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Abstract

Accurate measurements of the time-dependent deformations of a building
during earthquake excitation are essential for interpretation of the dynamic
response of the as-built system and for quantifying the seismic demands.
Traditional approaches for monitoring building systems are based on strong
motion accelerometers mounted at selected elevations. However,
accelerometer-based systems do not directly measure the deformations of
the structure, and can have significant limitations that make it challenging to
correctly measure deformations, particularly permanent deformations from
inelastic response. In the study described herein, computational simulations
and experiments were combined to evaluate the potential of a new optically
based sensor to directly measure time-dependent deformations of a building,
including inelastic deformations. The sensor methodology includes
corrections for localized structural member rotations and can provide
estimates of the absolute accelerations at each floor. A laser-based system
utilizing a recently developed discrete diode position sensor (DDPS) is
evaluated, and the ability of such a system to measure earthquake induced
transient deformations characterized by building interstory drift is
demonstrated.

INTRODUCTION

The spatially and temporally dependent deformation of a vibrating building
or industrial facility can be characterized in terms of the interstory drift,
which quantifies the relative building displacement between adjacent floor
levels. For earthquake excitation, interstory drift has been widely adopted as
a key parameter characterizing the demand on building systems and is used
to quantify system demands and limit states (typically inelastic limits) in a
number of seismic design codes and standards. For example, the U.S.
Department of Energy (DOE) standard for DOE facilities (DOE-STD-1020-212,
2012) and the American Society of Civil Engineers standard for nuclear
facilities (ASCE/SEI 43-05) have established interstory drift limits that
quantify facility performance with drift-defined limit states as indicated in
Table 1. Other examples of codes and guidelines that adopt maximum and
residual interstory drift as structural performance parameters are ASCE-7-10,
NZS-1170-04, EC-8-04 as well as PEER TBI-17 and LATBSDC-17.



Table 1. Example limit states for nuclear facilities defined in terms of maximum drift {excerpt
from ASCE 43-05)

Limit State A Limit State B Limit State C Limit State I
(Large (Moderate (Limmited (Eszentially
permanent permanent permanent elastic
Structural system distortion) distortion) distortion) behavior)
Concrete moment frame 0.025 0.015 0.010 0,003
Steel moment frame 0033 0.025 0.010 0,003

Within the context of traditional strong motion accelerometer
instrumentation, inters-tory drift is computed by double integration of
acceleration time histories to obtain floor absolute displacements, with
subsequent differencing of the displacements from adjacent floors to obtain
the relative displacement associated with interstory drift. The quantitative
determination of interstory drift through this approach requires significant
data processing and is subject to a number of technical challenges, as
described in the paper by Skolnik and Wallace (2010). Issues identified
include the “delicate and sometimes subjective” signal processing steps for
baseline correction, bandpass filtering, padding signal ends, and the
frequency bandwidth limitations of a particular accelerometer. As noted by
the authors, optimal filtering can be record-dependent and high-pass filtering
applied to remove displacement record drifts can impact the ability to
measure permanent displacements of the building system.

Trifunac and Todorovska (2001) and Trifunic et al. (2001) have also identified
issues associated with determining permanent displacements of the ground
and permanent displacements in structures with accelerometer-based
systems. The authors conclude that the dynamic rotations of the
accelerometer instrument, which in practice are not typically measured or
known, are necessary if there is any intent to accurately and reliably
compute displacements from acceleration records.

In addition to the identified technical challenges, there are often practical
limitations to building instrumentation systems. Typical building
accelerometer-based instrumentation, whose design is in many cases cost
constrained, tends to be very sparse with accelerometers on relatively few
floors. This necessitates some form of interpolation scheme to provide an
estimation of story drift at all elevations. The accuracy of such interpolation
schemes has not been thoroughly evaluated for a wide range of building
types and earthquake ground motions, particularly when localized floor
inelastic behavior occurs. Ideally, it would be desirable to achieve an
instrumentation cost function that allows instrumentation at every floor.

For owners and operators of mission critical facilities, who after a major
earthquake can be faced with time-critical decisions related to structure
occupancy, continuity of operations, or the potential for release of hazardous
materials, there is motivation for enhanced instrumentation to support



decision making. For structural systems where limit states are defined in
terms of drift, it would be very advantageous to have reliable drift
measurements immediately after an earthquake event to compare to known
limit states.

A promising alternative approach to measuring interstory drift, which has
received some attention in the past few years, utilizes optically based
techniques to directly estimate story relative displacement. In one optically
based approach, interstory drift can be measured by projecting an intense,
coherent light source across a story height and sensing the position of
incidence on a light-sensitive detector on the adjacent floor to measure
structural deformation, as indicated in Figure 1.

JEIEnnE

TN

.,

Laser source

1
|
|
|
|
|
|
o o :
. SN . - i
|
I Laser beam
F g

Position Sensitive
Detector (PSD)

R Story drift

Figure 1. Optical measurement of interstory drift using a laser and position sensitive detector
(PSD).

Commercially available position sensors based on optical (light)
phenomenon, known broadly as position sensitive detectors (PSD), have
seen significant use in recent years in many optical research facilities and
industrial applications. An important class of PSD sensors are based on a
photoelectric effect, whereby a laser beam incident on the semiconductor
material of the PSD results in electron flow that is measured on electrodes at
the PSD boundaries as described by Andersson (2008). By measuring
resulting currents, and considering their proportionality to resistance and
thus to path length in the substrate materials, the location of the incident
laser beam can be very precisely determined. This type of PSD has been
used extensively in many industrial and research applications for the
measurement of small amplitude displacements and vibrations. For example,
the utilization of a PSD to determine the vibrational stability of a major
research facility consisting of a large structure and massive optical bench at
the U.S. Department of Energy's National Ignition Facility is described by
Zacharias et al. (2004). In such applications, commercially available PSDs are



utilized to precisely determine the point at which the incident laser beam
strikes a PSD surface during small amplitude vibrations.

A PSD sensor provides a very effective means for measuring any relative
motion between an incident laser beam and the PSD sensor, and the
extremely short time latency of the underlying physics allows for a very
broad frequency bandwidth of dynamic vibration measurement. Such a
system is also very well suited to measuring permanent relative
displacement.

A number of early research studies have investigated the potential
application of lasers and optical sensors for measuring dynamic building
response. Chen et al. (1998) and Yun et al. (1999) performed early
investigations into utilizing lasers and PSDs for measuring the dynamic
response of building systems. Skolnik et al. (2008) and Slolnik and Wallace
(2010) performed comprehensive studies of the measurement of interstory
drift, which pointed out some of the remaining technical challenges for
implementation of optical systems, including the fact that commercially
available PSDs are dimensionally too small to allow measurement of
earthquake induced interstory drift. Each of these studies have also
highlighted the fact that in a building system, structural rotations associated
with local deformations of structural elements, e.qg., horizontal beams and
other laser mounting locations, can have a significant impact on the laser
propagation and must be appropriately accounted for in any drift
determination.

Islam et al. (2016) recently explored an alternative approach to optically
based measurement of interstory drift, which relies on a sensor to compute
the change in distance between the laser source and the receiving sensor,
which is then geometrically translated into lateral drift. However, their study
does not address local rotations of the laser source, which can be a
significant issue.

The work described herein focuses on a new type of PSD that has been
developed specifically for building monitoring applications. This sensor,
termed a discrete diode position sensor (DDPS), makes use of a rectangular
array of inexpensive discrete light sensitive diodes to measure the incident
laser location. This sensor can accommodate the large displacements
associated with interstory drift, and can readily measure permanent
displacements resulting from inelastic system behavior. Additionally, a
methodology for addressing local rotation of the laser source has been
developed. This type of measurement system has the potential for
appropriately measuring, and reporting immediately after an earthquake,
dynamic and permanent inelastic interstory drifts. This data can provide
building response observables that can be directly compared with
established structure limit states in existing codes and standards (e.g., Table
1), to inform rapid post-earthquake actions and decisions for mission critical
facilities.



In the remaining body of this article, the design of the new DDPS is described
and the sensor performance is evaluated through experimental data from
two testbeds constructed specifically for sensor evaluations. Computational
simulations are employed to define representative building inelastic
interstory drifts, which are adopted as testbed target motions to evaluate
sensor performance. A computational model is also used to simulate the
deployed sensor system and provide full insight into sensor system
performance, as well as to lay the foundation for a validated, predictive
sensor system simulation tool that can be used to design sensor systems on
real and more complicated structural systems.

A DISCRETE DIODE POSITION SENSOR

A DDPS has been designed with a two-dimensional (2-D) array of light
sensitive photodiodes, as shown in Figure 2. Each individual diode has an
output consisting of an analog voltage proportional to the amount of laser
light impinging on the diode. In this application, each diode is essentially
being utilized as an “on” (laser hitting the diode) - “off” (laser not hitting the
diode) switch. The sensor design employs a simple op-amp comparator
circuit, which compares each diode voltage to a user defined voltage
threshold to determine which diodes are detecting incident laser light (i.e.,
“on”) at any instant of time, as indicated in Figure 3. A bank of comparators
indicates which diodes are activated and a Field Programmable Gate Array
(FPGA) latches the output values of the entire circuit of n diodes
simultaneously to develop a map of “on” and “off” diodes, thus determining
the spatial location of the incident laser beam at each instant of time as the
building deforms.
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Figure 2. A discrete diode position sensor (DDPS). a) Mounting configuration in a structural
frame; b) Prototype staggered 92 diode DDPS sensor array.
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Figure 3. Photodiode conversion circuit to establish “on™ and “off” status of sensor diodes.

The prototype DDPS which has been developed utilizes 92 diodes arranged
in a staggered rectangular array, as shown in Figure 2b. Each DDPS is



intended to measure drift in the plane of the corresponding structural frame,
and the incident laser beam is passed through a diffraction optic to create a
linear laser trace on the sensor, see Figure 2a. The line trace is generated
with sufficient width orthogonal to the frame so that under three-dimensional
(3-D) earthquake motions, the laser trace does not translate off the diode
grid of the DDPS as a result of out-of-plane deformations, i.e., orthogonal to
the plane of the frame being measured. The staggered grid of discrete
diodes is configured such that the laser beam is always incident on one or
more diodes and the position of the laser trace is established at all times. In
practical application, 3-D structural response under bi-axial earthquake
motions could be measured either by implementing a square array of diodes,
with two orthogonal line laser beams, which measure motion in orthogonal
directions simultaneously, or by placing DDPSs orthogonal to each other.

To ensure that the moving laser beam is precisely tracked on the sensor face
and full dynamic waveforms of interstory drift are measured, a high sampling
rate is employed. For the prototype sensor designed and utilized in this
study, a sampling rate of 384 times per second was used, whereby the entire
array of diodes was simultaneously sampled 384 times per second to assess
“on” and “off” status of the entire array, corresponding to a Nyquist
frequency of 192 Hz. Interstory drift response history data from the DDPS is
stored in a micro-processing unit for immediate display and data exfiltration.

A detail of the staggered diode array configuration used for the prototype
sensor adopted in this study is shown in Figure 4, where examples of laser
position are shown at three instants of time. To increase the position
localization accuracy, the three linear arrays of diodes are staggered so that
the active areas of the diodes overlap by D/3, where D is the nominal width
of the active area of the diode. As the laser trace moves back and forth with
in-plane motion of the building frame, the position of the laser is theoretically
determined to within D/6 of the diode active area width. The readout of the
sensor is a quantized set of displacements that increment by D/3, as
indicated graphically in Figure 4.
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Figure 4. Sensor diode array and inferred displacement at three instants of time.

For the commercial diodes employed in this study, the width of the active
area of each diode is approximately D = 0.29 cm, which would yield a
theoretical sensor position measurement error of approximately 0.05 cm.
However, in practice carefully controlled and measured static sweeps of a
laser line over the DDPS indicated that the realized position error was closer
to 0.10 cm due to slight positioning errors of the individual diodes, effective
diode areas affected by some dimensional variability, and the fact that the
diffracted laser trace had a finite dimension and was not a perfect
infinitesimal line as assumed in the ideal D/6 error. As illustrated in the
sensor transient measurement data presented below, the sensor position
error of 0.10 cm proved to be a good estimate for DDPS position
measurement error.

The diode layout described here is not unique and other configurations are
possible depending on the objective of the drift measurements. For the work
described herein, the goal was to measure full drift response history
waveforms as accurately as possible, but a far more sparse array of diodes
could be employed if the principal objective was to measure the maximum
interstory drift and determine if specific drift limits were exceeded.

DDPS MEASUREMENT OF INTERSTORY DRIFTS

To evaluate the performance of the DDPS, two dedicated experimental
testbeds were designhed and constructed. The first testbed, hereafter
indicated as Testbed #1, consisted of an automatically controlled precision
motion table that was designed to generate realistic interstory drift motions,
including permanent drifts representative of inelastic structural response.
This testbed was utilized to evaluate the ability of the DDPS to accurately



measure dynamic interstory drift time histories across a range of drift
amplitudes and with a range of dynamic frequency content. The second
testbed, Testbed #2, which consisted of a laboratory scale two-story metal
frame structure, was utilized to assess the ability of the sensor to correctly
measure interstory drifts in an actual structure subjected to earthquake
motions, including the complicating features of local structural member
rotations.

The automatically controlled motion table, Testbed #1 shown in Figure 5,
was used to generate representative interstory drift motions for sensor
evaluations. The table employs a closed-loop control system with a digital
motion controller providing commands to a linear stepping motor to precisely
produce a target displacement response history on the top of the motion
table. A magnetic linear encoder is employed in the table to measure the
position of the motion table platen. Through careful verification, the table
was demonstrated capable of replicating target earthquake displacement
time histories within a maximum displacement error of 0.008 cm.
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Figure 5. Sensor Testbed #1 - an automatically controlled motion table for imposing target
interstory drift time histories in the laboratory.

To provide realistic synthetic interstory drifts for evaluating sensor
performance, including the effects of inelastic action, detailed nonlinear
finite element models of steel moment frame buildings were employed.
NEVADA (McCallen and Larsen 2001), a finite deformation, inelastic finite
element program for the nonlinear analysis of frame structures was used to
develop interstory drift time histories for representative steel building



structures subjected to actual measured strong near-field ground motions.
The NEVADA models consisted of a co-rotational, finite displacement fiber
beam element with steel inelasticity represented through a classical elasto-
plastic material with kinematic hardening. The NEVADA nonlinear models
have been extensively verified through comparison with other finite element
code implementations by McCallen and Larsen (2001), Petrone et al. (2016)
and Wong et al. (2016). The details of the NEVADA code formulation and the
representative steel building designs are summarized in McCallen and Larsen
(2001).

To exercise the DDPS and evaluate sensor performance, synthetic interstory
drift time histories were generated for a number of multi-story steel frame
buildings. The results from a 40-story and a 3-story steel moment frame
buildings are described here. The 40-story frame was subjected to the
measured near-field ground motion from the 1992 Landers California
Earthquake Lucerne Station, component LUCEW with instrument correction
for long period waveforms as described by Chen (1995). This Landers motion
results in significant inelastic response occurring at approximately one-third
of the height of the building. The resulting interstory drift response history at
the ninth story is shown in Figure 6a, which exhibits significant permanent
drift as a result of the strong near-field pulse. Similarly, a nonlinear model of
a representative three-story steel building was subjected to a measured
near-field ground motion from the 1999, Kocaeli (Izmit) Turkey Earthquake
Yarimca Station, component YPTEW (Strong-motion Virtual Data Center). For
this earthquake ground motion, the three-story building also exhibits
inelastic response as shown in Figure 6b, with the maximum permanent drift
recorded at the first floor. These two drift response history records span a
range of drift amplitude and frequency content, and provide representative
drift motions for assessing DDPS performance and accuracy.
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Figure 6. Representative synthetic interstory drifts from detailed nonlinear building Finite
Element Models. (a) Forty-story steel frame subjected to Landers ground motion (Chen
1995); (b) three-story steel frame subjected to Turkey ground motion (VDC).

The synthetic drift response history waveforms were precisely replicated by
the automatic control system on the motion table Testbed #1 and the drift
was measured with the DDPS system, as shown in Figure 7. The DDPS
measurements of drift were compared to the actual drift imparted by the
motion table and Figure 8 provides the comparison between imposed drift
and the DDPS measurement of drift for both the flexible low frequency 40-
story building and the stiffer, high-frequency three-story building. In both
cases, the DDPS exhibited excellent agreement with the imposed drifts and
the maximum sensor error was within approximately 0.10 cm. To maintain
this error level, it is only necessary to ensure that the laser line source does
not become divergent, which could result in an increase of the laser line
trace width. For story heights of practical relevance, it was found that the
strong coherency of laser light can easily maintain the laser line source
dimension and thus the sensor accuracy is essentially invariant with respect
to story height.
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Figure 8. Drifi response history comparison between DDPS sensor and imposed (ground truth)
drift for 3- and 40-story steel frame buildings subjected to near-field ground motion.

The DDPS demonstrated an ability to measure both the full dynamic drift
waveforms as well as the permanent story displacements resulting from
inelastic frame response. It is noted that no data post-processing is required,
as the laser position is determined and written directly to memory at each
sampling instant. The DDPS provides a direct measurement, and immediate
logging, of the interstory drift values.

As noted, and identified in previous studies (Skolnik et al. 2008, Skolnik and
Wallace 2010, Bennett and Batroney 1997), the local rotation of the
structural members at the location at which the laser is mounted can
potentially have a significant effect on the observed measurement of



interstory drift. The mounted laser can rotate with the local rotation of the
individual structural elements to which it is attached, thereby effecting the
trajectory of the laser beam propagating across the story height. This is
illustrated in Figure 9, where the deformation of a single bay of the 40-story
frame during earthquake motion is extracted from the finite element model
of the building and shown at exaggerated scale. This demonstrates that the
potential for significant local rotation must be addressed in the DDPS
measurement of drift.
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Figure 9. Exaggerated building frame displacement from a finite element model illustrating the
local rotation of a laser mounted on a horizontal beam.

If the local rotation at each time step, Oin(t), is known, the effect of this
rotation on the lateral drift can be included in the drift computation. If the
drift is denoted Ap/ire(t), see Figure 9, the drift is given by:

‘&Dr[fr (I) — &Obxerwff(r) + ‘&anﬁrm [:T) ( I )

where Aosserved(t) is the translation of the laser beam directly measured on the
DDPS and Arotation(t) is the laser translation due to local rotation of the laser.
The translation due to local rotation is then calculated as

ﬁRm‘a:u‘f'mi (I) — @Jm'nr(r ) “H StorvHeight (2)

where O,int(t) is the rotation at the laser mount location and Hstonheignt IS the
story height. Equation 2 effectively provides a correction term to the
translation measured directly on the DDPS.

The local rotation correction requires the dynamic response history of the
rotation at the laser mount location, ©,n(t), which is a challenging quantity
to measure in a structure undergoing earthquake excitation. While many
technologies and associated MEMS sensors can measure static rotations at a
point, imposing earthquake accelerations and dynamic rotations significantly



complicates the rotation measurement. Typical static rotation sensors rely
on a static gravity field for measurement of rotation and are adversely
impacted by time dependent accelerations.

The methodology that was adopted for measuring the rotation response
history in this study consisted of utilizing a second DDPS mounted in a
vertical plane (for example on a column face) so that rotation of the laser
mounting point could be directly determined from the motion of a
propagating laser impinging on the vertically mounted diode array, as shown
in Figure 10. This approach uses the amplification of the rotation observable
by the optical path length across the width of the frame bay. While this
requires both vertical and horizontal clear lines of sight, it proved to be a
very effective and reliable way of measuring local rotations. Based on an
assumption of small displacements and small rotations, the floor rotation can
be calculated simply from the laser motion on the vertical sensor, as

@Jr)fm (f) — 31_,-'{,,-“:{.“;(1')fBﬂ}-’Wfdfh (3]

where Averical(t) is the vertical translation of the horizontally propagating laser
beam as measured on the vertical DDPS sensor. In practical application, a
single laser beam source can be split and diffracted in both vertical and
horizontal directions for the two sensors.
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Figure 10. Utilizing a vertically mounted DDPS to obtain local laser rotation.

It is noted that during deformation there generally is also a component of
rotation at the DDPS sensor mount location, however through analysis and
experimental testing, this rotation component was confirmed to be a higher
order component and does not impact the sensor reading. The rotation at
the laser mount location, on the other hand, is critical because the rotation
influence is effectively amplified by the laser beam propagation across the
story height and must be corrected for. The rotation correction defined



above is valid for both elastic and inelastic deformations of the building
system.

To obtain additional data on the performance of the DDPS on an actual
structure, including the effects of local member rotation, Testbed #2
consisting of a laboratory scale frame was developed, as shown in Figure 11.
This system was a purposely flexible scale model two-story aluminum
moment frame mounted on a low friction bearing system with an
automatically controlled, linear motion motor at the base to apply specified
horizontal earthquake motions in the plane of the frame.
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Figure 11. Sensor Testbed #2, an automatically controlled laboratory scale two-story frame
system with string encoders connected to an adjacent tower for floor displacement measurements.

As shown in Figure 11, two string encoders consisting of a tensioned string
on a ratcheted rotational spool were used to directly measure the absolute
displacements at each floor level, thus providing a means for calculating
interstory drift ground truth.

In this experimental frame, DDPSs were mounted at the floor levels and on
the face of columns so that drift and appropriate local rotation corrections
could be measured. Similar to the motion table in Testbed #1, a stepper
motor was employed to subject the base of the frame to prescribed
earthquake ground displacement motions. This experimental setup was used
to evaluate the ability of the DDPSs to measure interstory drift as well as to
assess the significance and ability to appropriately determine the rotation
correction at the laser mounting location.



Two representative earthquake time histories were employed for the sensor
assessment. The first ground motion record consisted of the well-known El
Centro California ground motion (PEER), scaled by a factor of 0.7 to ensure
that the driving motor would remain within its maximum displacement
stroke. Whereas the second record consisted of the band-limited ground
motions from the Landers California earthquake Lucerne station (PEER),
scaled by a factor of 0.5.

The DDPS interstory drift measurements obtained for the applied El Centro
ground motion are shown in Figures 12 and 13 for the first and second story,
respectively. From these plots two observations can be made. First, the local
rotation correction is significant, particularly for the first-floor level as
evidenced by comparing the DDPS drift measurements with and without the
local rotation correction, see Figure 12a. Secondly, the total corrected drift
obtained from the DDPS exhibits excellent agreement with the ground truth
drift obtained by differencing the absolute displacements obtained from the
stepper motor encoder and string encoders at each floor level, as shown in
Figure 12b. This structure remains linear elastic during the earthquake
excitation so there is no permanent displacement, but the DDPS provides an
excellent measurement of the full dynamic waveforms of the interstory drift.
Both the amplitude and frequency content are accurately represented by the
DDPS measurements.
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Figure 12. El Centro motion: first floor interstory drift. (a) DDPS drift measurement with and
without local rotation correction; (b) comparison of actual interstory drift from string encoders
with DDPS measured drift; (c) measurement error.
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Figure 13. El Centro motion: second floor interstory drift. (a) DDPS drift measurement with and
without local rotation correction; (b) comparison of actual interstory drift from string encoders
with DDPS measured drift; (¢) measurement error.

The experimental results for the Landers ground motions are shown in Figure
14 and Figure 15. Similarly to the El Centro motions, it is clear that the
rotation correction is essential and the DDPS provides an excellent measure
of the interstory drift. The DDPS provided accurate measurements of the drift
at both floor levels. In all cases the maximum difference between sensor
measurement and ground truth drifts was on the order of 0.15 to 0.20 cm.
This difference reflects the error contributions from the measurements on
both the horizontal and vertical sensors. A simple error analysis that includes



both the direct drift measurement on the horizontal sensor and the rotation
error due to the vertical sensor error indicates that maximum error should be
on the order of twice the error from a single sensor measurement or 2 x

0.10 cm, which is in accordance with the observed sensor errors.
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Figure 14. Landers motion: first floor interstory drift. (a) DDPS drift measurement with and
without local rotation correction; (b) comparison of actual interstory drift from string encoders
with DDPS measured drift; (¢) measurement error.



Floor 2 Drift Second Story Drift for Landers Ground Motion

B - _I iy _| B — Drift Without Rotation Correction
ol I Fi = Drift Including Rotation Correction
; i B e e e et
' i 4 |
) F |
U i E |
U ] 2 3 J F
I i & r
‘ " ; Lilk
J— =
& ¥ ; 5 oA A
; ; g Y
I ' E .
' ' g 2 - L A1
] il 2 I -
[ i 1 I
I I
, | 4 | | .

10 15 20 25 30 35 40
Time (sec)

(a)

Drift Measurement Error Story 2 Landers Ground Motion
[

Second Story Drift for Landers Ground Motion

— = Interstory Drift From String Encoder
Interstory Drift From DDPS

—— Difference Between String Encoder and DDPS

4| 4 |

Second Floor Drift (em)

———————
Measurement Error (cm)

0 15 20 25 30 35 40 1 15 20 25 30 35 40
Time (sec) Time (sec)

(b) (c)

Figure 15. Landers motion: second floor interstory drift. (a) DDPS drift measurement with and
without local rotation correction; (b) comparison of actual interstory drift from string encoders
with DDPS measured drift; (¢) measurement error.

The scale model two-story test frame proved to be very flexible with
significant member deformations under lateral excitation as a consequence
of the slenderness of the members. This resulted in significant lateral
displacements as well as significant local member rotations, which may be
larger than would occur in an actual building system. However, these
features of Testbed #2 allowed for a demanding exercise of the DDPS
system and particularly demonstrated the ability to correct for local member
rotations at the laser mounting point.



COMPUTATIONAL SIMULATION OF SENSOR SYSTEM PERFORMANCE

To comprehensively understand sensor system performance, including the
accuracy of the methodology used to compute rotations and associated
corrections (Figures 9 and 10), it would be desirable to have a validated,
predictive model of the sensor system.

A sensor system simulation capability would also be an important tool for
designing and assessing sensor system performance for multiple types of
structural systems and configurations. To begin the development and build
confidence in a simulation-based sensor performance prediction tool, finite
element modeling of the frame structure in Testbed #2 was undertaken.

A beam element based finite element model (FEM) was constructed to
represent the Testbed #2 frame structure, as shown in Figure 16. The
simulation model included a 4-beam element discretization of each column
and beam in the frame, and lumped masses to account for the experimental
hardware (lasers, DDPSs and associate electronics). The frame model
included finite displacement geometry change through an updated co-
rotational coordinate system for each element, and was statically initialized
under gravity load before performing a dynamic earthquake simulation. The
damping of the computational system model was determined experimentally
through a push-over and release of the experimental frame, with a
computation of the logarithmic decrement of the resulting frame ring-down
(Chopra 2012). The model employed Rayleigh damping with the damping
anchored to the first and third modes. The FEM characteristics and a
comparison between experimental and model predicted ring-down of the
frame are shown in Figure 16.
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Figure 16. Computational model of the Testbed #2 frame; ring down for damping, calibration,
and model frequencies.

The computational model of the frame system was used to simulate the
structural response and predict the experimental performance of the sensor
system. The approach was to perform a response simulation for the model
using the specified earthquake motions from Testbed #2, and subsequently
utilize the model predicted displacements and rotations at both the laser
mount and sensor mount locations to compute the expected measurements
of the sensor system. It is noted that this approach is evaluating two major
aspects; first the accuracy of the model to replicate the response of the as-
built frame, and second the assumptions and geometric approximations
implicit in developing the sensor rotation corrections, that is, Equation 1
through Equation 3.

The computational model prediction of the story drift measured by the DDPS
system under El Centro base motion is shown in Figure 17 along with the
actual sensor measured drift. The model exhibits good agreement with the
measured sensor data for both the case in which the local rotation is not
included and the case in which the local rotation correction is included. The
simulation model predictions agree well with the experimental data both in
terms of frequency content and amplitude of drift. The corresponding
simulation data for the Landers motion is shown in Figure 18, where a good
correlation between FEM prediction and DDPS results is observed. Building
confidence in the ability to appropriately simulate sensor performance is
important to the evaluation of expected sensor performance on more
complex structural systems such as shear walls or coupled shear wall-frame
systems.
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drift: model prediction vs. DDPS data without and with rotation correction; (b) second story-drifi:
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ESTIMATING IN-STRUCTURE ACCELERATIONS FROM DDPS DATA

The principal function of the DDPS is the direct measurement of building
story drift. However, it would be useful if the sensor could also provide an
accurate estimate of in-structure absolute accelerations for the



interpretation of inertial loads and the evaluation of facility secondary
equipment loads. If a DDPS is placed at every floor of a building, interstory
drift time histories defining the relative displacements across each floor will
be obtained. Starting at the base of the building, the drifts can be summed
to provide the floor displacement relative to the base of the building at each
floor level, as follows:

Di(t) = dy(r) - Iy (4)
k=1

where Di(t) is the displacement of floor i at time t relative to the base of the
building, dk(t) is the drift ratio of story k at time t, h« is the height of story k
and the summation occurs from the base of the building to story i(k = 1, 2...
i). If the ground motion excitation at the base of the building is known in
terms of ground displacement or acceleration, for example through a free
field strong motion accelerometer, Equation 4 provides a basis for estimating
in-structure accelerations through appropriate numerical differentiation of
the displacement response history at each floor level.

The drift time histories measured by the DDPS are quantized as a result of
the discrete nature of the diode array measurements indicated in Figure 4.
This is expressed in the drift response history measurement as a series of
step functions, as shown in expanded DDPS sensor data of interstory drift in
Figure 19. The step function character of the drift introduces fictitious high
frequency content that must be removed from the signal prior to numerical
differentiation to obtain in-structure acceleration estimates.
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Figure 19. Quantized character of DDPS drift data and estimations of absolute displacement,
velocity and acceleration from low-pass filtering of DDPS data (Landers ground motion, PEER).

The ability to estimate in-structure accelerations from DDPS drift data was
examined with respect to Testbed #2 shown in Figure 11. For this
experimental arrangement, the earthquake excitation was applied by the
automatic control system as a known base displacement history. The
absolute displacement response history at each floor level was obtained by
determining the relative displacement at each floor level, see Equation 4,
and adding the time varying frame base motion to develop an absolute
displacement response history for each floor level. The resulting quantized
absolute displacement floor time histories were low-pass filtered to remove
the fictitious high frequency components, and then differentiated to obtain
estimates of absolute floor accelerations. In the experimental evaluation of
the frame in Figure 11, the floor accelerations were not measured, however,
the finite element model of the frame was shown to provide very good
estimates of the frame response (Figures 17 and 18). Consequently, the
accelerations estimated from the DDPS data were compared with the in-
structure accelerations from the computational model. The second-floor
displacements, velocities and accelerations processed from the DDPS data
by the procedure described above are shown in Figure 19. The floor
displacement time histories were processed with a low-pass Butterworth
filter, for this particular structure the filter employed consisted of a 5 Hz low-
pass filter. The agreement between processed DDPS data and the in-



structure quantities computed with the FEM of the frame was excellent both
in terms of response history and in-structure acceleration spectra.

In practice, the filtering bandwidth would need to be carefully considered so
as not to filter out response generated by the structural system. However,
the results shown here indicate that DDPS data offers significant promise in
not only being able to measure interstory drift, but also yield good estimates
of in-structure accelerations.

DISCUSSION AND SUMMARY

As the earthquake engineering community trends more toward performance-
based design, earthquake performance objectives beyond life safety will be
desired for many structural systems. For critical industrial and safety-related
facilities, the establishment of specific limit states and corresponding post-
event performance expectations will be crucial to continuity of operations
and appropriate economic and safety functions. An ability to rapidly measure
and display key system response observables will be essential to validating
performance, determining if design limit states were surpassed, and
informing appropriate and timely post-event actions.

The optical sensor described herein provides a tool for accurately and rapidly
measuring building interstory drifts. The introduction of discrete diodes as a
motion measurement mechanism allows for measurement of the large
displacements associated with flexible building earthquake drift (i.e., large
relative to commercial position sensitive detector dimensions) at a very low
cost. The ability to measure interstory drift and absolute in-structure
accelerations for 2-D building systems, including permanent displacements
associated with inelastic action, was demonstrated through the utilization of
both numerical simulations and experimental data. Experiments planned for
the near future will extend this work and validate the ability of the DDPS to
measure interstory drifts and absolute in-structure accelerations in a larger
scale 3-D structure under bi-directional earthquake excitations.

As this technology matures and becomes fully validated through simulations
and experiments of realistic earthquake conditions, value engineering to
optimize cost and functionality will be necessary to advance this technology
to application-ready status. The functionality of the original piece-component
sensor used in the frame experiments has recently been integrated into a
single board suitable for practical applications on real buildings, see Figure
20 (McCallen et al. 2017). Additional value engineering options, such as
using an intense LED light instead of the more-costly laser light, are under
consideration. It would be desirable to reach a design cost point that would
allow placing optical sensors at every floor of a multistory building.
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Figure 20. DDPS sensor packages. (a) Component based sensor system used in experimental
data acquisition; (b) prototype integrated, single board sensor package for field deployment.

In addition to value engineering of the sensor, there will be a number of
practical considerations related to developing an application-ready system
including the provision of back-up power and meeting eye safety
requirements for an active laser, ideally through limiting laser power levels.
There will also be considerations for laser and sensor system mounting with
the provision of clear lines-of-sight for the two laser beam paths, which could
require on the order of +/— 4 to 5 inches of laser beam motion under large
earthquake events. For many industrial facilities, structural systems are
exposed and can be readily accessed. However, for commercial buildings,
access to main structural components, and the ability to provide access to
the sensor system for maintenance, may require more innovative
approaches. For new buildings and facilities, it would be desirable to design-
in the monitoring system to accommodate the necessary mounting and
lines-of-sight.

Finally, the sensor system performance under extreme events, where
localized member buckling might occur (e.g., beam flange buckling near a
joint) needs to be carefully assessed. The mounting hardware through which
the lasers and sensors are attached to the structural elements should be
performed with careful consideration to mitigate any effects of localized
inelastic behavior. Work is ongoing with application to larger steel frame
structures and recommendations for mounting will be developed.
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