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ABSTRACT

The purpose of this study was to assess the effectiveness of damage indicators for predicting damage in
reinforced concrete structures. Two damage assessment approaches were investigated. One of these
approaches leads to damage indices based on structural properties. The other approach leads to damage
indices based on structural dynamic characteristics. Both approaches were used to characterize the
damage of five 0.45 scale reinforced concrete bridge bents that were subjected to lateral slow cyclic
loading at the Structures Laboratory of the University of British Columbia. These bents were tested as part
of a seismic retrofit program undertaken by the Ministry of Transportation and Highways of British
Columbia (MOTH), in collaboration with Klohn-Crippen Consultants and the University of British
Columbia. The specimens underwent lateral slow cyclic loading which was monotonically increased until
failure or very significant damage of the specimen occurred. During the loading process, load-deformation
relationships were determined to assess structural properties of the specimens. Vibration measurement
tests (ambient and impact testing) were pefforfned at different stageé of the loading cycles in order to

identify the dynamic properties of the specimens.

Damage assessment based on structural properties, such as displacement, stiffness and energy absorption,
consisted in the evaluation of three damage indices: displacement ductility, modified stiffness ratio and the
modified Park and Ang index. For the five specimens tested in the laboratory, these three indices were
evaluated at different stages of damage as the displacementfl‘evel increased. Damage based on dynamic
properties, such as natural frequencies and damping ratios, was assessed using three damage indices:

ultimate stiffness degradation, maximum softening and normalized damping ratio.

i



ABSTRACT iii

For each damage index considered in this study, the specimens were ranked according to their performance
and the results from these evaluations were compared with the physical damage observed at different
stages of the load testing. The results of the study showed that the agreement between analytical
predictions and experimental observations was, in general, satisfactory. This study also indicated that,
while two of the structural damage indices could provide some indication on the failure mode, none of the
modal damage indices could give specific information on the failure mode (shear/flexure). Finally,

comparison of index values from the two approaches indicated that modal damage indices generally

provide a better damage characterization than structural damage indices.
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CHAPTER 1

INTRODUCTION

1.1 PROBLEM OVERVIEW

During its lifetime, a structure is subjected.to loads arising from different sources. Depending on the
intended use and occupancy of the structure, serviceability loads produce stresses and deformations on the
different structural components, in general, below critical levels. Although unusual, extreme loads, such as
earthquakes and hurricanes, may generate stresses and deformations on the structural members that will be

so high as to cause a certain level of damage or even failure of members, or the whole structure.

Over the last few decades, one of important areas of research for structural engineers has been the
characteriiation and evaluation of structural damage. Considering the complexity involved in the
structural degradation processes, quantifying damage often represents a difficult assignment. Different
approaches have been developed to provide reliable predictions of the state of a damaged structure.
Performed from analytical predictions or from experimental measurements, damage assessment
investigates the potential or actual degradation state of a structure. Damage assessment techniques have
been applied in different situations such as disaster planning, structural assessment, retrofit and repair

operations, maintenance inspection and post-earthquake evaluation.

Among the different approaches to characterize damage, damage indices provide useful means to quantify
damage of structures or rank their vulnerability relative to each other. Damage indices can be evaluated
either based on the response of a structure to a particular loading pattern or based on the dynamic response

of a structure. A different type of approach that has been recently developed considers the application of

neural networks to the degradation process experienced by a structure.
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Although damage assessment technique§ are based on different concepts, they aim to quantify the same
effect, structural degradation. However, investigating‘ how differen; approaches characterize damage
presents a topic of significant interest. Damage characterization is understood here to be how physical
elements, such as displacement, crack propagation, yielding, stiffness degradation, etc., are taken into
account in the rate of approach to failure of a damage index. Moreover, damage indicators of a same
approach can quantify differently the structural degradation. Consequently, comparing damage indicators

of a same approach is also of significant interest.

1.2 OBJECTIVES AND OUTLINE OF STUDY

In order to investigate different damage assessment approaches and different damage indicators of a same
approach, a combined experimental and analytical program was developed and implemented during the

course of this study. The objectives of this study were:

—

to measure structural and dynamic properties of the specimens tested;

2. to evaluate damage indices based on structural properties and damage indices based on modal
properties;

to compare damage indices within a same approach; ‘

4. to correlate damage indices obtained from the two different approaches.

(S8

A third approach, damage assessment based on neural networks, was also investigated. Since no conclusive
developments were derived from this approach, results of this approach are not presented as part of this

study.

This thesis describes how these objectives were implemented on an experimental program developed at the
University of British Columbia. Chapter 2 presents a literature review of most commonly used damage

indices, based on structural or modal properties, as well as an introduction to damage assessment based on

neural networks. Chapter 3 describes the experimental procedure performed, including details on the




INTRODUCTION 3

specimens tested and description of the loading and dynamic testing procedures. Chapter 4 investigates
damage assessment based on structural properties and describes its application to the specimens tested in
the laboratory. Damage assessment based on modal properties, also applied to the experimental

specimens, is presented in Chapter 5. A comparative analysis of these two approaches is presented in

Chapter 6. Finally, Chapter 7 summarizes results obtained from this study.




CHAPTER 2

THEORETICAL BACKGROUND ON DAMAGE ASSESSMENT

During its lifetime, the capacity of a structure may be reduced due to different types of structural faults,
such as cracking, buckling, unbonding, corrosion losses, loosening of fastened parts and yielding of steel
reinforcement. The complexity involved in these degradation processes sometimes limits their complete
understanding. As a consequence, quantifying damage often represents a difficult assignment.
Nevertheless, quantification of damage remains a useful assessment tool in several situations.
Maintenance inspection and post-earthquake evaluation are examples of structure assessment requiring
damage quantification. As a result, different approaches have been developed to provide reliable

predictions of the state of a damaged structure. Three of these approaches are discussed below.

A first approach is based on the response of the structure to a particular loading pattern. Since seismic
events present a significant damage threat, this approach usually considers structural degradation caused by
earthquakes or cyclic loads. Response to these loadings is usually measured in terms of force applied and
corresponding displacements experienced by the structure. Resulting load-deformation curves are
commonly called hysteresié curves. These curves can either be predicted analytically with models of
variable performance or determined experimentally. Since hysteresis curves obtained from experimental
measurements imply partial or complete destruction of the structure under study, they contain information
about degradation levels sustained by the structure. Maximum displacements experienced by the structure,
stiffness degradation and levels of energy absorption can be determined from these hysteresis curves.
Combination of these structural characteristics led to‘ the development of a category of damage indices.

that provide quantification of damage levels sustained by the structure.
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Modal analysis also provides information about structural damage. This approach is based on the concebt
that degradation of structural elements and/or joints alters the dynamic response of the structure. These
changes in the vibration response are in turn reflected in the experimentally measured dynamic properties
of the structure. The modal properties usually are the fundamental frequencies, damping ratios and mode
shapes. They can be evaluated from processing of time hi>st‘0ries obtained during vibration tests or
recorded during an actual seismic event. They caﬁ also be predicted with analytical models of variable
performance. Unlike structural damage indices, damage assessment based on experimental dynamic
properties may involve either destructive or non-destructive measurement techniques. Combination of

these dynamic properties or their relative changes has generated another category of damage indices.

The third approach, briefly discussed in this study, is damage ‘assessment based on neural networks.
Basically, application of neural networks attempts to overcome the complexity involved in damage
assessment. By definition, neural networks are computing environments modelling a complex system
behavior. In this case, the system behavior refers to the degradation process experienced by a structure. In
order to model a system behavior, the network must initially be trained to a specific condition. For damage
evaluation, the system is trained to assess a certain type of structural degradation. Thereafter, based on the
training conducted, the network functions as an associative memory capable of diagnosing unknown

degradation levels.

The following sections describe alternative ways of implementing these three approaches. Section 2.1
introduces damage indices based on structural properties. Damage indices based on dynamic properties
are discussed in section 2.2. Finally, an introduction to damage assessment based on neural networks is

presented in section 2.3.
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2.1 DAMAGE ASSESSMENT BASED ON STRUCTURAL PROPERTIES

When subjected to an earthquake, a structure might suffer excessive deformations, causing structural
damage in individual members or parts of the structure. Moreover, the repeated load reversals caused by
the earthquake can generate low-cycle fatigue damage, leading to structural deficiencies in the system.
The structure deterioration generally originates from a combination of these two effects. Consequently,
damage indices based on structural properties usually include a large deformation term and/or a fatigue
loading term. These damage indices éan be evaluated locally on a particular member or globally on parts
of the structure from measurements or predicted response to simple cyclic loadings. Several of the most

commonly used global and local damage indices are presented in the following sections.

2.1.1 GLOBAL DAMAGE INDICES

Global indices, D, quantify damage for the complete structure, or for parts of the structure when several
of its structural elements are considered. They provide an overall assessment of structure performance
based on damage distribution and level of degradation sustained by its individual components. They are
typically evaluated by weighting local damage indices of the different members composing the structure.
Different types of weighting functions have been formulated to consider the state of heavily damaged

individual elements.

The most common global index uses the amount of energy absorbed at different locations as a weighting
function (Park, Ang and Wen, 1987, Chung et al, 1990, Kunnath et al, 1992). Evaluated for a complete

structure of N elements or part of a structure composed of N members, the global damage index, D¢, is

defined as:
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where DL, ;1s a local index evaluating damage at location i (see section 2.1.2) and E; is the energy absorbed

at that same location.

Severely damaged members of a structure can limit its overall stability. This is not reflected in the
averaging cffect of Equation 2.1. Hence, Bracci et al (1989) developed a global damage index that

emphasizes the severity of damage in a structural member. It is expressed as:

High values of parameter b are used when more emphasis on the most severely damaged members is
required. This formulation defines the weights w; as the ratio of the gravity load supported by member i to
the total gravity load on the structure. These weighting functions reflects the greater dependence of the
overall structural stability to the damage occurring at the base of the structure. Tests performed on
reinforced concrete frames (Bracci et al, 1989) verified the ability of the indicator to quantify damage.

Corresponding index values showed good correlation with observed and measured damage.

2.1.2 LOCAL DAMAGE INDICES
Local indices, D;, usually characterize damage of individual members or joints, and are typically based on

ductility measurements, energy absorption or a combination of both. Some indices also model the

accumulation of degradation induced by the cyclic part of the motion. Others are non-cumulative and
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characterize a fixed damage state of the structure. Generally, local index values range between zero, for an
undamaged structure, and one, for a collapsed structure. Commonly used local damage indices are

described below.

2.1.2.1 NON-CUMULATIVE INDICES

The displacement ductility, pg, represents the most elementary index to quantify structural damage

(Newmark and Rosenblueth, 1974). It is defined as the ratio of the maximum displacement sustained by

the structure to its yield displacement:

>

(2}
!

o2}

m m y

DL=“8=6_y=1+ ST [2.3]

where S-y is the yield displacement and §,, represents the maximum displacement of each cycle. The
displacement ductility index is based exclusively on peak displacement and it neglects the fatigue
contribution of cyclic loading. Nevertheless, it is still used as damage indicator because of its simplicity in

evaluation and practical interpretation (Sordo et al, 1989).

Banon et al (1981) developed a measure of the local stiffness degradation and called it the flexural

damage ratio (FDR). In terms of stiffnesses, it is expressed as:

where k, represents the initial tangent stiffness of the structural element considered while k,, refers to the
maximum stiffness of this same member during a complete cycle. Considering a particular cycle, its
maximum stiffness k,, is evaluated for both forward and reverse parts of the cycle and the minimum £,
value, yielding the maximum index value, is retained. Stiffnesses are, by definition, derived from the ratio

of force over displacement. Therefore, they can be evaluated from hysteresis curves of the element

studied. Based on experiments of reinforced concrete frames (Banon et al, 1981), FDR indicated
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adequately damage originating from large deformations. The FDR is considered as a better damage
indicator than displacement ductility since it takes into account stiffness and strength degradations in the

deteriorated member.

Roufaiel and Meyer (1987a) used a modified version of this index, considering the increase in flexibility at
maximum deformation and at failure state. Expressed in terms of stiffnesses, the modified stiffness ratio,

MSR, is defined as:

D, = MSR = ko (K, — ko) s
L - _ km (kf— ko) .........................................

where ks represents the stiffness of the structure at failure. The index retained is the maximum ratio
considering both positive and negative cycles. Experimental data obtained from diverse laboratory
specimens were used to verify the damage index. Corresponding index calculations indicated good

correlation with residual strength and stiffness obtained from experimental specimens.

2.1.2.2 CUMULATIVE INDICES

o

The cumulative ductility (Banon et al, 1981) represents a measure of ductility and captures the effect of

repeated loading on the structure. Considering M cycles of loading, it is expressed as:

where pg ; is the maximum displacement ductility at cycle j, defined by Equation 2.3. Tests of reinforced
concrete frames, conducted by Banon et al (1981), showed that this index was closely associated with the
hysteretic behavior of the structure. Note that while displacement ductility represents a measure of damage

due to excessive deformations, cumulative ductility carry information on fatigue damage, inflicted by the

cyclic part of motion.




THEORETICAL BACKGROUND ON DAMAGE ASSESSMENT 10

The Stephens & Yao index (1987) was developed based on plastic displacement increments, A8p, for a

complete cycle. Considering M cycles, it is expressed as:

M AS+ 1-br .
p .
D, = > {E} ................................................ [2.7]

j=1- 7

in which A6p+ is defined as the value of the positive plastic decrement and Ady is the positive plastic
decrement in a single-cycle test to failure. Coefficient r represents the ratio of positive to negative plastic
displacement increments, A8p+ / A8y, for each cycle. Parameter b is a calibrated constant based on
different type of structure and damage levels and it has a recommended value of 0.77. Based on Stephens
and Yao experimental studies of two small structural systems, the index provided useful measures of

damage sustained by these structures. However, calibration of parameter b represents a potential limitation

of this method.

- The Wang & Shah index (1987) was developed on the assumption that the rate of accumulation of
damage is proportional to the damage already affecting the structure. They proposed the following

exponential equation to characterize damage, based on M loading cycles:

exp (sa) — 1
L exp (S) _ 1 .................................................. [28]
M
N 5, ;
in which, o = ¢ Z 5_
: f
j=1

Parameters Sm,j and Sf are respectively the maximum displacement of cycle j, and the final displacement
after the complete loading pattern of M cycles. Parameters ¢ and s are constants with recommended values
of 0.1 and 1.0 for well-reinforced concrete member. Small-scale reinforced concrete beam-column joint

were used to verify the index ability to quantify structural degradation (Wang and Shah, 1987). Analytical

models, based on damage index calculations, showed good correlations with experimental response of the
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specimens subjected to different loading histories. However, parameter s, which appeared to be correlated
to the member design properties, such as the amount of joint and beam reinforcement, limits the

application of this method in general.

The Jeong & Iwan index (1988) quantifies damage under cyclic loading uéing an expression combining
the effects of cycles at different amplitudes. It measures the influence of both duration and ductility of

response. Considering P loading cycles of different amplitudes, it is defined as:

where n; is the number of cycles at amplitude &k and Nk is the number of cycles to failure at that same
amplitude, evaluated as:

N Ms = C
Constants ¢ and s have recommended values of 6.0 and 416 respectively for reinforced concrete structures.

The index provided an adequate qualitative estimation of structural damage. However, calibration of

parameters ¢ and s, affected by the design details of the structure under study, is a limitation of the index.

" The Kratzig & al index (1989) is based on the hysteretic energy absorbed by a member. Considering a
positive loading cycle, the first load cycle at a given amplitude represents the primary half cycle. The
subsequent cycle at the same or lower amplitude is denoted follower cycle. A similar definition is used for
the negative part of a complete loading cycle. lsositive and hegative energy terms, denoted D* and D", are

then evaluated as follows for each loading cycle j:
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M M
SE, i+ > E;
j=1

+ _ [=1
DL_ M

Ef+ Y E
=l I [2.10]

where E, ji is the energy absorbed in a primary half cycle, Eji is the energy of the follower cycles and Efir
is the energy absorbed in a monotonic test to faiiilré. The overall (iamage index is finally expressed as:

D, =D, +D; +D;*D;’
From various databases, obtained from laboratory experiments or on literature, Kratzig et al successfully

verified the ability of the index to detect damage evolution in a structure. This index involves considerable

calculation effort compared to other local indices including a fatigue damage term.

The Park & Ang index (1985) combined a deformation term and a hysteretic energy absorption term to
take into account the peak deformation as well as the damage related to fatigue. The corresponding

damage index is expressed as:

E=E,
[ aE
D om p—— [2.11]
= i - O
f Fyﬁf

The integral takes into account the accumulation of energy absorbed up to the cycle under study.
Parameters 8, and & are respectively the maximum displacement of the cycle considered and the final
displacement after the complete loading pattern of M cycles. F, represents the yield strength of the
structure. B is a strength degradation parameter and is assumed random with a mean of 0.27 and
coefficient of variation of 0.6 (Ciampoli et al, 1989). For well-reinforced concrete, its value is 0.1.
Limitations of the index could be associated to the calibration of B for the étructure under study. This index

has been calibrated and validated against a significant amount of observed seismic damage on different

structures. It has been used in a number of seismic vulnerability studies and probabilistic studies (Ang,
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1987, Barenberg and Foutch, 1988, Ciampoli et al, 1989, Seidel et al, 1989, Stone and Taylor, 1993).

The modified Park & Ang index (Kunnath et al, 1992) slightly transforms Equation 2.11 to consider only

the permanent deformation in the first term. The index is expressed as:

E=E,

dE
D= om IE:E' 2.12
_Sf_6y+B Fny ........................................... [2.12]

2.1.3 SUMMARY OF DAMAGE INDICES BASED ON STRUCTURAL PROPERTIES

Global and local damage indices are summarized in Table 2.1. Data required in calculation as well as
calibrated parameters required in the formula afe presented for each damage index. For more details on
these structural damage indices as well as their background, one can consult the comparative study by

Williams and Sexsmith (1994).
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energy global 2.1 for each member i: , none
absorption * local index
* hysteresis curve

Bracci et al global ‘ 22 for each member i: b
¢ local index
* associated gravity load

displacement local 2.3 displacement history none
ductility
flexural damage local 24 hysteresis curves none
ratio
modified stiffness local 2.5 hysteresis curves none
ratio
cumulative local 2.6 displacement history none
ductility
Stephens & Yao local 2.7 hysteresis curves b
Wang & Shah local 2.8 displacement history c s
Jeong & Iwan local 2.9 ' hysteresis curve C, s

fatigue failure data

Kratzig et al local 2.10 hysteresis curves none
Park & Ang local 2.11 hysteresis curves B

modified local 2.12 hysteresis curves B
Park & Ang

Table 2.1 Damage indices based on structural properties

2.2 DAMAGE ASSESSMENT BASED ON DYNAMIC PROPERTIES

Modal testing can also be used to quantify damage. This approach often includes measurements of the
structure vibrations due to a particular excitation. Time histories can also be directly recorded during a

seismic event. Structural deterioration, affecting members and/or joints, cause changes in these measured

dynamic responses of the structure. These changes in the vibration responses are, in turn, reflected in the
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experimentally derived modal properties of th¢ structure. Modal damage assessment is based on this
concept of dynamic property changes. Natural frequencies, damping ratios and mode shapes represent the
most common modal properties obtained from analytical processing of time histories. While these
properties can be extracted from time histories of_the structure, they can also be predicted analytically with

finite element models.

Indices have been developed based on these modal properties or theig relative changes due to degradation.
Global or local modal damage indices can be used to assess damage of the structure. The damage can be
severe and global in nature and significantly influence the overall response of the structure. In this case,
global indices are used to give an estimation of existence of damage in the structure. However, more
reliable local indices have been developed to diagnose localized or obscure damage, usually of very small
extent and found at critical sections. Local indices provide information on both the extent of damage and

its location.

2.2.1 GLOBAL INDICES

Global indices, D, assess the overall deteriorated state of the structure. Damage extent is evaluated on the

basis of parameters reﬂeéting global changes of modal characteristics of the structure. Global indices do
not give adequate representation of the location of deterioration. Nevertheless, combined with other
damage assessment means, such as experimental load-displacement curves, visual inspection of structure
conditions or local damage indices, global indices may provide an efficient estimation of structure

deterioration. Since the first fundamental mode is the easiest to capture experimentally, several indices

described below are based exclusively on this first natural mode.
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The first attempt to characterize global damage consisted of tracking the evolution of the fundamental
period, 7, or the fundamental frequency, f. Note that 7 = 1/f. This indicator was developed from
laboratory experiments (Newmark and Rosenblueth, 1974) on reinforced concrete elements. As expected,
this modal damage index requires identification of natural frequencies of the structure under study.
Analytical processing of responses of the structure to. external vibrations usually provide these natural
frequencies. Evaluated for different damage states sustained by the structure, these natural frequencies are
compared and their changes serve as damage indicator. Natural frequencies usually decrease with
increasing structural degradation. In fact, Dowell (1979) reported that local stiffness degradation,
characterizing structural damage, leads to a general shift of the natural frequencies towards lower values.

The magnitude as well as the rate of frequency decrease can be used as damage indicator.

This index has been used and verified throuéh different experimental damage assessments or structural
comparisons. Haroun, Mourad and Flynn (1993) studied damage in reinforced concrete pier walls and
observed a reduction in the natural frequencies, indicating stiffness degradation. Slastan and Pietrzko
(1993) also related damage of concrete T-shaped beams with frequency shifts at every damage stage. Chen
and Swamidas (1993) monitored frequency changes due to crack growth in a tripod tower platform made
of acrylic plastic. Richardson and Mannan (1993) correlated frequency shifts with the presence of holes in

a rectangular aluminium plate and in a steel plate structure.

The ultimate stiffness degradation (DiPasquale and Cakmak, 1987) uses the fundamental period of the
undamaged structure as a reference indicator. Comparing subsequent fundamental periods to this
reference period leads to the formulation of the damage index. Assuming that the fundamental period
increases with damage, the index gives a positive vélue, increasing w'ith the severity of damage. It is

expressed as:
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where T is the fundamental period of the undamaged structure and T; represents the fundamental period at

cycle j. Tests performed on both full scale structure and experimental models indicated increase of the
damage index with degradation of the structure. (Carydis and Mbtizakis, 1986, Meyer and Roufaiel, 1984,
Mihai et al, 1980, Ogawa et Abe, 1980).

Softening indices (DiPasquale and Cakmak, 1987, 1989, DiPasquale et al 1990) were developed from
combinations of three characteristic fundamental periods (or frequencies) obtained at different states of the
damage process. These periods can be evaluated on the basis of a single time response. From this time
signal, analytical methods evaluate the fund'amental period history by dividing the time history into a series .
of consecutive windows and matching an equivalent linear system to each window (DiPasquale and
Cakmak, 1987, 1988). Figure 2.1 shows a period time history and three characteristic periods used in

calculations of the softening index. Referring to this figure, T, T,,,, and T,,,, respectively correspond to
the fundamental period of the undamaged structure, its maximum value during the response time history

and the fundamental period of the damaged structure, respectively.

A

Period [sec]

1 Taam
Y Y : y .

>

Time [sec]

Figure 2.1 Fundamental period time history
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DiPasquale and Cakmak (1989) developed the final softening, D , by comparing the fundamental period

before and after damage has occurred. This index measures the average reduction in stiffness across the

structure (DiPasquale et al, 1990). It is expressed as:

Effects of nonlinearities, caused by plastic deformations and soil-structure interaction, led to the

formulation of another index, the plastic softening, Dg ,,;, (DiPasquale and Cakmak, 1989). This indicator
isolates the nonlinear effects from the softening due to the stiffness degradation. (DiPasquale et al, 1990).

T2

dam
D =1l—-= .. ..
G, pl e
Tmax

DiPasquale and Cakmak (1989) also developed an index that combines both stiffness degradation and

plasticity effects. It is called the maximum softening and is denoted D ,,:

ma
Of the softening indices, D¢ ,, is considered the best damage indicator of the global damage state of the

structure. This index provides a reliable estimate of presence of yielding within the structure. However, in
order to determine the maximum period value, it requires knowledge of the structure time response.

However, since only the final period value is required in Equation 2.14, D ; evaluation can be performed

on direct post-damage measurements.

Damage indices have also been developed to consider both deformation and fatigue damage contributing to
the structure deterioration. A deformation term, d,,, takes into account the peak displacement sustained by
the structure while an energy-related term, &g, considers the deformation associated to the fatigue

mechanism. The ultimate stiffness degradation (Equation 2.17) is used to consider the peak deformation.

A cumulative softening takes into account the energy absorption (Equation 2.18). A linear combination of
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these two contributions is defined as the global softening index (Equation 2.19) (DiPasquale & Cakmak,

1987). Considering M cycles:

LTy
SM,M—max]=1’M|: T, } ...................................... [2.17]
Moer T
i ol S
Op p = Z[ T ]f .......................................... [2.18]
j= J
Doy = 8y g+ BB g oo [2.19]

As previously, T is the fundamental period of the undamaged structure and 7; represents the fundamental
period at cycle j. Parameter s; refers to the energy demand at cycle j while constant B is estimated from
experimental measurements. Analysis of earthquake records of buildings provided verification of this
method (DiPasquale & Cakmak, 1987). Evaluated separately, deformation and energy contributions
(Equations 2.17 and 2.18) were consistently increasing with the level of damage. Hence, as expected, the
global index, based on a the calibration parameter B, will definitely increase as well. Nevertheless,

parameter § involves calibration for different structures.

Roufaiel and Meyer (1987b) also proposed a global index, combining deflections (at roof level) and the
fundamental frequency of the structure before and after being damaged. Based on experimental data,

relation between the maximum roof displacement and the frequency ratio was found as:

8, = 8,+14.28, ([frna/Faam— D

The global index, comparing permanent deformation at a particular cycle and at failure state, is then

expressed as:

G

1428, (funa Faam= D
- 5,-5
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The global damage index provided reasonably good indication of damage in low to medium rise structures.

For tall buildings, the assessment method should include the effects of higher modes of vibration.

Samman and Biswas (1994b) experimented with different methods to investigate structure signatures. A
signature generally consists in an average of frequency response functions (FRF) for a particular damage
level. Signatures can be evaluéted for different damage levels. Their methods is based on comparison of
these signatures to assess structural degradation. They developed different recognition techniques to
compare two signatures, a reference signature obtainéd froﬁl the undamaged structure and a second
signature obtained from the same structure after an unknown level of degradation has occurred. Five of

these methods are described in the following paragraphs.

The waveform chain code (WCC) compares two signature slopes and curvatures, previously evaluated
from the digitized signals. A large differential value at a particular frequency is associated with a
significant difference between the two signatures in the neighborhood of that frequency. This differential
value is used as damage indicator. A mathematical procedure for calculation and comparison of slépes and
curves can be found in Samman and Biswas (1994a). The WCC was applied on a scale bridge sustaining
increasing crack lengths. Increase in slope and curvature differentials adequately captured increasing

changes in the signatures due to damage (Samman and Biswas, 1994b).

The adaptive template matching performs point-by-point magnitude check in order to detect differences
between two signatures. This method is called adaptive because of its magnitude dependence. A tolerance
zone, in which an unknown signal is considered to be similar to a reference signal, is associated to a

tolerance value B. As the difference between the signals increases, the minimum tolerance increases as

well. Hence, the minimum tolerance to consider two signatures similar serves as damage indicator.

Details on the theoretical procedure can be found in Samman and Biswas (1994a). From their
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experimental studies on a scale bridge, the minimum average tolerance demonstrated monotonic increase

with the increasing crack length (Samman and Biswas, 1994b).

Samman and Biswas also experimented with methods that compare explicitly FRF signatures, such as the
signature assurance criterion (SAC) and the cross signature assurance criterion (CSAC). The SAC
value ranges between zero and one, with a unit value indicating two identical signals. For two signatures u

and w, the SAC value is expressed as:

T. w2
D= SAC(u,w) = ﬁlu W|T) .................................. [2.21]
(u-u-w -w

Comparisons between an intact and a cracked scale bridge model showed diminution of the SAC index.

However, those index changes were relatively small in amplitude (Samman and Biswas, 1994b).

The CSAC measures similarity of two sets of FRF signatures at a particular frequency. For two sets of

signatures U and W, the K signature for the two sets, evaluated at frequency i, are uy; and wy;. Considering
N**8 signatures in each set, the CSAC is then expressed as:

sig

Z (l”ki'wkipz
D= CSAC(i) :szsi; T e [2.22]

sig

Z“/%i' Zwlgi
k=1 k=1

The CSAC can range between zero and one, wifh a unit value for identical m'agnitudes at frequency i. Like
the SAC, CSAC values should decrease with increasing damage. However, using signatures from bridge

models, the CSAC was not successful in detecting simulated cracks (Samman and Biswas, 1994a).

The Equivalent Level of Degradation System (ELOS) represents a structural system, or transformer,

which modifies an input signal to an output signal. The input corresponds to a response of an undamaged
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structure while the output is associated to a response of the damaged structure. If there is no change
between the input and the output, the transformer is considered passive since the level of degradation is
zero. However, if the input and output are different, the transformer serves as damage indicator. The
concept of transformer led to the development of two measures, the distoﬁion identification function (DIF)
and the normalized frequency ratio (NFR). These two real functions range between zero and one, where a
unit value is associated with a zero level of degradation. The area under the these cufves as well as their
minimum and maximum values are used as features of recognition. Detailed mathematical procedure can
be found in Samman and Biswas (1994a). Experimental studies showed that the area related to the DIF
curve was the only feature of recognition showing a monotonic increase with crack length (Samman and

Biswas, 1994b).

Damping dissipates vibrational energy, usually as friction heat (Richardson and Mannan, 1993). Structure
deterioration creates an increase in damping, especially in nonlinear materials like concrete, where
damping enhancement is related to cracking of the concrete and yielding of the steel reinforcement.
Normalized damping ratio changes then serve as damage indicator, where increasing damage is
associated to an increase in damping. Similarly to maximum stiffness degradation index, normalized

damping changes can be evaluated as:

where &, is the initial damping ratio and §; is the damping ratio at cycle j.

Some experimental studies confirmed the increasing trend of damping with structural deterioration.
Haroun, Mourad and Flynn (1993) studied damage in reinforced concrete pier walls and observed damping

enhancement with increasing deterioration. In their experiment of concrete T-shaped beams, Slastan and

Pietrzko (1993) showed that damping increase indicated crack initiation. However, other experiments
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concluded that the change of damping ratio with increasing damage was not very conclusive, showing
large scatter (Chen and Swamidas, 1993, Cherng and Abdelhamid, 1994, Salawu and Williams, 1995).
DiPasquale and Cakmak (1987) maintained that damping factors are entities of uncertain physical meaning
and that their estimation, when the structure is in the non-linear phase, yields results of questionable

reliability.

2.2.2 LOCAL INDICES

Local indices, Dj, usually assess both the extent Qf damage as well as its location. Consequently, their
basic formulation is more complex than global indiées, which essentially provide an estimation of the
deterioration of the structure without locating the damage. For unevenly distributed degradation, where

global assessment is inadequate, local indices become a valuable mean of damage evaluation.

As mode shapes represent amplitude or power of the motion, their changes reveal gain or loss of energy in
each mode. Approaches using direct mode shape assessment as damage detection and location have been
developed in the need of assessing localized or uneven damage distribution. Inspection and comparison of
mode shapes before and after damage is used as damage indicator. Since localized or nﬁnor level damage
usually affect higher modes, effective damage assessment should compare these higher modes. However,
the process of exciting and identifying higher Ihodes can be difficult (Raghavendrachar and Aktan, 1992).
Salawu and Williams (1994) showed that the presence of damage at more than one location yielded to

unreliable results when methods based on mode shapes were used.

Model Updating is a set of techniques using experimental data to adjust finite element models on the basis
of the experimental dynamic behavior of the structure. Structural differences between the updated model

and its undamaged version are attributed to damage. Typically, the largest reduction in structural

parameters, estimated simultaneously at several potential damage sites, is associated with the most likely
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damage location. Different updating algorithms have been developed on the basis of the experimentally

obtained modal parameters. Some of them are ptesented below.

Raghavendrachar and Aktan (1992) used variations in the flexibility matrix as damage indicator. In
contrast to inspection of individual mode shapes, the ﬂexibility matrix sums the contributions of changes
from several mode shapes. Hence, changes that are individually non significant add up, yielding to a more
significant global contribution. Considering # identified mode shapes, the flexibility matrix can be

expressed in terms of modal parameters as:

H = \P[l} L [2.24]

fZ

where v is a matrix of mass-normal mode shapes and [1/]‘2] is a diagonal matrix containing the reciprocals

of the fundamental frequencies. A typical diagonal element of the flexibility matrix is given by:

Experimental modal analyses were performed on a three-span bridge. Raghavendrachar and Aktan found

that variations in the corresponding flexibility coefficients provided reliable damage indicators.

Lammens et al (1994) studied a updating algorithm based on the frequency response function. This
method uses updating parameters, such as Young’s modulus and Poisson’s ratio, as damage indicators.
These parameters are updated through a minimization. procedure of dynamic residual forces. The
minimization problem is solved with a least squares approach. They discussed the importance of the
minimum number of updating frequencies and they also experimented different damping approaches. This
updating procedure was applied on a polyvinyl chloride (PVC) plate to update given initial values of its

Young’s modulus and Poisson’s ratio. Their study showed that updating frequencies away from the

resonance peaks gave more stable updating parameters. Also, an undamped approach provided better
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convergence of the updating parameters.

Hemez and Farhat (1992) developed an updating algorithm known as the sensitivity based element by
clement (SB-EBE) method. The algorithm is also based on a minimization of the modal dynamic
residuals but the procedure also includes minimization of the static residuals. The minimization algorithm
modifies physical parameters such as Young’s modulus, density and thickness. Significant changes in
these parameters serve as damage indicators. It 'wés demonstrated that the algorithm worked very well for
a cantilevered truss structure but had difficulty locating damage in a suspended truss, where higher modes

had more effects (Doebling et al, 1992).

Kaouk and Zimmerman (1993) used a decoupled approach where the location and extent of damage are
determined by two separate algorithms. First, the modal force error criteria (Ojalvo and Pilon, 1988)
determined the location of damage. With the location determined, a minimum rank perturbation algorithm
evaluates the extent of damage. This damage location/extent technique was applied to an experimental
eight bay truss. The damage was clearly located in eleven out of fifteen damage cases and for all cases the

extent algorithm performed well.

Casas and Aparicio (1994) experimented the minimization of a performance error, the dynamic
parameter identification, by comparing experimentﬁl and finite element mode shapes and frequencies.
The results of the algorithm provide equivalent moments of inertia for all elements of the finite element
mesh. Variations in the moment of inertia, evaluated for all members, are used to assess thé damage extent
and location. Damage evaluated on experimental reinforced concrete beams was adequately located and
quantified. However, success of the method depended on the number of frequencies used in the
calculations. Their experimental studies indicated a minimum of two frequencies to adequately locate the

cracked zone and obtain equivalent moments of inertia.
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Cawley and Adams (1979) developed a minimization method, the normalized percentage error (NPE),
to identify the damage site and its mechanism. Computation of analytical fundamental frequency changes
of several modes is performed for each possible damage mechanism and each location. Then, error
between experimentally measured frequencies and theoretical frequency patterns are summed up to get the
total error. The pattern giving the minimum total error is used as damage indicator on the extent and
location. Penny et al (1993) combined the NPE with statistical methods in order to assess the quality of the
predicted location of damage. Two coefficients, the coefficient of determination (COD) and the
normalized squared deviation (NSD), were used to verify the quality of the NPE values. Analyses of
NPE together with its corresponding COD and NSD would provide higher confidence in the predicted
damage location. Experimental studies performed on a steel frame showed that the combination of COD,
NSD and NPE led to the correct location of damage site, even in the case where the NPE criterion had

failed to identify the right damage location. -

Hearn and Testa (1991) compared observed ratios of frequency changes and characteristic ratios to

statistically locate damage. A characteristic ratio compares two natural frequencies and is expressed as:

Observed ratios are directly computed from experimental frequencies. Characteristic ratios are evaluated
analytically from potential patterns of damage. These ratios, evaluated for an individual member or for an
ensemble of members, are computed entirely from initial quantities, such as initial member stiffness, initial
mass and initial mode shapes. Damage location is determined by selecting the characteristic ratio pattern
that most closely match the experimental ratios. Potential analytical characteristic ratio patterns must
minimize a mean square deviation between the éxperimental and characteristic ratios. Laboratory

experiments on a steel frame explored the effect of damage on this damage detection method. The use of

observed frequency changes, in conjunction with characteristic ratio patterns, successfully identified two
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types of damage sustained by the frame. However, for larger structures, it may be found that several
characteristic ratio patterns all closely match a set of observed ratios, limiting the general applicability of

the method.

Cherng and Abdelhamid (1994) have developed a subspace correlation index (SSC). This method
calculates a correlation matrix of two signal subspaces. Changes in mode shapes are related to values of
the SSC matrix, serving as damage indicator. The algorithm associates the mode undergoing the largest
change to the damage index. Numerical simulations performed on a three DOF system showed the ability

of SSC index to identify the most changed mode.

For local damage assessment, assurance criterions were developed for comparison of mode shapes

(Allemang and Brown, 1982, Wolff and Richardson, 1989). The modal assurance criterion (MAC)
measures similarities between two sets of mode shapes, X and Y. For two corresponding K* mode shapes x;,
and y;, extracted from sets X and Y, representing the same mode at different degradation states, the MAC
value is expressed as:

(’Xg yk|2)

<L-x -y y)

D= MAC(X,y,) =

The COMAUC, coordinate modal assurance criterion (Lieven & Ewins, 1988) evaluates the difference

between two sets of mode shapes at a particular point on the structure. With x;; and y;; defining the values

of two corresponding k™ mode shapes evaluated at location i, the COMAC value is expressed as:

Nmadzs
Z qui'yki|)2
D= COMAC(i) =% [2.28]

Z X Z Vi

k=1 k=1
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Some research has also been done on the use of strain gauges in modal testing (Bernasconi and Ewins
1989, Li et al. 1989, Tsang 1990). Strains and stresses are in fact the main parameters of interest in
structural behavior. Experimental analysis was performed with the strain frequency response function
(Chen & Swamidas, 1993), a transfer function between the output (strain level at the location under -
consideration) and the input (exciting forces). They found that the local strain changes are more sensitive
to localized damage than global frequency or damping changes. However, this method assumes that
potential critical sections are known before vibraﬁon testing is performed. SUain gauges were used in a
modal test to detect a crack in a tripod tower platform model. Based on experimental results, strain FRF’s
showed very large changes with increasing crack size while acceleration FRF’s indicated relatively small

changes.

2.2.3 SUMMARY OF DAMAGE INDICES BASED ON DYNAMIC PROPERTIES
Following tables summarize damage indices based on analysis of modal properties. Table 2.2 presents

global damage indices while Table 2.3 recall local damage indicators. Measurements required for

evaluation of each index are also indicated.
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frequency n/a frequency (or period) at the end of each
(or period) cycle i
changes
ultimate 2.13 period history
stiffness
degradation
final softening 2.14 period history
plastic 2.15 period history
softening
maximum 2.16 period history
softening
global 2.19 period history
softening energy demand for each cycle i
index :
Roufaiel & 2.20 period history
Meyer displacement history
WCC see Samman and undamaged and damaged signatures
Biswas (1994a)
adaptive see Samman and undamaged and damaged signatures
matching Biswas (1994a)
template
SAC 221 undamaged and damaged signatures
CSAC 222 undamaged and damaged signatures
ELOS see Samman and undamaged and damaged signatures
Biswas (1994a)
damping 2.23 damping at the end of each cycle i
changes

Table 2.2 Global damage indices based on dynamic properties
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mode shape n/a mode shape history
assessment
flexibility 2.24 frequency history
matrix mode shape history
FRF based see Lammens et al frequency history
algorithm (1994) damping history
FRF history
SB-EBE see Doebling et al frequency history
(1992) dynamic mode shape history
static mode shape history
Kaouk & see Kaouk and frequency history
Zimmerman Zimmerman (1993) mode shape history
dynamic see Casas and frequency history
parameter Aparicio (1994) mode shape history
identification
NPE see Penny et al frequency history
(1993)
characteristic 2.26 frequency history
ratios
SSC see Cherng and frequency history
Abdelhamid (1994) | damping history
MAC 2.27 mode shape history
COMAC 2.28 mode shape history
strain FRF see Chen and strain time signals
Swamidas (1992)

Table 2.3 Local damage indices based on dynamic properties

2.3 INTRODUCTION TO DAMAGE ASSESSMENT BASED ON NEURAL NETWORKS

Neural networks present a completely different approach for damage assessment to those discussed in the

two previous sections. Neural networks are used to process information without a specific algorithm for

different types of problems. That is, the same neural network can be used to solve different types of
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problems. Unlike expert systems, neural networks do not require the knowledge of all the relationships
between the components of the problem (Garrett, 1992). Hence, this concept is appealing to model
systems where no currently acceptable theory exists for describing the components relationship or to assess
complex phenomena or complex system behaviors, such as structural and material behaviors (Garrett,
1992). For example, the concept can be applied to simulate the altering process of an undamaged structure
into its reciprocal, the damaged structure. More specifically, neural networks are used to capture mapping
describing the relationships between two sets of data: a set of observable data (input layer) and a reciprocal
set generated from a particular transformation of the original set (output layer). The neural network itself
represents the altering process between the two sets. Neural networks are developed by collecting mapping
examples relevant to the problem investigated, designing the neural network and finally training the
network with the collected examples until the network behavior is validated. The neural network behavior

is acceptable when the expected reciprocal set is generated from a given observable data set.

2.3.1 TYPICAL INTERNAL STRUCTURE |

The internal arrangement of a neural network is modelled after the structure and operation of the brain. It
consists of a highly interconnected network of numefous simple processing units, called neurodes. The
neurodes are joined through many weighting connections. Each neurode typically receives many signals
from neighbor neurodes or from external solicitations through its incoming connections. Although a
neurode receives several incoming signals, it produces only one outcoming signal. Using the incoming
signals, -each unit is capable of simple computétions to generate .its outcoming signal. The outcoming
signal depends on the number and amplitude of incominé neurodes as well as on the weights associated

with each connection. By modifying the weighting connections, the neural network can learn a particular

transformation pattern.
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2.3.2 TYPES OF NEURAL NETWORK

Many types of neural networks have been developed‘ by modifying the network topology, the neurode
characteristics and the learning schemes. The network topology refers to the number of neurodes in the
network as well as the weight pattern linking the neurod¢s between themselves. The mathematical
relationship used to compute the neurode outcoming signal also lead to different types of neural network.
Finally, different computational schemes have been elaborated to update the weighting connections in the
training process. A few examples of neural networks are the Kohonen network, the back-propagation
network, the counter-propagation network and the adaptive resonance network. An extensive summary of
neural networks can be found in Caudill and Butler (1992). In civil engineering, back-propagation
neural networks are commonly used by researchers to solve different types of problem (Elkordy et al,
1993). The following section details this type of neural network as well as the steps involved in its design.

Application examples of the use of neural networks for damage assessment are also presented.

2.3.3 BACK-PROPAGATION NEURAL NETWORKS

2.3.3.1 DESCRIPTION OF THE NETWORK AND ITS OPERATION

A typical back-propagation network is shown in Figure 2.2. The neurodes are arranged in layers: an input
layer, an output layer and a number of hidden layers. This type of network is fully interconnected, where

each neurode in a lower level is connected to every neurode in the next higher level.

Direction Direction
of hidden of
Activation layers Error
Propagation Propagation

Figure 2.2 Back-propagation neural network
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The function of the network is to compute a patterri of output from a pattern of input by propagating
calculated outcoming signals through the weighting connections linking the neurodes. Activation of the
network is initiated when the network is presented with a pattern of input, i.e. a set of observable data that
reflects the excitation of the system by external sources. It is referred to as the input layer in Figure 2.2.
The neurodes in the higher level recéive this pattern of input and produce in return an outcoming signal
which is transmitted to the next processing units. This outcoming signal is computed using the incoming

signals and the weighting connections. First, the net input of neurode j, N is calculated as:

No= D wy-0 oo, e [2.29]

where M is the number of units incoming on neurode j and oy, refers to output signal travelling towards a
particular neurode k. The weighting connection between neurodes j and & is symbolized by wj;. Secondly,

a level of activation, a;, is evaluated for each neurode. It is usually evaluated with the sigmoid function:

aj=f(Nj) = N

Finally, the outcoming signal of neurode j, 0}, is, in this type of network, the same as the activation value,
where 0j=a;.

This propagation process is repeated until the pattern of output, or the set of responses produced by the
excited system, is obtained. In Figure 2.2, the output layer refers to this highest level of neurodes. The
neurodes composing the hidden layers carry, in their weight connections, additional information to
simulate the mapping between the input and output layers. They allow the network to generate its own rich

and complex model of the system.

A correct behavior of the network is obtained when the expected output is actually produced at the output

layer of the network initially presented with the given input at the input layer. As mentioned previously, a
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neural network is not based on theoretical relationships existing between neurodes. Instead, it is trained to
perform this correct computation. The trai'ning fakes place in an iterative fashion. For each output, it first
involves computing an output error, E, by comparing the calculated output to the expected output. This
error usually refers to a degree of dissimilarity between the output computed through the neural network
and the expected output. The training procedure then back-propagates this output error in lower layers by
modifying the weighting connections linking the procéssing units. In the process of back-propagating the
output errors, these errors E’s must also be evaluated for the hidden layers, where a more complex
procedure is followed. The modification of the strengths of the connections is based on the generalized

delta rule, which defines the change in a given weighting connection as: »

where B is a learning constant, or a measure of the rate at which the learning process should take place.

This parameter ranges between zero and one.

Once the updated weights are computed, the output layer can be re-evaluated and compared to the expected
output. If the output error is still above a certain threshold value, then the error is back-propagated again,
and so forward until the network behavior is validated. The nature and the extent of the training sample,
composed of pairs of input and output layers, will significantly influence the efficiency of the training
process. More details on the mathematiéal background used in the back-propagation network can be found

in Caudill and Butler (1992).

2.3.3.2 NETWORK DEVELOPMENT
The development of a typical back-propagation neural network involves five principal steps. They can be

summarized as follows:

1. selection of neural representation for input and output layers;
2. selection of network internal structure, i.e. characteristics of hidden layers;
3. selection of training pattern characteristics;
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4. actual training of the neural network;
5. validation of the designed neural network.

These steps are described in the following sections, including some indications for the particular case of

damage assessment.

2.3.3.2.1 Input and Output Layers

The selection of the network input and output representation is dependent on the type of problem to be
solved. The input set refers to observable data, or parameters that can be rather directly estimated. On the
other hand, the output set represents data usually difficult to evaluate directly from information already
available. The main function of a neural network is actually to provide useful means to derive these output
data sets. In the case of damage assessment, presence or absence of damage in a specific location,
vibration responses and dynamic properties are examples of parameters that can be observed or measured
directly on the structure under study while the output layer usually refers to parameters closely associated

to stiffness reduction, providing relevant information on the structural degradation of a system.

2.3.3.2.2 Hidden Layers

The number of hidden layers as well as the number of processing units in each hidden layer can vary from
one network to another. Hidden layers of a same network can contain a different number of neurodes.
Despite restrictions imposed by the software used, there is usually no limit in the number of hidden layers

that can be used.

While the input and output layers are very much dependent of the type of problem to be solved, the choice
of hidden layers is not as straightforward. There are no specific rules in the design of hidden layers. It is
rather an iterative process, that experience with neural network development can partly overcome.
However, some basic rules can facilitate this task. For example, Caudill and Butler (1992) suggest that, for

a fastest training, a reasonable range for the number of neurodes in the hidden layers is 50% to 150% of the
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number of training patterns to learn. However, fastest training is not always the best training in terms of
the network’s capability to recognize unknown patterns. The number of hidden-layer neurodes should
preferably be less than the number of learning patterns. This consideration will avoid the network to
memorize the training patterns by allowing each neurode to exactly recognize one input pattern instead of
generating its internal network. Observing these basic rules, it should also be noted that a complex
problem will be easily solved with an extensive hidden layer network. This will allow the network to
develop a richer and more complex internal network and, consequently, will provide a better mapping of

the real problem.

2.3.3.2.3 Training Patterns

Training patterns are in the form of couples of input/output sets. Presented to the network, these training
patterns enable the network to create its own complex internal connections based on the update of the
weighting links. Since the network only learns from the data sets to which it is exposed, the patterns used
in the training process are determinant in the way the network will react to unknown input patterns. The.
patterns can vary in number as well in the néture of cases considered. The more complex the problem to
solve, the more patterns will be necessary to obtain abc.orrect behavior of the neural network. Similarly, the
more different cases covered by the training process, the better behavior the network will give to unknown

patterns.

In the case of damage assessment, two category of patterns can be used to perform the training process.
First, they can be accumulated over time from measur‘ements referring to the actual damage states as
sustained by the structure. Considering that the number of patterns needed to complete an efficient training
process is often significant, this first approach is often difficult to implement. Using analytically generated

states of damage then represents an attractive option. This approach refers to the use of Finite Element

Models to create training samples of the specimen under study.




THEORETICAL BACKGROUND ON DAMAGE ASSESSMENT 37

2.3.3.2.4 Training Process

Once the network architecture and the training cases have been selected, the actual training of the network
through a learning algorithm represents the next step of the network develbpment. When a new network is
to be trained, the following steps, for a single cycle, are implemented as follows, for each training pattern:

a training couple of input/output is presented to the network;

the output pattern produced by the network is compared to the expected output, producing an error;
the error is back-propagated to the hidden layers;

the weighting connections are modified according to the error back-propagation rule implemented in
the network.

Ll el e

This process is repeated several times for the complete set of training patterns until a specified error
tolerance is obtained. The success and efficiency of the training process depends on the network
characteristics, i.e. on the input, output and hidden layers representation. Unfortunately, as mentioned
previously, the state of technology is not well enough defined to provide specific rules to implement an
efficient learning procedure, regarding the network internal structure (Caudill and Butler, 1992). The
learning process also depends on the learning constant . No theoretical rule guides the choice of § value.
However, for a more difficult the problem, a slower learning must take place. This means that the learning
constant should be small. For example, on extremely complex problems, it is suggested that f values

should range between 0.05 and 0.005 (Caudill and Butler, 1992).

2.3.3.2.5 Validation of Network

The last step in the development of a neural network is to verify how well the network behaves when
presented with patterns for which it was not trained. In other words, the ability of the network to
generalize for unknown cases is verified by assessing how well the network recognize all the features and

sub-features implied in the training patterns (Garrett, 1992). As for the training patterns, unknown patterns

can be obtained either from experimental measurements or from analytical data sets.
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2.3.3.3 EXAMPLES OF APPLICATION TO DAMAGE ASSESSMENT

Neural networks are currently used by structural engineers and researchers to assess structural damage.
This section presents some examples of back-propagation networks used in the detection of structural

degradation.

Wu et al (1992) used neural network to recognize individual member damage from the measured response
of structures. They applied their method to a three-story. frame, instrumented with accelerometers.
Structural degradation was simulated by stiffness reduction. The input layer to the neural network was
taken as the Fourier spectra of the relative accelerations recérded at a particular floor. It was represented
by numerous neurodes, each of them representing a p'ortion of the frequency spectrum. The output layer
consisted of neurodes representing the damage condition (presence or absence of damage) for different
members of the structure. After training, the network was presented with unknown states of damage. The
original network did not show very good results. It was then modified by.adding an extra hidden layer and
providing two sets of Fourier spectra instead of one in the input layer. After tfaining, the resulting network
was capable of correctly identifying most types of damage but was unable to diagnose adequately all of

them.

Elkordy et al (1993) used neural networks to identify changes in the vibrational signatures of an
experimental five-story steel frame. To overcome the difficulty of developing over time an extensive
training sample set, they investigated the use of analytically generated training samples to train neural
networks. The training samples were obtained from finite element models of the five-story steel frame.
Damage states of the structure were simulated by gradual reduction of bracing areas in the finite element
model. The input layers were the percent change in mode shapes, normalized with respect to the top of the
structure. The output layers were related to the presence of damage at particular location (where

1=damage exists and O=no damage) and the corresponding extent of degradation. The networks were

verified with an experimental steel frame. Mode shapes were measured by analyzing signals recorded by
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accelerometers mounted on the specimen. The neural networks trained with analytical data provided very
good results when presented to these experimental input data. Hence, the neural networks were able to

- diagnose the damage sustained by the structure.

Other applications of neural network for damage assessment can be found in Elkordy et al (1992),

Szewczyk and Hajela, (1994) and Chen and Shah (1992).

2.4 CONCLUDING REMARKS

This chapter discussed damage assessment based on structural properties and damage assessment based on
modal properties. Basic concepts of damage assessment based on neural networks were also introduced.
Except for damage assessment based on neural networks, these approaches will be applied to specimens
tested in the wake of this study. Exploratory_Work on the neural network approach was also considered in
this study. Since no extensive study of this method was investigated, no results of this approach are

presented in this thesis.

The following chapter describes the experimental procedure performed, including details on the specimens

tested as well as description of the loading and dynamic testing procedures. A preliminary description of

damage observed on the specimens is also presented.




CHAPTER 3

EXPERIMENTAL PROCEDURE

The Ministry of Transportation and Highways of British- Columbia (MOTH) sponsored an extensive
seismic testing program on large scale models of the piers of Vancouver’s Oak Street Bridge. This was
done in conjunction with the seismic retrofit of the bridge. The major part of the MOTH sponsored work
consisted of slow cyclic testing of the models under lateral load. These test were performed in the
Structures Laboratory of the University of British Columbia (U.B.C.) from September 1993 to September
1994. The MOTH test program (Anderson et al, 1995) provided a unique opportunity to investigate

damage assessment techniques in conjunction with the slow cyclic lateral load tests.

Figure Q117-01 (drawing from Klohn-Crippen Consultants) of Appendix A shows bent S28, considered
representative of many similar bents in other bridges that may require retrofit. Five reinforced concrete
frames, the original design of $28, and four retrofitted versions of that same bent, were tested in the
laboratory. One of the retrofitted versions of the bent is shown in Figure 3.1. Specimens underwent lateral
slow cyclic loading monotonically increasing up to failure or very high damage state. Vibration tests were

performed between degradation cycles to assess modal properties of the specimens.

This chapter includes details on the testing procedures performed on the five specimens. Test objectives
are presented in the first section. Section 3.2 describes the experimental specimens. Lateral and vertical
loading procedures as well as details on the vibration testing procedure can be found in Sections 3.3 and
3.4 respectively. Finally, Section 3.5 gives a prcliminary description of damage observed on the five

specimens.

40
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Figure 3.1 Specimen OSBS ready for testing

3.1 TEST OBJECTIVES

Three principal objectives guided this experimental program. They are defined below:

1. To measure, in terms of loads and displacements, structural responses of the specimens subjected to
slow lateral cyclic loading.

2. To develop a hammer test procedure for forced vibration testing of small size civil engineering
structures;

3. To measure vibrations of both input and output signals at each displacement level, using both ambient

and impact vibration testing.

3.2 DESCRIPTION OF SPECIMENS

Dimensions of the U.B.C. Structures Laboratory and required loading levels both limited the overall size of
the specimens. These restrictions, as well as convenience in scaling bar sizes, led to a 0.45 linear scale

specimen representing one of the bents of the Oak Street Bridge in Vancouver. Five specimens were tested



EXPERIMENTAL PROCEDURE 42

. as part of this experimental program. The first specimen was modelled to match the original design of the
Oak Street Bridge bent S28. The other four specimens modelled retrofitted versions of that same bent.
The overall dimensions of the five bents were 7.06 m in width by 2.75 m in height. The as-built model was
denoted OSB1 while the other four were labele;,d OSB2 through OSB5 with numbering referring to the
order of testing. Figure 3.2 shows the scale model of bent S28. Construction of all five specimens was

done by a precast concrete manufacturer in the Vancouver area, APS located in Langley.
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Figure 3.2 Experimental model of bent S28

3.2.1 SPECIMEN OSB1

The first specimen tested represented the as-built design of the actual Oak Street Bridge bent. The frame
was made of reinforced concrete. Material strengths were adequately reproduced to match those of the
original bent. Sizes of longitudinal reinforcement, stirrups and ties were scaled down to 0.45. More details
concerning these material properties can be found in Anderson et al (1995). As shown in Figure 3.1, only

the top half of the columns were modelled, from the column inflection point to the top of the bent. The
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bending moment being zero at the inflection point, it was structurally convenient to design a hinge bearing
support at the bottom end of the specimen columns. Modelling half of the columns also reduced
considerably the overall height of the specimen. Drawing of specimen OSB1 can be found in Figure
Q117-11 of Appendix A. These structural charaéte;istics are also applicable to specimens OSB2, OSB3,

OSB4 and OSBS.

3.2.2 SPECIMEN OSB2
The retrofit of OSB2 modified the cap beam but the columns remained as in the original bent. The retrofit
consisted of coring the cap beam along its longitudinél axis and grouting two post-tensioned tendons in the

cap beam. Details on the retrofit of specimen OSB2 can be found in Figure Q117-13 of Appendix A.

3.2.3 SPECIMEN OSB3

Both the cap beam and the columns were retrofitted on specimen OSB3. A reinforced concrete beam was
fixed under the existing middle part of the cap beam. Rods were cored through the existing cap beam and
prestressed vertically to anchor that underbeam to the existing cap beam. The columns were retrofitted

with 6.35 mm (1/4”) steel jackets. For more details on OSB3 retrofit, see Figure Q117-12 of Appendix A.

3.2.4 SPECIMEN OSB4
Retrofit scheme of specimen OSB4 also included retrofit of both the cap beam and the columns. A
prestressing tendon was grouted in the cap beam along its longitudinal axis. Vertical post-tensioned

tendons were also cored in the middle part of the cap beam. 6.35 mm (1/4”) steel jackets were used to

retrofit the columns. Details on the retrofit of OSB4 are available in Figure Q117-14 of Appendix A.
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3.2.5 SPECIMEN OSB5

A fiberglass retrofit technique was used on specimen OSBS. Fiberglass membranes were epoxy-glued on
\concrete regions to be retrofitted. Membranes were fixed on both the columns and the middle part of the
cap beam. The retrofit also included external ungrouted prestressing along the longitudinal axis of the cap

beam. Three tendons were post-tensioned on each side of the cap beam. More details on the OSBS retrofit

can be found in Figure Q-1 of Appendix A.

3.3 LOADING PROCEDURE

Two types of loading were simulated during the testing. Vertical loads simulated the superstructure dead
load transferred on the bents and the appropriate selfweight of the bents. Lateral loads consisted of slow
cyclic loading with displacement amplitudes increased at each new damage level. The experimental setup

is shown in Figure 3.3.
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Figure 3.3 EXperimental setup
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3.3.1 VERTICAL LOADING

The original bridge Superstructure framed into the bridge bent at five bearing points (see Figure Q117-01
of Appendix A). Corresponding scale dead loads were evaluated at 169 kN per bearing support (see
Anderson et al (1995) for calculations). Specimen vertical loading was consequently applied at the five
respective locations on the sps:cimen. Simulated dead loads remained constant throughout the testing
procedure. They were transferred by vertical Dy\‘a‘/idag bars pulling down on the bent. These bars were

connected to a system of five hydraulic jacks anchored to the strong floor of the laboratory.

3.3.2 LATERAL LOADING

The lateral loads were cycled and increased in amplitude. until failure or very high damage of the bent
occurred. The quasi-static cyclic pattern simulated more severe load-displacement history than that
imposed by most earthquakes. FEach sequence, producing to increasing levels of damage, consisted of
three complete cycles, forward and reverse, at the same displacement level. Figure 3.4 shows a typicﬁl

loading sequence.

amplitude

A NEVAN .
N V] ime

cycle 1 < cycle 2 < cycle 3

Figure 3.4 Load cycles in a single sequence
The testing procedure was under load control up tb the yield load (see Anderson et al (1995) for details on
the yield strength estimation). Cycles subsequent to yielding condition were under displacement control
until failure of the bent occurred. The displacement ductility index, based on the yield displacement, was

used to determine the following lateral loading sequences. Typical ductility values were 0.75, 1.0, 1.5, 2.0,
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3.0, 4.0, 6.0, 9.0 and 12.0. Ductility level p = 12.0 represented an upper displacement ductility limit

imposed by the experimental apparatus.

Lateral loading was applied through a horizontal jack along an axis parallel to the cap beam of the bent.
This actuator had a maximum loading capacity of 1000 kN. A reaction frame was designed to withstand
the full capacity of the horizontal actuator. The lateral load was applied at a level that would simulate the
deck inertial 1;)ads. From the original design, the lateral loads were expected to be transferred through the
two interior bearings closest to the columns. Consequently, a triangular truss connected to those two

bearings was designed to carry the loads from the actuator to the structure.

3.3.3 STRUCTURE INSTRUMENTATION

Each specimen was instrumented with LVDT’s and strain gauges fixed at several locations of the bent.
Test data was collected by a computerized data acquisition system which recorded changes in
displacements and strains as the damage increased. Lateral loads were controlled and recorded through a
load cell fixed on the lateral loading setup. More details on the recording procedure are available in

Anderson et al (1995).
3.4 DYNAMIC TESTING PROCEDURE

Dynamic testing and measurement were the main interests of the study presente(‘i. here. Two types of
vibration tests were performed on the bents: ambient vibration testing and impact testing. The ambient
vibration technique, which was already a validated technique at U.B.C., was used for result validation
purposes. Forced vibration testing represented the main vibration technique investigated in this study. In

order to relate increasing damage and dynamic property changes, measurements were required at different

stages during the testing sequences. Hence, vibration tests were performed before the specimen had
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suffered any damage and after each sequence or ductility level sustained.

3.4.1 TYPE OF VIBRATIONS
Ambient and impact vibrations were used to excite the specimens. General characteristics of each type of

vibration are presented below.

3.4.1.1 AMBIENT VIBRATIONS

Ambient vibrations arise from air flow, technical apparatus, machinery and common activity vibrations. In
that case, the force applied to the structure cannot be controlled. It is assumed to have white noise
characteristics, i.e. uniform frequency content. From the theory based on ambient vibrations, frequencies
and mode shapes can be evaluated by simultaneously measuring vibrations at several locations on the

structure. One can refer to Felber (1993) for theoretical background of ambient vibration data analysis.

3.4.1.2 FORCED VIBRATIONS

Forced vibrations involved exciting the structure with a known external excitation. In this study, impact
loads were imposed on the structure by striking the structure with an instrumented hammer. Unlike the
ambient test, the force induced on the structure is known and can be measured. The force level applied by

the hammer was recorded by the data acquisition system.

3.4.2 STRUCTURE INSTRUMENTATION
Response of a specimen, generated by either ambient and forced vibrations, was measured by

accelerometers. In the impact vibration testing, the level of excitation of the structure was measured

through the instrumented hammer.
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3.4.2.1 ACCELEROMETERS

Accelerometers converted the structure’s vibratioﬁs into electronic signals. Force balanced accelerometers
(FBA’s 11) were used during this testing program. Acceleration up to £0.5g can be measured by these
sensors. More details on the accelerometer specifications can be found in Appendix B. These
accelerometers transmitted their signals to thé acquisition system through shielded cables. Eight sensors

were available in the testing system.

Accelerometers were mounted on steel plates which were bolted on the concrete structure. Figure 3.5
shows three accelerometers placed orthogonally on the column of specimen OSB1. Accelerations were
measured in the three principal orthogonal directions: the longitudinal direction, in the plane of the bent

and parallel to the cap beam, the transverse direction, perpendicular to the plane of the bent, and the

vertical direction, in the plane of the bent and parallel to the columns.
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Figure 3.5 Typical tri-axial accelerometer setup

For specimens OSB3 and OSB4, the steel plates could not be directly installed on the circular steel jackets
retrofitting the columns. For those two specimens, the column plates were mounted on a transfer device
which was fixed to the steel jackets. This installation device is shown in Figure 3.6. For specimen OSBS,
steel plates supporting the accelerometers were anchored directly through the fiberglass membranes

retrofitting the bent.
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Figure 3.6 Installation device for accelerometers of OSB3 and OSB4

Since only eight sensors were available, two setups of the accelerometers were used to measure the
induced vibrations on the bents. Figure 3.7 shows the sensor locations. Together, these two setups
totalized 16 measurements. They recorded vibrations at six locations of the bent: four on the cap beam and
two on the sides of the columns. The longitudinal sensor of node 5, duplicated in setup no.2, served as the
reference sensor for ambient vibration analysis. For specimen OSB1, only eight recording channels were
available in the acquisition system. Since the hammer required one channel, measurements from vertical
sensors of node 1 and node 6 were not recorded during impact testing of specimen OSB1. For the other
four specimens, the acquisition system was upgraded to 16 channels and the hammer channel was not

interfering with sensors of node 1 and node 6, which then recorded response time histories of the specimen.
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Figures A.1 and A.2 of Appendix A show typical accelerometer setup on the column and cap beam

respectively.
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Figure 3.7 Setup for dynamic testing

3.4.2.2 INSTRUMENTED HAMMER

In the impact testing procedure, an impulse hammer was used to excite the structure. This hammer
consists of an integral piezoelectric force sensor. This sensor utilizes self-generating quartz crystals to
generate an output signal which is exactly analogous to the impact force of the hammer. Figure A.3 of
Appendix A shows the instrumented hammer used in the impact testing.' Details on the hammer

specifications can be found in Appendix B.

Hammer impacts were input on the structure at three different locations and in three different directions as
shown in Figure 3.7. The directions of impact corresponded to the three principal orthogonal directions.

The longitudinal impacts were applied at the end of the cap beam. The transverse and vertical impacts

were input in the middle part of the cap beam. Figure 3.8 shows how hammer impacts were input
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longitudinally at the end of the cap beam. Examples of typical transverse and vertical impacts are shown in

Figures A.4 and A.5 of Appendix A.

Figure 3.8 Longitudinal impact applied with the instrumented hammer

3.4.3 DATA ACQUISITION SYSTEM

The data acquisition system includes measurement hardware and software. Measurement hardware
comprises physical instrumentation and apparatus used to record vibrations while measurement software

refers to computer programs performing acquisition of the discretized signals.
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3.4.3.1 MEASUREMENT HARDWARE

The same acquisition hardware was used for both ambient and impact testing procedure. The
computerized acquisition data system comprised a conditioner, an analog/digital converter and a 486 PC
computer. The conditioner filtered and amplified the signals. The A/D converter then transformed the
continuous signal in a series of discretized data. Finally, the computer recorded and saved the vibrations
measured on the bent. Figure 3.9 shows a schematic view of the acquisition system. Figure A.6 of
Appendix A shows the actual acquisition system used during vibration testing of the specimens. More

details on the acquisition hardware can be found in Schuster (1994).

Figure 3.9 Typical recording setup for vibration measurements

3.4.3.2 MEASUREMENT SOFTWARE

Measurement software differed slightly for ambient and impact testing. This section provides details on
recording parameters used in each testing procedure. For both ambient and impact testing, a 50 Hz low-

pass filter was used to condition the signals before recording was processed.
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3.4.3.2.1 Ambient Vibration Testing Parameters

The computer program used to record the ambierit vibrations was developed at U.B.C. by Yee and Felber
(1993). Modifications and improvements of the origihal version were done by Schuster (1994). Ambient
vibration tests were performed at a sampling rate of 200 samples per second (sps), corresponding to a
Nyquist frequency of 100 Hz. For specimen OSB1, a total of 32768 data points were recorded for each
channel. For specimens‘OSBZ to OSB5, a total of 16384 data points per channel were recorded. The
frequency resolution was fixed by the ambient vibration analysis program. Based on a segment length of
analysis of 4096 points, the frequency resolution was of 0.049 Hz. Table 3.1 summarizes the experimental
characteristics for each specimen. Description of the ambient vibration testing procedure can be found in

Felber (1993) and Schuster (1994).

OSBI1 200 0.005 4096 32768 0.049
OSB2 200 0.005 4096 16384 0.049
OSB3 200 0.005 A 4096 16384 0.049
OSB4 200 0.005 8192 16384 0.049
OSB5 200 0.005 8192 16384 0.049

Table 3.1 Ambient vibration testing characteristics

3.4.3.2.2 Forced Vibration Testing Parameters

The computer program used to record the ambient vibrations is also a modified version the original
software developed at U.B.C. by Felber (1993). The ambient vibration acquisition program was adapted to
impact testing by Schuster (1994). Four sets of impact were induced per ductility level Each set of

impacts consisted of four consecutive hammer blows. Two sets of hammer impact were induced along the

longitudinal axis of the cap beam, the direction of the lateral loading cycles. The two other sets were in the
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transverse and vertical directions. Table 3.2 summarizes the experimental measurement characteristics for

each specimen. Detailed description of impact vibration procedure can be in Appendix B.

OSB1 200 0.005 4096 0.049 6.58
OSB2 200 0.005 4096 0.04% 6.58
OSB3 ~ 1000 0.001 16384 0.061 17.12
OSB4 1000 0.001 16384 0.061 10.45
OSB5 1000 0.001 16384 0.061 11.61

Table 3.2 Impact vibration testing characteristics

For specimens OSB1 and OSB2, the time resolution was 0.005 sec. It was reduced to 0.001 sec for
specimens OSB3, OSB4 and OSBS5. The frequency resolution was about the same for all five specimens.
The time resolution was improved by increasing the sampling rate. However, augmenting the sampling
rate too much would have impaired the frequency resolution. The durationvof sampling was then increased
to preserve a similar frequency resolution. Anomalies observed in the time signals of the hammer impact
justified these recording changes. Figures 3.10 and 3.11 show typical time histories of the hammer for low

and high sampling rates.
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Figure 3.10 Low sampling rate [200 sps]  Figure 3.11 High sampling rate [1000 sps]
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The time signal recorded at low sampling rate shows considerable variation of the peak values of the
hammer blows. On the other hand, the high sampling rate indicates relatively constant peak value. The
lower sampling rate sometimes missed the peak value of the hammer, recording different peak amplitudes
from one impact to the other. The high sampling rate. correctly captured the peak value. Table 3.2 shows

that the averaged impact peaks for OSB1 and OSB2 are lower than those for OSB3, OSB4 and OSBS5.
Different tests performed on the hammer showed that a minimum sampling rate of 900 sps was required to
capture the hammer peak. Frequency domain analyses (see Chapter 5), which used ratios of output to input

signals, were also affected by this recording problem.

3.4.4 DYNAMIC TESTING SEQUENCES
A typical dynamic test included two types of testing sequences, with specific objectives for each sequence

type. Description of these sequences are presented below.

3.4.4.1 PRELIMINARY AND FINAL SEQUENCES

Preliminary sequences were recorded before the specimen had suffered any structural damage. Vibrations
from setups no.1 and no.2 were measured in these sequences. Measurements from the complete structure

permitted to relate the natural frequencies to their corresponding mode shapes.

In these sequences, measurements were recorded for different combinations of dead load and lateral
actuator conditions. They represented useful tools for future analytical modelling of the bents. Table 3.3 |
summarizes the preliminary sequences recorded for each specimen. A total of 8 consecutive sequences
were measured. The sequence order was planned to minimize the number of sensor relocations for

different setups and considered the fact that the actuator installation was not a simple operation compared

to the activation of the dead load.
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1 out off 1
2 out off 2
3 out on 2
4 out on 1
5 in on 1
6 in on 2
7 in off . 2
8 in off 1

Table 3.3 Preliminary and final sequences

Final sequences were performed after failure or very high damage of the bent had occurred. The sequences

described for preliminary testing were repeated, in reverse order, in the final sequences.

3.4.4.2 INTERMEDIATE SEQUENCES

During lateral loading cycles, corresponding to increasing damage of the bent, frequency changes

comprised the main interest of the dynamic testing. Consequently, only accelerometers from setup no.1

recorded signals to accelerate the testing procedure. Measurements from setup no.2, which discretized the

complete structure together with setup no.1, were not needed for further data processing.

Detailed experimental dynamic testing parameters are summarized in forms of tables used during the

actual testing. For each specimen, these experimental datasheets include details on ductility levels tested,

sequences, filenames, global gains, filters, etc. They can be found in Appendix B.
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3.5 PRELIMINARY DESCRIPTION OF DAMAGE OBSERVED

A qualitative assessment of the test results can be done by examining hysteresis loops and types of damage
observed in each specimen. Hysteresis curves are shown in Figure 3.12. In these figures, the joint
displacement, is the average horizontal displacement measured at the two joints and the base shear
represents the total base shear or the applied lateral load. Table 3.4 summarizes some experimental
characteristics obtained from the lateral loading procedure, including the yielding displacement, Ay, the

maximum ductility level sustained, p,.,, and the corresponding maximum load.

OSB1 6.35 4 267
OSB2 11.43 6 467
OSB3 11.43 12 489
OSB4 10.92 12 489
OSBS5 11.43 12 480

Table 3.4 Experimental lateral loading characteristics

The original design, specimen OSB1, showed a very poor and brittle behavior. During testing, diagonal
shear cracks, associated with negative moment, developed in the middle part of the cap beam. These
cracks substantially increased in width with increasing damage level. Low concrete compressive strength
in the cracked zones led the structure to failure at a ductility level of 4. Hysteresis loops of specimen OSB1
(Figure 3.12a) clearly indicate the poor seismic behavior. Figure A.7 of Appendix A shows specimen

OSB1 at failure state.

Specimen OSB2, retrofitted with longitudinal prestressing in the cap beam, showed improvements of both

strength and ductility levels, as shown in the hysteresis loops of specimen OSB2 (Figure 3.12b). As for

specimen OSB1, diagonal shear cracks developed in the middle part of the cap beam but their width was
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limited to a relatively low level. However, the columns showed progressive flexural cracking with
increasing damage level. This structural degradation led the specimen to a sudden column shear failure at a

ductility level of 6. Figures A.8 and A.9 of Appendix A show details of the columns damage.

The underbeam retrofit in specimen OSB3 limited the shear cracking developed in the cap beam.
Significant cracking progressed in the joint regions, causing spalling of the concrete cover and buckling of
bars at high ductility levels. The specimen ultimately failed in flexure above the steel jackets retrofitting
the columns at a ductility level of 12. Overall, hysteresis loops of specimen OSB3 (Figure 3.12¢) indicate
a good performance compared to the original design. Damaged specimen OSB3 is shown in Figure A.10

of Appendix A.

Hysteresis curves of specimen OSB4, with vertically and horizontally prestressed cap beam as well as steel
jackets, are shown in Figure 3.12d. Behavior similar to OSB3 caused a flexure failure in the column above
the steel jackets. Specimen OSB4 also sustained a ductility level of 12. Figure A.11 of Appendix A shows

specimen OSB4 at failure state.

The fiberglass and external prestressed retrofit, specimen OSBS, showed less cracking than the other
specimens. However, flexure cracking was progressing in the columns. Due to limitation of the
experimental setup, complete failure of the specimen was not achieved and the specimen reached ductility
12 with no extensive damage. Hysteresis loops are presented in Figure 3.12e. Details of the damaged

columns can be viewed in Figures A.12 and A.13 of Appendix A.
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3.6 CONCLUDING REMARKS

This chapter described the experimental procedure performed on the five specimens. The lateral and
vertical loading procedures as well as the vibration testing were detailed. Observations of the damage
sustained by the specimens were also described based on the hysteresis curves obtained experimentally.
The following chapter investigates damage assessment based on structural properties, such as

displacement, stiffness and energy absorption.



CHAPTER 4

DAMAGE ASSESSMENT BASED ON STRUCTURAL PROPERTIES

Damage indices show promise of providing a useful means to quantify damage sustained by a structure
which was subjected to severe loading, such as a seismic event. Damage indices based on structural

properties are evaluated here using information from the structural response of the specimens studied.

Based on the failure modes observed for the five specimens, three of the structural damage indices
presented in Chapter 2 were chosen to quantify degradation levels of the specimens tested. In Section 4.2,
calculation procedures of the damage indices are described and applied to the five bridge bents tested in the

laboratory. Finally, index values obtained are compared and used to evaluate the specimen performance.

4.1 CHOICE OF DAMAGE INDICES

From test results of the bridge bents, two specimens failed in shear (OSB1, OSB2) while the remaining
three (OSB3, OSB4, OSBS5) failed of suffered very high damage in ﬂexﬁre. In order to éompare
adequately the specimen behaviors, the damage indices used had to pfovide acceptable damage assessment.
for both flexural and shear modes of failure. For prac_:tical reasons, it was convenient to consider each bent
as an individual member so that a single local index would suffice tovassess damage. | Thus, the local index

would also serve as a global index of a single-clement structure.

Most of local structural indices presented in Chapter 2 were initially developed and validated for flexural
modes of failure. Williams et al (1995) investigated methods to quantify shear-dominated damage with

some of these flexural-based indices. In that study, different local indices were applied as per their original

definition. Others were modified for a more appropriate formulation to evaluate shear-dominated
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response, i.e. in terms of force-displacement instead of moment-curvature relationships. The local damage
indices described in Chapter 2 refer to these modiﬁed version of the indices. Using a series of combined
shear and flexural cyclic tests, eight local damage indices were evaluated and their ability to quantify
shear-dominated damage was examined. A comparative analysis between these indices was also

performed.

The Williams study found no particular correlation associating damage indices and shear modes of failure.
Damage index values were basically deformation dependent, with the energy dissipation term having only
a negligible effect. Basic indices, typically defined as a single term based on large deformation, provided
more realistic evaluation of damage than complex indices, involving both a large deformation term and a
cyclic loading term. Although damage indices were not very good at assessing shear damage, the three
following local indices were considered adequate for evaluation of shear damage response: displacement
ductility, modified stiffness ratio and modified Park and Ang index. These three local indices,
adequate for both flexural and shear failure, were chosen to assess structural damage in the five specimens

tested.
4,2 EVALUATION OF DAMAGE INDICES

This section describes the steps involved in the evaluation of displacement ductility, modified stiffness

ratio and modified Park and Ang index.

4.2.1 DISPLACEMENT DUCTILITY

As mentioned in section 2.1.2.1, displacement ductility, pg, is expreésed as:

(2]

(o]
|

[o2]

m m y

H = 3, = L+ =5 P [4.1]
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In this study, the displacement 6, referring to both 5, and 6, was defined as the lateral average joint

displacement. Two LVDT's, installed on each of the two beam/column joints, measured the lateral joint
displacements throughout the loading procedure. Readings obtained from these two LVDT’s were

calibrated and averaged. The yield displacement 3, was taken as 4/3 of the displacement measured at 75%
of the yield strength. Yield strength was estimated analyticaily prior to testing. For each cycle, a positive

and a negative maximum displacement (8;* and 8;) were obtained from the recorded data. Figure 4.1

shows schematic definition of these symbols. The maximum absolute value of ;" and §; was retained for

index calculation.

F e

(F*.8%)
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“v
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Figure 4.1 Typical hysteresis loop and parameter definitions

Displacement ductility at each load cycle can be calculated as follows:

+ step 1: find 8, from 4/3 of the displacement measured at 75% of the yield strength;
e step 2: for each cycle i, do:

1. find §;;

2. find §;7; v
3. find §; ,, = max (3,7, abs(3;));
4. evaluate Equation 4.1

A typical displacement ductility spreadsheets is presented in Appendix C.
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4.2.2 MODIFIED STIFFNESS RATIO

In Section 2.1.2.1, the modified stiffness ratio, D, was defined as:

) .
= Ry Rg) T [4.2]

Stiffnesses are expressed in this case as ratios of force over displacement, k = F /5. As for the ductility
index, the displacement 6 was taken as the lateral average joint displacement. The force was defined as the
total base shear induced on the bents, equivalent to the total lateral load induced by the actuator. This
force was measured by a load cell installed on the lateral loading setup. The lateral loads were recorded
and used, together with the displacements, to generate hysteresis curves of the specimens. These hysteresis

loops were used to compute the index.

In Equation 4.2, the initial tangent stiffness k, refers to the yielding condition and can be expressed as
k, = F, /38, The secant stiffness at failure krefers to the final condition and can be defined as kr = Fy/ 8.
Finally, k,, ; refers to the maximum stiffness at each half cycle, forward and reverse, and is expressed as
ki m = F; /5, The stiffness index is evaluated for positive and negative half cycles and the maximum value

is retained.

Calculation steps of modified stiffness ratio for each load cycle are summarized below:

* step 1: find 6, and F, from 4/3 of the displacement and load measured at 75% of the yield strength;
* step 2: calculate k,; :

* step 3: find 6 and Ffrom displacement and load at cycle of final sequence;

* step 4: calculate kg

» step S: for each cycle i, do:

1. find 8;* and corresponding value for F;*;
2. calculate k; ,, "5
3. calculate D;* using Equation 4.2;

4. find 8; and corresponding value for F}’;

5. calculate k; ,,";
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6. calculate D;” using Equation 4.2;
7. Di = max (Di+’ Di-)‘

A typical spreadsheet of modified stiffness ratio calculations can be found in Appendix C.

4.2.3 MODIFIED PARK AND ANG INDEX
Modified Park and Ang index comprises a deformation term and a cumulative energy term. From Section
2.1.2.2, this is expressed as:

5,-5, |dE

D = B [4.3]
6f_ 6y Fysf

As before, displacement terms are associated to the lateral average joint displacements. The displacement
8; m represents the maximum value between 8% and 8;. In the energy part of the equation, the integral
evaluates the energy dissipated by the specimen. The energy that an elasto-plastic system dissipates in a
cycle of deformation is proportional to the amplitude of the cycle. Hence, the shaded area in Figure 4.1
corresponds to the energy for one cycle. Total energy dissipated was obtained by adding individual cycle-
energy. The trapezoidal rule was used to evaluate energy dissipation from the hysteresis curves. The
recommended value for B was 0.1. Calculation steps of modified stiffness ratio for each load cycle are

summarized below:

« step 1: find 3, and Fy from 4/3 of the displacement and load measured at 75% of the yield strength;
» step 2: find 8, from displacement at cycle of final sequence;
» step 3: for each cycle i, do:

. find §;*;
. find &;7;

. find Si,m = max (8i+’ abs(S,-'));v
. evaluate D; 4,1, the deformation term of Equation 4.3;

. evaluate D oerg,, the energy term of Equation 4.3;
. evaluate Di = Di,def+ Di,energy' ‘

N R LN
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A typical spreadsheet for this index is presented in Appendix C.
4.3 RESULTS AND COMPARISONS OF INDICES

4.3.1 COMPARISON OF SPECIMEN BEHAVIORS

Three damage indices were evaluated on specimens OSB1 to OSBS. They represent a useful mean to
compare specimen responses to the loading procedure. Specimen performances were compared by
examining individually each of the indices e.valuated on the five specimens tested. Figures 4.2, 4.3a and
4.3b show comparisons of displacement ductility with respect to nominal ductility as well as modified
stiffness ratio and modified Park and Ang index with respect to displacement ductility. Nominal ductility

is defined here as the reference ductility levels used during the experimental procedure.

4.3.1.1 DISPLACEMENT DUCTILITY

Figure 4.2 shows the variations of displacement ductility indices with increasing deterioration of each
specimen expressed in terms of nominal ductility. It can be seen in Figure 4.2 that index values range from
0 to 12. Damage indices reached 5.41 (OSB1), 6.86 (OSB2), 12.01 (OSB3), 11.42 (OSB4) and 11.33

(OSBS). These values were obtained at failure of the specimen except for OSBS, for which complete

failure was not achieved because of experimental setup limitations.
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Figure 4.2 Comparison of specimen behaviors: displacement ductility

Figure 4.2 also shows the correlation between the nominal ductility and the calculated ductility indices. As
these two parameters quantify the same effect, a close correlation is expected. While a good correlation is
found for specimens OSB3, OSB4 and OSBS5, the nominal ductilities for specimens OSB1 and OSB2 tend
to underestimate the displacement ductility indices calculated from experimental data. The acfual damage
levels sustained are then undervalued for these two specimens. In fact, the curve slopes are greater than
unity for specimens OSB1 and OSB2. The computed slope of the fitted line, obtained from a linear
regression analysis for each of the specimens, was 1.44 for OSB1, 1.14 for OSB2, 0.95 for OSB3, 0.93 for
OSB4 and 0.91 for OSB5. These observations suggest that calculated ductilities should be used as damage

level indicators instead of nominal ductilities in future index comparisons.

Since ductility represents a key property of a structure subjected to seismic loading, good performance of a

specimen is associated with a high index value. Based on this éoncept, OSB1 (5.41) gave the poorest

performance, followed by OSB2 (6.86), OSB4 (11.42), OSB3 (12.01) and finally OSB5 (11.33).
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Specimen OSB5 could have sustained higher ductility levels with enhanced capabilities of the

experimental setup.

4.3.1.2 MODIFIED STIFFNESS RATIO

Figure 4.3a shows the relationship between the modified stiffness ratio index and the calculated ductility
(Equation 4.1). As indicated in the previous section, damage levels were associated to the real ductility
levels sustained by the specimens. Index values range from O to about 3. Maximum indices obtained at

failure or very high damage were 1.0 (OSB1), 2.82 (OSB2), 1.68 (OSB3), 1.61 (OSB4) and 1.36 (OSB5).
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Figure 4.3a Comparison of specimen behaviors: modified stiffness ratio

Figure 4.3a shows dissimilar graph trends. For specimens OSB3 to OSBS, damage rates are relatively
similar in magnitude. Index values are gradually increasing through the different damége states. On the
other hand, specimens OSB1 and OSB2 display discontinuities in their degradation process. The
discontinuities divide the response in two degradation rates: an initial low damage rate and a subsequent

higher damage rate. For specimen OSB1, the slope increased about 20 times (from 0.03 to 0.61) at

ductility 4, giving a slope change of 0.58. Specimen OSB2, with an initial slope of 0.12, suddenly shifted




DAMAGE ASSESSMENT BASED ON STRUCTURAL PROPERTIES 70

to 0.64 at ductility 4.5, showing an increase of about 5 times its initial damage rate. The corresponding

slope change is 0.52. Averaged slopes were estimated by linear regressions performed on the index data.

Recalling the failure modes for each specimen, the shear failures can be associated to trends presenting
sharp discontinuities and flexural failure modes to gradual increasing trends. Hence, the index
differentiated brittle from ductile behavior, with the presence or absence of sharp slope changes in the
index trend. The index definition, based on stiffness indicators, can explain these observations, where a
significant reduction in stiffness is usually aésociated with a sudden brittle damage. Consequently, if
failure is obtained, the modified stiffness ratio can provide information on the failure mode of the specimen

studied.

Two classification approaches can be used to assess performance of specimens. The index value
corresponding to a fixed ductility level provides a first comparison tool. A high index value is associated
with a significant stiffness degradation. This classification would rank the specimens like OSB2, OSB1,
OSBS5, OSB3 and OSB4 as poorest to best performance, with very similar performances for specimens
OSB3 to OSBS. However, hysteresis curves clearly indicated that OSB2 showed improved behavior
compared to OSB1, which would question the validity of this classification approach. Variation of
degradation rates represent another mean for comparing specimen performances. For the three flexural
failures, referring to specimens OSB3 to OSB3, the slope change is moré or less zero. Their slope values
are also very similar: 0.13 (OSB3), 0.11 (OSB4) and 0.12 (OSBS5). For specimens OSB1 and OSB2, which

suffered from shear failure respectively in the cap beam and the columns, the damage rate increases (0.58

for OSB1 and 0.52 for OSB2). According to this classification, the ranking would be, starting with the

poorest performance, OSB1, OSB2, and specimens OSB3 to OSB5 with similar behavior. This

classification method, associated with the failure mode, gave a ranking consistent with experimental

observations and hysteresis curves.
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4.3.1.3 MODIFIED PARK & ANG INDEX

Figure 4.3b shows variations of the modified Park & Ang index with calculated ductility levels sustained
by the specimens. Index values range from 0 to about 3. The maximum index values obtained at failure

reached 1.87 (OSB1), 2.92 (OSB2), 2.35 (OSB3), 2.12 (OSB4) and 2.39 (OSB5S).
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Figure 4.3b Comparison of specimen behaviors: modified Park and Ang index

As for the two previous indices, specimens OSB3 to OSBS5 indicate similar damage rate and index
magnitudes. Trends of specimens OSB1 and OSB2 are also comparable. However, their degradation
increases at a higher rate than the three other specimens. Slope values obtained from linear regression are

respectively 0.41, 0.50, 0.20, 0.19 and 0.21 for the five specimens tested.

Unlike the modified stiffness ratio, this index prdsents no significant variation in the degradation rate,
previously related to the type of failure. Different slope values suggest a separation of the specimens in
two categories like OSB1/0SB2 and OSB3/0SB4/0OSB5. Recalling that OSB1 and OSB2 failed in shear

and that OSB3, OSB4 and OSBS5 failed in flexure, the failure mode could be associated to the slope

magnitude. A high slope would in this case indicate a brittle mode of failure while a low damage rate
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would represent a ductile failure mode. However, general application of this classification approach would
require more case studies. If the ranking method is validated, a threshold value could eventually be defined

to differentiate the two failure modes.

The specimen performance can be based on the index value for a fixed damage level. In that case, the
specimens would be ranked like OSB2, OSB1, and OSB3 to OSBS5 with similar behavior. If the slope is
assumed an adequate performance indicator, the specimens would be ranked OSB2, OSB1, and OSB3 to
OSBS5 with similar behavior. These two comparison approaches are not consistent with previous
conclusions from hysteresis curves, where OSB2 indicated improvement in its seismic response compared

to OSB1.

4.3.1.4 SUMMARY OF SPECIMEN CLASSIFICATION

For each damage index evaluated, Table 4.1 provides a summary of specimen ranking, starting with the
poorest specimen behavior. Three classiﬁcz_ttion approa_ches were used to assess performance of the
specimens: the maximum index value, the degradation rate, referring to the curve slope, and, finally, the
variation of this damage rate. Note that observations of damage and hysteresis loops suggested a ranking

like OSB1, OSB2, OSB3, OSB4 and OSBS.

displacement ductility OSB1, OSB2, n/a - n/a
OSB4,0SB3, OSB5
modified stiffness ratio OSB2, OSB1, OSBS, n/a OSB1, OSB2, OSB3,
OSB3, OSB4 0SB4, OSB5
modified Park & Ang index || OSB2, OSBI, OSB3, 0OSB2,0SB1, OSB3, n/a
OSB4, OSB5 0SB4, OSBS

Table 4.1 Ranking of specimen behaviors
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4.3.2 DAMAGE INDICES CORRELATION

Correlation studies evaluated the similarity between damage characterization provided, at different states
of damage, by each index. Damage characterization is understood here to be how physical elements, such
as displacement, crack propagation, yiclding, stiffness degradation, etc., are taken into account in the
failure process defined in a particular damage index. Damage indices were normalized, with respect to
their peak value, to facilitate the comparison of vtheir relative ability to assess damage. That is, a failure
state refers to a unit value for all indices considered. Figures 4.4a to 4.4c show relationships obtained
comparing modified stiffness ratio and modified Park and Ang index with displacement ductility as well as

modified Park and Ang with modified stiffness ratio.

Similar damage characterization of two normalized indices would be indicated by a unit slope. That is, for
a particular damage state, the two indices would attribute a similar degree of .structural damage, or, in other
words, they would converge to failure at a similar rate. On the other hand, curves above this unit line
would suggest that the ordinate index converges more rapidly to failure than the abscissa index. Curves
below the unit reference line would indicate that the abscissa index converges faster to failure than the

ordinate index.

From Figures 4.4a, 4.4b and 4.4¢, comparable rate of approach to failure was obtained from a comparisbn
of the modified Park and Ang index and the displacement ductility, where all five specimens showed the
similar graph trends. Also, looking at the three comparisons, this damage characterization similarity is

improved for specimens with flexural failure mode.

Figure 4.4a compares normalized modified stiffness ratio and normalized displacement ductility. The

comparison shows diverse trend types. Stiffness ratio seems to converge less rapidly to failure than

displacement ductility. This is verified for all five specimens. However, the comparison curves seem
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closer to a unit slope when the failure mode is ductile, as for specimens OSB3, OSB4 and OSB5. This

observation suggests that ductility and stiffness ratio converge to failure at comparable rates when the

failure mode is flexural.
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Figure 4.4a Index correlation: modified stiffness ratio vs displacement ductility

Figure 4.4b compares modified Park and Ang index to displacement ductility. This graph shows the least
scattered data among the three index comparisons studied. The comparison of normalized indices
produces a correlation almost perfect for all five specimens. These two indices were then assumed to

converge to failure at similar rate for either failure modes.

Figure 4.4c compares the modified Park and Ang index to the modified stiffness ratio. The comparison

gives diverse graph trends. As in the comparison with displacement ductility, modified stiffness ratio seems

to converge to failure more slowly than the Park and Ang index.
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4.3.3 COMPARISON OF NORMALIZED INDICES FOR EACH SPECIMEN

For each specimen, the three indices calculated were normalized with respect to their peak value and
plotted on a graph. Figures 4.5a to 4.5¢ show the resulting plots. For all five specimens, displacement
ductility corresponds to the highest damage index values. The second largest index is the modified Park

and Ang index followed by the modified stiffness ratio, except for specimen OSBS5.

Two classification parameters are used to examine these figures. Considering an individual specimen, the
relative slope of each normalized index represents one of these indicators. Figure 4.5 indicates that
significant similarity between relative slope magnitudes refer to specimens with ductile failure mode. For
example, specimen OSB1 show more variation in its normalized slopes than specimen OSBS. Secondly,
the proximity of the curves represents another informative parameter. Graphs related to specimens with
brittle failure modes show more distant curves than the ones associated to ductile failure modes. These two
classification parameters suggest a performance ranking of OSB1, OSB2, OSB4, OSB3 and OSBS5,

consistent with experimental observations.
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(e) Specimen OSBS
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Figure 4.5 Comparison of normalized indices

4.4 CONCLUDING REMARKS

This chapter investigated damage assessment based on structural properties, such as displacement, stiffness
and energy absorption. For the five specimens tested in the laboratory, three indices were evaluated at each

of their nominal ductilities.

Based on these index values, specimen performance was compared and ranked according to different
classification approaches. Two of the structural indices investigated, the modified stiffness ratio and
modified Park and Ang index, could provide indication on the failure mode. For the specimen behavior

comparison, two approaches gave a ranking similar to the one suggested by the observations of damage

and the hysteresis loops: the highest value of displacement ductility and the damage rate gradient of

the modified stiffness ratio.

A correlative analysis of the indices was performed in order to determine the similarity between damage
characterization provided by each index. When normalized indices were compared, similar rates of

approach to failure where obtained from a comparison between the modified Park and Ang index and the

displacement ductility, while modified stiffness ratio seemed to converge less rapidly to failure than
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displacement and modified Park and Ang index.

The following chapter explores damage assessment based on modal properties. As for structural damage

indices, modal damage indices are evaluated for every nominal ductility sustained by each of the five bent

specimens.




CHAPTER 5

DAMAGE ASSESSMENT BASED ON MODAL PROPERTIES

The dynamic response of a structure can be significantly affected by degfadation of its structural elements
and/or joints. Changes in the structure can be detected by the experimentally measured dynamic properties
of the structure. As discussed in Chapter 2, modal damage indices are calculated from equations
combining selected dynamic properties or their relative changes. Modal properties used to evaluate indices

are usually the fundamental frequencies (or periods), damping ratios and mode shapes.

This chapter discusses the application of modal damage assessment techniques on the five specimens
tested in the laboratory. The natural frequencies and damping ratios of each specimen were obtained from
the dynamic tests. Three damage indices, derived from these two modal properties, were chosen to
quantify damage levels of each specimen and are discussed in Section 5.1. Sections 5.2 and 5.3 describe
the extraction of natural frequencies and damping ratios from vibration data obtained experimentally.
These experimental dynamic properties are used to compute modal damage indices (Section 5.4). Based
on the index values, Section 5.5 discusses the relative performance of the five specimens studied.

Correlation between these three damage indices is also presented in this section.

5.1 CHOICE OF MODAL DAMAGE INDICES )

The modal properties extracted from the experimental dynamic measurements limited the choice of modal
damage indices. For each damage level, measurements obtained from the vibration tests provided two
modal properties: natural frequencies and damping ratios. As indicated in the experimental testing

procedure, vibrations from setups no.1 and no.2 were recorded before and after the loading sequences,

while only setup no.1 was measured during the actiial loading sequences. Since natural frequencies and
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damping ratios can be obtained from only a few measurements, it was convenient to obtain these for each
loading level. Identification of mode shapes requires a detailed discretization of the structure (setups no.1
and nb.2) and thereafter longer testing durations. Because of time constraints, this was not performed for
all damage levels, but only for the undamaged structure and for the structure at failure state. Considering
that damage assessment had to be performed for each damage level, the choice of modal damage indices

was limited to indicators derived from natural frequencies and/or damping ratios.

The type of specimen tested, a cap beam supported on two columns, also guided the choice of modal
damage indices. Considering its relative structural simplicity, each specimen was treated as a single
structural member. For a single element structure, local damage indices can be used as well as global
indices. Local indices evaluate damage of individual element, while global indices can be applied to a
structure composed of one member only. Consequently, the use of a global damage index was considered

to quantify structural degradation of the bents.

Three modal damage indices, global in their definition and derived from natural frequencies or damping
ratios, were chosen to assess degradation of the specimens. Ultimate stiffness degradation and
maximum softening were evaluated on the basis of changes in natural frequencies (or periods) with
damage level, termed here as the frequency (or period) history. The variation of damping through the
loading procedure, referred to as the damping history, was used to evaluate a third global damage index, the

normalized damping ratios.

5.2 EVALUATION OF NATURAL FREQUENCIES FROM EXPERIMENTAL DATA

Ultimate stiffness degradation (Equation 2.13) and maximum softening (Equation 2.16) can be derived

from period (or frequency) history. For each specimen, a frequency history was assembled from vibration
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data measured at each ductility level sustained. Ultimate stiffness degradation and maximum softening

indices were then evaluated for each damage level.

This section discusses the theoretical background on identification of natural frequencies from
experimental dynamic measurements. These analytical procedures are then applied to data obtained from
the dynamic tests performed on the five specimens. A frequency history for each of the five specimens is

presented and discussed for each damage level sustained.

5.2.1 THEORETICAL BACKGROUND

Measurements obtained from experimental modal testing are usually in the form of discretized time
signals. Modal properties can be derived -from direct time-domain analysis of these measurements.
However, applying a p&ticulm transform algorithm on ﬁlese time- sivgnals can lead to a more efficient
procedure for determining modal properties. The Fourier Transform converts time-domain signals to their
reciprocals in another domain, the frequency domain. Several relationships,vderived in the frequency
domain, provide useful information to identify natural frequencies. The background of the frequency-

domain relationships used in this study is presented in the following sections.

5.2.1.1 THE FOURIER TRANSFORM

As stated earlier, vibration signals are measured in terms of an amplitude-versus-time function, referred to
as a time history record. The Fourier Transform converts signals from the time domain, £, to the frequency
domain, f. If X(f) refers to the Fourier Transform of a time signal x(z), their relationship can be expressed
as:

+0o0

X(H = jx(t)e

—00 .

-i2mf

Conversely, if X(f) is known, then the inverse Fourier Transform will give x():
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+00

x(1) = IXU) T f [5.2]

-
The reciprocal functions x(t) and X(f) are said to be Fourier Transform pairs. The Fourier Transform is
generally evaluated in a discrete form. The Fast Fourier Transform (FFT) algorithm, introduced first by
Cooley and Tukey (1965), allows very efficient and accurate evaluations of the discrete Fourier Transform

and its inverse.

The evaluation of a convolution integral (in the time domain) for dynamic analysis can be efficiently
performed in the frequency-domain using the FFT. In this case, it is only required to obtain the FFT of the
two functions involved in the convolution, computing their product and converting the result back in the
time-domain by means of the inverse FFT. Although the process seems to require several steps, it is more

computationally efficient than the direct computation of the convolution integral.

Analysis in the frequency domain also provides a clear representation of the frequency content of a
particular signal. Different relationships, derived from the Fourier Transform of time signals, use this

particularity to help determine the natural frequencies of a structural system.

5.2.1.2 INDICATORS OF NATURAL FREQUENCIES |

Different frequency domain relationships can be' used to identify fundamental frequencies. Some require
input and output measurements while others only need output signals. This is important since some
dynamic testing procedures measure both input and output signals while others only measure output
signals. For example, a hammer test procedure usually measures input and output signals while ambient

vibration testing only records output signals. Hence, the choice of natural frequency indicators depends on

the type of dynamic testing performed.
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For cases where only output signals are measured, the auto- or power spectral density (PSD) usually

serves as natural frequency indicator. The PSD of a time-domain signal, x(z), can be expressed as:

in which §,,(f) is the PSD value at frequency f. X(f) is the Fourier Transform of x(z) (refer to Equation 5.1)

and X"(f) is the complex conjugate of X(f).

The auto-spectral density S,,(f) provides description of the frequency content of the original function x().
Peak values of the PSD indicate which are the dominant frequencies in the signal, some of which may be
natural frequencies of the measured system. PSD’s of several time signals can also be averaged to provide

an accurate estimation of natural frequencies.

When input and output signals are recorded, the frequency response function (FRF) can also serve as
fundamental frequency indicator. The frequency response function has several formulations, all derived
from frequency domain relationships involving Fourier Transform of input and output signals. FRF reveals
a frequency content associated to the structure studied, its peak values indicating potential natural

frequencies.

A first formulation of FRF requires the Fourier Transforms of both input and outpljt signals. Let X(f) and
Y(f) be the Fourier Transform of the input and output signals, respectively. Then, the ratio of these two

functions H(f) defines the FRF as: -

In this case, the FRF formulation contains noise in both the input and the output time signals. Natural

frequencies can also be identified from two other FRF formulations, H;(f) and H,(f). The H,(f) estimator

accounts for output measurement noise only while H,(f) only considers input measurement noise. They
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result from combining auto-and cross-spectral densities. H (f) is expressed as:

X Ye S0

00 x50

The auto-spectral density of the input, S,,(f), was previously defined in Equation 5.3. The cross-spectral

density, S,,(f), involves both the input and output signals and can be written as:

where S,,(f) represents the power-spectral density of the output and Sy,(f) is the cross-spectral density

between output and input time signals y(z) and x(t). The latter is expressed as:

S® =Y XD =S,(ND -oooee [5.8]

H,(f) and H,(f) are the two most common methods used to evaluate FRF since they provide an improved
control on the noise contamination of the time signals compared to H(f).. However, H;(f) and H,(f)
respectively under- and over-estimates the true FRF values. H ;(f) is more accurate at antiresonance
frequencies while H,(f) gives better estimates at resonance frequencies. These characteristics of H,(f) and
Hy(f) can be used together to obtaiﬁ accurate estimates of FRF values, taking into account noise

contamination in both the input and the output time signals. In order to reduce the biased error in all the

frequency range, Park (1993) developed an improved FRF estimator, Hs, converging to H;(f) at
antiresonance frequencies and H,(f) at resonance frequencies. Evaluation of Hs is primarily based on a

scale factor &, usually defined as a ratio between PSD’s of input and output measurement noise. He

suggested two methods to optimize this parameter. One algorithm is based on the estimation error of

FRF’s and requires a recursive process. The other method involves the coherence function and uses a
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nonrecursive process. Once 6 is known, H,; magnitude can be evaluated as:

& )

1 2
iHs( = §{|H2| - |H—1| + J( |H2| - m) + 46} .......................... [5.9]

In the above equation, H;, H, and H; respectively refer to H(f), Hy(f) and Hy(f). The derivations of

equation 5.9 as well as details of the recursive and non-recursive methods can be found in Park (1993).

The nonrecursive algorithm used is presented in more detail in Appendix D.

5.2.1.3 NATURAL FREQUENCY RELATED TO DIFFERENT DIRECTIONS OF MOTION

Natural frequencies of interest are generally associated with a specific direction of motion, either
translations or rotations. In the case where only output signals are used in calculations, PSD’s can be
computed for individual signals as well as from their linear combinations. For two signals measuring
vibrations in the same direction, PSD of their addition will enhance the contribution of frequencies
associated with translation only since the torsional components are removed. On the other hand, PSD of
their substraction will enhance the contribution of natural frequencies associated with the torsional
component of motion. When response and excitation signals are recorded, FRF’s of input and output in the
same direction can directly determine natural frequencies in that direction. For example, an impact in the
vertical direction and a response signal in the same direction will provide indicators of vertical natural

frequencies.

5.2.2 EVALUATION OF NATURAL FREQUENCY

As mentioned in the previous section, time histories of output signals, and input signals when recorded,
can be combined in different frequency domain rel'ationships to identify natural frequencies. In the
dynamic testing performed on the bent specimens, time histories were recorded with two types of vibration
tests, hammer test and ambient vibration test. This section presents typical time signals obtained from

these two dynamic tests and describes the extraction procedure of natural frequencies based on
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experimental measurements obtained. Initial analyses were performed on Specimen OSB1, mainly to
investigate the extraction procedure based on hammer test measurements. Subsequently, a more detailed
dynamic analysis was performed to extract fundamental frequency histories for the longitudinal direction.
This direction was considered the most relevant direction of motion as it was in the direction of the applied

lateral loading.

5.2.2.1 TYrPICAL TIME SIGNALS

For both impact and ambient vibration testing, responses of the specimens were measured in the three
principal orthogonal directions: longitudinal, transverse and vertical. No input signals were measured in
the ambient vibration test, for which, by definition, the force applied to the structure cannot be controlled
but is assumed to have significant amount of energy within the frequency range of interest. In the hammer
test, excitation time histories were measured by the instruménted hammer. Figure 5.1 presents a typical
output signal recorded during ambient vibration test. A typical hammer excitation signal is shown in
Figure 5.2a and corresponding response signal, measured on the specimen, is plotted in Figure 5.2b.
Acceleration amplitude of these time signals are recorded in volts, which can be converted in percentage of

g’s (gravitational acceleration).

The random nature of ambient vibrations is well reflected in Figure 5.1. As mentioned in the experimental
procedure, ambient vibrations are induced by external unspecified sources. On the other hand, input and
output signals originating from the hammer test show particular trends (Figure 5.2). The input signal is a
high-amplitude short-duration signal, typical for an impulse excitation. The response signal indicates a
typical free-vibration motion, exponentially decreasing with time due to damping forces. These typical

trends were also observed in the transverse and vertical directions of motion.
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5.2.2.2 INITIAL STUDY OF NATURAL FREQUENCIES

This study included estimation of natural frequencies in longitudinal, transverse and vertical directions.
Natural frequencies were first evaluated using input and output time signals measured in the hammer test.
They were also evaluated from ambient vibration measurements and, subsequently, compared to the ones
calculated from hammer test. These initial analyses were performed on the undamaged Specimen OSB1

with the vertical loading simulators activated and the lateral actuator installed.

Analysis of impact test measurements was based on evaluation of FRF’s. In order to identify frequencies
in the three directions studied, FRF’s were evaluated using combinations of input and associated output
signals recorded in the same direction. Calculations were performed using a computer program, FRF
(Horyna, 1995), based on the evaluation of H,(f). For each combination, peak values of the FRF’s,
indicators of potential natural frequencies, were investigated and associated to corresponding natural
modes. Considering a particular direction of motion, natural frequencies, obtained from signal
combinations in that direction, were averaged to provide a reliable estimation. Table 5.1 summarizes
signal combinations used for each direction of motion analyzed. Resulting values of natural frequencies,
obtained from these calculations, are also presented. For the response signals (e.g. 5L), the first digit (5)
refers to the node number where the sensor was located (refer to Figure 3.7). The seéond character (L)

corresponds to the direction of measurement (L.=longitudinal; T=transverse; V=vertical).

longitudinal longitudinal impact (setup no.1 or no.2) | 1L, 2L, 5L, 6L 20.3
transverse transverse impact (setup no.1 or no.2) 1T, 2T, 3T, 4T, 5T, 6T 59
vertical vertical impact (setup no.1 or no.2) 2V, 3V, 4V, 5V 62.4

Note: Test conditions were: undamaged specimen, vertical load on and actuator connected.

Table 5.1 Natural frequencies of OSB1 extracted from impact vibrations
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The ambient vibration data analysis performed used PSD’s (Equation 5.3) and visualization of mode

shapes to identify natural frequencies in the three principal directions. PSD’s of output signals were
investigated for each direction of motion studied. For each direction, a computer program, P2 (EDI, 1994),
was used to evaluate PSD’s associated to time signals in each direction. The program computed the
average of normalized PSD’s in order to obtain a representative estimation of natural frequencies in that
direction. Resulting peak values of the averaged normalized PSD’s served as potential natural frequency
indicators. Validation of peak values as natural frequencies was completed by visual investigation of mode
shapes. Mode shapes, corresponding to these peak values, were visualized using computer program
VISUAL' (Felber, 1993). Based on calculations with ambient vibration measurements, this program
animates the structure motion at different frequencies and helps in the identification of mode shapes and
natural frequencies. Table 5.2 gives details on output signals included in the analysis and indicates the

natural frequencies in each direction.

longitudinal (setup no.1 or no.2) 1L, 2L, 5L, 6L 19.6
transverse (setup no.1 or no.2) 1T, 2T, 3T, 4T, 5T, 6T 6.1
vertical (setup no.l or no.2) 2V, 3V, 4V, 5V 59.2

Note: Test conditions were: undamaged specimen, vertical load on and actuator
connected.

Table 5.2 Natural frequencies of OSB1 extracted from ambient vibrations
Fundamental longitudinal, transverse and vertical mode shapes; corresponding to the natural frequencies

evaluated, are presented in Figure 5.3.




DAMAGE ASSESSMENT BASED ON MODAL PROPERTIES 91

first vertical mode

first transverse mode

first longitudinal mode

Figures 5.3 Fundamental natural mode shapes of OSB1

For each direction, fundamental frequencies evaluated from the hammer test and the ambient test provided
comparable values (see Tables 5.1 and 5.2). Hence, the extraction procedure, based on impact vibration

measurements obtained experimentally, was considered adequate for identification of natural frequencies.

5.2.2.3 FUNDAMENTAL LONGITUDINAL FREQUENCY STUDY

Natural frequencies in the longitudinal direction were of interest in this study since substantial structural
damage was expected from the loading in that direction. Fundamental longitudinal frequencies were
evaluated for each specimen at each ductility level reached. Since dynamic tf:sting was performed between
sequences of actual loading of the specimens, vibration measurements} were performed with vertical
constant loading applied to the specimen and the lateral actuator system ‘attached to the structure.
Consequently, as in the preliminary study, longitudinal frequencies referred to the specimens under their

experimentally setup conditions and not as free standing structures.

Prior to computation of frequency histories for each specimen, three FRF’s formulations, presented

previously, were compared in order to verify the adequacy of the FRF program used in the preliminary

analysis. For comparison purposes, H;(f), H,(f) and H(f) (Equations 5.5, 5.7, 5.9) were computed for
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several combinations of longitudinal input and output. Figure 5.4 shows a typical comparison of these

three FRF formulations.

At the low frequency range, the three FRF formulations show a rather low correlation between them.
However, at the frequency range of interest, located in the neighborhood of the peak value, there is good
agreement between the three FRF formulations. A close look in this peak region indicates slight
differences in the plotted curves. In fact, assuming that H(f) provides the exact frequency response

function, H,(f) and H,(f) respectively under- and over-estimates the true FRF value. However, the natural

longitudinal frequency, indicated by the location of the peak value, presents no significant variation.

Consequently, the FRF computer program based on H;(f) was considered adequate to assess natural

longitudinal frequency changes.

Each frequency evaluated was based on different sets of FRF calculations. Each set included impacts in the
longitudinal direction and corresponding responses.' As mentioned in the experimental procedure, two
series of impacts were performed in the longitudinal direction for each ductility sequence (see Section
3.4.3.2.2). Since only setup no.1 was measured during the actual loading procedure, each series of impacts
had only two accelerometers recording longitudinal vibrations (refer to Figure 3.7). Hence, a total of four

FRF combinations (2 impact series x 2 sensors) were evaluated for each damage level. Natural

longitudinal frequencies were subsequently averaged over the four combinations investigated.
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Table 5.3 summarizes these four combinations. The results are presented and discussed in the following

section.

1 longitudinal impact 5L
1 longitudinal impact 6L
2 longitudinal impact SL
2 longitudinal impact 6L

5.2.3 NATURAL LONGITUDINAL FREQUENCY HISTORY

Table 5.3 Input/output combinations for longitudinal FRF calculations

Based on the extraction procedure presented above, natural longitudinal frequency history was evaluated

for each specimen tested. Details of frequency processing is presented in Appendix B. Table 5.4

summarizes frequency history obtained for each specimen.

u=0.75 18.8 18.2 19.9 20.6 16.3
p=1 17.5 17.1 * 20.4 20.8
p=15 16.1 15.9 194 20.0 20.4
p=2 15.1 18.0 18.2 192 19.1
p=3 13.2 17.2 174 183 17.7
p=4 13.0 11.5 170 18.0 18.1
p==6 n/a 133 166 177 17.7
p=9 nfa nfa - 16.1 172 17.0
p=12 n/a n/a 14.6 14.6 17.2

* no vibration measurements recorded

Table 5.4 Fundamental natural longitudinal frequency history for each of the 5 specimens
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As indicated in Table 5.4, natural longitudinal frequencies range between 18.9 and 22.3 for the undamaged
specimens and between 13.0 and 17.2 for specimené at failure state. Structural degradation is usually
associated with an overall stiffness diminution. Since natural frequency is proportional to the square root
of stiffness, an increase in structural damage (lowering of the stiffness) should correlate with a global
decrease in natural frequency (see Chapter 2). This is clearly demonstrated by the overall frequency

trends.

Figure 5.5 shows a graphical representation of the frequency histories. Looking at this figure, it can be
seen that the rate of frequency decay differs from one specimen to another. For example, specimen OSB1
sugge'sts a fast decreasing rate while specimen OSB5 indicates slow rate of frequency decay. Specimens
OSB1, OSB3 and OSB4 indicate constant decreasing trend with increasing damage. However, detailed
observations of Figure 5.5 indicate that for specimens OSB2 and OSBS5 the fundamental longitudinal

frequencies appear to increase for certain damage levels.

To verify these increases in frequency for specimens OSB2 and OSBS5, impact time histories, associated to
these frequency irregularities, were investigaééd in mofe detail. In order to obtain a better frequency
resolution in the FRF curves, these original time signals were padded with zeros and re-evaluated. The
resulting fundamental longitudinal frequencies showed no variation when compared with the initial
frequency estimations. It was concluded that the calculation procedure was accurate and that the
irregularities might be related to the time signal recorded. The é.mbient vibration measurements were then
analyzed. For the ductility levels indicating anomalies, natural frequencies, evaluated using longitudinal
PSD’s, were compared with those obtained from hammer test measurements. The results correlated very

well. It was then concluded that these frequencies were somewhat reflecting structural conditions of the

structure considered.
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As no inconsistencies could be related to the time signals, the frequency anomalies of OSB2 and OSBS had
to be explained by means other than signal analysis. An approach based on the structural response of the
specimens was then investigated. Assuming that these frequencies were accurate, this approach suggested
a partial recovery in the structure stiffness. To explore this stiffness recovery assumption, experimental
stiffnesses were estimated using hysteresis loops recorded during lateral loading. These stiffnesses
corresponded to the initial slopes in the hysteresis curves. For a particular ductility level, the
corresponding stiffness referred to the initial tangent stiffness of the first cycle for the subsequent ductility
level. If the recovery. assumption holds, these relative stiffnesses would show the same variation trend than
the corresponding frequency history. Comparison of the initial slopes did not provide conclusive results.
No recovery in the stiffness was noticed but a constant decrease of slopgs with increasing damage levels
was observed. An example of the initial tangent stiffness for specimen OSBS5 at each ductility level is

shown is shown in Figure 5.6. Comparison of slope values clearly demonstrated no recovery in stiffness.

The type of retrofit was also investigated as a possible explanétion of the anomalies in the frequency
histories. As described in Chépter 3, specimen OSB2 was retrofitted with its cap beam prestressed
longitudinally while external prestressing and fiberglass were used to retrofit specimen OSBS. The retrofit
scheme of specimen OSB4 also included prestressing of the éap beam and its corresponding frequency
trend did not indicate any anomalies. It was concluded that anomalies of the frequency hisfory for
specimen OSB2 were not related to its retrofit scheme. For specimen OSBS5, the technical literature did not
suggest particular behavior of fiberglass with increasing cracking of the corresponding retrofitted
members. It was then concluded that anomalies of specimen OSB5 were not associated with its retrofit

scheme.

As no other explanations could be provided, frequency anomalies were associated to uncontrolled

experimental factors. Structural effects associated to the truss frame, the jack pressure residual and the pin
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support represent factors that could have modified the real structure response. Frequencies corresponding

to the irregular ductility levels were used without any modifications in further studies.

5.3 EVALUATION OF DAMPING FROM EXPERIMENTAL DATA

Evaluation of normalized damping ratios (Equation 2.23) is derived from damping history. Two types of
dampiﬁg were evaluated, viscous damping and hysteretic damp-ing‘ At each loading level sustained by the
specimen, these damping ratios were extracted respectively from vibration measurements or recorded
hysteresis ioops. Modal damage assessment, based oﬂ normalized damping ratios, was then completed for

each specimen.

This section presents the theoretical background for evaluation of viscous and hysteretic damping from test
data. These extraction procedures are then applied on data obtained from experimental tests performed on

the five specimens. Damping histories are finally presented for each specimen.

5.3.1 THEORETICAL BACKGROUND

The motion of a structure is resisted by several kindS of damping forces, originating from air resistance
and/or internal or external frictions. These forces are opposed to the djrection of motion of the structure.
Viscous damping, Coulomb friction and h)}ste(et_ic (or structural) damping represent different types of
damping forces restraining the movement of a System. From a pfactibal point of view, damping forces are
considered complex in nature and difficult to quantify.. However, several damping extraction procedures

have been derived to quantify damping forces. The following sectioﬁs discuss two of them: viscous and

hysteretic damping forces.
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5.3.1.1 Viscous DAMPING

The equation of motion governing the free-vibration of a viscously damped single-degree-of-freedom A
system (SDOF) is:

mu" +cu'+ku = 0 [5.10]
where m, ¢ and k are the mass, viscous damping and stiffness constants, respectively. Symbolsﬁu, wandu’’
refer to displacement, velocity and acceleration time histories, respectively. The free-vibration response of
this system is:

of

u(® = pe ™ sin(@pt+d) . T [5.11]

Parameters p and ¢ respectively represent the amplitude and phase angle of the response. They are

evaluated from initial conditions of displacement and velocity. The system natural angular frequency, o, is

evaluated from the structure stiffness and mass constants,

O, = 01 =E2 L [5.13]

The parameter & represents the damping ratio, defined as a fraction of the critical damping. It is related to

the damping constant with E=c/2em.

For structural systems and most of mechanical systems, the damping is in general less than critical. An

underdamped free-vibration response of a SDOF system is shown in Figure 5.7.
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Figure 5.7 Viscously damped free-vibration response

The underdamped free-vibration response decreases in amplitude with each new cycle of motion.
Equation 5.11 indicates that the displacement amplitude actually decays exponentially with time. The rate
of decrease depends on the damping ratio &. In order to evaluate & value, let’s consider the decrease in

displacement after one cycle. Denoting the displacement at time ¢; by u(t;), then

-of '
u(t)) = pe '. sin (gt +d) o [5.14]
After a complete cycle of period T=27/w 4 the displacement is

— L +2n/0) .
u(tl +2n/md) = pe o8 (1 +2n/0, . sin ((‘odt1+¢) ................... [515]

The ratio of u(t;) and u(t; + 2m/w ;) provides a measure of the reduction in displacement. The natural log

of this ratio, called the logarithmic decrement, &, is constant and is given as:
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from which & can be found to be

Considering n cycles of motion, the displacement will decrease from u(t;) to u(t; + nT), giving a ratio of

u(tl) _ 2nénw /0,
WG enT) T € e [5.19]

The natural log of this ratio gives

_uw L e o
In Wt +nD)] = n&nmd—n ................................... [5.20]

The viscous damping ratio, &, is then a function of 8, which in turn can be evaluated from amplitudes

derived from underdamped free-vibration displacement signals.

5.3.1.2 HYSTERETIC DAMPING

As mentioned previously, hysteretic or structural damping refers to internal friction arising within the
structure. Internal friction generates heat due to the relative motion of material particles. This heat, or loss
of enérgy, is associated to degradation of the structure; It can be measured by the load-deformation curve,
commonly called hysteresis loop. The area enclosed by a complete loop of this curve represents the loss of

energy per cycle. Figure 5.8 shows a typical hysteresis loop. The shaded area is related to the loss of

energy for a particular cycle.
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Figure 5.8 Hysteretic dampin'g from hysteresis loop

In the case of hysteretic damping, the equation of motion is expressed as:

where F(u) is a non-linear function of displacement representing the restoring capacity of the system.

This force can be expressed in terms of the displacement and velocity of the system as:

nk , |
F (u) = ku+gu ............................................... [5.22]

Constant 7 is the hysteresis damping fraction and o is the undamped angular natural frequency in the free-
vibration case. Correlating this equation with the viscous damping equation of motion (Equation 5.10), an

equivalent viscous damping, c¢;, can be determined as:

nk
G T g (5.23]
Knowing that c=2&wm, this equation becomes, after some algebraical manipulations,
n
€, = B e [5.24]

Constant m can be obtained by substituting the free-vibration response (Equation 5.11) and its first
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derivative in the F(u)-u relationship. Thé corresponding function refers to a load-displacement curve or
hysteresis loop. Consequently, its enclosed area corresponds to the loss of energy for one cycle. It can be
shown that, for free-vibration response (Equation 5.11), the F(u)-u curve represents an ellipse, such as the
one shown in Figure 5.8. The parameters d and p in the figure are respectively defined as permanent

displacement and maximum displacement sustained during the cycle. Based on the ellipse equation, 4 and

PMUSE SALSTY: @ = P e e [5.25]
J1+m2 .
d .
or, inversely, 1 = [5.26]

Equation 5.24 indicates that the equivalent damping ratio, &, can be evaluated from constant m, which, in
turn, is computed on the basis of two hysteretic parameters, d and p. Hence, if the hysteresis curves are
obtained experimentally, measures of d and p will provide the hysteresis damping fraction, half of which

gives the equivalent viscous damping ratio.

5.3.2 EVALUATION OF DAMPING
The two damping approaches described above, viscous and hysteretic, were applied to the five specimens
tested in the laboratory. Viscous damping was calculated from vibration measurements while hysteretic

damping was estimated from hysteresis loops measured during the loading procedure.

Damping ratios, both viscous and hysteretic, were evaluated for all specimens and each ductility level.
Since dynamic testing was performed between sequences of actual loading of the specimens, vibration
responses were measured with vertical loading applied and actuator system positioned. Consequently, as

in the frequency study, damping ratios referred to the specimens under their experimentally setup

conditions.
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5.3.2.1 Viscous DAMPING

As shown in the damping theoretical background, evaluation of viscous damping using the logarithmic
decrement is based on free-vibration displacement time signals. The random nature of ambient vibrations
do not satisfy the free-vibration assumption. Moreover, other methods of damping evaluation from
ambient vibrations do not generally provide reliable damping estimations (refer to Schuster, 1994).
Consequently, estimation of viscous damping do not use these measurements. However, the impact
responses satisfy this free-vibration pattern. In fact, the hammer impulse, related to an impulse-
momentum relationship, can be translated in an initial velocity condition. By definition, an initial velocity
generates a free-vibration displacement response. In this study, response time signals refer to acceleration
time histories and it would appear that the method described above is not directly applicable. However, the
viscous damping concept can be easily expanded to acceleration time signals. It can be shown that the
damping approach is still valid with acceleration time signals, and therefore the measurements recorded
during the hammer test were used in equation 5.20 without the need to convert them into displacement time

histories.

For each ductility level, two damping estimations were performed, each of which was based on an
individual response signals. As described in the experimental procedure, each set of impacts contained
responses to four hammer blows. The longitudinal sets were used for damping evaluation. These time
signals were conditioned with low-pass ﬁl‘ters prior to damping computations. In order to obtain a more
reliable estimation, parameter 8 (Equations 5.20) was evaluated using>several- éycles. Once 5 was
evaluated, the damping ratio was obtained using Equation 5.18. Average of the two damping estimations
was retained as damping ratio for the corresponding damage level. Conditioning process as well as

investigation of time signal amplitudes were performed using computér program Ultra (Felber, 1993).
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5.3.2.2 HYSTERETIC DAMPING

Hysteretic damping is based on the structure load-displacement curves. Hysteresis loops obtained for each
specimen were presented in Chapter 3. As mentioned in the experimental procedure, each load sequence
consisted of three complete load cycles, forward and reverse, each reaching the same displacement level.
The last cycle, corresponding to the most damaged state, was used for damping estimation. For this cycle,
parameters d and p had to be determined for each ductility level. Withd and p, the hysteresis damping
fraction m could be evaluated using Equation 5.26. Finally, the equivalent viscous damping ratio was

computed using Equation 5.24.

5.3.3 DAMPING HISTORY
Based on the extraction procedures presented above, viscous and hysteretic damping histories were
evaluated for each specimen tested. Tables 5.5 and 5.6 summarize these damping values while Figures 5.9

and 5.10 present the results in graphical form.

n=0 3.25 3.61 3.04 3.0 3.49
w=0.75 3.27 3.54 336 2.63 4.04
n=1 3.74 3.32 - 2.07 2.05
u=15 4.17 3.08 2.07 2.09 231
n=2 4.60 2.83 1.81 1.98 2.19
n=3 *x 135 167 1.66 1.59
n=4 = 5.74 1.56 1.50 152
w=6 n/a 6.55 1.63 133 1.43
p=9 n/a n/a 1.56 1.50 1.18
p=12 n/a n/a 2.30 2.07 1.27

* no vibration measurements recorded / ** assumption of viscous damping not applicable

Table 5.5 Viscous damping ratios
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p=0.75 10.86 6.48 10.78 491 3.20
p=1 11.05 7.31 * 6.36 4.37
p=15 15.40 12.38 14.19 7.71 4.14
=2 25.84 17.55 18.46 10.37 7.93
u=3 47.30 24.12 24.67 19.80 16.13
p=4 57.39 29.89 28.86 2421 2043
p=6 n/a 4432 - 3301 32.18 25.79
p=9 n/a n/a 39.15 ©36.30 30.12
p=12 n/a n/a 42.63 49.61 32.55

* no vibration measurements recorded

Table 5.6 Equivalent hysteretic damping ratios

From Tables 5.5 and 5.6, it can be seen that the two types of damping do not provide comparable values.
For viscous damping, values range between 1% and 7%. Equivalent hysteretic damping estimates, ranging

between 3% and 58%, are much higher values than those for viscous damping.

It is interesting to note that viscous damping was affected by modulation appearing in the time signals of
the damaged structures. This phenomenon is shown in Figure 5.11 where a comparison of response signals
for two different damage level is presented. It can be seen that modulation is present in the degraded
structure and consequently alters the exponential decay. For specimen OSB1, a viscous damping

mechanism could not be assumed for some high ductility levels where presence of modulation in the time

signals was significantly altering the exponential decay.
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Figure 5.11 Modulation in the response time signals

As indicated in Figures 5.9 and 5.10, the two types of damping investigated show quite different trends. For
viscous damping, histories indicate no clear trend with increasing damage. Except for specimen OSB1,
which shows increasing damping, the ratios suggest an overall decrease with ductility levels. However,
detailed observations of the trends indicate quite scattered values. At high> damage levels, the significant
presence of modulation in time signals affected the exponential decay, typically associated with the free-
vibration response of an underdamped system. Hence, viscous ratio was not considered a reliable damping

mechanism to characterize the behavior of these structures.

Unlike viscous damping, hysteretic dampihg indicates definite trends with ductility levels. In fact, all five
specimens show increasing hysteretic damping values with increasing degradation. It was previously
shown that hysteretic damping forces are related to intérnal friction restraining the structure behavior. As
more internal friction occurs with degradation of the system, hysteretic damping forces should
theoretically increase with damage. Figure 5.10 confirmed this observation. Hysteretic damping was then

considered a reliable indicator of damping experienced by the specimens. However, the rate of increase

slightly varies from one specimen to another. For example, specimen OSB1 indicates very higher
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increasing rate when compared to the four other specimens tested.

In summary, a viscous mechanism was considered not applicable while damping generated from internal
friction within the structure was assumed adequate to assess damping. These conclusions indicate that the

hysteretic damping model is more representative of behavior of real structures.

5.4 EVALUATION OF DAMAGE INDICES

Three modal damage indices were previously selected to quantify degradation sustained by the specimens
tested. Two of these indicators, ultimate stiffness degradation and maximum softening, required evaluation
of natural frequency history. The third one, normalized damping ratio, required computation of damping
for each ductility level. The previous sections detailed extraction procedures of these two dynamic
properties. The present section describes evaluation of the modal damage indices. As dynamic properties
evaluated correspond to the first longitudinal mode, damage indices will also refer to that direction of

motion.

5.4.1 ULTIMATE STIFFNESS DEGRADATION

In section 2.2.1, the ultimate stiffness degradation was _deﬁned as:

where T, is the undamaged fundamental period of the structure and T; represents the fundamental period at

cycle i. As natural frequencies were identified instead of natural periods, it was convenient to transform

this equation in terms of frequencies:
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where fj refers to the undamaged fundamental frequency and f; represents the fundamental frequency at
cycle i. For every specimen, f, corresponded to the natural longitidinal frequency obtained at ductility
level p=0 while f; referred to its fundamental longitudinal frequencies of subsequent ductility cycles.
Based on values of f; and f;, ultimate stiffness degradation was computed using Equation 5.28 for each

damage level. This procedure was repeated for each specimen.

5.4.2 MAXIMUM SOFTENING

Maximum softening was introduced in section 2.2.1 as:

where T, and T,, respectively refer to the undamaged natural period and the maximum period value

experienced by the structure during loading. These parameters were schematically defined in Figure 2.1.
As for the ultimate stiffness degradation, it was useful to express this index in terms of frequencies.

However, the maximum period will correspond in this case to the lowest frequency:

As for ultimate stiffness degradation, f; referred to the natural longitudinal frequency obtained at ductility
level u=0. f,,,;, had an initial value of f;,. For each ductility level ;', the fundamental longitudinal frequency,
J;» was compared to f,,,;,, which was updated with this examined frequency f; if necessary. Based on values
of fp and f,,;,, maximum softening was computed using Equation 5.30 for each damage level. These

calculations were repeated for all five specimens.

5.4.3 NORMALIZED DAMPING RATIO

From section 2.2.1, the normalized damping ratios are evaluated from damping histories. Two approaches

were used to evaluate experimental damping, viscous and hysteretic damping. Comparison of resulting
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damping histories showed that hysteretic damping was more representative of real structure behaviors.
Hence, calculations of the normalized damping ratio indices were performed on hysteretic damping

histories only. Equation 5.31 gives the formulation of this index.

where & is the equivalent damping value of the undamaged structure and &; represents the damping value
evaluated at cycle i. Since no damping value was obtained for p=0, for which no hysteresis curve was
measured, the undamaged damping ratio, &, was then considered equivalent to the value obtained for the
next ductility level, u=0.75, for which data was available. This assumption was considered adequate since
at ductility 0.75 the specimen behavior was still within the linear range. The term &; denotes the equivalent
damping values of subsequent ductility cycles. Based on &, and &; values, normalized damping ratio
indices were computed with Equation 5.31. Each specimen indices were evaluated using the same

procedure.
5.5 RESULTS AND COMPARISON OF DAMAGE INDICES

Ultimate stiffness degradation, maximum softening and normalized damping ratio were calculated for
every ductility level sustained by each specimen. These indices provide useful information for comparison
of specimen behaviors. This section presents a comparison of index histories for each of the specimens

tested. The similarity between damage characterization provided by each index is also investigated.

5.5.1 COMPARISON OF SPECIMEN BEHAVIORS
Three modal damage indices were evaluated for each specimen tested in the laboratory. Specimen

performances were compared by examining each index evaluated for the five experimental specimens.

Figures 5.12a to 5.12c show these comparisons for ultimate stiffness degradation, maximum softening and




DAMAGE ASSESSMENT BASED ON MODAL PROPERTIES 112

normalized damping ratio, respectively. Index histories are presented with increasing ductility levels. The
displacement ductilities refer to real ductility values, evaluated from experimental hysteresis loops. As
demonstrated in Chapter 4, these real displacement ductilities were more representative of the structure

behavior than the nominal ductilities, derived during the testing procedure.

5.5.1.1 ULTIMATE STIFFNESS DEGRADATION

Figure 5.12a the shows variation of ultimate stiffness degradation with increasing ductility level. The index
values range approximately from O to 0.8. Maximum damage indices reached 0.56 (OSB1), 0.73 (OSB2),
0.52 (OSB3), 0.43 (OSB4) and 0.16 (OSB5). They were obtained at failure for specimens OSB1, OSB3
and OSB4 while intermediate sequences provided maximum index values for OSB2 and OSBS5. Figure
5.12a also shows negative index values for low ductility lévels of specimen OSBS. - Anomalies observed in
0OSB2 and OSBS5 frequency histories (see Section 5.2.3), where some frequencies were increasing instead
of decreasing, explain these disparities in the index history. Ultimate stiffness degradation obtained at

failure of specimens OSB2 and OSBS were 0.51 and 0.10.
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Figure 5.12a Comparison of specimen behaviors: ultimate stiffness degradation
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Trends of index histories also provide information on the responses of the specimens. For all five
specimens, the damage indices overall increase with increasing structural damage. Damage rates were
calculated as the slopes of fitted curves, obtained from linear regressions on the index values. For
specimens OSB1 and OSB2, damage rates were similar, 0.112 for OSB1 and 0.096 for OSB2. Similarly,
the computed slopes of the fitted curves for OSB3, OSB4, and OSBS were 0.051, 0.035 and 0.011,
respectively. Table 5.7 summarizes index these characteristics, including maximum and final values as

well as calculated slopes or damage rates.

OSB1 0.56 0.56 0.112
0SB2 0.73 0.51 0.096
OSB3 0.52 0.52 0.051
0SB4 043 043 0.035
OSB5 0.16 0.10 0.011

Table 5.7 Ultimate stiffness degradation characteristics

High ultimate stiffness degradation values are associated with high structural damage. Looking at final
indices, performance of specimens would then.be_ ranked, starting with the poorest behavior, OSB1, OSB3,
OSB2, OSB4 and OSB5. This classification is comparable with the one obtained from preliminary
observations of specimen damage (see Section 3.5). However, from experimental observations, OSB2

indicated a poorer behavior than OSB3.

Comparison of damage rates can as well serve as performance indicator, where higher slopes would
indicate significant degradation at low ductility level. According to this performance classification, the

best specimen response would be OSBS followed by OSB4, OSB3, OSB2 and finally the original design

OSB1. This classification agrees with observations of damage during the test (see Chapter 3).
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5.5.1.2 MAXIMUM SOFTENING

Histories of maximum softening index with respect to increasing degradation is shown in Figure 5.12b.
Index values vary roughly from O to 0.5. Unlike ultimate stiffness degradation, each highest maximum
softening index matches its corresponding final values for all five specimens. Since this index is partially
derived from the maximum value of the natural period (Equation 5.29), it accounts for the maximum
solicitation experienced by the structure up to the cycle under study. Consequently, final index values will
always coincide with the maximum indices. Corresponding final maximum softening reached 0.36

(OSB1), 0.42 (OSBZ), 0.34 (OSB3), 0.30 (OSB4) and 0.14 (OSB5).
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* Figure 5.12b Comparison of specimen behaviors: maximum softening

Trends of index histories were also investigated to assess structural response. Figure 5.12b shows that
damage of all five specimens indicates a steady increase of index values. For specimens OSB1 and OSB2,
damage rates, associated to computed slopes of the fitted curves, are similar with 0.081 (OSB1) and 0.076
(OSB2). Damage rates of specimens OSB3, OSB4 and OSBS are all comparable with values of 0.036,
0.027 and 0.021, respectively. Table 5.8 summarizes index characteristics described above, including final

index values and calculated damage rates.
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OSB1 0.36 0.081
OSB2 042 0.076
OSB3 034 0.036
OSB4 0.30 0.027
OSB5 0.14 0.021

Table 5.8 Maximum softening characteristics

As for ultimate stiffness degradation, high maximum softening values correspond to high structural
degradation. Looking at final index values, performance of specimens would then be ranked, starting with
the poorest behavior, as follows: OSB2, OSB1, OSB3, OSB4 and OSB5. Since this performance
classification shows that the original design OSB1 behaved in a superior way than retrofitted version

OSB2, it was considered inadequate to assess damage.

If damage rate is the basis for damage comparison, the best specimen response would be OSBS followed
by OSB4, OSB3, OSB2 and OSB1. As for ultimate stiffness degradation, this classification agrees with

preliminary observations of damage.

5.5.1.3 NORMALIZED DAMPING RATIO

Figure 5.12c shows normalized damping ratio histories compared to increasing degradation. Index values
range between 0 and 10. As for maximum softening, final and higﬁest indices of damping indices coincide
for all five specimens. However, this index does not directly account for the maximum damping affecting
the structure up to the cycle under study. The correspondence between final and maximum values

originates from the constant increasing hysteretic damping trends obtained from experimental damping

(refer to Figure 5.10). Figure 5.12c¢ indicates that the maximum index values attained were 4.28 (OSB1),
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5.84 (OSB2), 2.95 (OSB3), 9.10 (OSB4) and 9.17 (OSB5S).
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Figure 5.12¢ Comparison of specimen behaviors: normalized damping ratio

Based on these index variations, damage rates were investigated to assess structural response. Figure 5.12¢
indicates that damage of all five specimens increases constantly. Damage rate of specimens OSB1, OSB2,
OSB4 and OSB5 correspond to 1.005, 0.963, 0.851 and 0.943, respectively. Specimen OSB3, however,
shows a lower damage rate of 0.262. Table 5.9 gives a summary of characteristic values related to this

index, including final index values as well as computed damage rates.

OSB1 428 ©1.005
0SB2 5.84 0.963
OSB3 2.95 0.262
0SB4 9.10 0.851
OSBS5 917 0.943

Table 5.9 Normalized damping ratio characteristics
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As explained in Section 5.3.1.2, hysteretic damping forces are characterized by energy loss. As these
energy losses increase with damage, experimental hysteretic damping increased with degradation. Based
on these observations and on the equation of normalized damping ratio, high index values correspond to
high damage. Looking at final index values, the performance of specimens would then be ordered, starting
with the poorest behavior, as OSB5, OSB4, OSB2, OSB1 and OSB3. Comparing this sequence to the one
obtained from preliminﬁry observations, this classification approach was considered inadequate for

damage assessment of these types of structures.

Taking damage rate as the basis for damage comparison, the’specimen with the best response would be
OSB3 followed by OSB4, OSBS, OSB2 and OSB1. Except for specimens OSB3 and OSBS5, which were
reversed in performance' order, this classification agrees with observations of damage obtained during

testing.

5.5.1.4 SUMMARY OF SPECIMEN CLASSIFICATION

For each damage index evaluated, Table 5.10 provides' a summary of specimen ranking, starting with the
poorest specimen behavior. Two classification approaches were used to assess performance of the
specimens: the final index value and the degradation rate, referring to the fitted curve slope. Note that

observations of damage and hysteresis loops suggested a ranking like OSB1, OSB2, OSB3, OSB4 and

OSB5.
ultimate stiffness degradation OSB1, OSB3, OSB2, OSB1, OSB2, OSB3,
0SB4, OSB5 0SB4, OSB5
maximum softening 0OSB2, OSB1, OSB3, OSB1, OSB2, OSB3,
’ 0SB4, OSB5 0SB4, OSB5
normalized damping ratio OSBS5, OSB4, OSB2, OSB1, OSB2, OSBS,
‘ OSBI1, OSB3 OSB4, OSB3

Table 5.10 Ranking of specimen behaviors
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- 5.5.2 DAMAGE INDICES CORRELATION

It is of interest to compare results obtained from the three damage indices computed and investigate how
they represent damage. The three indices were normalized with respect to their peak value to allow a
comparison of their relative ability to assess damage. Figures 5.13a to 5.13c show relationships obtained
comparing ultimate stiffness degradation with maximum softening, ultimate stiffness degradation and

normalized damping ratio as well as maximum softening compared with normalized damping ratio.

Correlation studies evaluated the similarity between the damage characterization provided by each index at
different states of damage. As mentioned previously, damage characterization is understood here to be
how physical elements, such as displacement, crack propagation, yielding, stiffness degradation, etc., are

taken into account in the failure process defined in a particular damage index.

Results that fall on the line with a unit slope imply similar damage characterization of the two nofmalized
indices. When a series of data points progresses close to this reference line, corresponding damage indices
(ordinates and abscissas) are considered to be converging to failure at a comparable rate. On the other
hand, curves above this unit line would suggest that the ordinate index converges more rapidly to failure
than the abscissa index. Inversely, curves below the unit reference line would _indicate that the abscissa

index converges faster to failure than the ordinate index.

From Figures 5.13a, 5.13b and 5.13c, the best similarity of rate to failure was obtained from comparison of
ultimate stiffness degradation and maximum softening, although curve of specimen OSB5 seems totally

uncorrelated because of the anomalies present in its frequency history.

Figure 5.13a compares ultimate stiffnéss degradation and maximum softening. As mentioned above, this

graph shows the least dispersion among the three comparisons. Specimens OSB1, OSB3 and OSB4 curves
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all indicate that these two indices carry very similar damage information. However, specimens OSB2 and
OSBS5 show more scattered data points. Anomalies encountered in their frequency histories could explain
these uncorrelated trends. From these observations, it was concluded that ultimate stiffness degradation
and maximum softening converge to failure at very comparable rates, when frequency histories show a

constant decrease.
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Figure 5.13a Index correlation: ultimate stiffness degradation vs maximum softening

Figure 5.13b compares ultimate stiffness degradation and normalized damping ratio. Data points of
Specimens OSB1 to OSB4 progress close to the unit line. Specimen OSB5 shows data points further from
the unit reference line. This was once more attributed to anomalies encountered in its frequency history.

From these observations, it was concluded that ultimate stiffness degradation and normalized damping

ratio transfer converge to failure at a comparable rate when frequency histories show constant decrease.
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Figure 5.13b Index correlation: ultimate stiffness degradation vs normalized damping ratio

Figure 5.13¢ compares maximum softening and normalized damping ratio. Data points resulting from the
comparison were quite scattered. This was observed for all five specimens. Looking at Figure 5.13c, it
was concluded that maximum softening generally' converges to failure more rapidly than normalized

damping ratio.
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Figure 5.13c Index correlation: normalized damping ratio vs maximum softening
5.5.3 COMPARISON OF NORMALIZED INDICES FOR EACH SPECIMEN

For each specimen, the three indices calculated were normalized with respect to their peak value and traced

on five individual graphs. Figures 5.14a to 5.14¢ show the resulting plots.

For specimens OSB1, OSB3 and OSB4, the three modal damage indices provide similar trend while
scattered curves are observed for specimens OSB2 and OSBS. The anomalies encountered in frequency
histories of specimens OSB2 and OSBS5 could explain these trends of different profile. Except for

specimen OSBS5, the curves for ultimate stiffness degradation and maximum softening are very similar

since these two damage indices are based on natural frequencies.
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Figure 5.14 Comparison of normalized damage indices

5.6 CONCLUDING REMARKS

This chapter investigated damage assessment based on modal properties, such as natural frequencies and
damping ratios. Impact testing, combined with calculations of frequency response functions, was found a
useful mean for identification of these modal properties. For the five specimens tested in the laboratory,

three indices were evaluated at each of their nominal ductilities.

Based on the index values, the specimen performance was compared and ranked according to different
classification approaches. None of the modal indices investigated could provide indication on the failure

mode experienced by the specimens. For the specimen behavior comparison, two approaches gave a
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ranking similar to the one suggested by the observations of damage and the hysteresis loops: the damage

rate of the ultimate stiffness degradation and the damage rate of the maximum softening.

In addition, index correlation was investigated to verify similarity bf;tween the damage characterization
provided by each index at different states of damage. When normalized indices were compared, the most
significant similarity was obtained from a comparison between the ultimate stiffness degradation and the
maximum softening while ultimate stiffness degradation and normalized damping ratio only showed a
trend of similarity. It was also shown that maximum softening converged to failure more rapidly than

normalized damping ratio.

The following chapter presents a comparative analysis of the two damage assessment approaches explored

in this study, structural damage indices and modal damage indices.




CHAPTER 6

COMPARATIVE ANALYSIS

In Chapters 4 and 5, two approaches were implemented to assess structural damage experienced by the five
bent specimens tested in the laboratory. The first approach evaluated damage indices based on structural
properties, such as displacement, stiffness and energy absorption. For the five specimens tested, three
structural damage indices, namely displacement ductility, modified stiffness ratio and modified Park and
Ang index, were evaluated at each of their ductility levels. The sécond approach investigated damage
assessment based on modal properties like natural frequencies and damping ratios. Similarly, three modal
damage indices, uitimate stiffness degradation, maximum softening and normalized damping ratio, were

computed at each of the selected nominal ductility levels at which measurements were taken.

Although these two categories of indices are based on different parameters, they attempt to quantify the
same phenomenon. Comparing how these two approaches differ in their damage evaluation is then of
significant interest. This chapter first presents a correlation study to assess the similarity between the index
values calculated from these two approaches. Thereafter, a comparison of both approaches is presented

and advantages and limitations of both methods are discussed.

6.1 DAMAGE INDICES CORRELATION

The similarities between damage characterization provided by each index were determined from a
correlative study. Damage indices were normalized with respect to their peak value in order to facilitate
the comparison of their ability to assess damage. Figures 6.1 to 6.9 show nine relationships obtained
from comparisons of the three modal damage indices with respect to the three structural damage indices.

For reference, a line of unit slope is also included on these graphs. Results that fall on the line with a unit
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slope imply similar damage characterization of the two normalized indices. When a series of data points
progresses close to this reference line, corresponding damage indices (ordinates and abscissas) are

considered to be converging to failure at a comparable rate.

6.1.1 ULTIMATE STIFENESS DEGRADATION
Figure 6.1 to 6.3 show relationships between ultimate stiffness degradation and the three structural damage
indices. The correlation between the ultimate stiffness degradation and the displacement ductility is shown

in Figure 6.1.
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Figure 6.1 Correlation between ultimate stiffness degradation and displacement ductility

Data points lying close to the unit slope line suggest a very good correlation between these two damage
indices. Note that specimen OSBS5 indicate some uncorrelated data points in the low ductility levels, where
some ultimate stiffness degradation indices are negative. Anomalies in the frequency history of specimen
OSB5 could explain this low correlation of OSBS5 data points. These observations suggest that ultimate

stiffness-degradation and displacement ductility converge to failure at comparable rate and, hence, there is

no significant difference in their damage characterization.
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Figure 6.2 shows the correlation between the ultimate stiffness degradation and the modified stiffness ratio.
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Figure 6.2 Correlation between ultimate stiffness degradation and modified stiffness ratio

Data points are not as close to the unit slope line as in the case for Figure 6.1. In this case, specimens
OSBS5 as well as specimens OSB1 and OSB2 show some data points distant from the perfect correlation.
Again, anomalies in the frequency history of specimens OSBS could explain these negative values in the
low damage levels. For specimen OSB1 and OSB2, the uncorrelated data points could be related to the
failure mode experienced by these two specimens, shear failure in the cap beam (OSB1) and shear failure

in the columns (OSB2). Overall, these observations suggest that the ultimate stiffness degradation index

converges slightly more rapidly to failure than the modified stiffness ratio index.
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Figure 6.3 shows the correlation between the ultimate stiffness degradation and the modified Park and Ang

index.
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Figure 6.3 Correlation between ultimate stiffness degradation and modified Park and Ang index

This comparison is similar to the one obtained in Figure 6.1, where a good correlation is observed, except
for specimen OSBS. Ultimate stiffness degradation and modified Park and Ang index were considered to

converge to failure with similar damage rate.

6.1.2 MAXIMUM SOFTENING
Figure 6.4 to 6.6 show relationships obtained comparing maximum softening with the three structural

damage indices investigated. Correlation between the maximum softening and the displacement ductility

is shown in Figure 6.4.
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Figure 6.4 Correlation between maximum softening and displacement ductility

It can be seen, in this figure, that data points are, in general, located above the unit slope line. For
specimen OSBS, data points of high value could be once more related to anomalies of its frequency history.

From these observations, it was concluded that the maximum softening index indicates a higher rate of

approach to failure than displacement ductility.
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Figure 6.5 shows the correlation between the maximum softening and the modified stiffness ratio.
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Figure 6.5 Correlation between maximum softening and modified stiffness ratio

This figure reveals that, with no exceptions, all data points are located above the unit slope line, indicating
that the maximum softening index converges more rapidly to failure than the modified stiffness ratio index.
It should be noted that results for specimen OSBS still shows high values for the maximum softening

index.
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Figure 6.6 shows the correlation between the maximum softening and the modified Park and Ang index.
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Figure 6.6 Correlation between maximum softening and modified Park and Ang index

This comparison graph indicates that the location of data points is mostly above the unit slope line.
Specimen OSBS5 indicated once again high value data points. The maximum softening index was then

considered to show a higher rate of approach to failure than the modified Park and Ang index.

6.1.3 NORMALIZED DAMPING RATIO
Figure 6.7 to 6.9 show comparisons of normalized damping ratios with respect to each of the three
structural damage indices investigated. The correlation between the normalized damping ratio and the

displacement ductility is shown in Figure 6.7.
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Figure 6.7 Correlation between normalized damping ratio and displacement ductility

In this figure, it can be seen that the data points are located close to the unit slope line. Since the frequency
history results are not used in the evaluation of the normalized damping ratio index, specimen OSBS5 data
points do not indicate a particular behavior. These observations suggest that the normalized damping ratio

index and the displacement ductility converge to failure at a comparable rate.
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Figure 6.8 shows the correlation between the normalized damping ratio and the modified stiffness ratio.
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Figure 6.8 Correlation between normalized damping ratio and modified stiffness ratio

The comparison graph shows that, with no exception, all data points are located above the unit slope line.

This observation suggests that the normalized damping ratio progresses to failure at a higher rate than the

modified stiffness ratio index.
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Finally, Figure 6.9 shows the correlation between the normalized damping ratio and the modified Park and

Ang index.
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Figure 6.9 Correlation between normalized damping ratio and modified Park and Ang index

Although evaluation of these two damage indices use energy concepts, Figure 6.9 does not indicate a
perfect correlation, since most of the data points are lying above the unit slope line. Instead, it is suggested
that the normalized damping ratio index converges to failure at a higher rate than the modified Park and

Ang index.

6.1.4 SUMMARY OF INDICES CORRELATION
Figures 6.1 to 6.9 showed the relationships obtained from comparison of the three modal damage indices

with respect to the three structural damage indices. Table 6.1 summarizes the similarity between the index

values calculated from these two approaches.
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USD > MSR USD ~ P&A

MS>p MS > MSR MS > P&A

NDR ~ pn NDR > MSR NDR > P&A

Table 6.1 Summary of index correlation

In Table 6.1, the symbol “>” refers to “converges to failure at a higher rate” and the character “~” means
“converges to failure at comparable rate”. The comparison summary shows that damage indices based on

modal properties converge to failure at comparable or higher rate than structural damage indices.

6.2 GENERAL COMPARISON OF DAMAGE ASSESSMENT APPROACHES

The two approaches investigated in this study provided efficient tools to quantify structural damage
sustained by the specimens tested in the laboratory. Advantages of each approach are outlined in this

section as well as limitations that could restrain their use.

Evaluation of structural damage indices usually requires that the hysteresis loops for the structure under
study are available. However some indices, like displacement ductility, are exclusively based on
displacement history. If required, hysteresis curves can be analytically predicted or experimentally

measured. Modelling of hysteretic behavior can represent a complex assignment while measuring
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experimental hysteresi§ responses imply complex iﬁstrumentation of the structure, in order to record the
force applied and the corresponding displacements. Modal damage indices are based on dynamic
properties of the structure studied. These; modal properties can also be obtained analytically or measured
experimentally. As for the hysteresis loops, modelling of a real structure dynamic behavior does not
represent a straightforward process. However, unlike experimental hysteresis curves, vibration
measurements can be recorded with a rather simple testing system, according more flexibility to this

approach.

Considering the type of instrumentation involved, the approach based on structural damage indices is not
applicable to all situations of damage assessment. For example, post-earthquake damage assessment can
not be performed with this approach, unless the structure is fully instrumented prior to the seismic event.
Hysteresis curves are usually predicted from non-linear models in this case. However, vibration tests can
be easily performed on site after the structure has sustained damage. Assuming that dynamic parameters
were measured prior to a seismic event, modal damage assessment can be used in post-earthquake damage

assessment.

Although hysteresis curves ‘necessAitate either modelling effort or complex instrumentation, evaluation of
structural damage indices use directly force and displacement measurecments obtained from these
procedures. Inversely, evaluation of modal damage indices are not based on direct measurements recorded
during vibration testing. They rather require extraction of dynamic properties from these vibration
measurements, implying additional analysis before computation of the damage indices. Moreover, the
modal properties used in the modal damage assessment are not always obtained from vibration
measurements. For example, hysteretic damping values are calculated from the load-displacement

hysteresis curves.
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If data are obtained experimentally, the information needed to evaluate the damage indices involve
different types of tests. Development of hysteresis curves generally imply partial or total destruction of the
structure. On the other hand, vibration tests-repfesent a non-destructive assessment technique that do not
involve damaging the structure during the testing procedure, although other types of vibration test may

involve structural damage (for example, shake table tests).

However, once these hysteresis loops are available, structural damage indices serve as reliable indicators of
structural damage. Likely, damage assessment based on modal properties quantify adequately structural
degradation. Testing and modelling objectives will then guide the choice of damage assessment to be

performed.

6.3 CONCLUDING REMARKS

This chapter compared the th approaches investigated in this study, damage assessment based on
structural properties and damage assessment based on modal properties. First a correlation study assessing
the similarity between the index values calculated from these two approaches was presented. It was shown
that modal damage indices generally converge to failure at a higher rate than the structural damage indices.
Thereafter, a general comparison of both approaches was presented, including advantages and limitations

of both methods.

The following chapter will present conclusions of this study, including details on further research topics

relevant to the investigation performed here.



CHAPTER 7

CONCLUSIONS AND FURTHER STUDIES

In order to investigate different damﬁge assessment approaches and different damage indicators within a
particular approach, this study developed and implemented a combiﬁed experimental and analytical
program on démage assessment. As part of this study, structural and dynamic properties of five bent
specimens tested in the laboratory were determined. From these measurements, damage indices based on
structural properties and damage indices based on modal properties were evaluated for each specimen.
Finally, comparative analyses of damége indices were performed to assess the specimens performance and

to investigate damage characterization provided by the damage indicators.

Damage assessment based on structural properties was investigated evaluating three indices, displacement
ductility, modified stiffness ratio and modified Park and Ang index. Results from this investigation showed
that:

» the modified stiffness ratio and modified Park and Ang index could provide good indication on the
failure mode sustained by the specimens (shear/flexural);

= the highest value of displacement ductility and the damage rate gradient of the modified stiffness ratio
gave a ranking similar to that from the experimental observations;

+ the modified Park and Ang index and the displacement ductility converged to failure at a similar rate
while modified stiffness ratio seemed to progress to failure at a lower rate than other two indices.

Damage assessment based on modal properties was investigated by reference to three indices, ultimate
stiffness degradation, maximum softening and normalized damping ratio. Index comparisons indicated
that:

+ none of the modal indices investigated could provide indication on the failure mode experienced by the
specimens;

* the damage rate of the ultimate stiffness degradation and the damage rate of the maximum softening
gave a specimen ranking similar to that from the experimental observations;

+ the ultimate stiffness degradation and the maximum softening showed similar convergence rate to
failure while ultimate stiffness degradation and normalized damping ratio only showed a trend of
similarity in their rate of approach to failure; '

* maximum softening yielded to a higher rate to failure than normalized damping ratio.

138
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Although none of the modal indices investigated could provide indication on the failure mode experienced
by the specimens, comparison of the two approaches, including six damage indices, showed that modal

damage indices generally converge to failure at a higher rate than the structural damage indices.

Considering the extensive and complete database obtained experimentally, several research topics could be
investigated in the future.

* More complex damage indices, based on both structural and dynamic properties, could be evaluated and
subsequently investigated in comparative analyses;

* a detailed exploration of the neural network approach could be performed. This method could be
compared with the two approaches already investigated;

* modal damage assessment could be completed using dynamic properties in the two other principal
directions;

» finite element models of the specimens could be developed and used to experiment some updating
techniques for different damage states of the specimens;

» other damping approaches (half-power method, for example) could be investigated,;

* comparative analyses of mode shapes describing the undamaged structure and the structure at failure
state could be performed in the three principal directions of motion;

* uses of ambient vibration data could be investigated to assess damage;

« considering damage indices on a time scale, a model to characterize their growth rate could be
investigated. This model could be dependent on several parameters such as the types of loading

involved, the stress range sustained by the structure under a specific loading pattern and the previous

damage level of the structure.
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The first part of Appendix A contains a drawing of the original design of bent S28 as well as drawings of the
five specimens tested in the laboratory. These drawings were provided by Crippen International Ltd (except

for Figure Q-1). The second part of this appendix includes pictures of the experimental vibration procedure

and pictures of the damaged specimens.
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Figure Q-1 Elevation view of specimen OSBS5
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Figure A.1 Typical accelerometer setup on a column
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Figure A.3 Instrumented hammer



Figure A.4 Transverse impact applied with the instrumented hammer



Figure A.5 Vertical impact applied with the instrumented hammer

R LLUUULUULS
.
|

&

Figure A.6 Data acquisition system
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Figure A.8 View of specimen OSB2 at failure (north column, east side)
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Figure A.10 Overall view of specimen OSB3 at failure
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Figure A.11 Overall view of specimen OSB4 at failure
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Figure A.12 View of specimen OSBS5 at failure (north half)
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Figure A.13 View of specimen OSBS5 at failure (south half)
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Appendix B presents the typical testing procedure. Detailed testing characteristics of the five specimens
follow in section B.2. Section B.3 presents sensor locations for each specimen tested and, finally, details on
processing of the longitudinal frequencies are included in section B.4.

B.1 TYPICAL TESTING PROCEDURE -
Using the instrumented hammer, a typical testing procedure is as follow:

1. Verify connections between the A/D converter (Keithley), the conditioner and the computer;

2. Connect the instrumented hammer to the A/D converter and to its power box;

3. Turn power switches to ON for all these equipment components;

4. Balance the sensors;

5. Install the sensors at selected locations; )

6. Connect cables between sensors and signal conditioner;

7. Set the signal conditioner to TEST;

8. Run "h AVDA" (usually from the KEITHLEY directory) and verify the input parameters (for details on the
input parameters, see Schuster, 1994);

9. If calibration is desired:

(a) set the attenuation to 66dB and filters to QUT for all channels;

(b) press any key to begin sampling; '

(c) after the beep, the signal conditioner key should be turned from TEST to CALIBRATE;

(d) after approximately one second, the key should be turned from CALIBRATE to NATURAL
FREQUENCY and should remain in this position until calibration is completed;

(e) while data is acquiring, inspect the individual calibration records to ensure that sensors are working
correctly;

(f) turn the key back to TEST position;

(g) after display of all calibration records, calibration can be repeated or one can proceed with data
acquisition. If any of the sensors are not functioning, they can be verified before proceeding;

10.Set attenuation (usually 54dB) and filters for recording;

11. Proceed with data acquisition; |

12. If calibration is desired after the data acquisition, repeat the procedure described in step no.9;
13. For quality control, inspect time histories using THV program,

14. If needed, relocate sensors;

15. Repeat steps no.4 to no.14 until the test is completed.

For details about balancing of sensors, see the operating instructions (Kinemetrics FBA-11),
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B.2 DETAILED TESTING CHARACTERISTICS

Setup no.: refer to Figure 3.7

Dead load: on=vertical loading system activated / off=vertical loading system not applied

Actuator: in=lateral actuator installed / out=lateral actuator not installed

Test type: ambient=ambient vibrations / I/long, vert, trans=impact testing in the longitudinal, vertical or
transverse direction

B.2.1 SPECIMEN OSB1 Test date: 09/16/1993 to 09/29/1993

n
on in 54 Tllong 2 O11DIL
on in 54 T/vert 2 0O11D1V
on in 54 T/trans 2 O11DI1T
2 on in 6 ambient 3 O11D2A
on in 54 Tlong 4 O11D2L
on in 54 T/vert 4 011D2V
on in 54 Titrans 4 O11D2T
PRELIMINARY 2 off in 12 ambient S O10D1A*
off in 54 Nong 6 O10D1L*
off in 54 I/vert 6 Ol10D1V*
off in 54 TArans 6 O10D1T**
1 off in 12 ambient 7 0O10D2A**
off n 54 Tong 8 O10D2L**
off in 54 Tivert 8 O10D2V**
off in 54 Ihrans 8 O10D2T**
E 1 on in 12 ambient 9 O1011A
L= 0.50 on in 54 Tong 10 O1011L
on in 54 I/vert 10 o1011v
on in 54 Thrans 10 O1011T
2 on in 18 ambient 11 O1012A
on in 54 Tong 12 01012L
on in 54 Tvert 12 01012V
on in 54 Thrans 12 01012T
F 2 on in 54 TNong 54 010221
W= 075 on in 54 T/vert 54 01022V
on in 54 Itrans 54 01022T
1 on in 54 ong 54 01021L
on in 54 T/vert 54 01021V
on in 54 Titrans 54 01021T
G 1 on in 18 ambient 15 01031A
=10 on m 54 INong 16 Ol1031L
on in 54 T/vert 16 01031V
on in 54 Thrans 16 01031T
2 on in 18 ambient 17 01032A
on in 54 Tong 18 01032L
on in 54 I/vert 18 01032V
on in 54 TArans 18 01032T
H 2 on in 54 Nong 19 01042L
=15 on in 54 I/vert 19 01042V
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on in 54 Thrans 19 LOST
1 on in 54 Iong 20 01041L
on in 54 T/vert 20 01041V
on n 54 Thrans 20 01041T
I 1 on in 18 ambient 21 O1051A
p=2 on in 54 Vlong 22 01051L
on in 54 T/vert 22 01051V
on n 54 IArans 22 O1051T
2 on in 18 ambient 23 O1052A
on n 54 Ilong 24 010521
on in 54 T/vert 24 01052V
on n 54 Thrans 24 01052T
J 2 on in 54 ong 25 01062L
p=3 on in 54 Dvert 25 01062V
on in 54 Titrans 25 01062T
1 on in 54 INong 26 0O1061L
on in 54 T/vert 26 01061V
on in 54 Titrans 26 0O1061T
- FINAL 1 off in 24 ambient 27 Ol1171A
T off in 54 Vlong 28 O1171L
off in 54 T/vert 28 01171V
off in 54 Thrans 28 O1171T
2 off in 24 ambient 29 01172A
off in 54 Iong 30 0O1172L
off in 54 I/vert 30 01172V
off in 54 Iirans 30 01172T
FINAL 2 on n 24 ambient 31 O1071A*
on in 54 Tong 32 010721
on in 54 I/vert 32 01072V
on in 54 Thrans 32 01072T
1 on in 24 ambient 33 O1072A**
on in 54 TNong 34 01071L
on in 54 T/vert 34 01071V
on in 54 Thrans 34 01071T
FINAL 2 off out 18 ambient 35 O1182A
off out 54 TNong 36 011821
- off out 54 T/vert 36 01182V
off out 54 TArans 36 01182T
FINAL 2 on out 18 ambient 37 O1082A
on out 54 1/long 38 01082L
on out 54 I/vert 38 01082V
—on 1 out 34 Ihrans 1 38 1 _ Ol082T ||

* These files correspond to setup no.2
** These files correspond to setup no.1
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B.2.2 SPECIMEN OSB2 Test date: 11/30/1993 to 12/03/1993

[PRECIMINARY | 2 | of |  m | 12 | ambient | 1 |  OZPRZA |
off in 54 IArans,vert,long long 1 O2PR2H
PRELIMINARY 2 on in 12 ambient 2 O2PD2A
on in 54 TArans,vert long long 2 O2PD2H
PRELIMINARY 1 on in 18 ambient 3 O2PDI1A
on in 54 I/trans,vert,long long 3 O2PD1H
PRELIMINARY 1 off in 12/6 ® ambient 4 O2PR1A
off in 54 IArans,vert long long 4 O2PR1H
C 1 on in 12 ambient 5 020C1A
W= 0.50 on in 54 IArans,vert long long 5 O20C1H
D 1 on in 6 ambient 6 O20D1A
p=0.75 on in 54 TArans,vert long long 6 020D1H
E 1 on in 12 ambient 7 0O20E1A
=1 on in 54 T/trans,vert long long 7 O20E1H
F 1 on in 12 ambient 8 O20F1A
BL= 15 on in 54 TArans,vert, long long 8 0O20F1H
G 1 on in 6,12® ambient 9 020G1A
BL=2 on in 54 Itrans,vert long long 9 020G1H
H 1 on n 12 ambient 10 O20H1A
=3 on in 54 TArans,vert, long long 10 O20H1H
I 1 on in 6 ambient 11 O20I1A
=4 on in 54 1/trans, vert, long long 11 0O20I1H
FINAL 1 off in 6 ambient 12 O2A01A
= off in 54 JArans,vert Jong,long 12 0O2A01H
FINAL 1 on in 12 .. ambient 13 O20J1A
on in 54 Thrans,vert Jong long 13 020J1H
FINAL 2 on in 18 ambient 14 020J2A
on n - 54 IArans,vert long long 14 020J2H
FINAL 2 off in 6,24® ambient 15 02A02A
—offt | in 54 Litrans.vert longlong. 15 Q02A02H

I/trans,vert,long long=one file with: ‘
segment 1 =impact in the transverse direction
segment 2 = impact in the vertical direction
segment 3 = impact in the longitudinal direction
segment 4 = impact in the longitudinal direction

(1): segment 1 =6 dB / segment 2 =12dB
(2): segments 1,23 =6dB / segment4 =12 dB
(3): segment 1 =6 dB / segments 2,3,4=12 dB
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B.2.3 SPECIMEN OSB3 Test date: 03/23/1994 to 03/31/1994

[V out ambient
off out 54 . INong 23 O3P11L (and G)*
off out 54 T/vert 23 O3P11V
off out 54 T/trans 23 O3P11T
PRELIMINARY 1 on out 54 ong 4,5 O3P21L (and G)
on out 54 T/vert 4,5 03P21V
on out 54 T/trans 4.5 O3P21T
PRELIMINARY 2 on out 54 Tlong 6,7 03P32L (and G)
on out 54 T/vert 6,7 O3P32V
on out 54 Titrans 6,7 O3P32T
PRELIMINARY 2 off out 54 TNong 89 O3P42L (and G)
off out 54 T/vert 8,9 O3P42V
off out 54 Tirans 8,9 O3P42T
PRELIMINARY 2 off n 18 ambient 10 O3P52A
off in 54 I/long 11,12 O3P52L (and G)
off in 54 T/vert 11,12 O3P52V
off n 54 T/trans 11,12 03P52T
PRELIMINARY 2 on in 24 ambient 13 O3P62A
on n 54 Ilong 14,15 O3P62L (and G)
on n 54 T/vert 14,15 0O3P62V
on in 54 Ttrans 14,15 O3P62T
PRELIMINARY 1 on in 18 ambient 16 O3P71A
on in 54 I/llong 17,18 O3P71L (and G)
on in 54 T/vert 17,18 O3P71V
on in 54 T/trans 17,18 O3P71T
PRELIMINARY 1 off in 12 ambient 19 O3P81A
on in 54 Nong 20,21 O3P81L (and G)
off in 54 T/vert 20,21 03P81V
off n 54 T/trans 20,21 O3P81T
G 1 on in 18 ambient 22 030G1A
W= 075 on in 54 ong 23,24 O30GI1L (and G)
on in 54 T/vert 23,24 030G1V
on in 54 Thrans 23,24 030GI1T
1 1 on in 12 ambient 25 03011A
=15 on in 54 TNong 26,27 O30I1L (and G)
on in 54 T/vert 26,27 03011V
on n 54 Thrans 26,27 O30I1T
J 1 on n 12 ambient 28 03011A
=2 on n 54 Tlong 29,30 030J1L (and G)
on in 54 T/vert 29,30 0301V
on in 54 Thrans 29,30 030J1T
K 1 on in 6 ambient 31 O30IKA
=3 on in 54 Tlong 3233 030K 1L (and G)
on in 54 T/vert 32,33 030K1V
on in 54 Tirans 32,33 O30K1T
L 1 on in 6 ambient 34 O30L1A
=4 on n 54 Tlong 35,36 O30L1L (and G)
on n 54 T/vert 35,36 030L1V
—on | _____in 34 Ians 1 3536 1 _O30LIT ___Jj
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M 1 on in 12 ambient 37 O30M1A
L=6 on in 54 TNong 38,39 O30MIL (and G)

on in 54 T/vert 38,39 O30M1V

on in 54 Ttrans 3839 | O30M1T
N 1 on n 54 T/long 40,41 O30N1L (and G)

n=9 on n 54 T/vert 40,41 O30N1V

on in 54 Titrans 40,41 O30N1T

FINAL 1 off in 18 ambient 42 O3F81A
B= 12 off n 54 Hong 43,44 O3F81L(and G)

off in 54 T/vert 43,44 O3F81V

off in 54 ThArans 43,44 O3F81T

FINAL 1 on in 18 ambient 45 O3F71A
on in 54 Tlong 46,47 O3F71L (and G)

on in 54 T/vert 46,47 O3F71V

on in 54 Tirans 46,47 O3F71T

FINAL 2 on in 24 ambient 48 O3F62A
on in 54 Tlong 49,50 O3F62L (and G)

on in 54 Ivert 49,50 O3F62V

on in 54 Ifrans 49,50 O3F62T

FINAL 2 off in .24 ambient 51 O3F52A
off in 54 Tong 52,53 O3F52L (and G)

off in 54 T/vert 52,53 O3F52V

off n 54 I/trans 52,53 O3FS52T

FINAL 2 off out 30 ambient 54 O3F42A
off out 54 long 55,56 O3F42L (and G)

off out 54 I/vert 55,56 O3F42V

off out 54 Itrans 55,56 O3F42T

FINAL 2 on out 24 ambient 57 O3F32A
on out 54 Nong 58,59 O3F32L (and G)

on out 54 Tvert 58,59 o301V

on out 54 TArans 58,59 O3F32T
FINAL 1%* on out 54 Tlong 61,62 O3F31L (and G)

on out 54 Tvert 61,62 O3F31V

on out 54 Tirans 61,62 O3F31T
FINAL 1** off out 54 Tong 63,64 O3F11L (and G)

off out 54 I/vert 63,64 O3F11V

off out 54 ThArans 1 6364 Q3F11T

* Two different filenames, O3P11L and O3P11G, for two longitudinal impact sets
** Sensors 2,3,6 correspond to the nodes and directions of setup no.2




B.2.4 SPECIMEN OSB4

Test date: 05/09/1994 to 05/12/1994

0; out ambient
off out 54 Tlong 1,2 O4P11L (and G)
off out 54 Tvert 1,2 04P11V
off out, 54 Titrans 1,2 O4P11T
PRELIMINARY on out 12 ambient 3 O4P21A
on out 54 Tlong 34 04P21L (and G)
on out 54 T/vert 34 04P21V
on out 54 TArans 34 Q4P21T
PRELIMINARY on out 12 ambient S O4P32A
on out 54 INong 5,6 04P32L (and G)
on out 54 Tvert 5,6 04P32V
on out 54 T/trans 5,6 04P32T
PRELIMINARY off out 24 ambient 7 0O4P42A
off out 54 INong 7.8 04P42L (and G)
off out 54 T/vert 7.8 04P42V
off out 54 T/trans 7.8 04P42T
PRELIMINARY off n 18 ambient 9 O4P52A
off in 54 Tlong 9,10 O4P52L (and G)
off n 54 T/vert 9,10 04P52V
off in 54 T/trans 9,10 0O4P52T
PRELIMINARY on in 18 ambient 11 O4P62A
on in 54 Hong 11,12 04P62L (and G)
on in 54 T/vert 11,12 O4P62V
on in 54 T/trans 11,12 O4P62T
PRELIMINARY on in 18 ambient 13 O4P71A
on in 54 1/long 13,14 O4P71L (and G)
on in 54 T/vert 13,14 O4P71V
on n 54 T/trans 13,14 O4P71T
PRELIMINARY off n 18 ambient 15 O4P81A
off m 54 THong 15,16 O4P81L (and G)
off in 54 T/vert 15,16 04P81V
off in 54 TArans 15,16 O4P81T
D on in 18 ambient 17 O40D1A
pL= 075 on in 54 I/long 17,18 O40DI1L (and G)
on in 54 " I/vert 17,18 040D1V
on in 54 Tirans 17,18 040D1T
E on in 18 ambient 19 O40E1A
=1 on n 54 TNong 19,20 O40E1L (and G)
on in 54 T/vert 19,20 O40E1V
on in 54 Thrans 19,20 O40E1T
F on in 18 ambient 21 O40F1A
B=15 on in 54 TNong 21,22 O40F1L (and G)
on in 54 T/vert 21,22 O40F1V
on in 54 TArans 21,22 O40F1T
G on in 18 ambient 23 O40G1A
w=2 on in 54 Hong 23,24 0O40G1L (and G)
on in 54 I/vert 23,24 040G1V
on mn 54 TArans 23,24 040G1T
H on n 18 ambient | 25 1 O40HIA __J{
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54

n=3
on
I E in
£ on : E I/ong 25,26
- > vert :
on m 04
| in - s e OHIL (and G)
J on in > I = O40H1V
u=6 on in 54 i = O40H1T
on in : i o O40I1A
' 7 .. = O40I1L
on in 18 - E -
K on in : T e 04011V
-9 on m 54 s 2 -
in - i e O40J1A
: I/ - 040J1L
FIN, on in 18 — i —
: on in : T 20 04071V
=12 off in = T 31 =
: in 5 e 31,32 040340K1 -
FIN, off m 18 — s .
AL oﬁ in ; Tome s 040K1V
on in : e = 040K1T
on in 54 s e O40L1A
A I/ = O40L 1L
FIN. on in 18 b s -
: | in - T == 040L1V
on : = T/llong 3: : SZOL :
‘ I > F7
: vert : -
: - m 4 I = O4F71L
FIN. on m = e ’ =
: | in i T S O4F71V
: : - i 3 = 84F7 1T
- ;i o 4F6
- vert : -
: m 4 7 o2 O4F62L
: oﬁ m : o s (and G)
: oﬁ in 54 o = g4F62V
oﬁ : : e 3 = O4F62T
oﬁ : 54 o T 4FS2A
7 =2 O4F52L
FIN. off out 24 e - : =
AL off out = i g -
on Out 54 == - O4F52T
on : ; I — O4F42A
m 142 04F42L
FIN, on out = = 4 , O =
: | out ; o i 4F42V
| out 54 EE 4 O4F42T
on : z o 43,44 O4FO4F3 =
FIN, on out 18 . il e
: on out ; T — 04011V
off out 54 T 4 : 84F3 :
off out - o ¥ 0 =
7 e 4F21L
oﬂ : ; S 45’ 2 (end G)
Qﬁ out 54 T — F21V
: : o > O4F21T
: I s — O4F11A
I/ i F11L (and G)
e O4F11V
trans. O4F1IT |
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B.2.5 SPECIMEN OSB5

Test date: 09/02/1994 to 09/09/1994

o out ambient
off out 54 Tong 1,2 O5P11L (and G)
off out 54 T/vert 1,2 O5P11V
X off out 54 TArans 1,2 OSPI11T
PRELIMINARY 1 on out 12 ambient 3 O5P21A
on out 54 Tlong 34 O5P21L (and G)
on out 54 T/vert 3,4 O5P21V
on out 54 T/trans 3,4 O5P21T
PRELIMINARY 2 on out 12 ambient 5 O5P32A
on out 54 Nong 5,6 O5P32L (and G)
on out 54 T/vert 5,6 0O5P32V
on out 54 Titrans 5,6 O5P32T
PRELIMINARY 2 o out 12 ambient 7 OS5SP42A
[ out 54 Iong 7.8 O5P42L (and G)
0! out 54 Tvert 7.8 O5P42V
o out 54 I/trans 7.8 O5P42T
PRELIMINARY in 12 ambient 9 OSPS52A
in 54 ong 9,10 O5P52L (and G)
in 54 T/vert 9,10 O5P52V
. in 54 Thrans 9,10 O5P52T
PRELIMINARY on in 12 ambient 11 O5P62A
on in 54 Hlong - 11,12 O5P62L (and G)
on in 54 - Ifvert 11,12 OSP62V
on in - 54 Thrans 11,12 OS5P62T
PRELIMINARY on in 12. ambient 13 OS5SP71A
on m 54 . Tlong 13,14 O5P71L (and G)
on in 54 " T/vert 13,14 O5SP71V
on in 54 Thrans 13,14 OSP71T
PRELIMINARY off in 18 ambient 15 O5P81A
off in 54 Tlong 15,16 O5P81L (and G)
off in’ 54 T/vert - 15,16 O5P81V
off in 54 Titrans 15,16 "O5PSIT
D on ‘in 12 ambient 17 OS0D1A
p= 075 on in 54 Tong 17,18 O50DI1L (and G)
on in 54 Dvert 17,18 050D1V
on in 54 Tirans 17,18 O50D1T
E on n 12 ambient 19 OS5S0E1A
p=1 on n 54 TNong 19,20 OS0EIL (and G)
on in 54 T/vert 19,20 O50E1V
on in 54 Thrans 19,20 O50E1T
F on in 12 ambient 21 O50F1A
=15 on in 54 Ilong 21,22 O50F1L (and G)
on in 54 T/vert 21,22 O50F1V
on in 54 T/trans 21,22 OS50F1T
G on in 12 ambient 23 050G1A
p=2 on in 54 Tong 23,24 O50G1L (and G)
on in 54 T/vert 23,24 050G1V
on in 54 TArans 23,24 050G1T
H on | __in 1 12 ambient 25 1 OS0HIA |




p=3 on in 54 Tong 25,26 O50H1L (and G)
on in 54 Tvert 25,26 O50H1V
on in 54 Titrans 25,26 OSOHI1IT

I on in 12 ambient 27 O50I1A

=4 on in 54 Ulong 27,28 OS50I1L (and G)
on in 54 Tvert 27,28 05011V
on in 54 Itrans 27,28 OS50I1T

J on n 12 ambient 29 O50J1A

B=6 on in 54 Tong. 29,30 O50J1L (and G)
on in 54 Tvert 29,30 050J1vV
on in 54 Titrans - 29.30 Os01T

K on in 12 ambient 31 OS0K1A

h=9 on in 54 Vlong 31,32 050K 1L (and G)
on n 54 T/vert 31,32 OS0K1V .
on in 54 Titrans 31,32 O50KI1T

FINAL off in 12 ambient 33 OSF81A

n- 12 off in 54 Vlong 33,34 OSF81L (and G)
off in 54 vert 33,34 OSF81V
off in 54 Thrans 33,34 OSF81T

FINAL on in 18 ambient 35 O50L1A
on in 54 Vlong 35,36 OS0LIL (and G)
on in 54 T/vert 35,36 O50L1V
on in 54 Titrans 35,36 OS0L1T
FINAL on in 12 ambient 39 OSF62A
on in 54 TNong 39,40 OS5F62L (and G)
. on in 54 T/vert 39,40 © OSF62vV
on in 54 Titrans 39,40 OSF62T
FINAL off in 12 ambient 37 O5F52A
off in 54 Tlong 37.38 O5F52L (and G)
off in 54 T/vert 37,38 O5F52V
off in 54 Titrans 37,38 OS5F52T
FINAL off out 18 ambient 41 O5F42A
off out 54 INong 41,42 O5F42L (and G)
off out 54 T/vert 41,42 OSF42V
off out 54 TArans 41,42 OSF42T
FINAL on out 18 ambient 43 O5F32A
on out 54 T/long 43,44 OS5SF32L (and G)
on out 54 T/vert 43,44 O5F32V
on out 54 Tirans 43,44 OSF32T
FINAL on out 18 ambient 45 OSF21A
on out 54 Iong 45,46 OS5SF21L (and G)
on out 54 T/vert 45,46 O5F21V
on out 54 TArans 45,46 O5F21T
FINAL off out 18 ambient 47 OS5F11A
off out 54 T/long 47,48 O5F11L (and G)
off out 54 T/vert 47.48 OSF11V
off 1 out 24 IArans 47.48 OSFIIT |

172




173

B.3 DETAILED SENSOR LOCATION

AV = ambient vibration testing
IMP = impact testing with the instrumented hammer

ham = instrumented hammer

channel identification: example SL =node 5 in the longitudinal direction (refer to Figure 3.7 and to section
5222)




B.4 HAMMER AND SENSOR SPECIFICATIONS

B.4.1 HAMMER SPECIFICATIONS

Model : DYTRAN / model 5803A 12 pound impulse hammer

Range : 5000 1bs (nominal range for +5 volts out)
Sensitivity : 1.0 mv/lb

Maximum input 10000 lbs

Stiffness sensor 110 1b/p in

Resonant frequency : 75 kHz (sensor with no impact cap);

B.4.2 SENSOR SPECIFICATIONS:

Model: : Kinemetrics FBA-11

Full scale range: :x05g

Output range 1+ 2.5 volts

Dynamic range : 130 dB from 0 to 50 Hz
: 140 dB from 0 to 10 Hz

Natural frequency: : 50 Hz (damping: 70% critical)
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B.5 DETAILS ON PROCESSING OF LONGITUDINAL FREQUENCY

* Vibrations not measured ** Signals corrupted
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Appendix C includes typical spreadsheets for the three structural damage indices evaluated in this study:
displacement ductility, modified stiffness ratio and the modified Ppark and Ang index.

C.1.TYPICAL SPREADSHEET FOR DISPLACEMENT DUCTILITY - SPECIMEN OSB1

8,=0.247 in

fl 0.206 0.836 0.836 0.836
-0.183 -0.741 0.741

f2 0.174 0.704 v0.704 0.710
-0.175 -0.710 0.710

f3 0.175 0.711 0.711 0.729
-0.180 -0.729 0.729

gl ©0.253 1.026 1.026 1.029
-0.254 -1.029 1.029 o

g2 0.258 1.047 1.047 1.047
-0.217 -0.879 0.879

g3 0.269 1.090 1.090 1.090
-0.248 -1.003 1.003

h1 0.452 1.832 1.832 1.872
-0.462 -1.872 1.872

h2 0.427 1.732 1.732 1.784
-0.440 -1.784 1.784

h3 0.430 1.740 1.740 1.785
-0.441 -1.785 1.785

il 0.602 2.439 2.439 2.639
-0.651 -2.639 2.639

i2 0.626 2536 2.536 2.622
-0.647 -2.622 2.622

i3 0.637 2.580 . 2.580 2.606
-0.643 -2.606 2.606

jl 0.829 3.359 3.359 3.976
-0.981 -3.976 3.976

j2 0.875 3.547 3.547 3.968
-0.979 -3.968 3.968

i3 0.879 3.561 3.561 3.966
-0.979 -3.966 3.966

k1 1.174 4.756 . 4.756 5414
-1.3348 53414 5414
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C.2 . TYPICAL SPREADSHEET FOR MODIFIED STIFFNESS RATIO - SPECIMEN OSB1

Sy =0.247 i1n Fy =55.848 kips
8=1.174in F,=623 kips

fl 0.206 43.186 209.336 0.002 0.002
-0.183 -42.813 234.079 -0.001

f2 0.174 41.679 239.950 -0.001 -0.001
-0.175 -42.293 241.258 -0.001

3 0.175 40.792 232567 -0.001 0.000
-0.180 -40.367 224.258 0.000

gl 0.253 48.200 . 190.365 0.005 0.005
-0.254 -48.562 191.187 0.004

22 0.258 50.981 197.293 0.004 0.004
0217 -42.631 196.454 0.004

g3 0.269 49.168 182.847 0.006 0.006
-0.248 -45.850 185.179 0.005 .

hi 0.452 60.399 133.568 0.017 0.024
0.462 51.837 112.178 0.024

h2 0.427 58.437 136.727 0.016 0.023
-0.440 -50.661 115.034 0.023

h3 0.430 57.673 134280 0.016 0.026
-0.441 47571 107.993 0.026

il 0.602 55.066 91.486 0.035 0.047
-0.651 -50.182 77.038 0.047

i2 0.626 46.886 74.898 0.049 0.056
-0.647 -43.672 67.478 0.056

i3 0.637 44.480 69.849 © 0054 0.054
-0.643 " .48.640 75.623 0.048

il 0.829 43.127 52,029 0.080 0.092
-0.981 -46.080 46.963 0.092

i2 0.875 36.068 41207 0.108 0.108
0.979 -42.738 43.637 0.100

i3 0.879 34.106 38.805 0.116 0.116
0.979 -40.095 40.959 0.109

k1 1.174 6.226 5304 1.000 1.000
-1 334 =31 913 23 KR4 0203
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C.3.TYPICAL SPREADSHEET FOR MODIFIED PARK AND ANG INDEX - SPECIMEN OSB1

5y =0.247 in Fy =55.848 kips
8=1.174in :

£1 2.579 2.579 0.004 0.004 0.004
0.184 27763 0.004 0.004 0.004

3.427 6.189 0.009 ’ C 0.009 0.009

0.166 6.356 0.010 0.206 -0.044 -0.034 0.000

2 2343 8.698 0.013 0.013 0.013
0.051 8.750 0.013 , : 0.013 0.013

2.183 10.933 0017 ' 0.017 0.017

0.117 11.049 0.017 0.175 -0.077 -0.060 0.000

f3 2.195 13.245 0.020 , 0.020 0.020
0.000 13.245 0.020 0.020 0.020

1.928 15.173 0.023 0.023 0.023

0.000 15.173 0.023 0.180 -0.072 -0.049 0.000

gl 2.898 18.071 0.028 0028 0.028
0.280 18.350 0.028 _ 0.028 0.028

5.138 23.488 0.036 0.036 0.036

0.288 23777 0.036 - 0.254 0.008 0.044 0.044

g2 4.151 27.928 0.043 0.043 0.043
0.104 28.032 0.043 0.043 0.043

2914 30.947 0.047 0.047 0.047

0.194 31.141 0.048 0.258 0.013 0.060 0.060

g3 3.937 35.078 0.054 0.054 0.054
0.178 35.256 0.054 0.054 0.054

3719 38.975 0.059 0.059 0.059

0.177 39.152 0.060 0.269 0.024 0.084 0.084

b1 10.485 49637 . 0076 0.076 0.076
1.440 51.077 0.078 0.078 0.078

15.431 66.508 0.101 0.101 0.101

1.054 67.561 0.103 0.462 0.232 0.335 0335

h2 9.574 77.135 0.118 0.118 0.118
0.380 77.515 0.118 0118 0.118

8.380 85.895 0.131 ~ 0131 . 0.131

0.753 86.648 0.132 0.440 0.209 0.341 0.341

h3 8.430 " 95.079 0.145 0.145 0.145
0332 95.411 0.146 0.146 0.146

7.983 1103394 0.158 0.158 0.158

0.637 104.031 0.159 0.441 0.209 0.368 0368

-1 16 RS6 12087 (0184 0184 01k4
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2114 123.001 0.183 0.188
21912 144913 0.221 0.221
3.077 147.990 0.226 0.651 0.436 0.662
2 20.284 168.273 0.257 0.257
1.797 170.071 0.259 0.259
17.263 187334 0.286 0.286
2.346 189.679 0.289 0.647 0.432 0.721
i3 17.327 207.006 0316 0.316
2.054 209.061 0.319 0.319
16.730 225.791 0.344 0.344
2.172 227.962 0.348 0.643 0.428 0.775
il 23.806 251.768 0.384 0.384
4.792 256.560 0.391 10391
28.706 285.266 0.435 0.435
5756 291.023 0.444 0.981 0.792 1.236
i2 20.503 311.526 0.475 0.475
3622 315.147 0.481 0.481
19.981 335.128 0.511 0.511
4.486 339.614 0.518 0.979 0.790 1.308
i3 17.677 357.291 0.545 0.545
4.033 361.324 0.551 0.551
19.779 381.103 0.581. 0.581
3.925 385.028 0.587 0.979 0.790 1377
ki 17.890 402918 0.615 0.615
13.728 416.647 0.636 0.636
36.301 452.948 0.691 0.691
5 43R 48R 387 ) A9 1 334 11758

0.188
0.221
0.662
0.257
0.259
0.286
0.721
0.316
0.319
0.344
0.775
0.384
0.391
0.435
1.236
0475
0.481
0.511
1.308
0.545
0.551
0.581
1.377
0.615
0.636
0.691

1 R74 R74
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Appendix D presents the calculation sheet used for evaluation of the 182
improved frequency response function, Hs. The method presented here

uses a non-recursive approach based on the coherence function and is
discussed in Park (1993).

IMPROVED FREQUENCY RESPONSE FUNCTION

Wi = f(COHERENCE FUNCTION)
(from Mathcad ver. 5.0 - calculation sheet)

Inputs is vector X and Output is vector Y
Define array sizes and read X and Y vectors:

N :=16384 dt:=0.001 T =dt(N-1) M:=05N i:=0.N-1 j=0.M r=1.M-1 df =

R

Read Input and Output Signals

Y, =READ(out) X, -=READ(inp)
Calculate Auto Spectra Spectra for X and Y:

FTY =cfft(Y) FTX = cfft(X)
SMOOTHED DATA
Smooth the spectral estimates using "n" adjacent estimates: n=3 m:=-n.n Af 22%

SPECJ' FIX FTX, (calculate only N/2 spectral

values for each spectrum,; the

TEMP. = L E if[((j + m)<0) + (( + m)>M), 0,SPEC. } other half corresponds to the
i 2n+1 j+m .
m complex conjugates)
ASxx, =TEMP,

SPECJ. = FTYJ.-FTYJ.

1 Z . .
= . < >
TEMP, = —— if] (G +m)<0)+ (( + m)>M),0,SPEC, |
: m
ASyy, = TEMP,

SPECJ. = FTXJ.'FTYJ.

TEMP, = 1+ 1~Zif[((j +m)<0)+ ((j + m)>M),0,SPEC, |
— |

] 2n

CSxy, ‘= TEMP,
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SPE,CJ. = FTYJ.-FTXJ.

N o .
TEMP, = Zlf[((_] +m)<0) + ((j+ m)>M), 0,SPEC, |
m
CSyx, =TEMP,

Calculate Transfer Function and Coherence Between Y and X:

CSxy.
TEMP, := 1 mHSxy :=mag(TEMP)
- ASxxJ.
ASyy.
TEMP. ‘= . mHSyx = mag( TEMP)
J CSyxj
Coherence Function
CSxy.-CSxy,
CHSxy, =—-1—-4

J ASxxj . ASyyj

Case B: Wf is coherence dependant

Wi ::iq ((Re(CHSxyj))>>o.5,1,o}

Term Wx Term Wy Wi
Wx_ '= Wf-CHSxy. Wyl =1 Wy2is—
i J i . Yi Y4 mHSxy.- mHSyx. b Wy 3:stack<Wy1T,Wy2T>
J J
3.825°10°
F =Wy Wx F="
-1.043°10°
. 1 -
aa =F, © ai= a=2.614°10
1+ aa
bb :=F p=— 00 b =-0.007
(1+ aa)2

mHtruej 1=J(1 + a)-mHSny:mHSyxj -b




