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Forced Vibration Testing of a Four-Story
Reinforced Concrete Building
Utilizing the nees@UCLA Mobile Field
Laboratory

Eunjong Yu,a) Derek Skolnik,b) Daniel H. Whang,c)

M.EERI, and John W. Wallace,b)
M.EERI

The nees@UCLA mobile field laboratory was utilized to collect forced
and ambient vibration data from a four-story reinforced concrete (RC)
building damaged in the 1994 Northridge earthquake. Both low amplitude
broadband and moderate amplitude harmonic excitation were applied using a
linear shaker and two eccentric mass shakers, respectively. Floor accelerations,
interstory displacements, and column and slab curvature distributions were
monitored during the tests using accelerometers, linear variable differential
transformers (LVDTs) and concrete strain gauges. The use of dense
instrumentation enabled verification of common modeling assumptions related
to rigid diaphragms and soil-structure-interaction. The first six or seven natural
frequencies, mode shapes, and damping ratios were identified. Significant
decreases in frequency corresponded to increases in shaking amplitude,
most notably in the N-S direction of the building, most likely due to
preexisting diagonal joint cracks that formed during the Northridge
earthquake. �DOI: 10.1193/1.2991300�

INTRODUCTION

Field testing of full-scale structures using mechanical shakers plays an important
role in determining the dynamic properties of structures to enable improved modeling of
structural systems subjected to combined gravity and lateral loads. Given this, a large
number of studies have been conducted using ambient and low-level forced vibrations
(well within the linear range, unlikely to produce significant concrete cracking) to cap-
ture the responses of buildings (e.g., Hudson 1960, 1961, 1962; Jennings et al. 1972;
Stephen and Bouwkamp 1977; Hudson 1977; Galambos and Mayes 1979), dams (e.g.,
Petrovski et al. 1974; Bolt and Hudson 1975; Abdel-Ghaffar and Scott 1980), foundation
systems (e.g., Muto and Kobayashi 1973; Foutch and Jennings 1978; Imamura et al.
1996), bridges (e.g., Dye and Halling 2002), and nuclear power plants (e.g., Ibáñez et al.
1981). These studies resulted in substantial advances in field testing capabilities. How-
ever, due to the technological limits that naturally existed at the time of these tests, most
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970 YU ET AL.
were conducted at relatively low-level, harmonic excitation with a relatively small num-
ber of sensors. A primary goal of this research is to build upon prior research accom-
plishments by incorporating state-of-the-art data acquisition and sensor technologies and
to provide detailed archival documentation and data that are of value and interest to both
researchers and practicing engineers.

High quality field performance data offer valuable information against which analy-
sis procedures, code provisions, and other tests results are supported. However, several
factors have limited advances in field testing in recent years, including (1) the inability
of artificial (forced) vibration sources to impart moderate-to-large amplitude vibrations
on test structures (e.g., likely to produce concrete cracking, approaching component
yield), (2) the inability of traditional vibration sources to excite structures with broad-
band inputs to better represent realistic seismic motions, and (3) practical difficulties as-
sociated with deploying a sufficiently large sensor array to assess detailed component
behavior. Permanent instrumentation of structures, such as provided by the California
Strong Motion Instrumentation Program (CSMIP 2006), addresses some of these needs
and also provides important information on the distribution of responses over large geo-
graphic areas; however, relatively few sensors typically consisting exclusively of accel-
erometers are deployed at a limited number of floors (typically 10 to 15 sensors). Al-
though a few permanently instrumented structures are embedded with relatively dense
and high quality accelerometer networks, like the UCLA Factor Building (Skolnik et al.
2006), an earthquake capable of producing at least moderate-amplitude responses is de-
sirable to generate data of interest.

The University of California, Los Angeles NEES Equipment Site (nees@UCLA)
was established by the National Science Foundation George E. Brown Jr. Network for
Earthquake Engineering Simulation (NEES) to address these limitations. The
nees@UCLA equipment portfolio includes (1) large capacity eccentric mass shakers for
harmonic excitation, (2) a linear mass shaker for broadband seismic simulation at low
force levels, (3) sensors for monitoring acceleration and/or displacement responses, (4)
wireless field ADC data loggers with time synchronization capabilities that efficiently
transfer data from the test structure to the high performance mobile network, and (5) a
high performance mobile network that receives and locally stores data at a mobile com-
mand center deployed near the test site, transmits and broadcasts selected data via sat-
ellite for teleobservation of experiments (Whang et al. 2004).

The advanced field testing capabilities of the nees@UCLA Site were deployed on a
four-story reinforced concrete building in Sherman Oaks, California during the summer
of 2004. The building suffered significant damage in the 1994 Northridge earthquake
and was eventually demolished in the summer of 2007. Previous studies (Sabol 1994;
Aschheim and Moehle 1995; Hueste and Wight 1997) documented some of the building
damage and reported results of analytical studies to assess reasons for the observed dam-
age. The results of these studies were inconclusive, in part due to the considerable un-
certainty in modeling the structural system. Consequently, ambient and forced vibration
testing was performed to collect field measurement data that could be used to evaluate
the validity of prior analytical models as well as to provide essential data for model cali-
bration. Furthermore, test data of full-scale structures with significant levels of shaking
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and high-density spatial resolution of instrumentation are rare or not widely available
and publicly archived. Therefore, another objective of this study was to generate a truly
unique and detailed dataset in terms of high-density spatial resolution that will be ar-
chived in the NEES data repository (http://www.nees.org). This dataset could be useful
for earthquake engineering researchers to improve understanding of the dynamic re-
sponse of real buildings, and for damage detection studies.

In the sections that follow, we document the building condition, provide an overview
of the nees@UCLA equipment, describe the testing and instrumentation plan, and fi-
nally provide results obtained using the test data. In addition to the study described
herein, several parallel collaborative “payload” projects were conducted by researchers
at UC Irvine on the use of visualization to monitor non-structural elements and science
laboratory equipment (Nastase 2005), and researchers at USC on the use of novel
MEMS/wireless sensor arrays (Paek et al. 2005). These studies are beyond the scope of
this paper.

BUILDING AND DAMAGE SURVEY

GENERAL DESCRIPTION

The four story reinforced concrete office building, referred to as the Four Seasons
Building is located in Sherman Oaks, California and was constructed in 1977. The struc-
tural system consists of a perimeter beam-column frame and an interior post-tensioned
slab-column gravity frame with drop panels. Figure 1 shows a plan view of the building.
Typical interior gravity frames consist of a 8.5 in. deep post-tensioned flat slab con-
structed of 4000 psi lightweight concrete and 24 in. square columns with 48 in. square
7.5 in. deep drop panels of 5000 psi normal weight concrete. The roof consists of a
lightweight concrete post-tensioned flat slab that varies in thickness from 7.5 to 13 in. to
provide the required gradient for adequate drainage. Reinforcement with specified yield
strength of 60,000 psi was used for longitudinal and transverse reinforcement in all ma-

Figure 1. Typical floor plan of Four Seasons office building.
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jor structural members. Seven wire post-tensioning strands having a minimum ultimate
tensile strength of 270,000 psi were used for the unbonded post-tensioned slab. Typical
interior columns of the slab-column frame are reinforced with either 4 or 6 #10 longi-
tudinal reinforcing bars enclosed in #3 hoops spaced at 8 to 12 in. (Figure 2).

Lateral seismic resistance is provided by a perimeter frame composed of 24 in.
square columns constructed of 5000 psi normal-weight concrete and beams of 4000 psi
lightweight concrete. The perimeter beams are 24 in. wide by 30 in. deep, except for
beams on the second floor level which are 24 in. wide by 36 in. deep. Typical beams are
reinforced with two #10 top bars and three to four #11 bottom bars, and typical perim-
eter columns are reinforced with 8 #9 to 12 #10 bars with #4 hoops at 4 to 6 in. on
center. Transverse reinforcement was provided within the critical regions of the beams
and columns to satisfy detailing requirements for a Special Moment Resisting Space
Frame (SMRSF) per UBC-76 (ICBO 1976). The foundation system consists of bell cais-
sons with a shaft diameter of 36 in. and bell diameters of either 5.5 ft, 7.5 ft, or 8.5 ft.
The caissons are connected by normal weight concrete �3000 psi� grade beams. Addi-
tional details and detailed drawings of the structural and foundation system, connection
details and material properties are provided in Yu (2005).

No ground motions were recorded at the site during the earthquake; however, a
record was obtained in the basement of a 13-story RC building (CSMIP station No.
24322) approximately 0.3 miles south of the site. Figure 3 displays the response spectra
derived from the NS component. Recorded horizontal peak ground accelerations in the
basement of the nearby building were 0.45 g and 0.23 g in the north-south and east-west
directions, respectively. Although the ground motions at the test building may vary from

Figure 2. Typical (a) interior column and (b) exterior column reinforcement.
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those recorded at the nearby building, the recorded peak accelerations indicate that rela-
tively strong shaking occurred nearby the test structure. Additionally, site specific mo-
tions (also shown in Figure 3) for the test building were derived as part of the Building
Seismic Safety Council funded case studies for the 50% draft of ATC-33 (Aschheim and
Moehle 1995) and also indicate that strong shaking occurred at the test building site.

DETAILED SURVEY OF PREEXISTING DAMAGE

Detailed visual inspections of the building were performed prior to forced-vibration
testing to document the existing structural condition. Particularly severe damage was ob-
served at slab-column connections due to slab punching shear failure around the perim-
eter of the drop panels. The most dramatic failures were observed at the south end of the
second floor level (column B2) and the north end of the third floor level (column B6,
Figure 4a).

Diagonal cracks were observed within the beam-column joint regions (Figure 4b)
along the east and west perimeter frames, primarily at the third floor level between col-
umns A4 to A6 and columns D4 to D6. Minor concrete cover spalling was observed
were the cracks crossed at the middle of some joints, and the diagonal cracks often ex-
tended up to the floor slab. No joint cracks were noted in the north and south perimeter
frames except for column C7 at the roof level. The damage survey also indicated that a
majority of the perimeter girders in both directions had minor to moderate concrete
crushing at the joint interface, and most of the perimeter columns had flexural cracks

Figure 3. Response spectra obtained from N-S component of recorded acceleration during
Northridge at basement floor of nearby 13-story building (CSMIP 24322). Also included are the
site specific spectra provided by NEHRP as reported in Aschheim and Moehle (1995) and the
derived ATC-33 spectrum. Finally, the fundamental NS and EW periods identified during EMS
shaking are marked.
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distributed over the height on all four column faces. Overall, the perimeter frame dam-
age patterns indicate that the building experienced considerably more deformations in
the N-S direction than the E-W direction.

Partition walls (metal studs and wallboard) and masonry walls at the ground floor
were detached and separated from adjacent structural members Figure 4c and 4d, indi-
cating that the building experienced substantial lateral deformations during the earth-
quake. These observations indicate that non-structural partitions were unlikely to con-
tribute to the lateral strength and stiffness of the building during the subsequent forced
vibration tests conducted as part of this study.

PREVIOUS STUDIES

Several studies were conducted to document the building damage (Sabol 1994) and
to assess reasons for the damage (Aschheim and Moehle 1995; Hueste and Wight 1997).
Aschheim and Moehle performed linear and nonlinear static pushover analyses using the
50% draft of ATC-33. To model slab-column punching failures, a linear model relating
rotation capacity ��max� and gravity shear to nominal shear strength ratio �Vg /V0� was
defined using the following points: �Vg /V0 ,�max�= �1.00,0� and (0, 0.04). Results ob-
tained from their analyses were not consistent with the degree and distribution of the
observed damage. The nonlinear analyses indicated that perimeter frame column hinging
and yielding of slab reinforcement at slab-column connections; however, the slab-
column connection rotations were below the estimated rotation capacity from the as-
sumed rotation-shear strength ratio punching model. They hypothesized that torsional re-
sponse might have increased connection rotation demands based on the observation that
punching failures were more severe at the south end of the building. Aschheim and
Moehle amplified rotation demands from the nonlinear pushover analysis by a factor of
two to account for torsion; however, the computed rotation demands for the given site-
specific demand spectrum were still only about one-half of those expected to produce a
punching failure. They cited five possible reasons for this discrepancy: (1) ground mo-
tions at the site were more severe than those used; (2) properties of the analytical model

Figure 4. Earthquake damage to the building: (a) punching shear failure (Column B6 at the
third floor level), and (b) diagonal crack on beam-column joint (Column A4 at the third floor
level) (c) & (d) detachment of partition and infill wall from column (Column A1 at the first
floor level).
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differed significantly from those of the actual building; (3) torsional response of the
building was more significant then assumed; (4) vertical response was significant; and
(5) the tentative model used to assess slab-column punching was not conservative. As
well, they did not consider the impact of joint damage on the flexibility of the structural
system.

Hueste and Wight (1997) performed both nonlinear static pushover and nonlinear
dynamic analyses using ground motions recorded in the basement of the nearby 13-story
building (CSMIP station No. 24322). Analysis results based on the design drawings did
not indicate punching problems at the slab-column connections. However, inspection of
one of the damaged connections revealed that reinforcement had not been placed as in-
dicated on the drawings, which reduced the effective slab depth and resulted in greater
potential for slab-column punching failures. Subsequent static and dynamic analysis re-
sults using revised punching capacities reduced to represent as-built conditions indicated
potential for punching failures at all first and second floor slab-column connections.
Parametric studies showed that building drift and slab-column punching were relatively
insensitive to the assumed value used in the analyses for rebar yield stress, and that
foundation flexibility and vertical ground motions did not significantly affect the dy-
namic response or the punching shear stresses.

In summary, although prior analytical studies indicated some potential for damage at
the slab column connections, the degree and distribution of the observed damage were
substantially greater than could be predicted using the analytical tools available. Damage
was concentrated at the interior slab-column connections with relatively little damage to
the perimeter moment frame, consisting of minor cracking and concrete spalling. Given
the condition of the perimeter frame, significant residual lateral displacements were un-
likely. Conducting forced-vibration tests on the building provided a unique opportunity
to collect data that could be used to improve and update models for moderate-level re-
sponses to enable more detailed follow-up studies to assess reasons for the building
damage in the Northridge earthquake. The material that follows documents the tests con-
ducted and preliminary findings, and also provides the basis for more detailed follow-up
studies.

NEES@UCLA EQUIPMENT OVERVIEW

Equipment, instrumentation, and data acquisition systems integrated into the Net-
work for Earthquake Engineering Simulation (NEES) mobile field laboratory at UCLA
(nees@UCLA) were deployed for forced-vibration testing. An overview of the
nees@UCLA portfolio is provided in the following subsections. Although the equipment
used for this study is not unique, a comprehensive description is provided to inform
readers of the current available commercial-off-the-shelf systems, since the
nees@UCLA facility is shared-use facility that encourages outside users. More detailed
information is provided by Whang et al. (2004), Yu (2005), and on the nees@UCLA
website (http://nees.ucla.edu).
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FIELD SHAKERS

Two, large capacity, eccentric mass shakers (EMS) (ANCO Model MK-15) and a
modest-capacity linear mass shaker (LMS) were anchored to the roof of the building as
vibration sources (Figure 5). A single MK-15 shaker develops unidirectional harmonic
forces with a peak force output of 100 kips with two counter-rotating baskets. The force
generated by each EMS, P, is expressed as:

P�t� = 2me�
2 sin��t� �1�

where me is the mass-eccentricity constant that depends on the magnitude and distribu-
tion of masses used in the baskets, and � is the circular frequency of rotation in radian/
sec. In the present tests, two different basket configurations were used as shown in Table
1. The limiting frequency associated with the peak force depends on the magnitude and
distribution of steel bricks used in the baskets.

The two MK-15 shakers can be synchronized at variable phase angles using a closed
loop control system with pulse marker signal feedback. The EMS were positioned at the
north and south ends of the roof to maximize the torsional excitation that could be pro-
duced, while also enabling translational excitation in the N-S and E-W directions, as
shown in Figure 6.

The LMS system can generate broadband excitations at low force levels to enable
efficient assessment of modal properties. The LMS is driven by a hydraulic actuation
system capable of moving a nominal weight of 5 kips with a peak force of 15 kips
through a stroke of ±15 inch. The LMS was mounted at a 45° angle form the perimeter

(a) (b)

Figure 5. Field shakers: (a) eccentric mass shaker (EMS) and (b) linear mass shaker (LMS).

Table 1. Mass-eccentricity of each basket and limit-
ing frequencies

Empty basket Half-full basket

Mass-eccentricity 16786 lb-in 56620 lb-in
Limiting frequencya 5.40 Hz 2.95 Hz

a The frequency at which the shaker achieves the maximum

force amplitude for that mass-eccentricity
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frames about 11 ft away from the approximate center of the roof (the reference point) as
shown in Figure 6. This location and orientation were selected to impart approximately
equivalent levels of excitation in N-S and E-W translations while also providing tor-
sional excitation.

INSTRUMENTATION AND DATA ACQUISITION

A dense array of sensors was deployed within the building prior to the tests. A total
of 16 triaxial and 27 uniaxial force-balance accelerometers (Kinemetrics Episensor ES-T
and ES-U, respectively) were mounted on floor slabs, 26 linear variable displacement
transducers (Trans-Tek, Series 240 DC LVDT) were mounted on beams and on columns,
and 96 strain gauges (TML, PL-60-11-5L) were affixed to slab and column surfaces to
allow determination of accelerations, interstory drift, as well as slab and column curva-
ture distributions. Figure 7 shows the approximate locations of the sensors distributed
throughout the building. Therefore, a total of 197 data channels were used to measure

Figure 6. Shaker locations.

Figure 7. Instrumentation plan of (a) third floor (typical), (b) Ground floor, (c) West elevation,

(d) location of column strain gauge, and (e) LVDT set up.
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the building responses imparted by either the LMS or the EMS. In addition, five chan-
nels of data were collected for tests utilizing the EMS (four pulse markers) and an ac-
celerometer on the moving mass for the LMS tests to enable determination of the ap-
plied forcing functions.

Ignoring vertical movements, three channels of horizontal acceleration (two channels
aligned to one direction and the third channel perpendicular to the first two sensors) are
needed to describe the lateral movement of a floor if the floor is assumed to be rigid in
plane (i.e., rigid diaphragm assumption). Given the thickness of the post-tensioned floor
�8.5 in.� and roof slab �7.5 to 13 in.�, respectively, for the building, the floor diaphragm
of the building was assumed to be rigid. In this study, four triaxial accelerometers were
mounted at approximately the four corners of the building to provide additional data and
to protect against data loss in the case of instrument failure and/or data (packet) loss
during wireless data acquisition. Furthermore, additional accelerometers were installed
on the ground floor to measure potential rocking and translation of the ground floor. In-
terstory displacements were measured using 12 LVDTs mounted between columns A2-
A3, D5-D6 and B7-C7 from the ground floor to the roof between every floor, as shown
in Figure 7c. The LVDTs were mounted using a spring loaded mount to pretension a
wire that extended from the sensor at the bottom of a column at the floor level to the top
of a column at the ceiling level, Figure 7e. The spring stiffness was selected to minimize
the interaction between the vibrating sensor and the vibrating building, based on pre-
liminary testing.

To derive column curvature distributions from the ground floor to the roof, 48 con-
crete strain gauges were attached on three column faces just above and below the floor
slab at each story along columns A2 and B2. A total of 34 concrete strain gauges also
were affixed to the top and bottom slab surfaces adjacent to the column at the third and
fourth floor slabs to enable calculation of slab curvature distributions. Slab and column
strains for connections with and without visible damage were monitored to determine
the residual moment transfer capacity of damaged connections, i.e., if moment and shear
transfer at connections was consistent with the degree of observed (visual) damage.

Data acquisition was performed using two separate systems, one for the accelerom-
eters and LVDTs and the other for the concrete strain gauges. Data from both systems
were GPS time-stamped to ensure synchronization. Figure 8 shows a schematic of the
data acquisition system for accelerometers and LVDTs. These sensors were connected to
19 units of 24-bit, 6-channel Kinemetrics Q330 dataloggers, where analog signals were
digitized, time-stamped and stored to a local memory buffer as data packets. The data
packets were transmitted using 802.11b wireless networking technology to a Data Con-
centrator (DC) located on the roof floor via four Wireless Access Point (WAP) modules
distributed throughout the building. The DC houses a UNIX workstation running Ante-
lope (data acquisition software for Kinemetrics system) and wireless networking equip-
ment. The DC consolidates and broadcasts collected data and video streams wirelessly
to the mobile command center (MCC) which is a truck with integrated mobile comput-
ing facilities and satellite communication systems. The data transfer from the DC to the
MCC located near the test building ��300 ft� was accomplished via standard 802.11b
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wireless and TCP/IP networking protocols, using a Yagi (unidirectional, high-gain an-
tenna) at the penthouse roof and a parabola antenna attached to the MCC.

The concrete strain gauges were hardwired to three separate data acquisition systems
consisting of National Instrument (NI) boards and a computer running Labview Version
7.0 (National Instruments 2003). Each of these systems is equipped with a 32-channel
signal conditioning module, a GPS receiver and a high resolution counter-timer board to
enable data time synchronization. All three of the 32-channel systems were located on
the south end of the second floor due to security reasons, thereby requiring long lead
wires for the gauges. Resistance of lead wires for each channel were measured and com-
pensated for during data processing.

TESTING PROGRAM

The testing consisted of a series of forced vibration tests using the LMS and EMS,
respectively, and ambient vibration tests, as shown in Table 2. The LMS was used to
generate broadband excitations to assess modal properties of the building using system
identification techniques. During the moderate-amplitude sinusoidal vibrations obtained
by synchronized operation of the two large-capacity EMS, interstory displacement, slab
curvature, and column curvature distributions were investigated. Before and after forced
vibration testing, ambient vibrations were measured to investigate potential drift of
modal properties.

The test sequence is shown in Table 2. After completing the first series of forced
vibration tests, additional structural damage was induced to the perimeter frame by cut-
ting top reinforcement at five locations along Line A of the third floor (Yu 2005). Vi-
bration measurements were subsequently obtained using the LMS and the EMS, and
from ambient vibrations, to investigate potential changes in responses due to the induced
damage. The induced damage did not noticeably influence the natural frequencies, as

Figure 8. A schematic drawing of Kinemetrics DAQ system.
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results obtained before and after the damage was induced were essentially the same. The
authors believe that the induced damage was too “localized” to be detected by changes
in global parameters (Doebling et al. 1996); however, these data are mentioned here only
as they could be potentially useful for future studies since the data will be archived and
broadly available to the community.

LINEAR SHAKER AND AMBIENT VIBRATION TESTS

A white noise-type broadband excitation, obtained by band pass filtering (fifth-order
Butterworth filter) random numbers to cut out the frequency content below 0.5 Hz and
above 10 Hz, was applied to the building using the LMS at the roof of the building. The
acceleration of the moving mass of the LMS was measured by a uniaxial accelerometer
to determine the history of the input force.

Raw acceleration data were detrended to compensate for temperature drift, and then
decimated from 100 to 50 samples per second (sps) to enable more efficient data analy-
sis. The MATLAB (MathWorks, Inc. 2004) command, resample, which applies an anti-
aliasing filter to the data during the resampling process, was used. From the decimated
records, three components of story acceleration, based on a rigid floor diaphragm as-
sumption, were calculated as follows:

�c = −
ui − uj

yi − yj
or �c =

vi − vj

xi − xj
�2�

uc = ui − �c�xi − xc� �3�

Table 2. Test sequence

Datea Test

07/02/04 Ambient vibration measurement—Run1
06/22/04 to 07/13/04 E-W translational/Torsional excitation with

empty baskets
07/14/04 to 07/19/04 E-W translational/Torsional excitation with

half-full baskets
07/19/04 Ambient vibration measurement—Run2
07/19/04 Linear shaker test—Run1
07/22/04 N-S translational excitation with half-full baskets
07/28/04 N-S translational excitation with empty baskets
07/30/04 Impose additional structural damage by beam end

cutting
08/02/04 N-S translational excitation with empty baskets
08/02/04 Linear shaker test—Run2
08/03/04 E-W translational/Torsional excitation with empty

baskets
08/03/04 Ambient vibration measurement—Run3

a month/date/year
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vc = vi + �c�yi − yc� �4�

where �c, uc, and vc denote the story acceleration for rotation, N-S translation, and E-W
translation of the reference point �xc ,yc�, respectively. The subscripts i and j identify the
two different sensors (accelerometers), respectively; thus, �ui ,vi� are measured accelera-
tion from a sensor located at �xi ,yi�. The reference point was selected as the mid-point
between columns B2 and C2, approximately in the center of building plan (Figure 6).
Since more than three channels of data were available for most floors, story accelera-
tions from all combinations were computed and the average was taken as the final story
acceleration. When all sensors at a given floor were working properly, story accelera-
tions obtained from different sets of acceleration channels were almost identical, thereby
validating the rigid diaphragm assumption. Strain and interstory displacement histories
were measured during the LMS test; however, the signal-to-noise ratio was too low to
obtain meaningful readings because of the low-level excitation. Transfer functions for
LMS test data were evaluated as the ratio of the cross-spectral density function between
input (shaker force) and output (story acceleration) to the auto-spectral density function
of input, and are presented in Figure 9. The natural frequencies and the damping ratios
from each dataset were obtained by linear system identification analyses and are pre-
sented in the sections that follow.

ECCENTRIC MASS SHAKER TESTS

Essential data to characterize structural behavior at moderate-amplitude vibrations
were generated by synchronizing the two EMS to provide excitation nominally in the
N-S and E-W translational and torsional directions of the building. Tests in each direc-
tion were performed at two force amplitudes (i.e., empty and half-full baskets). E-W
translation (Figure 1) and torsional excitation were induced by introducing a phase offset
of 0° and 180° between the two shakers, respectively. Once the E-W translation and tor-
sional tests were completed, the shaker configuration was modified to enable excitation
in the N-S translational direction. The baskets were re-positioned such that the E-W
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component of the inertial force generated by one basket was cancelled by the E-W com-
ponent of the other basket, producing a resultant force in the N-S direction (Figure 10).

Each of the tests began by ramping up the shaker rotation to the lowest target fre-
quency of 0.5 Hz, and gradually increasing the target frequency until the limiting fre-
quency (see Table 1) at which the maximum force capacity of the shakers was achieved.
The target frequency was increased using increments of 0.0625 Hz, 0.125 Hz, and
0.25 Hz, with the smaller steps used around the natural frequencies identified using the
ambient vibration data. The test duration at each target frequency was maintained for a
minimum of 60 seconds to obtain steady state response. Example acceleration response
histories are displayed in Figure 11. The steady-state motion clearly illustrates a re-

Figure 10. Initial positions of shaker baskets for E-W and N-S translational excitation.

Figure 11. Acceleration response histories during E-W translational EMS testing with half-full

baskets at forcing frequencies of (a) f=0.8125 Hz and (b) f=2.4375 Hz.
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sponse dominated by first and second modes, respectively. Note the peak acceleration of
0.25 g was observed at the penthouse, whereas the primary lateral force resisting struc-
ture’s peak response was an order of magnitude less.

Before proceeding to data interpretation, acceleration measurements at the ground
floor were investigated to assess the importance of rocking motion of the building asso-
ciated with foundation flexibility i.e., soil-structure interaction. Distributions of vertical
acceleration revealed that rocking motion was not significant (Yu 2005), which is con-
sistent with expectations for this relatively flexible moment frame building supported on
caissons (Stewart et al. 1999). Thus, the effect of rocking motion was ignored in the
analysis of test data.

Normalized displacement response curves were constructed using measured accel-
erations and the input force. The resulting input forcing function from the two synchro-
nized shakers was estimated using the mass-eccentricity of baskets and the recorded
pulse marker signals. The three components of story acceleration at the reference point
of each floor were calculated from the measured accelerations using Equations 2–4. A
narrow bandpass filter (a fifth-order Butterworth filter with cutoff frequencies of 50%
and 150% of the excitation frequency) was applied for each frequency step to obtain a
single frequency vibration signal. The peak amplitude of the story accelerations was de-
termined from the steady state portion of the filtered signals. The peak amplitude was
divided by the square of the circular frequency, and then normalized by the amplitude of
the input forcing function to obtain the normalized displacement at each frequency. The
phase lag of the normalized displacement with respect to the input force was obtained by
subtracting 180° from the relative phase lag of the (bandpass filtered) story acceleration
from the (bandpass filtered) input forcing function. Figure 9 shows the amplitude and
phase spectra of the normalized displacement response curves obtained from the EMS
tests for N-S and E-W translation and transfer function curves obtained from the LMS
tests.

Figure 12 shows the typical variation of interstory drifts (during torsional EMS test
with half-full baskets), calculated from the peak displacements and phase angles for
each floor obtained from the story accelerations, at selected excitation frequencies. Be-
cause the floor displacements may be out of phase, except at resonance, the interstory
drift is taken as the absolute value of the difference between two displacement vectors,
normalized by the story height. Interstory drifts obtained from LVDT measurements
were consistent with those obtained using this approach. However, due to dynamic in-
teraction of the sensor mounts, LVDTs mounted with a spring support system, Figure 7e,
the direct measurements were of poorer quality (e.g., clipping of data peaks occurred)
than the acceleration data (Yu 2005). As shown in Figure 12, at frequencies less than
about 2 Hz, interstory drifts are almost evenly distributed throughout the first to fourth
stories; however, for higher frequencies, drifts at the roof and penthouse levels are sub-
stantially larger than those for lower stories. For all tests with the EMS, the maximum
interstory displacement was 0.7 in. (0.43%) which was achieved at the north frame
(Line 7 of Figure 1) between the fourth floor and roof under 2.4625 Hz torsional exci-
tation with half-full baskets. It is important to note that, while substantial, this interstory
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drift is insufficient to produce yielding given the relatively flexible moment frame sys-
tem (e.g., see Wallace et al. 1998), as interstory drifts of roughly 1.0% to 1.5% are typi-
cally required to achieve yielding within moment frame systems.

Concrete strain gauges were attached to slabs and columns to monitor local defor-
mations. Maximum compressive strain profiles for strain gauges attached to the fourth
floor slab around Column B2 for N-S shaking with half-full basket tests are shown in
Figure 13. In this figure, the area enclosed by measured strain distributions from the col-
umn centerline to the slab mid-span was determined from the measured strain data, and
an effective (slab) width was calculated by dividing this area by the maximum strain
(ACI 2002). The effective (slab) width estimated using this approach was approximately
0.4 l1, where l1 is the center-to-center span length in the direction of framing �30.5 ft�.
The FEMA-274 Commentary (BSSC 1997) includes the following equation for estimat-
ing the effective slab stiffness for reinforced concrete construction based on work by
Hwang and Moehle (2000):

Ieffective = ��2c1 + l1/6�tslab
3 /12 = ���l1�tslab

3 /12 �5�

where c1 is the column dimension in the direction of framing �24 inches�, � is a factor
used to represent the impact of cracking, � is commonly referred to as the effective slab
width (without consideration of cracking), and tslab is the overall slab thickness. The ef-
fective slab width � for the building tested, obtained using Equation 5, is 0.43. For post-
tensioned slabs � values are typically between 2/3 and 1.0, resulting in �� values be-

Figure 12. Interstory drift distribution during torsional EMS excitation with half-full baskets.
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tween 0.29 and 0.43. Kang and Wallace (2005) determined an effective width value of
0.47 (�=0.7, �=2/3) using data obtained in shake table tests of an approximately
1/3-scale, two-story, post-tensioned flat plate by tuning the natural frequency of an ana-
lytical model to the results obtained from the tests. The cracked effective slab width of
0.4 obtained from Figure 13 is within the range of previously proposed and reported
values, and would be a reasonable value to use in subsequent, detailed analytical studies
of this building.

From the strain measurements obtained on three column faces at given locations,
column curvature distributions were calculated. Although the calculated curvature dis-
tributions may be influenced by local cracking given the relatively small sensor gauge
length, the computed curvature distributions are consistent with the preexisting damage
survey. For example, in Figure 14a, the measured column curvatures at the second floor
for Column B2 and the third floor for Column A2, where severe damage was observed
(punching failure and joint diagonal cracks, respectively), are quite small relative to re-
sults obtained at apparently undamaged locations. Thus, at connections with no visible
damage, moment transfer was observed indicating that the lack of visible damage
was sufficient to determine the likelihood that full moment transfer capacity still existed
after the Northridge earthquake. For visibly damaged connections, assuming the connec-
tion capacity to transfer shear and moment has dropped to a residual (post-punching)
value, such as described in ASCE/SEI 41-06 Supplement #1 (Elwood et al. 2007), is
reasonable.

Figure 13. Maximum compressive strain distribution profile along the fourth floor slab at the
B2 column during N-S translational excitation with half-full baskets.
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It is worth noting that field testing projects of this type present a number of unique
challenges, such as equipment deployment (major equipment deployed on the roof with
a crane), lack of power (various generators were used), and safety (broken glass, mold,
poor lighting). Negotiating a lease agreement between the building owner and UCLA
proved to be a challenge, despite a willing owner. However, the most formidable chal-
lenge was security, for both researchers and expensive equipment, given the length of the
deployment (months). Since the building had been unoccupied for 10 years at the time
of testing (due to damage from the Northridge earthquake in January 1994), it was a
haven for transients who attempted to steal equipment (which had to be housed in secure
rooms located on floors 2 through 4). A security firm was hired to observe the building
after hours and researchers always worked in groups. Given these challenges, the re-
search team typically worked long hours to minimize the length of the field deployment.

SYSTEM IDENTIFICATION

Detailed investigation of modal properties was performed by system identification
analyses. For the LMS and ambient vibration data, a linear time-domain system identi-
fication method available in the Matlab system identification toolbox, the Numerical Al-
gorithm for Subspace State Space System Identification (N4SID) (van Overschee and
DeMoor 1996), was adopted. It is noted that the damaged structure is expected to exhibit
some nonlinear behavior over the broad range of responses, even for low-to-moderate
level excitation amplitudes; however, it is common to use an effective (typically secant)
flexural stiffness for responses up to the system yield strength (FEMA 356) to represent
the amplitude dependent drop in effective stiffness. This approach is adopted, and veri-
fied by Yu et al. (2007a, 2007b). For the LMS test data, the input to system identification
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Figure 14. Curvature distributions along (a) B2 and (b) A2 column (E-W and torsional exci-
tation with half-full basket 07/14, Curvature contributing to N-S directional deformation).
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analysis is the shaker force (obtained as the product of the measured acceleration of
shaker table and the shaker mass), and the outputs are the three-story accelerations (two
translations, one rotation) measured at the five floor levels, for a total of 15 outputs. The
N4SID approach also was employed for ambient vibration measurements with the ex-
ception that input forcing function is not specified.

From the input and output, the N4SID estimates a state space model, via linear least
squares, given the model order specified by the user. A state space model of order 30
should be sufficient to identify the 30 poles corresponding to the modal properties of the
15 modes. However, due to measurement noise and numerical round-off errors, not all of
the identified modes from the system identification process have physical meaning. To
distinguish the physical and non-physical (spurious) modes, a stability plot (Bodeux and
Golinval 2001), which represents variations of identified natural frequencies, damping
ratios, and mode shapes due to a change of model order, was employed. Figure 15 shows
the stability plot for the LMS test run2, indicating all identified modes and their stability
as the model order is increased from 28 to 36. In the figure, a robust mode is chosen as
the mode satisfying the following stability conditions; the difference in results between
the current and prior model should be: (1) less than 1.5% for natural frequency, (2) less
than 5% for damping ratio, and (3) more than 98% for the Modal Assurance Criterion
(MAC) (Allemang and Brown 1982). The first six or seven modes could be identified
from each of the LMS test data and ambient vibration measurements. Despite the earth-
quake damage to the interior, slab-column connections, the cyclic response of the build-
ing frame is effectively linear given the low-to-moderate amplitude vibrations imposed
during the tests (no element yield) and the light damage to the perimeter moment frame.
That is, reloading, despite the modest damage resulting from the Northridge earthquake,
is essentially linear with changes in observed frequencies expected due to concrete
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cracking (drop in the effective flexural stiffness EcIeff). These assumptions were con-
firmed based on detailed model updating studies reported by Yu et al. (2007b, see Figure
11), where linear models using EcIeff equal to a fraction of EcIg for beams and columns
were able to capture the measured displacement responses.

The natural frequencies in the E-W and N-S translational directions for the EMS
tests were estimated by fitting analytical transfer function curves to the points on the
normalized displacement response curve (Figure 16). The curve-fitting was performed
only for fundamental frequencies using the transfer function of SDOF system using the
points close to a −90° phase angle, since this approach is valid for a linear system. In
general, the transfer function of a dynamic system can be expressed as

H�s� =
N�s�
D�s�

�6�

where s is a Laplace variable, N�s� and D�s� are matrix polynomials, respectively. For a
SDOF system where the output is acceleration, N�s� and D�s� are second-order polyno-
mials. Coefficients of second-order polynomials, N�s� and D�s�, are evaluated for each
degree of freedom using the Matlab function invfreqs. In the case of a MDOF system,
the transfer function of the entire system is a linear combination of the transfer functions
for each mode, each of which can be expressed as SDOF system. However, around a
lightly damped fundamental frequency, the contributions from other (higher) modes are
negligible, and the transfer function of the entire system is almost the same as that of the
fundamental mode. Fundamental frequencies and damping ratios for each direction were
taken as the average of the values determined from Equation 6 for each story. Curve
fitting for the fundamental torsional mode was not as good as for the translation modes
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due to coupling between modes; however, the natural frequency for the fundamental tor-
sional mode was determined to be around 1.1 to 1.2 Hz.

Identified natural frequencies are presented in Table 3. The frequencies identified
with the EMS data and ambient vibrations data were, on average, 8% lower and 14% to
35% higher than those obtained using the LMS test data, respectively. Since there was
no change in building mass during the tests, these differences are attributed to changes
in stiffness properties due to either the contribution of nonstructural elements and/or am-
plitude dependent stiffness degradation of structural members due to concrete cracking.
However, for this building, the contribution of non-structural elements was thought to be
relatively minor since most of the drywall partitions were already separated from neigh-
boring structural members due to earthquake damage and no in-filled or exterior brick
veneer walls exist. Consequently, amplitude dependent stiffness degradation due to con-
crete cracking is the more likely cause of the frequency drop.

Previous researchers have observed the dependence of the natural frequencies on the
amplitude of vibration. Foutch (1978) reported that the fundamental frequencies de-
creased from 5% to 7% based on a 15-fold increase in the excitation force. Trifunac
(1972) also found that the natural frequencies obtained by forced vibration test were
about 4% lower that those obtained using ambient vibration data. Well documented sub-

Table 3. Identified natural frequencies

Mode E-W N-S Torsion E-W N-S Torsion Mixed

Identified Natural Frequency (Hz)
Ambient 0702,(a) 1.09 1.25 1.55 3.23 3.63 4.16 5.38

EMS, (b) 0.81 0.87 1.1�1.2 — — — —
Ambient 0719, (c) 1.06 1.2 1.5 3.11 3.51 3.99 —

LMS 0728, (d) 0.87 0.94 1.25 2.73 2.91 3.43 —
LMS 0802, (e) 0.88 0.94 1.26 2.73 2.94 3.44 4.54

Ambient 0803 (f) 1.06 1.21 1.49 3.11 3.48 3.96 —

Normalized to LMS 0802, (e)
(a)/(e) 1.24 1.33 1.23 1.18 1.24 1.21 1.19
(b)/(e) 0.92 0.93 0.87�0.95 — — — —
(c)/(e) 1.20 1.28 1.19 1.14 1.19 1.16 —
(d)/(e) 0.99 1.00 1.00 1.00 0.99 1.00 —
(f)/(e) 1.20 1.29 1.19 1.14 1.18 1.15 —

Normalized to the fundamental frequency for each direction
Ambient 0702 1.00 1.00 1.00 2.96 2.90 2.68 —

EMS 1.00 1.00 1.00 — — — —
Ambient 0719 1.00 1.00 1.00 2.93 2.93 2.66 —

LMS 0728 1.00 1.00 1.00 3.14 3.10 2.74 —
LMS 0802 1.00 1.00 1.00 3.10 3.13 2.73 —

Ambient 0803 1.00 1.00 1.00 2.93 2.88 2.66 —
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sequent studies further validate the earlier findings, e.g., Celebi et al. (1993). In the cur-
rent tests, the peak values of the roof accelerations around the fundamental frequencies,
obtained by filtering data with a very narrow bandpass filter (fifth-order Butterworth fil-
ter with cutoff frequencies of 95% and 105% of the fundamental frequencies in each
test), are 5�10−5 g, 0.0015 g to 0.002 g, and 0.007 g to 0.009 g for the ambient, LMS
tests, and EMS tests, respectively. The relationship between shaking amplitude and fun-
damental frequency is shown in Figure 17. The decrease in fundamental frequencies ap-
pears to be proportional to the logarithm of the (filtered) vibration amplitude increase.

Table 3 also shows the ratios of identified natural frequencies to the lowest funda-
mental frequency for each direction. Frequency ratios for the forced vibration and am-
bient vibration tests follow different trends, that is, the first N-S frequency is 7% to 8%
higher than the first E-W frequency for the forced-vibration tests (EMS test and LMS
tests), and 13% to 14% higher for the ambient vibration tests. The changes in the fre-
quencies indicate that stiffness degradation occurs for larger amplitude vibrations, and is
more severe in the structural members contributing to stiffness in the N-S direction. As
noted earlier, this is attributed to a drop in the effective flexural stiffness �EcIeff� due to
concrete cracking. It is noted that the larger stiffness drops in the NS direction were at-
tributed primarily to joint cracking (Yu et al. 2007b; see Figure 3b).

As shown in row (a) and (f) of Table 3, identified frequencies for ambient vibration
measurements collected after the half-full basket EMS test showed a 3% to 4% reduction
in frequencies relatively to the ambient vibration results identified prior to the test. Am-
plitude dependent shaking stiffness reduction (i.e., due to concrete cracking) in struc-
tural members, exterior cladding, or foundation/soil supporting the building may be re-
sponsible for this result.
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The ratios of the identified frequencies for the second modes to identified frequency
for the first modes in each direction are in the range of 2.7 to 3.1 (Table 3). A ratio of 3.0
is commonly expected value for shear (frame) buildings (Trifunac 1972); therefore, the
identified frequencies are consistent with expected results. Damping ratios identified
from LMS tests and ambient vibrations are shown in Table 4, and mode shapes deter-
mined using LMS test data (run2) and ambient vibration data (run2) are shown in Figure
18. The first six mode shapes correspond to the (E-W) translation (Modes 1 and 4),
(N-S) translation (modes 2 and 5), and torsion (modes 3 and 6). However, for the sev-
enth mode identified, N-S translation and torsion appear to be mixed. The mode shapes
are not as sensitive to the test method (i.e. vibration amplitude) as are the natural fre-
quencies. Damping ratios for the LMS and EMS (Table 4) are within the range (5%)
typically used for low-to-moderate level responses for reinforced concrete buildings
(CTBUH 2006).

Table 4. Identified damping ratios

Mode E-W N-S Torsion E-W N-S Torsion Mixed

Ambient 0702 2.93% 4.87% 1.78% 1.86% 3.18% 2.29% 3.68%
EMS 4.4% 6.6% — — — — —

Ambient 0719 3.35% 3.10% 2.14% 2.98% 3.07% 2.14% —
LMS 0728 5.90% 6.88% 6.17% 5.84% 8.24% 6.19% —
LMS 0802 5.66% 6.94% 6.01% 5.61% 7.69% 6.14% 13.50%

Ambient 0803 2.92% 2.98% 1.31% 2.24% 2.98% 2.60% —
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CONCLUSIONS

A series of forced and ambient vibration tests were performed on a four-story rein-
forced concrete building damaged by the Northridge earthquake using the nees@UCLA
mobile field laboratory. Two EMS and a LMS were used as vibration sources. Global
frequency response of the test building and detailed behavior of structural components
were monitored with a dense instrumentation array.

Acceleration measurements obtained during the tests were used to verify the rigid
diaphragm assumption and also assess the quality of the data collected from direct in-
terstory displacement measurements. The findings from the LVDT data indicate that dy-
namic interaction between the sensor mounts and the building produced clipping of peak
values. The LVDT results still proved useful in verifying and interpreting the interstory
displacements obtained using accelerometer data. The results indicate that care must be
exercised in design of the instrument mounts, although use of a non-contact sensor
would have obvious advantages.

From the strain measurements obtained during EMS test, the effective slab width
was obtained as 0.411, which is reasonably consistent with values obtained for other
post-tensioned slab systems. Column curvature readings indicated that moment transfer
capacity was lower at connections with visible damage relative to connections without
visible damage. Therefore, detailed nonlinear modeling studies of the damaged building
could be based on the visual damage survey, i.e., the unbalanced moment transfer
strength for connections with visible damage could be assumed to have dropped to a
residual value as described in FEMA 356 (ASCE 2000) or ASCE/SEI 41-06 (ASCE
2006).

From the acceleration measurements, variations in the modal properties of the build-
ing were investigated using system identification techniques. The first six to seven fre-
quencies, damping ratios, and mode shapes for the building could be identified using the
test results. Fundamental frequencies determined from the EMS test were only 70% to
75% of those determined using data collected during the ambient vibration tests, and
92% to 93% of those determined using the LMS test data. The cause of these shifts in
natural frequencies is likely due to the influence of concrete cracking and the effect of
preexisting cracks, including cracking observed in the joints.

The use of the dense instrumentation enabled a number of significant questions to be
answered. For example, the assumptions that the diaphragm could be assumed to be
rigid and that “soil-structure-foundation-interaction” was insignificant could be verified.
Further, the use of strain gauges enabled the determination of an effective slab width and
to relate observed damage (or lack of) at slab-column connections to ability of the con-
nection to transfer moments during the test (after the earthquake). Redundancy of data
measurements also increased the robustness of these results. Future studies will involve
assessing reasons and the degree of building damage that resulted from the Northridge
earthquake. The information derived from this study will assist in the development of
the baseline linear response of the undamaged building, which will then be subjected to
site specific ground motions to predict the degree and severity of nonlinear responses.
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