together. Th••l.vatlon diff.r.nc. b.twe.n the grade at che east and
we.t side. 1••pprox1aat.ly 17.1 f.et. Typical bay length In the ••st-west
direction is 32 f •• t and 11'1 the north-south direction is 30 f.et. The
north and v.st facing. of the building are square, the .outh .nd eas t
facings are continuously curved.

3.2 l"ba LoD& leach Builcl1D&

Fisure 3.4 show. the shap. and di••nsiona of the Long a.ach building.
Plan viev of a typical floor of this b~llding is .hown in Figur. 3.5.
Figure 3.6 shov. view of the South facing of the buildi",. FiSUre 3.7
shows vi.w of the interior of the top floor.
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The Long Beach bullding is s)'IIIIIIetrical 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 floor (floor 1) to top of the mechanical room is 147.5
feet. Typical story height of the above-ground floors 15 15 feet, except
for the first story (between floor 1 and 2) which is 20 feet. The height
between the basement floor and the first floor is 13.5 feet. The basement
is surrounded by a 12-inch reinforc£d concrete perimeter wall, supported
by reinforced concrete wall footing. The foundation is rectangular, 315.92
ft by 153.17 ft, with an approximate base .rea of 48,390 square feet. The
long dimensLon of th~ building is in the e.st-west direction, wLth typical
floor length of 305 f.et. The short dillension is in the north-south
direction, with typical floor width of 105 feet. Typical bay length Ln the
east-west direction is 30 ft. The bay length in the north-south direction
varles from 22.5 ft to 33.25 ft. The elevation difference between the
grade in the east and west sid.s is approximately 13.5 feet. The building
aspect ratio (height-to-b.se width ratio) is 0.82. Th. building is in UBC
se1 saLe regiotl 4. At the time of t.sting, all structural aspects of the
building had been completed. However, it was neither ready for occupancy
nor furnished with any non-structural partition. or lUchanical equipment.
The el.vators, to be installed in the elevator shaft. located toward the
center of the building, were not yet in pl.ce. This prOVided ideal
conditions for low-levei vibration t.sting .nd analytical modeling.

Th. typical floor sy.tem of this building consists of a composLte
reinforc.d concr.te .l.b on cold-form.d .c•• l de~king, which is supported
by wida-flang. st.el joi.t••nd b..... Lat.r.l load ls resisted by a
mom.nt resisting .te.l fr&lU, consisting of steel columns. The columns,
made of either commerci.lly available wide-fl.ng. or bullt-up sections, are
connected at every oth.r ItOry by w.lded connections .nd have smaller
section with incr••••d .l.vation. 5om. of the p.rim.ter colWllOI are
supported by the foundation footing, other. including .11 interior columns
.re supported by individual .pre.d footing. which .re not tied together.
At the 5th floor, there is .n .brupt ch.na- 1n floor plan reaulting in
aUffn... discontinuity .t ebb .lev.tion. Sine. the b•••••nt floor is
used for p.rkins, .11 st•• l coluana in the b.....nt level .re enca.ed in
thick concr.t. to pr.vent po••ibl. daaag. by .ccident.l c.r imp.ct.
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4. ANALYTICAL MODEUNG AND FIELD TESTING OF THE BUILDINCS
4.1 3-D Finite Element Discretization of the Buildings

To ensure accurate prediction of buildings translational, torsional,
and vertical responses, the analyti,al models must be capable of accurately
simulating all structural aspects of the buildings 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 i

several story levels. Both buildings were modeled by discretizing all
structural components into finite elements, interconnected 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 used in
dlscretizing the buildings for finite element analyses is discussed below.

The 3-0 models of the buildings consisted of a large number of finite
elements representing structural components such as beams, columns, slabs
and shear walls. Structural connections, such as welded and bolted joints
or monolithic cast-in-place connections between beams, columns, and slabs
were modeled as rigid connections. The number of elements used in the
discretization proceu depended on the capabilities of the software for
modeling and hardware for analysis. Because of change. in geometry and in
structural properties of the building., each .tory of the buildings had to
be modeled individually.

4.1.1 KodeUDI Ie... aDd Co1umu1

Structural b.... and columns w.re modeled using 2-noded beam
elements. Each end nod. of a beam el.ment ha. 6 degre•• of fre.dom, or 12
degrees of freedoll per elellent. The required input for each element
includ•• such phy.ical and ...t.rial prop.rtie. a. the cro•••ectional area.
mOllent. of inertia with r ••p.ct to the .trong and weak aK•• of the element .
• h.ar and ela.tic 8Odull, Poisson's ratio, and ..... d.nsity. For steel
b.... or col~, .xc.pt fAT huilt-up ••IIb.rs wh.re phy.lcal properties
w.r. h.nd-comput.d before input, the phy.ical properties of co...ercial1y
avanable .ectlona ver. conv.niently incorporated using special library
which contains the prop.rti.. of th... ..ctions. For concrete beams.
joist.. and colUllnS, the phy.ical properti.. w.re computed using the
dillenslon obtain.d frca the structural drawing. The Portland building 1s
a ••umed to he new with no ••rious cracks in it••tructural components.
thus only the ...... of the r.inforcellent. w.re con.idered. Contribution
of the relnforc••ent to the .tructural .tiffn••• of the .ntire building was
ignored.

Within a story. .ach colUllll Wa. 8Odel.d uslna thr.. Un. .:.lIents
.qual in !enlth. Within a hay. .ach h v.. IIOdelad hy at l.a.t two line
d ....nt.. Th. ,.o_try of .ach b l ...nt ••• characterized by its
ero.. sectional properti.. at two .ncb. U _ntioned abov., aU h.... ­
colUlln connections ver. aodal.d a. rigid conn.ctions.
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4.1.2 Modellng Slabs and Shear Walla

Slabs. shear walls and foundation walls were modeled using thr@e­
noded triangular and four-noded quadrilateral elements. Rigid beam
elelllents were used at the boundaries of the quadrilateral elements to
simulate built-in foundation colUlllns. The floor slabs. shear walls. and
foundation walls were subdivided such that the connections between them and
the beam and colUllln elements were at their corner nodes.

4.1.3 Modeling FOundation

Sit.ce only low-level excitation was applied to the building on the
top floor, soil-structure interaction wa. con.idered in.ignificant for the
purpose of model verification. The surrounding .oil around the foundation
wall was therefore not modeled. All column. foundation wall and shear wall
elements were fixed at the foundation level.

4.2 Field Te.tins

Vlbrat1.on test. were conducted on both buildinga in cooperation with
USGS. The re.ponae data wera recorded and analyzad by USGS to datermine
the In-sltu dynaalc propertle. of the bulldings. Dynaa1.c properties that
w.re mea.urad inclUded re.ponsa frequency and damping. Tha response data
were obta1.ned by deploying portable digltal s.h.ollatan at judiciously
s.lected location. in the buildings. The buildings were exc1.ted by hUlllan­
induced motion. The advantage of using controlled hwaan-induced motion,
rather than mechanically induced .otion 1s that th. bUilding. can be tested
conveni.ntly wlthout disrupting building occupants or damage to the
facility. Th. di.advantage is that tbe forcina function of this kind of
dynaaic excltationa can not be accurately dafined. Although the motions
induc.d by this t.chnique wen ...11. th.y w.ra larg. enough to be clear ly
dhtinlUhh.d fro. aotlons Induc.d by ambient conditions such •• wind or
.oving trafflc.

4.2.1 Ten Setup aDd Excitation TechD1qua

Thr••-coaponant abort period .e1811Oaeter. were ue.d to ••••ure
v.loc1ty at varloua locet1olW In the bul1diftl. A total of 7 ••h.o••ters
were ueed in t ••tIna the Portland building. and 10 .eIsaoaet.rs w.r. used
in the 1.001 leach bulldIRJ. The diff.renc. In m.ber of .a1sllOaet.rI u.ed
wa. due to the availabillty of .xtra a.haa_ten at the ti_ the Long
Beach building wa. t ••t.d. Th.aa ••i.ao••ter. v.r. connected to individual
Portable Data Aequ1aitlon Sy.t.... Several ta.t. were perfor.ed 1n e.ch
buildlft1. In each te.t. the ••1aaoaet.ra wen deployed at pr.dete11l1n.d
loc.tiona. ueuelly near the dab-col~ joint.. To excite the building.
two p.raone apply synchronous t.pulse. to col~ located at the f.r .ncb
of the buildlng to Induc. the build1ft1 into aotion In tha dasired
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direction. For example. to i~duce torsional motion, one person would push
the colUllltl in one direction while the other would push in the opposite
direction. While this technique 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
directions and in torsion were computed by performing spectral analyses of
the velocity records. The velocity recorda were integr.ted 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 Q7 were used in calculating mode shapes. For
the Long Reach building, mode shapes were plotted using data at different
elevations of column D9 (from basement level to floor 8).

Typical three-component velocity record., obtained at colUllln L23, on
floor 7 of the Portland building .re shown in Figures 4,1 (a), (b). and
(c). The dashed curves th.t overl.y the data identify "windows", i.e. the
portions of the recorda that were u••d in spectr.l .nalyses. Three
components of the di.plac••ent hi.tori•• of the .... node, integr.ted from
the velocity records are shown in Figures 4.2 <.). (b). and (c). Figures
4.3 <a) and (b) show .pectra for the N-S and E-W direction, respectiveiy,
of the Portland building. The building .ode sh.pes are shown in section
4.3.2.

4.3 Verification of Hath...~lcal Models

As discussed in ••etlon 4.2, the buildings w.r. excit.d by human­
induced impul.e••pplied at pre-det.rained columna on the top floor of each
building. For dynaalc analy.... the forcina function wa. modeled as
impuls. lo.da <••• FiSUr. 4.4). The duration and the ti_ interv.l of
impul.e. were e.timated .inee they v.re not preci.ely mea.ured.

To verify the mathematical .odeb. dynamic .naly... v.re performed on
models of both bullding. using illpulse forcing function which ellUl.tes
human-induc.d impul.e loading. The calcul.ted r.spons•• vera then comp.red
with the .e.§ur.d re.ponA... In the .naly•••• the damping values obtained
from the .ctual t ••ta vera used. For the Portland building, ...... due to
ext.rior .nd interior non-.tructural el.ment. vera add.d to the .tructur.l
..... in the analy.is. Sine. the Long a.ach bullding v•• not furnhhed a~

the time of testing. no ade! ad .... va. used in the analyd. of this
building.

9



The analytical model was verified by comparing calculated and
measured values of mode shapes and corresponding frequencies. Frequencies
of the buildings in the North-South, East-Welt, and 1n torsional direc:ions
are obtained by performing fast fourier transform of the nodal displacement
histories. The calculated response frequencies and the test response
frequencies of both buildings are listed in iables 4.1 and 4.2.

For the Portland building. the calculated and measured deflected
shapes, plotted using 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 Portland building. corresponding to
locations of columns 54, 57, L20, and L23 on the seventh floor, are shown
in Figures 4.7 (a) to (1). For this building, a structural damping ratio
of 0.95' was uaed in .11 di rections for the analy.es, alnc(" the measured
damping r.tio. are very close together, being 0.93', 0.95\. and 0.95' in
the North-South. East-West, and torsional dlrections. The c.lculated
translational response frequencies in the North-South direction of the four
indicated nodes, obt.ined from rast fourier transform of the time-histories
of their trat' .. lational displacements are 1.09 Hertz, 1.10 Hertz. 1.01
Hertz, and 1.~1 Hertz, respectively. The calculated translational response
frequencies in the E.st-West direction are 1.18 H.rtz, 1.17 Hertz, 1.30
H.rtz, and 1.33 Hertz, respectively. The c.lcul.t.d torsional response
frequencies .re 2.11 H.rtz for column 54, 1. 74 H.rtz for column S7. 1. 50
Hertz for column LlO, .nd 1.46 Hertz for column L23.

For the Long Beach building, the calculated and ••••ur.d deflected
sh.pe., plotted uaing noraalized displace.enc. obtained at different
el.v.tion. of column D9, are shown in Figure. 4.8 .nd 4.9. The .easured
damping ratio. for the North-South and the Ea.t-West directions .re 1.2H
and 0.98\, respectively. The spectral densiti•• , obt.ined from fast
fourier transform of the tr.nslational .nd tor.ional displ.cement histories
of four node. at grida C2, CS, C8, and Cll on the eigth floor are shown in
Figures 4.10 (a) to (1). The tr.nslational re.pon••• of thh building
appear to be very uniforD in both horizontal directions. In the North­
South direction, the r ••pons. fr.quencie. due to aodel impul••• applied in
th.t direction r.nge froa 0.72 H.rtz to 0.73 H.rtz. In the E.u-Yest
dir.ction; the re.ponae frequencies r.nge frca 0.845 Hertz to 0.860 Hertz.
The torsional r ••poM. frequenci•• , obtained frOll the fast fourier
tr.naforll of the rotational dllplac...nt histories with re.p.ct to the
vertic.l axi., are .11&htly diff.rent for the two .n~ of the building. In
the ve.t .nd where gride C2 and C5 are loc.t.d, the comput.d torsional
re.pons. fraquenci•• are 1.090 H.rtz and 0.92 H.rtz, r ••pectively. In the
ea.t end where gride C8 .nd Cll .re loc.ted, the computed torsional
re.ponse frequencies ar. 0,92 H.rtz and 0.86 Hertz, re.pectively.

The difference. between the ....ur.d and calcul.ted r ..ponse
frequenci•• of the Portland building .re .pproxi..tely 3.8' to 4.8. in the
N-S direction, 6.4' in the l-W direction, and 6.2\ to 32\ in tor.ion. For
the Lona Ie.ch buildlns. they .r. 3.3. to 4.3. in the N-S dir.ction, 3.0\
to 4.9' 1n the E-V dir.ction. and 3.lt to 14.7' in torsion. aetter
.gr....nt betwe.n the ....ur.d and calculat.d fr.quenci.. in the Long le.ch
building 1. thoughC co be due to the .,...try of the bulldina.
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5. BUILDINGS RESPONSES TO KNOWN EARTHQUAKE RECORDS
5.1 Introduction

Dynamic analyses were performed on the finite-element. models of bot.h
buildings with acceleration r-ecords obtained from past earthquakes. The
purpose was to examine building response to actual recorded Ilarthquake
ground motion. Since general dynamic response charact.eristics of the
buildings are only of inter. st, influence of such factors as site
amplificnLion, distance from the buildings to the free-field stations where
the acceleration records were taken, and soil-structure interaction were
not cons ide red . Even though analytical response was imprec ise 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
Uhittier Narrows earthquake.

5.2 Respon8e of the Portland Building to the 1962-Portland Earthquake

The three components of ground acceleration which were used as input
excit.ation for the Portland building are shown in Figures 5.la, b, and c.
These acceleration recorda were obtained during the November 1962 Portland
earthquake at a station located at 45.52D latitude and 122.68D longitude
(station 2110P). The maximum peak ground acceleration recorded was
approximately 0.12&, in the north-south direction. The building response
to this earthquake is shown by the particle motions of two nod.a located at
columns Q4 and L23. a.e Figure 5.2). These particle motions were
superimposed to ahow the relative motion of the opposite ~nds of floor 7.
Figures 5.3, 5.4, and 5.5 show the particle motions in three planes,
horizontal (x-y plana). vertical and building long direction (x-z plane).
and ver~ical and building ahort direction (y-z plane), respectively. From
the particle motion plots, it can be seen that the eaat and waat ends of
the building responded very differently. The motion ( ••e Figure 5.3) of
the east end, where column L23 is located, is very directional. In the
horizontal plane. this motion is predominantly In the north, north-west
direction. While the motion of the weat end, where column Q4 is located,
is strongly influenced by circular motion. This difference in rasponses of
the east and wast ends clearly suggest. that the re.ponae of this building
is dominated by tordonal and rocking .otiona. This probably .ay be
attributed to the irregular shape of the building and the locations of the
shear walls relative to the two nodes. Thes. ob.enationa also indicate
that the floors of the Portland building are flexible and the .otion of any
one floor in this building cannot be sufficiently characterized by only 6
degrees of freedom.
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~.3 Response of the Long Reach Ruilding to the 1981-Whittier Earthquake

The north-south. east-west. and vertical components of ground
acceleration 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 High....ay in Norwalk, Californ1a (station NORlJA.
33.92° latitude. 118.07° longitude). Maximum peak acceleration ....as
approximately 0.24&, in the N-S direction. Similar to the Portland
building, the building response to this earthquake excitation ....as
illustrated by superimposing the particle motions of two nodes located at
columns e2 and ell on floor 8. These two nodes are symmetrical .... i th
respect to the short direction (North-South) of the building (see Figure
5.7). Figures 5.B. 5.9, and 5.10, respectively, show the particle motions
of the twO selected nodes in the horizontal plane (x-y plane), in the
vertical 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 the Long Beach
building experienced similar motions in all three planes. This suggests
that this building is predominantly controlled by translational
displacements. Since the selected nodes are located at opposite ends along
the building length, it also indicates that the floon of this building
behav.. like a rigid body, i. e. the motion. of an entire floor of this
building can b. characterized by the 6 degre.. of fr.edom of any node on
that floor.
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6. GUIDELINES FOR SEISKIC INSTRtlMENTATION
6.1 C.neral Reco...ndations

Since buildings with different aspect ratios, geometries, and/or floor
rigidity behave differently under !'eismic excitations. it is difficult to
develop a detailed. 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 variation to accomodate structures with different
floor rigidity. has been recommended in [1]. These recommendations are
adopted in this section and developed into general guidelines for seismic
instrumentation of existing buildings. These guidelines will be used along
with the observed building behavior under earthquake excitations, described
in previous section. to develop seismic instrumentation schemes for the two
buildings investigated here.

Two sets of guidelines are recommended in the follOWing sections. One
set for structures with rigid floors, where 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 structure. 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 .ufficiently defined using only 6
degrees of freedo.. It 1s beyond the scope of this study to suggest which
types of design will result in eit~er rigid or flexible floor. However, as
discussed in previo\U .ectlon. the le.pon..s of the two buildings being
studied indicate that the Long Beach building may be treated as a builcing
with rigid floor., and the Portland building aay be treated a. a building
with flexible floors.

6.1. 1 Structures vi tb Il1gid Floors

As di.cus.ed above, the horizontal motion of .ach rigid floor can be
characterized oy 2 in-plan. translational degree. of freedom (x and y) and
1 rotational degree of freedo. with respect to the vertical axis (theta-z).
For v.rtical motion, 3 additional deBr.es of fre.dom are needed to define
the position of the floor plane in the 3-D spac. (z, theta-x, and theta-y).
Thus at least 3 uniaxial lft8trumenta are needed to characterize horizontal
motion of a rigid floor, and at l.ast 6 uniaxial instrument. are ne.ded to
characterize both vertical and horlzoneal actions of a rigid floor. aased
on that ob.ervation, the following instrumentation deployment ache.es are
recommended for buildlna. with rigid floor.:
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6.1.I.A Guideline. for Vertical Deploy-ent

Seismic monitoring instruments are recolDIDended as follows (schematic
describing these recommendations is shown in Figure 6.1):

1. At the building foundation level, a minimum of one set of 6
uniaxial acceterometers 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 accelerometers or equivalents should be deployed
since there 101111 always be non-zero displacements at this
elevation, regardless of what mode the building is responding.
Within floor arrangement should al.o follow recommendations in
section 6.1.1.b.

3. At elevation where there are .ignificant or abrupt changes in
structural .tiffne.s••tructural ..... or .tructural geometry,
.uch a. terllination of perilleter colUlllI\s. changes in floor
plan geoaetry etc.. since th••e dlacontinuities represent
structural nonlinearity and ..y significantly alter the
structural response. of the building. A complete set of 6
uniaxial in.truments i. desirable at the•• locations, but all 6
are not reqUired since two coaplete .et. are required at the
foundation and the top floor. These instruments should be
placed at locations and in directions which, along with data
atalned froa the foundation and the top floor (recommendations
1 and 2), would facilitat. aode shape calculation with at least
3 data points.

4. At elevationa where aaxi.ua di.place..nts associated with
individual .od. shape. are anticipated. SimUar to
reco...ndatlon 3, a coaplete set of 6 uniaxial Instruments is
desirable but not required .t these elevations.

5. Where posdble. free-field inatnmentat10n should be deployed
to allow an nt of the cOllP1ax soH-structure
interaction. Actual building ba.. excitation can be a.sessed
by differentiating the free-fl.ld action and the motion
recorded at the foundation l.val of the building.
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6.1.1.B Guidelines for Horizontal (within Floor) Deploy.ent

1. Within one floor, the instruments should be placed close to the
perimeters of the building. Since displacements at locations
closer to the building perimeter are usually larger than those
close to the building center.

2. Out of one set of six (6) uniaxial instruments recommended for
each rigid floor. three (3) should be placed horizontally to
monitor horizontal motion, and three (3) vertically to monitor
vertical and rocking motion, of the floor. Two (2) of the
three horizontal instruments should be placed in the same
horizontal direction which may have larger translational
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 calculation of
rotational displacement in the horizontal plane. The remaining
horizontal instrument should be placed at the saJlle location
with one of the first two, but in the orthogonal direction to
allow the calculation of the horizontal translational
displacement in 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 vertical instruments should be placed at the
saJlle locations where the horizontal instruments are placed. and
the remaining vertical instrument 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
deflnes the rocking motion of the building. A a.:hematic
explaining the.e recommendations i. shown in Figure 6.2.

6.1.2 Structure. with Flezible Floor.

Building. which have large floor length-to-width ratios may be
considered aa havi", flexible floor.. For thh type of buildings, more
instruments are needed on each floor to characterize the horizontal and
vertical motions of the floors.

6.1.2.A Guideline. for Vertical Deplo,.-Dt

Reco_endationa for vertical depl"Y!Hnt of inatrument. for
buildings with flexible floor are the .... _ for building. with rigid
floon (.ection 6, 1.1.A), .ince the vertical deplo}'llent of inatruments
depe~ on other factor••uch a. the building helsht-to-ba.e width ratio,
the continuity of .tiffne•• and .... di.tributiona, etc., rather than the
floor rigidity .

15



6.1.2.B Guidelind. for Horizontal Deployaent

A flexible floor may be subdivided into smaller fini te segments
that are rigid. Within each segment, a complete set of 6 uniaxial
instruments, placed following recommendations for a rigid floor, is
needed. However. the number of instruments used may be reduced by placing
some ins truments on common boundary of two rigid segments. There is no
specific rules pertaining to the division of flexible floor into finite
segments. The practitioner will make his or her own judgement regarding
this division.

6.2 Reco...nded lnatru.entation Scheae. for the Selected Buildings

Based on the recommended guidelines and the observed behavior in the
two buildings, the following instrumentation achelle. are suggested for
future seismic monitoring of the Portland and the Long Beach bUildings. It
should be noted that these schemes are developed from the structural
performance viewpoint only. The probability 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 .chelle for the Portland buildin. 11 shown in
Figures 6.3 and 6.4. Since the floor of thb building is considered
flexible, each floor i. arbitrarily divided into two .egaent., with line 16
in the North-South direction a. commOn boundary betwe.n the two segments.
Three sets of instrumenta are recolIIIII.nd.d for the foundation level (Bl).
floor 3, and the P.nthouse level. Within each floor, a total of 8 uniaxial
acceleromet.r. ar. recommended. Of th•••• 4 accel.rolletera are placed on
the common boundary line, 3 at grid Ql6 and 1 at grid Hl6. The remaining 4
acceleromet.r. on each floor ar~ placed in the East and W.st sides of the
COmDon boundary, 2 at grid Q4 and 2 at grid H23. Thi. arrang.men~ allows
all 6 degree. of fr.edoll ne.ded to deUne the aotion of each of the two
rigid segment. to be lIe.sured.

6.2 .2 The 1.011& leach Buildlll,l

A total of Chree .eta of lnatruaent•• each conalating of 6 uniaxial
acceleroaeter. or equival.nt.. and one triaxial accelerometer for free­
field iNtruaentatlon are reco...ndad for the Lona Beach building (21
uniaxial accelerOHter. 1n all). Of the Chree .eta. one .et is to be
placed at the building foundation level. The .econd .et i. to be placed on
floor 4, where the floor configuration chana... And the third .et ia to be
placed on floor 8. The locationa and direction of the•• iNtruaent. are
identical within the floora. Figure. 6.5 and 6.6 abow the locations of the
ins truaenta . Thls lnatruaent.tlon ach.. allow. two IIOde .hape
calculationa in Che Nortb-South directiOn. one for the East end of the
building at colwm DI0, and one for the W••t end at colwm D3. One mode
shape calculation In the Eaat-V.at directiOn can alao be obtained at column
D3. Tonional and rocking aotion of the foundation. floor 4, and floor 8
can aho b••a.ured.
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7. SllHKARY

Two buildings, the Long Beach Federal Building and the Portland
Federal Building East, were idl'!ntified by GSA for study with the aim to
develop guidelines for seismic instrumentation in existing buildings. Low­
level vibration tests were performed for both buildings to determined their
dynamic propertles. 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. For the
Portland building, the largest difference between the measured and
calculated frequencies was 32', in torsion. The smallest difference was
3.8', in the N-S direction. For the Long Beach building, the largest
difference was 14. 7t 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
realistic 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 recorda obtained during the 1987-Whittier
Narrows earthquake. Similar motions were observed for the east and west
ends of the building which suggests that the r ••ponse of this building was
mainly translational. Based on the analytical results, the Portland
building wa. 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 uniaxial
accelerometers are recommended to be deployed within the
building at three elevations, the foundation floor, floor 3,
and the penthouse floor. Within each instrumented floor, B
uniaxial accelerometer. are to be arranged a. follows: 4
accelero_ten on line 16 (3 at grid Q16 and 1 at grid Hl6,
see Figure 6.4), 2 accelerometers in the vest end at grid Q4,
and 2 acceleroaeters in the east end at grid H23. In addition,
three free-field accelerometer. are reco...nded if field
condition per.it•.

2. For the Long Beach building, a total of 18 uniaxial
accelerouter. are recommended at three elevations. the
foundation floor, floor 4, and floor 8 (6 uniaxial
accelerometer. per floor). Within each floor, 3 accelerometers
are to be placed at grid D3, 2 accelerometer. at grid DI0, and
1 at grid A3 (.ee Figure 6.6). Three optional free - field
accelerometer. are alao recomaended if field condition permits.

Thi. study provided GSA with guideline. for use in developing
appropriate inatnuaantaUon acheu, including the procedure to detemine

17



the required number and locations of the instruments, for existing
buildings. Specific instrumentation schemes were also recommended for the
two buildings analyzed in this study. Since the Long "each building is
more likely to experience strong motion, it is recommended that this
building be instrumented for future study.
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Fipn 3.1 Structural View of the Federal
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Figure 3.6 South Facing Vi@w of the Long Beach Buildl"1:

Figure 3.7 llIterior Vl@w of Long Reac:h Bl.lilding's top
Floor at Testing
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