SEI 03 A Novel Framework for the Seismic Structural Health Monitoring of Tall
Buildings

SEI 03. 1 People
e Principal Investigator: John W. Wallace

Faculty: John Wallace, UCLA, CEE; Debra Estrin, UCLA, CS; Bill Kaiser UCLA, EE; Paul Davis, UCLA, ESS

Researchers: Bob Nigbor, UCLA, CEE
o Staff: Alberto Salamanca, UCLA, CEE; Steve Kang, UCLA, CEE; Thanos Stahopoulos, UCLA, EE

Graduate Students: Derek Skolnik, UCLA, CEE; Dustin Mclntire, UCLA, EE; Igor Stubalio, UCLA, ESS, Marisol
Salas, UCLA, CEE

SEI 03.2 Overview

This research envisions using the greater Los Angeles infrastructure of tall and buildings (Fig. 1a) and the recent
surge in tall building construction (Fig. 1b) to develop and implement a fully-functional embedded sensing network
for structural health monitoring and damage assessment (Fig. 1c, 1d). The resulting super network of monitored
buildings envisioned (Fig. 1d), embedded with innovative, model-based sensor deployments, wireless sensing
technology, and damage assessment and visualization tools (Fig. 1c, 1d), will provide a novel environment to
address critical issues related to structural analysis and performance-based design of buildings.
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Figure 1. Project overview; (a) downtown Los Angeles, photo provided by geocities.com, (b) tall building
construction development, (c) conceptual data visualization and access tool, and (d) primary components of
proposed SHM system including sensors and data loggers.
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SEI 03.3 Approach

This research will provide critically needed field data to address fundamental issues associated with modeling of
complex structural systems, including system interactions. These data cannot be generated in controlled laboratory
experiments due to issues of scale, materials, boundary conditions, system interactions, and most significantly,
cost. The research vision is to make the true built environment the laboratory — to collect the wealth and diversity
of data not otherwise possible. The project will provide vital data to improve modeling capabilities for wind events,
low-to-mid level amplitude shaking in relatively frequent earthquakes, and ultimately, the “Big One”. The systems
and tools will be developed in an open-source environment. The project team, along with the NEES@UCLA and
UCLA CENS resources and technologies, are uniquely qualified to carry out the proposed research.

The primary goal of this research is the development of a robust SHM system, along with the associated hardware
and software, using tall and special buildings in Los Angeles as a testbed. To achieve this goal, the proposed project
is organized into three main task groups; (1) a structures-based task of implementing and providing the application
testbed, (2) a sensors-based task of developing/integrating a suite of new/existing sensors, and (3) the network-
based task of developing a toolbox of required hardware/software; SHMBox. Specific experiments and/or studies
related to these three tasks are outlined here.

SEI 03.4 System(s) Description and/or Experiments

Structures-Based Tasks

The City of Los Angeles requires building instrumentation be installed at the base, at a mid-level, and at the roof of
tall buildings to obtain a permit. Over the past year, the project team has worked extensively with the City of Los
Angeles Department of Building and Safety and the State of California Strong Motion Program to update the City of
LA requirements for building instrumentation that are to be incorporated into the 2008 LA City Building Code [the
City adopts the State Code, but with amendments]. The revised City of LA instrumentation requirements are
essentially unchanged for typical buildings; however, for buildings constructed using alternative procedures (such
as many of the tall building projects shown in Fig. 1b), more stringent requirements have been adopted based on
requirements drafted by the project team [Skolnik and Wallace]. These ‘special’ requirements have been included
in the consensus document “An Alternative Procedure for Seismic Analysis and Design of Tall Buildings Located in
the Los Angeles Region” published by the Los Angeles Tall Buildings Structural Design Council (2008) which provides
an alternative, performance-based approach for seismic design and analysis of tall buildings.

The new requirements require more channels of instrumentation, provide an option for use of novel sensors, and
allow the use of a more diverse set of equipment to satisfy City requirements. The City of LA also has agreed to
assist in obtaining permission from building owners to install supplemental installation in buildings under
construction, and has provided lists of buildings and owners that are currently in the pipeline. Several specific
buildings, including the LA City emergency response facility have been proposed. The revised City instrumentation
requirements and gaining access to several buildings were major goals of the project team over the last year.

The project team, along with NEES Project Manager Dr. Robert Nigbor, have also performed a series of sensitivity
studies of data acquisition simulations with the aim of providing quantitative background and justification for the
new (and existing) instrumentation requirements. Table 1 lists currently recommended specifications for a few key
data acquisition parameters, along with our findings. This work culminated in the submission of two journal papers
an abstract submitted to an upcoming conference.

We have received preliminary approval to install sensors in the LA Live Convention Center Hotel, a 55-story building
currently under construction. We expect that this will be our first field deployment, likely using National
Instrument-based SensorKit alongside NEES equipment, and we anticipate that this will occur in the March and
April 2009.

Finally, detailed nonlinear modeling studies were completed to help us assess critical modeling issues and the
sensitivity of tall building responses to earthquake ground motions. These studies will assist us in developing more
meaningful deployments (Salas 2008).
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Specificati ANSS CSMIP Recommended
peciiication (USGS 2005) (CGS 2007) (Skolnik 2009)
Measurement Range t4g t4g t4g
Digitizing ADC Resolution 16bit 18bit 20bit
Sample Rate 200sps 200sps 200sps
Sample Synchronization 0.05ms 0.2ms
Ims
Timing | Reference Time Accuracy Ims 0.5ms
Clock Stability 0.1ppm 23ppm -

Table 1. Currently recommended specifications

Network-Based Tasks

A major goal over the past year was to develop a prototype structural health monitoring box; SHMBox and to test
these boxes using the nees@UCLA shake table on model scale buildings. Although this task has yet to be
completed, effectively collaboration between the SHMnet and GEOnet with RefTek has enabled us to work towards
a robust, flexible, and commercially supported solution. Table 1 describes the key components of the currently
developed CENS toolboxes, existing nees@UCLA equipment, and the current RefTek development. Whereas last
year, our proposed SHMBox was to be based on the CDCC or the Aevena ENSBox; the current CENS collaboration
with RefTek is providing a robust and stable long-term solution to our needs (and the needs of the broader
community). The collaboration with RefTek is enabling the project team to switch our focus over the next several
years to more pressing matters, such as data synchronization, telemetry, visualization, and archiving. We also
anticipate being able to develop several interesting educational collaborations working with Bill Kaiser in EE in
these areas. More details on the Reftek collaboration are provided in CENS proposal by Paul Davis. It is noted that
NEES@UCLA provided one-half (20K of the funding for the Reftek prototype boxes, with the other one-half coming
from CENS. | anticipate that we can purchase several additional SHMnet boxes in the coming years using
NEES@UCLA funds.

CDCC Box nees@UCLA SHMBoXx
Wireless Networking EmStar on stargate processor RoamAbo.ut LEAP2 o.r
Access Points Customized CENS
DAQ Software Duiker Antelope, Rockhound |Duiker v2 or Customized CENS

Quanterra Q330 or

A/D Data Logger chaabifscoms o
3-6 ch/24bit/200 sps
. . GPS, Net Time
Time Stamping GPS GPS RefTek development
Measurements Guralps Acceleration, Accel., displ, velocity strain;
displacement, strain  |Reftek internal module
SensorBase, NEES RDV,
Human Interface UNIX on Laptop Sun Server on DC

NEES@UCLA AutoSID

Table 2. Available and proposed network sensing systems

As mentioned above, we continue to work with CS (Lukac and Estrin) to further develop the CENS novel time
synchronization scheme within our new framework. We are well on the way to accomplishing a primary goal from
last year, which is, incorporating various sensor types (e.g., acceleration, velocity, displacement, and strain) into
SHMnet. Integrating more robust sensor types an also making them easy to use in the field has been a major focus
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of the SHMnet collaboration with Reftek. This is important, because most existing instrumented buildings use a
wired network of accelerometers attached to the floors and ceilings from which measurements can be used to
identify frequencies, damping ratios, and mode shapes (e.g., Skolnik 2006). The project team has conducted and
published several journal papers over the last several years to explore major deficiencies with existing approaches
(Skolnik 2006; Yu et al., 2007a; 2007b; 2008) and we are well-positioned to move forward with major contributions
in the arena of SSHM (main shocks and after shocks; and also wind induced vibrations, which are important for tall
buildings).

Although a wired network avoids the problems associated with GPS time-stamping, it is cumbersome and
expensive. Furthermore, it is well-known that structural damage does not affect modal properties sufficiently to be
used for SSHM (Doebling 1998); therefore,
alternative approaches are needed. A promising
approach would be to use of the relative
displacements between two floors (commonly
referred to as interstory drifts) or the roof
displacement to track the damage potential and to
assess performance. Damages states might include
steel yielding, concrete cracking/spalling, and steel
buckling/fracture, whereas typical performance
levels (i.e., FEMA 356) would be similar to those
used in FEMA 356, which is, Immediate Occupancy
(10), Life Safety (LS), and Collapse Prevention (CP).
Fragility curves based on interstory drift or roof drift
provide an effective means to assess the probability
that a given damage state or performance level has
been reached (Tall & Special Buildings, 15:1, March
2006). Development of a sensor for direct, non-
contact measurement of interstory drift (e.g., 2D
photodiode displacement measurement sensor system) would facilitate this process.
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Sensor-Based Tasks

Collaboration with Bill Kaiser on two laser-sensor relative displacement prototypes has been ongoing over the past

year. So far, bench-top calibration studies were performed and both prototype sensors proved promising Figure (2).

Over the next three-to-six months, these prototype relative displacement sensors will be tested side-by-side with

existing approaches to assess there relative benefits. The tests are being conducted in model-scale buildings on the

NEES@UCLA shake table (Fig. 3). Last summer, two high-school interns worked with our NEES@UCLA staff to
design, construct, and
test a new, more

Absolute Displacement Absolute Acceleration flexible, model-scale
[IEEN Relative Displacement Infrared Triangulation o .
IEEN Diagonal Displacement E3 Position Sensitive Photodiode building that is better

suited for these tests
than the structure
shown in Fig. 3. We
anticipate developing
and submitting a paper
to a peer-reviewed
journal to document our
efforts.

Another issue impeding
the advancement of

Figure 3. Instrumented small-scale structure attached to NEES@UCLA shake table
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SSHM systems is the numerous cumbersome programs involved in the overall process of data collection and
assessment (for each sensor as well as the overall system). This task has not received much attention, either from
the project team or others, over the last year. Over the coming year, we will revisit this issue and expect to develop
a framework for future development. Potential tools for this effort include the NEES@Buffalo Real-time Data
viewer (RDV), NEES@RPI 3D Data Viewer, the CSMIP-3DV program. Rapid and easy assessment of damage is the
ultimate selling point of SSHM systems to building owners and decision makers. The proposed project would
implement the aforementioned work complimented by other novel tools (i.e., automated system identification and
real time data visualization) completing the SSHM framework from network deployment to end user readiness. Our
goal in the coming year is to develop a prototype approach and to secure significant funding to further our
development. New proposal will target the NSF NEESR solicitation (revised proposal), the State of California SMIP
solicitation (new proposal), and the USGS solicitation (new proposal). As well, the ongoing re-organization of the
NEES data and IT related services may provide us with an opportunity to seek targeted funding for development.

In summary, our primary tasks in the coming year and beyond will focus on: (1) working with Reftek and CENS
partners (Paul Davis, Bill Kaiser, Deborah Estrin, and their graduate students) to test prototype DAQ systems on the
NEES@UCLA shake table and in the field, (2) continuing our efforts associated with new relative displacement
sensors, (3) continuing our efforts on providing a peer-reviewed journal paper that provides a detailed review of
DAQ system requirements for SSHM, (4) continuing our leadership and collaboration with the City of LA to update
instrumentation requirements, and (5) developing a framework for collecting, managing, and visualizing data
collected for SSHM and wind monitoring. We also anticipate undertaking a new CENS initiative with National
Instruments with Bill Kaiser, and will seek additional funding from a variety of sponsors.

SEl 03.5 Accomplishments

o Completed draft version of special LA-DBS specifications for tall buildings instrumentation requirements which
were published in the consensus document “An Alternative Procedure for Seismic Analysis and Design of Tall
Buildings Located in the Los Angeles Region” published by the Los Angeles Tall Buildings Structural Design
Council (2008)

o Performed extensive sensitivity analyses of instrumentation specifications to data quality and submitted two
manuscripts to peer reviewed journals.

« Developed and performed bench-top studies of two prototype non-contact displacement sensors and
presented findings at the 14t World Conference on Earthquake Engineering in Beijing, China (August 2008)

e Constructed flexible PVC structure for side-by-side comparison of various sensor modalities for measuring
interstory drift and begun preparing manuscript for submission to a peer reviewed journal

¢ Salas, M.C., MS received from Dept of CEE, UCLA, June 2008
o Skolnik, D.A., PhD received from Dept of CEE, UCLA, December 2008

SEI 03.6 Future Directions

We did not achieve our goal of an initial field deployment, primarily due to the significant time spent of the joint
SHMnet and GeoNet work with Reftek. However, over the next 3 to 6 months, we will conduct field work in three
or four buildings (Math Sciences, Factor, LAX Theme, and one LA City) to initiate our field studies. We also have
received recent approval on a new Caltrans project to conduct field testing of two full-scale bridge abutment/
backwall systems (~500k) and this new project might provide an excellent bridge testbed. We expect to use these
test beds to attract new interest and funding from such sources as NSF NEESR, CSMIP, USGS, NEES, and National
Instruments.

We will continue our efforts on the development and testing of new sensors for measuring relative displacement.
This effort is well underway and we anticipate submitting two articles to a peer-reviewed journal on DAQ system
requirements and relative displacement measurements.
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We will continue our collaboration with the City of Los Angeles and the State of California to update
instrumentation requirements. This collaboration has been very fruitful over the last year. It is noted that, over the
last year, Pl Wallace has been appointed to both the Advanced National Seismic System (ANSS) national steering
committee and has been asked to join the CSMIP advisory committee.

Of particular interest over the next year will be to work with NEESinc and other NEES Equipment Sites, and CENS
collaborators, to develop a framework for collecting, managing, and visualizing data collected for SSHM and wind
monitoring for buildings and bridges.

As we move forward with this effort, our longer-term objective is to embed sensors in tall/important buildings
under construction, as well as existing buildings, to target important damage and response features which may
help answer questions that have surfaced in recent years concerning the alternative approach used for tall
buildings. The advantages of the proposed collaboration with the engineering offices and LA-DBS include direct
access to the developer/owner and the availability of ground motions and detailed computer models that can be
used to assess instrumentation requirements. Buildings designed using the “alternative” procedure require
nonlinear response history analysis and peer-review; therefore, a suite of ground motions based on site-specific
conditions have already been generated, a detailed computer model exists, and contentious modeling issues have
already been identified through the peer-review process. The lack of this type of information is often cited as the
primary roadblock associated with informed SSHM for existing, older buildings. It is essential that the proposed
system be easy to install with low maintenance, as well as include remote assessment of the sensor and sensor
network health. A major drawback with current implementations is that they often are inoperable, generally
unknown to the public, and lack consistency (e.g., data loss).

The issue of managing the emerging super-network of monitored buildings (e.g., where to send/store data and
who is responsible for data management and maintenance) will be assessed to develop recommendations for
future work. A potential solution to this problem has been discussed with the State Strong Motion Program, with
the State absorbing the responsibility for data management and system maintenance. The approach used by the
State is cumbersome and out-dated (at best), and we have a very good chance of having a major impact in this area
moving forward.

SEI 03.7 External Research Partnerships
REFTEK (current)

LA-DBS (current)

California Geological Survey (current)

National Instruments (current)
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