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ABSTRACT

The strength and stiffness of structures degrade with time due to a combination of
external forces and environmental conditions. A vehicular bridge, an offshore plat-
form, a ship hull, or a wind turbine are examples of structures that for decades must
endure cumulative degradation of their mechanical properties due to cyclic loading.
Fatigue-induced damage typically starts at the exterior surface of the component un-
less microscopic or macroscopic imperfections are present in the material’s structure.
Structural Health Monitoring (SHM) provides a scientific non-destructive framework
to estimate the structure’s current state and remaining service life. In many model-
based structural health monitoring applications, the models are linear, and common-
place is to formulate them based on modal parameters.

The research in this dissertation addresses the implications of model uncertainty
to system identification and state estimation. Specifically, determining the highest
achievable accuracy in the presence of noise in the measurements, unmeasured excita-
tions, and environmental conditions. The main contributions of this dissertation are
summarized as follows: i) derivation of exact mathematical expressions to compute
the minimum achievable variance of the identified frequencies and damping ratios
from noisy vibration measurements due to initial conditions or external forces, and
ii) the development of a weighted sensitivity-based finite element model updating
framework to a large scale model of a partially instrumented bridge. Additionally,
the dissertation explores the robustness of the Kalman filter in structural dynamics
for fatigue monitoring applications.

The dissertation presents recent developments in the feasibility of using global ac-
celeration measurements to assess the level of composite action on operational bridge
decks with unknown girder-slab connection stiffness. Our efforts focused on the 58N
Bridge constructed in 1963 located on Interstate 89 in Richmond, Vermont, United
States. The Bridge has a three-span continuous deck with two build-up outer gird-
ers spanning a total length of 558 feet (170.08 m). A portion of the bridge deck was
monitored with uni-directional accelerometers and dynamic strain sensors distributed
at various locations. Intermittently, for over two years, with measured temperatures
ranging from 15°F to 87°F, data was acquired. This data was used to update a
finite element model of the deck. The updated model displayed improved prediction
capabilities with respect to the original model. Such an updated model can be used
as a baseline model for stress analysis.
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CHAPTER 1

INTRODUCTION

1.1 STRUCTURAL HEALTH MONITORING

The performance of an engineering structure will degrade during its operational life.
Structural Health Monitoring (SHM) aims to provide a continuous diagnosis of the
"state" of the materials, the different parts, and the full assembly of these parts con-
stituting the structure as a whole [Balageas et. al.; 2006]. In other words, SHM is
the process of implementing a damage identification strategy for aerospace, civil, and
mechanical engineering [Deraemaeker et. al.; 2010]. [Rytter; 1993] described four ele-
ments (or levels) of damage identification: 1) Detection: a qualitative indication that
damage might have occurred; 2) Localization: the probable location of the damage; 3)
Assessment: an estimate of the severity of the damage; and 4) Prediction: estimate of
the future performance of the component (or structure) as damage accumulates. All
these elements require various levels of data, signal and/or information processing.
Signal processing is essential for implementation of any SHM technique. [Staszewski

& Worden; 2009] describes six major areas where signal processing has an important



role to play in SHM: measurements and data acquisition; data processing; feature
extraction, selection, and compression; pattern recognition and machine learning;
reliability and statistical analysis; uncertainties and information gaps. Figure 1.1 de-
picts the principle and organization of a SHM system (as shown in [Balageas et. al.;

2006]).

Monitored physical
phenomenon, depending on
the damage

Integrity Monitoring system, Diagnosis
defined by a sensed physical Structural
phenomenon and an adapted Health

data reduction Monitoring

Sensors Sensors
multiplexing fusion
and networking

Damage
Usage

Monitoring

Monitored
structure

o

Monitoring of usage conditions

Data cumulative VMaintenance organization
recording Health Managemen
of the structure
Damage and
behavior laws Health Management

of the full system (fleet, plant...)

Figure 1.1: Principle and organization of a SHM system

Most SHM techniques can be classified into physics-based methods and data-
based methods; though a combination of the two is common [Farrar & Lieven; 2007].
Physics-based methods, also known as model-based methods, combine the physical
properties of a structure, employing a mathematical model, with sensor measurements
(also known as model-data fusion). These methods are useful to predict the response
of a structure to new loading conditions and new state configurations (damage). A

disadvantage of these methods is that they could become computationally intensive,



so the model selection is paramount. Data-based methods purely rely on sensor
measurements for damage identification, typically (but not always) through a pattern
recognition technique. Although these methods can be computationally efficient and
could inform that a change in the structural response as occurred, they aren’t able to
classify the nature of the change. In the context of this dissertation, we will follow a

Model-Based offline approach (see figure 1.2 and follow the discontinuous lines).

Data-Based -
1 Data _’Ion-—lmel_
features |—|Off-line

\ 4 A

Measurements Prognosis | _ | Decision
Model Making
v i f
I
. N7 |
Physics Physics On-line !
---- = Model i

v Model Updat|ng o Off-line e

Model-Based

Figure 1.2: Processes of Structural Health Monitoring

In this dissertation, the author proposes several algorithms to asses and improve
the robustness of model-based structural health monitoring. The proposed algorithms
are validated using experiments with an increasing level of complexity: 1) model of
a single degree of freedom (DOF) structure, 2) model a 30-DOF of a real small scale
flexible-type frame structure in our laboratory, and 3) a large scale model of a partially

instrumented bridge on I-89 (Vermont, USA) with traffic-induced data.



1.2 DEFINITIONS

The purpose of this section is to establish core terminologies and definitions used

throughout the dissertation:
e Damage:

— [Worden & Dulieu-Barton; 2004]: is when the structure is no longer op-
erating in its ideal condition but can still function satisfactorily, i.e. in

sub-optimal manner.

— [Farrar & Worden; 2007]: is defined as changes to the material properties
and/or geometric properties of these systems, including changes to the
boundary conditions and system connectivity, which adversely affect the

system’s performance.

— [Sohn, et. al.; 2004]: can be defined as changes introduced into a system
that adversely affects its current or future performance. Implicit in this
definition is the concept that damage is not meaningful without a compar-
ison between two different states of the system, one of which is assumed

to represent the initial, and often undamaged, state.

e Damage Prognosis [Sohn, et. al.; 2004]: estimates of the remaining service life
of a structure given the measurement and assessment of its current damaged
state and accompanying its predicted performance in the anticipated future
loading environments. Every industry is interested in detecting degradation
and deterioration in its structural and mechanical infrastructure at the earliest

possible state and in predicting the remaining useful life of the systems. Damage

4



diagnosis and prognosis solutions can be used to monitor systems to confirm
system integrity in normal and extreme loading environments, to estimate the
probability of mission completion and personnel survivability, to determine the
optimal time needed for preventive maintenance, and to develop appropriate

design modifications that present observed damage propagation.
o Fatigue:

— [Poncelet; 1870]: under the action of alternating tension and compression,

the most perfect string may fail in fatigue.

— [Cook & Young; 1999]: refers to the initiation and gradual propagation of
cracks under cyclic loading. In parts that fail after a great many cycles of
loading, cracks being with yielding on a very small scale. A flaw, inclusion,
void, or surface scratch can raise local stresses high enough to produce
yielding in a crystal whose planes are oriented parallel to the largest shear
stress. With cycling, the crystal strain hardens and cracks. Micro-cracks
grow, join, and eventually produce a macro crack, whose orientation is
usually perpendicular to the maximum principal stress. The rate of crack
growth increases with crack length, and can be related to stress intensity
factors at the crack tip. When the crack reaches a critical length, the part
suddenly breaks by brittle fracture. Most fatigue cracks begin on a surface,
because it is usually where stresses are highest. Also, flaws that initiate

cracks are more likely to be found on the surface than internally.

o Fault [Worden & Dulieu-Barton; 2004]: is when the structure can no longer

operate satisfactorily. If one defines the quality of a structure or system as



its fitness for purpose or its ability to meet customer or user requirements, it
suffices to define a fault as a change in the system that produces an unacceptable

reduction in quality.
e Fracture Control Plan:

— [McHenry & Rolfe; 1980]: engineering procedures and requirements that
contribute to the prevention of fracture in metal structures. The systematic
application of these practices to the prevention of fracture in a particular
structure is accomplished by either the code approach or the performance

specification approach to fracture control.

— [NASA SP-8057; 1972]: set of policies and procedures intended to prevent
structural failure due to the initiation or propagation of cracks or crack-like

defects during fabrication, testing, and operation.
o Fracture Critical Members (FCM):

— [NASA SP-8057; 1972]: are defined as those members whose failure could
result in loss of the aircraft and whose stress levels are limited by the
fracture mechanics analysis requirements. In summary, fracture-critical
members are identified on the basis of the consequence and likelihood of

fracture.

— [AASHTO/AWS D1.5; 2002]: are tension members or tension components
of bending members (including those subject to reversal of stress), the
failure of which would be expected to result in collapse of the bridge.
Members and components that are not subject to tensile stress under any

condition of live load shall not be defined as fracture critical.



Robustness:

[Vander Heyden et al.; 2001]: the ability to reproduce the (analytical)
method in different laboratories or under different circumstances without

the occurrence of unexpected differences in the obtained result(s).

[Mohsen & Cekecek; 2000]: the system is expected to perform its in-
tended function under all operating conditions (different causes of vari-
ations) throughout its intended life without necessarily eliminating noise
factors (noise factors are defined as disturbance factors that cause system

functional variability).

[Stelling et. al.; 2004]: the persistence of a system’s characteristic behavior

under perturbations or conditions of uncertainity:.

o State [Kalman; 1960]: some quantitative information (a set of numbers, a func-

tion, etc.) which is the least amount of data one has to know about the past
behavior of the system in order to predict its future behavior. The dynamics
is then described in terms of state transitions, i.e., one must specify how one

state is transformed into another as time passes.

Uncertainty:

[Schultz et al.; 2010]: is a lack of knowledge. Input uncertainty arises from
a lack of knowledge about the true value of quantities used in analyzing
a decision. Often, these quantities are found in scientific models that are
used to support a decision. Model uncertainty is about what variables,
assumptions, and functions best characterize the processes being modeled.

In practice, model uncertainties are much more difficult to deal with than

7



input uncertainties because they require the analyst to propose and eval-

uate competing models.

— [Grebici et al.; 2008]: is often considered as a lack of knowledge that
may introduce risks to the outcome and execution of a process. Reducible
or epistemic uncertainty can be decreased through further studies, mea-
surements and expert consultation. However, the irreducible or stochastic
variability is inherent to the physical system such as the dimensional vari-
ation in the manufactured components and cannot be reduced through

additional studies or measurement.

1.3 MOTIVATION

For structures subjected to dynamic effects such as wind loads, traffic loads, waves,
shocks, etc.; fatigue induced damage is critical and accounts for over 50% of failures
[Sundararajan; 1995]. In this dissertation we are interested in fatigue damage on
fracture critical structures. A fracture critical structure is one in which the failure of a
small number of elements (sometimes a single one) can generate systematic structural
collapse; typically seen in cantilever type structures such as wind turbines, chimneys,
and in non-redundant structures such as truss-type bridges, among others. These
types of structures received national attention August, 1st 2007 when the [-35W steel
truss bridge collapsed into the Mississippi river. The bridge is shown in figures 1.3a
and 1.3b before and after the collapse respectively. The bridge was visually inspected
every year since 1993 and in 2001 a report noted the presence of cracks and clear

signs of fatigue [Report M N/RC — 2001 — 10]. After over a year of investigations,



the National Transportation Safety Board concluded that the sudden failure was
originated by an undersized gusset plates (figure 1.3¢). Based on the latest data from
the National Bridge Inventory approximately 7.5% of all bridges in the United States
and its territories are classified as "poor" condition [National Bridge Inventory; 2019].
This percentage increases to 54.7% including those with a "fair" condition assessment.
The American Society of Civil Engineers scores the United States infrastructure with

a sicre of D+ [ASCE Infrastructure Report Card; 2017]. This score hasn’t change

since 2013.

(a) Before collapse - Side view (b) After collapse (c) Buckled gusset plates - Na-
of the bridge showing steel tional Transportation Safety
structural members Board

Figure 1.3: Fracture critical structure - I-35W Bridge in Minneapolis

In [Doebling et. al.; 1996], [Doebling et. al.; 1998], and [Sohn, et. al.; 2004] the
authors provide reviews of the technical literature on vibration-based structural health
monitoring. A subset of critical issues identified by the authors are: 1) Dependence on
prior analytical models and /or prior test data (having a detailed FEM of the structure
or presuming that a data set from the undamaged structure is available), and 2)
the level of sensitivity of the modal parameters have to small flaws in a structure.

The research in this dissertation addresses the implications of model uncertainty,



in the context of these issues, to system identification and state estimation. We
are interested in determining the highest achievable estimation accuracy due to the
presence of noise in the measurements, unmeasured excitations, and environmental

conditions.

1.4 OBJECTIVE

This dissertation investigates the propagation of modeling and measurement errors
in system identification and state estimation. The particular application of inter-
est is vibration-based fatigue monitoring of fracture-critical structures. The overall
approach is probabilistic and the research methods employed are a combination of

analytic, computational, and experimental.

1.5 CONTRIBUTIONS

The main contributions of this dissertation are summarized below:

o Chapter 3 explores the implementation of the Fisher information and the Cramer-
Rao lower bound (CRLB) as means to determine bounds for the variance of
identified natural frequencies and damping ratios from noisy vibration measure-
ments. We derive exact mathematical expressions that compute the minimum
achievable bounds of the variance of identified natural frequencies and damp-
ing ratios from simulated noisy vibration measurements by initial conditions
or measured excitations. The proposed bounds establish a reference level com-

parable to second order statistics of the system identification results. We also

10



demonstrate and quantify that there must be significantly more uncertainty
in the identified modal damping ratios than in natural frequencies. This is a
fact that stands independently of the system identification algorithm that it is

employed, as long as the algorithm is unbiased.

Chapter 4 explores a weighted sensitivity-based finite element model updating
methodology. We propose a method that utilizes vertical acceleration measure-
ments to determine the degree of composite behaviour of an operational bridge
deck with unknown/uncertain installation of shear connections. The free pa-
rameters of the methodology are: the rigidity per unit length of the beam-slab
interface and the elastic modulus of concrete. The proposed methodology has
several key features: 1) it is intrinsically independent of the type of sensing, 2)
it identifies the free parameters from noisy operational measurements, 3) it is
more affordable by requiring a significant smaller number of measurements com-
pared to those needed by traditional methodologies (dynamic strain sensors), 4)
it is easy to implement to large complex finite element models, 5) it provides an
insight to how the environmental conditions affects the free parameters, 6) the
free parameters are based on physical and material properties making them easy
to intuitively validate, 7) the updated finite element model displayed improved
prediction capabilities with respect to the original model, and 8) the updated
finite element model can be used as a base-line model for stress analysis. A
limitation of the methodology is that although the stiffness of the deck can be
assessed, no much information can be inferred regarding the deck’s ultimate ca-
pacity. This is because various configurations of a shear connection can provide

similar stiffness yet provide quite different post-yielding behavior.
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« Chapter 5 investigates the robustness and sensitivity of the Kalman filter (KF)
to estimate the stress and strain fields, and their corresponding uncertainty,
throughout a building-type flexible structure from operational acceleration mea-
surements. We investigate how these estimates are affected by varying sources
of errors in the stochastic description of the measurement noise and unmea-
sured excitations, and in the physics of the mathematical model that describes
the structure. We instrumented the structure with strain sensors in various
locations and compared the measurements second order statistics with those of
the strain field. In this paper we propose a formulation that transforms the KF
state estimates into strain estimates and propagates their uncertainty bounds to
strain field uncertainty. It was found that the propagation of the KF estimates
underestimates the propagated estimation of the strain field variance. We show
that, in the experimental setting, the KF’s essential whiteness assumption of
the parametric errors is not satisfied. Nevertheless, the KF yields in accurate
mean estimates as long has no modeling error is considered. The mean estimates
accuracy have a significant drop once changes in the physics of the model of
the structure (modeling error) is considered. Modelling errors, that are within
the range of practical engineering models, can have a significant detrimental
effect in the estimation quality. To utilize more complex and detailed models
is not the answer. The computational demand and accuracy of the solution of
the sequential state estimation algorithm is related to the size of the model. A
trade off between the detail of the representation of the physics of the structure
and an acceptable estimation quality needs to be made. We need better models

in the engineering practice.
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CHAPTER 2

THEORETICAL/MATHEMATICAL

BACKGROUND

2.1 EQUATION OF MOTION

The equation of motion of a linear single degree of freedom (SDoF) system is given
by
mi(t) + ci(t) + kx(t) = p(t) (2.1)

where m is the mass (inertia element), k is the stiffness (elastic element), ¢ is
the viscous damping constant (dissipative element), and p(¢) represents the external

load at time (¢). The initial conditions consist in z(t = 0) = z, and &(t = 0) = v,.

Wy = ﬂ (2.2)

17

By defining



and

¢ = 2mwpé (2.3)

with & representing the fraction of critical damping, the equation of motion can

be re-written as

() 4 2w (t) + wa(t) = pfri) (2.4)

2.2 HARMONIC LOAD RESPONSE FORMULAS

2.2.1 DAMPED RESPONSE

The response of a damped SDoF system to a harmonic load (p(t) = p,sin(§2t)) and

to arbitrary initial conditions z, and v, is given by

x(t) = Zgsin (Ut + @) + e ' [Esin(wgt) + F cos(wqt)] (2.5)

where Z; is given by

(2.6)

and
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The coefficients ' and F' are given by

_ EwnTo + Vo — Zg [Ewpsin(d) + Qcos(@)]
Wd

E

F =ux,— Zysin(¢) (2.9)

The portion of the response given by z(t) = Zysin (Qt 4+ ¢) is usually denoted

as the "steady-state response’.

2.3 RESPONSE TO ARBITRARY LLOADING

The response of a SDoF system to an arbitrary loading can be computed for any
time of interest ¢ using the following convolution integral (also known as Duhamel’s

integral)

o) = [ "t — P)p(r)dr = /_t ()l r)dr (2.10)

—00

If p(t) =0 ¥t <0, then the integral simplifies to

x(t) = /Ot h(t — 7)p(T)dT = /Ot h(T)p(t — T)dr (2.11)

Response Spectrum

The response spectrum of a load time history p(t) is defined as

maxr(t) Vi st. r(t)= f(z(t)) (2.12)
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where f(z(t)) is a function of x(t) such as displacement, velocity, reaction force,

etc.

2.4 LAPLACE DOMAIN ANALYSIS

The Laplace transform X(s) of a function x(¢) is defined as

X(s) = L(x(t)) = /O T (e stdt (2.13)

It can be shown that

L(i(t)) = sL(x(t)) = sX(s) — z, (2.14)

Similarly

L(i(t)) = s2L(2(t)) + s34+ v, = §2X(8) — 52, — v, (2.15)

Applying these results to the equation of motion of linear SDoF systems we

obtain

ms?X(s) + csX(s) + kX (s) = P(s) + 2, (1 +5) + v, (2.16)

The solution, in the Laplace domain is given by

P(s)+x,(1+s)+ v,
ms?24+cs+k

X(s) = (2.17)

In the special case of zero initial conditions

20



1
ms2+cs+k

X(s) ="P(s) P(s)-H(s) (2.18)

which turns out to be an algebraic equation. One of the advantages of working in
the Laplace domain is that one can turn a linear differential equation into an algebraic
equation. The function #(s) is known in control literature as the Transfer function.

The transfer function can be re-written as

1 1 1
ms?2+es+k m(s?+2wp€s+w2)  m(s—s1)(s— s2) (2.19)

H(s) =

where

512 = —wnf + iwd (220)

The values 515 are known as the poles of the transfer function. It is trivial to

show that V0 < ¢ < 1

‘8172‘ = Wn (221)

i.e. the poles of the transfer function lie in a circle of radius w,,.
In order to return to the time domain, one must apply an inverse Laplace trans-
form to X'(s). This involves using the Bromwich formula
at+iR ]

z(t) = }%1_{1;0 e %X(s)e“ds (2.22)

where a is taken to the right of all the singularities of X'(s). There are also many
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available tables of Laplace transform pairs, which can be very useful and save time.

2.5 FOURIER DOMAIN ANALYSIS

Fourier analysis of a periodic function refers to the extraction of the series of sines and
cosines (continuous time) or coefficients (discrete time) which when superimposed will
reproduce the function. This transformation is a mathematical method of a function
in the time into a function in the frequency domain.
The Fourier transform is the Laplace transform evaluated along the imaginary
axis, so s = 1w.
oo .
X (iw) = / (t)e“ dt (2.23)
—00
The inverse Fourier transform is given by
1 oo A
2(t) = — / X (i) duw (2.24)
21 J-o

The relationship between force and displacement in the Fourier domain (also

commonly referred to as frequency domain) is given by

1
—mw? + iwe + k

X(w) =P(w) (2.25)

A useful result is

22



2.5.1 FOURIER TRANSFORM DISCRETE-TIME

In SHM, measurements are sampled points from the vibrations of the structure of
interest in the time domain. By transforming these signals into the frequency domain,

we get insightful characteristics of the dynamics of the system.

N-1 .
X, = Z xne—zQWkn/N
n=0
where X is called the frequency spectrum of the signal, n =0,...,N —1, N is
the length of the signal, and k refers to the kth sample.
To calculate the transform, by taking a look to the expression above, we can see
that it is nothing more than a straight forward linear operation of Xy,1 = FNxNTN21,

where F . is called the Fourier Matrix and Fy, = e~ ?27kn/N

2.5.2 FAsT FOURIER TRANSFORM (FFT)

[Cooley & Tukey; 1965] shows that we can split the computation of the DTF into

two smaller parts. They separated the DTF into even and odd indexed sub-sequences

n=2m 1feven
n=2m+1 ifodd

where m = 1,2,..., % — 1. After some algebra manipulation, we end up with the

summation of two terms that can be computed simultaneously
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N-1

ch — Z xnefz%rkn/N

n=0
N/2—-1 N/2—-1
_ Z :L,Qme—zQTrk(Qm)/N + Z x2m+1€—127rk(2m+1)/N
N/2—-1 N/2—1
—i2wkm/(N/2 —i2wkm /(N —i2tkm/(N/2
m=0 m=0
—i2rkm/(N
= Teyen T € / )xodd

The advantage in solution time is related to the number of operations that the
DTF needs vs the FFT. DTF requires O(N?) (operations) = N (multiplications)
x N (additions). The FFT reduces the number of computations from O(N?) to

O(Nlogy N).

2.6 MULTI-DEGREE OF FREEDOM SYSTEM

In a structural system with n interconnected masses it is necessary to account for
the forces being transmitted through the connections. The equation of motion of
every mass will include coupling terms that involve the motion of one or more of the
remaining masses. In the case of linear viscous damping, the m equation of motions

can be written in matrix form as

M () + Hei(t) + Ka(t) = f(t) (2.27)

The three resulting matrices are typically denoted as: M, the mass matrix, H,

damping matrix, and K is the stiffness matrix. The time varying vector x(t) is the
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displacement of the m masses at time t. The right hand side f(¢) is the load vector

at time t applied at the corresponding masses.

2.7 MODAL ANALYSIS

The objective of modal analysis is to decouple the equations of motion. We wish to
transform the set of m interdependent equations to m independent equations that

can be solved independently. To begin, consider the undamped equation of motion

ML () + Ka(t) = 0 (2.28)

Assume a solution of the form

x(t) = Agsin(wt) (2.29)

and second derivative given by

i(t) = — Agw? sin(wt) (2.30)

where A is a scalar, ¢ is a vector, and w is a circular frequency. Substituting this

ansatz into the equation of motion we obtain

— Mow?sin(wt) + KAg¢sin(wt) = 0 (2.31)

Eliminating common terms we get

K¢ = Mo (2.32)
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This can be re-written in two common equivalent forms, such as

(K—MMo=0 (2.33)

M K¢ = ¢\ (2.34)

These equations mean that if you can find any ¢ and A that satisfy these equa-
tions, then the ansatz is correct. Eq.2.33 can be useful when trying to determine an

analytical expression to find .

(K —MM\) ¢ =0 = det (K — MM) =0 (2.35)

This results in a polynomial of degree n with n roots. Each one of these roots
is a solution with a corresponding vector ¢. The corresponding ¢ is a vector in the
null-space of the matrix (K — MA). The scalar A is known as eigenvalue and the

corresponding vector ¢ is known as an eigenvector.

ORTHOGONALITY PROPERTY

It can be shown that eigenvectors of the undamped system satisfy the following or-

thogonality property for ¢ # j

6TMo, = 0 (2.36)

Similarly
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¢ Ko =0 (2.37)

MASS-NORMALIZED MODES

If ¢ is a mode shape (arbitrarily scaled), then a¢ is also a mode shape, where « is a

scalar. Thus it is possible to find scalars «; for each mode ¢ such that

$TMy; = 1 (2.38)

where 1 = a¢. The scaled modes ¢ are known as mass-normalized modes. The

corresponding normalizing scalars for each mode are given by

1

o = —F—— (2.39)
V& Mo
For mass-normalized modes, the following equality holds
Ky = A (2.40)

CLASSICAL DAMPING

Any viscous damping matrix that satisfies the following orthogonality property is

known as classical damping for i # j

U Hetpy = 0 (2.41)
Popular examples of classical damping matrices
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H.=oM H,=8K H.=aM+ 8K (2.42)

MODAL ANALYSIS

For systems with classical damping

Mii(t) + Hex(t) + Ka(t) = £(1) (2.43)

One can define the following linear transformation of the displacement vector

x(t) = Uz(t) (2.44)
where
= ¥ . W] (2.45)
then
MUZ(t) + HoWz(t) + KUz(t) = f(t) (2.46)

premultiplying by ¥’ we obtain

UIMUE(t) + UTH U () + VTKU2() = U1 £(2) (2.47)

Using the aforementioned orthogonality properties

B(t) + Z2(t) + Az(t) = UL f(t) (2.48)
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these are independent set of equations and hence can be solved individually for

each mode 1.

Zi(t) + 2wi&i % () + wizi(t) = Ol F(1) (2.49)

The dynamic response in physical coordinates can be found by simply applying

the linear transformation

o(t) = Wa(t) = (0 (2:50)

2.8 STATIC CONDENSATION OF THE

STIFFNESS MATRIX

The mass matrix formulation for many structural dynamics problems only include
inertia (mass) terms corresponding to translational (vertical and horizontal) degrees
of freedom (DoF) . Static condensation is used to condense the DoFs that have zero
mass assigned to them from dynamic equations without affecting the innate structural

response characteristics of the system. By looking at Eq. 2.27 and setting H, = 0:

K,, K P F
= = (2.51)

KSp KSp S FS O

PP ps

where P stands for primary DoF and S stands for secondary DoF. Both P and S
are sub-vectors of the DoFs to be retained and condensed out, respectively. The sub-

matrices Kpp, Kps, Kgp, and Kgp and the force sub-vectors F, and Fg correspond
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to the displacement sub-vectors P and S. Fy = 0 means no elastic rotational forces

are acting on the system. After some matrix manipulation we get that:

Kee = Kpp — KpsKes ' Kgp (2.52)

where K. is the condensed stifflness matrix. The stiffness matrix is now suitable
for used with lumped mass matrix (translational elements only). It is possible to
express the displacement of the condensed DoF by S = —Kzz_lepP. It is worth
noting the size of the system can be further reduced by condensing additional DoFs
that we aren’t necessarily interested in or that don’t contribute to the dynamics of the
system. These DoFs can be vertical or redundant horizontal DoF. The mass matrix

shall be modified to lump the masses of neighboring DoF.

2.9 STATE-SPACE REPRESENTATION

The state-space representation provides a map from input to state and from state to
output. In finite dimensional models, the state is the smallest collection of variables
that, known at given time, can be projected into the future with the use of a structure
and the input acting on the system. By considering the auxiliary equation of ¢(¢) =

4(t) the equation of motion can be written in first order form:
Q(t> 0n><n In><n Q(t) 0n><m ( )+ Onx(n—m)
i(t) "MK -M'H, | | q() M~'b, M-'b,

this system of equations can be rewritten as
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(t) = Acz(t) + Beu(t) + Lew(t) (2.54)

where x(t) = € R¥! is the state vector, A, € R¥"*?" is the state

matrix, B, € R ™ is the known input to state matrix, and L, € R2"*"=m) ig
the unknown input to state matrix. The known excitation are defined in the vector
u(t) € R™*! with by € R "™ its a Boolean force distribution matrix that indicates
which DoF has a known loading and m is the number of independent excitations. The
unknown excitation are denoted by the vector w(t) € R"~™*! and a its Boolean force
distribution matrix by € ® "= The subscript ¢ means that the equations are in
continuous time.

The state-space representation of a structure can be achieved with the geomet-
rical and material properties of the structure or by estimating the matrices using a
system identification scheme. It is worth noting that by rewriting second order equa-
tions of motion to a first order formulation, the new system needed to be solved has
doubled in size. As the number of degrees of freedom increases, the solution becomes
more computationally expensive limiting its applicability to small size models (low
number of Dofs). Additionally these equations, with its boundary conditions, can not
be solved analytically (except for very simple cases) so an approximate solution can

be obtained by a discretization of the system in both space and time.

2.9.1 MEASUREMENTS

Measurements of the response of the system are represented by
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y(t) = Cex(t) + De2p(t) + Deaw(t) + v(t) (2.55)

where y(t) € R | C, € R™*?" is the output matrix, D¢; and Deg € R™™ are
the feed-through (or direct transmission) matrices and v(t) is the measurement noise
(associated to the sensor technology). For displacement or velocity measurements,

the D matrix is zero and C,. has the following form:

Cais=c2[I 0] Cya=c2[0 1] (2.56)

where co € ™" maps the state to the measurements where every row of it has
a one at the column corresponding to the measured degree of freedom of that row

and zero elsewhere. If the measurements consists of accelerations:

Caccel = C2 [ _M_lK - M_ch ] (257)

and the D matrices are given by:

Dcy = caM ™ 'by D¢ = ccM™'by (2.58)

2.9.2  STATE-ESTIMATION

In some SHM applications, it is desirable to estimate unmeasured (or ummeasurable)
quantities of the structural response by blending a mathematical model and with an
usually incomplete characterization of the input forces. Furthermore, there are in-

stances where the input forces have a complex distribution, e.g wind acting on large
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structures, waves clashing on maritime structures, etc. These provide additional diffi-
culties for the state-estimation problem. As a way to mitigate unavoidable errors, the
measurements are used to improve the estimation. In the context of this dissertation
measurements are modeled as shown in Eq. 2.55. In Control theory, a system that
processes input/output signals and estimates the states of the system is referred to
as an observer. In general, the output only state estimates provided by an observer

can be written in first order state-space form as:

B(t) = Ack(t) + Ge [y(t) — Hed(t)] (2.59)

where Z(t) is the state estimate. As can be seen from Eq. 2.59, the observer
state estimate is the response of the system subjected to excitations consisting of the
weighted difference between measured response (y(¢)) and model’s response estimate
Z(t) (see Fig. 2.1). Discrepancy between measured response and model predictions
can arise mainly from a combination of four different sources: model error, unmea-
sured excitations, measurement error, and unknown initial conditions. In most ap-
plications, these cannot truly be distinguish one from the other. The feedback gain
matrix G is the essence of any observer design and it is chosen based on the as-
sumption of which source of error is responsible for the output discrepancy and the
selection of an objective function to be minimized.

Let’s look at the state-space representation of the estimates:
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a(t) ~MT'K -MTH. | | () G2
where Ay(t) = y(t) — Hc@ is the output discrepancy at time t. To satisfy the
top partition it is necessary that GiAy(t) = 0 which means that either G; = 0
or Ay(t) € N(Gq)V t. Since in general G; does not have a right null space and
moreover, even if it did, Ay(¢) does not need no remain in the same space for all
times, so G; = 0. Thus for any observer of the form given by Eq. 2.59 to be
realizable in second order form its feedback gain matrix needs to have the following

internal structure:

0
G. = (2.61)

Go

where Gy is still free to be selected. This result was first shown by [Balas; 1998].
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Figure 2.1: Block diagram of a continuous time classical state estimator (output only)

2.9.3 RECURSIVE ESTIMATORS

Recursive estimators are mostly based on Bayes’ theorem

P(Y|X) x P(X)
P(Y)

P(X|Y) = (2.62)

where X is the state and Y is the measurements. This form describes how the
knowledge of the system state is combined with the measurement information to get
a better estimate of the state. The knowledge of the system state is given with the "a

priori" probability of the state P(X). The measurement information is the likelihood
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probability P(Y|X) which depends on the state. The likelihood and the "a priori'
probability are multiplied and normalized through the evidence P(Y'), which is a
normalization factor. The resulting new probability of the state P(X|Y") is known
as the "a posteriori’ estimate. When the next measurement is processed the former
"a posteriori" state probability is the new "a priori" probability. It is desirable to use
a distribution where the "a priori" probability and the likelihood probability yields
to "a posteriori" distribution of the same class. In other words, the family of the
probability distribution is not changing in the recursive process.

Bayesian linear state estimation has been applied by many researchers on var-
ious fields of science, with the contribution from Kalman [Kalman; 1960] being the
most celebrated. In classical Kalman filtering it is assumed that the model is correct
but that the excitations and measurement noise are realizations of a Gaussian white
random process with zero mean and known covariance matrix Q and R, respectively.
A related problem is where no disturbances are acting on the system and we have a
correct model but the dynamic response is uncertain due to lack of knowledge of the
initial conditions. The seminal contribution to solve this problem is the work done

by Luenberger [Luenberger; 1964].

The basic equations of the Kalman filter algorithm are given on Table 2.1.
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Table 2.1: Summary of discrete Kalman filter equations - Gelb [Gelb; 1996]

System Model T = Axp_1 + wp_1 wi ~ N (0, Q)
Measurement Model 2z = Hxp + v vy ~ N(0,Ry)
Initial Conditions E [2(0)] = Zo,
E [(2(0) — £(0))(x(0) — 2(0))"] = Po
Other Assumptions E [wyv]] = 0 for all j,k
State Estimate Extrapolation x,g ) = Ay?;,(j)l
Error Covariance Extrapolation P, = AP, AT + Q,_;
State Estimate Update 20 = 20 4 K[z, — €20
Error Covariance Update PfC ) = - KkH]P,(J)
Kalman Gain Matrix K, = P{7HTHPH” + R,

2.9.4 DISCRETE TO CONTINUOUS (D2C)

RELATIONSHIPS

to discrete time matrices.

All previous equations are presented in continuous time. In practice, vibration signals

are obtained in a digital fashion so we need to convert the continuous system matrices

The solution of the continuous time state-space representation is well known,

[Kailath; 1980], and can be expressed by:

t
z(t) = zoee! +/ e AT Bu(r)dr
0

and by taking t = kAt the previous equation can be expressed as

At
Tpy1 = Admk + Ad/ €7AcAthu(T)dT
0

(2.63)

(2.64)

where 7 has the origin at the start of each time step and A4 is the state-space
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matrix in discrete time (see Table 2.2 for details). To convert equation 2.64 into an
algebraic form, the integral that is related to the excitation needs to be resolved. The
solution of the integral is governed by how the intra sampling behavior of the input
is considered. The reader is referred to [Bernal; 2007] for more details. The author
discusses the discrete to continuous relationships of the state-space representation
matrices. The inter sampling behavior for analysis is based on the nature of the

input that is exciting the system. Bellow is a summary of these relationships:

Table 2.2: Summary of Discrete to Continuous (d2c) relationships

Matrices in continuous time

Method Ay B4 Ca Dgq
BLH | eAc2t AgB At C. D,
ZOH | eAeAt [Aq — I A.'B. C. D,
FOH | e22 | [Aq —I°A.2B.1/At | C, D.— C.A:. ...

I- A (Aa—T)1/A B,

SZOH | eAeAt | Ag*7[Aq —T) A 'Be | Cc | Do+ CeAc ! [Ag™ — 1] B,

After selecting the inter step consideration, the state-space representation and

the measurements of the system can be expressed as:

Trp1 = Aqry + Bapr + Grwy, (2.65)

Y = Cazy + Dazpi + Daiwy + vy (2.66)

where the subscript d means discrete and k means the values of the state, exci-

tations and noise at the kth step.
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2.10 SYSTEM IDENTIFICATION

System identification deals with the estimation of a model that better explains, in
some predefined sense, observed data on a dynamical system ( [Eykhoff; 1974], [Soder-
strom & Stoica; 1989], [Juang; 1994], [Overschee & De Moor; 1996], [Pintelon &
Schoukens; 1996], and [Ljung; 1999]). The search space is typically constrained to a
certain family or class of models and within that class optimal parameters are sought.
Due to the presence of noise in the measurements and unmeasured excitations, the
identified parameters are not optimal. The objective is to arrive at some practical
description of the dynamical system by processing the input (if any) and outputs
(measurements). The form of the dynamical model is chosen depending its appli-
cation: parametric models belongs to a class where each model is differentiated by
specific values of the parameter space and non-parametric models are those described
in terms of functions e.i., frequency response functions, impulse response functions,
etc. Broadly speaking, identification entitles: 1) collection of outputs, 2) selection of
the type of dynamical model, and 3) a criteria to select such model.

We implemented Subspace Identification (SUBID) and Eigensystem Realization
Algorithm (ERA) techniques to estimate model parameters from measurements in
this dissertation. The reader is referred to chapters 3 and 4 for more details on
these. [Shokravi, et al.; 2020] provides an extensive overview of SHM methods that

apply to system identification (see Fig. 2.2).
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The applied SHM methods in civil engineering
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Figure 2.2: Classification of SHM methods (Figure 1. of [Shokravi, et al.; 2020]

2.10.1

OBSERVABILITY

A state, x(t,), is observable if it can be determined from knowledge of the system

state-space matrices and the output y(t) for ¢ > t,. In structural dynamics, if every

mode shape has at least one measurement coordinate with non-zero amplitude the

system is called fully observable (other wise it is defined as partially observable). For

example, consider a simply supported beam under any type of dynamic loading with
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a single sensor in the middle of the span. In this example, regardless of the number
of mode shapes of the beam that are excited only the odd number mode shapes are
going to be captured by the sensor (even mode shapes have no contribution in the
middle span of a simply supported beam). In summary, a state is observable if you
can back track the initial values of the state by having knowledge system matrices
and measured output response.

There are different ways to determine the observability of a system. One way is

evaluate the rank of the observability block O,:

Ca

CuA
o,=| 7 |=n (2.67)

CdAdnfl

where n is the order of the system (2 times the number of DoFs).
A more quantitative measure of the observability is through the Observability

Grammian W,(ty,t,) defined by:

t
Wty t,) = / " eAT(T=to) T CeAlT—te) g (2.68)

to
where ¢ is the final time of observations. By examining the condition number
of W, we can get a measure of the observability of the system. Given two sensor
configurations, one could infer that the one with the lowest condition number of W,

is more desirable since it is more robust to measurement noise or changes in the input.
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CHAPTER 3

LOWER BOUNDS FOR THE VARIANCE
OF FREQUENCY AND DAMPING RATIO
IDENTIFIED FROM NOISY VIBRATION

MEASUREMENTS

3.1 INTRODUCTION

System identification deals with the estimation of a model that better explains, in
some predefined sense, observed data on a dynamical system [1-6]. The search space
is typically constrained to a certain family or class of models and within that class
optimal parameters are sought. Due to the presence of noise in the measurements
and unmeasured excitations, the identified parameters are not optimal. The math-

ematical form in which model parameter estimates are presented range from point
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estimates to a joint probability density function [7]. As an intermediate and common
compromise, various researchers have proposed methods that aim to estimate only
the mean and variance of the desired model parameters. Under some restrictions
these methodologies allow for the computation of confidence intervals with specified
probability [8].

In many structural engineering applications, the models are linear and it is com-
monplace to formulate them on the basis of modal parameters, i.e. mode shapes,
frequencies and modal damping ratios [9]. Various authors have performed experi-
mental uncertainty quantification studies with the objective of gaining insight into
the origin and relative magnitude of the various factors that give rise to uncertainty in
the identification of dynamic models from measured data [10,11]. In [10] it is reported
that sources of uncertainty in the identification of modal frequencies and damping can
be divided into: test-setup uncertainty, measurement uncertainty and data analysis
uncertainty. It was found that there is significantly more variation in the identified
modal damping ratios that in the identified modal frequencies. In [11] two different
laboratory experiments were conducted and the statistics of the frequency response
functions measured at different points were obtained for a range of frequencies. It
was reported that more variability is present at the high-frequency range than in the
low-frequency range.

On the theoretical side we can point out to the work of Gersch [12] as one of
the pioneers on the subject of uncertainty quantification of identified models in struc-
tural dynamics. Gersch developed expressions that relate auto-regressive coefficients
(AR) of auto-regressive moving average (ARMA) models to eigenvalues of the sys-

tem, and thus with modal frequency and damping ratios. He used these expressions
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together with the Cramer-Rao lower bound (CRLB) theorem to compute the max-
imum achievable accuracy of the modal frequency and damping ratio based on the
maximum likelihood estimates (MLE) of identified AR coefficients. Another funda-
mental development can be found in [13], where a methodology for optimal sensor
placement for system identification was developed on the basis of determining the
sensing locations that maximize the Fisher information matrix for a fixed number
of possible measurements. Implicit integral expressions were derived to evaluate the
Fisher information of linear multi-degree of freedom systems with mass and (or) stiff-
ness proportional damping. More recent developments on the subject of uncertainty
quantification of identified modal parameters have been reported in [14-17].

In [14] it was shown that in the case of output-only system identification it is
possible to obtain an estimate of the covariance of the normalized modal parameters
from knowledge of the mean and covariance of the parameters that define a common
denominator rational transfer function matrix, which in principle can be identified
from the structural response measurements. In [15] an algorithm is proposed that
efficiently estimates the covariance of modal parameters obtained from multi-setup
subspace identification. Multi-setup system identification refers to an algorithm ca-
pable of merging data from different sensor locations and different test setups. The
algorithm was validated using ambient vibration data of the Z24 bridge. In [16] an
algorithm is proposed to remove bias errors from system identification results and
estimating the variance errors from a single ambient vibration test. The bias removal
procedure makes use of a stabilization diagram. The variance estimation procedure
uses the first-order sensitivity of the modal parameter estimates to perturbations of

the measured output-only data. In [18] an algebraic relationship between the variance
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of the natural frequency and the damping ratio was derived on the basis of assum-
ing the location of the eigenvalue in the complex plane to be random within a circle
where the variance of the real part equals the variance of the imaginary part. From
examination of the existing literature we can deduced that modal damping ratios
are significantly more difficult to estimate than modal frequencies. Although most
of the studies regarding identification of damping and its uncertainty operate under
the basis of assuming viscous modal damping, other models for damping have been
proposed and methods to estimate it have been developed and summarized by [19].

In a recent paper by S.K. Au [17] the problem of maximum achievable accuracy
in operational modal analysis was investigated using a frequency domain Bayesian
approach. In similar fashion to our research, classical damping and well separated
modes were assumed. Our research differs from the work of [17] in various ways: (i)
all derivations are in the time domain as opposed to the frequency domain; (ii) we
are interested in signals resulting from initial conditions or known excitations and
the only source of uncertainty is the measurement noise and (iii) our approach is
based on Fisher information and CRLB as opposed to Bayes’ theorem. Despite these
differences, it is interesting to note that general result trends are preserved. These
will be discussed within the body of this chapter.

In the following pages, we derive of exact mathematical expressions which allow
for the computation of the minimum achievable variance of identified modal frequency
and damping ratio from noisy vibration measurements induced by either initial con-
ditions or measured excitations. Derived bounds establish a reference level to which
the second order statistics of system identification results can be compared. We also

demonstrate and quantify that there must be significantly more uncertainty in iden-
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tified modal damping ratios than in natural frequencies. This is a fact which stands
independent of the system identification algorithm that is employed, as long as the
algorithm is unbiased. The mathematical background of the proposed expressions is
rooted in the CRLB theory.

We begin with an examination of the Fisher information matrix and the CRLB
theory. Following this we proceed to derive exact expressions for the CRLB for natural
frequency, damping ratio, and initial conditions under free vibration conditions and
arbitrary excitations in single degree of freedom systems. Using the SDOF results and
modal analysis we extend the results to classically damped multi-degree of freedom
systems with well separated modal frequencies. We illustrate the results numerically
and confirms them by means of simulated system identification results. The close the

chapter with a section summarizing the main findings.

3.2 FISHER INFORMATION

The Fisher information is a measure of the amount of information that an observable
random variable X carries about an unknown parameter 6§ upon which the probability
of X depends. The probability function for X, which is also the likelihood function
for 0, is a function f(X;6); is the probability mass (or probability density) of the
random variable X conditional on the value of . The Fisher information is defined

as

9?In f(X, 0)] (3.1)

10) = —E[ o
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or alternatively as

1(6)=E

<8ln g(ex, 9))2} (32)

To gain some insight, one can use eq.3.1 to verify that the Fisher information of
the mean of a Gaussian random variable is equal to the inverse of the variance. This is
consistent with basic statistics which states that given a fixed number of samples of a
Gaussian random variable the uncertainty (lack of information) in the estimate of the
mean increases with the variance. An important property of the Fisher information
is that, given n independent measurements x; of the random variable X, the Fisher

information is additive, such that

L(0) = >_ 1(0) (3-3)

where I, is the Fisher information of the i** measurement. It was shown in
[22] that the Fisher information matrix of a scalar discrete signal s(t) dependent on
multiple parameters 6; and corrupted by additive Gaussian white noise with variance
o? is given by

1) = 53 X g 3.4

o n=0

where s(n;#) is value of the signal at time ¢ = nAt and At is the time step
between measurements. A dimensional analysis of the previous equation indicates
that the units of the Fisher information are [P]~2 where P is the unit of the parameter
being investigated. Therefore, the corresponding Fisher information of two different
parameters, with different units, can not be compared directly. For the cases of

interest in our research, the Fisher information of circular frequency has units of
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s?/rad? while the Fisher information of damping ratio has no units.

3.3 CRAMER-RAO LOWER BOUND

If f(X;0) satisfies the regularity condition

E [W} —0 W (3.5)

where the expectation is taken with respect to f(X;#), then the variance of any

unbiased estimator 8 must satisfy

1

A > _
Var(#) > CRLB T(0)

(3.6)

This lower limit is known as the Cramer-Rao lower bound (CRLB). For the case
of multiple parameters § € R™!, the Fisher information becomes a matrix and the

CRLB is given by

CRLB =1(0)"" (3.7)

The proof of this theorem can be found in [22]. From the previous discussion
it is clear that the Fisher information is always positive (by definition) and that
the minimum achievable variance of 6 will shrink as the number of measurements

increases. By definition, if we denote R = I(6)~!, then

A

It is possible to use the previous result to compute the minimum coefficient of
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variation (CoV) induced by the CRLB. This is given by

CRLB(0;)

(3.9)

Since the CoV is unitless, this criteria will be used for the remainder of the

chapter to compare the maximum achievable accuracy among different parameters.

3.4 FISHER INFORMATION IN FREE
VIBRATION DISPLACEMENT

MEASUREMENTS

In this section we develop the Fisher information theory and the CRLB in the context
of single degree of freedom (SDOF) elastic systems with velocity proportional damping
subjected initial conditions. The free vibration response of a SDOF with additive
noise (v(t)) is given by
s(t) = e St KW’> sinwgt + x, coswqt | + v(t) (3.10)
Wq
where ¢ is the damping ratio, w, is the undamped circular frequency, wy =

w1 — &2, x, is the initial displacement and iz, is the initial velocity. The derivatives

necessary to compute the Fisher information (eq. 3.4) can be found, after some
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differentiation and algebraic manipulations, to be given by

0s o6t _ gt (x'o + wpz,

awn Wy

Ty + Ewn, T
+t| ——"") /1 —E2coswgt —
( Wy ) 5 wd WnWd
— z,&t coswgt — Tty /1 — £2 sinwyt]

>sinwdt+...

0 + Ewy,
g5 _ et — wpt <x0 §wn O) sin wgt + .

+ [ﬁ ( 5%) ( §2)7% + \/%] sinwgt + ...

T, WnTo wpét
—( +< ) ( § )coswdt—xowntcoswdt+...

Wq

1=¢

+x <wn§t> sin wgyt]
\vVi=-& a

0s g~ swnt
% = " sin wgt
o) d

Os = 3 e Sntsin wat + e 5t cos wyt
Jxr, +1-—&2

sinwgt + ...

(3.11)

(3.12)

(3.13)

(3.14)

For illustration purposes Fig. 1 depicts the shape of each of the derivatives

given above for the particular case of a system with w, = 107 and £ = 0.02. The

derivatives can be evaluated at discrete times consistent with the signal sampling rate

and inserted into eq.3.4 to compute the sum and obtain the Fisher information. Since

we are investigating four parameters, the Fisher information matrix will be 4 x 4.

Evaluation of eq.3.4 using the previously shown derivatives in discrete time can
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Figure 3.1: Graphical representation of derivatives necessary to compute the Fisher infor-

mation matriz. In this case the particular parameters used were x, =1, o, =1, w, = 107
and & = 0.02

only be done numerically within the context of a particular example, however it proves
useful to examine the Fisher information in the limiting case where the sampling rate

goes to zero and the observation time goes to infinity, i.e.

1 =2 os(n; 0) 0s(n; 0) % Os(t; 0) 0s(t; 6)

lim I; = li At = = dt (3.15
N L= B N7 2 o6, o, R T (3.15)

where 032 is the displacement measurement noise variance per unit of time (in
a Brownian motion sense). Eq.3.15 can be evaluated in closed form for any SDOF

system with initial velocity (&,) and displacement (z,). Eq.3.15 is an upper bound on
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the Fisher information, since all possible information is being used. The CRLB com-
puted from the asymptotic Fisher information represents the lowest possible bound
on the variance of the estimated parameters.

Some particular results are of special practical interest, namely, estimating the
Fisher information regarding circular frequency (w) and damping ratio (£) in noise
contaminated free vibration measurements induced by an initial velocity or displace-

ment. These are explored in the following sections.

3.4.1 INITIAL VELOCITY

Substituting , = 0 and %, = v, into eq.3.11 and solving the integral in eq.3.15 we
obtain the upper bound on the Fisher information regarding circular frequency (wy,)
in noise contaminated free vibration displacement measurements with additive white

Gaussian noise. The resulting expression is

1 o/ 9s\° 1+ 5¢2
li Iw:—/ 2 ) dt= 25 2 3.16
s e = 52 Jo (awn> 8020w (3.16)

Similarly, the upper bound for the Fisher information regarding the damping

ratio (&) is given by

. 1 [ (9s)° 1 9
i}flﬁl’}o _[5 = 03/0 (aé_> dt = (W) UO + HOT (317)

t— oo

where H.O.T are higher order terms where the damping ratio appears in the
numerator with powers higher than two. The previous integrals, although not nec-
essarily difficult, are numerous and cumbersome to compute. The authors resorted

to the software MATHEMATICA [29] to compute them in a time efficient manner.
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Their validity was confirmed using numerical integration. All other integrals to follow
were computed in a similar fashion.

By the CRLB theorem (eq.3.8) the minimum variance that can be achieved
whenever using an unbiased estimator of the natural circular frequency (w,) of a

SDOF system from noisy displacement response measurements is

8o2&3wp

> 1, = —"—"5"—
Va/r(w'n) Wn, (1 + 5€2> /Ug

(3.18)

From this expression, the induced lower bound for the coefficient of variation of

Wy, is

8a2E&3w3
CoV,, > | —" 3.19
Vor 2\ (T4 56012 319
Similarly, the minimum variance that can be achieved whenever using an unbi-

ased estimator of the damping ratio ¢ of a SDOF system from noisy displacement

measurements is given by

8¢ wn

2
Yo

Var(§) > (3.20)

From this expression, the induced lower bound for the coefficient of variation of

¢ is

8o2¢w3

2
Yo

CoVe > (3.21)

Fom eq.3.19 and 3.21 one can obtain an expression for the ratio between the

minimum coefficient of variation of damping and the minimum coefficient of variation
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of circular frequency

min(CoVe) /1 + 52
min(CoV,, ) £

(3.22)

From the previous expression it is evident that the coefficient of variation that
can be expected when identifying viscous damping is significantly higher that the one
for identified frequency. This is in agreement with system identification results in
civil and mechanical engineering practice. For small values of damping, i.e. £ << 1,

the previous expression can be reduced to

min(CoVg) 1

— < ) = 3.23
min(CoV,, ) ¢ (3:23)

In [17] it was found that this ratio is given by
min(CoVg) 1 [By (3.24)

min(CoV,, ) €\ Be
where By and Bg are constants that depend on the size of bandwidth around the

resonant frequency. If the bandwidth is large, then both of the previous expressions

coincide.

3.4.2 INITIAL DISPLACEMENT

In this section we examine the case where the free vibration is induced by an initial
displacement. All other conditions, i.e. measurement time and noise model remain
the same as in the previous section. Using eq.3.11 with &, = 0 and substituting into

eq.3.15 with 6 = w,, we obtain
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, 1 o[ 0s\? 1 )
lim I, = 03/0 (aw) U= g gt 0T (3.29)

t—o0

where the minimum coefficient of variation for w, is given by

802¢3 (1 — &) wy,

2
Lo

CoV,, > J (3.26)

Similarly, for the Fisher information regarding damping ratio (§) we use eq.3.12

with &, = 0 and substitute into eq.3.15 with 6 = £ to obtain

2
1 oo 1+ 22
lim [, = 7/ 95" gy — X 2iHOT (3.27)
2t ogdo \o¢ 803w, (1 - €2)

where the minimum coefficient of variation for £ is given by

803w, & (1 — £2)?
CoV; > J "Elff; = fg,) (3.28)

For the case of vibration induced by an initial displacement, the quotient of

the coefficient of variation of damping ratio to the coefficient of variation of circular

min(CoVg) 1-¢ 1
min(CoV,, ) \ €2 (14+2) " ¢ (3.29)

For small values of damping, typically found in structures, eq.3.23 and eq.3.29

frequency is given by

are identical. It is interesting to note that for any given initial displacement it is
possible to find a corresponding initial velocity such that the asymptotic value of the

Fisher information for frequency or damping is identical.
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Up to this point we have derived the Fisher information and the minimum at-
tainable coefficient of variation by a unbiased estimator for circular frequency (w;,)
and damping ratio (§). We have also proved that for £ << 1 and independently of
the excitation source (initial displacement or initial velocity), the natural frequency
of the structure and the level of noise; the ratio between the CoV of damping ratio
versus the CoV of circular frequency is a constant and approximately equal to the

inverse of the damping ratio.

3.5 FISHER INFORMATION IN FREE
VIBRATION ACCELERATION

MEASUREMENTS

In the previous section we have obtained results in the case of displacement measure-
ments, in this section we investigate the Fisher information and CRLB in the case of
acceleration measurements. The measured signal in the case of acceleration response

of a single degree of freedom with additive measurement noise is given by

—&wnt (252 B 1) Wno + éwr%xo
(6 =< l( Vi@

> sin wgt — <2§wnvo + wimo) cos wdt] + vy (t)
(3.30)

This is found by taking two derivatives of the deterministic portion of eq.3.10

and adding acceleration measurement noise. Note that the measurement noise is

different in both cases. Again, two cases are of particular interest, initial displacement
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excitations and initial velocity excitations. For both cases we will examine the Fisher
information and determine the minimum variance of identified frequency and damping

ratio.

3.5.1 INITIAL VELOCITY

If the system is excited by an initial velocity and noise contaminated acceleration
measurements are used, then the upper limit of the Fisher information on circular

frequency is given by

. 1 o[ 9s\ (1+¢2) ,
%lir_io ]wn = OEA <8wn> dt = WUO + HOT (331)
and its corresponding minimum CoV is
80263

coV,, > (3.32)

(1+&2) w2

Similarly, the Fisher information regarding damping ratio (§) is given by

. 1 oo (0s)? wa (14262 )
lim I, = 02/0 <ag> dt = (80%3(1 ey ) v+ HOT (3.33)

t—o0
and its corresponding minimum CoV is

802¢ (1 — £2)°
CoVe > \J o (14 282) 12 (3.34)

If the corresponding coefficient of variations are computed for frequency and

damping, their ratio is given by
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min(CoVe) _ J G-+ 1

min(CoV,, ) e(1+22) ¢ (3.35)

which not surprisingly, coincides with the case of displacement measurements

with low damping ratio.

3.5.2 INITIAL DISPLACEMENT

If the system is excited by an initial displacement, the upper limit on the Fisher

information is given by

, 1 foo [ da '\’ wn (1+5€%)
i&l_l:lo [wn = 0’2/0 <8wn> dt = 80‘73{31’0 + HOT (336)

t—o0

and its corresponding minimum CoV is

8023
CoV, > .
e —J<1+5§2>wzxz

(3.37)

Similarly, the Fisher information for the damping ratio (§) is given by

. CLogmf0a)t(wi(1-2¢%) )
lim 15_02/0 ((%) dt = (80253(1—62)2 2+ HOT — (3.38)

t—o0
and its corresponding minimum CoV is

Q26 (1 — £2)?
CoV; > $ wgé (_ 5 gf) lg (3.39)

If the corresponding coefficient of variations are computed for frequency and

damping, their ratio is given by
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min(Col) J (1-)"(1+5¢2) 1 (3.40)

min(CoV,) £2(1-262) ¢
which also coincides with the case of displacement measurements with small
damping ratios.

In the previous expressions o is the acceleration measurement noise variance per
unit of time and it differs from o2. The relationship between these will depend on the
type of sensors that are used. If one is interested in a criteria for equality of Fisher
information regardless of the measurement type (displacement vs. acceleration), then
it is necessary to equate the expressions of the corresponding Fisher information and

solve for the o4 in terms of o,. As an example, equating eq.3.16 and eq.3.31 we can

find that

o2 1+¢&2 4
T _ A1
o2 (1 i 5§2> Wn (3-41)

which means that in order to obtain the same Fisher information regarding natu-
ral frequency from free vibration signals generated by an initial velocity; the variance
of the noise in the acceleration (02) and the variance of the noise in the displacement
(02) need to satisfy the above relationship. The previous result can be understood
intuitively as follows: If a system is very slow, then it is much better to measure
displacements because one can tolerate a higher level of noise. On the other hand, if

the system is very fast, then it is better to measure accelerations. Although this is

conceptually intuitive, the formula provides a quantification of the concept.
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3.6 FISHER INFORMATION IN FORCED

VIBRATION RESPONSE

In the case of forced vibrations, the noise contaminated measured response of the

SDOF to an arbitrary input w(t) is given by the convolution integral

sty = [ "Wt = Pyu(r)dr + v(t) (3.42)

where h(t) is the impulse response function. By using Leibnitz’s rule of differ-
entiation of integrals, we can find that the required derivative of the signal is given
by
ds(t) [t Oh(r)

20, ~ Jo o0, u(t — 7)dr (3.43)

By definition (eq.3.4) the Fisher information after N observations is given by

_ b IS (/OnAt WU(T)CZT) </0nAt Wu(r)dr) (3.44)

If we examine the limiting case where the sampling rate goes to infinity, we
obtain the following expression for the upper bound of the Fisher information at time

T
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, L T ton(r) toh(r) .
lim 15(T) = /0 [0 5 ult T)dT] lo g Ut =TT dt (349

Notice that since the impulse response h(t) of a SDOF system is the response

due to an initial velocity &, = 1/m, where m is the mass, we have

1
h(t) = et (mwd) sin wgt (3.46)

where the necessary derivatives of the impulse response have already been com-
puted in a previous section and in the case of frequency and damping ratio are given
by eq.3.11 and 3.12 substituting x, = 0 and &, = 1/m. In general, the integral in
eqs.3.44 depends explicitly on the time history of the excitation force (u(t)). Once
the Fisher information is computed, the CRLB in eq.3.6 can be used to compute the

minimum achievable variance of the estimated parameters.

3.7 NUMERICAL VERIFICATION

In this section we proceed to simulate the theoretically exact Fisher information
and corresponding CRLB given in the previous sections for circular frequency and
damping ratio. We will examine a single degree of freedom system in free vibration

and in forced vibration.
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3.7.1 SINGLE DEGREE OF FREEDOM SYSTEM -

FREE VIBRATION

Consider a SDOF with m = 1, w,, = 27, £ = 0.2 subjected to an initial velocity of
v, = 1m/s. The total simulation time is 12s with a At = 0.01s and the displacement
measurement noise variance is o2 = 0.01m?2. Fig. 3.2 illustrates the noise corrupted
free vibration response (s(t)), the computed temporal evolution of the Fisher infor-
mation regarding circular frequency and damping ratio using eq.3.4. In a dotted line,
the figure also shows the limiting values computed using eqs.3.16 and 3.17 (in this
case lim [, = 1,914 and lim [ = 62,911). As expected, the Fisher information is
a non-decreasing function that flattens out after the vibration ends and only noise
is left in the signal (s(¢)). The results shown in Fig. 3.2 confirm that the derived
asymptotic values are indeed correct.

Based on the CRLB, the minimum variance that any unbiased estimator can
achieve in estimating frequency and damping is min Var,,, = 5.22x10~* and min Vare =
1.59 x 107°. The respective coefficient of variations being min CoV,, = 0.0037 and
min CoVe = 0.02. The ratio of the coefficients of variation is 5.41 which is close to
the result given by evaluating eq.3.22 (5.47). The small discrepancy results from

neglecting higher order terms.
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3.7.2 SINGLE DEGREE OF FREEDOM SYSTEM -

FORCED VIBRATION

Consider a SDOF with m = 1, w,, = 27, £ = 0.05 subjected to a ground motion. In
this case the total observation time is T = 60s with At = 0.02. The displacement
measurement noise variance was selected as 02 = 5 x 107"m?/g%. Figure 3.3 shows
the ground motion that was applied and the noise corrupted measured response.
The Fisher information for undamped circular frequency and damping ratio com-
puted using eq.3.44 is shown in Fig. 3.4. In both cases the Fisher information basi-
cally flattens after 30s which is the point at which the response dies out and mostly
measurement noise remains. In this case the CRLB for the minimum coefficient of
variation of identified circular frequency and damping is computed using the total

Fisher information and is min CoV,,, = 0.00031 and min C'oV, = 0.0062.

3.7.3 VERIFICATION USING SYSTEM IDENTIFICATION

RESULTS

In this section we examine the performance of a particular system identification algo-
rithm with respect to the asymptotic results previously derived. Specifically, we will
test how close is the minimum variance of estimated modal parameters to the CRLB.
We will employ subspace identification (SUBID) [30] and will implement it using the
MATLAB system identification toolbox [31]. To perform all simulations we will use
the same system and measurement noise model used in the previous section.

A linear state space model of the following form was identified from input-output
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Figure 3.2: Noise-corrupted free vibration response of SDOF system (top), temporal varia-
tion of Fisher information for undamped frequency (middle), temporal variation of Fisher
information for damping ratio (bottom,)

data

2(k +1) = A(k) + Bu(k) (3.47a)

y(k) = Cx(k) + Du(k) (3.47D)

where z(k) is the internal state at time ¢t = kAt, u(k) is the input, y(k) is the
output. The matrices A, B, C, and D result from the implementation of the system
identification algorithm. The complex eigenvalues of the SDOF (\) can be calculated
from the eigenvalues of A, which here we denote as a. Both A and o come in complex

conjugate pairs and each one satisfies
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Figure 3.3: Time history of ground motion acceleration (top) and noise-corrupted system
response (bottom,)

_ log(a)
A= At

(3.48)

The undamped frequency (w,) and damping ratio (£) can be computed from A

by using the expression

A= —w, +iy/1 — 2w, (3.49)

We performed 500 realizations of the noise contaminated system response and
proceeded to identify the state space matrices and extract the modal circular fre-
quency and damping ratio. It is essential to note that the identified linear model
does not explicitly account for the presence of noise and thus in order to indirectly

account for it, the size of the model has to be artificially increased to leave “space"
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Figure 3.4: Temporal variation of Fisher information for undamped frequency (top), tem-
poral variation of Fisher information for damping ratio (bottom)
for the noise to project.

The results of the identified modal parameters are summarized in Table 3.1.
These results were obtained using a system order of 20 and extracting only the mode
of interest. As expected, it was found that the statistical properties of the iden-
tified circular frequency and damping are influenced by the assumed order of the
system. Figure 3.5 illustrates the variation of the CoV of the identified parameters as
a function of the order of the identified state-space model (eq.3.47). The larger the
identified order, the more accurate the estimation of the true mode becomes. One
logical explanation for this is that by artificially enlarging the size of the identified
system, more space is provided for the noise to project, which effectively cleans the
identified mode of interest.

As can be seen, the SUBID results are unbiased and thus the CRLB should
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Figure 3.5: Variation of the CoV of circular frequency (left) and damping (right) as a
function of the identified order of the system.

apply. The CRLB for circular frequency and damping was computed from the final

value of the Fisher information shown in Fig. 3.4 and recorded in Table 3.1. It is

verified that the CRLB provides a bound for the CoV of both identified parameters

that was not reached by SUBID.

Table 3.1: Comparison of System Identification Results with CRLB

Circular Freq. Damping ratio
Sample Ave. | CoV | Sample Ave. | CoV
CRLB 6.2832 0.0003 0.0500 0.0062
SUBID 6.2830 0.0009 0.0500 0.0185
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3.8 HEURISTIC EXTENSION TO MULTI-DEGREE

OF FREEDOM SYSTEMS

All the results so far correspond to SDOF systems. For multi-degree of freedom
(MDOF) systems with N degrees of freedom and classical damping the response at

any point p in the structure is given by

N

z(p,t) = Zl ¢i(p)xi(t) (3.50)

where ¢;(p) is the amplitude of the i’ mode at p and x;(t) is the response of

the ¢* mode. If a sensor is present at p, then in the presence of additive noise, the
measured signal at p will be given by s(t) = z(p, t) + v(t).

The results for SDOF systems can be heuristically extended by analyzing every
mode individually. Due to the orthogonality property of mode shapes, the derivative
with respect to any modal parameter of a particular mode only depends on that
mode, while the terms corresponding to other modes cancel out. Thus the block
diagonal terms in the Fisher information matrix I(#) remain unchanged as the results
are extended from SDOF to MDOF systems.

The cross modal terms in the Fisher information matrix, namely

1 Y= 9s(n: 6) 0s(n; 0
i) = o 3 S0 0otnd)

o n=0

.01
o (3.51)

and
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1 ¥=' 9s(n;0) ds(n; 0)
Cdmgj - 2 Z awl 85] (352)

for modes ¢ and j can not be eliminated by simple inspection, since they will
not be zero in general. In the special case where modes are well separated, the
cross terms involve sums of products of enveloped sines and cosines with different
frequencies. Figure 3.6 illustrates that these sums decay rapidly as the distance
between the modal frequencies increase. Therefore it is expected that the magnitude
of the off-diagonal block matrices in the Fisher information will diminish with respect
to the block diagonals. This implies that the inverse of the Fisher information matrix,
i.e. the Cramer-Rao lower bound matrix will be mostly block diagonal. Consequently
the CRLB of each mode can be computed independently without significant error if
the modes are well separated. The validity of this heuristic claim will be tested in

the following section.

3.9 VERIFICATION OF MobpAL CRLB FOR MUL-

TIDEGREE OF FREEDOM SYSTEMS

Consider a shear-beam system with the following mass and stiffness matrices

10
M = (3.53)
01
30 —20
K = (3.54)
—20 20
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The circular frequencies of this system are w,; = 2.09 rad/s and w,s = 6.75
rad/s. The damping of the system is classical with £ = 0.05 for every mode. The

mass-normalized modal matrix is given by

—0.6154 —0.7882
o= (3.55)
—0.7882  0.6154

The equation of motion in the modal space when the system is subject to a

ground motion (ii,(t)) are given by

10 || &) 02094 0 i (t)
+ T
0 1| &) 0 0.6754 | | doft)
43845 0 1 (t) —1.4036
+ - ig(t)  (3.56)
0 45.6155 | | o(t) —0.1728

We performed 500 stochastic realizations with the ground motion shown in Fig.
3.3(top) and with displacement measurements at the first degree of freedom, contam-

inated with an additive Gaussian white noise with 02 = 5 x 107 "m?/¢2.

For each
realization we implemented SUBID and identified modal frequencies and damping
ratios. The order of the identified system was 50. The second order statistics of the

results are shown in Table 3.2.
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Figure 3.6: Illustration of the relative importance of off-diagonal terms in the Fisher infor-
mation matriz with respect to its diagonal terms and as a function of the distance between
consecutive modal frequencies

Table 3.2: Comparison of System Identification Results with CRLB

Circular Freq. Damping ratio

Sample Ave. | CoV | Sample Ave. | CoV

CRLB-Model 2.0939 0.0001 0.0500 0.0018

SUBID-Mode 1 2.0939 0.0004 0.0480 0.0048

CRLB-Mode 2 6.7539 0.0026 0.0500 0.0327

SUBID-Mode 2 6.7541 0.0050 0.0522 0.0601

From the results shown in Table 3.2 one can see that in the case of well sepa-
rated modes, the heuristic extension of the CRLB computed mode-by-mode provides

effective bounds for the CoV of circular frequency and damping ratio. It is also of
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interest to note that the two modes have very different bounds. This is driven mainly
by the difference in modal forces. From the right-hand side of eq. 3.56 one can see
that mode 1 has a much higher load factor than mode 2, this means that the response
of that mode will be much higher and thus the signal-to-noise ratio of mode 1 will
be higher that for mode 2. Higher signal-to-noise ratio leads to better estimation

accuracy.

3.10 (CONCLUSIONS

We presented the derivations of exact expressions to compute the lowest achievable
variance by any unbiased estimator of modal frequency and damping ratio from free
vibration and forced vibration signals contaminated by additive Gaussian white noise.
These limits are found through the CRLB theory. The results were obtained for
displacement or acceleration measurements contaminated with zero-mean additive
Gaussian white noise.

The expressions were derived for single degree of freedom systems and extended
to classically damped MDOF systems with well-separated modes. It was proved
that the CoV of identified modal damping ratio must be significantly higher that
the CoV of identified modal frequency by factor approximately equals to the inverse
of the damping ratio. The analytical results were illustrated via simulated system

identification using SUBID methods.
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4.1 ABSTRACT

Composite bridge decks provide higher flexural moment capacity and stiffness com-
pared to their non-composite counterparts. In order to achieve composite behavior,
differential slip between the steel member and the concrete slab must be restrained
by means of shear connectors. In older bridge decks composite behavior is uncertain.
Uncertainty arises, among other things, due to lack of knowledge regarding the type
of shear connector used (if any), cumulative damage due to fatigue, and aging effects.
In this paper the authors propose the use of sensitivity-based finite element model
updating to determine the degree of composite behavior of operational bridge decks
with uncertain shear connectors. The free parameters of the models are: rigidity
per unit length of the beam-slab interface and the elastic modulus of the concrete
slab. The features used in the model updating procedure are the identified modal fre-
quencies from operational acceleration measurements. A sequential sensitivity-based
weighted least-squares solution was implemented. The proposed methodology is ver-
ified in various simulated bridge deck structures and validated in an operational and

partially instrumented bridge deck with uncertain composite action.

4.2 INTRODUCTION

Based on data from the National Bridge Inventory approximately 24% of all multi-
span bridges in the United States are constructed using steel girders and a concrete
slab [National Bridge Inventory; 2019]. This percentage is higher in the Northeast

where it reaches approximately 63%. One important component in this type of deck
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construction is shear connectors. Shear connectors enable composite behavior by
transferring horizontal shear stresses between the steel beam and the concrete slab.
Composite decks possess a significantly larger flexural strength and stiffness with
respect to non-composite ones [2]. Shear connectors are typically constructed by
welding vertical steel studs to the top face of the top flange in steel girders prior
to pouring of the concrete slab. The design of shear connectors is governed by two
criteria; static strength and fatigue. Shear connectors are first designed for fatigue
loads due to moving vehicles and then checked for static ultimate strength. Girders are
checked for static ultimate strength assuming full composite action, i.e. the number of
shear connectors is enough to transfer the horizontal shear force at the interface that
results when the steel girder has fully yielded and the concrete slab has simultaneously
reached its maximum compressive capacity. AASHTO LRFD Specifications require
that steel girder/concrete slab decks be designed as fully composite [8]. If a beam
does not have enough connectors to guarantee fully-composite behavior, then it is
categorized as partially composite and its ultimate load capacity is typically governed
by the failure of shear connectors.

Whenever the structural integrity of an existing bridge deck needs to be as-
sessed; the presence and effectiveness of shear connectors becomes a central issue. In
older bridges with unknown construction practices, lack of as-built drawings and(or)
cumulative damage effects such as fatigue, the effectiveness of shear connectors is
uncertain. The most widely used approach in the practice of structural assessment
of bridge decks with uncertain composite action consists in assuming no interaction
between the concrete deck and the steel beam. This practice typically results in a

diagnosis that is not cost effective and inconsistent with the fact that over the years
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of service some of these decks have withstood traffic loading beyond the strength pro-
vided by the non-composite assumption. An overly conservative diagnosis regarding
a bridge deck could result in an unnecessary decision to replace, retrofit, or to reduce
the load rating of the deck. Development of technologies capable of assessing the ef-
fectiveness of shear connectors and the degree of composite action in uncertain bridge
decks would prove useful for engineers and public transportation decision makers.

A reasonable approach to assess the effectiveness of composite action in a deck
is to instrument it with sensors capable of measuring the strains in the vicinity of the
steel-concrete interface. If the strain measurements in the steel and concrete near the
interface are close, then one can infer that there is negligible relative slip between the
two surfaces and composite behavior is verified (at least within the range of loading
consistent with the measurements). As an alternative, one can measure the strain at
various points along the depth of the steel girder and interpolate (or extrapolate) the
location of the neutral axis. Using principles from structural mechanics, the level of
composite action can be inferred from the estimated location of the neutral axis. This
last approach is only valid if no net axial force is present in the deck. One drawback
of strain-based approaches is that they require significant instrumentation and can
only assess composite action at a local level, i.e. at the section where the strain is
measured.

Recent examples of the strain measurement approach can be found in the liter-
ature. In [4] Brefia et al. present results from monitoring an I-girder type highway
overpass under a controlled live load test. A total of 60 strain measurements were
used to estimate load distribution factors and these results were compared with the

results from a finite element model (FEM). The researchers found that although the
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deck was designed as non-composite, the strain measurements across the cross sec-
tion (assuming Bernoulli’s hypothesis of linear strain distribution) were consistent
with the condition of I-girders acting as composite with the reinforced concrete slab.
In [5] Chakraborty and DeWolf developed and implemented a continuous strain mon-
itoring system on a three-span composite I-girder overpass. The instrumentation
consisted of 20 uniaxial strain gages. The study reported on data over a period of 5
months. Among other things, the study included the determination of the location
of the height of the neutral axes of various structural members when large trucks
travel across the bridge. One of the conclusions of this study was that the measured
strain levels are typically significantly below those recommended by AASHTO. The
authors stated that this is a byproduct of conservative simplifications typically used
in conventional designs, such as not including redundancies, connection restraints,
and the way in which loads are distributed to different parts of the structure. This
conclusion is in agreement with a previous study [6].

Jauregui et al. [7] conducted a series of controlled field loading tests on a standard
[-girder bridge built in the late 1950's and assigned for decommission. Measurements
consisted of strains and vertical deformations at various points. Results of the inves-
tigation show that the deck behaved as if partially composite right up to the onset
of yielding. Partial composite action occurred in spite of the lack of shear connectors
between the girders’ top flange and the concrete slab. This suggests that partially
composite action of the girders can be attributed to friction due to the slab bearing
down on the girder top flange and mechanical interlock at the girder-deck interface.
Jauregui et al. argued that these two forms of shear restraint are dependable if not

overcome and thus may be used to arrive at a better measure of the bending stiffness
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and resistance of the deck.

The main hypothesis of this paper is that global acceleration measurements in-
duced by traffic can be used to estimate the stiffness provided by the presence of
partial composite action in bridge decks. Specifically, free vibration response shortly
after the vehicle leaves the deck. Laboratory experiments conducted by various re-
searchers on isolated composite beams provide encouraging results which indicate
that this approach might be scalable to operational bridge decks [9, 10].

Morassi et al. [9], performed a theoretical and experimental laboratory inves-
tigation into the behavior of isolated, free-free steel beams-concrete slab composite
beams. They found that if shear connectors are damaged, then their effect can be seen
in the changes in vibration frequencies. It is expected that their general conclusions
extrapolate to cases with different boundary conditions. Finally, Kwon et al. [10] per-
formed a series of controlled laboratory experiments aimed at testing the effectiveness
of post-installed shear connectors. After examination of their experimental results,
it is possible to conclude that steel girders with concrete slabs that do not possess
explicit shear transfer mechanisms in the form of shear connectors; exhibit a flexural
stiffness that lies between the fully-composite and non-composite assumptions. It
can also be concluded that the difference between the overall stiffness of a composite
beam with shear connectors versus an identical one without shear connectors can be
observed even within the range of linear stresses.

The use of acceleration measurements presents several advantages with respect
to localized strain monitoring: (i) the overall integrated behavior of the deck can be
assessed as opposed to a more local examination provided by the strains measurements

(ii) a smaller number of sensors could be used to perform the assessment, making
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instrumental monitoring of these type of structures more affordable. We propose the
use of a sensitivity-based weighted finite element model updating to determine the
degree of composite behavior in operational bridge decks with unknown/uncertain
installation of shear connectors. The free parameters of the model are the rigidity
per unit length of the beam-slab interface and the elastic modulus of the concrete
slab. The features used in the model updating procedure are the identified modal
frequencies and their corresponding mode shapes extracted from global acceleration
measurements. A sequential weighted least-squares solution was implemented with
a diagonal weighting matrix on which each element is inversely proportional to the
variance of the identified modal features.

From the perspective of model updating, the fundamental challenges addressed
in this paper are to determine if: (a) the concrete modulus of elasticity and the
interface stiffness are independently identifiable from a subset of modal frequencies
and (b) the sensitivity of frequencies to changes in the free parameters is large enough
to overcome the “noise” in the identified modal parameters. The identification noise
is important because bridges are subjected to variations in environmental conditions
that affect boundary conditions and stiffness properties of the material, which in turn
get reflected as changes in modal properties.

The proposed approach is verified in the context of numerical simulations and
validated in an operational and partially instrumented bridge deck located in the
state of Vermont, USA. The bridge was built in 1963 and it supports two lanes of
traffic. The deck consists of a concrete slab supported on three inner longitudinal
stringers and two exterior girders. The interior stringers are supported on transverse

floor beams simply connected to the two main longitudinal girders. The bridge spans
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a total of 170.08 m (558ft). A portion of the bridge deck was instrumented with a
total of 10 vertical accelerometers distributed along the length of stringers.

The paper begins with a section describing the sensitivity-based model updating
procedure to be employed. The procedure uses eigenvalue sensitivity in order to set
up the linear set of equations. It also includes a weighting matrix to account for
the relative variance in the identification of the modal features. The paper continues
with a section describing the various models and assumptions to be used through
the rest of the paper. This is followed by sections describing two-dimensional and
three-dimensional numerical simulations aimed at verifying the proposed methodol-
ogy. A section describing the application in the context of an operational bridge deck
concludes the computational portion of the paper. The paper ends with a section

highlighting the main findings, limitations and potential future work.

4.3 SENSITIVITY-BASED MODEL UPDATING

Finite element model updating can be defined as a series of computational steps,
in which a preselected set of model parameters within a particular model class are
modified to minimize a function of the difference between response measurements of
the system and model predictions [20,23]. More formally this can be stated as: Given
a model class M(6) with response feature vector yps € R™ and corresponding system
response feature vector ys € R™, modify an f-dimensional subset 6; C 6 such that
a local minimum of the function J = g(Ay) is attained, where Ay = ys — yr. The
subset 0 is typically referred to as the free parameter space. In general, the response

features and model parameters exhibit a non-linear relationship. The relation between
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the response features and perturbations in the free model parameters Af; can be
written as
yM(9f+A9f)—yM(0f) :SA9f+H.O.T. (4.1)

where H.O.T represents higher order terms in Afy, the matrix S € R™/ and

each component of it is defined as

OYm.i
5@']— YM,

- 4.2
00; (42)
The objective function J is typically selected as a quadratic form
J=e'We (4.3)
where
€= Ay — SAd; (4.4)

W € R™™ is a weighting matrix and Aéf is the estimated change in the free

parameters. If m > f then the solution that minimizes J is obtained by

Aby = a (STWS) ' STW{Ay} = F{Ay) (4.5)

where 0 < o < 1is a scalar. The purpose of « is to reduce the estimated change in
the model parameters to avoid unrealistic variations (overshooting) byproduct of the
linearization in eq.4.1. The covariance of the estimates in each step of the updating

is given by
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COV [Ady] = FCOV [{Ay}] F” (4.6)

In this study the measurement features will consist of a subset of modal frequen-
cies and(or) their corresponding mode shape amplitudes at sparse locations. Ana-
lytical closed-form expressions of the sensitivity of eigenvalues and mode shapes in
undamped multi-degree of freedom systems can be found in the literature [19,21].
The sensitivity of eigenvalues to parameters that define the mass and(or) stiffness is

given by

o 4 L OM | 0K
%—ij [ )\Jaé’k—i_fwij% (4.7)

This expression is very convenient because it only involves the mode shape corre-
sponding to the frequency of interest. In cases where the computation of closed-form
sensitivities becomes computationally expensive or prohibitive, one can always resort

to a less elegant computation given by

~ Aym,i

Sij & Ab;

(4.8)

This requires careful selection of Afy; and the solution of multiple eigenvalue

problems in order to compute the changes in eigenvalues and eigenvectors.

4.4 MODEL FORMULATION

The mathematical theory describing the behavior of composite beams with weak

shear connectors subjected to unidirectional bending on a symmetry plane has been
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studied in depth by various researchers [11], [12], [13] and [14]; just to mention a few.
More recently, Dall’Asta [16] developed a more complete theoretical formulation for
three-dimensional cases. The author included out-of-plane bending and torsion based
on Kirchhoff bending theory and Vlasov torsion theory. Ranzi et al. [17] performed
a two-dimensional comparative study using four different formulations to analyze
partially composite two-layer beams subject to symmetric bending, namely; the ex-
act analytical solution, direct stiffness method, the finite element method and finite
differences. The authors concluded that the direct stiffness method, formulated us-
ing basis functions from the exact solution, provides the best accuracy followed by
the finite element method and the finite differences. This paper focuses on complex
three-dimensional structures and does not assume prior knowledge of the basis func-
tions from the exact solution, therefore a finite element model (FEM) formulation is
preferred.

All finite element models (FEM) to be considered in this paper are linear, elastic
with lumped mass and classical damping. The set of parameters 6 consist of all the
material properties necessary to formulate the stiffness, mass and damping matrices.
The set of free parameters ¢, will be the elastic modulus of the reinforced concrete
slab and the stiffness of the connecting elements representing the rigidity per linear
unit of length of the interface between the steel girder and the concrete slab. The
stiffness of the connecting elements will provide an indication of the overall degree of
composite action between steel and concrete. In both cases the parameters represent
homogenized averaged properties.

As mentioned previously the two fundamental problems to address are: (i) iden-

tifiability of parameters, i.e. Is it possible to separately identify the elastic modulus
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of concrete and the stiffness of the interface?, and (ii) Can these parameters be iden-
tified in the presence of noise or bias in the identified modal features? To investigate
these two aspects, various scenarios and models with increasing complexity will be
examined.

We begin with the simplified model of one of the stringers by considering it as
a simply supported 2-dimensional continuous beam. The model has analogous sec-
tions and dimensions to the stringers (W18x60) and tributary area of the concrete
slab. This model consists of two parallel longitudinal rows of frame-type elements
for concrete slab (top) and the steel stringer (bottom); as shown in Fig. 4.1a. The
longitudinal elements are interconnected at intermediate nodes by massless perpen-
dicular vertical elements that represent the stiffness of the interface that enables the
composite behavior, Fig. 4.1b. The model was implemented using a code developed
by the third author in MATLAB environment. Figure 4.1a shows the dimensions and
general details of the specific model considered. The mass of the model is lumped at
the nodes and the stiffness matrix is for horizontal and vertical degrees of freedom
(rotations where condensed out).

We also study a 3-dimensional model analogous to the portion of the bridge deck
that is instrumented as indicated in Fig. 4.10. The model explicitly includes the
main girders, floor beams, girders, bracings, and slab. The model has 83,026 DOF,
932 frame members that represent the steel elements (girder, stringers, floor beams,
bracings) and shear connectors, and 13,120 shell areas to model the concrete slab.
The model was formulated using the software SAP2000 and it is shown in Figures

4.5a, 4.5b, and 4.5c.

89



4.5 TwO DIMENSIONAL MODEL -

SIMULATED CASES

This section describes the simulation results corresponding to the application of
sensitivity-based model updating to the 2-D semi-composite beam shown in Fig. 4.1a.
The main interest is to determine if the two free parameters #;= elastic modulus of
concrete and #,= shear connector stiffness per linear meter are distinguishable based

on the first five flexural modal frequencies of the deck.
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(a) Longitudinal section of two dimensional FEM of
composite beam
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(b) Transverse section of two dimensional FEM of composite beam

Figure 4.1: Two dimensional FEM

Various cases where considered:

1. CASE 1: Identify a simultaneous increase of 20% in the rigidity per unit length

of the vertical connectors and in the elastic modulus of concrete.
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2. CASE 2: Identify a 20% decrease in the rigidity per unit length of the vertical

connectors and an increase of 20% in the elastic modulus of concrete.

3. CASE 3: Identify an increase of 100% in the rigidity per unit length of the
vertical connectors while the elastic modulus of concrete remains unchanged.
This was induced by reducing the separation of vertical connectors in half while
keeping the stiffness of the individual connectors the same. This case involves
the presence of model error since the model does not match the system used to

generate the “identified” modal features.

Table 4.1: System and initial frequencies (prior to updating) for Cases 1, 2 and 3 in the
2D Model

Frequency | SYSTEM | CASE 1 | CASE 2 | CASE 3
(#) (Hz) (Hz) (Hz) (Hz)
1 16.24 16.80 16.17 17.20
2 17.40 18.042 17.30 18.63
3 20.28 21.13 20.21 21.85
4 22.86 24.13 22.84 24.92
5 25.79 27.05 25.58 28.39

The first two cases are intended to investigate the capability of the methodology
to distinguish separate changes in the free parameters. For both cases the separation
between the vertical connectors was selected as s,, = 0.20 m. Case 3 examines
the effect of model error. Here the separation of the connectors is inconsistent with

the model and it is necessary to verify if the correct stiffness per unit length can
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still be estimated. For this case the system had a separation of vertical connectors
sy = 0.10 m and the model s, = 0.20 m. For all cases, the sensitivity approach was
implemented using only the discrepancies in the first six eigenvalues. In all cases the
initial values of the free model parameters are 3,630 kN /m/m for the rigidity per unit
meter of the rigid connectors and 28 GPa for the elastic modulus of concrete.
Figures 4.2, 4.3 and 4.4 show the evolution of the free model parameters as the
number of iterations increases for cases 1, 2 and 3 respectively. It can be seen that in
all cases, despite some initial overshooting, the selected free parameters converge to
the target values. This suggests that the parameters are independently identifiable

from changes in modal frequencies.
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Figure 4.2: Evolution of model parameters a)Rigidity per linear meter and b) elastic modulus
of concrete for Case 1 of 2D FEM
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Figure 4.3: Evolution of model parameters a)Rigidity per linear meter and b) elastic modulus
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of concrete for Case 3 of 2D FEM
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4.6 THREE DIMENSIONAL MODEL -

SIMULATED CASES

Following encouraging results from updating a 2D FEM of an isolated stringer, ver-
ification of the sensitivity approach using a 3D FEM is investigated. This model
simulates the instrumented portion of the bridge deck shown in Fig. 4.5. Cases 1 and

2 from the previous section are investigated, namely

1. CASE 1: Identify a simultaneous increase of 20% in the rigidity per unit length

of the vertical connectors and in the elastic modulus of concrete.

2. CASE 2: Identify a 20% decrease in the rigidity per unit length of the vertical

connectors and an increase of 20% in the elastic modulus of concrete.

Table 4.2 shows the five modal frequencies used to perform the model updating.
The table also shows the initial values of the frequencies prior to updating corre-
sponding to each case. The sensitivity matrix was approximated using eq.4.8. The
value of Af; to compute the changes in modal parameters was selected as 0.016;.
The sensitivity matrix is shown in Fig. 4.6. As expected the eigenvalues are more
sensitive to changes in the concrete modulus, however the sensitivity due to changes

in the stiffness of the shear links is not negligible.
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(a) Three dimensional FEM of bridge deck (b) Three dimensional FEM of bridge deck (no slab)

| 10.62 m )
f 1
! 1
| ® ® ® | Il.ozm
1.32m l'_'_ _+_ _ _1_____+_ ___}
O] ' 4 0]
1 ’, N 1
1 . . 1
7 S
A R R
! |
[ 1osm | 198m | 198m | 198m |
Node @ Centroid Axis of Girders/Stringers

——  Concrete Deck Shell Element
— — = Rigid Link Frame Element

= * = Floor Beam/Knee Brace Frame Element

(c) Cross section of three dimensional FEM

Figure 4.5: Three dimensional FEM of bridge deck (see Fig. 4.10 for additional dimensions)

Table 4.2: System and initial model frequencies (prior to updating) for Cases 1 and 2 in
the 3D Model

Frequency (#) | SYSTEM (Hz) | CASE 1 (Hz) | CASE 2 (Hz)
1 14.05 14.35 14.30
2 17.16 17.69 17.58
3 18.15 18.80 18.67
4 18.83 19.51 19.37
) 22.19 19.51 19.37
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Figure 4.6: Sensitivity matriz of first five eigenvalues to concrete elastic modulus and stiff-
ness of shear links.

Figures 4.7 and 4.8 show the results for Cases 1 and 2 respectively. In similar

fashion to the 2D FEM, the modal features and the model parameters converge to

the target values.
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Figure 4.7: Evolution of model parameters a)Rigidity per linear meter and b) elastic modulus
of concrete for Case 1 of 3D FEM
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4.7 VALIDATION USING DATA FROM AN

OPERATIONAL INSTRUMENTED BRIDGE

Having established that it is possible to distinguish between stiffness changes in shear
connectors and the concrete slab based on changes in modal frequencies, it is appro-
priate to proceed and apply the proposed method in the context of an instrumented
and operational bridge deck. Bridges 58N & S are twin bridges along interstate 89
in Vermont, USA. For this study, only the two-lane north-bound bridge was instru-
mented. The bridge was designed in 1961 and built in 1963. As can be seen from
Fig. 4.9 the deck is supported on two longitudinal built-up I-girders, which rest upon
two intermediate reinforced concrete piers and at the ends on reinforced concrete
abutments.

A typical cross section of the deck is depicted in Fig. 4.10. The reinforced
concrete slab (190mm thick) is supported at the ends on the main longitudinal girders
(with variable depth between 2.44 m (at the midspan) and 4.27 m (at the supports)
and on continuous intermediate stringers (W18x60) parallel to the main girders. The
stringers are supported on a transverse floor beam (W36 x 170) which itself is simply
supported on the main girders. The transverse floor beams are spaced at 7.01 m

on-center.

4.7.1 MODELING

As can be seen from Fig. 4.5a, the model is a substructure of the bridge. The bound-

ary conditions of the model are as follows: (i) rigid vertical supports at the abutment,
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Figure 4.9: Photograph of bridge 58N located in Vermont, USA.

(ii) longitudinal spring supports at the abutment (representing the horizontal rigidity
of the support at the abutment) and (iii) springs and masses at the opposite end,
these represent the stiffness and mass necessary to achieve the static displacement,
the fundamental vertical and torsional modal frequencies of the complete bridge deck.
The free parameters of the model are the stiffness per unit length of the shear con-
nectors between the slab and the stringer, and the elastic modulus of the concrete

deck.

4.7.2 INSTRUMENTATION

Instrumentation on the bridge deck consists of 10 accelerometers (PCB Model 393A03)

as shown in Fig. 4.10b. The deck was also instrumented with dynamic strain sen-
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Figure 4.10: (a)Cross section of bridge deck and (b) instrumentation layout (See Fig. 4.5
for the 3D FEM)

sors, but those measurements will not be used for the purposes of this paper, for
more information regarding the strain measurements see [18]. The location of the
accelerometers was selected to capture the maximum expected structural response of
the stringers while at the same time minimizing the required number of sensors (due
to budgetary constraints). It is worth noting that the main interest in the instru-

mentation is to capture the structural behavior of the stringers, however due to the
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interconnected nature of the structural system, some aspects of the global structural
response will also be captured. To perform the data acquisition the LMS SCADAS
MOBILE SCMO05 with a uniform sample rate of 200 Hz was used. The data col-
lection presented in this study begins April 12, 2012 and concludes November 20,
2013, with a hiatus between August 27, 2012 and August 28, 2013. Therefore, the
data spans between April and November of a nominal year. Measurements consist of
1-hour long records recorded sporadically during this interval. To reduce the effect of
input uncertainty (weight, speed or lane of travel of the vehicles) only free vibration
measurements were used in this analysis. A total of 184 free vibration intervals were
selected from the measured data. The criteria for selection was that the length of the
record be longer than 10 seconds after the vehicle left the bridge while no other vehicle
entered the bridge during that time. The measured temperature during the selected
intervals ranged from 15°F to 87°F. Typical acceleration measurements during the

passing of a heavy truck are shown in Fig. 4.11.

4.7.3 SYSTEM IDENTIFICATION

Knowledge of the characteristics of the traffic experienced by the bridge, vehicle speed,
weight and traveling lane, is rarely available. As a way to reduce uncertainty related
to the traffic induced excitation, free vibration responses are used for the system
identification. This is only possible because of the low average daily traffic on this
bridge, for bridges with constant traffic more advanced methods are necessary. The

acceleration intervals were processed using the Eigensystem Realization Algorithm
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Figure 4.11: Acceleration measurements at various positions along Stringer-1 during the
passing of a truck on the travel lane (See Fig. 4.10b for sensor location coordinates)

(ERA) [22]. The ERA identifies a linear model of the form

x(k+1) = Ax(k) + Bu(k) (4.9a)
y(k) = Cx(k) + Du(k) (4.9b)

where z(k) is the internal state at time ¢ = kAt, u(k) is the input, y(k) is
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the output. The A matrix, also known in control literature as the state transition
matrix, and it carries information about the system eigenvalues. The mathematical
formulation to extract the system frequencies from the eigenvalues of A can be found
n [22]. A summary of the identified modal frequencies from the selected data set is

shown on Fig. 4.12.
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Figure 4.12: Identified frequencies from global acceleration measurements. Mean values
indicated by dotted lines

From Fig. 4.12 it can be observed that during colder months the natural frequen-
cies experience an increase with respect to the warmer summer months. This change
occurs in all mode shapes and it appears to be reversible, so it can not be attributed to
a structural damage. We attribute it to temperature and humidity variations which

affect the mechanical properties of the deck and boundary conditions.
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4.7.4 MODEL UPDATING RESULTS

This section presents a summary of the results from the implementation of the fi-
nite element model updating procedure described in Section 4.3. Two scenarios are
compared: (i) using all identified frequencies across the complete time interval of mea-
surements and (ii) using only the subset of the data corresponding to the summer
months.

In both cases the variance of the identified frequencies is computed and a diago-
nal weighting matrix is computed. The i*" diagonal element of the weighting matrix is
the inverse of the variance of the i*" identified frequency. For convenience purposes,
the weighting matrix is scaled in such manner that the diagonal of the weighting
matrix adds to unity. This is an arbitrary choice since the weighting matrix can be
multiplied by any scalar without changing the result of the weighted least-squares
solution. For each case, two different procedures were implemented. In the first one,
the model updating algorithm was unconstrained while in the second one, the algo-
rithm was constrained to operate within reasonable limits for the variables,specially
the concrete modulus of elasticity. The selected lower and upper bound for the con-
crete elastic modulus were 21.37 GPa and 27.59 GPa respectively, this corresponds
to a lower bound of a compressive strength of concrete of 20.68 MPa(3 ksi) and an
upper bound of 34.47 MPa(5 ksi). The expression used to link concrete strength and
elastic modulus was E. = 47004/ f’c(M Pa) [8].

The model updating results for the scenario where all the data was used is
presented in Tables 4.3 and 4.4. The model updating results for the scenario where

only a subset of the data was used is presented in Tables 4.5 and 4.6.
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Table 4.3: Model Parameters - Using complete data set

Parameter Initial | Unconstrained | Constrained
0, = E.(GPa) 28 10.08 21.5
Oy =k, (MN/m/m) | 516.6 2,857.7 4.2

Table 4.4: Comparison of frequencies Bridge 58N - Using complete data set

Frequency | ID 02 | W | Initial | Unconstrained | Constrained
(#) (Hz) (Hz) (Hz) (Hz)
1 12.04 | 0.65 | 0.09 | 14.04 12.64 12.94
2 13.37 1 0.14 | 043 | 17.16 14.90 14.40
3 15.02 | 0.30 | 0.28 | 18.15 15.58 14.52
4 17.80 | 0.69 | 0.08 | 18.83 16.24 14.84
5 22.57 1042 | 0.11 | 22.19 19.58 19.72
Table 4.5: Model Parameters - Using reduced data set
Parameter Initial | Unconstrained | Constrained
0, = E.(GPa) 28 15.3 21.5
Oy = kp(MN/m/m) | 516.6 26,889.8 5.9

Table 4.6: Comparison of frequencies Bridge 58N - Using reduced data set

Frequency | ID 02 | W | Initial | Unconstrained | Constrained
(#) | (Hz) (Hz) (Hz) (Hz)
1 12.15 | 0.11 | 0.26 | 14.04 13.33 12.96
2 13.20 | 0.10 | 0.29 | 17.16 16.08 14.49
3 14.86 | 0.16 | 0.22 | 18.15 16.86 14.60
4 17.21 1 0.21 | 0.13 | 18.83 17.56 14.94
5 22491 0.30 | 0.10 | 22.19 21.08 19.76
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Fig. 4.13 shows a semi-log plot depicting the variation of the main vertical

frequencies of the deck as a function of the stiffness per unit length of the shear

connectors. The plots shows the frequencies corresponding to the initial model and

to the updated model (using a subset of the data shown in Fig. 4.12b).
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Figure 4.13: Frequencies of deck as a function of the effective stiffness of the shear connec-
tors. Shown are the values of the initial stiffness (solid circle) and the updated value (solid

triangle)

Fig. 4.14 shows the mode shapes (in the concrete slab) corresponding to the

constrained and unconstrained model updating. For both cases the reduced data set

was used. As can be seen, significant differences exist between the unconstrained and

constrained model updating results.

Fig. 4.15 presents a comparison between the maximum bending moments in

the stringers and outer girders as a function of the updated composite behavior of
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(a) - (b)

Figure 4.14: Mode shapes on the concrete slab corresponding to the updated model. On
the left is the result of the constrained model updating and on the right the results of the
unconstrained.

the deck. The loading is a pair point loads as indicated in the figure. These loads
represent the last axle of a three axle truck. The position of the loads corresponds
to the most critical, in the sense that it creates the largest bending moment. The
constrained updated model presents significant differences with respect to the un-

constrained model, specially in the stringer bending moments. The unconstrained
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71.17 kN 71.17kN (@ 2.70m from abutment)
2.10m I 2.60m I

-
[ T I

GIRDER GIRDER

Max. Bending Moments (kN-m)

Initial FEM 117.50 13.59 16.74 3.62 45.79
Updated FEM Unconstr. 138.89 14.27 17.47 2.94 57.13
Updated FEM Constr. 125.42 21.84 27.20 6.72 49.70

Figure 4.15: Comparison of maximum bending moments in various elements of the bridge
deck

model presents a very high level of composite action and a very low slab stiffness, this
translates into a higher level of loads going into the girders with lower loads going
into the stringers. In the constrained model, the slab is much stiffer in comparison
with the unconstrained case and thus this means a better and more even transverse

distribution of forces.

4.7.5 VALIDATION OF UPDATED FINITE ELEMENT

MODEL

In this section a validation of the updated finite element model (constrained FEM)

is presented. The data was derived from a test conducted on the bridge deck. The
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bridge was subjected to a passing truck driven on the travel lane with known axle
weight and spacing (measured off site). The truck had three axles weighting 30k N,
100kN and 100kN from front to back. The spacing of the axles was 3.00m and 6.00m
respectively. The truck was driven at a constant speed of 60 mph on the travel lane.
During the passing of the truck, accelerations were measured at all locations indicated
in Fig. 4.10. Similarly, the updated finite element model was subjected to a set of
simulated moving point loads with the same magnitude, relative spacing and speed as
the actual truck. For this simulation a modal damping ratio of 0.035 for every mode
was used. This is consistent with identified damping from vibration measurements
on the bridge deck.

Figures 4.16 and 4.17 show a comparison between the measured acceleration, the
original model and the updated model predictions. The improvement in prediction

capability as a product of the model updating can be easily observed.

0.2 T ] T

Measured 0.2 Measured
0.15 Updated FEM |{ —— Original FEM
0.15]
0.1
0.1
0.05 (M- kM-I
‘ n{' oot M NATH N A
Acc. (g) oLy e, }C/,\AWAKAVO-\’O”\, % m
W \.jl W Acc. (@) o . l\v\ A
-0.05 \i VAR AAAaY
01 -0.05 u \j
-0.15F 0.1 ¥
0.2 ' -0.15]
-0.25 -0.2]
-0.3 -0.25]
5 6 7 8 9 10 5 6 7 8 9 10
time (s) time (s)

Figure 4.16: Comparison of acceleration response (updated model vs. orignal model) at
stringer 1 (position P-5) when a test vehicle crosses the bridge in the travel lane at 60 mph.
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Figure 4.17: Comparison of acceleration response (updated model vs. orignal model) at
stringer 2 (position P-5) when a test vehicle crosses the bridge in the travel lane at 60 mph.

4.8 (CONCLUSIONS

In this paper the authors propose the use of a weighted sensitivity-based finite element
model updating to determine the degree of composite behavior in operational bridge
decks with unknown /uncertain installation of shear connectors. The free parameters
of the model are the rigidity per unit length of the beam-slab interface and the
elastic modulus of the concrete slab. The type of measurements used are vertical
accelerations at various points in the span. The number of measurements required
by the proposed methodology are significantly less than the ones required if the more
traditional strain sensing is used, with the drawback that the estimated quantities
represent the behavior of the deck in an average sense and not section-by-section.

The proposed methodology was verified by means of numerical simulations in
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two models that varied in size and complexity. The first model was a 2D FEM of
an isolated stringer in a bridge deck. The second model was a 3D FEM of a deck
substructure. For each model, various levels of composite action were considered.
In all cases, the modal features were selected as a subset of the system eigenvalues
and the procedure accurately updates the model parameters related to composite
action. The method was implemented in an operational and partially instrumented
deck located in Vermont, USA. The variability of the identified data features was
accounted in the model updating procedure by means of a weighting matrix (inversely
proportional to the variance of the identified frequencies). As expected, identified
modal frequencies varied significantly from summer to winter and thus two separate
analysis were conducted, one with the complete data set and the other with a reduced
data set which included only the summer months.

As an illustrative exercise, two model updating strategies were compared, con-
strained versus unconstrained. In the unconstrained case, the free parameters did not
have limits or bounds, while, as the name suggests, in the constrained cases the elas-
tic modulus of concrete was constrained to a lower bound. It was found that these
two model updating solutions result in different structural behaviors of the bridge
(static and dynamic). The unconstrained solution results in a very low (and physi-
cally unreasonable) value of the concrete modulus in the slab and a very high value
for connection stiffness; the constrained solution provides more reasonable results and
was thus adopted. The updated FEM, using the constrained approach, was further
validated using measured accelerations induced by a moving test truck with known
axle weight and spacing. It was found that the updated model provided an improved

match between predictions and measurements in comparison with the original model.
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This exercise highlights the need for sound physical understanding of the variables
when performing a model updating.

A limitation of the proposed model updating approach (which is independent of
the type of sensing used) is that only stiffness of the deck can be assessed and not much
can be learned regarding its ultimate static capacity. This is because various types of
shear connectors can provide similar stiffness but display very different post-yielding
behavior. Nevertheless, if the interest is the formulation of a finite element model
that can be used as a base-line model for stress analysis (say for fatigue life estimation
and(or) load distribution factors) then the proposed model updating approach would

prove useful.
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5.1 ABSTRACT

This paper explores the robustness of the Kalman filter in structural dynamics and
fatigue monitoring applications. The study is carried out using simulations and small
scale experiments. We investigate robustness to non-parametric errors in the descrip-

tion the unmeasured excitations, measurement noise and structural model.

5.2 INTRODUCTION

Fatigue is responsible for a large portion of structural failures in flexible structures
subjected to vibration effects [1]. Examples of these systems are aircraft, wind tur-
bines, bridges, offshore structures, among many others. Fatigue damage evolves in
three distinguishable phases: (1) micro-crack formation, (2) micro-crack nucleation
and (3) macro-crack formation and propagation. Phases 1 and 2 encompass the ma-
jority of the fatigue life of a specimen. Once phase 3 begins and a macro-crack begins
propagate, fatigue life is basically over. Monitoring fatigue in complex structures,
specially as they age, has become a topic of increasing interest among academics
and practicing engineers working in control, fault diagnosis, and structural health
monitoring [2-6].

There are essentially two approaches to monitor fatigue in flexible structures:
local and global [7]. In the local approach intense sensing such as guided waves are
used to detect small cracks, delaminations, etc. The local approach is feasible if
the engineer knows a priori where damage is taking place. In the global approach

a more sparse array of sensors is used which typically measure response in the low-
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to-medium frequency range. In this case the spatial range of detection increases but
the resolution decreases. This means that fatigue can be monitored throughout the
complete structure, the price to pay is that only larger cracks can be detected.

In this paper we focus on the global approach and in particular on vibration-
based monitoring. However, our aim is not to detect cracks after they have occurred or
are actively propagating. The objective in this paper is to monitor the accumulation
of fatigue damage throughout the structure during its operational life, even before
visible cracks begin to appear, i.e. phase 1 and 2. We investigate the use of the
Kalman filter to estimate stress and strain fields (and their uncertainty) throughout
the structure using operational acceleration measurements. The estimated stress and
strain fields can be used together with mechanistic damage functions, such as the
popular S-N curve and Miner rule, to estimate fatigue damage and remaining service
life [8].

An investigation along these lines has been carried out by Papadimitriu et al. [2],
however their study was limited to simulation. In this paper we present simulation
and experimental results aimed at determining the robustness and sensitivity of the
Kalman filter estimates to various sources of modeling errors. In particular we inves-
tigate the effects of errors in the stochastic description of the measurement noise and
unmeasured excitations, as well as errors in the physics of the model describing the

flexible structure.
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5.3 SYSTEM OF INTEREST

The system of interest is a flexible, bolted steel structure shown in Fig. 5.2. The
dimensions of the structure are shown in Fig. 5.1. The system was instrumented
with accelerometers (PCB 333B30) and strain sensors (PCB 740B02) as shown in
Fig. 5.1. The driving excitation force was delivered using an electrodynamic shaker
(TMS 2060E) from the Modal Shop. The input force to the system was measured by

means of a force transducer (PCB C02). The sampling frequency of all sensors was

819.2 Hz.
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Figure 5.1: Dimensions of experimental structure (mm)
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Figure 5.2: Fxperimental setup

5.4 MATHEMATICAL MODEL

The partial differential equation (PDE) that models the vibrations y(z, t) of the linear

elastic frame structure in Fig. 5.2 at any point z and any time ¢ is given by

0%y 9 o
pAa—ti’ + cait’ + E[a—;i = p(z, 1) (5.1)

where A and [ are the cross-sectional area and moment of inertia of the frame
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elements, F is the elastic modulus of the material, ¢ is the damping constant, p is the
mass density of the material and p(z,t) is the forcing function. This PDE, with its
boundary conditions, can not be solved analytically (except for very simple cases).
To obtain an approximate solution it is necessary to discretize in space and time.
For the particular structure of interest two discretizations are investigated. These are

shown in Fig. 5.3 and summarized below.

304

(a) (b) (c)

Figure 5.3: From left-to-right: (a) The system, (b) Model M1, a frame with lumped masses
and (8) Model M2, a shear-beam model with lumped masses. Dimensions in mm

e Model M1: This model is a static condensation of the frame system to the 4

horizontal DOF at the centroid of the horizontal elements.

e Model M2: This model is a vertical shear-beam with concentrated masses.

121



Both of these models can be represented as a set of simultaneous linear ordinary

differential equations of the form

Mi(t) + Cpq(t) + Kq(t) = bap(t) (5.2)

where ¢(t) € R ! is a displacement vector at time ¢t , M = M? > 0 is the
mass matrix, Cp = Cp’ > 0 is the damping matrix and K = K” > 0 is the stiffness
matrix. The measured forces that drive the response of the system are defined by the

vector p(t) with bg as its force distribution matrix. By setting

t 0 1
(t) = i) DAL=
(1) "MK -M'Cp
0
B. =
M-b,

we can write eq.5.2 as

i(t) = Acz(t) + Bep(t) (5.3)

where x(t) is known as the state vector. Measurements z(¢) are modeled as

z(t) = Cx(t) + Dp(t) + v(t) (5.4)

where v(t) is the measurement noise. In the case of acceleration measurements

the state-to-output matrix C has the following form
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C=cy[-M'K —M"'Cp] (5.5)

where cq indicates which degree of freedom in the model corresponds to a mea-

surement. The direct transmission matrix D is given by

D = coM 'b, (5.6)

All the previous equations are represented in continuous time. In practice, vibra-
tion signals are obtained in a digital fashion and we need to convert the continuous
system matrices to discrete time. The solution to state space of the system is well

known [9] and can be expressed in discrete time as

T = Axg_1 + Bpr_1 (5.7)
2z = Cxy, + Dpr + vp (58)

where
A = eheAt (5.9)

where x = x(t = kAt), At is the time step and B depends on the intersample
behavior of the excitation force (see [10] for more details). In this paper we operate

using zero-order hold.
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5.5 KALMAN FILTER

The Kalman filter (KF) is a sequential state estimation algorithm. The algorithm
is optimal for linear systems subjected to zero-mean unmeasured excitations and
additive measurement noise with covariances Q; and Ry respectably.

The basic equations of the algorithm are given below. Eqs. 5.10 and 5.11 prop-
agate the mean and covariance of the state estimate from time step k£ — 1 to k. Eq.
5.12 is the Kalman gain matrix. Eqs. 5.13 and 5.14 are the update or correction

equations for the mean and covariance of the state estimate.

iy = Ad, (5.10)

P, = AP/ AT+ Q, (5.11)
K, = P;C" (CP,C" +R,) (5.12)
i} =y + Ky (2 — Ciy) (5.13)
P} = (1-K,C)P; (5.14)

Expressions for the sensitivity of the KF to errors in the description of Q and R
are given in [11]. However these expressions assume that the error is parametric, i.e.

the measurement and process noise are zero-mean, white and Gaussian and the error
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lies in the numerical description of the respective covariance matrices. In this paper
we take a wider view of the problem and investigate the effect of errors that can not

be simply described by parametric errors in the covariance matrices.

5.6 STRAIN ESTIMATION AND UNCERTAINTY

PROPAGATION

Once the displacements have been estimated for all the DOF; the strain tensor and its
uncertainty can be calculated by a linear transformation of the nodal displacements

as

P(t) = TP (t)T;

where t is time and the subindex i refers to the particular structural element
of interest. The estimated strain can be used to compute the stress tensor and
subsequently used as input to a fatigue damage function, from where the accumulated

fatigue damage, and its uncertainty, can be estimated.

5.7 MODELING ERROR

This section describes the experimental characterization of modeling errors in the
stochastic description of the unmeasured excitation, measurement noise and physical

model error.
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5. 7.1 PHvysicAL MODEL

As mentioned in a previous section we investigate two different physical models for
the structure shown in Fig. 5.3. Fig. 5.4 shows the modal frequencies vs the damping
ratios plot of each mode shape in the two models compared the identified values from
vibration testing of the structure. As can be seen, the statistical variability in modal
damping is significantly larger than the variability in modal frequency. It can also
be observed that although M1 and M2 have almost the same fundamental frequency;,
they differ significantly at the higher frequencies. Model M1 constitutes an overall

better representation of the structure than model M2.
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Figure 5.4: Comparison of modal frequency and damping ratio between models and identified
from vibration tests in test structure.

5.7.2 COVARIANCE MATRICES

A fundamental input to the Kalman filter are the covariance matrices for the un-

measured excitation and measurement noise. Off-line vibration measurements were
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preformed in order to estimate these covariances. To characterize the stochastic na-
ture of the excitation, the shaker was ran for 600s and the estimated, normalized PSD
(using the Welch algorithm) was computed and shown in Fig. 5.5. To characterize
the stochastic nature of the measurement noise, ambient acceleration response was
measured with the structure “at rest” for 600s and its power spectral density was

computed. The result is shown in Fig. 5.6.

V | v

0 5 10 15 20 25 30 35 40 45 50 55 60
Frequency (Hz)

Figure 5.5: Power spectral density of the excitation (assumed unmeasured for the estima-
tion).

As can be seen from Figs. 5.5 and 5.6 neither of the signals satisfies the whiteness
assumption (essential in the derivation of the KF). We selected the following values

for Q and R for the implementation of the KF.

Q.= (m—p)°=5336 N> Vk (5.15)
k
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Figure 5.6: Estimated power spectral density of the acceleration measurement noise. (Ac-
cording to Fig. 5.1)

1 _ \T
Ry :mzk:(vk—v) (vg — 0)

3.49 —-3.99
= *107%(m/s%)? Vk (5.16)
—3.59 11.15

5.8 ESTIMATION RESULTS

Table 5.1 summarizes all the cases examined in this study. Cases 0-2 use simulated
data and case 3 uses experimental data. In case 0 the Kalman filter is simulated in
an ideal setting (all assumptions are valid to within computer precisions and random
number generator). Case 1 looks at the effect of only modeling error. In this case M1
is used to generate the system response and M2 is used to perform the estimation.
Case 2 looks at various combined scenarios of modeling errors and finally case 3,
examines the robustness of the KF in the environment of experimental data.

Figures 5.7-5.14 depict estimation results in a small window of time for each of
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Table 5.1: Summary of Cases

Excitation Measurement noise Response
Case System Model System Model System  Model

0 N(0,Q WN(0,Q) WN(0O,R;) N(O,R;) 4DOF. 4 DOF,
1 N(0.Q) N(0,Q) N(O,R, N(OR, 4DOF. 4DOF,
2, N(0,Q N(0,Q) Exp  N(OR, 4DOF, 4DOF,
2, N(0,Q) N(0,Q) Exp  N(0,R) 4DOF, 4DOF,
2, Exp  N(0,Q) N(0,Rs) N(0,Rs) 4DOF, 4 DOF,
2, Exp  N(0,Q) Exp N(0,R;) 4 DOF. 4 DOF,
2, Exp N(0,Q) Exp N(0,R;) 4 DOF. 4 DOF,
3 Exp AN(0,Q) Exp  N(0,Ry) Exp 4 DOF,

¢ — condensed model

s — shear model

4 — diagonal covariance matrix

Exp— measured from experiment
the cases examined. Table 5.2 present the computed values of the estimated variance
of the strain estimate at the various points of strain measurement indicated in Fig.
5.1. Table 5.3 presents the computed values of the actual variance of the estimation
error. As can be seen, in case 0 the match is very close, meaning that the KF
provides an accurate estimate of the response and also an accurate estimate of the
actual estimation uncertainty. In case 3, which includes errors in the model and
the covariance matrices, the KF displays significant error in tracking and significant
underestimation of the actual variance of the estimation error.

In order to disaggregate the various source of error we contrast case 0 and case

1. It can be verified that the significant drop in accuracy is solely a product of model

error. This can be further confirmed by examining the results of case 2d where the

model and the system coincide but there is discrepancy covariance matrices of the
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measurement noise and the unmeasured excitation.
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Table 5.2: Strain Error RMS

Strain RMS error per Case (x107°)

Loc. O 1 2, 2 2. 24 2. 3

1 0.57 8.45 0.83 1.66 0.43 0.76 9.39 8.20
2 0.67 3.44 0.97 1.96 0.51 0.90 4.71 7.11
3 1.22 6.21 1.76 3.59 0.92 1.63 8.53 14.11
4 0.42 7.60 0.60 1.21 0.31 0.56 8.69 6.28
5 0.75 5.60 1.09 2.19 0.57 1.01 5.90 9.21
6 1.39 10.34  2.01 4.05 1.05 1.86 10.90 16.93

Table 5.3: KF FEstimated Variance

STD(¢) per Case (x1079)

Loc. O 1 2, 2y 2. 24 2. 3

1 0.56 0.85 0.56 0.51 0.56 0.56 0.85 0.56
2 0.66 0.72 0.66 0.60 0.66 0.66 0.72 0.66
3 1.19 1.30 1.19 1.09 1.19 1.19 1.30 1.19
4 0.41 0.16 0.41 0.37 0.41 0.41 0.16 0.41
5 0.74 0.51 0.74 0.67 0.74 0.74 0.51 0.74
6 1.36 0.95 1.36 1.24 1.36 1.36 0.95 1.36

5.9 (CONCLUSIONS

The Kalman filter was implemented for strain estimation in a flexible steel structure.

The estimated strain can be used as input for fatigue damage models and fatigue
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damage can be monitored using only minimal instrumentation. It was found that the
KF is robust to errors in the description of the measurement noise and unmeasured
excitation; however, we found that modeling errors (within the range of practical
engineering models) can have significant detrimental effect in the estimation quality.
It was also found that the variance predicted by the KF significantly underestimates
the actual estimation variance of strains. Results presented in this paper indicate
that there is a need to develop and implement robust methods for filtering vibration

measurements in structural dynamics.
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CHAPTER 6

CONCLUSIONS

The research in this dissertation addresses the implications of model uncertainty
to system identification, parameter estimation, and state estimation. Specifically,
determining the highest achievable accuracy in the presence of measurement noise,

unmeasured excitations, environmental conditions, and model class selection.

6.0.1 INTELLECTUAL CONTRIBUTIONS

« Exact expressions to compute the lowest achievable variance by any unbiased
estimator of modal frequency and damping ratio from free vibration and forced
vibration signals contaminated by additive Gaussian white noise. These limits
are found through the Cramer-Rao lower bound theory. The results were ob-
tained for displacement or acceleration measurements contaminated with zero-

mean additive Gaussian white noise.

The expressions were derived for single degree of freedom systems and heuristi-

cally extended to classically damped multi-degree of freedom systems with well
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separated modes. It was proved that the coefficient of variation of identified
modal damping ratio must be significantly higher that the coefficient of vari-
ation of identified modal frequency. The results were confirmed via simulated
system identification using subspace identification methods. It was found by
means of simulation that if the identified model does not explicitly account
for the noise in the measurements, then in order to reach (or come close) to
the CRLB it is necessary to increase the size of the identified system to a size
significantly larger that the underlying size of the system of interest. It was
also found that in the case of multi-degree of freedom systems, the CRLB of
different modes can vary appreciably depending on the signal-to-noise ratio of
the individual modes. We also derived an expression that aids in the decision

to use acceleration measurements or displacements measurements.

A model updating methodology that accounts for the variability of environmen-
tal conditions to estimate the level of composite action in a full scale operational
bridge deck. We present recent developments in the feasibility of using global
acceleration measurements to assess the level of composite action on operational
bridge decks with unknown girder-slab connection stiffness. Our efforts focused
on the H8N Bridge constructed in 1963 and located on Interstate 89 in Rich-
mond, Vermont, United States. The Bridge has a three-span continuous deck
with buildup outer girders spanning a total length of 558 feet (170.08 m). A
portion of the bridge deck was monitored with uni-directional accelerometers
and dynamic strain sensors distributed at various locations. Intermittently, for
over two years, with measured temperatures ranging from 15°F to 87°F, data

was acquired. As a result, we achieved improved structural behavior was ob-
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tained (static and dynamic) with an improved matching between predictions

and measurements to those of the original model.

The proposed methodology was verified by means of numerical simulations in
two models that varied in size and complexity. The first model was a 2D FEM
of an isolated stringer in a bridge deck. The second model was a 3D FEM of
a deck substructure. For each model, various levels of composite action were
considered. In all cases, the modal features were selected as a subset of the
system eigenvalues and the procedure accurately updates the model parameters
related to composite action. We show that structural model parameters, the
elastic modulus of concrete and the rigidity per linear meter of rigid links, are
distinguishable based on the first five modal frequencies of the bridge deck’s
model. We verify this with 2D and 3D models of the deck and considering

various levels of composite action.

The variability of the identified data features was accounted in the model up-
dating procedure by means of a weighting matrix (inversely proportional to the
variance of the identified frequencies). As expected, identified modal frequen-
cies varied significantly from summer to winter and thus two separate analysis
were conducted, one with the complete data set and the other with a reduced

data set which included only the summer months.

A limitation of the proposed model updating approach (which is independent
of the type of sensing used) is that only stiffness of the deck can be assessed and
not much can be learned regarding its ultimate static capacity. This is because
various types of shear connectors can provide similar stiffness but display very

different post-yielding behavior. Nevertheless, if the interest is the formulation
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of a finite element model that can be used as a base-line model for stress anal-
ysis (say for fatigue life estimation and(or) load distribution factors) then the

proposed model updating approach would prove useful.

o The Kalman filter was implemented for strain estimation in a flexible steel struc-
ture. The estimated strain can be used as input for fatigue damage models and
fatigue damage can be monitored using only minimal instrumentation. It was
found that the KF is robust to errors in the description of the measurement noise
and unmeasured excitation. However, we found that modeling errors (within
the range of practical engineering models) can have significant detrimental ef-
fect in the estimation quality. It was also found that the variance predicted by
the KF significantly underestimates the actual estimation variance of strains.
Results indicate that there is a need to develop and implement robust methods

for filtering vibration measurements in structural dynamics.

6.0.2 BROADER IMPACTS

The research presented in this dissertation can be extended and has the following

broader impacts:

e The Cramér-Rao Lower Bound (CRLB), obtained for modal frequency and
damping ratio of structural systems, could be applied to any other second order

system. This includes electrical, mechanical, and biological systems.

o The dissertation develops computational tools that will improve the fatigue life
assessment of a structure by updating a high fidelity finite element model and

thus reducing the uncertainty in its response to time-varying loads.
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6.0.3 FUTURE WORK

The following aspects remain open for future research:

Uncertainty and estimation of model parameters in non-linear systems: We fo-
cused on structural systems that can be modelled with linear time invariant
equations of motion. Further studies need to be applied to parameter estima-
tion and their uncertainty in systems that experience elasto-plastic type cyclic
loading, represented with hysteresis models (like the Bouc-Wen model). Can

the CRLB theory be extended to systems with nonlinear behavior?

Development and implementation of robust methods for filtering in structural
dynamics: Classical filters can be easily applied for state estimation in struc-
tural dynamics; yet their initial and operating conditions of are not clearly
transferable. For simple cases, deviations of these can still provide adequate
results. The implementation of more robust methods (extended Kalman Filter,
Unscented Kalman Filter, Robust Kalman Filter, etc.) could provide a better
tracking of the state estimate and its uncertainty in the presence of practi-
cal modeling errors in structural engineering. Although this aspect has been

examined by some authors, significant work remains on the subject.
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