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ABSTRACT

This paper introduces a new toolbox of graphical-interface software algorithms for
the numerical simulation of vibration tests, analysis of modal data, finite element
model correlation, and the comparison of both linear and nonlinear damage identi-
fication techniques. This toolbox is unique because it contains several different vi-
bration-based damage identification algorithms, categorized as those which use
only measured response and sensor location information (“non-model-based” tech-
niques) and those which use finite element model correlation (“model-based” tech-
niques). Another unique feature of this toolbox is the wide range of algorithms for
experimental modal analysis. The toolbox also contains a unique capability that uti-
lizes the measured coherence functions and Monte Carlo analysis to perform statis-
tical uncertainty analysis on the modal parameters and damage identification
results. This paper contains a detailed description of the various modal analysis,
damage identification, and model correlation capabilities of toolbox, and also
shows a sample application which uses the toolbox to analyze the statistical uncer-
tainties on the results of a series of modal tests performed on a highway bridge.

INTRODUCTION

This paper introduces a new suite of graphical-interface software algorithms to
numerically simulate vibration tests and to apply various modal analysis, damage
identification, and finite element model refinement techniques to measured or sim-
ulated modal vibration data. This toolbox is known as DIAMOND (Damage Iden-
tification And MOdal aNalysis for Dummies), and has been developed at Los
Alamos National Laboratory over the last year. DIAMOND is written in MATLAB
[1], a numerical matrix math application which is available on all major computer
platforms. DIAMOND is unique in three primary ways:

1. DIAMOND contains several of the most widely used modal curve-fitting algo-
rithms. Thus the user may analyze the data using more than one technique and
compare the results directly. This modal identification capability is coupled
with a numerical test-simulation capability that allows the user to directly
explore the effects of various test conditions on the identified modal parame-
ters.




2. The damage identification and finite element model refinement modules are
graphically interactive, so the operation is intuitive and the results are dis-
played visually as well as numerically. This feature allows the user to easily
interpret the results in terms of structural damage.

3. DIAMOND has statistical analysis capability built into all three major analysis
modules: modal analysis, damage identification, and finite element model
refinement. The statistical analysis capability allows the user to determine the
magnitude of the uncertainties associated with the results. No other software
package for modal analysis or damage identification has this capability.

The development of DIAMOND was motivated primarily by the lack of graph-
ical implementation of modern damage identification and finite element model re-
finement algorithms. Also, the desire to have a variety of modal curve-fitting
techniques available and the capability to generate numerical data with which to
compare the results of each technique was a motivating factor. The authors are un-
aware of any commercial software package that integrates all of these features.

This paper is organized as follows: An overview of DIAMOND is provided, in-
cluding an outline of each module (except for the numerical test simulator): exper-
imental modal analysis and statistical analysis of modal data, damage identification,
and finite element model updating. In each section, a flowchart of the menu struc-
ture of DIAMOND is presented. Following the overview section is an example of
the application of DIAMOND to vibration data obtained from an actual highway
bridge. This section contains a description of the testbed, data acquisition equip-
ment, and testing procedure. It also contains a sample experimental modal analysis,
complete with statistical analysis of the variability of the results with respect to the
variations inherent in the data acquisition process as well as variations resulting
from changes in the environmental conditions of the bridge.

OVERVIEW OF DIAMOND

DIAMOND is divided into four primary modules at the top level: numerical vi-
bration test simulator, experimental modal curve fitting and statistical analysis,
damage identification, and finite element model refinement. These four modules
constitute the primary hierarchy in DIAMOND, as shown in Figure 1. In this paper,
the three analysis-oriented modules (all but the test simulator) will be discussed in
further detail.

Experi | Modal Analysis / Statistical Analysis of Modal T

The experimental modal analysis module provides a series of tools for plotting
the data in various forms, plotting data indicator functions, defining sensor geome-
try, performing modal curve-fits, analyzing the results of modal curve fits, and an-
alyzing the variance of identified modal parameters as a function of the noise in the
measurements as defined by the measured coherence function. A flowchart of this
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Figure 1: Flowchart of Top Level of DIAMOND

module is shown in Figure 2.

The most important feature of the experimental modal analysis module is the
variety of modal parameter identification algorithms which are available. These in-
clude:

1. Operating shapes (which is simply “peak picking,” or “slicing” the FRF matrix
at a particular frequency bin)

2. Eigensystem Realization Algorithm (ERA), [2] which is a low-order time
domain modal parameter estimation algorithm.

3. Complex exponential algorithm, which is a high-order time domain modal
parameter estimation algorithm. The specific algorithm implemented is the
Polyreference Time Domain [3] approach.

4. Rational Polynomial Curve fit [4], which is a high-order frequency domain
technique that uses orthogonal polynomials to estimate the coefficients of a
rational polynomial representation of the frequency response function.

5. Nonlinear least squares fit, which uses a Levenberg-Marquardt nonlinear least-
squares curve fitting routine [5] to estimate modal frequencies and modal
damping ratios from the unfiltered Fourier spectral responses of a base-excited
structure.

~ Any of these modal identification algorithms can be implemented in a statistical
Monte Carlo [6] technique. In such an analysis, a series of perturbed data sets, based
on the statistics of the measured FRFs as defined by the measured coherence func-
tions, are generated and propagated through the selected algorithm. The statistics
on the results are then used as uncertainty bounds on the identified modal parame-

ters.




IMPORT ERF, CPS, PSD, COH

{From Data Acquisition)
(From Data Generator Module)

ANALYZE AND VIEW
IMPORTED DATA

AND TRACE LINES

DEFINE SENSOR LOCATIONS

|
MOD INDICATOR’FUNCTIONS '
~ CMIF, MIF, APS |
|

MODAL PARAMETERS

STATISTICAL ANALYSIS OF

COMBASED ANALYSIS OF FFS

:i - ANALYSIS OF VARIANCE{" i

PLOT AND OVERL ON IDENTIFIED MODAL
% PARAMETERS USING"
IMPORTED DATA 'MONTE CARLO SIMULATION
Real Imag, Mag, Phase
MODAL PARAMETER D MODAL PARAMETER
gForced or A{nblcnt Data) POSTPROCESSING
(Single or Multiple Reference) l
|
AT ' SCREEN IDENTIFIED
OPE_RATINIG SHAPE ~ MODES
: |
s NSY i T
i E{E%LI%A%TEI{\I& e LIST MODAL PARAMETERS
] » ]
COMPL‘EX-EXPONENTI AL PLOT PHASE COLLINEARITY
— —
RATIONAL POLYNOMIAL _ PLOTMAC
I |
COMPLEX TO REAL MODE
CONVERSION -7
I
" DAMPING CORRECTIONS . MASS NORMALIZATION
(Hanmng or Exponentxal Wmdows) o : . OEREAL MODES -

Damage Identification

Figure 2: Flowchart of Experimental Modal Analysis / Statistical Modal
Analysis Module

The algorithms contained in the damage identification module of DIAMOND
can be classified as modal-based, finite element refinement-based, or nonlinear. A
flowchart of the damage identification module is shown in Figure 3.

The damage identification module presents a number of different algorithms:
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Figure 3: Flowchart of Damage Identification Module

Strain energy methods are based on the work of Stubbs [7], Cornwell [8], and
others. The basic idea of these methods is the division of the structure into a
series of beam or plate-like elements, and then the estimation of the strain
energy stored in each element both before and after damage. The curvatures
(second-derivatives with respect to space) of the mode shapes are used to
approximate the strain energy content.

Flexibility methods all use some measure of the change in the modal flexibility
matrix, estimated from the mass-normalized measured mode shapes, [®], and
modal frequencies squared, [A], as

[G]=[@1[A]-1[®@]T M

The modal flexibility matrix is used to estimate the static displacements that
the structure would undergo as a result of a specified loading pattern. The uni-
form load flexibility method [9] involves specifying a unit load at all measure-
ment degrees of freedom (DOF), then comparing the change in the resulting
displacement pattern before and after damage. The point flexibility method
[10] specifies the application of a unit load at each measurement DOF one at a
time, then looking for a change in the resulting displacements at the same point
before and after damage.




The selective flexibility method, which is still under development, uses one of
the above two flexibility approaches but filters the modes used to form the
flexibility matrix according to their relative statistical uncertainty. The idea of
this method is to exclude modes with a high uncertainty from the analysis to
avoid biasing the results.

The residual flexibility method [11] also uses one of the above two flexibility
approaches but includes the estimate of the residual flexibility, which is the
contribution to the flexibility matrix from the modes above the bandwidth of
interest. The resulting flexibility matrix is a closer approximation to the true
static flexibility matrix than is the modal flexibility matrix.

3. Finite element model correlation-based damage identification techniques are
based on the comparison of the finite element model correlation results from
before damage to those after damage. The correlation techniques are discussed
in the next section.

4. Nonlinear damage identification techniques are based on different theories of
nonlinear signal processing. They are a widely varying group of methods and
are reviewed and discussed in Ref. [12].

Finite Element Model Refinement

The finite element model refinement module consists of four options: pre-pro-
cessing for update analysis, optimal matrix updating, sensitivity-based model up-
date, and post-processing of update results. A flowchart of this module is shown in
Figure 4.

The pre-processing phase of the model correlation analysis involves the selec-
tion of which modal parameters (i.e. modal frequencies and mode shapes) should
be used in the correlation, as well as which finite element model parameters should
be updated.

The optimal matrix update methods are based on the minimization of the error
in the structural eigenproblem using a closed-form, direct solution. The minimum
rank perturbation technique (MRPT) [13] is one such method which produces a
minimum-rank perturbation of the structural stiffness, damping, and/or mass matri-
ces reduced to the measurement degrees of freedom. The minimum rank element
update (MREU) [14] is a similar technique which produces perturbations at the el-
emental, rather than the matrix, level. The Baruch updating technique [15] minimiz-
es an error function of the eigenequation using a closed-form function of the mass
and stiffness matrices.

The sensitivity-based model update methods also seek to minimize the error in
the structural eigenequation, but do so using a Newton-Raphson-type technique
based on solving for the perturbations such that the gradient of the error function is
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Figure 4: Flowchart of Finite Element Model Refinement Module

near zero. [6] Thus these methods require the computation of the sensitivity of the
structural eigenproblem to the parameters which are to be updated. The Hemez/
Alvin algorithm [16],[17] computes the sensitivities at the elemental level, then as-
sembles them to produce the global sensitivity matrices. The Ricles/Kosmatka [18]
algorithm computes a “hybrid” sensitivity matrix using both analytical and experi-
mental sensitivities.

EXAMPLE APPLICATION: THE ALAMOSA CANYON BRIDGE

The following analysis of modal data from a series of tests performed on a high-
way bridge is intended to demonstrate the application of the unique capabilities of
DIAMOND to data from an actual field test.

The Alamosa Canyon Bridge has seven independent spans with a common pier
between successive spans. An elevation view of the bridge is shown in Figure 5.
The bridge is located on a seldom-used frontage road parallel to Interstate 25 about
10 miles North of the town of Truth or Consequences, New Mexico, USA. Each
span consists of a concrete deck supported by six W30x116 steel girders. The road-
way in each span is approximately 7.3 m (24 ft.) wide and 15.2 (50 ft.) long. Inte-
grally attached to the concrete deck is a concrete curb and concrete guard rail.
Inspection of the bridge showed that the upper flanges of the beams are imbedded
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Figure 5: Elevation View of the Alamosa Canyon Bridge

in the concrete, which implies the possibility of composite action between the gird-
ers and the deck. Between adjacent beams are four sets of channel section cross
braces equally spaced along the length of the span. At the pier the beams rest on
rollers, and at the abutment the beams are bolted to a half-roller to approximate a
pinned connection.

The data acquisition system was set up to measure acceleration and force time
histories and to calculate frequency response functions (FRFs), power spectral den-
sities (PSDs), cross-power spectra and coherence functions. A modal sledge ham-
mer was used as the impact excitation source. Accelerometers were used for the
vibration measurements. More details regarding the instrumentation can be found
in Ref. {19].

A total of 31 acceleration measurements were made on the concrete deck and
on the girders below the bridge as shown in Figure 6. Five accelerometers were

1 7 137  19] 25]

2 s 14] 20] 26
3 9 15| 21| 27

A
3

Pier

P

100 16| 22| 28

r =

11] 17 23 29

12 18 24° 30

Abutment

N-<-———

Figure 6: Accelerometer and Impact Locations




spaced along the length of each girder. Because of the limited number of data chan-
nels, measurements were not made on the girders at the abutment or at the pier. Two
excitations points were located on the top of the concrete deck. Point 2 was used as
the primary excitation location. Point 23 was used to perform a reciprocity check.
The force-input and acceleration-response time histories obtained from each impact
were subsequently transformed into the frequency domain so that estimates of the
PSDs, FRFs, and coherence functions could be calculated. Thirty averages were
typically used for these estimates. With the sampling parameters listed above and
the overload reject specified, data acquisition for a specific test usually occurred
over a time period of approximately 30 - 45 minutes. All of the results in this paper
are from measurements made on span 1 of the bridge, which is located at the far
North end.

A total of 52 data sets were collected over the course of the six days of testing.
Temperature measurements were made at 9 locations around the bridge, both above
and below the deck, to track the effects of ambient temperature changes on the test
results. Reciprocity and linearity checks were conducted first. A series of modal
tests was conducted over a 24 hour period (one test every 2 hours) to assess the
change in modal properties as a result of variations in ambient environmental con-
ditions, as discussed in Ref. [19]. A series of tests with various levels of attempted
damage was also conducted, but the permitted alterations in the bridge did not cause
a significant change in the measured modal properties. Specifically, the nuts on the
bolted connections that hold the channel-section cross members to the girders, as
shown in Figure 7 were removed. However the bolts could not be loosened suffi-

Figure 7: Bolted Connections of Cross-Members to Girders

ciently, and no relative motion could be induced at the interface under the loading
of the modal excitation. For this reason, the damage cases presented in this paper
are results from simulated stiffness reduction using a correlated FEM. The identi-
fied modal frequencies and mode shapes from the modal analysis of one of these
data sets are shown in Figure 8.
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Figure 8: Identified Mode Shapes for Alamosa Canyon Bridge

Analysis of Uncertainty in Fach Test

Statistical uncertainty bounds on the measured frequency response function
magnitude and phase were computed from the measured coherence functions, as-
suming that the errors were distributed in a Gaussian manner, according to the fol-
lowing formulas from Bendat and Piersol [20]:

N1-72(®)

H(w)|) = -1y
o(|H(w)]) IY(OJ)IA/EZJ ()]
@
S(LH@)) = L@ oy

(o)l /21,




where |H(®)| and ZH(®) are the magnitude and phase angle of the measured
FRF, respectively, y2(®) is the coberence function, n 4 1s the number of measure-
ment averages, and G(*) is the value of 1 standard deviation (68% uncertainty
bound). These uncertainty bounds represent a statistical distribution of the FRF
based on a realistic level of random noise on the measurement. Once the 1 standard
deviation (68% uncertainty) bounds were known, 2 standard deviation (95% uncer-
tainty) bounds were computed. Statistical uncertainty bounds on the identified
modal parameters (frequencies, damping ratios, and mode shapes) were estimated
using the uncertainty bounds on the FRFs via a Monte Carlo analysis [6]. The de-
tails of this procedure are shown in Ref. [21].

Effects of Uncertainties on Damage Identification

The changes in the bridge as a result of damage were predicted using the finite
element model. The damage case modeled was the 100% failure of a connection be-
tween a cross-member and an interior girder. A comparison of the estimated 95%
confidence bounds and the predicted changes as a result of damage for the modal |
frequencies are shown in Figure 9. The modal frequencies of modes 3, 4, 7, 8, and
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Figure 9: Comparison of Modal Frequency 95% Confidence Bounds to
Changes Predicted as a Result of Damage

9 undergo a change that is significantly larger than the corresponding 95% confi-
dence bounds. The relative magnitudes of the changes indicate that the frequency
changes of these modes could be used with confidence in a damage identification
analysis. It should be noted from the y-axis scale of Figure 9 that the overall chang-
es in frequency as aresult of damage are quite small (< 1.2%), but as a consequence




of the extremely low uncertainty bounds on the modal frequencies (many less than
0.2%), these small changes can be considered to be statistically significant.

The relative statistical significance of the changes in the various modes is one
of the primary motivating factors for a “selective flexibility” approach. Using the
selective flexibility approach, those modes where the frequency changes are statis-
tically insignificant would be considered to be unchanged, while those modes with
significant frequency change would be used in the flexibility analysis. This tech-
nique would prevent modes which are insensitive to the damage from masking the
indications of damage from modes which are sensitive to the damage.

CONCLUSION

A new toolbox of graphical-interface software algorithms, known as DIA-
MOND, has been introduced and demonstrated. The toolbox provides the capability
to simulate vibration tests, perform experimental modal analysis including statisti-
cal bounds, apply various damage identification techniques, and implement finite
element refinement algorithms. The structure of the toolbox menus was described
in detail in this paper, and a sample application to measured data from a highway
bridge was presented.
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