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ABSTRACT

AN APPROXIMATE METHOD FOR REAL TIME
HEALTH MONITORING AND DAMAGE ASSESSMENT
OF MID-TO-HIGH RISE REINFORCED CONCRETE
BUILDINGS

Two separate methods are proposed and evaluated in this study for the struc-
tural health monitoring and damage detection of mid-to-high rise reinforced concrete
buildings. The first method discussed herein, aims to predict the response of the struc-
ture at non-instrumented floors. A numerical structural model of the real-life structure
is constructed and the modal response quantities are retrieved. The measured mode
shapes of the real structure are considered as linear combination of the calculated
mode shapes of the numerical model. For each mode shape to be superimposed, a
weighting coefficient is obtained through minimizing the error between the actual and
superimposed mode shapes and the final response is estimated by using the relation
between the physical and modal coordinates. The second method is based on wave
propagation in buildings and reverse nonlinear structural analysis. The building floors
are first scanned with limited number of sensors and the impulse response function
(IRF) for each story is identified by deconvolution. Once the IRFs are determined,
the story responses are obtained via convolution of the reference signal and the story
IRFs at any given instance; and finally, the interstory drifts are approximated. The
internal forces and deformations of the structural members are computed by the re-
verse inelastic structural analysis utilizing nonlinear fiber models, kinematic, and joint
equilibrium. The extent and limits of convolution operation as for inelastic structural
response is investigated. The change in the shear wave velocity of the damaged are

also evaluated.



OZET

ORTA YUKSEKLIKTEKI VE YUKSEK BETONARME
BINALARIN YAPI SAGLIGI IZLEMESI VE HASAR
DEGERLENDIRMESI ICIN YAKLASIK BIR YONTEM

Bu c¢aligmada, orta yiikseklikteki ve yiiksek betonarme binalarin yapi saghgi
izlemesi ve hasar tespiti i¢in iki farkli yontem geligtirilmigtir. Bu yontemlerden ilki
yapida ol¢iim cihazlarinin bulunmadig1 katlardaki yapisal tepki niceliklerini hesapla-
may1 amaglamaktadir. Binanin bir niimerik modeli olusturulur ve modal parame-
treler bulunur. Gergek binanin 6lgiilen mod sekilleri, niimerik modelin mod sekillerinin
dogrusal birlesimi olarak kabul edilir. Olgiilen ve niimerik modele ait mod sgekilleri
arasindaki farkin minimize edilmesi ile niimerik mod sekillerinin agirlik katsayilar:
bulunur. Daha sonra mod koordinatlar1 ve fiziksel koordinatlar arasindaki baginti
kullamlarak 6l¢iim cihazlarmin olmadigy katlardaki yapisal tepkiler hesaplanir. Ikinci
yontemde ise binadaki sismik dalgalarin yayilimindan yararlanilir. Ik asamada binanin
farkh katlari sensorler ile taranir ve her katin itki tepki fonksiyonu ters evrigim (dekon-
voliisyon) yontemiyle belirlenir. Herhangi bir yiikleme altinda katlardaki tepki nicelik-
leri, referans sinyal ve kat itki tepki fonksiyonlarinin evrigimleriyle (konvoliisyon) hesa-
planir ve goreli kat otelemeleri yaklagik olarak elde edilir. Dogrusal olmayan lif mod-
eli ve diigiim noktalaridaki denge kosulu gozetilerek, dogrusal olmayan ters yapisal
analiz algoritmasi yapisal elemanlardaki i¢ kuvvet ve gekil degistirmeleri hesaplar.
Bu calismadaki bir diger onemli husus ise; yapiy1 elastik sinirlari agmaya zorlaycak
yiklemeler altinda evrigim fonksiyonunun kullanilabilirlik sinirlarini aragtirmaktir. Her-
hangi bir malzemenin rijitlik degeri ile dogrudan iligkili olan kayma dalgasi hiz1 da,

hasarli ve hasarsiz niimerik modeller icin incelenmistir.
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1. INTRODUCTION

1.1. General

Structural earthquake engineering has received considerable interest from the
researchers in the last couple of decades. Despite the inherent identifiable and uniden-
tifiable uncertainties, the extremely fast-paced technological developments fortunately
enabled researchers to widen the perspective and detect crucial parameters in this field.
Evidently, a vast portion of the available literature in this field is produced recently
due to the developments in hardware and software technology. One of the latest end-
product of this process is the system identification and its implementations on the
structural engineering, so called structural health monitoring (SHM). The SHM not
only facilitates the identification of dynamic properties of a structure, but also alleviates
uncertainty problems in modeling issues and hence provides significant information for
robust and accurate modeling of the real-life civil engineering structures. Furthermore,
it offers non-destructive and automated damage detection techniques along with con-
dition assessment and determination of failure probabilities under particular events.
On a mass-scale, the SHM can also be utilized in the derivation of fragility curves
and resulting shake maps for a given region. Concisely, for both micro and macro
scales, the SHM is a fruitful tool for identification, assessment, and decision making
steps for the civil engineering structures. To be more specific for the scope of this
document, the SHM applications in tall buildings are investigated. The increase in the
tall building construction in metropolitan areas and their economic significance, not
to mention the value of the life safeties of the occupants, enforce the investors and the
insurance companies to assess those building’ safety and risk issues. The condition of
the building is needed to be determined under service loads, such as daily or seasonal
changes in the temperature or wind speeds. In addition, during or after unusual or
severe events (can be earthquake, strong wind loading, blast loadings) the structure
must be rapidly assessed and decisions on the operational systems (e.g. the gas or

the electric network), as well as decisions on the evacuation of the building must be



made. Considering complicated and unique natures of the tall buildings, the need for
an automated system identification based rapid assessment method for tall buildings
arises. This thesis proposal is devoted to seeking for possible solutions for the real time
structural health monitoring of tall buildings by seismic interferometry and system

identification techniques.

1.2. Literature Review

As mentioned earlier the interstory drift ratios are one of the widely accepted
damage indicators. The interstory drift ratios can be used to derive fragility functions
or assess the current situation of a given building. However, the difficulties and uncer-
tainties constitutes its problematic nature. A study conducted [1] is devoted to identify
a building’s real-time or near real-time dynamic characteristics and retrieve fragility
functions (probabilistic damage state estimations) by means of the interstory drifts
ratios. A four-story reinforced concrete building damaged during the 1994 Northridge
earthquake is instrumented by tri-axial accelerometers and LVDTs. By the help of two
eccentric mass shakers, forced vibration tests are conducted for the two translational
(NS and EW) directions and also for the torsional motion. The configuration of the
sensors can be seen from the Figure 1.1. Four tri-axial accelerometers are attached to
the floor levels and three LVDTs were used at the two uttermost floors. The LVDTs are
used along with the diagonal piano wires and the interstory drifts are attained from the
lengthening/shortening of the wire. During the tests it is reported that the interstory
drifts obtained by double integration can end up with unexpected large drifts due to
inherent baseline offsets observed in the acceleration data. On the other hand, for the
direct measurement data (LVDTSs), several problems such as random piecewise shifts
(offsets) and peak capping is observed. The underlying reasons for these two inconve-
niences are probably arising from the mechanical slips and wire slacks (especially for

long spans).

Depending on these full-scale forced-vibration tests they concluded that new

methods for directly measuring the interstory drifts are required due to the short-



comings of the current procedures. Moreover, it is declared that several studies involv-
ing alternative procedures such as non-contact (laser/2D-photodiodes) techniques are

being investigated.

&3

Accelerometer

Figure 1.1. The sensor configuration of the 4-story RC building [1].

In a similar vein, another way of reliably estimating the displacement responses
is utilizing the known mode shapes of a given building, especially at the sparse (non-
instrumented) floors [2]. Suggested a method for constructing drift spectra for buildings
exposed to near-fault excitations by assuming a linear shear beam model, for which
the shear strain in the equivalent shear beam is considered to be analogous to the
interstory drift. Addressing the displacement spectrum, it should be noted that the
maximum interstory drift and the maximum global displacement of the system may not
occur simultaneously. Furthermore, unlike the broad-band frequency content of other
earthquakes, the pulse-like nature of the near-field excitations can cause the structure
to reach its maximum response before a resonant-like mode shape is formed. Regard-
ing the aforementioned facts, the SDOF-based displacement spectra may not meet the
accuracy expectations for interstory drifts in the case of near-field earthquakes. Thus,
instead of modal solution non-dispersive damped wave formulations are adopted for
a 1D continuous medium. However, the method used herein will then be cited by

other studies which employ the modal solutions. Similar to Iwan’s drift spectrum [3],



proposed a generalized drift spectrum by assuming the response of the building as a
combination of linear-elastic shear and flexural beams. Besides, in order to solve the
residual drift problem is Iwan’s drift spectrum they introduced the modal (classical)
damping to the system. Assuming uniform mass and stiffness along the height, the
shear and the flexural beams are assumed to be connected by infinite number of axially
rigid links so that both of the beams experience the same transverse (lateral) deforma-
tion at the same heights. The schematic representation of the continuum model can
be seen in Figure 1.2. Once the model is constructed modal analysis is performed and
total responses for a given earthquake is computed by the mode superposition method
for which the interstory drift ratio of a certain story is approximated by the rotation

of the model at the mid-height of that story.

o

Flexural beam

R

e ]
R

-
]
-
b
n o
b
-
S
]

[
1
Roon

Shear beam

FallsBdgi
AL

R

Axially rigid links

7
Y

0008

5
o
3
lq.
=
5

'l!;‘::?l‘

Figure 1.2. The continuum model including both the shear and flexural models [3].

As the ideal case, instrumentation of all the floors in a building is the best option.
However, considering the current amounts of the initial and the operational (as well as
maintenance) cost, it may not be a feasible practice especially for the tall buildings.

Thus, it would be safe to say that almost all of the buildings are sparsely instrumented



along their heights. Referring to this problem in tall buildings [4], proposed a method
for estimating the mode shape amplitudes and the associated floor responses for non-
instrumented floors. The mode shapes are assumed as a linear combination of the
mode shapes of the shear beam and the bending (flexural) beam as shown in the
Eq. 1.1. The relative contributions, or namely the weighting factors, of the bending
and the shear beams are obtained by minimization of the error function. The error
function (Eq. 1.2) is obtained through summation of the squares of the differences
between the measured and the calculated modal responses over the instrumented floors.
The measured modal responses are obtained by narrow band-pass filtering around the
identified modal frequencies

Gjk =Csj - bsjr +Chj- bojk (1.1)

NIF

g5 (8) =Y Bk (1) = G (0] (1.2)

k=1
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Figure 1.3. Comparison of various mode shape estimation methods for the 17 story

UCLA Factor Building [4].

Once the error is minimized, the relative contributions and hence the estimated
mode shape of the building is acquired and the floor responses of the non-instrumented
floors are computed by mode superposition for a given earthquake excitation. The pro-
posed method is compared to other available mode shape estimation methods, such as
linear and cubic interpolation approaches. The drawback of the interpolation approach
is their substantial sensitivity to the location of the instrumented floors. In order to
capture the higher mode shapes effectively when adopting cubing interpolation method,
the building must be instrumented regularly along the height and additional sensors
must be placed at the floors where mode shape changes sign (point of contra-flexures).
In Figure 1.3, the first four mode shapes yielded by the proposed method and the
interpolation methods are shown. The mode shapes of a 17-story steel moment-frame
building is estimated by using the acceleration data gathered from three floors only. It
can be observed that, the discrepancy between the measured data and the interpolation

methods are prominent for higher modes. Nonetheless, the proposed method is more



stable and yields relatively good results for a 17-story building instrumented at only
three floors. Eventually, the proposed method can be a useful tool for the response

estimation non-instrumented floors.

[liopoulos developed a multi-band modal expansion technique in an effort to con-
duct structural health monitoring and fatigue assessment of offshore wind turbines in
case of limited number of sensors. The method relies on the utilization of the modal
decomposition of a calibrated finite element model and predicts the responses at the
points where no sensors exist. The procedure can be followed through Eq. 1.3-Eq. 1.5

as demonstrated below
am(t) = ) Gimailt) (1.3)
i=1

In the Eq 1.3, ay(t) is the measured accelerations at the time instance (t), n is
the number of modes under evaluation, phi;,, is the mode shape amplitudes at the
points of measurement, and ¢;(t) is the response in the modal coordinates. The mode
shapes can be retrieved from the finite element model. In the latter step, the relation
between the modal coordinates and the physical coordinates is used. A point which
deserves to be emphasized herein is that the number of modes under consideration

cannot be greater than the number of instrumented points

q(t) = (®1®,,) " T am (1) = Oram (t). (1.4)

In the Eq 1.4, m stands for the measured points and @7, is the pseudo inverse of
the mode shape matrix of the measured DOFs. Combining the Eq. 1.3 and Eq. 1.4,
the acceleration values at the non-instrumented points (p) can be estimated as follows

where the @, is the mode shapes obtained through the finite element model:

ap(t) = Ppq (1) = ©p0;,am (1) (1.5)

The effort for estimating the response quantities at non-instrumented floors ac-
tually are not a concern that has appeared recently. In 1963 [6], developed a simple
(and yet robust) formula based on the multiple reflection of waves through the elastic

medium. The study showed that under a seismic excitation it is possible to estimate



the response at the foundation level (or the response at any desired building level) of
a building from the measured top response of the building under consideration. The
aforementioned formula (the derivation is not shown here) and the associated param-

eters can be seen through Eq. 1.6 and Figure 1.4

oo (t = HJV) = 0.5u,_pr () + woepg (1 — 2H/V). (1.6)

In the Eq 1.6, H is the total building height, V' is the apparent transmission
velocity, 7 is the time instant, z is the vertical axis whose origin is the base of the
structure, and u,—g and u.—y are the amplitudes of motion at the foundation level
(base) and the top of the structure, respectively. The advantage of the method is that
the only parameter utilized in the Eq. 1.6 is the 2H/V without needing any other
geometric properties or the constants in order to obtain the response at the base of the

structure.

—4

Figure 1.4. The parameters used in [6] formula and its generalized version in [7].

The authors suggest that one of the alternatives to estimate the above parameter

is the simple relationship illustrated in Eq. 1.7

T =4H)V, (1.7)

In the Eq 1.7, T is the predominant period of vibration of the cantilever shear

beam.



Ebrahimian expanded the [6] formula to be able to preict the response of any
given story in the building and tested the success of the method on 54 instrumented
buildings located in the Los Angeles area. It should be kept in mind that the formula
of interest was derived assuming the building behaves in a linear-elastic manner and
the deformations caused by only shear. The generalized version of the Kanai and
Yoshizawa formula updated [7] is given in Eq. 1.8 where the only additional parameter
is d being the vertical distance between the top of the building and the location of the

floor under evaluation. Although the concept of the impulse response function

u(H—d,t):%u <H t—é) +u(H, t+é). (1.8)

(IRF) and seismic interferometry will be introduced in the forthcoming pages, it
might be a good idea to briefly mention about the IRF approach due to its resemblance
with the Kanai and Yoshizawa formula in terms of end products. Assume that a
structure is being monitored and instrumented at several floor levels. Select one of the
records at any height and consider it as the source (or reference) and call it z,.; while
another z stands for the height of the other floor response and their Fourier transforms
are U (z;w) & (2. f; w), respectively. The transfer function of these two responses will
be as in Eq. 1.9 and the inverse Fourier transform of the transfer function h is the IRF
of the floor response at the elevation of z with respect to the reference signal with an

elevation of z,.; as given in Eq. 1.10

h(z, zZrep;w) = %’;}L) (1.9)
IRF = h(z, zep;t) = F (w)™' {iL(z, Zref;CU)} : (1.10)

Once the IRF is obtained as shown in Equation 1.10, the response of the floor at
the level z can be retrieved by convolving the IRF at z with the corresponding record
at the 2.y under any given excitation as the IRF is the response at z produced by a
unit impulse at the level z,..¢. The convolution operation is explained via Eq. 1.11. In

order to help visualizing

w(z;t) =u( Zrep, t) xh(2, Zes;t). (1.11)
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Figure 1.5. The IRF's at various points of a cantilever beam (a) derived with respect
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180 RMS Error for Horizontal Displacement

160 oo
4T
140 & 47 S5F Bidgs
Py ) Millikan
‘;E 1] X Van Nuys
"‘:’ 8 18
g . ‘
7 1
W ? 52
0 42
= 42 44
o g 5,, X 1
-:2“ 'E i 7 a4
]%I "
%
o 1'“2;“' o s
41 40
g 8 Ex
53 x - 2
4 B 8 10 12 14 16 18

Peak Ground Displacement (cm)

Figure 1.6. PGD and RMS error for the horizontal displacements of 54 buildings [7].

This process, Figure 1.5 can be examined where the IRF of a uniform cantilever

beam is illustrated. The comparison between the estimated and recorded story dis-
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placements of a 54-story office building located in Los Angeles is depicted in Figure 1.7.
Overall, the RMS errors for all of the 54 buildings can be viewed in Figure 1.6 which
seem to be less than 60% for most of the buildings. More detailed results for each

building in the database can be found in the report prepared by [8].
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Figure 1.7. The estimated and recorded story displacements at various floor levels of

a 54-story office building located in Los Angeles [7].

Another study involving the interstory drifts is conducted [9] and focuses on de-
riving simple analytical expressions for the interstory drift and velocity profiles, as
well as their peak values which can be used in the preliminary design phase of the
structures with interstory viscous dampers. The analytically derived first mode shape
profiles are used to estimate the peak interstory drifts and the velocity values. Then,

by using numerous spectrum-compatible artificial ground motions parametric studies
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are conducted by to assess the validity of the method and to understand the crucial
parameters. The linear-elastic building models varying between 5-30 stories are ex-
posed to the time history analyses and modification factors are developed for the peak
interstory drifts and velocities. It is concluded that the peak interstory velocity values
for high-period structures cannot be accurately estimated via the first mode response.
These velocities tend to be higher especially at the bottom stories due to contribu-
tion of higher modes. Another remark to be stated is that the equivalent lateral force
method of the ASCE 7-10 Chapter 17 estimations is non-conservative for the interme-
diate stories and conservative for the bottom and the top stories in terms of interstory
drifts and velocities. A different but related aspect in conjunction with the lateral drift
demands can be attributed to the design spectrum estimates. Cracking in reinforced
concrete structural members, loosening of the partition walls, interaction between the
structural and non-structural members, nonlinearities in the foundation response, and
the severity of the excitation can have significant influence on the predominant pe-
riod of a building. On the other hand, one of the most complicated and somehow
elusive parameters is the damping which incorporates various kinds of energy dissi-
pating mechanisms. Therefore, better estimates of the predominant period (7},) and
the equivalent damping ratio ((.) suggest more reliable estimates of earthquake drift
demand [10]. Proposed a method for estimations of these parameters by performing
full-scale shake table test for a 5-story reinforced concrete building, one with fixed-base
and the other with base isolation. Three different system identification methods are
utilized to extract the above parameters, which are: The transfer function method, the
roof-to ground spectral ratio method, and time-domain optimization method which
linearizes the building response obtained from the GPS data and obtain the 7}, and the
(.. As a result, it is concluded that all of the three identification methods yield almost
the same predominant periods. Another point deserves to be emphasized that for the
fixed-base structure, the effective stiffness can reduce up to 16% of the initial stiffness
during several earthquake excitations and after the events 40% of the effective stiffness
is recovered and the final effective stiffness is reported as 56% of the elastic stiffness. As
a concluding remark, after a relatively slight earthquake where no yielding is observed,

the identified equivalent viscous damping ratio is between 4.3-7.0% whereas it is 1%
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for the ambient vibration case.

In addition to interstory drifts, some studies suggest that damping is also a
damage indicator. Particularly for large structures, significant changes in the over-
all stiffness may not necessarily imply visible or discernible shifts in the frequencies
[11]. Suggest that 21% drop in the bending stiffness of the 1-40 bridge does not lead a
substantial decrease in the modal frequencies. Based on that [12], conducted a study
in order to be able to detect the structural damage by following the change in the
instantaneous damping. First, the recorded accelerations are processed by random
decrement method and the decay of motion is obtained. The system is modeled as an

oscillator with nonlinear restoring and damping force which is expressed as:

i+ 2h, (#) & + k (z) = 0. (1.12)

By using the multiplication property of the Hilbert Transform, the instantaneous

undamped frequency and coefficient can be as follows:

A A2 Aw

w§:w2—z+2ﬁ+m. (1.13)
A @
ho=—"7 =5 (1.14)

Having specified that, the instantaneous amplitude and the phase is computed
from wavelet transforms and plugged into the Eq. 1.12, and then the change in the
damping is observed. The validity of the proposed method is tested via a simply
supported reinforced concrete beam and an aluminum 3D frame model experiments.
Perceivable changes in the damping coefficient is observed during the incremental dy-
namic tests while slight changes in the frequencies are reported. The test result for the

beam is illustrated in Figure 1.8.
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Figure 1.8. The change in the frequency and the instantaneous damping coefficient

for the beam experiment [12].

Uebayashi made an endeavor to come up with simple expressions for the stiffness
degradation and the peak interstory drift ratios (PIDR) of tall buildings by relating
the pre-event and post-event dynamic characteristics gathered from ambient vibra-
tion tests. 13 tall buildings experienced the 2011 Tohoku-Oki Earthquake and the
1995 Hyogoken-Nanbu Earthquake are modeled as SDOF system with bilinear stiff-
ness degradation. As the final products, the stiffness degradation rates and the peak
interstory drift values are expressed as simple relations (which are functions of pre-event
and post-event first mode frequencies) estimated from regression analyses based on the
natural frequencies. The natural frequencies are identified by the ARX model under
ambient vibrations. The interstory drifts used in the regression analyses are adopted as
the gradient of the broken lines for the available displacement measurements shown in

the Figure 1.9. The Eq. 1.5-Eq. 1.6 are the final estimations of the proposed method

ke ; fafter )
k_ = (091&) X (W) (]_]_5)
4.0 x 1074
PIDR = m. (116)

It should be kept in mind that the proposed relationships are derived for buildings
dominated mainly by the first mode responses and can yield unreliable results for

buildings with significant higher mode contributions.
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Figure 1.9. Distribution of the maximum displacements along the height [13].

As stated earlier, obtaining the displacement responses based on the double inte-
gration of acceleration time histories are somehow problematic. Although it is possible
to implement alternative techniques, each of which constitutes various problems. For
example, GPS measurement is a widely accepted way of measuring the roof displace-
ment responses there are several factors influencing the efficiency, such as the satellite
visibility, availability, and the geometry, signal quality, and the delay of GPS waves
[14]. Therefore [14], presents a method to obtain the structural deformations via the
real-time strain data of the structural members. The proposed method is applied to
the 600 m-tall Canton Tower whose plan view and the strain sensor configurations are
depicted in Figure 1.10. Four strain gauges are mounted at 11 various cross sections
of the inner tube (wall) along the height of the building. The method of virtual work
is used to calculate the rotation and the displacement for a specified point by the help
of strain data. The virtual work is formulated for only bending deformations. For

non-instrumented floors, the strain data is estimated by interpolation.
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Figure 1.10. The plan view and the configuration of strain sensors attached to the

core wall [14].

Afterwards, the results are compared to the those of GPS and inclinometer results

which is demonstrated in Figure 1.11 and Figure 1.12.
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Figure 1.11. The measured and the derived typhoon-induced top displacements [14].

It is worth emphasizing that, the observed typhoon-induced and the temperature-

induced maximum daily displacements are almost similar.
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Figure 1.12. The measured and the derived tilts at the height of 443.4 m [14].

As the real-time health monitoring becomes increasingly popular, many recent
studies are devoted to this issue [15]. Propose to develop a near-real time system identi-
fication method covering a wide range of situations (stationary, weakly non-stationary,
or highly non-stationary events) for the Burj Khalifa Tower. For the non-stationary
processes (wind storms, earthquakes, or time-varying traffic loadings) the wavelet
transform-transformed singular value decomposition (WT-TSVD-Laplace) and for the
stationary events (extratropical winds or ambient vibrations) the covariance driven
stochastic subspace algorithm (SSI-Cov) is used for system identification purposes. It
was reported that the window length is not critical for the WT-TSVD-Laplace as it
uses local information of the data whereas very short windows for the SSI-Cov causes

substantial uncertainities, particularly on the damping estimations.

In order to develop a benchmark addressing the soil structure interaction (SSI)
effect on the health monitoring of tall buildings [16], presented a study on the quan-
tification of rocking motion and its contribution to the building’s response. The 83.7
m-tall MIT Green Building is heavily instrumented and used as a test bed. The col-
lected data contains 4 sets of ambient vibrations, 1 earthquake event, 1 unidentified
event, and the July 4" fireworks. The slabs and the foundation are assumed to be
rigid implying that the rocking is a rigid body motion. The modal characteristics are
identified by the second order blind identification (SOBI) method. The translational

rocking responses are expressed as u, (h) = a,handv, (h) = B,h (Figure 1.13).
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Figure 1.13. The schematic representation of the rocking motion [16].

Then, the story accelerations are condensed at the center of mass. An augmented
measurement vector, which constitutes both the condensed translational and rocking
responses, is constructed. The coupled deformation-rocking mode shapes are directly
identified from these augmented vectors via the blind source separation (BSS) algo-
rithm, whereas the deformation (uncoupled) mode shapes are obtained by the difference
between the coupled and the rocking mode shapes. As a result, 11.9% and 30.7% of
the modal roof responses are concluded to be of the rocking motion for the EW (strong

direction) and the NS (weak direction), respectively.

One of the promising approaches in structural health monitoring is the seismic
interferometry which has recently drawn the attention of structural engineers due to
its robustness. The application of the seismic interferometry can be deemed somehow
“brand new” in structural health monitoring as its main field of application has been
other branches of science for long years”. The method essentially deals with the deter-
mination of the wave propagation behavior through a continuous medium. The most
widely used approach among the academics and professionals for determination of the
seismic response is the solution of the equation of motion which requires a detailed
knowledge of mass, stiffness, and damping properties as well as their correct distribu-

tion in the structure, and of course, a profound background in modeling. However,
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wave approach is also a good alternative which facilitates the computation of seis-
mic response as it is the seismic waves propagates into the structure which cause the
vibration. The wave approach had previously been introduced in the previous stud-
ies. In such an endeavor, the study conducted [17] focused on defining the response
of buildings with structural walls based on the wave propagation approach and they
selected two dimensional continuous models. The study investigates the effect of vari-
ous structural wall configurations and come up with suggestions regarding the design
[18]. Investigated the wave propagation in tall buildings with a similar approach and
reached significant findings such as how the seismic waves excite both symmetric and
antisymmetric modes even in a perfectly symmetrical structural configuration. Note

that both studies neglected the soil structure interaction (SSI).

The study conducted by Safak [19] is devoted to formulation the wave propagation
in tall buildings assuming each floor as an individual layer analogous with the layers in
a soil medium as shown in Figure 1.14. Once the reflection and transmission coefficient
and the wave velocities are known, the wave travel time can be obtained for a given
layer thickness (story heights) in every single layer. A schematic representation is
introduced in Figure 1.14. Despite the simplicity of the method, it may be a better
damage detection tool than the modal methods as the parameters are more sensitive

to the changes in structural properties.
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Figure 1.14. The bedrock, soil, and the building layers and the propagating waves
[19].
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Besides, this method is capable of taking the effect of soil layers into consideration
and performs well at high frequencies. In order for the reader to visualize how seismic
waves propagates along the height of a building, the seismic analysis results of a 15-
story frame structure are shown through Figure 1.15-Figure 1.16. If one keeps track

of the peak responses, it will be clear how the peaks shift towards right as the waves

travel upwards.
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Figure 1.15. Acceleration response of a 15-story frame building subjected to seismic

loading.
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Figure 1.16. IRFs of a 15-story frame building subjected to seismic loading.

Based on Figure 1.14, the components of the seismic waves that propagates in the

layered medium (be it the superstructure or the soil layer beneath) are the upgoing and
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downgoing waves where u (t) and d(t) are the upgoing and downgoing wave amplitudes
at the top and bottom of the corresponding layer, respectively. The upgoing wave can
be considered as the superposition of the reflected component of the downgoing wave
and transmitted component of the upgoing wave as per Eq. 1.16 where R4;_; and

T, ;-1 are the reflection and transmission coefficients and 7; is the one-way travel time

Uj(t) = Rd,j—l . dj(t - Tj) + Tw_l.uj_l(t - Tj). (]_]_7)

The robustness of the deconvolution operation has also been demonstrated by the
[20] by proving the uncoupling of the intrinsic attenuation and the radiation damping,.
Moreover, it has been proved that the deconvolution wave field is independent of the
excitation and the shear wave reflection parameter at the base. Also, it is an important
feature of the deconvolution that both the top and the base records, which are deemed
the source signals, gives complementary information such as shear wave velocity and

predominant mode of vibration.

Based on the [20], [21] have revealed that the deconvolution interferometry facil-
itates to estimate the fundamental mode of deconvolved waveforms and the velocities.
The deconvolution interferometry is also a useful tool for distinguishing the building’s
“self” characteristics from that with the soil structure interaction. They also introduced
the concept of “cut-off” building which is considered to rise from the reference receiver
called as “virtual source”. The signals recorded at various floors in the building are
deconvolved with the virtual source and since the new cut-off building is independent
of the whatever exists below this level (as if the structure is fixed at the virtual source),
localization of damage is facilitated. Moreover, they revealed that the deconvolution
of the time histories (of the motions) taken from several locations in a structure gives
the impulse response of the system at any station. The modal quantities such as nat-
ural vibration frequencies of the modes, the mode shapes, and damping factors can be
extracted from the deconvolution interferometry [22]. Used the fundamental vibration
frequencies obtained from wave travel times (for 11 earthquake records) and developed

a damage detection method for early warning systems.
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As well as the earthquake excitations, it is desired to retrieve the impulse re-
sponse functions under ambient vibration [23]. Examined the dynamic behavior of
the historical Giotto’s bell tower (located in Firenze) via the vibration-based methods
(EFDD) and the seismic interferometry. They filtered the impulse response functions
for 3 different frequency ranges, each of which contains two or more consecutive mode
frequencies. They end up with the conclusion that the seismic wave velocity is fre-
quency dependent and increases with increasing frequency ranges. Another finding is
that the significant portion of the dispersion of the seismic wave is due to the bending

whereas relatively small contribution comes from the soil structure interaction.

Todorovska and Trifunac worked on a real-life test bed. The structure is a 7-story
reinforced concrete building located in Los Angeles area and has experienced 12 earth-
quakes. Two of these earthquakes inflicted structural damage while the building was
still being monitored. These kind of real-life structures undergoing damage is precious
in terms of researches in order to understand the real-life nature of a test subject other
than that designed in the laboratory. Beside the earthquakes, several ambient vibra-
tion tests have also been conducted. The relationship between the structural damage
and the changes in the IRFs as well as the frequencies were investigated. In order to
eliminate possibly misleading (in terms of structural damage and stiffness changes in
the structure) effects of the soil-structure interaction on the frequency changes, two
type of frequencies have been defined: f; and f;,, which stand for the fixed based
and structure + soil frequencies, respectively. The comparison between the system
frequencies of undamaged and damaged structure after the San Fernando Earthquake
revealed a 26% decrease in the first system frequency based on ambient vibration data
in EW direction [25]. The f; measured for the earthquake records are smaller than f;,,
measured for the ambient tests. The shear wave velocity, which is another indicator
of the damage and stiffness loss, reported to drop by 50% between the base and the
fourth floor during the San Fernando Earthquake. Another important conclusion that
can be drawn was that the wave travel times and the IRF's are reported to be physically
meaningful even for very short time windows. This was observed in another study [26]

which focuses on the same matter in a similar method for a building heavily damaged
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by 1979 Imperial Valley Earthquake. For the calculation of the fixed-base frequency of
the structure (f1), the layered shear beam model was embraced and the wave arrival
times were retrieved from the IRFs obtained by deconvolution of the records. Conse-
quently, the predominant fixed-based frequency is expressed as in Eq. 1.17 where 7.,

is the wave travel time from the ground to the top of the structure
fl = ]_/ (47—t0t) . (]_]_8)

As the change in the shear wave velocity corresponds to the change in the stiff-
ness of the structure, the wave travel times and the deconvolution interferometry offer
handy tools for detecting and localizing the damage. In this regard, the available stud-
ies [27-31] based on various methods such as adopting layered beam models such as
Timoshenko beam, layered shear beams and non-uniform Timoshenko beam can be

visited.

One of the main concerns as for this thesis is to investigate the usability of the
seismic interferometry for the structures undergoing structural damage during an event
and hence exhibiting nonlinear response. For such situations where the system is no
longer a time-invariant system [32], developed a method which adopts deconvolution
interferometry and the [33] and combine them for the case where both structural dam-
age and soil-structure interaction exist. The proposed method was validated with the
previous studies for a reinforced concrete building with an underlying soil type of soft
clay. Among the time-frequency tools, the Stockwell time-frequency representation
(also known as S-Transform) has been selected and adopted due to its advantages
such as linearity, invertibility, and higher resolution and had been utilized by other re-
searchers for the SHM purposes. For example [34], embraced Stockwell time-frequency
representation for a reinforced concrete framed structure that experienced the 2009
L’Aquila Earthquake. The first step of the method proposed [32] is to extract the local
spectra from the S-Transform which is followed by obtaining the instantaneous impulse
response functions (IIRF) by deconvolving the local spectra. The method facilitates
keeping track of the fixed-base natural frequency and shear wave velocity at any given

time instant, and hence their change during an event. It should be noted that the
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building was modeled as a shear beam and it was observed that the shear wave ve-
locity between the basement and the 6th floor is different than that of the upper part
due to the variations in story heights and concrete compressive strength for these two
different layers. Therefore, the shear wave velocity was computed as the weighted av-
erage of the instantaneous time lag for the IIRFs. These changes were studies during
various events before and after the seismic retrofitting of the structure. During the
larger earthquakes, reductions in the shear wave velocity and fixed-based frequency
matches with the instants where the amplitude of the ground shaking increases. For
example, during the 1995 earthquake with a Moment magnitude of M,,=7.5, the shear
wave velocity and the fixed-based frequency drop by 24% at the time instant in the
vicinity of the occurrence of PGA. As a result, the proposed method is a useful tool for

the determination of the damage-related parameters instantaneously during an event.

Within the context of this thesis, an important intermediate step for the pro-
posed method is obtaining the interstory drift values of a real-life multistory building.
This can be achieved by several methods and some of the most widely used ones can
be listed as double integration of the acceleration data, direct measurement of the
displacements via GPS, and digital image processing. However, each of these meth-
ods has certain drawbacks and limitations. Although the aim of this study is not to
propose a method for the determination of interstory drifts, it is still an important
point for the sake of integrity of the method. The first two options among the listed
ones will be discussed herein. In the structural health monitoring if the measured
quantity is accelerations, the data processing should be applied very carefully in or-
der to obtain realistic displacement values after the double integration. Even small
shifts in the acceleration record can lead quite significant errors in the displacements
obtained through double integration. Therefore, the most important aspects of such
data processing for earthquake induced response are baseline correction and filtering
[35]. Conducted a study to identify the effect of the baseline correction on the displace-
ments. The study used the famous Chi-Chi Earthquake which have numerous amount
of available measurements from various sites. As a common application the pre-event

mean of the record is subtracted from the entire record to ensure zero velocity values
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at the end of the earthquake. For most of the cases, a useful control parameter to
check the accuracy of the resulting displacements are the velocity traces at the end of
the earthquake. Except the cases of significant afterslip, it is reasonable to expect the
zero (or near-zero) velocity values at the end of the earthquake. However, this may not
yield accurate values and many records have a linear velocity trace after removing the
pre-event mean from the entire data. This suggests that there are different baseline
offsets in the different parts of the data. Therefore, for the removal of the basline off-
sets, [35] embraced the approach by [36] where the earthquake records were split into
two main segments implying two different baseline offsets to be removed. Based on
the observation, the velocity and displacement traces have two different linear trends,
and therefore, the different linear fitting is applied to the different segments and then
subtracted individually. The significant parameters are the assumed zero velocity time
at the beginning of the record (¢;) and the intermediate time (¢3) that separates the
two baselines with different slopes [36]. Selected the t; value as the first time when
the absolute acceleration is greater than 50 cm/s2 whereas [35] defined it as a free
parameter which do not depend on a threshold or limit. For the latter parameter, [36]
presents two alternatives which are: (a) t5 is selected so that the absolute acceleration
is never greater than 50 cm/s2 after to, (b) selection of ¢y yields the minimum final
displacement [35]. However, defines ¢, which gives the zero line fit to velocity. Based on
the comparison with the GPS measurements, it was reported for the available records
that the horizontal components are more sensitive to the baseline correction than the
vertical components and the [35] approach for the ¢, performs well. In terms of re-
sponse spectra, the baseline correction generally has little or almost no influence for
periods less than 20 seconds which encompasses the majority of the civil engineering
structures. For a more detailed discussion of the effect of baseline correction on the

response spectra [37], can be visited.

Skolnik and Wallace addresses a very common and important issue within the
context of their studies. They presented the problems and possible measures regarding
the interstory drifts obtained via double integration as well as alternative methods.

They utilized data retrieved from the shake table tests and real-life buildings. As well as
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the SHM purposes, the interstory drift are also used within the guidelines and codes [39-
41] as it is directly correlated with structural and non-structural damage. Therefore,
“accurate” determination of the interstory drifts not only facilitates detecting and
localization of the damage, but also lets us even calculate the internal forces in the
structural members which is one of the objectives of this thesis. Due to the noisy nature
of the raw data, baseline correction (removal of the mean) and band-pass filtering are
required to improve the signal quality. This is usually the first step of the processing
the acceleration data. In order to remove the constant offsets, the pre-event mean is
subtracted from the entire data and for the elimination of the high-frequency noise,
low-pass filter is used. Although low-pass filter improves the quality, it should be kept

in mind that the signal amplitude will decrease.

However, as suggested in the previous studies [35] removal of the pre-event mean
(constant de-trending) is not the remedy to be used in every case. Several possible
reasons for such baseline offsets can be listed as: (i) hysteresis in the instrument,
(ii) misalignment of the sensors, (iii) the effect of analog to digital conversion [42],
and (iv) tilting. In such cases where removal of the pre-event mean is not enough,
the velocity trace is divided into several segments and polynomials are fit for cach
segments and the derivatives of these fits are subtracted from the acceleration data.
Another effective tool is high-pass filtering for such baseline offsets. However, one must
ensure avoiding phase lag (and consequently distortion of the signal) and be aware of
the decrement in amplitude when carrying out high-pass filtering. This step requires
experience and observation where the resulting displacements would be a plausible
lead for the “best” corner frequency. Another issue in high-pass filter is the risk of long
period losing data when the structure is exposed to inelastic (residual) displacement
demands. Therefore, it is not possible to mention an “ideal” cut-off frequency. The
nominal cut-off frequencies were investigated based on the relationship between the
cut-off frequency and the signal to noise ratio (SNR) and it was concluded that the
nominal cut-off frequency varies between 0.1-0.3 Hz for different sensors. The errors
peak displacements obtained via double integration was found to be less than 5% and

greater than 12% for the linear and nonlinear cases, respectively. As for alternative
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methods, the contact methods are not practical for real-life buildings whereas non-
contact methods (GPS and laser) found to be promising for both elastic and inelastic

cases.

Lovse attempted to conduct deformation monitorin of a slender tower with an
approximate height of 160 m. The GPS technology then allowed them to receive data
with a sampling rate of 10 Hz and standard deviations of horizontal coordinates less
than 5 mm. The FFT of the signal yielded a predominant frequency of 0.36 Hz with
an amplitude of 16 mm. Celebi and Sanli [44] deployed a permanent GPS deployment
of a 34-story building with sensors having 10-20 Hz of sampling rate and 1-2 cm of
horizontal and vertical accuracy, respectively. These values are acceptable for flexible
structures with long periods and relatively high top displacements such as tall buildings
and long-span bridges. For the study, 2 GPS sensors were deployed on the top of the
building whereas 1 sensor (the reference station) was located on the top of a single-
story structure consisting solely of shear walls, approximately 0.45 km away from the
main structure. The building was also instrumented with the acceleration sensors and
yet the displacements obtained via GPS and double integration could not be compared
due to the low amplitude of motion which is below the error margin of the GPS (1
cm). However, their cross-spectra were compared and both of the acceleration and
GPS data revealed a predominant frequency about 0.24-0.25 Hz. However, the current
GPS technology is more advanced and can record displacements up to sampling rates
of 50-100 Hz with an increased accuracy (10 mm and more depending on the baseline

length) depending on the GPS type [45].

Briefly, the deconvolution interferometry can be summarized as follows. For a
given excitation (e.g. earthquake), one of the floor responses is selected as the virtual
source. Then by using the deconvolution seismic interferometry, the recorded response
quantities in every floor are deconvolved with the reference station and the impulse
responses to a virtual source are attained. From the IRFs, the propagation of the

seismic waves can be observed clearly.
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Deconvolution for different earthquake records gives the same impulse response
function as long as the system responds linearly. The upgoing and downgoing waves can
be seen apparently. Although deconvolution with respect to different virtual sources
(e.g. the top or the ground floor) yields different impulse response functions, for a
given excitation the floor responses are unique when the floor responses convolved
with respect to the same reference point (which has been used in the deconvolution
process). The advantages of the deconvolution based seismic interferometry is the abil-
ity to retrieve the impulse response function of the building without the soil structure
interaction effects. Besides, the response of a building for a given excitation can be
found as long as the building behaves in a linear fashion from the products of the
deconvolution interferometry. This can be promising for obtaining responses of the
sparsely instrumented floors under daily (operational) excitations with relatively small
amplitudes, which facilitates estimation of the interstory drifts and the modal charac-
teristics. Moreover, Safak [19] suggests that the wave propagation formulation provides
better estimations for the identification of damping and the modal parameters are not
sensitive local changes in the multi-story building’s structural system. However, the
parameters used in the wave propagation are sensitive to local damages and better rep-
resent the changes in the multi-story buildings’ characteristics. Another point which
deserves a remark is that the stiffness change or equivalently (but not necessarily) the

damage in a specific story can be localized by the change in the shear wave velocity.

In addition to the needs and the gaps in this field as previously mentioned in
the above section, the general problems in the structural health monitoring, as well as

more specific ones, can be described as follows:

(i) Optimal and intelligent design of instrumentation phase. Due to economical
and maintenance issues, currently it is not feasible to instrument every single
floor of a tall building. Therefore, a wise way of instrumentation deployment
with minimum number of sensors is needed. Establishing a model-driven sensor
deployment strategy and its evaluation for a wide range of structure database

might be a desirable solution. In addition, the story responses and mode shape



(iii)

29

amplitudes of the non-instrumented floors should be determined accurately.
Determination of sensor types. In order to be able to extract the structural and
dynamic characteristics of the buildings, various types of sensors are needed for
different loading and couplings. A common question to be investigated today is
which sensor or combination of sensors can perform best for a specified loading
conditions, such as earthquake, typhoon, wind, temperature, traffic, or ambient
excitations.

For a given building, the possibility of uniquely relating the number of instrumen-
tations and the identifiable parameters can be investigated in order to formally
standardize minimum number of sensors for the future codes and guidelines.
Specification of reliable damage indicators. The available literature suggests that
the changes in the structural frequencies or damping ratios can be used as damage
indicators. However, the extent of the damage should be quantified and the
localization of the damage should be identified. Moreover, it is difficult to tell
whether the changes in the structural frequencies are due to the cracking of
non-structural members (e.g. infills) or due to the propagation of damage in
structural members, or both. Besides, studies show that the parameters used in
the vibration based methods (modal methods) are not sensitive to local or small
damages. Therefore, seismic interferometry can be used for this purpose as well.
Obtaining interstory drifts and identify the concomitant uncertainties. As men-
tioned earlier, the computation of displacements is a troublesome issue. The
available methods such as double integration of accelerations, GPS measure-
ments, diagonal wires constitute problems such as transformation of the baseline
offsets into large displacement values, satellite-related inconveniences, and the
wire slack, respectively. Solutions to the conventional measurement techniques
may be brought or alternative novel techniques (laser dot/photodiodes or image
processing) can further be implemented to the SHM and the uncertainties in the
measurements can be quantified.

Establishing a quantitative relation between the elastic mode shape inelastic or
mode shapes of a building. For example, the error percentage in the response

estimations assuming the building behaves in elastic manner, albeit yielding, can
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be specified.

(vii) To be more specific within the context of the thesis, a real time system identification-
based assessment approach is needed for decision making on the operational or
service circumstances of a tall building during or immediately after a severe event.
At a given time, formation of damage at a certain region is investigated by the
help of parameters retrieved by the system identification methods. Based on this

probability, the overall condition of the building can be assessed.
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2. VIBRATION-BASED SYSTEM IDENTIFICATION
TECHNIQUES

Before applying the Method-1, the dynamic characteristics of the structures are
identified via simple techniques proposed [46] and ARX models as a preliminary step.
As an example, a 4-story shear frame with the following characteristics is evaluated
under two different excitations; Gaussian White Noise, and the Chile earthquake. The

actual dynamic characteristics of the shear frame are provided in the Table 2.1.

Table 2.1. Modal frequencies and damping ratios of the 4-story shear frame.

Mode Number | T), (s) | fu (H2) | wy (rad/s) Cn
1 0.600 1.666 10.467 0.0500
2 0.208 | 4.797 30.139 0.0226
3 0.136 7.349 46.175 0.0199
4 0.111 9.015 56.642 0.0200

Below are the mode shapes of the shear frame.

Table 2.2. Mode shape of the 4-story shear frame.

Story | Mode-1 | Mode-2 | Mode-3 | Mode-4
4 1.000 1.000 1.000 1.000
3 0.879 - -1.347 -2.532
2 0.653 -1.000 -0.532 2.879
1 0.347 -1.000 1.532 -1.879

In order to simulate the ambient vibration, a low amplitude, zero-mean Gaussian
White Noise is imposed to the shear frame. The modal frequencies are then identified by
utilizing the PSD (power spectral density) estimate via Welch’s method. The excitation

is divided in certain number of windows with a certain overlap percentage. The number
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of windows and overlap percentage are selected as 10 and 50, respectively for this case.

Table 2.3. Identified frequency obtained via PSD under white noise excitation.

Mode | Story-1 | Story-2 | Story-3 | Story-4
1 1.605 1.645 1.655 1.66
2 4.775 4.810 4.340 4.79
3 7.325 7.225 7.530 7.31
4 9.025 8.935 8.890 8.86

As can be from the Figure 2.1, the 1** mode is much more visible in the 4" story
whereas the higher modes (3" and 4" modes) are more distinctive in the first 2 stories.
It is inferred that higher modes can be seen better in the lower stories while the first
couple of modes can be identified better via the top stories. Because the first story has
the maximum modal contribution in total when all the modes are considered. It has

considerable contribution to almost all of the modes (even higher modes).
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Figure 2.1. The PSD estimate under the white noise excitation.

The mode shapes can be identified via filtering the acceleration time series around

each estimated modal frequency and (for each and every mode) dividing the obtained
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modal floor accelerations to each other in order to get the mode shapes. However, there
are two approaches herein. One can either divide (the modal acceleration values of one
floor to another) point by point at every time step and take the average (Phl), or can
only divide the peaks and the valleys and take the average (Ph2). In this example,
the mode shapes obtained via the peaks align reasonably well with the actual first
three modes. However, the other approach yields better results for the 4th mode. It
should be noted that, for this example, the peaks are never synchronized (at the peaks
and valleys) for different floors. Another point deserves to be emphasized is that the

sensitivity of the accuracy of the mode shapes depend on the bandwidth of the filter.
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Figure 2.2. The estimated mode shapes obtained via 2 different approaches under the
white noise excitation and the actual mode shape (bandwith of the bandpass Filter is

0.05 Hz).

The floor acceleration response histories are filtered (narrow band pass filter)
around the identified modal frequencies and the bandwidth of the filter significantly
affects the accuracy of the mode shapes. The identified mode shapes with the two afore-
mentioned approaches and various filter bandwidth values are illustrated in Figure 2.2

and Figure 2.3.
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While estimating the modal damping ratios, the acceleration time histories for
different floors are first narrow filtered around the identified modal frequencies and
then the Half-Power Bandwidth approach is applied to their power spectra. It is vital
to note that the results are sensitive to the bandwidth of the filter, window length, and
the overlap percent of the power spectra. The results presented above are attained by
taking the bandwidth as 25% of the corresponding modal frequency, dividing the data

into approximately 30 windows with 50% overlap.
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Figure 2.3. The estimated mode shapes obtained via 2 different approaches under the
white noise excitation and the actual mode shape (bandwith of the bandpass filter is

0.015 Hz).

The comparison of the damping estimations and the actual damping ratios are

as in the Table 2.4.
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Table 2.4. Estimated modal damping ratios for each story based on the half-power

bandwidth approach under the white noise excitation.

Actual Modal
Identified Modal Damping Ratios (%) Damping Ratios (%)
Mode
Story-1 | Story-2 | Story-3 | Story-4
1 5.06 5.39 5.49 5.52 5.00
2 2.17 2.22 4.22 2.22 2.26
3 1.78 1.57 1.78 1.82 1.99
4 0.87 1.26 2.00 2.64 2.00

The damping estimation can also be performed by the autocorrelation function
(logarithmic decrement method) where the decay of the amplitude of the ACF, R(r)
is kept tracked. The acceleration records are first filtered around the modal frequency
and then the R(7) is computed for each mode. From the equations below, the damping
ratio is calculated utilizing a polynomial fit to the first degree (straight line) to the

peaks of the natural logarithm of the autocorrelation function

R(r) = C.e=¢wnT) = 1Ip R(7) = —Cw, 7+ InC. (2.1)

In the Eq 2.1, R(7) is the autocorrelation function corresponding to the time lag

T, wy, is the natural vibration frequency of the mode of interest, and C' is a constant.

After several trial-error sequences, the optimal bandwidth of the filter is decided
to be 25% of the corresponding modal frequency of interest. Once the records are
filtered accordingly, their R(7) is computed with a large number of lags (say 40% of
the given record length). The period of the peaks of the R(7) must be equal to the
natural vibration period of the mode of interest. Then the natural logarithm of the
R(7) is taken for which the results are in imaginary plane and the period of the peaks
are equal to the half of the natural vibration period of the mode of interest. Here, only
the real parts of the In R(7) are taken into consideration as long as the periods of the

peaks are within 10% error limit regarding the 0.57,. Finally, a straight line is fitted
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to the aforementioned peaks. The axes of the peaks are the lags in seconds (¢ * At)

and the real parts of the In R(7).

Alternatively, it could be computed via fitting an

exponential curve to the (¢ x At) and the R(7) itself. The results are tabulated below.

Table 2.5. Estimated modal damping ratios for each story based on the logarithmic

decrement method under the white noise excitation.

Actual Modal
Identified Modal Damping Ratios (%) Damping Ratios (%)
Mode
Story-1 | Story-2 | Story-3 | Story-4
1 4.87 4.97 5.07 5.09 5.00
2 0.44 247 9.75 0.45 2.26
3 0.20 1.57 0.21 0.20 1.99
4 0.58 0.12 1.44 2.19 2.00

As the last method to be discussed herein for damping estimation in the ARX

model where the most vital issue is to determine the model orders.

As the model

orders are increased, the quality of the fit and estimation gets better. However, the

trade-off herein is the increased model orders lead artificial modal frequencies and

other characteristics since the noise in the system is also modelled. However, as the

modal frequencies are estimated beforehand by the Welch’s Spectrum, the damping

values corresponding to the pre-known modal frequencies are the real modal damping

values. Based on the facts above, large system order is assigned to the ARX model

and then the irrelevant frequencies are omitted from the calculations. The damping

estimations obtained by utilizing the ARX model with model orders of 120 can be

found in Table 2.6.
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Table 2.6. Estimated modal damping ratios for each story based on the ARX model

under the white noise excitation.

Actual Modal

Identified Modal Damping Ratios (%) Damping Ratios (%)

Mode
Story-1 | Story-2 | Story-3 | Story-4
1 5.00 5.00 5.00 5.00 5.00
2 2.25 2.25 - 2.25 2.26
3 1.98 1.98 1.98 1.98 1.99
4 1.97 1.97 1.97 1.98 2.00

Story displacements are obtained by double integrating the story accelerations
filtered around the modal frequencies. Again, the success of the estimated modal and
total story displacements are sensitive to the bandwidth of the filter. It is desired
to evaluate the best filter bandwidth as the certain fraction of the modal frequency
of interest via the mean squared error of the floor displacement time histories. The

results can be seen in the Table 2.7.

Table 2.7. The best filter bandwidth values for the estimation of the modal

displacements under the white noise excitation (j is the mode number).

% Modal Mass
Story-1 | Story-2 | Story-3 | Story-4 | p.rti cipation
Mode-1 | 0.38f; 0.54 f; | 0.60 f; 0.44f, 89.3
Mode-2 | 0.54f, 0.87 f5 - 0.73f2 8.3
Mode-3 | 0.52f3 0.14f5 0.83f3 0.38f3 2.0
Mode-4 | 0.17f4 0.38f4 0.25f, 0.21f, 0.4
Zjl D; 0.35f; 0.57f; 0.59f; 0.63f; 100.0

All of the above identification analyses are also performed under the Chile earth-
quake. However, for the sake of brevity, the modal damping ratios are not depicted.

For the frequency identification of the structure under Chile earthquake, the following
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values are used. The data is divided into an approximate number of 45 segments and

the overlap is 50%.

The modal frequency, mode shape, and displacement estimations of the shear

frame subjected to Chile earthquake are shown below.

Table 2.8. Identified frequency obtained via PSD under white Chile excitation.

Mode | Story-1 | Story-2 | Story-3 | Story-4
1 1.630 1.680 1.700 1.710
2 4.715 4.830 5.060 4.765
3 7.285 7.020 7.230 7.190
4 9.080 8.925 8.655 8.710

The PSD estimate plot of the Table 2.8 can be visually inspected in Figure 2.4
where the peaks are not as distinct as the case for the white noise due to the frequency

content of the earthquake.
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Figure 2.4. The PSD estimate for the Chile earthquake.

As explained previously, the mode shapes can be identified via filtering the ac-

celeration time series around each estimated modal frequency and (for each and every
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mode) dividing the obtained modal floor accelerations to each other in order to get
the mode shapes. However, for the Chile earthquake case, the mode shape estimations
with the second method (Ph2) are seem to perform poorly when compared to Phl

when the filter width is chosen to be 0.015 Hz.
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Figure 2.5. The estimated mode shapes under the Chile earthquake obtained via 2
different approaches and the actual mode shape (bandwith of the bandpass Filter is
0.015 Hz).

However, for a filter bandwidth of 0.1 Hz, the Ph2 also performs satisfactorily,

even better for the higher modes.
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Figure 2.6. The estimated mode shapes under the Chile earthquake obtained via 2
different approaches and the actual mode shape (bandwith of the bandpass Filter is
0.1 Hz).

Story displacements are obtained by double integrating the story accelerations
filtered around the modal frequencies. Again, the success of the estimated modal and

total story displacements are highly sensitive to the bandwidth of the filter.

Table 2.9. The best filter bandwidth values for the estimation of the total
displacements based on the MSE approach under Chile earthquake (j is the mode

number).

Story-1 | Story-2 | Story-3 | Story-4
Z;‘ D; | 0.40f; 0.55f; 0.80f; 0.80f;
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3. PROPOSED METHODOLOGIES

3.1. Proposed Method-1

Identification and the response of a structure with sparse instrumentation has
been a significant topic as discussed earlier. Such studies do not focus only on building
type structures [5]. Developed a virtual sensing method in order for wind turbines
which utilizes similar tools for estimating the response quantities. The method which
was previously discussed in the literature review part and one of the proposed methods
(Method-1) are compared herein. Both methods focus on estimating the mode shape
amplitudes of non-instrumented (sparsely instrumented) floors are compared herein.
The previous one is based on the assumption of shear and bending beams. Note that
the notations will slightly be changed in order to make it easier to follow the derivation
of both methods, and to make sure the notation is consistent. The building is considered
as a linear combination of a bending and a shear beam. Since, the method is based
on the mode shapes of a shear and a bending beam, hereinafter referred to as MSBE
(mode shape based estimation) method. For an MDOF building, the total physical
response of nth floor can be obtained by the superposition of j modes as described in
the Eq. 3.1, where w,; () is the physical displacement response of the nth floor, ¢,; is

the jth mode shape of the nth floor, and the D; (¢) is the response in modal coordinates

uy, () = Z%]'Dj (t). (3.1)

The mode shape is assumed as linear combination of a shear and a bending beam

as follows:
Onj = Cis - Onjs + Cip - Onjps (3.2)
NIF
gj (t) = Z [Ynj () — unj ()] (3.3)
n=1

In the Eq 3.2, C;, and the C}, are the weighting factors of the shear and the

bending beam, respectively. The error function can be expressed as sum of the square
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of the errors of the modal response quantities over the instrumented floors as can be

seen in the Eq. 3.3, where NIF is the number of instrumented floors.

In order to minimize the error, the partial derivative of the error function with
respect to the weighting coefficients result in the following:
NIF NIF
anl 121j,s anl Pnj,s*Prjp Cjs* Dj (1)
NIF NIF
> i Gnj s Prjp Y one1 121j,b Cip* Dj (1)

NIF
_ anl ¢nj,s*ynj (t) . (34)

NIF
anl ¢nj,b*ynj (t)
Thus, the weighting coefficients multiplied by the modal coordinates can be cal-
culated by taking the inverse of the left-hand side of the matrix once pre-multiply by
the right-hand side of the equality.

The latter one (Method-1) is derived within the context of this thesis and can
be deemed model driven. It is aimed to find the mode shape amplitudes (and physical
response quantities) at the non-instrumented floors by assuming the actual mode shapes
of a building can be approximated as linear combination of the mode shapes calculated
from the mathematical (or computer) model of the real-life building. Let’s denote the
model mode shapes as é and the actual or measured mode shapes as ¢. The estimated

mode shapes are calculated as per Eq. 3.5 or Eq. 3.6 (in matrix form)

¢nj - Z ank * ija (35)
k=m

[(I']nxj = [(i)hxk [C]kxj : (3.6)

In the Eq 3.6, m is the vector which includes the desired model modes (mode
shapes of the numerical model) to be superimposed. For example, m = {2, 3, 5, 8} if
the 274 374 5% and 8™ mode shapes of the numerical model which are desired to be
superimposed in order to approximate the "real” mode shape of the structure under
consideration. In order to find a suitable weighting coefficient for each model mode,
the error minimization approach is used by taking the difference between measured

and simulated (response of the numerical model) responses in modal coordinates as
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reference. Establishing the error function and taking the partial derivatives for the

weighting coefficients C' yields:

EN]FQBnIQBnl ZN]FQZ)nlgy)nm Clij (t)
ZNIF qgnmggnl T ZNIF énménm X ijDj (t) mxl
ZNIF Ynj (t) anl
= : . (3.7)
> nir Yng (1) énm 1

In the Eq 3.7, the left hand side matrix will be called as the H matrix hereinafter.
Once the weighting coefficients for the superimposed model mode shapes are obtained,

the total responses can be computed by Eq. 3.5, Eq. 3.7 and Eq. 3.8
tnj (£) = GnjxDj (£) = D; (£) > bt % Cig (3.8)
k=m

up (t) = Z Un; (1). (3.9)

Note that, in order to have an invertible (non-singular) matrix H, the number

of superposed model modes must be less than or equal to the number of instrumented

floors, m < NIF.
3.2. Proposed Method-2

The Method-2 aims to monitor and assess the structures with least possible num-
ber of sensors. Two sensors (one at the top and another at the base of the structure)
are kept permanently. The other sensors (temporary ones) are moved among the sto-
ries so that the IRF of each and every story can be obtained for once. This is called the
scanning phase. After the scanning phase, the IRFs are convolved with the top and/or
base real-time acceleration records and the response of the non-instrumented stories
are predicted at any given time. A significant point that deserves to be emphasized
is whether the convolution process can be used if the response migrates to nonlinear

region. If yes, what are the limits and extent of such an application? The answer for
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this question is investigated further in the following sections.

Following the convolution process, the story response quantities are estimated.
Once the story displacements are estimated via appropriate processing of the acceler-
ation data or GPS measurements, the internal forces and deformations in structural
members are computed via nonlinear fiber models and joint operations. Two various
programs were coded to extract force & deformations in the members. The first one is

for the columns & beams and the second for the structural walls.

The first program called the “Inelastic Reverse Drift” relates the interstory drift
with the nonlinear flexural deformations by adopting fiber model. The structural mem-
ber is divided into desired number of fibers and the contribution of each fiber to the
lateral deflection is integrated along the height of the member. There are no limits
on fiber size or fiber numbers both in terms of height and cross-section. The user is
free to define as much fiber as desired as well as number of reinforcing bar layers. In a
design/assessment process or collapse analysis, plasticity models might be more time-
effective. However, since the aim herein is to capture the behavior and response under
very low-high displacement and force demands, complete fiber model is preferred. A
representative fiber element is shown in Figure 3.1. The interstory drift values ob-
tained by double integration of the accelerations or direct measurements via GPS, are
implemented in an iterative algorithm in an effort to compute the approximate internal

forces.

The algorithm operates as a “reverse” nonlinear structural analysis software.
The internal forces are calculated for a given chord rotation or tip displacement or the
relative displacement at any given point. In this case, the input parameter for the
displacement is the interstory drift. However, the contribution of the joint rotations
should be eliminated from the previously obtained interstory drifts as can be seen in
the Figure 3.2 since the deflection of the columns calculated as per Figure 3.1 are due
to “pure” flexure. Therefore, the interstory drift values should be tailored to ensure

the relative displacements of the column ends are due to only flexural deformations.
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This entire relationship can be expressed as per Eq. 3.10. Once the effect of the joint
rotations is eliminated, the internal forces at member ends are estimated via the joint
equilibrium by adopting the Point of Inflection (PI) assumption which is depicted in

Figure 3.3.

H
/ ¥ (y> ydy - (AJ - Ai)measured - H@Z (310)
0

Figure 3.1. The nonlinear flexural fiber model used in both programs in order to find

the displacements of members at any given point.
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Figure 3.2. Contribution of the joint rotations to the interstory drift.
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Figure 3.3. Joint equilibrium for a beam-column joint.

3.2.1. Determination of the Point of Inflection and Joint Rotationsn

The reverse inelastic structural analysis of statically indeterminate systems re-
quires certain simplifications and assumptions. For this study, proper estimation of

joint rotations and location of the zero moment points are vital.

The PI for the beams are taken as 1/2 of the member length whereas for the
column members, more refined analyses need to be conducted as the joint rotations
and corresponding internal forces are sensitive to this parameter. In order to refine the
estimation of the location of the PI, a 3-bay - 3-story 2D frame system is analyzed for
3136 scenarios. The variable in the scenarios is the column/beam stiffness ratio. The
frame system has assumed to have rigid diaphragm and the lateral forces are acted

through the center of the diaphragm.
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Figure 3.4. Location of the point of inflection of column as a fraction of height.

From the aforementioned 3136 structural analyses, an expression for the location
of the point of contra-flexure (for columns) is obtained via curve fitting as demonstrated
in Figure 3.4. A simple expression as an indicator of relative column/beam stiffness is
derived as shown in the figure below. The relative column/beam stiffness are defined
with the o coefficient as in the Eq. 3.10. However, both linear and nonlinear structural
analyses results show that it is not possible to approximate the location of the PI no
matter the number of analyzed buildings and scenarios. Especially under dynamic
loading, it is almost impossible to capture the location of the column PI as there are
several parameters that affects the PI location such as joint rotations at both ends
(which is directly related to the lateral displacement profile of the structure)

a= % (3.11)

For this reason, a robust approach for the PI location is needed for the inter-
nal force estimation as it affects the entire reverse structural analysis procedure to a
considerable extent and is not a parameter to be sacrificed for the sake of simplicity.
Therefore, a computer model of the structure is established for only modal analysis.
At a given time, the known displacement profile of the structure is approximated via
several mode shapes of the computer model and consequently the joint rotations are

approximated. Although this may seem to be a somewhat difficult process, the only
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analysis to be performed on the computer model is the modal analysis. It is desirable
for the computer model to be a calibrated model as proposed in the Method 1, but
necessarily. Any error minimization algorithm can be used to approximate the lateral
displacement profile of the structure as a linear combination of the numerical mode
shapes. The coefficients obtained for each mode shapes are also used for the joint

rotations of the column ends as shown in the Eq. 3.12 and Eq. 3.13

Ay =) Ax;Cyj, (3.12)

J

Oy = Z On;Ch;.

J

(3.13)
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Figure 3.5. The relation between the PI and the « established from curve fitting of

3136 analyses.
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Figure 3.6. The approximation for the joint rotations at any given displacement

profile.

In the Eq 3.12 - Eq 3.13, Ay and ANJ- are the lateral displacements of the column
end located at the floor N (at any given time t under an excitation) for the real-life
building and mode j of the numerical model, respectively. Similarly, #x and éNj are the
joint rotations of the column ends located at the floor N (at any given time ¢ under an
excitation) for the real-life building and mode j of the numerical model, respectively.
The Cl; is the coefficient for each mode. It should be noted that these approximation
is carried out for each vertical axis so that the joint rotations for each column can be

estimated individually.

Another approximation for the estimation of the joint rotations does not require
any numerical model. The joint rotations are approximated via taking the numerical
derivative of the displacement profile of the real-life structure by using [47, 48]. How-
ever, the drawback of this approximation is to assume that all of the joint rotations at

the column ends are equal for each floor level, and yet, the results are still satisfactory.

Determination of the joint rotations at column ends properly is a considerably
difficult task unless there is a well-correlated available computer model of the structure.
Within the context of this method, the point of contra-flexure assumption is also based
on the joint rotations and expressed in the Eq. 3.14. In order to have bare minimum

variables and uncertainties and one global assumption for the method, the estimation
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of the PI also depend on the joint rotations where A;, A;,0;,60;, a, and H are the
displacement at joint 7, displacement at joint j, rotation at joint ¢, displacement at
joint j, the distance between the ¢ end and the PI, and story height, respectively. All
of the parameters are known in the equation below except the 6; and 6;. Assuming
the rotation at the top and bottom nodes of any columns can be approximated as the

above methods, the Eq. 3.14 facilitates estimating a PI for each column

a o (5]_62>/H_(202+6]>/3
H 20;,-06)/H—0;—0; ° (3.14)

The reverse structural analysis starts from the uppermost top corner of the build-
ing and proceed very similar to the approximate structural analysis methods as in the
Figure 3.7 with minor differences. In Figure 3.8, the method is tried to be summarized

in a clear way.

Figure 3.7. The reverse structural analysis where the solid blue lines show the

direction of the analysis.
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INELASTIC REVERSE DRIFT ALGORITHM for FRAMED STRUCTURES

1. Estimate the interstory drifts via convolution and proper processing for non-instrumented
floors

2. Estimate the joint rotations at the column ends by one of the suggested approximations: i.e.
either by using a numerical model or taking the derivative of the lateral displacement profile of
the building at any given time ¢t.

3. Subtract the contribution of the joint rotations from the “raw” interstory drift values obtained
in Step 1.

4. Estimate the point of inflection for each column as per Equation 3.12.

5. Estimate the gravity loads on the beam and point of inflections for the beams (for example.
can be taken as 0.5L or 0.3L)

6. From starting top-right (or top-left) comer of the structure (where there is only one beam and
column at the node of interest) establish the equilibrium equations and solve for the unknowns.
There are 3 equations and 3 unknowns! Find the unknowns by solving 3 nested iterations.
(visit Figure 3.1-3.3)
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known Fmown

and corresponding moment value based on the PI assumption (which imposes a certain moment profile),

and finally obtain the column end moments M and M/ .

7. Proceed to the left (or right) and downwards to find the intemal forces of the member in the
fashion described in Step 5.

Figure 3.8. The Inelastic Reverse Drift algorithm developed for the framed structures.
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The inputs of the program (Inelastic Reverse Drift) are the interstory drift val-
ues (obtained via convolution), cross-sectional properties, reinforcement detailing, con-
finement parameters, number of longitudinal and cross-sectional fibers, height of the
column, and other parameters for the iteration control. The outputs are the internal

forces and deflections for column members in the structural system.

Another program is coded for the structural walls which operates in a very similar
manner with some minor differences. Instead of joint equilibrium, the wall is considered
to be a single element and the variation of response quantities can be chosen as follows.
There are 3 options for the axial force and moment profile along the height; parabolic,
linear, and constant with an option of the location of the PI for the moment distribution

along the height of the wall (Figure 3.9).

Figure 3.9. Axial load and moment profile options for the program which is coded for

the structural walls.

Besides, in case the upper part of the wall might remain uncracked (which is
quite likely under low-amplitude excitations of the tall structural walls), the tension
strength of concrete is (optionally) taken into account in an effort to properly estimate
the internal forces and capture yielding at the base of the wall. For the tension strength
of concrete [49], model is embraced. The stress-strain curve and model details can be

investigated in Figure 3.8, where ¢, tensile concrete strain, is e.. cracking strain of
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concrete (average), fo. tensile strength of concrete (MPa), f! concrete compressive

strength (MPa), o, concrete tensile stress (MPa), E. modulus of elasticity of concrete
(MPa).
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Figure 3.10. Belarbi and Hsu model for concrete in tension.

A lightly reinforced structural wall is examined and demonstrated in Figure 3.10
in order to show the significance of the tensile strength of concrete in prediction of the
wall top drift. The displacement profiles of the structural wall at the onset of yielding
of the base are illustrated below. For a 45 m long slender wall, the difference is around
20% at the top which is expected to increase as increasing wall height (Figure 3.11).
Therefore, especially for low-to-moderate amplitude motions, the effect of concrete

tensile strength is tall building walls might be a prominent parameter for the response

estimation and damage detection.



o4

=l

H {m})

Mo tersde strenglh
Tensale sirength incheded

Figure 3.11. Lateral displacement profile of the structural wall with and without

concrete tensile strength.

To sum up, the inputs for the program coded for the reinforced concrete struc-
tural walls are; the material properties, cross sectional dimensions, reinforcement and
detailing, confinement parameters, wall height, the variation of axial load and bending
moment along the wall height, top displacement of the wall, number of cross-sectional
and longitudinal fibers, number of output stations for displacement, and error parame-
ters for the iterations. The outputs are the internal forces and deflections at any given
height or the wall “mode shape” for the given displacement values. Also, it is possible
to define the wall web regions and boundary regions separately with no limits on the
longitudinal reinforcement and number of fibers along the height and within the cross

section.
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Figure 3.12. Wall web and boundary regions and a generic wall configuration for the

program.

It should be noted that shear deformations, tension shift, and strain penetration
are ignored in the program as the objective of this method is not a detailed collapse
analysis or design. Instead, the main concern is to capture the low-to-moderate damage
under an extreme loading in order to activate the early warning system. Having said
that, the further damage estimations parameters could be added for the future studies

if needed.
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4. INVESTIGATION ON THE SEISMIC
INTERFEROMETRY AND BUILDINGS WITH
INELASTIC RESPONSE

4.1. General Information on the Structure and Earthquake Characteristics

The seismic interferometry and deconvolution & convolution processes are dis-
cussed in the first chapter and its efficacy were stated in numerous studies [6-8, 17-34].
Although convolution is a linear process, the limits of seismic interferometry approach
needs to be investigated. Besides, it is also a significant point whether the damage
correlated parameters can be extracted via the by-products of the wave propagation

approach.

Therefore, five 2D structures are modelled in PERFORM 3D [50] and subjected
to several excitations. The first three structures are frame structures; each of which
represents a certain behavior type. The fourth structure is a dual (frame + wall)
building and the last one is a cantilever wall. The FR15A and FR15B have a similar

geometry, but the column cross sections are different.

The columns in FR15A are 400 mm x 4000 mm with 3.1% longitudinal reinforce-
ment whereas the column dimension for the latter one is 600 mm x 600 mm with 2%
longitudinal reinforcement in order to make sure the strong column — weak beam effect

is reflected.
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Figure 4.1. The evaluated frame buildings.

The story height in all of the buildings is 3 m, except the second story of the
FR15C. The FR15C is a representative building for prominent soft-story effect. The
height of the second story is 6 m with the same columns as in the FR15A and in
the other stories, the story height is 3 m and the columns have 500 mm x 500 mm
cross sectional dimensions with 2.5% longitudinal reinforcement. The beams in the
frame-type buildings as well as the following dual structure D15 are 300 mm x 600
mm with 0.6% top and bottom flexural reinforcement. All of the members are heavily
confined so that the response can be kept track during all of the excitations. The wall
dimensions in the D15 are 6000 mm by 300 mm with 2.05% boundary reinforcement
and 0.4% web reinforcement whereas the cantilever W15 wall is 10000 mm by 400 mm
with 2.04% boundary reinforcement and 0.5% web reinforcement. The exterior and
interior columns for the D15 buildings have 400 mm x 400 mm and 500 mm x 500 mm,
respectively with the same amount of longitudinal and transverse reinforcement in the
frame structures. The building characteristics such as natural vibration periods for the

first 5 modes are given in Table 4.1.
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Figure 4.2. D15 and W15 structures.

For the nonlinear time history analysis, 7 earthquake excitations are imposed
to the structures. During the selection of the earthquakes, various parameters were
taken into account so that the limited number of selected earthquakes would represent
various characteristics as much as possible. The earthquakes are downloaded from the
PEER Ground Motion Database. The characteristics of the earthquakes as well as

abbreviations that will be used hereinafter can be seen in Table 4.2.
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Table 4.1. Natural vibration periods for the buildings.

Name | T; (s) | T2 (s) | T5 (s) | T4 (s) | T5 (s)
FRI15A | 13.190 | 0.4311 | 0.2466 | 0.1734 | 0.1330
FR15B | 0.9711 | 0.3126 | 0.1751 | 0.1193 | 0.0880
FR15C | 15.030 | 0.4460 | 0.2241 | 0.1477 | 0.1076

D15 0.849 | 0.2282 | 0.1101 | 0.704 0.0516
WI15B | 0.6755 | 0.215 | 0.0481 | 0.03176 | 0.02383

Table 4.2. Earthquake characteristics.

Name | PGA (g) | Pulse-Like | Dur (s) | Arias Int. | CAV (cm/s) | Abbrevation
ChiChi 0.064 NO 260.00 0.20 1096.6 CC
Darfield 0.632 NO 138.65 4.12 2211.2 DE
Duzce 0.806 YES 55.89 2.43 1166.9 D90
Duzce 1.031 NO 30.00 13.37 2876.5 DN
Landers 0.417 NO 28.00 2.18 1123.3 LD
Kocaeli 0.364 NO 27.18 1.33 806.7 D27
Chile 0.707 NO 116.35 15.23 5979.3 CL

4.2. Modeling

The reinforced concrete beam, column, and structural wall members are modelled
as fiber element without lumped plasticity model in PERFORM 3D [50]. Although
lumped plasticity models for the columns and beams are widely preferred and in most
cases more practical, the reason to choose fiber elements is as follows: The aim of this
investigation is to capture building response as “accurate” as possible under both low-
amplitude and high-amplitude loadings. Therefore, the member and building stiffness
changes might be important. For this reason, the beams and columns are modelled as
several fiber components along the length in an effort to capture the cracked section
stiffness as realistic as possible instead of using elastic elements along the length and
assigning effective (cracked section) modifiers. Although the cracked section modulus

approach includes the effect of bar slipping and corresponding effects, the order of the



60

structural deformations and damage for the nonlinear analyses implemented herein is
not as high as design/assessment or collapse analyses. The point that is focused herein
is to capture the onset of the damage and localize it for early warning purposes. The
second reason is to reflect the nonlinear response of the reinforced concrete under low-
to-moderate loadings due to the cracking of concrete, even if the deformations are not

inelastic which is the case in real-life.

The backbone curve for the inelastic concrete material is adjusted for each con-
fined cross section according to the [52] as shown in Figure 4.3. The adjustment in
Figure 4.3 is repeated for each confined member and for the unconfined concrete as

well.
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Figure 4.3. Confined concrete stress-strain curve and adjustment to the PERFORM
3D.

The backbone curve in PERFORM 3D is defined via 5 points with optional tri-
linear, strength loss, and cyclic degradation parameters. Another modeling parameter
is the cyclic degradation. For the cyclic degradation, the energy factors are defined to
represent the dissipation of energy as a ratio. The energy degradation factor is defined

as the ratio of the area of a loop with stiffness degradation to the area of the loop with
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no stiffness degradation. A representative degraded loop is shown in Figure 4.4(Db)
with bilinear stress-strain relationships. On the right hand side of the figure (a), the
shape of the curve used in this study and 5 specified points of the YULRX model are
shown. In addition to the energy degradation factors and YULRX points, there is one
more parameter for the steel which defines the shape of the curve and called unloading
stiffness factor. This parameter take values between -1 and 1 and make adjustments
between the stiffness of the unloading curve and the elastic range. The cyclic parame-
ters used in this study are calibrated for the [25] for the reinforcing steel and [54] for
the concrete along with the suggestions made for the modelling in PERFORM 3D [55].

Figure 4.4. The backbone curve and YULRX model (a) and the cyclic energy

dissipation.

4.3. Method of Analysis

One of the main objectives of the analyses are to check the applicability of convo-
lution process for an excitation which causes inelastic response in the building. There-
fore, all of the buildings are first exposed to Gaussian White Noise to simulate the
ambient vibration response, followed by the earthquake excitation to simulate an ex-
treme event leading inelastic activity in the members. At last, Gaussian White Noise
is exerted on the building again in order to follow the change in the shear wave ve-

locity of a potentially damaged building after an extreme event. As an example, the
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pre-event (white noise), the earthquake excitation, and the post-event response of the
top story of the Fr15A is shown in Figure 4.5. All of these excitations are imposed on
the building as a sequence to imitate the real-life case as much as possible. That is, a
plastic deformation in the building during the earthquake remains plastic during the
post-event white noise excitation. However, as might be expected, the post-earthquake
response of the 15-story building is dominated by the free vibration response which
is damped out quite late. Among the buildings and earthquakes, this free vibration
is very prominent for the Fr15A building under D27 earthquake as the predominant
period of the earthquake is almost the same as that of the building and a damped
resonance response is observed. At first glance, the free vibration response seems to
vanish after 40 seconds and seemingly ambient vibration response starts in Figure 4.6.
However, this is not the case. When zoomed in the last seconds of the records (160 s),
the jagged time trace suggests that the free vibration is still continuing with a smaller
amplitude. The impulse response functions are one of the essential tools of the seismic

interferometry approach.
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Figure 4.5. The pre-event, Chile (CL) earthquake, and post-earthquake top-story
response of the Fr15A building.
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Figure 4.6. The damped free vibration response of the Fr15A under D27 earthquake.

Any of the 2 measured (in this case nonlinear time history analysis output) re-
sponse quantities can be deconvolved via each other by assuming one of them is the
virtual source. The impulse response functions obtained via the base of and the top of
the Fr15A building under CC earthquake can be seen in the Figure 4.7. The propaga-
tion of the waves can clearly be seen via the peaks of the waves. There are two peaks
on the right hand side sub-figure which represent the upgoing and downgoing waves,
from left to right. In a real-life building the IRFs are used to estimate the response of
the relevant floors without instrumentation by convolving the response of the source
signal with the IRF. This is a great advantage for the tall buildings as it is not feasible
to deploy sensors at each floor level. However, the applicability convolution comes
along with some question marks when nonlinear response is of concern. Therefore, the
following analyses are focused on these uncertainties. In order to make the convolution
process clear, a comparison between the convolved and the actual (recorded) waves are
shown via Figure 4.8 for different floors. At first, the white noise excitation is exerted
on the building and then all of the story responses are deconvolved with respect to
top floor and the IRF signals for each floor is determined. Then, the building is ana-
lyzed under the DE earthquake and the “actual” story responses are retrieved. These
recorded (actual) responses are compared with the convolution of the previously found
IRFs and the actual response of the top floor (source). The convolved and actual waves
of the top floor, mid-floor, and the first floor show agrees well with the actual response

quantities.
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Figure 4.7. The impulse response functions with respect to base (left) and the top

(right) at the floor levels for the Fr15A building subjected to CC earthquake.
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Figure 4.8. Comparison between the convolved and actual responses of the top,

seventh, and the first floors for the Fr15A under DE earthquake.

In real life, such an approach helps us not only determine the responses at the
non-instrumented floors but also identify the dynamic characteristics of the structure

under evaluation.
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4.4. Analysis Results

The figures for all of the analysis results for every structure is given in Appendix

A in order to prevent congestion.
4.4.1. Interstory Drift Ratios and Ductility Demands

In order to understand the success of the convolution interferometry within the
inelastic range, the previously obtained story IRF's are convolved with the earthquake
excitations and the results are compared to the actual nonlinear time history analyses.
However, a need for defining a parameter arises at this point so that a meaningful
relation between the degree of inelastic deformation and the success of the convolution
interferometry is possible to establish. The ductility demand seems to be a good
candidate for such a need. For each story, the ductility demand is defined in terms
of interstory drift ratio since which is one of the clearest and well-correlated damage
indicator. The maximum interstory drift ratio among the buildings is around 2.7% in
the second story of the Fr15C as expected due to the soft story effect. Although the
W15 is a 45 m cantilever wall with 10 m cross section width, the interstory drift ratios
are shown in Figure A.5 - Figure A.6 in order to give an idea about the displacement
profile of the wall. It should be noted that the earthquake records are scaled with a
scale factor of 2.5 for the W15 structure in order to be able to observe the behavior
of the convolution and shear wave velocity profile under somehow moderate ductility
demand. The ductility demand for each story is defined as the ratio of the maximum
interstory drift ratio to the interstory drift ratio at the time step where any of the
structural member start yielding as shown in the Eq. 4.1. The i in the below equation

represents the story number

A/H gnset of yielding
Hi = ( / )Z mazx . (41)
(A/H),

The ductility demand values for each story is demonstrated in the Figure A.6 -
Figure A.11. Since the W15 is a cantilever wall structure, the ductility demand is also

calculated in terms of roof drift. The only difference of the roof ductility in the Eq.
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4.1 is the taking the roof drift ratio as a reference instead of interstory drift ratios.
It can be observed that the ductility demands are significantly high especially in the
vicinity of the critical wall height. For the frame structures and the dual building,
however, the ductility demands ranges between 1-4 for the majority of the earthquakes
and the distribution of the ductility demand among the stories for the D90 earthquake

prominently differs from the rest due to its pulse-like nature.

4.4.2. Correlation between the Convolved Waves and Actual Responses

The success of the match of the convolution might be measured via the corre-
lation coefficient. The story-wise correlation coefficients relating the actual response
with convolved waves with respect to the top and bottom stories of the buildings for
each earthquake are illustrated via Figure A.12 - Figure A.21. For the frame struc-
tures (except the soft story of the Fr15C), the coefficients mainly vary between 0.9-1.0
except for the LD earthquake whereas this range is between 0.8-1.0 for the D15 build-
ing. As can be expected, the degree of the agreement of the convolved and actual
responses tend to decrease as getting farther away from the source which is the top of
the building. In W15, however, due to the significant yielding and ductility demands,
the correlation coefficients are considerably lower than those obtained from the frames
and dual systems. This is something expected due to the high nonlinearity in the wall
response with the scaled earthquakes. For the case of convolution with respect to base,
however, only the first two story responses match very well with the actual response
for the majority of the earthquakes. It should be noted that, no signal processing has
been performed in order to improve the success of the results since the aim herein is
to compare the top and bottom convolved waves and their accuracy keeping all the

parameters as fixed as possible.

4.4.3. Ductility Demands and Correlation Coefficients

This is the most important task for this section since one of the main objectives

are to measure the quality of the estimation with varying degree of inelastic activity.
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The results are significantly satisfactory for the range of ductility demand between 2
and 4 except for the D27 earthquake as can be seen in Figure A.22 - Figure A.27.
However, the correlation between the convolved and actual waves are relatively poor
(Figure A.27) when compared to the previous case. The potential reason for such an
estimation might be the behaviour of the slender cantilever wall and the somewhat
high scale factor used for the earthquakes. In a similar way, the correlation coefficients
between the actual story responses and the base-convolved waves of the structure are
also investigated in the Figure A.28 - Figure A.33 where the agreement seems to be
poor as expected. The main difference between success of the top and base convolved
waves might be the causality as the waves travel from the base of the structure to top

and then goes down towards the base of the structure.

4.4.4. Shear Wave Velocities

As a medium gets stiffer, the shear wave velocity of the waves traveling in that
medium increases as well. Therefore, by pick peaking method, the shear wave velocities
for the buildings are estimated based on the arrival times of the peaks in the IRFs
divided by the story height of the building. The shear wave velocities are calculated
for three situations for each earthquake and building. The first one is the pre-event
(white noise), the second one is the earthquake excitation, and the last one is the
post-event (white noise) situation. The reduction and recover rates of the shear wave

velocities are examined in this section.
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Figure 4.9. The shear wave velocity profiles of the Fr15A during the earthquakes.
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Figure 4.10. The post-earthquake shear wave velocity profiles of the Fr15A.
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A representative shear wave profile for the Fr15A building based on the upgoing

waves obtained by the deconvolution with respect to top is depicted in Figure 4.9-

Figure 4.10.
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Table 4.3. Shear wave velocities for the pre-event, earthquake excitations, and

post-earthquake.

Excitation Fr15A | Fr15B | Fr15C | D15 | W15
Pre-Event Vs (m/s) 125 160 165 389 726
LD Vs (m/s) 1062 | 1359 | 1097 | 137.9 | 1288
CC Vs (m/s) 1104 | 1500 | 1198 | 289.2 | 558.5
DN Vs (m/s) 109.1 | 1380 | 1371 | 106.6 | 272.0
DE Vs (m/s) 1186 | 1520 | 1484 | 1586 | 225.0
D27 Vs (m/s) 102.7 | 1209 | 1066 | 2004 | 96.6
CL Vs (m/s) 109.1 | 1480 | 133.3 | 147.9 | 2157
DI0 Vs (m/s) 103.1 133.5 114.7 189.4 | 563.5
PosLD Vs (m/s 125.2 151.8 149.4 400.1 | 803.0
PosCC Vs (m/s 121.6 - 141.8 398.2 | 781.4

PosDN Vs (m/s
PosDE Vs (m/s 123.2 157.9 132.4 365.2 | 726.3
PosD27 Vs (m/s) 1218 | 151.2 | 1269 | 3885 | 729.0
PosCL Vs (m/s) 1200 | 1473 | 1267 | 359.1 | 719.7
PosD90 Vs (m/s) 119.7 154.8 155.4 332.9 | 576.7

120.6 156.6 150.7 399.2 | T44.6

)
)
)
)

As can be seen from the Table 4.3, Fr15A 3and Fr15B the post-event shear wave
velocities close to the initial one which is most likely due to the relatively low ductility
values. Fr15C (the building with a soft story) suffers stiffness and strength degradation
during the DE, D27, and CL earthquakes and the % drop in the V reaches up to 23.
Although D15 and W15 exhibit significantly prominent decrease in the Vi during the
earthquakes, after most of the events the Vi is recovered. However, the pulse like
earthquake D90 caused approximately 15% and 21% permanent drop in the V. It
might be deducted that, the drop in the V; tends to be more distinct when the inelastic
activity is concentrated at a certain location such as the base of a wall or the columns
of a soft story. In the structures where the energy absorption is somehow distributed
equally among the structural members, the total V; tend to be recovered following the

earthquake.
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5. CASE STUDIES FOR VALIDATION

5.1. Case Study for the Method-1

This chapter focuses on the numerical validation of the methods for various sce-
narios. The first method mentioned in the Chapter 3 will be evaluated via a numerical
model and the characteristics of the method will be evaluated. In order to remind the
method, Figure 5.1 can be inspected. The “actual” or measured mode shapes of the
structure is approximated by the linear superposition of the structural model of the

building under consideration.
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Figure 5.1. Visualization of the Method-1.

Having said that, a case study comparing the proposed Method-1 and one of the
methods available in the literature review part [4] is presented below. Finite element
model of a 15-story reinforced concrete building is modeled to represent a “mathemat-
ical model”. Stiffness and mass properties of several stories are changed to imitate the
discrepancies between real-life and modeled buildings. The latter (distorted building)

is treated as the “actual” or “real life” building. For a given earthquake excitation,
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the modal displacements of “the real-life” in one horizontal directions are calculated
and these calculated modal responses are adopted as the “measured” displacements.
Model mode shapes are taken from the first model and mode shapes are estimated
via both methods. The typical floor plan and the mode shapes of the “model” and
“real-life” buildings are demonstrated in Figure 5.2. The building is a dual structure

with symmetric structural perimeter walls.

17500

Figure 5.2. Typical floor plan of the sample building (dimensions are in mm).
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Figure 5.3. The first three x-direction mode shapes of the real-life and model

buildings.

Since the participation of the higher mode shapes were negligibly small and does
not seem to be pure translational modes, only the first three modes will be evaluated.
The success of the estimated mode shapes is measured with the total error. The total
error is calculated for each mode by summing the square of the differences between
the normalized mode shape amplitudes over the floors. For NIF=3, the optimal sensor
locations and the superimposed model modes (for the second method) are obtained by
trying all possible combinations of the first six superimposed modes (for the second

method) and number of instrumented floors.

Table 5.1. The minimum estimation errors for the method proposed by [4].

Mode min error | Instrumented
Floors
1 4.02x10-3 1.08.2015
2 2.97x10-1 1.08.2015
3 1.80x10 1.07.2015
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The optimal combinations for the locations of the sensors which yield the smallest

errors for both methods are depicted in Table 5.1-Table 5.2.

Table 5.2. The minimum estimation errors for the Method-1 (the proposed method).

Mode min error | Superimposed Modes | Instrumented Floors
1 8.53x10-5 1-2-3 1-12-15
2 2.33x10-3 1-2-4 1-9-15
3 3.81x10-1 2-4-5 1-7-15

As can be seen from the above tables, the errors in the proposed method is consid-
erably less than the available method. However, the accuracy of the proposed method
significantly depends on the selected model modes. The trials performed for all possi-
ble combinations suggest that successive model modes around the target mode can be
selected as a rule of thumb. For a fixed instrumented floor configuration and successive
superimposed modes, the proposed method (Method-1) achieves better results for the

first two modes with satisfactory error orders as can be seen in the Table 5.3.

Table 5.3. The estimation errors of the methods for fixed parameters.

Method | Mode Error Superimposed Modes | Instrumented Floors
I 1 4.02x10-3 - 1-8-15
I 1 9.08x10-5 1-2-3 1-8-15
I 2 2.97x10-1 - 1-8-15
II 2 6.17x10-2 1-2-3 1-8-15
I 3 1.86x10 - 1-8-15
II 3 2.02x10 1-2-3 1-8-15

5.2. Case Study for the Method-2

For the validation of the Method-2, Fr15A and its 10-story variant have been

sclected as the beam sections (300 mm x 600 mm) are stiffer than the columns (400
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mm x 400 mm) and thus the behavior is relatively closer to a shear frame. Among
the earthquakes, DN is selected and scaled with 2 so that the damage is more promi-
nent. The reason for the selection of the DN earthquake is to understand the behavior
of the method for the earthquakes under which the convolution yields relatively low

correlation coefficients for the inelastic case.

| Beams
| # Columns

Story No

0 05 1 1.5 2 25
Ductility Demand

Figure 5.4. Ductility demand for Fr10A subjected to DN scaled by a factor of 2.

Almost all of the structural members in the Fr10A (which is similar to Fr15A,
but has 10 stories) undergo inelastic deformations with a maximum g value of approx-
imately 2.5 as can be seen in Figure 5.4. It is a significant example as the columns
also behaves inelastic manner except the 7" and 10" stories. As has been explained
in the Chapter 3, the structural analysis of such a high-degree indeterminate system
requires some assumptions which will facilitate analyzing the system. Therefore, the
PI assumption for the beams and columns are utilized at this point. The PI values
are calculated via Eq. 3.11 while for the beams it is taken constant as 0.5L. In order
to approximate the joint rotations at the ends of each column, two methods are used.
The first one (model-based) relies on a numerical model (preferably calibrated with the

Method-1) while there are no numerical models for the second one (derivative-based),
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but only taking numerical derivative of the lateral displacement profile of the structure
at any given time ¢ for an excitation. The displacement profile for the buildings can be
seen in Figure 5.5 and Figure 5.6 for the time instant for which all the analyses have

been carried out.
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Figure 5.5. The lateral story displacements for the Fr10A subjected to the DN

earthquake scaled by a factor of 2.

45

¥ 8 8 8 8 8

Elavation (m)
oo

003 0.02 oo o 0.01 0.02 0.03
Story Displacement (m)

Figure 5.6. The lateral story displacements for the Fr15A subjected to the DN

earthquake scaled by a factor of 2.

The higher mode effects due to dynamic nature of earthquake and the resulting
cross-overs in the displacement profile makes the estimation of joint rotations much

more difficult. While it is possible to find the “exact” joint rotations by the approach
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that relies on the numerical model and superposition of mode shapes for a first mode
dominant static excitation, such as pushover. The Figure 5.7-Figure 5.8 show the
estimated and actual joint rotations for each column. Based on Figure 4.1, the Axis-1
in the Figure 5.7-Figure 5.8 are the vertical column axis on the leftmost hand-side
while the Axis-5 is the axis on the rightmost side. The axes have been enumerated

from left to right.

The disadvantage of the derivative-based method is there is only one displacement
profile to take the derivative which suggests a single joint rotation values for all the
columns located at a given floor. However, the trade-off herein is to be able to estimate
the internal forces without needing a detailed numerical model of the structure. On the

other hand, the model-based method does not perfectly match for some axes especially

for the Fr10A building.
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Figure 5.7. The approximate joint rotations for each column estimated by

model-based and derivative-based methods and the actual joint rotations for Fr10A.
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Figure 5.8. The approximate joint rotations for each column estimated by

model-based and derivative-based methods and the actual joint rotations for Fr15A.

Once the joint rotations are obtained, the algorithm finds the “pure flexural” dis-
placements by eliminating the effects of joint rotations and also calculates the location
of the point of inflection for the columns based on the Eq. 3.11. The method is able to
find the PI values above 1 or below 0, i.e., it still works for the case of single curvature.
Starting from the uppermost corners, the algorithm obtains internal forces by iterating
the unknown variables in a nested loop. The internal forces for the members are given

in the Appendix B for both buildings.

The axial forces, bending moments for both ¢ and j ends, and shear forces for
the columns are illustrated in Appendix B. Figure B.1-Figure B.3 and Figure B.7-
Figure B.9 shows the ratio of the estimated / actual internal forces for the columns
per each story regarding the Fr10A and Fr15A, respectively. The normalized actual
and estimated internal forces for all of the columns in a building without separating

them according to the stories are given via Figure B.4-Figure B.6 and Figure B.11-
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Figure B.12 for Fr10A and Fr15A, respectively so that it would be easier to understand
the general success of the approximations. For both of the buildings, the least successful
estimations are the column end moments, especially at the intermediate stories where
the displacement profile changes direction and the best estimates in total are the axial
forces on the columns. As expected, the model-based method performs better than the
derivative-based method. However, both of the approximations perform very well at
the first story which is usually the most critical story. The reason for that is probably
the restraints at the base which ensures zero rotation at the ¢ end of the columns, and
hence, reduces one of the uncertainties. In the upper stories, however, the location of
the PI is sensitive to the joint rotations at both hands. Therefore, a small error in
the estimation of the joint rotations may lead larger errors in the resulting PI values
and finally internal forces. Having said that, the error in the majority of the moment
estimations for both buildings are still acceptable given that moment estimations are

the least successful ones.

When applying the Method-2 (Inelastic Reverse Drift Algorithm), to the struc-
tural walls, there is no need for the joint operations and the structural wall is considered
as a single cantilever. Therefore, Eq. 3.9 can be directly used for estimating the in-
ternal forces for the reinforced concrete structural walls. Each story (actually story
herein means the section of the wall between two measurement points) is considered
to consist of only one vertical fiber and the moments at the middle of each fiber is
computed as per Eq. 3.9. Figure 5.9 and Figure 5.10 shows the estimated and actual
moment profiles during an instant of the excitation. The shear deformations in the
wall are ignored and the it is assumed that the wall deforms only in flexure. Of course,
this is not a realistic assumption even for slender walls whose responses are mainly
dominated by flexure. However, in case of such little number of sensors as used in
this study, it is not possible to determine the shear deformations of the wall, and yet,
practical methods such as proposed [56] might be implemented to the algorithm in the

future updates.
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Figure 5.9. Recorded and estimated bending moments for the structural wall in D15.
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Figure 5.10. Recorded and estimated bending moments for the structural wall W15.
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5.3. Case Study on the Effect of Noise

In real-life structures, noise is always present from various sources as discussed in
the Literature Review section as well as other issues that deteriorates the displacements
obtained by double integration of the acceleration data. Since this study is validated
by numerical models and there will never be a noise-free data in real, 10% RMS of
the actual acceleration data retrieved from the nonlinear structural analysis is added
to the original record to imitate the effect of the noise. For this, Gaussian White
Noise is generated randomly and scaled. The original and the noisy acceleration data

is depicted in Figure 5.11.
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Figure 5.11. The original and the noisy acceleration data for the 1st, 5th, and 10th
stories of Fr10A.

For the analysis, Fr10A is used and the excitation is chosen as the DN earthquake
with a linear scale factor of 2. If this raw data is integrated, the resulting displacements

are unrealistic with huge errors. Therefore, the data has been processed so that it is
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as much ready as it is for double integration. However, there is no unique way or order
of processing earthquake data. Besides, the simulated noise does not have a specific
frequency range which relatively easier to remove. Instead, it is Gaussian white noise

which has a constant power spectral density.
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Figure 5.12. Correlation coefficients between the actual and noisy story displacements
obtained by double integration vs the cut-off frequencies of the high pass filter

applied to the noisy acceleration responses.

High-pass filter is usually the best solution for the elimination of the long-period
noise which causes large errors in double integration. Therefore, in order to eliminate
the long-period noise, a fourth order high-pass Butterworth filter is applied to data
acceleration data with a cut-off frequency of 0.2 Hz. Although it is a widely used
number, it is still subjective. Therefore, a sensitivity study has been carried out to
analyze the effect of the cut-off frequency on the quality of the estimation of the story
displacements obtained by numerical double integration. Figure 5.12-Figure 5.14 shows
the sensitivity of the correlation coefficients between the actual and estimated displace-
ments, ratio of the peak displacements, and signal to noise ratio to the selected cut-off

frequency for the high-pass filter. The signal to noise ratio of the filtered displacements
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are calculated as in the Eq. 5.1.
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Figure 5.13. Noisy / actual ratio of peak story displacements vs the cut-off

frequencies of the high pass filter applied to the noisy acceleration responses.
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Figure 5.14. SNR of the story displacements vs the cut-off frequencies of the high

pass filter applied to the noisy acceleration responses.

In the Eq 5.1, RM S.,.. is the RMS of the error which is obtained by subtract-

ing the actual displacements from the displacement obtained by double integration of
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the filtered accelerations. In terms of correlation coefficients and SNR. the best cut-
off frequency seems to be less than 0.1 Hz while for the lower stories, the correlation
improves as the cut-off frequency increases. For the ratio of peak displacements, the
cut-off frequencies between 0.15-0.2 Hz gives the closest ratio to unity for the lower
stories. However, there is no “best” cut-off frequency for the upper stories that ensures
a peak displacement value around 1. However, the cut-off frequencies smaller than 0.6
Hz and between 0.15-0.3 Hz seem reasonable. As the higher story responses inher-
ently contain low-frequency components, increasing the high-pass corner period causes
decrement in the amplitude and filtering the “actual” components whereas the low-
frequency components in the bottom stories are much likely to be non-structural, the
signal quality of the lower stories improves with the increasing high-pass filter corner

frequency.

(5.1)

SNR (dB) = 201log (w)
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Figure 5.15. Change of the correlation coefficient with varying separation point of the

data for which a different polynomial is fit.
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the data for which a different polynomial is fit.

One of the most common methods as the first step in the processing earthquake
data is to remove the constant pre-event mean. However, it is usually not enough
because the different segments of the data have different baselines [35, 38] which can be
realized by visual inspection of the velocity traces. Therefore, polynomials are fitted to
the velocity traces and then subtracted because the constant (zeroth order) and linear
(1% order) detrending (removal of the baselines) apparently did not work well based
on the visual inspection of the trends in the velocity traces. The velocity data are
separated into two segments and a different polynomial fit to each segment. The key
parameter is where to cut the data. Therefore, sensitivity analyses were conducted in
the same manner with the cut-off frequency, but this time the variable is the ratio of the
time instant where the data is separated (Z.,) to the total duration of the earthquake.
Except the ground story, the floor displacements do not seem to be very sensitive to the
selection of t.,; in terms of correlation coefficients and signal to noise ratio according to
the Figure 5.15 and Figure 5.17, respectively. As for the ratio of peak displacements,

none of the stories appear to be sensitive to the ¢., (Figure 5.16).
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Figure 5.18. Actual and noisy story displacements after processing the noisy data.

Consequently, the corner frequency of the high-pass filter and the .. /t;o1 have
been selected as 0.2 Hz and 0.24 for the determination of the interstory drifts and

internal forces. The corresponding story drifts and the estimated joint rotations can
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be inspected via Figure 5.18-Figure 5.19.
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Figure 5.19. The approximate joint rotations for each column estimated by
model-based and derivative-based methods and the actual joint rotations for Fr10A in

the case of noise with 10% RMS.

The internal forces at the end of analyses are illustrated in Appendix C. Although
estimation of the internal forces might suffer in some intermediate stories, the results
are satisfactory in general. Especially, the shear and bending moments in the base
columns performs very well despite the Gaussian white noise with 10% RMS. However,
it should be noted that the steps to follow and choices made are subjective in the
processing of earthquake data and therefore different choices might lead better or worse
results. However, the 0.2 Hz high-pass filter frequency is believed to be a “general”

and plausible value.
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6. SUMMARY AND CONCLUSIONS

Two separate methods are proposed and evaluated in this study for structural
health monitoring and damage detection of tall buildings. The first method discussed
herein, aims to predict the response of the structure at non-instrumented floors. This
is achieved by approximating the actual mode shape of the structure as linear com-
binations of the mode shapes of the mathematical model of the structure under in-
vestigation. A weighting coefficient is obtained for each model mode shape by the
minimization of the error between the estimated and actual response quantities. In the
last step of the method, the physical response quantities are obtained via the relation-
ship between the modal and the physical coordinates. The second method focus on the
predicting the damage and response quantities in the structure under severe loadings
such as earthquake or wind. The method aims to conduct the health monitoring by
using minimum possible of sensors. The method relies on the seismic interferometry
and wave propagation. Scanning phase is the common step of the both methods where
the building is scanned with several accelerometers. Two of the accelerometers are kept
fixed at the base and the top of the structure so that the virtual sources (reference sig-
nals) do not change. The limited number of other sensors are then moved among the
stories and the impulse response functions for each story is obtained via deconvolution
with respect to top and base of the structure. Once this step is completed, the story re-
sponses can easily be predicted via the convolution of the impulse response functions of
the stories with the reference signal; the base or the top of the building. The estimated
story drifts are used as one of the inputs and then the internal force and deformation
quantities at any desired point of the structure is computed. There are two types of
the programs coded herein; the first one for evaluating the frame part of the structure
and the second one which is dedicated to the reinforced concrete structural walls. As
a result, the proposed method is devoted to monitor the building with only 2 sensors
and predict the internal force and deformations in the members with 2 options. The
first option requires a 3D computer model of the actual building whereas in the second

method no numerical model is needed.
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The scope of the proposed Method 2 encompasses reinforced concrete buildings
with relatively regular framing systems, rigid diaphragms, and structures whose re-
sponses are mainly governed by flexure. Also, this method does not encompass struc-
tures that have been subjected to severe damage and significant cyclic degradation.
This method aims to capture onset of the inelastic activity or the nonlinear behavior

in relatively low ductility demands.

In this study, the extend of the deconvolution interferometry and convolution is
also tested and the analysis results reveal that up to ductility levels of 2.5-3.5, the
convolution of the IRFs with the reference signals still generates acceptable and usable

respomnses.

It might be deducted that, the drop in the V; tends to be more distinct when the
inelastic activity is concentrated at a certain location such as the base of a wall or the
columns of a soft story. This deduction may also be valid for the success convolution.
As the energy absorption is concentrated at a single location, the correlation coefficients
drop with increasing ductility demand. In the structures where the energy absorption
is somehow distributed equally among the structural members, the total V, tend to be

recovered following the earthquake.

The convolution with respect to the top of the buildings satisfactorily captures
the nonlinear response whereas convolving the IRFs with respect to the base of the
structure do not appear to capture the nonlinear response. There might be several
candidate reasons for this: (i) causality, (ii) concentration of the inelastic deformations
at the base, (iii) short duration of some of the earthquakes. Also, the precision of
the convolved waves with respect to top naturally decreases in the downward direction
for high ductility demands, especially for the structural walls. However, this drop is
believed to be insignificant for the majority of the structures and earthquakes unless
the ductility demand is high. It would be plausible to estimate the response of the

closest stories to the base via convolving the IRFs obtained with respect to the base.
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The analysis results suggest that this method estimates the internal forces of the
columns reasonably well in the intermediate stories and very well in the base story.
Even with a noisy data, the bending moments and shear forces in the base columns
and the bending moment profiles of the structural walls (along the height) matches
very well with the nonlinear history analysis results. The reason for the estimation
success regarding the base columns might be the fixed-base column ends where the
rotation is zero. Overall, the proposed method can be used to estimate the total base

shear and overturning moments without needing a numerical model.

The drawbacks of this method is the sensitivity of the location of the Pls to the
joint rotations. Although two approximations have been proposed to estimate the joint
rotations, the PI locations are quite sensitive to the joint rotations at the column ends.
However, the algorithm is capable of capturing the PI values which are greater than 1

or smaller than zero which means single curvature in the columns.

In the future, some of these issues can be resolved by: (i) using rotation sensors at
certain locations, (ii) obtaining the displacements directly via GPS or image processing,
(iii) improving the reverse nonlinear analysis algorithm so that the shear deformations

in the structural walls are also accounted for.
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APPENDIX A: ANALYSIS RESULTS FOR THE
BUILDINGS
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Figure A.1. The interstory drift ratios for Fr15A under all earthquake excitations.
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Figure A.2. The interstory drift ratios for Fr15B under all earthquake excitations.
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Figure A.5. The interstory drift ratios for W15 under all earthquake excitations (the

carthquakes are scaled with 2.5).



101

LD Fa

|,
¥* CC .
DN ngo A
i2#%| = DE O A -
5!; O Dz7 > @ A
_l [> cL , 5
3 _ﬂ Dao O i ﬂ'-.
- 9-1- O O £ .
2 :-!:_ O [ & m
g 4 o Al .
a |
i o &P o -
%* O F= O
L D -&- 1 —I
3+ %) FAR ) 1
T % S | 7.1
DI Q | o A
0 0.5 1 1.5 2 2.5 3 as
Ductility Demand
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Figure A.7. The ductility demand values for Fr15B under all earthquake excitations.
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Figure A.8. The ductility demand values for Fr15C under all earthquake excitations.
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Figure A.9. The ductility demand values for D15 under all earthquake excitations.
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Figure A.12. Story-wise correlation coefficients between the actual and convolved

Story No

waves with respect to top of the Fr15A.
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Figure A.13. Story-wise correlation coefficients between the actual and convolved

waves with respect to top of the Fr15B.
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Figure A.14. Story-wise correlation coefficients between the actual and convolved

waves with respect to top of the Fr15C.
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Figure A.15. Story-wise correlation coefficients between the actual and convolved

waves with respect to top of the D15.
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Figure A.16. Story-wise correlation coefficients between the actual and convolved

waves with respect to top of the W15 (the earthquakes are scaled with 2.5).
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Figure A.17. Story-wise correlation coefficients between the actual and convolved

waves with respect to base of the Fr15A.
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Figure A.18. Story-wise correlation coefficients between the actual and convolved

waves with respect to base of the Fr15B.
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Figure A.19. Story-wise correlation coefficients between the actual and convolved

waves with respect to base of the Fr15C.
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Figure A.20. Story-wise correlation coefficients between the actual and convolved

Story No

waves with respect to base of the D15.

15 il ey
O A xk :
0 b aa g
12— FAni s > DN | 1
O > »a&s il
o X A * O gE?
gt D B * A pwo
Cix w'a +
® A *
6l } Mo (BTN +
% 9] 7Y =
x O Pl *
3f X o a0 #
X Q) 20 *
® [ O
0 : : : : #
0.2 0 0.2 0.4 0.6 0.8

Carelation Coefficient

Figure A.21. Story-wise correlation coefficients between the actual and convolved

waves with respect to base of the W15 (the earthquakes are scaled with 2.5).
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Figure A.22. Correlation coefficients between the actual and convolved waves with

respect to top for Fr15A.
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Figure A.23. Correlation coefficients between the actual and convolved waves with

respect to top vs the ductility demand for Fr15B.
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Figure A.24. Correlation coefficients between the actual and convolved waves with

respect to top vs the ductility demand for Fr15C.
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Figure A.25. Correlation coefficients between the actual and convolved waves with

respect to top vs the ductility demand for D15.
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Figure A.26. Correlation coefficients between the actual and convolved waves with
respect to top vs the story ductility demand for W15 (the earthquakes are scaled
with 2.5).
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Figure A.27. Correlation coefficients between the actual and convolved waves with
respect to top vs the roof ductility demand for W15 (the earthquakes are scaled with
2.5).
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Figure A.28. Correlation coefficients between the actual and convolved waves with

respect to base vs ductility demand for Fr15A.
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Figure A.29. Correlation coefficients between the actual and convolved waves with

respect to base vs ductility demand for Fr15B.
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Figure A.30. Correlation coefficients between the actual and convolved waves with

Corelation Coefficient (Base)

respect to base vs ductility demand for Fr15C.
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Figure A.31. Correlation coefficients between the actual and convolved waves with

respect to base vs ductility demand for D15.
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Figure A.32. Correlation coefficients between the actual and convolved waves with
respect to base vs the story ductility demand for W15 (the earthquakes are scaled
with 2.5).
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Figure A.33. Correlation coefficients between the actual and convolved waves with
respect to base vs the roof ductility demand for W15 (the earthquakes are scaled with
2.5).
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APPENDIX B: INTERNAL COLUMN FORCES
ESTIMATED BY THE METHOD 2
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Figure B.1. Ratio of the estimated / actual axial forces for the columns of Fr10A

given per story.
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Figure B.2. Ratio of the estimated / actual column end moments of Fr10A given per

Story No
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Figure B.3. Ratio of the estimated / actual column shear forces of Fr10A given per

story.
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Figure B.4. Ratio of the estimated / actual normalized axial forces for all of the

columns of Fr10A.
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Figure B.5. Ratio of the estimated / actual normalized end moments for all of the

columns of Fr10A.
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Figure B.6. Ratio of the estimated / actual normalized shear forces for all of the

columns of Fr10A.
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Figure B.7. Ratio of the estimated / actual axial forces for the columns of Fr15A

given per story.
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Figure B.8. Ratio of the estimated / actual column end moments of Fr15A given per

Story No
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Figure B.9. Ratio of the estimated / actual column shear forces of Fr15A given per

story.
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Figure B.10. Ratio of the estimated / actual normalized axial forces for all of the

columns of Fri15A.
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Figure B.11. Ratio of the estimated / actual normalized end moments for all of the

columns of Fr15A.
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Figure B.12. Ratio of the estimated / actual normalized shear forces for all of the

columns of Fr15A.
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APPENDIX C: INTERNAL COLUMN FORCES
ESTIMATED BY THE METHOD 2 FROM A NOISY DATA
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Figure C.1. Ratio of the estimated / actual axial forces for the columns of Fr10A

given per story.
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Figure C.2. Ratio of the estimated / actual column end moments of Fr10A given per

story.
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Figure C.3. Ratio of the estimated / actual column shear forces of Fr10A given per

story.
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Figure C.4. Ratio of the estimated / actual normalized axial forces for all of the

columns of Fr10A.
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Figure C.5. Ratio of the estimated / actual normalized end moments for all of the

columns of Fr10A.
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