Chapter 2
Seismic Monitoring of Structures
and New Developments

Mehmet Celebi

Abstract Presented in this paper is an overview of the seismic monitoring issues as
practiced in the past, as well as current applications and new developments to meet
the needs of the engineering and user community. A number of examples exhibit
the most recent applications that can be used for verification of design (including
performance based design) and construction practices, real-time applications for
assessing the functionality, damage condition of built environment and understand-
ing the behavior of a particular building during strong and low-amplitude
excitations. In addition and in particular, recent developments and approaches to
obtain displacements and, in turn, drift ratios, in real-time or near real-time that are
related to damage condition and therefore functionality of a structure are
introduced. Development of wireless sensors that are now finding limited but
growing applications in projects that require long-term monitoring are discussed
with an example. Other special instrumentation arrays that include additional
sensors to study soil-structure interaction and wave propagation are described
with available recorded data.

Keywords Seismic monitoring ¢ Structural behavior ¢ Performance e
Soil-structure interaction ¢ Acceleration ¢ Drift ratio ¢ Displacement
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2.1 Introduction

Seismic monitoring of structural systems constitutes an integral part of the National
Earthquake Hazard Reduction Program in the United States and similar hazard
reduction strategies in seismically active regions of the world. In addition to the
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United States, extensive seismic monitoring of structures programs have been
established in Japan, China, Taiwan, Korea and Mexico. Other active programs
exist in Italy, Turkey, Greece and Chile.

An instrumented structure should provide enough information to (a) reconstruct
the response of the structure in sufficient detail to compare it with the response
predicted by mathematical models and with those observed in laboratories, the goal
being to improve the models, (b) make it possible to explain the reasons for any
damage to the structure, and (c) to facilitate decisions to retrofit/strengthen the
structural systems when warranted.

In general, and until recently, accelerometers have been used to capture the time-
variant level of shaking at strategically selected orientations and locations within a
structure. In addition, a structural array should include, if feasible, an associated
free-field tri-axial accelerograph so that the interaction between the soil and the
structure can be quantified. Recordings of acceleration responses from instrumented
structures have served the scientific and engineering community well and have been
useful in assessing design/analysis procedures, improving code provisions, and in
correlating the system response with damage. Unfortunately, there are only a few
records from damaged instrumented structures to facilitate studies of the initiation
and progression of damage during strong shaking (e.g. Imperial County Services
Building during the 1979 Imperial Valley earthquake, (Rojahn and Mork 1981)).

Recent trends in the development of performance-based earthquake resistant
design methods, related needs of the engineering community, and advances in
computation, communication and data transmission capabilities have prompted
development of new goals and approaches for structural monitoring. In particular,
such goals now include (a) verification of performance-based design methods and
(b) needs of owners to rapidly, informedly and accurately assess the damage
condition, and therefore the functionality of a building during and soon after an
event. Such assessment of the damage condition or performance of a building is of
paramount importance to stakeholders, which include owners, leasers, permanent
and/or temporary occupants, city officials and rescue teams that are concerned with
safety of those in the building, and those that may be affected in nearby buildings
and infrastructures. These stakeholders will require answers to key questions such
as: (a) Is there visible or hidden damage? (b) If damage occurred, what is its extent?
(c) Does the damage threaten other neighboring structures? (d) Can the structure be
occupied immediately without compromising life safety or is life safety question-
able? As a result, property damage and economic loss due to lack of permit to enter
and/or re-occupy a building may be significant. Hence, rapid and accurate
assessments of the performance of a structure require measurements of displace-
ment rather than (or in addition to) accelerations, as is more commonly done.

However, the development of new monitoring tools is being driven not only by
the evolving needs of engineers but also by the advent of data acquisition systems
with specific software that can record, digitize and process accelerations, integrate
accelerations to obtain displacements in near real-time, and transmit both
accelerations and displacements in real-time or near real-time. Such advances
allow packaging structural health monitoring algorithms to meet stakeholders’
needs as described above.
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This paper describes the past and current status of the structural instrumentation
applications for seismic monitoring and new developments. The scope of the paper
also includes the following issues: (a) types of current building arrays and responses
to be captured, (b) recent developments in instrument technology and implications,
and (c) issues for the future. The scope does not include detailed cost considerations.

2.2 U.S. Historical Perspective and Statistics

In the United States, the California Strong Motion Instrumentation Program
(CSMIP) of the California Geological Survey and the United States Geological
Survey (USGS) manage the largest two structural instrumentation programs.
The program operated by USGS is a nationwide cooperative effort with several
states and governmental organizations (e.g. General Services Administration and
Veterans Administration). Separately, some municipalities and private organizations
and private enterprises have supported limited instrumentation programs aimed at
their own properties and infrastructures (e.g., the Pacific Gas and Electric Company
and a few financial institutions). Until recently, these programs have aimed to
facilitate only response studies in order to improve our understanding of the behavior
and potential for damage to structures under the dynamic loads caused by
earthquakes. The principal objective of these programs has been the quantitative
measurement of structural response to strong and possibly damaging ground motions
for purposes of improving seismic design codes and construction practices. Detailed
procedures and overall description used by the USGS structural instrumentation
program are described by Celebi (2000, 2001a). CSMIP aims to cover a wide variety
of structural systems according to a predefined matrix of types of structures (Huang
and Shakal 2001; Shakal et al. 2001).

CSMIP has instrumented approximately 200 buildings, 27 dams, 66 bridges and
additional 42 geotechnical arrays and special structures only in California (Anthony
Shakal, pers. comm. 2008). USGS has instrumented approximately 130 buildings and
77 dams, bridges and special structures. With the launching of the Advanced National
Seismic System (ANSS 1999) authorized by U.S. Congress in 1999 (USGS 1988)
and administered by USGS, as funds are appropriated, more and more structures are
being instrumented throughout seismic areas of the United States. One of the criteria
used by ANSS in establishing plans for the geographical distribution of instruments
on structures, is population exposure to earthquake hazards (e.g., COSMOS 2001).

In general, it has not been the dominant objective of either instrumentation
program to create a health monitoring environment for structures. However, recent
developments in feasible sensors and recorder systems is changing the applications
to include health monitoring. Data from both programs are readily available
through the internet.’

'USGS data are available via www.nsmp.wr.usgs.gov and CSMIP data are available via www.
consrv.ca.gov/cgs/smip. Both are accessible via www.cosmos-eq.org and www.strongmo-
tioncenter.org


http://www.nsmp.wr.usgs.gov
http://www.consrv.ca.gov/cgs/smip
http://www.consrv.ca.gov/cgs/smip
http://www.cosmos-eq.org
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Except for a few cases that can be described as array deployments with real-time
data transmittal capabilities that serve special purposes (an example of which is
provided later in the paper), the overwhelming majority of the deployments follow
the non-telemetered (hereinafter called “classical””) method whereby the data is not
transmitted in real-time.

It should be mentioned that obtaining strong-shaking data from structures
requires patience and expenditures, as strong-shaking (e.g. M > 6.0) in even the
most seismic urban environments occurs with return periods normally in decades.
However, even in the absence of strong shaking, in some cases, permanent instru-
mentation of structures can be used to obtain low-amplitude shaking data either
from small earthquakes, large earthquakes that originate at large distances to
instrumented structures, ambient vibrations or forced vibrations.

2.3 General Seismic Instrumentation Issues

2.3.1 Data Utilization

Ultimately, the types and extent of instrumentation must be tailored to how the data
acquired during future earthquakes will be utilized, even though there may be more
than one objective for instrumentation of a structure. Table 2.1 summarizes some
data utilization objectives with sample references.

2.3.2 Code Versus Extensive Instrumentation

Until 2000, the most widely used code in the United States, the Uniform Building
Code (UBC-1997 and prior editions), recommended, for seismic zones 3 and 4, a
minimum of three tri-axial accelerographs be placed in every building over six
stories with an aggregate floor area of 60,000 sq ft or more and in every building
over ten stories regardless of the floor area. The purpose of this recommendation by
the UBC was to monitor rather than to analyze the complete response modes and
characteristics. UBC recommended instrumentation is illustrated in Fig. 2.1a.
However, this recommendation was not easily or uniformly followed. For example,
following the 1971 San Fernando earthquake, in 1982, the code requirement in Los
Angeles was reduced to one tri-axial accelerometer at the roof (or top floor) of a
building meeting the aforementioned size requirements (Darragh et al. 1994). Later,
the recommendation in City of Los Angeles was changed again similar to the
original UBC recommendation but improved for taller buildings.

Beginning in 2000, International Building Code (IBC) started replacing UBC.
Until recently, IBC did not have provisions for seismic instrumentation. However,
the IBC 2012 will have an Appendix L that will include provisions for non-
mandatory seismic instrumentation recommendation similar to that in the UBC
described earlier ( personal communication, Bachmann 2011).
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Table 2.1 Sample list of data utilization objectives and sample references

Data utilization objective

Sample references and comments

Generic utilization

Verification of mathematical models
(usually routinely performed )

Comparison of design criteria vs. actual response

Verification of new guidelines and code
provisions

Identification of structural characteristics
(Period, damping, mode shapes)

Verification of maximum drift ratio

Torsional response/accidental torsional
response

Identification of repair & retrofit needs
& techniques

Specific utilization

Identification of damage and/or inelastic behavior

Soil-structure interaction including rocking
and radiation damping

Response of unsymmetric structures to
directivity of ground motions

Responses of structures with emerging
technologies (base-isolation, visco-
elastic dampers, and combination

Structure specific behavior (e.g. diaphragm
effects)

Development of new methods of instrumentation
hardware (e.g. GPS, wireless)

Improvement of site-specific design response
spectra and attenuation curves

Associated free-field records (if available)
to assess site amplification, SSI and
attenuation curves
Verification of repair/retrofit methods
Identification of site frequency from
building records
Recent trends to advance utilization
Studies of response of structures to long
period motions
Need for new techniques to acquire/disseminate
data
Verification of performance based design criteria
Near fault factor

Comparison of strong vs weak response

Functionality

Health monitoring, damage detection, wave
propagation and other special purpose
verification

Boroschek et al. (1990)

Usually routinely performed
Hamburger (1997)

Usually routinely performed Celebi et al.
(1993)

Astaneh et al. (1991); Celebi (1993)

Chopra and Goel (1991); De La Llera
and Chopra (1995)

Crosby et al. 2004

Rojahn and Mork (1981)
Celebi (1996), (1997); Celebi (2001a, b)

Porter (1996)

Kelly et al. (1991); Kelly (1993);
Celebi (1995)

Boroschek and Mahin (1991); Celebi (1994)

Celebi et al. (1997), (1999), (2001a,b);
Straser (1997)

Boore et al. (1997); Campbell (1997);
Sadigh et al. (1997); Abrahamson
and Silva (1997)

Borcherdt (1993, 1994), (2002a, b);
Crouse and McGuire (1996)

Crosby et al. (1994); Celebi and Liu (1996)
Celebi (2003)

Hall et al. (1996)

Straser (1997); Celebi (1998); Celebi and
Sanli (2002); Celebi et al. (2004)

Future essential instrumentation work

More free-field stations associated with
structures needed

Marshall et al. (1992); Celebi (1998)

Celebi et al. (2004)

Heo et al. (1977); Sohn et al. (2003); Safak
(1999); Celebi et al. (2004); Jang et al.
(2010); Cho et al. (2010)
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Fig. 2.1 Typical instrumentation schemes

In general, code instrumentation is naturally being de-emphasized as a result of
strong desire by the structural engineering community to gather more data from
instrumented structures to perform more detailed structural response studies.
Experiences from past earthquakes show that the minimum guidelines established
by UBC for three tri-axial accelerographs in a building are not sufficient to perform
meaningful model verifications. For example, three horizontal accelerometers are
required to define the (two orthogonal translational and a torsional) horizontal
motions of a floor. Rojahn and Matthiesen (1977) concluded that the predominant
response of a high-rise building can be described by the participation of the first
four modes of each of the three sets of modes (two translations and torsion);
therefore, a minimum of 12 horizontal accelerometers would be necessary to record
these modes. Instrumentation needed to provide acceptable documentation of the
dominant response of a structure is addressed by Hart and Rojahn (1979) and Celebi
et al. (1987). This type of instrumentation scheme is called the ideal extensive
instrumentation scheme as illustrated in Fig. 2.1b.

Specially designed instrumentation arrays are needed to understand and resolve
specific response problems. For example, thorough measurements of in-plane
diaphragm response requires sensors in the center of the diaphragm (Fig. 2.1c) as
well as at boundary locations. Performance of base-isolated systems and effective-
ness of the isolators are best captured by measuring tri-axial motions above and
below the isolators as well as the rest of the superstructure (Fig. 2.1d). In the case of
base-isolated buildings, the main objective usually is to assess and quantify the
effectiveness of the isolators. If there is no budgetary constraint, additional sensors
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can be deployed between the levels above the isolator and roof to capture the
behavior of intermediate floors.

Recently, during a workshop, there was consensus on “20-50 recording channels
needed for detailed response definition in a building” (COSMOS 2001). With such
denser deployments, reliable computations of interstory drifts (necessary for dam-
age assessments) are possible.

2.3.3 Associated Free-Field Instrumentation

More information is required to interpret the motion of the foundation substructure
relative to the ground on which it rests. This requires free-field instrumentation
associated with a structure (Fig. 2.1b). However, this is not always possible in an
urban environment.” Engineers use free-field motions as input at the foundation
level, or they obtain the motion at foundation level by convolving the motion
through assumed or determined layers of strata to base rock and deconvolving the
motion back to foundation level. Confirmation of these processes requires
downhole instrumentation near or directly beneath a structure. These downhole
arrays will yield data on:

1. the characteristics of ground motion at bedrock (or acceptably stiff media) at a
defined distance from a source and
2. the amplification of seismic waves in layered strata.

Downhole data from sites in the vicinity of instrumented building or other
structures are especially scarce. Two new building monitoring arrays in the United
States that include downhole sub-arrays are described later in the paper.

2.3.4 Record Synchronization Requirement

High-precision record synchronization must be available within a structure (and
with the free-field, if applicable) if the response time histories are to be used
together to reconstruct the overall behavior of the structure. Such synchronization
has been achieved through extensive cabling from each individual sensor unit to the
recorder. Recent technological developments enable decreasing or minimizing, and
in certain cases eliminating, the use of extensive cabling. For example, global
positioning system (GPS) is now widely used to synchronize building instrumenta-
tion with a separate free-field recorder; thus, eliminating cable connection between
the free-field recorder and recorder within a structure. The issue here is that

2 For example, in San Francisco, California, it is not possible to find a suitable free-field location
around the Transamerica building, which is extensively instrumented.
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synchronization must be an integral part of any structure monitoring scheme
whether cable or wireless transmission is the means to realize it.

2.3.5 Recording Systems, Accelerometers, Constraints
and New Developments

Before about 2005, commercially available recording systems were limited to a
maximum of 1218 channels (e.g. analog recorder CRA-1,? up to 13 channels; the
digital K-2%, 12 channels; digital Mt. Whitney4, 18 channels). Recently, more
modern versions such as Granite4, Dolimite* and 130-MC* have been designed
specifically to record and transmit via various media, including the internet,
combinations of 12, 24 or 36 channels of data. Recently and in addition, PC-
based data acquisition systems that utilize multiple A/D converters are developed
and can accommodate several dozen channels of data. In such systems, the only
constraints are the cost of the sensors and data transmission media required. One
such system is described later in the chapter. Most recorders run on AC power (from
mostly) one location in a building but have internal batteries to supply 12-V to the
sensors via special cables that also transmit data.

Until recently, the development of and applications with wireless sensors have
been very limited, mainly due to short life of batteries used as back-up power when
AC power is interrupted. However, there are also new developments on this topic as
reported later in the paper.

2.4 Special Arrays — Looking to the Future

2.4.1 Special Arrays in Los Angeles, California

Figure 2.2 shows the nine-story Millikan Library at the Caltech in Pasadena, CA
and the 15-story UCLA Factor Building in Los Angeles, CA. Every floor is
instrumented in these buildings with the objective of thoroughly documenting the
response of a multi-story building, including the propagation of seismic waves
(Safak 1999). Other special arrays have been developed for research and health
monitoring applications. The special-purpose instrumentation scheme for the twin
towers at Century City, in greater Los Angeles, CA is shown in Fig. 2.3. The
objective of the recently-upgraded instrumentation of these two buildings is to
better facilitate studies of inter-story drift, wave propagation and damage detection
by recording the responses at pairs of consecutive floors.

3Use of commercial names or trademarks cited herein does not imply endorsement of these
products by the U.S. Geological Survey.
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Fig. 2.2 (a) Millikan Library (Pasadena, CA) and (b) its instrumentation scheme, and (c) Factor
Building at UCLA (Los Angeles, CA) campus and (d) its instrumentation scheme (Safak pers.
comm. 2001)

2.4.2 Displacement Measurement Needs and Arrays,
and Real-Time Data

Two important reasons are driving the recent push for developing technologies for
measuring displacements in real-time or near real-time: (a) the evolution of
performance-based design methods and procedures, which rely on displacement as
the main parameter, and (b) the needs of local and state officials and prudent property
owners to establish procedures for assessing the functionality of buildings and other
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Fig. 2.3 Twin Towers of Century City (extensively instrumented for drift studies)

important structures, such as lifelines, following a significant seismic event. As a
result, structural engineers increasingly want the measurement of displacements
during strong shaking events in order to readily compute drift ratios that in turn are
related to performance of the structure. Furthermore, such needs are driving devel-
opment of ever improving monitoring methods and tools to produce data in real-time.

Until recently, assessments of damage following an earthquake were essentially
carried out through inspections by city-designated engineers following procedures
similar to ATC-20 tagging requirements (ATC 1989). Tagging usually involves
visual inspection only, and is implemented by posting colored tags indicative of
potential hazard to occupants: green indicating the building can be occupied - that is,
the building does not pose a threat to life safety; yellow indicating limited occupa-
tion —that is, hazardous to life safety but not so as to prevent limited entrance to
retrieve possessions; and red indicating entrance prohibited — that is, hazardous to
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life. However, one of the impediments to accurately assessing the damage level of
structures by visual inspection is that some serious damage may be hidden by
building finishes and fireproofing. In the absence of visible damage to the building
frame, most steel or reinforced concrete moment-frame buildings will be tagged
based on visual indications of deformation, such as damage to partitions or glazing.
Lack of certainty regarding the actual deformations may lead an inspector toward a
relatively conservative tag. In such cases, expensive and time-consuming intrusive
inspections may be recommended to building owners (e.g. following the M,, = 6.7
1994 Northridge, CA earthquake, approximately 300 buildings ranging in height
from 1 to 26 stories were subjected to costly intrusive inspection of connections
((EMA352, SAC 2000)). Thus enters the approach to real-time measurements of
deformations of a structure for assessment of the structure’s performance during an
event. The rationale for such an approach is that, for example, a building owner and
designated engineers are expected to use the response data acquired by a real-time
health monitoring system to justify a reduced inspection program as compared to
that which would otherwise be required by a city government for a similar non-
instrumented building in the same area® (e.g. Program in San Francisco, CA (BORP
2001)). An example of development of such a solution and algorithm is presented
later in the paper.

A challenge to meeting these objectives is the fact that dynamically measuring
relative displacements between floors directly is still very difficult and, except for
tests conducted in a laboratory (e.g., using displacement transducers), has yet to be
readily and feasibly achieved for a variety of real-life structures. However, recent
technological developments have already made it possible to successfully develop
and implement two approaches to dynamically measure and/or compute real-time
displacements from which drift ratios or average drift ratios can be computed.

Both approaches can be used for performance evaluation of structures and can be
considered as building health-monitoring applications.

The relationship between drift ratios and damage is schematically shown in
Fig. 2.4. Threshold stages of damage condition as defined by drift ratios can be pre-
computed using relevant structural parameters such as the type of connections and
story geometry (e.g. story height). Thus, once drift ratios can be readily computed
in near real-time, assessment of the damage condition of a building can be made.

2.4.3 Use of GPS for Direct Measurements of Displacements

For long-period structures such as tall buildings and long-span bridges, dynamic
displacement measurements using differential Global Positioning Systems (GPS)

“The City of San Francisco, California, has developed a “Building Occupancy Resumption
Program” (BORP 2001) whereby a pre-qualified occupancy decision-making process, as described
in this paper, may be proposed to the City as a reduced inspection program and in lieu of detailed
inspections by city engineers following a serious earthquake.
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Fig. 2.4 Hypothetical displacement time-history as related to FEMA-274 (ATC 1997)

are now possible (Celebi and Sanli 2002). However, GPS technology is limited to
sampling rates of 1020 Hz and, for buildings, these measurements are possible
only at the roof.” A decade ago, the accuracy of measurements using the older
model GPS units were + 1 cm horizontal and £ 2 cm vertical. Current GPS units
have + 1 mm horizontal accuracy. A schematic and photos of an application in the
use of GPS to directly measure displacements is shown in Fig. 2.5. In this particular
case, two GPS units are used to capture both the translational and torsional response
of the 34-story building in San Francisco, CA. Furthermore, at the same locations
as the GPS antennas, tri-axial accelerometers are deployed to compare the
displacements measured by GPS during strong-shaking events with those obtained
by double-integration of the accelerometer records. Real-time acceleration and
displacement data streaming in the PC-based monitoring system is also shown in
Fig. 2.5.

5 Presently up to 50 sps (samples per second ) differential GPS systems with up to 50 sps are
available on the market and have been successfully used to monitor drift ratios (Panagitou et al.
2006, Restrepo, personal communication, 2007) — thus enabling future usefulness of GPS to all
types of structures.
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In the absence of strong shaking data, ambient data obtained are analyzed to
infer the validity of the recorded vibration signals even though the amplitudes of
both the acceleration and displacement data are very small and the data is noisy
(Fig. 2.6). The GPS displacement data is within the margin of error specified by the
manufacturer (<1 cm. horizontal), and even then, signals are strong enough to infer
structural frequencies.

In Fig. 2.7, cross-spectra (Sxy) of pairs of parallel records (north—south
components of north [N_N] and south [S_N] deployments, and east—west
components of north [N_E] and south [S_E] deployments) from accelerometers are
calculated. The same is repeated for the differential displacement records from GPS
units. The cross-spectra (Sxy) clearly indicate a dominant frequency (period) of
0.24-.25 Hz (~4 s) from both acceleration and displacement data. This frequency is
within the band of expected frequency for a 34-story building. The lower amplitude
peak in frequency (near ~0.1 Hz) seen in the cross-spectra of displacement records is
due to noise, which is probably microseisms. It is expected that during larger
amplitude motions with higher signal to noise ratios, such low frequency amplitudes
due to noise will be relatively much smaller. In the acceleration data, a second
frequency at 0.31 Hz is apparent. The 0.24-0.25 Hz is the fundamental translational
frequency (in both directions). This is confirmed by the fact that at this frequency, the
cross spectra of parallel acceleration records have a coherency of approximately unity
(~1) and are in-phase (0°). On the other hand, the Sxy of parallel acceleration records
at 0.31 Hz also show coherency of approximately unity but they are out of phase
(180°). Therefore, this frequency corresponds to a torsional mode.

For the fundamental frequency at 0.24 Hz, the displacement data also exhibit a
0° phase angle; however, the coherencies are lower (~0.6—-0.7) . The fact that the
fundamental frequency (0.24 Hz) can be identified from the GPS displacement data,
amplitudes of which are within the manufacturer specified error range, and that
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Remotely triggered and recorded ambient displacements at N (North) and S (South) GPS Locations
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Fig. 2.7 Cross-spectra (Sxy) and associated coherency and phase angle plots of horizontal and
parallel accelerations and displacements. [Note: In the coherency-phase angle plots, solid lines are
coherency and dashed lines are phase-angle]
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it agrees with that computed by using the acceleration data, is an indication of
promise of better results when larger displacements can be recorded during strong
shaking caused by earthquakes or strong winds.

Since the deployment of the pioneering GPS units in San Francisco, CA,
multiple other such arrays have been developed. An important array for monitoring
the wind response of five tall buildings in Chicago, IL has been developed by
Kijewski-Correa and Kareem (2004).

2.4.4 Displacement via Real-Time Double Integration

As mentioned, GPS applications are currently limited to sampling at < 20 Hz, and
for building monitoring, displacement measurements (using GPS) are possible only
on at the roof. This limits the application to long period structures rather than a wide
variety of structural systems. Therefore, the challenge is to compute displacements
from recorded acceleration responses in real-time or near real-time.

A new approach for obtaining displacements in real-time is depicted in
Fig. 2.8, which also shows the distribution of 30 accelerometers in a 23-story
building also in San Francisco, CA. The array is designed to provide data from
several pairs of neighboring floors to facilitate drift computations. This monitor-
ing system was primarily realized because of the needs of the building owner to
utilize real-time data to meet the goals of the previously discussed BORP (2001)
program in San Francisco, CA. The system has a server that (a) digitizes
continuous analog acceleration data, (b) pre-processes the 1,000 sps digitized data
with low-pass filters (herein called as the preliminarily filtered uncorrected data),
(c) decimates the data to 200 sps and streams it locally, (d) monitors and locally
records (with a pre-event memory) when prescribed triggering thresholds are
exceeded, and (e) broadcasts the data continuously to remote users by high-speed
internet.

The system employs software based on a general flowchart (Fig. 2.9) developed to
compute displacements and drift ratios in real-time from signals of accelerometers
strategically deployed throughout a building (Celebi 2008). This approach is now
implemented in several other buildings in San Francisco, CA (Celebi 2009).

Thus, the objective of timely assessment of performance level and damage
conditions of the building can be fulfilled. In addition, to facilitate studies while
waiting for strong shaking events, data can also be recorded locally or remotely on
demand.

The broadcast-streamed real-time acceleration data are acquired remotely using
a “Client Software” configured to compute velocity, displacement and a selected
number of drift ratios. Figure 2.10 shows two PC screen snapshots of the client
software display configured for 12 channels of streaming acceleration or velocity or
displacement or drift ratio time series. In the left frame, each paired set of accelera-
tion response streams is displayed with a different color. In that same frame, also
shown is the amplitude spectra of acceleration for one of the channels selectable by
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Fig. 2.8 General schematic of data acquisition and transmittal for real-time seismic monitoring of
a 23-story building in San Francisco, CA

the user. It is noted that several frequency peaks are clearly identifiable
(as discussed later in the chapter). In the lower left of the frame, time series of
drift ratios are shown for 6 locations, each color corresponding to the same pair of
data from the window above. In order to compute drift ratios, displacements are
computed by real-time double integrations of filtered acceleration data. Filter
options are built into the client software for processing of the acceleration data.
To compute drift ratios, story heights, as shown in (the right frame of) Fig. 2.10
need to be manually entered. This figure also shows the computed pairs of
displacements that are used to compute the drift ratios. Corresponding to each
drift ratio, there are 4 stages of colored indicators. When only the “green” color
indicator is activated, it indicates that the computed drift ratio is below the first of
three specific thresholds. The thresholds of drift ratios for selected pairs of data must
also be manually entered in the boxes. As drift ratios exceed the designated three
thresholds, additional indicators are activated with a different color (Fig. 2.10 right).
The drift ratios are calculated using data from pairs of accelerometer channels
oriented in the same direction. The threshold drift ratios are computed and decided
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Fig. 2.9 Flow-chart for observation of damage levels based on threshold drift ratios (From Celebi

2008)

Fig. 2.10 (Left) Screen snapshot of client software display showing acceleration streams and
computed amplitude and response spectra. (Right) Screen snapshot of client software display
showing 12-channel (six pairs with each pair a different color) displacements and corresponding
six drift ratios (each corresponding to the same color displacement) streams. Also shown to the
upper right are alarm systems corresponding to thresholds that must be manually input. The
threshold for the first drift ratio is hypothetically exceeded to indicate the starting of the recording
and change in the color of the alarm from green to yellow
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Table 2.2 Summary of threshold stages and corresponding drift ratios

Threshold stage 1 2 3
Adopted drift ratio 0.2% 0.8% 1.4-2.0%
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Fig. 2.11 (Left) Twenty seconds of ambient acceleration response data and (Right) corresponding
amplitude spectra obtained at the roof from parallel channels (CH12 & CH21), their difference
(CH12-CH21), and from CH30, orthogonal to CH12 and CH21

by structural engineers using structural information and are compatible with the
performance-based theme, as illustrated in FZig. 2.4 (Figure C2-3 of FEMA-274
(ATC 1997)) and summarized in Table 2.2 for this particular building. Figure 2.10
(right) hypothetically shows that the first level of threshold is exceeded, and the client
software is recording data as indicated by the illuminated red button (in the upper
right).

2.4.4.1 Sample Recorded Ambient Data and Analyses

Sample data obtained on 12 February 2003 via the client software are shown in
Fig. 2.11. The data are from two parallel channels (CH12 and CH21), their
difference, and an orthogonal channel (CH30) at the roof. The differential
accelerations of parallel channels (CH12-CH21) identify a strong presence of
torsion. The recorded peak accelerations are about 0.1-0.2 gals (~0.1-0.2 cm/s/s).
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Fig. 2.12 (Left) Cross spectrum, coherency, and phase angle plots of ambient acceleration
response data obtained from parallel channels (CH12 and CH21) at the roof. (Right) Cross
spectrum, coherency, and phase angle plots of ambient acceleration response data obtained
from differences of parallel channels, CH12-CH21 at the roof and CH10-CH19 at the 18th
floor

The computed amplitude spectra clearly indicate a peak frequency for the funda-
mental translational mode (in both directions) at ~0.4 Hz (~2.5 s period) for all
channels and at ~0.6 Hz (~1.67 s) for the torsional motion. Furthermore, the signals
are good enough to identify the second translational mode at ~ 1.2 Hz (~0.83 s).
Similarly, the second torsional mode is at ~ 1.8 Hz (0.56 s). The identified transla-
tional frequency is typical of a framed building that is 24 stories high. The identified
modes and frequencies are further supported with the cross-spectrum, coherency,
and phase angle plots in Fig. 2.12 (left). The cross spectrum, coherency, and phase
angle plots of the motions recorded by CH12 and CH21 (the two parallel
accelerometers at the roof level) are shown in Fig. 2.12 (left). The cross spectrum
exhibits all of the significant frequencies identified in Fig. 2.11 with very high
coherency (~1). At 0.4 and 1.2 Hz, the phase angles between the parallel motions
are both 0°, which indicate that they are in phase and therefore belong to transla-
tional modes. At 0.6 Hz and 1.8 Hz, the phase angles are ~180° which indicate that
they are out of phase and belong to torsional modes. The strong torsional response is
further illustrated through Fig. 2.12 (right) which exhibits cross spectrum, coher-
ency, and phase angle plots of the differences of motions recorded by parallel
channels (CH12-CH21) at the roof and (CH10-CH19) at the 18th floor. Again,
at ~ 0.6 Hz, these torsional motions exhibit significant cross-spectral amplitude
with very high coherency (~1) and 0° phase angle. Therefore, 0.6 Hz belongs to the
first torsional mode.

Even at the low amplitude acceleration levels exhibited in this set of sample
data, the signal-to-noise ratio is satisfactory to indicate several modal frequencies.
It is expected that the coherency of motions between pairs of channels will further
improve when the signal-to-noise ratio is even higher during strong-shaking events.
Further detailed analyses of strong shaking data will be carried out when recorded
in the future.
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2.4.4.2 Sample Recorded Low-Amplitude Earthquake Response Data
and Analyses

During the December 22, 2003 San Simeon, CA. earthquake (M,, = 6.4), at an
epicentral distance of 258 km., a complete set of low-amplitude earthquake response
data was recorded in the building. The largest peak acceleration was approximately
1% of g. Synchronously recorded accelerations were double-integrated to obtain the
displacements exhibited in Fig. 2.13 for one side of the building. Figure 2.14 further
exhibits computed displacements 20-40 s into the record and reveals the propagation
of waves from the ground floor to the roof. The travel time is about 0.5 s. Since the
height of the building is known (80 m), the travel velocity is computed as 160 m/s.
One approach for detection of possible damage to structures is by keeping track of
significant changes in the travel time, since such travel of waves will be delayed if
there are cracks in the structural system (Safak 1999).

As with the ambient data, in Fig. 2.15, the two parallel and orthogonal motions
recorded at the roof are used to identify translational and torsional frequencies as
0.38 and 0.60 Hz respectively. Both frames in Fig. 2.16 similarly exhibit the cross-
spectra (Sxy) and coherencies and phase angles at these frequencies.

Benefits of using such real-time systems for either direct measurement of
displacements using GPS or real-time computation of displacements by double-
integration of accelerations during very strong shaking caused by earthquakes or
other extreme events are yet to be proven. However, analyses of data recorded
during smaller events or low-amplitude shaking show promise.

2.5 Soil-Structure Interaction Arrays

State-of-the-art practice and analytical approaches require, when warranted, that
the structure-foundation system be represented by mathematical models that
include the influence of the sub-foundation media. In many cases, under a specific
geotechnical environment, certain structures will respond differently than if that
structure were built as a fixed-based structure on a very stiff (e.g. rock) site
condition. This alteration of vibrational characteristics of structures due to soil-
structure interaction (SSI) can be either beneficial or detrimental to their perfor-
mance. To date, the engineering community is not clear about the pros and cons
of SSL

Adverse effects of SSI during the 1985 Michoacan (Mexico) earthquake were
addressed by Tarquis and Roesset (1988), who showed that, in the lakebed zone of
Mexico City, 400 km away from the epicenter, fundamental periods of mid-rise
buildings (5—15 stories) lengthened due to SSI. Thus, such buildings were nega-
tively affected due to SSI because the lengthening of their fundamental periods
placed them in a resonating environment close to the approximately 2-s resonant
period of the Mexico City lakebed. Conversely, under different circumstances,



2 Seismic Monitoring of Structures and New Developments 57

ACCELERATIONS PARALLEL TO FIRST STREET DISPLACEMENTS: PARALLEL TO FIRST STREET

140F CH30 (ROOF) sl CH30 (ROOF)
2 120t CH20 (23RD.FLY| = 7| : ; ; GH29 (23RD. FL.)
s : : o
3 100} - : ; CH28 (18TH.FL)| = ¢4 : ; , CH28 (18TH. FL.)
B gofrtraiissnans Chig7 (7TH.FL)| ; ; , CH27 (17TH. FL)
= i A . CH26 (14TH.FL)| & . CH26 (14TH. FL)
T 60} CH25 (12TH. FL.)] S : :
o 8 : : - % 3 ‘CH25 (12TH. FL.)|
S 40 L CHza (7TH.FL) | 2 : -
Q B p - CH24 (7TH. FL.)
< Lo CH23 (6TH. FL.) 2

20p B 1 ; : : CH23 (§TH. FL.

b CH22 (EL. 25FT,) : CHZ5 (EL 25 FT|
0 - : CH1(GR. FL) 0 : : : CH1 (GR. FL.
0 20 40 60 80 100 120 0 20 40 60 80 100 120
TIME (S) TIME (S)

Fig. 2.13 Accelerations (left) and displacements derived by double-integration (right) at each
instrumented floor (from ground floor to the roof) on one side of the building [San Simeon
earthquake, December 22, 2003]
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Fig. 2.14 A 22nd window plotted from 2040 s into the record of computed displacements.
Travel time of propagating vibrational waves from the ground floor to the roof of the 80 m tall
building is approximately 0.5 s

SSI may be beneficial, for example, when in an appropriate geotechnical environ-
ment, a structure escapes the severity of shaking due to a shifting of its fundamental
frequency.

Thus, the identification of the circumstances under which SSI is beneficial or
detrimental and the relevant controlling parameters is a necessity. In-situ and



58

ACCELERATION (CM/S/S)

EQ: DEC. 22, 2003

D
o

(&)
o

N
o

w
o

N
o
T
L

- CH21

-
o

10k
0

20 40 60 80
TIME (S)

100 120

AMPLITUDE (CM/S)

10000 |- CF

5000

M. Celebi

EQ: DEC. 22, 2003

% "CHAZ2(SOLD) T
R QHZT ‘D‘A‘SH‘E‘D?‘ .
108
0 05 1 15 2
0 0.5 1 1.5 2
FREQ (H2)

Fig. 2.15 Acceleration response data (San Simeon, CA earthquake of December 22, 2003)
obtained at the roof from parallel channels (CH12 & CH21), their difference (CH12-CH21), and
from CH30, orthogonal to CH12 and CH21 (/eft) and corresponding amplitude spectra (right)

6000

> 4000
9 2000
0

1

0.5

COHERENCE

100
0
-100

PHASE ANG.(DEG.

0
0 02 04 06 08

EQ: DEC. 22, 2003

CH12 & CH2t

0 02 04 06 08 12 14 16 1.8

VW\/”WV\N\/

12 14 16 1.8

0 02 04 06 08 1 12 14 16 1.8 2
FREQ (HZ)

Sxy

COHERENCE

PHASE (DEG.)

60 |
40 |
20 |

0
1

0.5H

0

100 t

0

100 ¢

EQ: DEC. 22, 2003

CH12 - CH21.& CH10:- CH19

0

02 04 06 08 1 12 14 16 18 2

e

0

02 04 06 08 1 12 14 16 18 2

0

02 04 06 08 1 12 14 16 1.8 2
FREQ (HZ)
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on-scale measurements of soil-structure interaction effects are required to
fully understand the response of a major structure. In turn, such measurements to
capture SSI effects can be accomplished by careful planning the deployment of
sensors in addition to the number of sensors deployed to capture only the response
of the superstructure. Such an integrated array could include the following
components:

1. the superstructure array, consisting of sensors distributed within the floors of a
building to capture its translational and torsional motions,

2. the foundation array, to include sensors not only within the building and on the
foundation but also beneath and on the outside sidewalls of the foundation to
capture the variation of accelerations, displacements and pressures in the hori-
zontal and vertical directions [e.g., if vertical motion and rocking are expected to
be significant and need to be recorded, at least three vertical accelerometers are
required at the basement level (Fig. 2.1b)],

3. the spatial arrays including a vertical downhole array below or in the immediate
vicinity of the structure and, a horizontal array in the immediate vicinity of the
structure. Horizontal and vertical spatial downhole sensors will provide infor-
mation on how the motions change while traveling through the media, and how
much they are affected by the building response.

Specialized arrays that will capture SSI effects will further advance the verifica-
tion of SSI effects that are currently very much limited to theoretical studies. Detailed
proposals for soil-structure interaction experiments resulting from a workshop are
presented in USGS OFR-92-295 (Celebi et al. 1992). Two structural instrumentation
arrays that include parts of the sub-arrays described above are now operational and
promise to yield data for SSI research.

2.5.1 Transamerica Building, San Francisco, CA

One of the existing structural arrays is in the Transamerica Building, a landmark in
San Francisco, CA. Fig. 2.17 shows a photo of the building.

The Transamerica Building was designed according to code requirements in
force in 1972; however, design evaluation was made using a site-specific design
response spectrum with seismic forces that were higher than the code require-
ments (Clough, R., personal communication 1990). The pyramid-shaped, steel
Transamerica Building is sixty stories, 257.3 m (844 ft) high and square in plan.
At the ground level, the plan dimensions are 53 x 53 m (174 x 174 ft). This plan
area starts reducing at the second floor to 44 x 44 m (145 x 145 ft) at the fifth floor
and then follows an exterior wall slope of 1-11 upwards. A perimeter truss system
decorates and supports the building between the second and fifth floors. In addition
to the exterior frame system, interior frames extend to the top of the structure with
some of them ending at the 17th and 45th floors. The exterior pre-cast concrete
panels are attached structurally to the exterior frames. The basement (three levels
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Fig. 2.17 Photo of
Transamerica Building,
San Francisco, CA

below the ground level) consists of a very rigid shear wall box system. The
foundation of the building consists of a 2.7 m (9 ft.) thick basemat without piles.
The underlying soil media below the foundation consists, in general, of clays and
dense sands. Below the ground level down to a depth of 8 m (25 ft.), there is weak
and compressible sand and rubble fill and recent bay deposits of sand and clay.
Below 20 m (60 ft.), the sands are partially cemented. The bedrock is between 48
and 60 m (145-185 ft.) below the present street grade.

Through an array of strong-motion instruments deployed by USGS in 1985, the
response of the Transamerica Building was recorded during the October 17, 1989
Loma Prieta, CA earthquake (M = 7.1), the epicenter of which is at 97 km from
building. This data set is very important as it reveals significant SSI effects
associated with the earthquake response of the building. The array of instruments
that recorded this effect are depicted in Fig. 2.18, which shows a three-dimensional
schematic of the building, overall dimensions, the instrumentation scheme and
recorded accelerations and displacements at some locations. The instrumentation
scheme was designed and implemented to study the response and associated
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Fig. 2.18 Instrumentation schematic of Transamerica Building during the 1989 Loma Prieta (CA)
earthquake and the recorded accelerations and displacements computed by double integration of
accelerations. Instrumentation scheme is now upgraded

dynamic characteristics of the building, including its translational, rocking and
torsional motions.® At the 21st, S5th and ground levels, three uniaxial accelerometers
are deployed, two parallel to one another at the nominal West and East ends (nominal
N-S orientation — actually 351° clockwise from true north) and the third with a
nominal E-W orientation (081°clockwise from true north). These orientations are
coincident with the orientations of the horizontal channels of the three SMA-1 s at the
49th, 29th and basement levels. Four uniaxial accelerometers are deployed in the
basement: 3 positioned vertically at three corners of the building, and one positioned
horizontally, parallel to the nominal N-S horizontal channel of the triaxial
accelerograph in the basement. The orientations of the channels are also shown in
Fig. 2.18. In summary, there are parallel pairs of horizontal accelerometers in each of
the 21st, 5th, ground, and basement levels, and another single accelerometer
deployed orthogonally to the pair in the horizontal direction at the same levels.
However, because the building is in a heavily built-up area of San Francisco, there
was no appropriate location for a free-field array in its immediate vicinity.

6 The instrumentation configuration is now updated to include a modern digital recording system
and uniaxial accelerometers on the 29th and 49th floors, similar to the 21st floor.
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The response of the Transamerica Building during the 1989 Loma Prieta earthquake
has been studied in detail (Celebi and Safak 1991; Safak and Celebi 1991; Celebi 1996;
1998). The dominant frequency (or period) for the fundamental mode is 0.28 Hz
(3.6 s)’ in both the N-S and E-W directions as extracted from spectral analyses and
system identification techniques. The ARX (acronym - AR for autoregressive and X for
extra input) model, based on the least squares method for single input-single output,
and coded in commercially available system identification software (Mathworks
1988), is used in the system identification analyses performed herein (Ljung 1987).
Simply stated, the input is the basement or ground floor motion and the output is the
roof level motion or motion at one of the levels where the structural response is
detectable. Damping ratios are extracted with the procedures outlined by Ghanem
and Shinozuka (1995) and Shinozuka and Ghanem (1995). Other modal frequencies
are 0.5, 1.2, 1.5 and 1.8 Hz for the E-W direction and 1.0, 1.35, 2.0, and 2.6 Hz for N-S
direction. Sample results from the application of system identification technique for the
Transamerica Building records are shown in Fig. 2.19. In this application, motions at
the 49th floor are used as output and those at the basemat as input (Celebi 1996). The
match between the observed and calculated response is excellent as evidenced by
comparisons of the calculated and observed acceleration responses and their
corresponding amplitude spectra at the 49th floor. The critical viscous damping ratios
extracted from the system identification analyses corresponding to the 0.28 Hz first
mode frequency are 4.9% (NS) and 2.2% (EW) (Celebi 1996).

Analysis of the records showed that there is no significant torsional motion
(Celebi and Safak 1991).

To demonstrate the possibility of rocking, a significant contributor to SSI,
horizontal motions recorded at the 21st floor and vertical motions recorded at the
basemat are used. Shown in Fig. 2.20 are the coherency, phase angle and cross-
spectrum for the N-S (351°) horizontal acceleration on the 21st floor and the
vertical acceleration of the basemat. The rocking motion occurs at 0.5 s (or
2.0 Hz) in the N-S (351°) direction, and that at this frequency, the horizontal motion
at the 21st floor and the vertical motion in the basement are coherent and in phase.
This demonstrates significant and coherently identifiable rocking motion of this
particular building that manifests itself in altering dynamic characteristics and
response (e.g. lengthened period [shortened frequency] of 3.57 s [0.28 Hz] of the
building as compared to those from low-amplitude tests with 2.94 s [0.34 Hz]).
No SSI effects are attributable during the low-amplitude tests. Further detailed
analyses of these records are provided in Celebi (1998).

2.5.2 Atwood Building, Anchorage, Alaska

The Atwood Building is 20 stories tall and is located in downtown Anchorage,
Alaska (Fig. 2.21). The building is (1) a steel moment-resisting framed structure

7 Ambient and forced vibration tests before and ambient tests after the Loma Prieta earthquake
show the fundamental period as 2.94 s (0.34 Hz) (Celebi 1998).
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Fig.2.19 System identification applied to motions recorded at 49th floor (output) and the basemat
(input) for the Transamerica Building

with one level of basement, (2) 130 x 130" (39.6 x 39.6 m) in plan, and (3) 264’
(80.5 m) tall. The building foundation is without any piles and consists of a 5’
(1.52 m) thick reinforced concrete mat below the core and a 4’6" (1.37 m) thick
reinforced concrete perimeter mat interconnected with grade beams.
Superstructure and foundation arrays consist of accelerometers deployed in the
basement, at street level and the 2nd, 7th, 8th, 13th, 14th, 19th, (mechanical) 20th
floors and roof. This configuration, depicted in Fig. 2.22, is designed to detect
motion of the building in the E-W, N-S, and, (in the basement) vertical directions to
capture (a) translational, (b) torsional, (c) drift ratios (displacement differences
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Fig. 2.20 Cross-spectrum, coherency and phase angle plots of pairs of motions (NS at 21st floor
and vertical in the basement) indicate rocking at 2 Hz (0.5 s).

Fig. 2.21 Photo of Atwood Building, Anchorage, Alaska
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Fig. 2.22 Three-dimensional schematic of the Atwood Building (Anchorage, AK) showing the
general dimensions and locations of deployed accelerometers within the structure and at free field
with tri-axial downhole accelerometers. This particular building monitoring scheme is designed to
capture SSI effects in addition to the traditional translational and torsional responses and has the
necessary components of sub-arrays (e.g. superstructure, foundation, surface and downhole free-
field sub-arrays)

between selected two consecutive floors) or average drift ratios (displacement
differences between any two floors), and (d) rocking responses of the building.
The building array is complemented by a free-field array consisting of tri-axial
surface and downhole accelerometers located approximately two city blocks from
the structure — thus sufficiently removed from the vibrational effects of the building.
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The associated downhole array is designed to capture the response of varying layers
of soil and how such layering affects the changes in the characteristics of earth-
quake motions as they travel and hit the surface and affect the shaking of the
structure. The downhole accelerometers of this array are deployed in six boreholes
with depths ranging from 15 to 200 ft [~5-60 m] (Fig. 2.22). With the integrated
downhole, surface and superstructure arrays, propagation of motions starting from
the downhole to the roof of the building can be captured, allowing engineers to
study the interaction between the soil and the structure.

Downtown Anchorage is underlain by an approximately 100-150-ft (30.5-45.7 m)
thick soil layer known as the Bootlegger Cove Formation, where considerable
ground failures occurred during the 1964 Great Alaska earthquake. For various levels
of shaking, recording the response and assessing the behavior of structures at such sites
and of the sites themselves is of interest to the engineering community as the next
large earthquake will most likely affect the performance of structures at such sites.
Detailed analyses of low-amplitude responses of the building recorded from several
small amplitude earthquakes are provided in Celebi (2006a). Only sample data
recorded from the structure array is introduced below.

Accelerations and computed displacements (double-integrated accelerations)
from both the site and the superstructure arrays of the Atwood Building during
the April 6, 2005 Tazlina Glacier (AK) earthquake (M, = 4.9, Event 18), epicenter
at 183 km from the building, are shown in Figs. 2.23 and 2.24. The largest peak
acceleration recorded in the building array is on the order of 0.5% g. The figures
clearly show the propagation of waves from the basement to the roof of the
building. The height of this building is 264 ft [~81 m] from ground floor and
275 ft [~85 m] from basement. The travel time of waves from the basement to
the roof is about 0.4-0.5 s and, as expected because of the low-amplitude shaking,
the propagation of the waves does not display abrupt changes (e.g. transients or
spikes) to indicate damage to structural members, components and the overall
structural system. Capturing the propagation characteristics and travel time is
important as large and abrupt changes may indicate damage to structural members,
components and system (Safak 1999). If there are cracks in the structural system,
the travel time will be longer because of the delay due to damage (Safak 1999).
In addition to displaying propagation of waves, Figs. 2.23 and 2.24 also show the
beating response of the building, particularly in the NS direction displacement
responses (between 80 and 100 s and also 100-120 s).

Figure 2.25 shows the roof accelerations and corresponding amplitude spectra of
the two parallel NS components, their difference, and the EW component. In the
spectra, significant structural frequencies [NS (0.58 and 1.83 Hz)] and EW [(.47 and
1.56 Hz)] are identified. These frequencies, and in particular predominant torsional
frequencies computed from differential accelerations of parallel sensors at roof
level (CH30-CH31) are better displayed in Fig. 2.26 showing spectral ratios of
amplitude spectra of (a) NS and (b) EW accelerations (at the roof [CH30 and CH32]
and 8th floor [CH15 and CH17] with respect to basement [CH2 and CH1] respec-
tively) and (c) torsional accelerations at the roof [Ch30-Ch31] and 8th floor
[CH15-CH16] with respect to those at the ground floor [CH5-CH7]. The torsional
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Fig. 2.23 NS (upper panels) and EW (lower panels) accelerations from both the structure and site
arrays. The 10-s records on the right are expanded views between 50 and 60 s of the longer records
on the /eft, and show in detail the propagation of S-wave from the deepest downhole to the roof of
the building. (Note: vertical axes are not in scale with the vertical elevations)

frequencies [0.47-0.58 and 1.5-1.9 Hz] computed from differential accelerations
(Figs. 2.25 and 2.26) are similar to the predominant frequencies computed from NS
and EW roof accelerations, indicating possible coupling and also possibly causing
the beating effect visually most prominent in the displacement time-history plots
(Fig. 2.24). Furthermore, the narrow band of the structural frequencies in the
amplitude spectra or the spectral ratios reflect the low damping ratios that is also
a cause of beating effect.

Figure 2.27 presents cross-spectrum, coherence and phase angle plots of pairs of
NS ([a] CH30 and CH15), EW ([b] CH32 and CH 17) and torsional (differential of
NS) accelerations [c] (CH30-CH31 and CH15-CH17) at the roof and 8th floor. The
pairs of accelerations in each case are perfectly coherent for the modal frequencies
indicated, and are 0° in phase for the lowest frequencies (indication of first mode)
and 180° out of phase for the second and third lowest frequencies (indicating
second and higher modes). It is noted again that the frequencies for the torsional
responses are similar to the translational frequencies.
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Fig. 2.24 NS and EW displacements corresponding to Fig. 2.23. (Note: vertical axes are not in
scale with the vertical elevations)

No evidence of soil-structure interaction (SSI) effects was found for the
low-amplitude shaking caused by this distant small earthquake. Even though the
vertical motions at the basement are not identical for the three locations, no
phase differences were observed. As a result, no rocking effects have been identified.
Stronger shaking at the site and building from future earthquake may reveal such
effects. However, the fundamental frequency of the site (1.3—1.7 Hz) is very close to
the second modal frequencies of the building (1.83 Hz for NS and ~1.5 Hz for EW
direction), thus inferring that resonance of the building at this mode might occur.

2.5.3 New Array in Boston, Massachusetts

In late 2010, a cast-in-place reinforced concrete building at Massachusetts Insti-
tute of Technology (MIT) Campus in Cambridge, MA was instrumented with
state-of-the-art seismic monitoring system. The building, constructed in the early
1960s and opened to service in 1964, has 20 stories (87.3 m [286.5'] overall height)
plus a one-story basement below ground level. The shape is rectangular in
plan (14.6 m [48'] x 34 m [116.5']) with solid shear walls extending from the
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Fig. 2.26 Spectral ratios computed from amplitude spectra of NS and EW accelerations at
the roof (CH30 and CH32, respectively) and 8th floor (CH15 and 17) with respect to those at
basement, and torsional accelerations at the roof and 8th floor with respect to those at ground floor

(CHS5 and 7)
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Fig. 2.27 Cross-spectrum, coherence and phase angle plots of pairs of NS (CH30 and 15), EW
(CH32 and CH 17) and differential of NS accelerations (CH30-CH31 and CH15-CH17) at roof and
8th floor identifies significant frequencies and associated modes

2004/
.

34m
(111'6")

Fig. 2.28 (Left) Image of Building 54 at MIT Campus (captured using Google Earth®). (Right)
Typical plan-view of the building depicting the distribution of shear walls at the western and
eastern ends of the building

basement-foundation level to the roof level at the two narrow ends. The foundation
system comprises individual and spread footings supported by 14-in. [36 cm]
diameter piles with caps partially or totally monolithic with basement slab.
A picture of the building and its typical in-plan view are presented in Fig. 2.28.
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Significant features expected to influence the shaking response of the building
include the monolithic shear walls at its two narrow ends, large openings in its
narrow direction at ground floor level, and large and heavy equipment anchored
asymmetrically at its roof. Furthermore, there are vertical discontinuities immedi-
ately above the ground level and the level above it. The top two floors (19th and
20th levels) are mechanical floors. Heavy equipment is installed asymmetrically on
the roof. The narrow ends of the building are aligned at 20° ccw from true North,
but, in this paper, the direction of the narrow and wider edges of the building will be
referred to as the structural NS and EW directions, respectively.

Geotechnical aspects of the building site and its vicinity are well characterized.
The ground surface is approximately ~6.1 m (20 ft) above sea level, and depth to
bedrock is approximately 30.5-34.0 m (100-110 ft) below sea lev