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ABSTRACT 
 
Reliable detection and localization of damage using vibration-based damage detection (VBDD) methods require 
an accurate measurement of the modal properties of a structure so that changes to these properties can be 
confidently identified.  However, modal identification for bridges is commonly performed using an output-only 
approach and ambient excitation sources, which can lead to considerable variability in the measurements.  As a 
result, it can be difficult to determine whether changes in the measured mode shapes, as indicated by such 
VBDD parameters as the change in mode shape, damage index, or change in flexibility, reflect the presence of 
damage, or are simply the result of measurement variability.  Thus, it is difficult to identify damage with 
confidence.  This paper proposes a method of assessing, a priori, the quality of a calculated VBDD parameter in 
terms of its potential to confidently identify and characterize damage, based on the consistency of the parameter 
when obtained from different sets of vibration tests.  As a measure of the consistency, the modal assurance 
criterion equation is applied to the VBDD parameter.  The performance of the proposed method is demonstrated 
using vibration response data for a two-girder, simple-span, slab-on-girder bridge deck subjected to a randomly 
varying point load generated using transient dynamic finite element analyses.  The proposed data quality 
indicator is shown to correlate well with the probability of successfully locating nine different small-scale 
damage cases when various numbers of repeated trials are used to estimate the average mode shapes.  The 
approach is therefore shown to provide a useful indication of whether the available data are of sufficient quality 
to make a confident assertion regarding the presence and location of damage using VBDD methods. 
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INTRODUCTION  
 
Vibration-based damage detection (VBDD) is a structural health monitoring (SHM) approach that uses changes 
to the dynamic characteristics of a structure (e.g., natural frequencies and mode shapes) as indicators of 
structural deterioration (Doebling et al. 1998; Sohn et al. 2003).  The successful implementation of VBDD 
methods depends on the quality of the available modal data, which, in turn, is greatly influenced by a number of 
factors, including the nature of the excitation force used to acquire those data, changes in environmental 
conditions, measurement errors, and other sources of noise.  Studies conducted on civil engineering structures 
under well-controlled laboratory conditions have demonstrated that VBDD methods are capable of reliably 
detecting and locating damage (Fox 1992; Pandey et al. 1991; Zhou et al. 2007, 2010), suggesting that if the 
actual dynamic characteristics of a real in-service structure could be successfully extracted from data 
contaminated by the many sources of uncertainty, then VBDD could be used as a viable SHM tool.  
Unfortunately, it is not possible to completely eliminate uncertainty from measurements, particularly for civil 
engineering structures such as bridges, for which the modal properties are generally estimated using output-only 
system identification methods (Peeters and De Roeck 2001) and random sources of excitation are often a more 
practical alternative to controlled sources (Alwash et al. 2009; Farrar et al. 1999). 
 
The effects of uncertainty from excitation and other sources may be minimized by averaging the results obtained 
from repeated or long duration tests.  A question remains, however, as to when a sufficient number of tests have 
been conducted such that the resulting mean values represent the true properties of the structure with sufficient 
accuracy for successful VBDD.  It is therefore important that methods for evaluating the quality of the data in 
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terms of their potential ability to identify and characterize damage be available so that a VBDD monitoring 
system can be designed appropriately and the degree of confidence that one should place in the VBDD results 
may be estimated. 
 
This paper describes a method of assessing, a priori, the quality of a calculated VBDD parameter.  The 
performance of a proposed data quality indicator is demonstrated by application to a slab-on-girder bridge 
superstructure, for which data were generated using finite element simulations of the response to a large number 
of random excitation trials.  The probabilities that different damage cases could be successfully localized using 
the generated modal data were first calculated as an independent measure of data quality, and the correlation of 
these probabilities to the damage quality indicator was then observed. 
 
DATA QUALITY INDICATOR 
 
Two sets of multiple tests from the same population can be expected to produce very similar mean values, as 
long as each set contains a sufficient number of samples.  Based on this principle, the quality of the measured 
modal properties of a structural system in terms of their utility for the identification and localization of damage 
can be estimated by observing the consistency of a particular VBDD parameter obtained when calculated from 
multiple sets of repeated measurements.  For the current study, this approach was tested using the change in 
mode shape parameter (Fox 1992; Salawu and Williams 1994), since it was found to be effective for damage 
identification and localization when applied to the slab-on-girder bridge system considered (Zhou et al. 2007). 
 
The change in mode shape method simply considers the difference between the unit-mass normalized mode 
shape vectors of the system, ϕ and ϕ*, before and after damage occurs, respectively.  Since damage is expected 
to cause a localized decrease in stiffness, the greatest change in mode shape displacement is expected to occur at 
the location of damage.  More specifically, the increase in mode shape displacement caused by damage is given 
by 

jjj φφφ −=∆ *       (1) 

where jφ  and *
jφ  denote the mean values of the undamaged and damaged unit-mass normalized mode shapes, 

respectively, at the jth measurement point.  For this purpose, the mean values jφ  and *
jφ  are calculated by 

averaging the modal displacements, jφ  and *
jφ , obtained from repeated measurements in both the undamaged 

and damaged condition states. 
 
As an indicator of the consistency of the VBDD parameter, the modal assurance criterion (MAC) equation 
(Allemang and Brown 1982) was applied to the mean change of mode shape vectors obtained from different sets 
of trials.  To calculate this indicator, it is necessary that two estimates of the average mode shapes be available 
for the structure in a baseline condition, j1φ and j2φ , and again after damage has occurred, *

1 jφ  and *
2 jφ .  The 

two estimates are calculated from two independent sets of repeated tests, as indicated by the first subscript.  
Thus, two estimates of the change in mode shape parameter may be calculated: 
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where the subscript j indicates the location of a measurement point on the structure.  The change in mode shape 
assurance criterion, ∆MAC, is then obtained by 
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where n is the number of elements in the change in mode shape vectors.  A ∆MAC value close to one suggests a 
good correlation between the change in mode shape vectors, indicating a high level of consistency between the 
measured changes from different sets of data.  This would hold true if the level of noise is small relative to the 
magnitude of the modal displacements and there has been a real change in the mode shapes.  As the number of 
trials in each data set increases, it is expected that the value of ∆MAC would approach one, provided that there has 
been an actual change in the physical condition.  On the other hand, a value close to zero would indicate 



uncorrelated vectors and great disparity between the mean change in mode shape vectors compared.  This would 
hold true when the variability in jφ  (and/or in *

jφ ) obtained from different sets of measurements was large 

relative to the mean values.  In this case, it is unlikely that damage could be detected or localized.  In practice, 
varying levels of disparity, and therefore ∆MAC values varying between zero and one, will arise as the result of 
variability in the measured mode shapes caused both by differences in the excitation forces applied for different 
tests as well as random measurement errors, with values closer to one being indicative of higher quality data. 
 
The calculation of ∆MAC requires measured data from as few as two sets of tests on the structure in each of two 
conditions that are to be compared.  Each set of tests will consist of multiple measurement trials.  It should also 
be noted that ∆MAC can be calculated using other VBDD parameters, but the change in mode shape was used for 
this study because of its effectiveness for the slab-on-girder bridge system being considered. 
 
DESCRIPTION OF NUMERICAL STUDY 
 

Generation of Vibration Data 
 
In order to test the performance of the approach, data with realistic levels of noise obtained using a random 
excitation source were required.  It was also required that data from a very large number of repeated trials be 
available to test the hypothesis that better estimates of mode shapes from a larger number of samples would be 
reflected in ∆MAC values.  To meet these requirements, finite element (FE) analyses were used to generate the 
large amounts of required data. 
 
The system used as the basis for the study was a two-girder composite slab-on-girder bridge superstructure that 
had been constructed at half-scale in the laboratory using the steel-free design approach (Mufti et al. 1993).  A 
cross section through the bridge is shown in Figure 1.  The bridge was simply supported and spanned 6 m.  
Further details of the design have been described elsewhere (Zhou et al. 2007).  The commercial FE analysis 
package ANSYS (2003) was used to perform transient dynamic analyses of the system in response to simulated 
random excitation.  Details of the FE model, including its calibration to the experimental model, have also been 
presented in Zhou et al. (2007). 
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Figure 1. Transverse cross-section through the slab-on-girder bridge deck used for the study (Dimensions in mm) 
 
Damage to the deck slab was simulated by eliminating elements from the top surface of the slab, each of which 
measured 100 x 100 mm in plan by 25 mm thick.  As damage location and size both influence the performance 
of VBDD methods, a total of nine damage cases were simulated, six of which consisted of four contiguous 
elements being deleted at the locations shown in Figure 2, corresponding to a local reduction in flexural rigidity 
of approximately 3%.  To investigate the influence of the extent of damage, damage state 1 was repeated with 
three additional damage configurations: damage state 1b with three contiguous deleted elements, damage state 
1c with two deleted elements, and damage state 1d with a single deleted element. 
 
In order to simulate the acquisition of measured data from sensors attached to a physical system at a limited 
number of locations, displacement data were extracted from the FE-generated dynamic response of the system at 
five uniformly spaced “measurement points” aligned along the north girder;  these locations are marked by a 
common symbol labelled as “sensor” on Figure 2.  Deflections at the supports were assumed to be zero. 
 
Dynamic excitation used for the FE model simulated the effects of a single hydraulic shaker applying a 
randomly varying vertical force to the slab.  The load was applied on the top surface of the deck above the north 
girder and positioned 2.0 m from the west support in order to effectively excite at least the first three modes.  A 
unique simulated random load-time history, characterized by an approximately uniform (white noise) spectrum 
and a root-mean-square magnitude of 100 N, was generated for every FE analysis.  Each random load history 
was generated at uniform time increments of 0.00333 s over a simulated period of 21 s. 
 



 
Figure 2. Schematic plan of the deck showing locations of damage and sensors (Dimensions in mm) 

 
 
Transient dynamic analyses were performed using Newmark’s β method as the time marching scheme, 
assuming constant-average acceleration (Bathe and Wilson 1976).  Displacement-time histories at each 
measurement point were extracted from the analysis output and passed through a Fast Fourier Transform (FFT) 
to generate the corresponding displacement response spectra.  In order to reduce leakage effects in the response 
spectra, displacement time histories were modified by a Parzen window function (Ramirez 1985) prior to 
application of the FFT.  Natural frequencies and mode shape amplitude values were extracted from the 
displacement spectra using a peak-picking method.  The assembled mode shapes were then unit-mass 
normalized, assuming a uniform distribution of mass along the span of the girders.  For the present study, only 
the fundamental mode shapes were considered.  As well, the mode shapes were defined at the five measurement 
points only, in addition to the support locations; therefore, mode shape vectors φ and φ∗ each contained seven 
elements. 
 
Calculating the Probability of Successful Damage Localization 
 
As an independent measure of the quality of the data in terms of their usefulness for VBDD, the probability of 
successful damage localization was calculated.  To generate data with different levels of uncertainty caused by 
variability in the random excitation, dynamic analyses for each damage state, including the undamaged 
condition, were repeated a specified number of times, N, varying from 25 to 400.  By averaging mode shapes 
from the repeated trials, mean values for the undamaged and damaged modal displacements, jφ  and *

jφ , 

respectively, were obtained.  Since the load-time history was unique for each trial, different values for jφ  and 
*
jφ  were obtained each time a different set of N trials was performed.  The variability of the mean values at 

each measurement point was characterized by the corresponding standard errors of the mean, jS  and *
jS  (i.e., 

the expected standard deviations of the sample means jφ  and *
jφ  obtained from different sample sets), which 

were calculated as (Montgomery and Runger 2007) 
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Here, jS  and *
jS  are the standard deviations of the FE calculated mode shapes jφ  and *

jφ  at each measurement 

point j for the set of N mode shapes.  Using jφ  and *
jφ , the change in mode shape jφ∆  was calculated by Eq. 1, 

and the standard deviation of this value was calculated using the equation 
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If the damage occurs near the ith measurement point, the highest peak in the mode shape change vector (Δφ ) 
should be found in the vicinity of the ith measurement point in order for the damage to be successfully located.  
As a result, a necessary condition for successfully detecting the damage and locating it at the nearest 
measurement point may be expressed as 
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0≥ijD  for all ji ≠ , where jiijD φφ ∆−∆=    (6) 
In other words, the change in the averaged mode shape should be larger at the ith measurement point than at any 
other point if the ith point is closer to the damage. 
 
Dij was different for each separate set of N trials used to calculate jφ∆  and jφ∆ , and the standard deviation of 

ijD was calculated as follows: 

NSSSSSSS jjiijiDij 
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Finally, the maximum probability of successfully locating damage near the ith measurement point was 
determined by the series 

∏
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n

ijj
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where )0( ≥ijDP  denotes the probability that Dij is greater than zero, and n is the total number of measurement 

points.  Here, the probability )0( ≥ijDP  was calculated on the basis of ijD  and DijS , the mean and the sample 

standard deviation of ijD  for all trials, assuming that ijD  was normally distributed.  This assumption was 
verified by calculating the covariance between the change in mode shape at different points.  In effect, Eq. 8 
expresses the joint probability that the average change in mode shape at the ith measurement point is greater than 
that at any other measurement point.  The difference between the damaged and undamaged mode shapes 
obtained directly from eigenvalue analyses of the respective FE models was used to calculate ijD , since the 
average of an infinite number of randomly generated mode shapes using the FE model will tend to converge to 
the theoretical values from the eigenvalue analysis. 
 
It should be recognized that the probability of successful damage localization as calculated using Eq. 8 will 
depend on the number of measurement points, n.  As n increases, the probability decreases, simply due to the 
fact that a larger number of terms, all with values between zero and one, are included within the product 
operator.  In this context, it is instructive to think of each measurement point as representing a certain discrete 
region of the structure.  The calculated probability, then, corresponded to the probability of successfully locating 
damage to within a certain discrete region.  If the structure had been divided into a larger number of smaller 
regions, implying a higher spatial resolution of damage localization, there would have existed a smaller 
probability of localizing the damage to within a given region.  For the purpose of providing an independent 
measure of data quality that might be representative of field applications, the use of five measurement points 
(regions) was considered to provide a reasonable resolution. 
 
The probability of successful damage localization was calculated using random vibrations without including the 
effects of any other sources of measurement errors.  For a physical system, this would imply that the sensors 
used to measure dynamic displacements could do so exactly and that there were no extraneous sources of 
ambient interference acting on the structure or data acquisition system.  The variability of measurements 
resulting from a random excitation source, representing the effects of an ambient excitation source in practice, is 
sufficient to illustrate the varying probabilities of successful VBDD and how these correlate with the ∆MAC 
parameter. 
 
RESULTS AND DISCUSSION 
 

Probability of Successful Damage Localization 
 
The probabilities of successfully locating damage were calculated for the various damage states described 
previously using sets of 25, 100, and 400 repeated trials.  To illustrate the procedure, consider the averaged 
results from 100 repeated trials that were used in an attempt to locate damage state 1c, which was aligned 
longitudinally with the third measurement point near mid-span (see Figure 2).  For illustration purposes, the 
corresponding change in mode shape derived from eigenvalue analyses of the damaged and undamaged finite 
element models is shown in Figure 3, on which ijD  values are also indicated.  The statistical results from one 
set of 100 random loading trials for each of the undamaged and damaged cases are listed in Table 1 for each 
measurement point, along with their corresponding probabilities of successful localization )0( ≥ijDP . 
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Figure 3. The change in mode shape caused by damage state 1c, as derived from eigenvalue analyses 

 
As an example, 31DS  was calculated using the data in Table 1 in the following manner: 

( ) 000581.010000288.000283.000275.000314.0 2222
31 =+++=DS    (10) 

Given this standard deviation and the mean value 000614.0=ijD , the probability that D31 is greater than zero 
was found to be 0.855.  For this case, then, considering the tabulated values at the other three measurement 
points, the maximum probability of successfully locating damage state 1c using the average of 100 tests was 

%9.52846.0*860.0*851.0*855.0locate ==f     (11) 
implying that false localization would occur 47.1% of the time.  Every separate set of 100 trials produced 
slightly different values for this probability by virtue of the fact that slightly different values for jS  and *

jS  
were obtained.  However, the values did not vary greatly. 
 

Table 1. Statistical results of 100 repeated trials for detecting damage state 1c 
Measurement point 1st 2nd 3rd 4th 5th 

jS  0.00314 0.00271 0.00283 0.00283 0.00351 
*
jS  0.00275 0.00308 0.00288 0.00277 0.00303 

DijS  0.000581 0.000576 N/A 0.00566 0.00615 

ijD  0.000614 0.000597 N/A 0.000609 0.000627 

ijD / DijS  1.06 1.04 N/A 1.08 1.02 

)0( ≥ijDP  0.855 0.851 N/A 0.860 0.846 

 
When detection of the same damage state was attempted using sets of 25 trials, the probability of successfully 
locating the damage dropped significantly due to the lower accuracy of the estimated mode shapes.  For 
example, the probability of successfully locating damage state 1c was found to be only 22.9% using the first set 
of 25 trials. 
 
Conversely, when sets of 400 trials were used, the probability of success increased dramatically as compared to 
the use of sets of 100 trials.  Using the first set of 400 trials, for example, the probability of success was found to 
be 93.5%.  For this set of 400 trials, the average change in mode shape at the measurement points due to damage 
state 1c is shown in Figure 4.  The “true” change in mode shape derived from eigenvalue analyses of the 
damaged and undamaged FE models is also plotted for comparison, showing that there is considerable similarity 
between the average results from the sets of 400 random trials and the numerically exact behaviour.  It should be 
noted, however, that the use of 400 repetitions of random excitation is still inferior to results obtained using 
more controlled forms of excitation.  For example, the change in mode shape found using averaged data from 
only ten repeated trials using excitation that varied harmonically with time at the fundamental natural frequency 
of the system, rather than randomly, is seen on Figure 4 to produce results that were more accurate than those of 
the 400 random excitation trials.  This demonstrates that resonant harmonic excitation is capable of generating 
significantly higher quality data for detecting damage than random excitation. 
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Figure 4. Change in mode shape caused by damage state 1c using average mode shapes from harmonic vibration 

and the average of 400 repeated random trials 
 
Figure 5 shows the probabilities of successfully locating damage for the nine different damage states considered 
in this study, with the results of each shown using sets of 25, 100 and 400 repeated random trials.  As expected, 
sets with a larger number of repeated trials had a higher probability of successful damage localization for all 
damage states.  Other factors influencing the probability of successful damage location included damage size 
(compare damage states 1a, 1b, 1c, 1d), the location of damage relative to the nearest sensor (compare damage 
states 1a and 2), and proximity to a support (damage state 4). 
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Figure 5. Probabilities of successfully locating damage for different damage states without measurement errors 

 
Correlation of ∆MAC to the Probability of Successful Damage Localization 
 
For all six possible combinations of four separate change in mode shape vectors, each calculated using the 
average of 100 trials for damage state 1c, the mean value of ∆MAC, specified as MAC∆ , was calculated to be 
0.289.  For this case, the probability of successfully locating the damage was 52.9%, as presented earlier.  
Similarly, all 120 possible combinations of sixteen change in mode shape vectors calculated using the average 
of 25 trials for damage state 1c produced a MAC∆  value of 0.265, with a probability of successful damage 
localization of only 22.9%.  The higher level of uncertainty in this case, caused by averaging only 25 instead of 
100 random trials, is seen to produce a lower MAC∆  value and a lower probability of successful damage 
localization.  On the other hand, when 400 trials were used, a MAC∆  value of 0.686 was obtained, with a 
corresponding probability of successful damage localization of 93.8%.  These results demonstrate a clear trend 
of an increasing ∆MAC value as the probability of successful damage localization increased.  It is also apparent 
that a much more substantial change in the ∆MAC valued occurred when the number of trials increased from 100 
to 400, as compared to an increase from 25 to 100 trials. 
 
The results for all nine damage cases using 25, 100 and 400 random trials are plotted in Figure 6.  For this 
investigation, 48 sets of 25 tests, 12 sets of 100 tests and 12 sets of 400 tests in both the undamaged and 
damaged conditions for each damage case were used.  In the case of 25 tests, this resulted in 2304 Δφ  vectors 
from all possible undamaged-damaged mode shape pairs (48 x 48), and 2.65 million MAC∆  values from all 



possible combinations of two different Δφ  vectors (2304 x 2303 / 2).  As a result, each data point in Figure 6 
corresponds to the average of either 2.65 million values (for 25 random trials) or 10,296 values (for 100 and 400 
random trials).  In addition, the open circle symbols in the figure correspond to cases for which no damage was 
present; i.e., the condition of the bridge had not changed.  The probability of detecting damage in this case was 
estimated to be 6.25%, based on the rationale that it would be equally likely for the observed mode shape 
change at any point to be either larger or smaller than that at any other point; in other words, ( ) 50.00 =≥ijDP  
for all i and j.  Thus, when five measurement points were used, flocate = 0.5 x 0.5 x 0.5 x 0.5 = 6.25%. 
 

 
Figure 6. The probability of successful damage localization as a function of MAC∆  

 
Figure 6 shows a clear relationship between the probability of successful damage localization and MAC∆ .  This 
is particularly significant considering the fact that the graph contains data for all damage cases, regardless of 
their location or size.  For this particular system, there was a 90% probability of successful damage localization 
when the MAC∆  value was greater than 0.6.  Cases for which no damage was present produced very low values 
of MAC∆  (less than 0.25).  Thus, when a high value of ∆MAC (greater than about 0.6 for this system) is obtained, 
one can assert with relative confidence (1) that damage is present, and (2) that there is a high probability that it 
can be located using the available modal data.  ∆MAC therefore has the capacity to evaluate the quality of the 
VBDD parameter in terms of its ability to provide reliable information regarding damage.  In other words, the 
parameter can be used to determine whether the available data are of sufficient quality to make any confident 
assertions regarding the presence and location of damage. 
 
To further explore the influence of several variables on the potential for the measured data to characterize 
damage, and the ability of ∆MAC to reflect this potential, the relationships between the probability of damage 
localization and MAC∆  using 400 tests are shown in Figure 7.  Figure 7a shows that a decreasing damage size 
led to a lower probability of successful damage localization; this lower probability was reflected in a decreasing 

MAC∆  value.  In addition, when the damage was located longitudinally farther from the nearest sensor or closer 
to a support (Figure 7b), and when the damage was located transversely farther from the longitudinal line of 
sensors (Figure 7c), this was accompanied by a decrease in the probability of successful damage localization; 
again, a decreasing MAC∆  value followed the decrease in probability. 
 
These results illustrate that the localization of damage with certain characteristics related to its size or location 
requires more reliable data than may be available using a random excitation source, even when a large number 
of trials are conducted to reduce the influence of uncertainty.  The increased difficulty associated with 
identifying these types of damage is reflected in the value obtained for the ∆MAC parameter.  Thus, for example, 
damage case 1d could only be correctly located 70% of the time when 400 repeated random excitation trials 
were used.  The fact that the data were of insufficient quality to allow confident localization of this damage case 
could be anticipated on the basis of the relatively low ∆MAC value (0.47), which could be computed from the 
measured data. 
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Figure 7. The probability of successful damage localization as a function of MAC∆  as calculated using 400 
repeated trials for damage with (a) different sizes, (b) different longitudinal locations, and (c) different 

transverse locations 
 
SUMMARY AND CONCLUSIONS 
 
The consistency between the change in mode shape VBDD parameter obtained from different sets of vibration 
tests, as measured using the proposed ∆MAC parameter, was explored as a means of evaluating the quality of the 
measured data in terms of their potential to confidently identify and characterize damage using VBDD methods.  
The performance of ∆MAC was demonstrated using vibration response data for a two-girder, simple-span, slab-
on-girder bridge deck subjected to a randomly varying point load generated using transient dynamic analyses.  
As an independent indicator of data quality, the probability of successfully locating nine different small-scale 
damage cases using the change in mode shape method was calculated from data sets with different numbers of 
repeated trials.  The influence of using averaged mode shapes from an increasing number of repeated trials was 
investigated. 
 
∆MAC was shown to be a good indicator of the probability of successful damage localization, in that it was found 
to increase with an increasing probability of successful localization.  ∆MAC values greater than 0.6 corresponded 
to probabilities of success in excess of 90%.  The parameter effectively tracked the varying probability of 
successful damage localization associated with the following factors: 



• an increase in the number of repeated random trials used to generate averaged results for use in VBDD 
techniques improved the probability of success; 

• an increase in the severity (size) of the damage enhanced the success rate; 
• an increase in the distance, either longitudinally or laterally, between the damage and the nearest sensor 

location reduced the probability of successfully locating the damage; and 
• damage localization was least successful for damage located between a simple support and the nearest 

sensor location. 
 
The proposed ∆MAC parameter was therefore shown to be capable of determining whether the available data are 
of sufficient quality to make a confident assertion regarding the presence and location of damage using VBDD 
methods.  Although ∆MAC was defined in this study on the basis of the change in mode shape, it could also be 
readily adapted for use with other common VBDD parameters such as the damage index, change in modal 
curvature, change in flexibility, or any other similar parameter. 
 
ACKNOWLEDGEMENTS 
 
This work was performed with financial support from the ISIS Canada Network of Centres of Excellence, for 
which the authors express their gratitude. 
 
REFERENCES 
 
Allemang, R.J. and Brown, D.L.A. (1982). “Correlation coefficient for modal vector analysis”, Proceedings of 

the International Modal Analysis Conference, Kissimmee, FL, 110-116. 
Alwash, M., Sparling, B.F. and Wegner, L.D. (2009). “Influence of excitation on dynamic system identification 

for a multi-span reinforced concrete bridge”, Advances in Civil Engineering, doi:10.1155/2009/859217 
ANSYS (2003).  User’s manual—version 7.1.  ANSYS, Inc., Canonsburg, PA. 
Bathe, K.J. and Wilson, E.L. (1976). Numerical Methods in Finite Element Analysis, Prentice-Hall, Englewood 

Cliffs, NJ. 
Doebling, S.W., Farrar, C.R. and Prime, M.B. (1998). “A summary review of vibration-based damage 

identification methods”, Shock and Vibration Digest, 30(2), 91-105. 
Farrar, C.R., Duffey, T.A., Cornwell, P.J. and Doebling, S.W. (1999). “Excitation methods for bridge 

structures”, Proceedings of the 17th International Modal Analysis Conference, Kissimmee, FL, 1063-1068. 
Fox, C.H.J. (1992). “The location of defects in structures: a comparison of the use of natural frequency and 

mode shape data”, Proceedings of the 10th International Modal Analysis Conference, San Diego, CA, 522-
528. 

Montgomery, D.C. and Runger, G.C. (2007). Applied Statistics and Probability for Engineers, 4th ed., Wiley, 
Hoboken, NJ. 

Mufti, A.A., Jaeger, L.G., Bakht, B. and Wegner, L.D. (1993). “Experimental investigation of FRC deck slabs 
without internal steel reinforcement”, Canadian Journal of Civil Engineering, 20(3), 398-406. 

Peeters, B. and De Roeck, G. (2001). “Stochastic system identification for operational modal analysis: a review”, 
Journal of Dynamic Systems, Measurement and Control, 123(4), 659-667. 

Ramirez, R. (1985). The FFT: Fundamentals and Concepts, Prentice-Hall, Englewood Cliffs, NJ. 
Salawu, O.S. and Williams, C. (1994). “Damage location using vibration mode shapes”, Proceedings of the 12th 

International Modal Analysis Conference, Honolulu, HI, 933-939. 
Sohn, H., Farrar, C.R., Hemez, F.M., Shunk, D.D., Stinemates, D.W. and Nadler, B.R. (2003). A review of 

structural health monitoring literature: 1996-2001, Report No. LA-13976-MS, Los Alamos National 
Laboratory, Los Alamos, NM. 

Zhou, Z., Wegner, L.D. and Sparling, B.F. (2007). “Vibration-based detection of small-scale damage on a 
bridge deck”, Journal of Structural Engineering, 133(9), 1257-1267. 

Zhou, Z., Wegner, L.D. and Sparling, B.F. (2010). “Structural health monitoring of precast concrete box girders 
using selected vibration-based damage detection methods”, Advances in Civil Engineering, 
doi:10.1155/2010/280685. 

 


