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Abstract

This paper demonstrates the possibility of incorporating load-dependent Ritz vectors as an alternative to modal parameters into a Bayesian
probabilistic framework for detecting damages in a structure. Recent research has shown that it is possible to extract load-dependent Ritz
vectors from vibration tests. This paper shows that load-dependent Ritz vectors have the following potential advantages for damage detection
over modal vectors: (1) in general, load-dependent Ritz vectors are more sensitive to damage than the corresponding modal vectors; and (2)
substructures of interest can be made more observable using the load-dependent Ritz vectors generated from particular load patterns. Ar
eight-bay truss example and a five-story frame example, explicitly considering both modeling error and measurement noise, are presented to
illustrate the applicability of the proposed approa€i2000 Elsevier Science B.V. All rights reserved.

Keywords Bayesian probabilistic approach; Damage detection; Load-dependent Ritz vector; Sensitivity analysis; Modeling error

1. Introduction applied successfully to the damage detection of the 1-40
bridge in Albuguerque, New Mexico [8]. Yao et al. [19]
Damage detection and health monitoring of large-scale apply the strain mode shape to identify local damage of a
structures are important challenges to engineering researchbraced steel frame structure. The idea is that the force redis-
One common approach is to employ the vibration character- tribution caused by damage can be related to the change of
istics of a structure to predict the damage locations and tothe strain mode shape. These methods require the direct
estimate the amount of damage [3]. It was shown that measurement of dynamic strains or the derivatives of the
changes in the modal parameters might not be apparent ameasured displacement mode shapes to compute the strain
an early stage of damage [6,12]. Also, the uncertainties mode shape or mode shape curvature. However, the noise
caused by measurement noise, modeling error involved ininduced by the measurement of dynamic strains is generally
an analytical model, and environmental changes such ashigher than that by typical accelerometer measurement.
variations in temperature and load conditions can impede Furthermore, numerical procedures to compute the curva-
reliable identification of damage [7]. Therefore, for reliable ture from the displacement also inevitably produce errors.
damage detection, damage would need to cause significanCao and Zimmerman [2] show that it is possible to experi-
changes in the modal parameters that are beyond the naturaientally extract Ritz vectors from the traditional modal
variability caused by the effects other than damage. analysis using accelerometers. Ritz vectors (or Lanczos
To overcome the insensitivity of modal vectors, several vectors) were shown very effective for dynamic and earth-
alternatives were proposed. Pandey et al. [15] compute thequake analyses, eigenvalue problems and model reductions.
mode shape curvature from the displacement mode shapeHowever, very few studies have applied Ritz vectors to
and demonstrate that the changes in the mode shape curvadamage detection or system identification problems [1,
ture can be a good indicator of damage for beam structures.13]. It should be noted that since, similar to modal vectors,
Stubbs et al. [18] present a damage index method which Ritz vectors simply serve as a basis to expand the displace-
measures the decrease of modal strain energy before andnent space, they can be easily employed in the aforemen-
after damage occurrence. These two techniques weretioned strain mode shape/mode shape curvature based

techniques.
In this paper, the possibility of incorporating load-depen-
* Corresponding author. dent R_it_z vectors into t_he_ prev?ously proposed_Bayt_asian
E-mail addresslaw@ce.stanford.edu (K.H. Law). probabilistic framework is investigated [17]. The idea is to
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search for the most probable damage event by comparingmode selection scheme becomes difficult. In this study,
the relative probabilities for different damage scenarios, we measure the relative significance of Ritz vectors to the
where the relative probability of a damage event is assumed damage locations for the computation of the
expressed in terms of the posterior probability of the posterior probability. That is, components of Ritz vectors,
damage event, given the estimated data sets from the strucwhich are sensitive to the assumed damage locations, are
ture. The approach described in this paper is analogous toweighted for the posterior probability computation of each
the pattern recognition using a Bayes classifier [9]. The goal damage case.

of the pattern recognition approach is to make a decision, This paper is organized as follows: The next section
when a new measurement is observed, whether the measuredescribes the theoretical formulation of the previously
ment comes from normal (healthy) or abnormal (damaged) proposed Bayesian probabilistic approach, the weighting
states of a system. To make this decision, the Bayes classischeme and the derivation of Ritz vector sensitivities.
fier assumes a probabilistic distribution of each class, and toSection 3 presents numerical examples to illustrate the
estimate the characteristic parameters of each distributioneffectiveness of the proposed method. Section 4 summarizes
from observations. However, the difficulty of obtaining the this paper and discusses future work.

sample observations hampers the application of the Bayes

classifier to damage detection problems, the collection of
sample observations corresponding to the damaged state o
the specific location is practically infeasible unless the
structure is intentionally damaged. To overcome this diffi-
culty, Garcia and Stubbs [10] estimate the properties of the
undamaged and damaged classes from a finite element (FE

model of the structure with simulated damages. The perfor- damage. Third, the sensitivity of Ritz vectors is derived

mance of this approach depends on the selection of the . ; .
. . . _—along with the generation procedure of the Ritz vectors.
simulated data sets used to estimate the class properties.

Theoreti_cally, for a structure Witlm.number of sub;truc— 2.1. Formulation of Bayesian framework

tures, 27! different damage scenarios need to be simulated

to correctly estimate the properties of a single class. This For an analytical model withNg,, substructures, the

process needs to be repeated for the damaged/undamagesystem stiffness matrik can be expressed as an assembly

classes for all the substructures. Furthermore, if a different of substructure stiffness matric&s;:

damage amount for each substructure is considered, the Neus

computation becomes practu_:al_ly prohibitive. K(®) = Z 0K 1)
The proposed approach eliminates the parameter estima- o}

tion process by defining each damage scenario as a separate ) i

class. In addition, a branch-and-bound search scheme iswhere ©={0;i=1..Ne and 6;0=6;=1) is a

proposed to reduce the computations and to expedite thenondimensional parameter which represents the contribu-

search for the most likely damage event without exhaus- tion of theith substructure stiffness to the system stiffness
tively examining all the possible classes [17]. This paper matrix. A substructure is defined as damaged when6the

is motivated by the following potential advantages of Ritz ValUe IS less than a specified threshold.

vectors over the modal vectors: (1) in general, Ritz vectors When vibration tests are repeatéd, times, the total

are more sensitive to damage than the corresponding modaf:OIIecnon ofN,, data sets is denoted as:

vectors; (2) sybstructu_res of interest can be made .more\pNS ={J(n):n=1,..,Ng )

observable using the Ritz vectors generated from particular R

load patterns; (3) the computation of Ritz vectors is less Each data seli(n) is composed of Ritz vectors estimated

expensive than that of modal vectors (eigenvectors); andfrom thenth vibration test:

(4) while the practical difficulties of modal testing impede =~ | _ .nT nT,T Ny

the extraction of a large number of meaningful modes, a b =1Ll ER ®

larger number of Ritz vectors can be extracted by imposing wheref]' denotes théth estimated Ritz vector in theh data

different load patterns on a structure. set {s(n). The Ritz vectorf! (f; € R™) has components
Sensitivity analyses of modal vectors [12,16] reveal that corresponding to the instrumented DOFs. The variables

only members (or substructures) which cause significant N;, Ny andN,, represent the total number of components in

changes in the estimated modal parameters can be detected data sefi(n), the number of the measured DOFs and the

and the sensitivity of each mode varies according to damagenumber of the estimated Ritz vectors, respectively.

locations. Therefore, a weighting or selection scheme of Let H; denote a hypothesis for a damage event which can

modal vectors is desirable to measure the relative signifi- contain any number of substructures as damaged, and the

cance of the modal vectors to damage [4]. However, since initial degree of belief about the hypothebisis represented

the actual damage locations are not known a priori, the by a prior probabilityP(H)). Using Bayes Theorem, the

?. Theoretical formulation

This section first reviews the Bayesian framework for
damage detection [17]. Second, a weighting scheme is intro-

uced into the Bayesian framework to consider measure-

ent uncertainties and sensitivities of Ritz vectors to
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posterior probaAbiIityP(Hj|\ifNS), after observing the esti-  hypothesisH;, is sought such that:
mated data set¥'y, is given as:

fOL¥y) = max f(@O[¥y) (12)
A P(y H) ’ Ony<y.
NgI"Tj i
P(H[Wy) = —=—-P(H) 4
P(Wy,) If we define®}, as a set of;'s corresponding to the

damaged substructures in a hypothdsjsand ,?.j as the
remainingp;'s, the search space f@ﬂ}ax becomes such that
0=04 =0, and07 <O = 1.Here®} andOF’
A . are the sets of damagé thresholds@)ﬁl and ®J,?,i, respéc—
P(Hmax|‘lfNS)=rvsxP(Hj|\PNS) (5) tively. @HiQ,f.j in Eg. (11) denotes this search space.
! Furthermore, the conditional joint PDF in Eq. (11) is defined
Since the objective is to determine the most probable as:

The most likely damaged substructures are the ones
included in the hypothesis,,,Which has the largest poster-
ior probability, i.e.

damage hypothesis (event), only the relative posterior prob- R 1 R
abilities of alternative hypotheses are of interest. We f(@n|¥y,) = N Texp{ = J(Wn,, 0} (12
attempt to avoid the explicit expression of a posterior prob- [2m] 2 ||Cyl 2

ability P(Hj|\ifNS) since the precise calculation B(\PNJHJ-)

is a difficult task. To overcome these difficulties, we focus
on the relative comparisons of posterior probabilities. We
have shown that the comparison of posterior probabilities

can be conducted by examining the error function : . . . -
. : . i expedite this search without exhaustively examining all
J(Wn,, O and the prior probabilitP(H;) [17]: the possible damage hypotheses [17]. The following two

J(Ty, O7) — INP(Hmay) = min[J(¥y_, O — InP(H;)] pruning heuristics are employed in this study:
's max VH; 's j
] 1. Let H; U D; denote an extension of hypothedis by

A ©) adding theith substructure as damaged. If a posterior
J(Wy,, Oy is defined as: probability ofH; U D; is less than that dfi;, then further
extension ofH; U D; is ruled out; i.e.

Note that the search for the most likely damage hypoth-
esis in Eq. (5) theoretically requires the examination of all
possible damage scenarios. We have proposed a branch-
and-bound search scheme using bounding heuristics to

Ny
T _ _ T~ 117, n R
HZIN’(”) V(Or) — &On)l Cy 1M if P(H; U Dj|Wy,) < P(H;[¥y,) stop extendingd; U D
13

N[~

Iy, O) =

~ POy — en(®y)]
) 2. If a posterior probability of; is less tharPma, which is

whereCy, is the covariance matrix af and an analytical the largest posterior probability among all the hypotheses
data seil(©y ) given O, is defined similar to Eq. (3): examined so far, then further extensiortbis ruled out;

ie.
YO =[r{ (Oh), ... TN (O)] " € R™ (®) )

if P(Hj|Wy) < Ppax Stop extendingd 1%

The termeM(G)HJ) in Eq. (7) is the output error caused by
the discrepancy between the measured response of the struc-
ture and the response of the aSSOCiat?d analyt?cal model. ¢ e damages are localized in a few substructures, the
When damage IS ”9,‘ severe, the modeling error is assumeqwumber of damage hypotheses that need to be examined by
not to chapge significantly and the output error caused by the branch-and-bound search is relatively small and the
the modeling error,eM((i)Hj), can be approximated by search becomes computationally feasible.
ev(Op,). Here,gM(G)Ho) can be evaluated from the mean
Ritz vector set{i) of the healthy structure and the Ritz 5 o Modification of the error function,(d\_, ©,)
vector setl;(®y ) of the initial analytical model: o
N Previous works have suggested to select the appropriate
~ _4h _ .
en(On) = eu(On,) = bm = W(O4); VO, ) modes which are sensitive to the critical members [4,12].
where theith component ofjs?; is computed using\!! However, the ignorance of the actual damage locations
number of Ritz vector setss"(n) (n= 1, ..., N%), obtained _h_lnders the selection scheme. Since the posterior pro_babl_l-
ities of the assumed damage events are of interest in this
Bayesian approach, the Ritz vectors, which are more sensi-
h . . .
“h 1N h ) tive to the stiffness changes of substructures in each
Umi = NP DM fori=1...N 10 assumed damage event, can be weighted for each case. In
n=1 other words, the Ritz vectors, which are sensitive not to the
The most probable parameter valué)ﬂ‘jax, given a unknown actual damage but to the assumed damage, can be

from the healthy structure:
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weighted for the computation of the error function. Realiz-
ing thatCy, Lin Eq. (7) is one form of weighting matrix, we
modify the error functlon](\Ist @H ) such that each term of
the error function is weighted conS|der|ng the sensitivities of

Ritz vectors to the assumed damage as well as the measure-

ment uncertainties:

N

Z (n) —

Joby,0p) = P(O) — en(®y)1 W, [H(n)

—Y(O) — en(Oy,)] (15

whereW;, is a diagonal matrix which weights each error
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sensitivity of a Ritz vector is defined as:
1
ZP:lSZ(pr@Hj )] 2

1
[Z.E‘—lfﬁk(@m )] 2
where N is the total humber of DOFs in the analytical

model. Finally, the weighting parametay (@H)ls related
to S(rp, |OH ) as:

rpl®n) = (20

I’p|®r4|)

W o ai
i SrilOp)

W, (O) = 1)

2.3. Generation and sensitivity of Ritz vectors

term considering the uncertainty of measurements and the

sensitivities of the corresponding, to the assumed
damage:

= diagW, W,

F1iNg?

W,

[PYRRERD

W,

Tong> "+ ™ rNrNd]

(16

ra» rlz’ e

In Eq. (16) rp denotes thekth component of thepth

analytical Ritz vector and each diagonal enty, is
defined as follows:
W, (©4)
W, (@) = — 5 17
f

pk

W (Oh) weights the corresponding error term in Eq. (15)
considering the sensitivity afy, to the assumed damage.
o, is the standard deviation of the¢h component of the
pth estimated Ritz vector.

It should be noted tha@H contains all the information

The following introduces a generation procedure of Ritz
vectors [14, 2], and the sensitivity of a Ritz vector with
respect to the stiffness change of each substructure
dry/d0;. Assume that the dynamic loadirfg(s,t) can be
separated into a spatial load vecf¢s) and a time function
u(t):

F(st) = f(sut)

then the first mass-normalized Ritz vectgyis computed
as:

(22)

F1
[FIMFy]

;=K “(s), andr, = 23

1
2

Taking the product between the mass matrix and the
previous Ritz vectoMr,_; as a load, the recurrence rela-
tionship computes the next Ritz vector

Krp, = Mr,_; : solve forr, (24

about the current damage state. The damaged substructures

are the ones included i) as damaged and the damage amount

of theith substructured;, is 1 — 6;. Since itis difficult to find

the sensitivities of the Ritz vectors for multiple damage cases,
we define the sensitivity of, with respect to the current
damage state as the rate/ufy (the change of from the
undamaged state) to the average change (&f OH) For
simplicity, rp is assumed to change linearly with the change
of ;. Then,Ary at the current damage state can be approxi-
mated as follows:

ar
Pk X A6,

(18

The sensitivity of ry, at the current damage state,
Srpl®y), is defined as:

Ar K Ik AG, ok
S(I’pk|®H,) = —E = Z —p__ = Z —pBI
TTA G S, e
(19
where A = L Zeeol A6, B = 3 and Ny is the

number of damaged substructures in a hypothisighe

The linear independence of Ritz vectors is achieved using
the Gram—Schmidt orthogonalization with respect to all the
previous Ritz vectors:
fp

[FAMFp]

fp=Tp Z (rgMFy)rg, andr, = (25)

1
2

To compute the sensitivity of thpth Ritz vector with
respect to thath substructure stiffnesér,/d0;, each step
of the generation procedure of Ritz vectors is differentiated
with respect td;. Taking the derivative on the first equation
in Eq. (23) with respect t6i gives:

oy K
9, !

7, (26)

where dK/d6; is computed by differentiating Eq. (1) with
respect tod; and equal to théth substructure stiffness;.
The second equation is differentiated in a similar manner to
produce the sensitivity of the first Ritz vector:

i,
o [F1M —]

ary 1
9;

L= r @7
I SIVIAT

[FIM rl]
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Fig. 1. An eight-bay truss structure.

The sensitivities of the additional Ritz vectors: (o # 1)
are computed in a similar manner by differentiating Egs.
(24) and (25) with respect t:

JF, K ar,_
p -1 = p-1
P =Kk - +M 28
90 [ o9 ° 99 ] (28
My _
0
ht : o, ar
q = T P Tan e q
- — My +rgM—= Jrg + (rgMr) ——
qu[(aei P aei)q (T P)aei]
(29
oF,
aTag 9'p
arp 1o, M0
E T S I T (VI I (30
i [f'rl;pr]E i [p p]

The derived sensitivity reveals how the sensitivity of a
Ritz vector is related to that of the previous Ritz vectors.
Further, the derivative in Eq. (30) is employed to calculate
Srpl®) in Eq. (19) andw, (By) in Eq. (21).

pk
3. Numerical examples

This section demonstrates the potential applicability of

Table 1

Ritz vectors to damage detection of structures and the better
sensitivity of Ritz vectors over the modal vectors. The first
example structure is an eight-bay truss structure from the
NASA dynamic scale model technology (DSMT) program
of Langley Research Center [11]. The second example
structure is a five-story frame building. This section is orga-
nized as follows. First, sensitivity analyses of Ritz vectors
are conducted and the sensitivities of Ritz vectors are
compared to those of modal vectors. Second, the damage
detection of the eight-bay truss structure is conducted by
changing damage locations and load patterns. Further, the
damage detection using Ritz vectors is compared to the
damage detection using modal parameters. Third, the
proposed method is applied to the damage detection of the
five-story frame building. The effect of the modeling error is
highlighted in the frame structure example.

3.1. Sensitivity analyses of Ritz vectors

In this subsection, a sensitivity analysis of Ritz vectors is
conducted using the eight-bay truss structure shown in Fig.
1. The structure is modeled using 104 truss elements, and
consists of 36 nodes and 96 DOFs. In Fig. 1, the 36 nodes
are numbered: (1) from the top left corner at the free end of
the structure to the top right, bottom left and bottom right
corner, respectively; and (2) from the bay one to the bay
eight. The DOFs follow the node numbering and for each

Classification of truss members into four lacing patterns. T, B, R and L denote top, bottom, right and left direction shown in Fig. 1, respectively

Bay # Longeron Batten Face diag. Side diag.
TR TL BR BL T B R L T B R L

1 5 3 4 7 1 2 50 49 65 74 76 73 75

2 9 11 13 10 6 8 51 52 66 77 80 79 78
3 17 15 16 19 12 14 54 53 67 81 84 82 83
4 21 23 25 22 18 20 55 56 68 85 88 87 86
5 29 27 28 31 24 26 58 57 69 89 92 90 91
6 33 35 37 34 30 32 59 60 70 93 96 95 94
7 41 39 40 43 36 38 62 61 71 97 100 98 99
8 47 46 45 48 42 44 63 64 72 103 102 101 104
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(a) Load pattern 1 (b) Load pattern 2
Fig. 2. Load patterns applied to an eight-bay truss structure.
node, the DOFs are numbered consecutively sthg, z stiffness changes of substructures. This observation can be
translational DOFs. justified by a detailed sensitivity analysis. The sensitivity

Table 1 classifies the truss members into four different analysis is conducted by comparing the changes of the
lacing patterns as shown in Fig. 1: longeron, batten, face Ritz and modal vectors as the stiffness of each substructure
diagonal and side diagonal. In the sensitivity analysis, load (member) deteriorates. Selected results from the compari-
pattern 1 shown in Fig. 2(a) is employed for the generation sons are presented in Fig. 6 where the stiffness loss of the
of Ritz vectors. selected member varies from 0% to 100%. Hifedenotes

The derived sensitivity is validated by comparing the the Euclidean nornt" andr ¢ denote the Ritz vectors before
analytical changes of Ritz vectors, computed using the and after damage occurs, respectively, ehandv® present
derived sensitivity, with the actual changes of Ritz vectors. the modal vectors before and after stiffness changes, respec-
Figs. 3 and 4 present selected results for the comparisontively. The shaded portion of Fig. 6(a) indicates that if each
whererjh andr,-d represent thigh Ritz vector before and after component of a modal vector has a 5% uncertainty, no
the stiffness changes, respectively. Imposing load pattern 1measurable change in any modal vector will be apparent
on the healthy structure, the first five successive Ritz vectorsunless the stiffness loss exceeds 75%. On the other hand,
are generated from the procedures described in Eqgs. (23)-10% change of stiffness results in perceivable changes in the
(25). After decreasing the stiffness of each member by 1%, second and third Ritz vectors in the presence of a 5% uncer-
the actual changes of the Ritz vectors from the healthy statetainty.
are computed to arrive a}f - r,-d. The corresponding analy- From the sensitivity analyses, several observations can be
tical changes of the Ritz vectors are computed as made inthis example: (1) in most cases, stiffness changesin
(dr;/90;) X A6;. Here(drj/d9;) is the derived sensitivity from  the model lead to larger changes in the Ritz vectors than in
Egs. (27)—(30) andg;issetto 0.01. AsshowninFigs.3and 4, the modal vectors; (2) face diagonals do not cause signifi-
the analytical changes of the Ritz vectors, which are computedcant changes to either the Ritz or modal vectors; and (3) in
from the closed form sensitivity, are in good agreement with many cases, Ritz and modal vectors are more sensitive to the
the actual changes of the Ritz vectors. stiffness losses of side diagonals and longerons than those of

Next, the sensitivities of Ritz vectors are compared to the battens. The sensitivity analyses allow one to determine
sensitivities of modal vectors. The comparison of the first detectable damage amounts for each substructure before
five Ritz and modal vectors, as shown in Fig. 5, reveals that the actual damage detection. Detectable damage should
the Ritz vectors, particularly the higher Ritz vectors, cause significant changes of Ritz vectors greater than what
produce more complicated deformed shapes. This impliescan be attributed to measurement uncertainties, modeling
intuitively that Ritz vectors might be more sensitive to the error or environmental effects.

(a) Analytical Change of Fourth Ritz Vector (b) Actual Change of Fourth Ritz Vector
0.05 0.05

<
q)o\
<
x -

S 0 T 0
: -:.-V
=~
.

-0.05 . ! ! -0.05 -
0 20 40 60 80 100 0 20 40 60 80 100
DOFs DOFs

Fig. 3. Change of the fourth Ritz vector caused by a 1% decrease of the 94th member stiffness.
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(a) Analytical Change of Fifth Ritz Vector (b) Actual Change of Fifth Ritz Vector

0.01

‘Ul-ln
2001

-0.02

-0.03

20 40 60 80 100 0 20 40 60 80
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Fig. 4. Change of the fifth Ritz vector caused by a 1% decrease of the 35th member stiffness.

First Ritz Vector First Modal Vector

Second Ritz Vector

Third Ritz Vector

Fourth Ritz Vector Fourth Modal Vector

Fifth Ritz Vector Fifth Modal Vector

Fig. 5. Comparison of Ritz vectors and modal vectors of an eight-bay truss structure.
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Ritz Vectors Modal Vectors
100 T 100 T "
O First —_ O First
2\1 80 . 4 Second g\i 80 + Second ......................
- O Third = O Third
5: 60} x FOUI‘th ; 60} - x Fourth et
= O Fifith ~ O Fifith : :
'Uf 40} .O; 40t - - — ........ ........
1 1 : : .
.C‘- .=>
= 20 S A D =
K
0
0 20 40 60 80 100 0 20 40 60 80 100
Stiffness Loss (%) Stiffness Loss (%)
(a) Progressive damage in member 33 (a longeron in bay 6)
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(b) Progressive damage in member 94 (a side diagonal in bay 6)
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0‘ 2% 4% 63 80 100
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(c) Progressive damage in member 71 (a face diagonal in bay 7)
Fig. 6. Sensitivity comparison of Ritz and modal vectors for an eight-bay truss structure.

all examples, a uniform prior probability is assigned to all
hypotheses. Therefore, the determination of the most prob-

This subsection presents the diagnosis results of an eight-able hypothesis in Eq. (6) depends only on the error function
bay truss structure conducted under different conditions. For J(Wy_, G)ﬂ:ax). The search spac@HJQ,:l in Eq. (11) is

3.2. Damage detection of an eight-bay truss structure
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Table 2
Minimum detectable damage amount of each substructure for a given load pattern. “—" denotes that damage is undetectable
Bay # Sub. # Load pattern Modal vector Sub. # Load Pattern Modal vector
@ @ ©)) @ @ (©)
Longeron 1 3 50% 10% 90% 80% 5 70% — 40% 100
4 50% 20% 70% 80% 7 70% — 90% 100%
2 9 10% 20% 60% 60% 11 40% 10% 90% 80%
10 10% 20% 60% 60% 13 40% 20% 70% 80%
3 15 30% 10% 40% 50% 17 10% 20% 60% 60%
16 30% 10% 30% 50% 19 10% 20% 50% 60%
4 21 10% 10% 20% 60% 23 20% 10% 40% 50%
22 20% 10% 20% 60% 25 20% 10% 30% 50%
5 27 10% 10% 10% 60% 29 10% 10% 20% 50%
28 10% 10% 10% 50% 31 20% 10% 20% 50%
6 33 10% 10% 10% 80% 35 10% 10% 10% 50%
34 10% 10% 10% 80% 37 10% 10% 10% 50%
7 39 10% 10% 10% 80% 41 10% 10% 10% 80%
40 10% 10% 10% 70% 43 10% 10% 10% 80%
8 45 10% 10% 10% 70% 47 10% 10% 10% 60%
46 10% 10% 10% 70% 48 10% 10% 10% 60%
Batten 1 1 40% 20% 90% 100% 49 40% 10% 90% 100%
2 10% 10% 80% 100% 50 40% 10% 60% 100%
2 6 30% 60% — — 51 40% 50% 90% —
8 40% 60% — — 52 60% 50% — —
3 12 30% 100% 100% — 53 80% 90% 100% —
14 30% 100% 100% — 54 70% 90% 90% —
4 18 30% 70% 100% — 55 70% 60% — —
20 40% 70% 100% — 56 60% 70% 100% —
5 24 50% 30% — — 57 10% 20% 100% —
26 40% 30% — — 58 40% 30% 100% —
6 30 50% 80% 10% 100% 59 60% 70% — 100%
32 60% 80% 90% 100% 60 60% 70% 10% 100%
7 36 70% 80% 10% — 61 80% 90% 10% —
38 70% 80% 90% — 62 80% 90% 10% —
8 42 90% 100% 70% — 63 90% 90% 80% —
44 90% 100% 60% — 64 90% 90% 70% —
Side diagonal 1 73 10% 10% 40% 70% 75 10% 10% 90% 70%
74 10% 10% 80% 70% 76 10% 10% 70% 70%
2 77 10% 10% 80% 60% 79 10% 10% 60% 60%
78 10% 10% 70% 60% 80 10% 10% 70% 60%
3 81 10% 10% 70% 60% 83 10% 10% 70% 60%
82 10% 10% 70% 60% 84 10% 10% 60% 60%
4 85 10% 10% 70% 60% 87 10% 10% 70% 60%
86 10% 10% 60% 60% 88 10% 10% 60% 60%
5 89 10% 10% 60% 60% 91 10% 10% 60% 60%
90 10% 10% 60% 60% 92 10% 10% 60% 60%
6 93 10% 10% 50% 40% 95 10% 10% 50% 40%
94 10% 10% 60% 40% 96 10% 10% 50% 40%
7 97 10% 10% 40% 20% 99 10% 10% 50% 20%
98 10% 10% 40% 20% 100 10% 10% 40% 20%
8 101 10% 10% 30% 20% 103 10% 10% 40% 20%
102 10% 10% 20% 20% 104 10% 10% 30% 20%
Face diagonal 1,2 65 80% 20% 30% — 66 — 90% 30% —
3,4 67 — — 30% — 68 — 100% 30% —
5,6 69 80% 30% 30% — 70 — 100% 30% —

7,8 71 — — 30% — 72 — — 40% —
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Table 3 _ _ _ _ damage locations and the associated damage amount esti-

Comparison of diagnosis results using Ritz or modal vectbks= I, mated by the proposed method. In addition, the measured

noise= 5%, and all DOFs are measured. Only longeron and side diagonal .

members are examined for damage DOFs and the espmated modes are denoted by DOFm and
MODEmMm, respectively.

Case  Actual Damage Rahk
Lo Dean scheme 1 scheme ®  scheme & 3.2.1. D_|agnoses using uniform _damage thresholds

In this subsection, twelve different damage cases are
A {46} {10%} 3/313 3/313 350/434 investigated employing Ritz vectors and the proposed
B {102y  {10%}  1/251 Al374 30/434 weighting scheme. For the purpose of comparison, the
c {39} {10%}  3/313 6/313 350/434 same damage cases are re-diagnosed using Ritz vectors
D {97} {10%)  3/313 3/313 55/434 but without th iahi h Furth the di
G (33} (10%)  2/313 3/313 372/434 ut without the weighting scheme. Furthermore, the diag-
H (35} {10%} 3/313 3/313 219/434 nosis results using modal vectors are presented. Sensitivity
I {94} {10%} 3/313 3/313 356/434 analyses which are similar to Fig. 6 are conducted for load
J {28} {10%}  3/313 71374 382/434 patterns 1 and 2 to compute a minimum detectable damage.
K {87} {10%}  1/251 3/313 405/434 The minimum detectable damage of each substructure is
L {22} {10}  3/313 4/374 320/434 defined as the mini d t for which th i
M a7 (10%  3/313 /252 428/494 efined as the minimum damage amount for which the esti-
N (13} {10%} 3/313 3/313 213/494 mated Ritz vectors from a given load pattern can detect

when each component of a Ritz vector is contaminated by

The first number is the ranl'< of the actual damage event and the second IS5 certain level of noise. The minimum detectable damage of
the total number of the examined hypotheses.

® The first five Ritz vectors are estimated from load pattern 2 and the each substructure is presented in Table 2 assuming that,

proposed weighting scheme is employed. because of noise, each component of a Ritz vector is
¢ Same as scheme 1 except that the weighting scheme is not used. perturbed by 5% of its magnitude.
9 The first five modal vectors are employed instead of Ritz vectors. Table 2 shows that a stiffness loss Iarger than 10% is

detectable from load patterns 1 and 2 for most side diago-
evaluated at the intersection of grid lines which discretize nals and longerons. Battens undergo a 10%—-100% loss of
the search domain with an incrementXf. For all numer- stiffness before the changes of Ritz vectors become obser-
ical examples, we use an incremental step=0.1. The vable. However, the stiffness changes of most face diago-
branch-and-bound search in the presented examples followsals are undetectable from both load patterns. Based on
a depth-first/best-first search strategy. Furthermore, thethese preliminary sensitivity analyses, the detection of
extension of the branch-and-bound search is limited such10% stiffness loss in most face diagonals and battens
that a maximum of three substructures can be examined. seems difficult from the assumed load patterns. Therefore,
Each Ritz vector is normalized with respect to the DOF the face diagonals and battens are precluded from the
which has the absolute maximum magnitude in the healthy branch-and-bound search in the examples presented here.
structure. Since one component is used for normalization, That is, only longerons and side diagonals are investigated
only N, — 1 pieces of information exist for each Ritz vector. for potential damage. As shown in Table 2, the Ritz vectors

To simulate the estimated Ritz vectdrsthe Ritz vectors)s are clearly more sensitive to damage than the modal vectors.
obtained from Egs. (23)—(25) are perturbed with noise such For load pattern 3, 16 actuators are assumed to be placed at
that: both ends of all face diagonals to produce tensile forces in
. W the face diagonals. This load pattern is presented here to
P(n) = 4;(1 + ioogfz) 31 show that this load pattern can make the face diagonals

more detectable (larger than 30% stiffness loss is detectable
where./" is a specified percentage of noise level, éhis a from the Ritz vectors generated from load pattern 3).
normally distributed random number with zero mean and a However, since this loading is not realistic, only the first
variance of 1.0. This process is repeabgdtimes to simu- two load patterns are employed for damage detection.
late theN,, data sets. Twelve damage cases with a single damaged substructure
Excitation is assumed to be a swept sine excitation gener-are simulated by assuming a 10% stiffness loss, a 5% noise
ated from electrodynamics or hydraulic shakers [5]. All level and one data sell{ = I). The damaged substructures
actuators are assumed to generate forces with the samesed in the examples are shown in Fig. 1 by solid lines.
magnitude and phase. According to Eq. (22), the spatial Furthermore, all DOFs are assumed to be measured and a
distribution of forces is defined by a vectffs) and an value of 0.9 is used for the damage thresh@tdof each
identical input excitation is given to all actuators by a scalar substructure. The damage locations are identical to some of
function u(t). Load patterns are selected to maximize the the damage cases which are experimentally tested and
sensitivities of the first five Ritz vectors over all substruc- described in Kashangaki [11]. It should be noted that
tures. For all exampled,q4am and Dgay, denote the actual  while the damage cases in Kashangaki [11] refer to the
damage locations and the associated damage amountiotal removal of a truss member, only a 10% stiffness loss
respectively. L4,m and Dg,m denote the most probable is considered in this study.
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Table 4 undamaged substructures are found to be included in the
Diagnoses of an eight-bay truss structure using different threshold values. 11gst probable damage event. For example, the 7th substruc-
The first f|ve'R|t_z vectors are estimated fr_om Iogd Battern 2 and the ture is included as a potentially damaged substructure in
proposed weighting scheme is employeéd, = |, noise=5%, and all . .
DOFs are measured. Different damage threshold value is assigned toCaS€ A. Table 2 shows that the Ritz vectors employed in
each substructure this diagnosis set (the Ritz vectors generated from load

pattern 2) are insensitive to the stiffness changes of the

Case  Actual damage Ratk  Most prob. damage 7th substructure. Therefore, a small stiffness change of the
Laam Daam C g Byam 7th substructure may not result in a noticeable change of the
error function value in Eq. (7) or can actually reduce the
A {46} {10%} /371 {46} {10%} error function value when Ritz vectors are noise contami-
g %gf} Hg"ﬁ ig?i ggf} Egoﬁ _nated. qu similar reasons, the 5th substructure is also
D 97} {109%} 1/461 (o7} {10%} included in the most probable damage event for other
E {36} {10%} 17/95 No damage damage cases. Comparing schemes 1 and 2, we observe
F {71} {10%} —/95 No damage that the weighting in scheme 1 slightly improves the diag-
SI‘ gg 88% i/’igi gg’i gg(‘;‘)’i noses. Scheme 3 using modal vectors fails to detect most
| (94} {109} 1/462 (94} {109} damage cases. These results show the su_per|0r|ty of Ritz
J (28} {10%} 1/371 (28} {10%) vectors to modal vectors for damage detection.
K 87} {10%} 1371 {87} {10%}
L {22} {10%} 17461 {22} {10%} 3.2.2. Diagnoses using different damage thresholds
M {17} {10%} 9/95 No damage In this subsection, fourteen damage cases (including the
N {3} {10%} /461 {3} {10%})

previous twelve cases) are diagnosed using a different
2 The first number is the rank of the actual damage event and the second isthreshold value for each substructure. The other conditions
the total number of the examined hypotheses. “~" denotes that actual qre unchanged (noise5%, N;=1 and all DOFs are
damage is not detected. measured). We prevent unnecessary extensions of the
branch-and-bound search by employing preliminary sensi-
Table 3 shows the diagnosis results of the twelve damagetivity analyses The branch-and-bound search is conducted
cases. Scheme 1 uses the first five Ritz vectors and theincluding only substructures with damage larger or equal to
proposed weighting and scheme 2 uses the same Ritzthe pre-assigned minimum detectable damage.
vectors without the weighting scheme. These Ritz vectors The damage thresholds in this subsection are assigned
are generated from load pattern 2. In scheme 3, the first fivebased on the minimum detectable damage computed in
modal vectors are employed instead of the Ritz vectors. Table 2. For example, since the minimum detectable
Table 3 shows that scheme 1 provides the best diagnoseslamage amount assigned to the first substructure is 20%
among the three schemes. For all damage cases, the mogivhen load pattern 2 is employed), the corresponding
probable damage event computed by scheme 1 includes thelamage threshold is set to 0.810.2). The damage thresh-
actually damaged substructure. In some cases, howeverplds for other substructures are determined in the same fash-
ion. It should be noted that when the total removal of a
Table 5 substructure does not cause a perceivable change in Ritz
Diagnoses of an eight-bay truss structure with multiple damage locations. VECIOIS, the substructure is defined as undetectable and
Ns = |, noise= 5%, all DOFs are measured and the proposed weighting excluded from the diagnosis. For example, the 67th member
scheme is employed. Different damage threshold value is assigned to eachis defined as undetectable since the total removal of the

substructure member (100% stiffness loss) does not yield significant
Case Actual damage Rahk changes in Ritz vectors beyond the assumed variation

- caused by uncertainties. Therefore, the 67th member is

Ldam Daam F1 F*  FLFZ excluded from the diagnosis.
o (35,94} {10%,10%) 1672 —/371  1/686 _ Table 4 shov_vs that the redefihed damage threshold
P {39,46} {10%,10%} 1/483  1/644  1/686 improves the diagnoses. Comparing the most probable
Q {28,102} {10%,10%} 1/861  2/914  1/974 events (hypothesis) of case A in Tables 3 and 4, one can
Z ggg?w} {{11%"911%"0/;}100/} —/?67722 1’?2;‘4 11?67:6 observe that the undamaged 7th substructure is removed
ll ’ 0, 0, 0 — - . .

T (173597}  {10%.10%10%) 1/577 /554  1/986 from the most probable hypothesis, making the actual

damage case the most probable one. In case E, the proposed
2 The first number is the rank of the actual damage event and the second ismethod indicates that most |ike|y there is no damage.
:jhe total.numtbgrtofttt;e examined hypotheses. “~" denotes that actual Considering the fact that the damage threshold of the 36th
mage Is not aeected. ' substructure is set to 0.2, the 10% stiffness loss in the 36th
The first five Ritz vectors are estimated from load pattern 1. .
° The first five Ritz vectors are estimated from load pattern 2. substructure is not detectable. The proposed method ranks
¢ Load Patterns 1 and 2 are employed and the first five Ritz vectors are the 36th substructure as the 17th most probable damage
estimated from each load pattern (i.e. a total of ten Ritz vectors). location with 80% damage. Similar results are observed




150 H. Sohn, K.H. Law / Probabilistic Engineering Mechanics 15 (2000) 139-153

! 10
oy - s =
! I
X SRR IR
JPtiaa @ Total DOFs = 120 9
L Total Elements = 40 14 Q 4
@ Total Nodes = 24 -
) S 2
5@24 ' 8
- 9
f @ 13 Qéz 3
1 |
L.__@ ________ Y
PRl ] 7
1
\ @ / 2 —
: E=30 x 10°psi Q__ 2
! ® m =0.02ib sec? fin?
@_,»lr- -------------------------- I =200in 4 6
0 1=200in+
. j =99.47 in n Qé: 1
| A=25in? -
1
Zz @ Zz
2
=z =z X
I 72 } _
(a) the baseline structure (b) the simplified model

Fig. 7. The baseline structure and the simplified model of a five-story frame structure.

for cases F and M. Sensitivity analyses in Table 2 show that load pattern 2 yields the detection of actual damage loca-
the stiffness deterioration of the 71th substructure, which is tions in cases P, Q and R, load pattern 2 fails to identify
a face diagonal in the seventh-bay, does not yield any damage of cases O, S and T. Finally, when a total of ten Ritz
noticeable changes to the estimated Ritz vectors. Thereforeyectors are generated from load patterns 1 and 2, the
the 71th substructure is precluded from the diagnosis andproposed method identifies the actual damage locations
the proposed method provides a false-negative indication offor all cases (cases O-T). It is shown that each damage
damage. For case M, the damage threshold of the 17thcase has different sensitivity to different load patterns and
substructure is set to 0.8. Again, the proposed method indi- by including more Ritz vectors from different load patterns,
cates that most likely there is no damage and ranks the eventliagnosis results can be improved.

of 20% damage in the 17th substructure as the 9th most

probable damage case. 3.3. Damage detection of a five-story three-dimensional

. ) ) _ frame structure
3.2.3. Diagnoses of damage in multiple locations

In this subsection, we focus on the detection of damage in A five-story three-dimensional frame structure is
multiple locations. Table 5 presents diagnosis results of six employed to illustrate the applicability of Ritz vectors to
different damage cases. In cases O-R, a 10% stiffnessdamage detection when differences exist between the base-
decrease is simulated in two substructures. Cases S and Tine structure and the simplified model. The tebaseline
present damage cases with three damaged substructurestructure is used to refer to a structure from which the
The six damage cases are repeatedly diagnosed under differexperimental Ritz vectors are simulated. The simplified
ent conditions. In the fourth column of Table 5, the first five model is constructed such that the system stiffness matrix
Ritz vectors are generated from load pattern 1 and employedof the three-dimensional structure is obtained by assembling
for damage detection along with the proposed weighting the lateral stiffness matrices of the planar frames [17]. Fig. 7
scheme. In the fifth column, load pattern 2 is employed (a) and (b) show the baseline structure and the simplified
instead of load pattern 1. In the last column of the table, a model, respectively. While the baseline FE model has 6
total of ten Ritz vectors are generated from load patterns 1 DOFs at each node (three translational and three rotational
and 2 (the first five Ritz vectors are generated from each DOFs), the simplified model has only three DOFs at the
load pattern). For all cases in Table 5, all DOFs are mass center of each floor. For the current five-story exam-
measured and one set of Ritz vectors is simulated assumingle, the baseline structure has 120 DOFs and the simplified
a 5% noise levels = 1 and noise= 5%). Furthermore, the  model has 15 DOFs.
proposed weighting scheme is employed. In many vibration tests of building structures, displace-

When the first five Ritz vectors are generated from load ments are evaluated at the mass center of the floor
pattern 1, the proposed method identifies the actual damageliaphragm. Assuming a kinematic constraint that each
event of cases O, P, Q and T. However, the actual damagefloor diaphragm is rigid in its own plane, the deformation
locations are not detected for cases R and S. While the use obf the FE model is reconstructed at the mass center of every
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Table 6 simulated Ns=1). Load pattern 1 and the other load
Diagnoses of a five-story frame structure considering modeling error. The patterns employed in the next example are presented in
first six Ritz vectors are estimated from load pattern 1 in FigNs8= 1 and . .

o ) Fig. 8. The damaged substructures in Table 6 are shown
noise= 5%. The damage threshold is set to 0.9 for all substructures . . . .

as circled numbers in Fig. 7. Each beam and column in

Case Actual damage Rahk Most prob. damage the baseline structure is modeled as a substructure, and alto-
gether, the system consists of 40 substructures. Since the

Lan Do dam Deam stiffness matrix of the simplified system is represented as an
{5} {10%,10%} 51/266 {5,25} {10%,10%} assembly of the effective stiffness contribution of each

{5.9)  {10%,10%} 8/266 {5925}  {10%,10%,10%]} substructure (see Sohn and Law [17]), damage locations
{13,20} {10%,10%} 1/303 {13,20}  {10%,10%} can be tracked at the substructure level of the baseline struc-

25,28} {10%,10%} 1/193 {25,28 10%,10% ; . : P )
Ezs 3(% Eloo/‘; 100/3 1/266 £25 301 Ezo% loog ture. That is, damage locations are identified in the baseline

9,25}  {10%,10%} 2/266 {9,25,28}  {10%,10%,10%} structure, not in the Slmp“fled model.
{34,38} {10%,10%} 1/266  {34,38} {10%,10%} For cases C, D, E and G of Table 6, the proposed method
{26,29} {10%,10%} 7/230  {25,26,29} {10%,10%,10%} ranks the actual damage event as the most likely damage
& The first number is the rank of the actual damage event and the second isevent' In cas_es A, B, F and H, the actual damage 'OC_at'O”S
examined hypotheses. are included in the most probable damage event, which the
proposed method identifies. However, undamaged substruc-
tures are also mistakenly included in this most probable
floor to simulate the real testing conditions. Then, the damage event. For example, in case B, the proposed method
components of the estimated Ritz vector coincide with diagnoses that damage is most likely located in the 5th, 9th
those of the simplified model. Loads applied to the baseline and 25th substructures. While the 5th and 9th substructures
structure are also converted to equivalent forces in the are actually damaged, the 25th substructure is mistakenly
simplified model using the displacement transformation included. This can be explained as follows. We search for
matrix which relates the DOFs of the baseline structure to the most likely hypothesid .« and the corresponding

the mass center DOFs of the simplified model. Furthermore, nondimensional parameter valu{>: which minimizes

for the calculation oy (@) in Eq. 9), I is computed  the approximated error functiod(¥y, ;) defined in
from the Ritz vgctors Qf the initial FE_ mo_d_el without Eq. (6). For the exact definition QI(‘PNS,@)H), en(On,),
damage.y(®y,) is obtained from the simplified model \yhich is the output error caused by the modeling error after
following Egs. (23)—-(25). That isey(®y,) is defined s 4amage occurrence, should be evaluated. Since the actual
an output error caused by the difference between the baseyamage locations and amount, which are required to evalu-
line stru_cture_ and_ the simplified mo_del. ate e (Oy,), are unknowngy(®,,,) is approximated by

The flrs_t six Ritz vectors are e§t|mz_ited from _each load eu(®y ). Here,e,(0,, ) is the output error caused by the
pattern. Since the frame_example_m this subsection has 'esﬁ*nodelfng error beforé damage occurrence, assuming that
redundancy and the estimated Ritz vectors are reasonably,e modeling error is constant for arbitrary damage locations
sensitive to all substructures, the damage threshold is set ta, 4 damage amount. Since Ritz vectors are very sensitive to
0.9 for every substructure. stiffness changes, it appears that a relatively large difference

betweerey (0y,) andey (04 ) may exist even for the small

3.3.1. Diagnoses of damage cases with modeling error damage amount like the 10% stiffness loss presented in the

The applicability of the proposed method is illustrated example here. This difference explains why the undamaged
when a modeling error exists between the baseline structuresubstructures are mistakenly included in the most probable
and the simplified model. To highlight the effect of a model- damage event in cases A, B, F and F, and why the estimated
ing error, the effect of measurement noise is neglected in damage amount is slightly different from the actual damage
this example. Table 6 summarizes the diagnoses of eightamount in case E. However, using the simplification tech-
different damage cases using the first six Ritz vectors gener-nique, we are able to reduce the size of the system from 120
ated from load pattern 1 and only one set of them is DOFs to 15 DOFs without losing significant accuracy.

IO@TMMOUO®>

- - .
e
(a) Load pattern 1 (b) Load pattern 2 (c) Load pattern 3 (d) Load pattern 4

Fig. 8. Load patterns applied to a five-story frame structure.
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Table 7 case E, and load pattern 4 ranks the actual damage event as

Diagnoses of a five-story frame structure using different load patterns the most probable one only for case G. When all four load

Casé  The rank of the actual damage evént patterns are employed simultaneously (the Ias_t cplumn of
Table 7), the rank of the actual damage event is improved

F1° F2 F3 F4 MV All F's® for most damage cases.

A 51/266  3/230  3/230  18/255  32/266 1/155

B 8/266 ~ 3/266  7/266  15/266  20/266  6/266 3.3.2. Diagnoses of damage cases with modeling error and

c 1/303  2/266  1/375 5/155  100/193  1/230 measurement noise

E 1//22‘2 ‘11//2:;2 1_//?13 ;fcgio ://ifs 12//2122 In Table 8, the previous damage cases are re-diagnosed:

E 2/266 2/266 1/266 2/266 —/80 1/302 (1) using all four load patterns; (2) Considering both m0d6|-

G 1/266 1/267  2/303  1/303 5/266 1/267 ing error and measurement noise; and (3) increasing the

H 71230 -/41  3/266  2/338 /41 1/302 number of data setd\f) from 1 to 20. To simulate the

# The damage cases here are identical to the damage cases in Table 6. measurement pmse, the analytical Ritz Vec,tors genergted

b The first number is the rank of the actual damage event and the second isf'om the baseline structure are perturbed with a 5% noise
the total number of the examined hypotheses. “—" denotes that actual level using Eq. (31). Table 8 shows that: (1) the diagnoses
damage event is not detected. _ provided by the proposed method improve as the number of

®In Fl, F2, F3 and F4, the f|r_st six Ritz vectors are estimated from load data sets increases; and (2) if load patterns are selected care-
patterns 1, 2, 3 and 4, respectively. .

4 In MV, the first six modal vectors are estimated. fully and a large numbgr of_data sets are avallgble, the

® Load patterns 14 are employed and the first six Ritz vectors are Proposed method can identify the actual locations and
generated from each load pattern. amount of damage even in the presence of measurement

noise and modeling error.

The eight damage cases are re-diagnosed in Table 7
employing four different load patterns and a combination 4. Conclusion and discussion
of them. Except changing the load patterns, all the other
conditions remain the same as the cases shown in Table 6. In this paper, load-dependent Ritz vectors are applied to a
Table 7 shows that a careful selection of load patterns canBayesian probabilistic approach to detect the locations and
improve diagnoses of damage and, in general, Ritz vectorsamount of damage. Several damage scenarios using an
provide better diagnoses than modal vectors. For example,eight-bay truss and a five-story frame structure illustrate
by imposing load pattern 1 on the frame structure, the the potential use of load-dependent Ritz vectors for damage
proposed method identifies the actual damage locations indetection. Sensitivity analyses show that the derived deri-
four out of eight cases (cases C, D, E and G). Even for the vative of a load-dependent Ritz vector with respect to a
other four cases (cases A, B, F and H), all the actual damagesubstructure stiffness is a good approximation of the actual
locations are included in the most probable damage event.sensitivity, and the sensitivity analyses allow us to identify
Load pattern 2 fails to detect the actual damage event in casedetectable substructures before actual diagnoses. The diag-
H, load pattern 3 does not find the actual damage event ofnosis results of the truss and frame structures show that: (1)

load-dependent Ritz vectors are able to identify the actual

Table 8 damage locations for most damage cases when the estimated
Diagnoses of a frame structure considering modeling error and measure-Ritz vectors are contaminated by 5% noise, only one set of
ment noise Ritz vectors are estimated, and a small amount of stiffness
L o et . ) i
Casé@ The rank of the actual damage evirivlost prob. damage deterlorapon (10% stiffness loss) is assumed,. (2) by a care
ful selection of load patterns, substructures of interest can be
Ne=1 N=5 Ng=10 Ne=20 Lgam  Dyam made more observable using the Ritz vectors generated
A 121230 5/230 2/195 1155 {5} (10%) from the parycularlload pe}tterns, (3) the pro'posed ngghtlng
B 65/303 4/266 2/266 2/266 {459} {10%,10%,10%} Scheme, which weights Ritz vectors according to their sensi-
c 10/213 4/155 2/193  3/193  {9,20} {10%,10%} tivity to the assumed damage locations, improves the diag-
D 6/155 5/155 3/155  2/155 {28}  {20%)} nosis results; and (4) if load patterns are selected carefully
E ;ggg 1;;22 %SZ 1;383 552’2?} gg&igc‘:ﬁ and a large number of data sets are available, the proposed
y 0, (1) . . . .
G 1230 1267 1/267 10267 {3538} {10%10%) method can identify mgst of the damage locations, even in
H 1337 1/337 1/337  1/266 {2526} {10%,10%} the presence of modeling error and measurement noise.

While this paper has illustrated the potential applicability

N o . . * :

; b-:-hee; damage cases here are identical to the previous damage cases iy load-dependent Ritz vectors to damage detection, many
able 6. . . . . .
® The first number is the rank of the actual damage case and the second ismteresung reseamh_ issues remain. First, even thoth a

the total number of the examined hypotheses. procedure to experimentally extract load-dependent Ritz
¢ clgam and Dgam are identified using all the four load patterns and vectors is proposed [2] and the effect of noise on the

Ns = 20. estimated load-dependent Ritz vectors is studied [20], real
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testings should be conducted to validate the experimental [5]
procedure. Second, the physical issue of the actuator place-
ment should be addressed to make the extraction of load-
dependent Ritz vectors practical. In this paper, we assume
that the amplitudes and phases among actuators can be fully
controlled and the power requirement to generate the [7]
desired excitation forces is not addressed. Third, it is
worth while to develop a systematic scheme to find load
patterns, which yield better detection of damage in substruc- |g
tures of interest. While it is shown that a careful selection of
load patterns can make the substructures of interest more
observable, a systematic selection scheme for the load
patterns has not been addressed.
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