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Abstract

A methodology to assess damage prediction accuracy as a function of model uncertainty in
structures is presented. In the first part, a theory of approach is outlined. First, a damage detection al-
gorithm to locate and size damage in structures using few modal responses of the structures is
summarized. Next, methods to quantify model uncertainty and the damage detection accuracy are
formulated. In the second part, a methodology to assess the effect of model uncertainty on the damage
detection accuracy of real structures is designed. In the last part, the feasibility of the assessment
methodology is demonstrated by using a plate-girder bridge for which only information on a single
mode is available,
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1. INTRODUCTION

During the past decade, many research stud-
1es have focused on the possibility of using the
vibration characteristics of structures as an in-
dication of structural damage[1,2,3]. More re-
cently, attempts have been made to monitor
structural integrity of bridges[4], and to in-
vestigate the feasibility of damage detection in
large space structures using changes in modal
parameters[5]. Studies have also attempted to
investigate model uncertainty in structural
systems[6] and to evaluate the effect of model
uncertainty on damage detection accuracy in
beams[7]. Despite these combined research ef-
forts, there are still outstanding needs : e.g.,
to detect damage in structures with limited
modal information and to evaluate the damage
in an environment of uncertainty due to mod-
eling errors and modal response measurement
errors. Solutions to these problems are import-
ant because a timely damage assessment could
save lives and property, increase structural re-
liability and productivity of operations, and re-
duce maintenance costs,

The objective of this paper is to present a
methodology to evaluate the relative impact of
model uncertainty on the accuracy of nondes-
tructive damage detection (NDD) in structur-
es. Here, model uncertainty is defined as a
lack of knowledge regarding the topology, ge-
ometry, material properties, and dynamic mo-
dal responses of the structure, The accuracy is
defined as the degree of conformity of a meas-
ure to a true value (i.e., a measure of errors).
Relative impact of a model uncertainty is
meant by the size of the effect of model uncer-
tainty relative to the different causes, In order
to achieve the objective, the investigation is
performed in three parts. In the first part, a
theory of approach is outlined. First, a theory

of damage localization and severity estimation
which yields information on locations and mag-
nitudes of damage directly from changes in
mode shapes of structures is formulated. Next,
a system identification method to generate a
theoretical model (i.e., a realistic, but simpli-
fied, mathematical representation) of a struc-
ture is formulated. Finally, methods to quan-
tify model uncertainty and the damage detec-
tion accuracy are formulated. In the second
part, a methodology to estimate the relative
effect of model uncertainty on the damage de-
tection accuracy of structures is designed. In
the last part, the feasibility of the assessment
methodology is demonstrated by using a
plate-girder bridge for which only information
on a single mode is available. The accuracy of
damage prediction results of the plate-girder
bridge is assessed as a function of model uncer- v
tainties which may exist in the damage detec-
tion procedures of the bridge.

2. THEORY OF APPROACH

2.1 Theory of Damage Localization and Sev-
erity Estimation

Consider a linear, undamaged, skeletal struc-
ture with NE elements and N nodes. The it

modal stiffness, K;, of the arbitrary structure

is given by[8]
K=&TC®; (1)

where @; is the i modal vector and C is the

system stiffness matrix. The contribution of
the j*" member to the i*" modal stiffness, Kj;, is

given by

Kij:‘l);rcj(bi (2)
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where C; is the contribution of j** member to
the system stiffness matrix. Then, the sensi-
tivity (i.e., the fraction of modal energy) of it?
‘mode and j member is given by

Fij=Kij /Kl (3)

Let the corresponding modal parameters in
Eqgs. 1 to 3 associated with a subsequently dam-
aged structure be characterized by asterisks.
Then for the damaged structure

Fj=Kj /K : [Kj=0[TC®;, Ki=0]'C (]
(4

Dividing Eq. 4 by Eq. 3 yields

F;, K, K

i

= (5)

]

The quantities C; and C; in Eq. 2 and Eq. 4

may be written as follows ;
CszjCjo , CJT:E;CJ'O (6)

where E; is a parameter representing the ma-
terial stiffness properties and the matrix C,
involves only geometric quantities (and poss-
ibly terms containing Poisson’s ratio). Suppose
an approximation that the fraction of modal
energy is the same for both damaged and
undamaged structures, on substituting Eq. 6
into Eq. 5 and rearranging, then a damage in-
dex B, of j*" member is obtained by (see Refer-

ence [8] for details)

_E_ [oC,®] K,
TE [0fC,®] K]

]

(7

where damage is indicated at the j*h member if
B;>1. All quantities on R.H.S. of Eq. 7 can be

obtained from the experimental measurements

and the geometry of the structure.

Now, damage locations are decided on the
basis of a rejection of hypotheses in the stat-
istical sense. The p; is treated as a realization
of a random variable g for i*" mode. Then the
damage localization indicator is given by

Z= (B—B) /a (8)

in which f; and ¢, represent, respectively, the
mean and the standard deviation of g for it
mode. The existence of damage is investigated
by testing two hypotheses : (1) no damage is
present in j™ member (i.e., H,) and (2) dam-
age is present in j** member (i.e., Hy).

Next the severity of damage in the j*" mem-
ber is estimated. Let the fractional change in
the stiffness of the j™ member be given by the
severity 'estimator, a;, then by definition

Combining Eq. 7 and Eq. 9 yields
a,-=1 /ﬂj_]., (ZjZ"'l (10)

2.2 System ldentification Method

Consider a linear skeletal structure with NE
members and N nodes. Suppose k; Is an un-
known stiffness of j** member of the structure
for which M eigenvalues are known. Also, sup-
pose k; is a known stiffness of j** member of a
finite element (FE) model for which the corre-
sponding set of M eigenvalues are known.
Then, relative to the FE model, the fractional
stiffness change of the j** member of the struc-
ture, o, and the stiffnesses are related accord-

ing to the following equation (i.e., as shown in

Eq. 9)
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The fractional stiffness change of NE member;
s is obtained by the following equation[8]

«=F"1Z (12)

where o is a NEX 1 matrix containing contain-
ing the fractional changes in stiffnesses be-
tween the FE-model and the structure, Z is a
M %1 matrix containing the fractional changes
in eigenvalues between them, and F is a M x
NE damage sensitivity matrix relating the frac-
tional changes in stiffnesses to the fractional
changes in eigenvalues. This M XNE F matrix
1s determined in five steps : firstly, M undam-
aged eigenvalues are numerically generated
from the FE model ; secondly, M damaged eig-
envalues are numerically generated by introd-
ucing a known severity of damage at member j
of the FE model ; thirdly, the fractional chan-
ges between M undamaged eigenvalues and M
damaged eigenvalues are computed ; fourthly,
each component of the column j of the F mat-
rix (i.e., Mx1 F matrix) is computed by div-
iding the fractional changes in each eigenvalue
by the simulated severity at member j ; and
finally, the M XNE F matrix is generated from
repeating the whole procedure up to NE dam-
age locations.

Using the above theory as a basis, the fol-
lowing 6-step algorithm are proposed to ident-
ify a certain structure :

1. Select a target structure (i.e., a post-dam-
age state of the structure) ;

2. Select a FE model of the structure as an
initial guess ;

3. Compute the damage sensitivity matrix of
the FE model ;

4. Compute the fractional changes in eig-

envalues between the FE model ad the tar-
get structure ; and

5. Fine-tune the FE model by first solving
Eq. 12 to estimate stiffness changes (i.e.,
NE x1 matrix «) and next solving Eq. 11
to update the stiffness parameters of the
FE model.

6. Repeat Steps 1 to 5 until Z=0 or a=0 (.
e., as they approach zero) when the par-
ameters of the FE model are identified.

2.3. Method to Quantify Model Uncertainty

In order to quantify the simulated model
uncertainties which are either systematic (sys-
tematic error measures the degree to which an
event occurs) or random (random error meas-
ures the accuracy of observations within an
explicit model), a sensitivity assurance cri-
terion (SAC) based on a metrical measure of
modal energy changes is selected[9]. Consider
two sampled patterns which are the uncer-
tainty-free sensitivity vector U RNE (i.e., Eq.
3 for a given mode) and the uncertainty-inflic-
ted sensitivity vector VERNE, in which RVF is
the space of order NE. Then the uncertainty
measure, SAC, is defined as

SAC (U, V)=1-Cos? (U,V), 0<SAC (U, V)
<1
(13)

in which Cos (U,V) is the cosine of the angle
between the two vectors

—_uvrT
Cos (UV) =TT 7 1)

and quantify the differences in orientation be-
tween U and V, without regard to scaling dif-
ficulties arising from choice of numerical dis-
tance units, If SAC (U,V)=0, then the vector-
s U and V are perfectly correlated (no uncer-
tainty exists). If SAC (U,V)>0, then the vec-
tors U and V become‘linearly unassociated
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each other (uncertainty occurs).

2.4 Methods to Quantify Damage Detection
Accuracy

The accuracy of damage prediction results is
quantified by measuring both metrical errors
and errors in hypothetical testing(9]. As the
first NDD accuracy measure, a mean position
error (MPE) is defined as

N
MPE (t,) =7 Z I —x{| /L,
i=1

0<MPE (1,f) <1 (15)

where N is the number of damage cases, x! is a
true location of it" damage case, x{ is a false lo-
cation of it" damage case, and L is a certain dis-
tance (e.g., a span of a bridge). If MPE (t,f)
is close to 1, then damage position error is clos-
e to the certain length L.

As the second NDD accuracy measure, a mis-
sing error (ME) is defined as

ME (t,f)= Za\, 0<ME (t,f)<1 (16)

NT
in which NT is the number of true damage loc-
ations and ¢ is a Type I localization error (e
=0 if ith damage location is predicted or =1
if otherwise). If ME (t,f)=0, then all true
damage locations are correctly located.

As the third NDD accuracy measure, a false
alarm error (FAE) is defined as

N
FAE (t,f)-—%Zr}‘, 0<FAE (t,f)<o (17)

in which NF is the number of predicted loca-
tions, ¢l=1 if otherwise). If FAE (t,f)=0,
then all predicted lééations are truly damaged
locations.

As the last NDD accuracy measure, a mean

sizing error (MSE) is defined as

N
MSE (t,H =R X | (a—al) /o],
i=1

0<MSE (t,f)<w (18)

where of is an estimated severity and o is a

true damage severity of it? predicted location.
If MSE (t,f) is close to 0, then the severity
estimation error is close to 0.

3. DESIGN OF ASSESSMENT METHODOLOGY

The proposed assessment methodology has
two design requirements. The first design re-
quirement is that the methodology be able to
estimate the relative impact of model uncer-
tainty on the NDD accuracy in real structures.
The second one is that the methodology be so
general as to be applied to any structure for
which measured modal responses of pre-dam-
age and post-damage states are available, The
second design requirement is satisfied auto-
matically if the assessment methodology is in-
dependent of structure,

In order to satisfy these design require-
ments, the following thirteen components of
the methodology are designed as shown in Fig.
1. Each components include at least one func-
tion which, if performed, will satisfy the requir-
ements, Note that, in this study, the only re-
quirement on the structure is that it be real
and that modal data are available. The thir-
teen components shown in Fig. 1 are identified
as follows.

Component 1. A real structure for which
pre-damage and post-damage modal responses
are available is selected.

Component 2. Modal responses including
damage history, mode shapes, and frequencies
of the real structure are identified.
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Component 3. Damage detection models
(DDMs) are selected on the basis of infor-
mation about the topology; geometry, material
properties, and modal responses of the struc-
ture. Here, damage detection model is defined
as a mathematical representation of a struc-
ture with degrees of freedom corresponding to
sensor readings.

Component 4. Damage localization and sev-
erity estimation in the structure are performed
by using the proposed damage detection algor-
ithm,

Component 5. Model uncertainty types whic-

h may exist in DDMs of a real structure are sel-

ected. Model uncertainty for NDD encompas-
ses such causes as : (1) modeling errors in the
choice of structure (or structural member)
types, (2) inaccurate measurements of geo-
metric and material properties, and (3) meas-
urement noises, errors, and incompleteness in
dynamic modal responses.

Component 6. A thoretical mode] of a real
structure is generated by using the system
identification method described in the previous
section,

Component 7. Modal parameters of the theor-
etical model are generated. First, programmed
damage is simulated to the theoretical model.
Next, mode shapes and frequencies are nu-
merically generated.

Component 8. An uncertainty-free DDM (i,
e., a DDM based on complete knowledge on
the theoretical model) is identified.

Component 9. For each uncertainty type sel-
ected in Component 5, model uncertainties of
different severities are simulated to the theor-
etical model.

Component 10. Model uncertainties in the
theoretical model are quantified by Eq. 13.

Component 11. First, damage in the theor-
etical model is located using the same proc-

edures as defined in Component 4. Next, dam-
age localization errors are quantified by using
three NDD accuracy measures (i.e., Eqgs,
15—17).

Component 12. First, damage severity in
theoretical model is estimated using the same
procedures as described in Component 4, Next,
severity estimation errors are quantified by
using a NDD accuracy measure (i.e., Eq. 18).

Component 13. Model uncertainties which
have been tested against theoretical model are
classified. Next, the effect of the uncertainties
on the damage detection accuracy are compar-
ed.

4. UNCERTAINTY ASSESSMENT OF DAMAGE
PREDICTION ACCURACY

The feasibility of the assessment method-
ology presented in the previous section is dem-
onstrated by using a plate-girder bridge for
which only information on a single mode is
available. The accuracy of NDD results of the
plate-girder bridge is quantified as a function
of model uncertainties which are most likely or
existing in the damage prediction procedure of
the bridge. Hereafter, tasks to fulfill each com-
ponent shown in Fig. 1 will be performed.

4.1 Damage Detection in a Plate-Girder Brid-
ge

The test structure, a two-span aluminum
plate-girder bridge, is shown in Fig. 2. Maz-
urek and DeWolf[10] conducted controlled lab-
oratory experiments on the bridge to measure
changes in modal responses caused by struc-
tural degradation. As shown in Fig. 2, the brid-
ge consisted of plates and angle shapes, bolted
together to form two I-section girders. The
bridge had three supports : a pin support six
inches (0.15m) from the left edge, a roller sup-
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Fig. 2 Schematic of the Plate-Girder Bridge

port at the middle, and another roller support
six inches (0.15 m) from the right edge. Elev-
en accelerometers wer.e placed along the sur-
face of the bridge and the ambient vibration
method was used to obtain modal responses of

the bridge.

A known damage was inflicted by cracking
the girder at a location 40 inch to the left of
the right support. The crack (i.e., the inflic-
ted damage) was placed on the right web
shown in Fig. 2. The crack was devloped fur-
ther in three damage stages, reducing the ben-
ding stiffness at the crack location to about 19
percent (Stage 1), 32 percent (Stage 2), and
33 percent (Stage 3) of that of the original
cross-section. The extracted modal parameters
of the bridge include mode shapes of the first
bending mode (shown in Fig. 3) and resonant
frequencies of the first three bending modes
(listed in Table 1). Note that the mode shapes
used in this study were obtained by digitizing
the mode shapes presented in Reference[10].

As a damage detection model (DDM) of the
bridge, an Euler-Bernoulli beam model was sel-
ected since (1) the bridge consists of a box gir-
der that can be modeled as a beam and (2)

1 — — -
= \ n
-
- N
0.5 /
[0
El
b -0.5 )
1§ -1 \\H?_,.(/'/
g g
-t.5 -
Tk
-2 L e B e e i AL I e
1 2 3 4 S 6 .7 8 9 10 n
Sensor Number
= Baselime —=— Stage | ~&- Stage 2 -®- Stage 3

Fig- 3 Mode Shapes of the Plate-Girder Bridge

Table 1. Resonant Frequencies (Hz) of the Ptate-Girder

Bridge
Damage Stage| Model 1 Model 2 Model 3
Undamaged 32.32 46.58 118.1
1 32.02 45.98 116.1
2 30.96 45.38 115.7
3 29.01 45.07 115.5
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the collected modal data provide information
that can be used to model a one-dimensional
structure (i.e., the bridge has accelerometers
which measure only vertical motions). The
DDM consisted of 50 beam elements of equal
size (i.e., each element space equally between
two adjacent nodes) and the modal strain en-
ergy of an element connecting two nodes (a,b)
is given by [? EI{¢” (x)}* dx /2. For each el-
ement, we estimated geometric and material
properties as follows : (1) the elastic modulus
E=10x10° psi (70 Gpa),
=0.33, (3) the second moment of area I=1.
737 in* (7.23%107'm*), and (4) the linear
mass density p=2.537x1074b-s?/in?* (271
/m?3). Next, the curvatures of the mode

(2) Poisson’s ratio v

shapes were generated at the 51 nodes of the
damage detection model. For the undamaged
structure and three damaged structures (note
that each mode shape shown in Fig. 3 contain-
ed only 11 sensor readings), the curvatures
were obtained in three steps. Firstly, values of
the modal amplitudes corresponding to Nodes
1-51 were estimated by interpolating, using cu-
bic-spline functions, the mode shapes shown in
Fig. 3. Secondly, a modal displacement func-
tion, w (x), was generated for the entire struc-
ture using third-order interpolation functions.
Thirdly, the curvature, ¢” (x)=d?w (x) /dx?
was determined at 51 nodes of the damage de-
tection model.

Next, for the three damage stages, damage
in the bridge was located and sized in five step-
s. Firstly, as the input data to the damage de-
tection model, the mode shapes and resonant
frequencies of the first bending mode were
used. Secondly, the damage index (given by
Eq. 7) of the damage detection model (i.e.,
the Euler-Bernoulli beam model) was comput-
ed for each damage stage. Thirdly, the dam-
age localization criterion (given by Eq. 8) was

(1) select H, if Z,<2

(i.e., no damage exists at member i) and (2)
select the alternate H, if Z;=2, This criterion

established as follows :

corresponds to a one-tailed test at a signifi-
cance level of 0.023 (97.7 percent confidence
level). Fourthly, the criterion was used to sel-
ect potential damage locations. The inflicted
(i.e., actual) and predicted damage locations
for the three damage stages are shown in Fig.
4. Finally, for each predicted damage location,
severity of damage was estimated using the
procedure outlined in Egs. 9-10. The inflicted
and estimated severities of damage are listed

Stage 1

—

Actuol Dumog. Location

N

o

Damage Localization indicatoer
i

|
N

Bl B 118 21 26 31 38 4t 46
Element Number

1 UL L] o m“ll"
Actual Domage Location

1 6§ 11 18 21 26 31 36 41 46
Element Number

Stage 2

“

N

o

-1

Damage Localization Indicator

-2

Stage 3
4
-
5 3
2
'
= 24
S
2.
h-
: all
0 -
PO ‘M e
g -1
= ) Actuol Domage Location
-z 1 L] " 186 21 26 3t 36 41 a8

Element Number

pus |

g. 4 Damage Localization Results of the Plate-Girder Brid-
ge
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Table 2. Severity Estimation Resuits of the Plate-Girder
Bridge

Severity of Damage

Damage Stage|Damage Element

Inflicted | Predicted
1 39 -19% —49%
2 39 -32% —58%
3 39 -33% —-70%

in Table 2. A negative value in Table 2 repres-
ents the reduction in stiffness,

From the damage localization and severity
estimation results, the following three-results
are observed. Firstly, for all levels of damage
(i.e., Stage 1 to Stage 3), damage is indicated
either at or in the vicinity of element 39 (i.e.,
the actual damage location). Secondly, the
precision of the damage localization increases
as the level of the inflicted damage increases.
Thirdly, the predicted severity estimation res-
ults consistently oversestimate the inflicted
damage.,

4.2 Identification of the Theoretical Model

The theoretical model of the plate-girder
bridge was identified by implementing the
6-step system identification algorithm de-
scribed previously. Firstly, the first damage
case (i.e., the Stage 1) of the plate-girder brid-
ge was selected as the target structure. Sec-
ondly, a beam FE model was selected as an in-
itial guess. As shown in Fig.5, the FE model
consisted of three members as follows : Mem-
ber 1 for 50 equally sized beam elements, Mem-
ber 2 for the two outside axial springs (Spring
1), and Member 3 for the middle axial spring
(Spring 2). Geometric properties of the FE
model were initially assigned as : (1) for Mem-
ber 1, A=1.625in? (1.05x107°*m?) and I=1.
737in* (7.23x107"m*) and (2) for Members 2
and 3, A=0.1lin* (6.45X107°m?) and [=0.
Next, material properties of all members were
assigned as : (1) the elastic modulus E=10X

Beam
”ff, Spring | 7%} Spring 2 Spring I_’-i-i
i S ;
: 90 in T 90 in.

I:‘/ Node Number 2% 5‘|
W T T O T T O T T
Element | Element 25 Element 50
K 50@3.6 in. = 180 in. A

Fig. 5 Schematic of the FE Model of the Plate-Girder Brid-
ge

Table 3. Sensitivity Matrix to Fine-Tune the Finite Element

Model
Mode Sensitivity of Members
Member 1 Member 2 Member 3
0.9995 0.5E-3 0.1E-4
2 0.9950 0.1E-2 0.4E-2
3 0.9979 0.2E-2 0.1E-3

10% psi (70 Gpa), (2) Poisson’s ratio v=0.33,
and (3) the linear mass density p=2.537X
1074b - 5% /in? (2710kg /m®). Thirdly, a numeri-
cally generated F matrix of the FE model is lis-
ted in Table 3. For a given mode, each sensi-
tivity represents the fraction of modal energy
of that mode stored in the particular member.
Finally, we obtained a fine-tuned FE model.
The results of implementing the system identi-
fication method, using three frequencies and
ten iterations, are listed in Table 4. After ten-
th iterations the identified frequencies are wit-
hin one percent of the target values, The FE
model of the tenth iteration is selected as the
theoretical model. As the stiffness parameters,
bending rigidity was used for Member 1 and
axial rigidity was used for Members 2 and 3.

Table 4. Values of Frequencies (Hz) for Ten iterations

Mode | Initial | 2nd 4th 6th 8th 10th | Target
Number | Guess |Iteration|lteration|Iteration|Iteration |Iteration| Values
1 3976 | 3263 | 3254 | 3245 | 3137 | 3229 | 3206

2 6199 | 44.60 | 4515 | 4547 | 4563 | 4576 | 4598

3 158.75 | 121.32 | 120.07 | 11918 | 118.15 | 117.13 | 116,10

—161—



zde BadAol F2EY S ZY sl v 93

4.3 Modal Responses of the Theoretical Mod-
el

Frequencies and mode shapes of the ident-
ified theoretical model were generated via nu-
merical simulation using the software package
ABAQUS[11]. Here, nine damage scenarios
are programmed with inflicted damage at dif-
ferent elements of the FE model shown in Fig.
5. The simulated locations and their corre-
sponding inflicted damage are summarized in
Table 5. The first six damage cases were lim-
ited to the theoretical model damaged only at
a single location and the remaining three cases
considered damage inflicted at two locations,
The first three frequencies of the initial struc-
ture and the nine damage structures are listed
in Table 6. Typical numerically generated
mode shapes of the first three modes are show-
n in Fig. 6.

4.4 Simulation of Model Uncertainty to the
Theoretical Model
Four model uncertainty types were first selec-
ted from the damage detection procedure of
the plate-girder bridge and later simulated to

Table 5. Damage Scenarios for the Theoretical Model

Case|Element| Damage |Case|Element | Damage |Case|Element| Damage
1 4 1 -10% | 4 19 | -10% | 7| 429 |-10%,-10%
2 9 | -10% |5 U | -10% | 8 | 934 |-10%,-10%
3 4 | -10%]| 6 39 | -10% 9| 1439 | ~10%-10%

Table 6. Natural Frequencies (Hz) of the Theoretical Model

Case Mode 1 Mode 2 Mode 3
Undamaged 32.381 46.377 118.77
1 32.368 46.356 118.66

2 32.328 46.309 118.69

3 32.314 46.331 118.74
4 32.346 46.376 118.58

5 32.379 46.282 118.75

6 32.179 46.188 118.77

7 32.356 46.325 118.54

8 32.276 46,297 118.52
9 32.247 46,266 118.74

Modal Amplitude

L 7 7

-0.8

16 11 16 21 26 31 36 41 46 51
Node Nurmber

[*‘- Mode 1 —®— Mode 2 —— Mode 3 |

Fig. 6 Mode Shapes of the Theoretical Model

the theoretical model. As the first type, the
uncertainty in the DDM selection was selected
because the Euler-Bernoulli beam model (whic-
h was used for the damage prediction for the
bridge) represented only estimates of the mo-
dal energy of incomplete parameters of the
bridge. This uncertainty was simulated to the
theoretical model by varying the choice of
DDM to the following forms such as : (1) the
FE model (i.e., the theoretical model itself) as
an uncertainty-free DDM and (2) the
Euler-Bernoulli beam  model as an
uncertainty-inflicted DDM.,

As the second type, the uncertainty in the
stiffness parameter was selected since the true
stiffness parameters of the bridge were un-
known. This uncertainty was simulated by
introducing log-normal distributions (in terms
of the coefficient of variation (COV)) of elas-
tic moduli to element stiffnesses of the FE
model, Four different uncertainties were pro-
grammed as follows : (1) the uncertainty-free
FE model, (2) the FE model with 10% COV,
(3) the FE model with 30% COV, and (4) the
FE model with 50% COV.

As the third type, the uncertainty in the
mode shape was selected since the mode shap-
es used for the damage prediction of the brid-
ge contained errors due to digitizing the orig-
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inal mode shapes and interpolating the digitiz-
ed mode shapes. This uncertainty (which is
random) was simulated by introducing normal
distributions (in terms of the COV) of modal
amplitudes to the mode shapes of the FE mod-
el. Seven different uncertainties were pro-
grammed as follows : ‘(1) the uncertainty-free
FE model, (2) the FE model with 0.01%
COV, (3) the FE model with 0.05% COV, (4)
the FE model with 0.125 COV, (5) the FE
model with 0.15% COV, (6) the FE model
with 0.2% COV, and (7) the FE model with
3% COV. The minimum and maximum COV
values were estimated from the differences be-
tween the undamaged mode shape and the
nine damaged mode shapes of the theoretical
model. To illustrate the effect of variations of
the normal or log-normal distributions, Monte
Carlo simulations were employed to obtain stat-
istically meaningful results.

As the final type, the uncertainty in the fre-
quency was selected since the measured res-
onant frequencies contained approximately 11
percent maximum error. This uncertainty in
the frequency (random uncertainty) was sim-
ulated by reducing the frequencies of the FE
model. Four uncertainties were programmed as
follows : (1) the uncertainty-free FE model,
(2) the FE model with 10% reduction, (3) the
FE model with 30% reduction, and (4) the FE
model with 50% reduction,

4.5 Quantification of Model Uncertainty and
Damage Prediction Accuracy

The uncertainty measure of Eq. 13 (i.e.,
SAC) was used to quantify each uncertainty in
the theoretical model. The sensitivity vectors
were computed by using Eq. 3 for the first ben-
ding mode. First, uncertainty-free sensitivity
vectors were computed from the FE model.
Next, for each uncertainty, uncertainty-inflic-

Table 7. Quantification of Model Uncertainties in the
Theoretical Model

Uncertainty Type Simulated Uncertainty SAC
DDM Selection FE Model(Uncertainty-Free) | 0.000
DDM Selection Euler-Bernoulli Beam Model 0.010
Stiffness Parameter |FE Model+10% COV 0.114
Stiffness Parameter |FE Model4-30% COV 0.332
Stiffness Parameter | FE Model+50% COV 0.510
Mode Shape FE Model+0.01% COV 0.003
Mode Shape FE Model+0.05% COV 0.032
Mode Shape FE Model+0.10% COV 0.118
Mode Shape FE Model+0.15% COV 0.228
Mode Shape FE Model+0.20% COV 0.336
Mode Shape FE Model+0.30% COV 0.503
Frequency FE Model+10% Reduction 0.000
Frequency FE Model+30% Reduction 0.000
Frequency FE Model+50% Reduction 0.000

ted sensitivity vectors were computed from
the uncertainty-inflicted DDM. Results for the
four uncertainty types are listed in Table 7.
From Table 7, four major results on the uncer-
tainty quantification are observed. Firstly,
SAC is very small for the uncertainty in the
DDM selection. Secondly, SAC increases when
the uncertainty in the stiffness parameter
increases. Thirdly, SAC increases highly even
when the uncertainty in the mode shape
increases very little, Fourthly, SAC does not
change for the uncertainty in the frequency,
Next, for each uncertainty listed in Table 6,
damage prediction accuracy was quantified,
First, damage localization and severity esti-
mation in the theoretical model were perfor-
med using the same procedure as described
previously. By implementing the four NDD ac-
curacy measures of Egs. 15-18 to the damage
localization and severity estimation results,
the NDD accuracy was quantified, as listed in
Table 8. From Table 8, four major results to
the NDD accuracy are observed. Firstly, for
the uncertainty in the selection of the
Euler-Bernoulli beam model as a DDM, the
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Table 8. Quantification of the NDD Accuracy of the Theor-
etical Model

Simulated Uncertainty |MPE| ME |FAE {MSE
DDM Selection FE Model(Uncertainty-Free) |0.000{0.000|0.000|0.808
DDM Selection Euler-Bernoulli Beam Model |0.03010.083|0.250{0.229
Stiffness Parameter |FE Model+10% COV 0.00010.000{0.0000.808
Stiffness Parameter |FE Model+30% COV 0.00010.00010.0000.808
Stiffness Parameter |FE Model+50% COV 0.000 {0.00010.000|0.808

Uncertainty Type

Mode Shape FE Model+0.01% COV 0.0000.000]0.0500.807
Mode Shape FE Model+0.05% COV 0.121]0.220/0.140)0.864
Mode Shape FE Model+0.10% COV 0.36810.520{0.040| 1.004
Mode Shape FE Model+0.15% COV 0.546]0.635(0.015|1.073
Mode Shape FE Model+0.20% COV 0.646{0.710{0.050|1.116
Mode Shape FE Model+0.30% COV 0.64810.735(0.000|1.524
Frequency FE Model+10% Reduction  [0.0000.000|0.000|0.808
Frequency FE Model+30% Reduction  {0.000{0.000{0.000|0.808
Frequency FE Model+50% Reduction  {0.000{0.000{0.0000.808

NDD accuracy measures show : (1) MPE of
0.03 (i.e., damage under the given conditions
can be predicted with a position error of 3 per-
cent of the bridge length) ; (2) ME of 0.083
(i.e., eleven among twelve damage locations
under the given conditions can be predicted
correctly) ; (3) FAE of 0.25 (i.e., one of the
four predicted locations can be false-positive)
;and (4) MSE of 0.23 (i.e., an average sev-
erity estimation error of 23 percent). Sec-
ondly, for the uncertainty in the stiffness par-
ameter, the NDD accuracy measures do not
change. Note that the NDD theory used in this
study is independent of material properties.
Thirdly, when the uncertainty in the mode
shape increases, the NDD accuracy measures
show : (1) MPE, ME, and MSE values con-
sistently increase and (2) FAE increase or de-
crease, Finally, the NDD accuracy measures do
not change for the uncertainty in the fre-
quency. Note that only a single mode was used
in the damage prediction of 50 elements of the
structure,

4.6 Estimation of Relative Impact of Model
Uncertainty on the NDD Accuracy

Uncertainty Simulated Uncertainty | NDD Accuracy Measures
Type Uncertainty | %% | \pg| ME |FAE | MSE
(SAC)

DDM FE Model NO NO | NO | NO | ST

Selections  |Euler Beam Model WK WK { WK | ST | ST

. COvV=10% ST NO | NO | NO | ST

iifz;s Cov=3% ST | NO | NO|NO|ST

COV=5% ST NO | NO | NO | ST

Mode Shapes COV=0.01% WK NO | NO | WK | ST

Due to COV=0.06% WK ST | ST | ST | ST

. COV=0.10% ST ST | ST | WK | ST
Errors in

Modal COV=0.15% ST ST | ST | WK | ST

Amplitudes COV=0.20% ST ST | ST | WK | ST

COV=0.30% ST ST | ST | NO | ST

10% Reduction NO NO | NO | NO | ST

Frequencies |30% Reduction NO NO | NO | NO | ST

50% Reduction NO NO | NO | NO | ST

Fig- 7 NDD Accuracy as a Function of Model Uncertainty in
the Theoretical Model
(Note : ST-Strong Influence (Value>0.1), WK-Weak
Influence (0<Value<(.1), and NO-No Influ-
ence (Value=0))

The relative impact of model uncertainty on
the NDD accuracy is evaluated from the uncer-
tainty assessment results shown in Tables 7
and 8. Fig. 7 shows the relationships between
the model uncertainty types, the uncertainty
measure, and the four NDD accuracy meas-
ures. Firstly, the selection of the Euler-Ber-
noulli beam model as a DDM causes a weak
uncertainty. This uncertainty has a weak in-
fluence on MPE and ME and a strong influ-
ence ‘on FAE and MSE. Secondly, the varia-
tions in element stiffnesses of the FE model
cause relatively strong uncertainties, How-
ever, this uncertainty type has no influence on
MPE, ME, FAE, and MSE. Thirdly, the var-
lations in mode shapes of the FE model cause
strong uncertainties, This uncertainty type
has a strong influence on MPE, ME, and MSE
but a relatively weak influence on FAE. Final-
ly, the frequency changes of the FE model
cause no uncertainty and no influences on the
NDD accuracy measures,
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5. SUMMARY AND CONCLUSIONS

The objective of this study was to present a
methodology to assess the relative effect of
model uncertainty on the accuracy of damage
detection in structures. The investigation was
performed in three parts. Firstly, a theory of
damage localization and severity estimation
were outlined and a system identification met-
hod to generate a theoretical model of a struc-
ture was formulated. Secondly, a methodology
to assess the effect of model uncertainty on
the damage detection accuracy of real structur-
es was designed. Finally, the feasibility of the
proposed methodology was demonstrated by
using a plate-girder bridge for which only in-
formation on a single mode is available.

By applying the approach to the model brid-
ge, the following relationships between model
uncertainty and the damage prediction accu-
racy were obtained : (1) an uncertainty caus-
ed by selecting the Euler-Bernoulli beam mod-
el as the damage detection model had a rela-
tively weak influence on the damage predic-
tion accuracy ; (2) uncertainties in the mode
shapes had relatively strong influences on the
damage prediction accuracy ; and (3) uncer-
tainties in the stiffness parameter and uncer-
tainties in the frequencies had no influence on
the damége prediction accuracy,

From the results of this study, it is conclud-
ed that a methodolgy to evaluate damage pre-
diction accuracy as a function of model uncer-
tainty in structure has been developed., As a
significant contribution, this proposed method
may improve the effectivenes of future dam-
age detection tests on real structures. For
example, the proposed method can determine
beforehand what data must be gathered to
produce pre-determined level of damage pre-
diction accuracy. Future research efforts are

needed in several directions. Firstly, it is nec-

essary to apply the assessment methodology of

this study to different classes of structures,

Secondly, it is also necessary to apply this met-
hodology to other damage detection methods.

Thirdly, it is necessary to verify the uncer-

tainty assessment predictions by performing

more laboratory and field experiments.
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