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APPLICATION OF DYNAMIC SYSTEM IDENTIFICATION TO
TimMBER BeEamMSs. |l

By S. T. Peterson," D. |I. McLean,”> M. D. Symans,® D. G. Pollock,* W. F. Cofer,’
R. N. Emerson,’ and K. J. Fridley’

ABSTRACT:

In a companion paper, a method of global nondestructive evaluation (NDE) for identifying local

damage and decay in timber beams was developed and verified analytically using a finite-element model of a
timber beam. The previously presented method of damage localization employs experimental modal analysis
and an algorithm that monitors changes in modal strain energy between the mode shapes of a damaged beam
with respect to the undamaged state of the beam. In this second part of a two-part paper, experimental |aboratory
tests on simply supported timber beams are presented to verify the capabilities and determine the limitations of
the proposed method of NDE in locating simulated damage in simply supported timber beams. Due to the natural
variability inherent within a timber beam, the required severity of inflicted damage before the algorithm could
correctly identify damage location was a 5.08-cm (2-in.) deep saw cut in a beam with a depth of 15.88 cm
(6.25 in.). For practical applications, the proposed technique could be used to identify the presence and general
location of severe decay or damage, and if needed, more refined NDE techniques could be used to map the

specific region affected by the decay or damage.

INTRODUCTION

Nondestructive evaluation (NDE) of wood is the science
and art of determining the material properties and/or structural
capacity of individual members or for an entire timber struc-
ture without impairing the member or structure in its useful-
ness for its intended purpose. A number of methods have been
previously developed and implemented in the field of NDE for
wood, including visual inspection, stress wave, drill resistance,
radiography, ultrasonics, and deflection/vibration analysis
(Emerson et al. 1998). Many of these methods are performed
on avery localized scale and the evaluation of an entire struc-
ture using these methods can be very time-consuming and in-
efficient. Thus, it is desirable to develop a method of nonde-
structive testing for timber structures that can identify damage
or decay from a global perspective. The method selected is
deflection/vibration analysis, specifically, experimental modal
analysis.

In conjunction with the experimental modal analysis, a
method for identifying and locating the damage within a struc-
ture is needed. In this study, a method of damage localization
was used that was based on previous studies of steel plate
girders and highway bridges to localize and estimate the se-
verity of damage within the structure using a limited number
of modal parameters (Bolton et al. 1998; Stubbs et al. 1998).
Several analytical studies have been published that verify the
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performance of this damage localization and severity estima-
tion algorithm (Garcia and Stubbs 1996; Stubbs et a. 1997).

In a companion paper (Peterson et al. 2001), analytical eval-
uations were performed on a simply supported timber beam
plane-stress model. This was done to investigate the capabil -
ities and limitations of the damage localization algorithm in
locating simulated damage in a simplified timber beam con-
figuration. In this paper, the method of damage localization is
applied to experimental laboratory tests. Based on the results
of the analytical evaluations and experimental testing, the ef-
fectiveness of using a global nondestructive eval uation method
for identifying damage in timber beams is demonstrated.

EXPERIMENTAL LABORATORY TESTING OF SIMPLY
SUPPORTED TIMBER BEAM

In the laboratory, a simply supported Douglas fir beam was
tested to validate the use of the damage localization agorithm
in detecting simulated damage in an actual timber beam. The
beam cross section measured approximately 11.43 cm X 15.88
cm (45 in. X 6.25 in.), and the span was 4.83 m (15 ft 10
in.). The beam was impacted at the 1/4-point near the roller
support using an instrumented impact hammer and the accel-
eration was measured at each of the 1/8-points along the span
using accelerometers attached to the bottom (tension) face of
the beam. No acceleration measurements were made at the
supports, though thisis typically recommended to better assess
the actual support conditions. A concrete weight of approxi-
mately 22.7 kg (50 Ib) was placed on the beam at midspan
during the impact vibration tests to prevent the beam from
bouncing on the supports. The impact force and acceleration
response data were recorded at a ssmpling frequency of 1,000
Hz with 1,024 points of data collected per channel using a
high-speed data acquisition system. For the undamaged case
and each damaged case, 10 individual tests were performed
and the normalized mode shape vectors from each test were
averaged to remove some of the noise inherent in the data
Fig. 1 shows the experimental modal testing of the simply
supported timber beam.

The beam was tested in its undamaged condition to establish
the undamaged or baseline modal parameters. The beam was
then progressively damaged by cutting notches out of the ten-
sion face of the beam located at the 1/4-point near the pin
support. Magnitude of the inflicted damage for each damage
case is given in Fig. 2. Inflicted damage in each case was
centered at the 1/4-point, extending into the tension face of
the beam. Damage case 5 is a stepped notch consisting of



damage case 4 with an additional 2.54-cm deep X 5.08-cm
wide (1-in. X 2-in.) notch removed, centered about the 1/4-
point adjacent to the pin support.

For each test, the recorded data was processed using the
techniques described previously (Peterson et al. 2001) for each
test performed to obtain the modal parameters of the beam in
its undamaged and damaged states. Due to noise in the re-
corded data, the higher modes of vibration could not be iden-

FIG. 1. Experimental Modal Testing

Damage Case 1 Damage Case 2

2.54 cm Deep Saw-Cut 5.08 c Dep Saw-Cut

tified at the same frequencies from test to test, and the resulting
mode shapes were erratic. Thus, the mode shapes for the first
two modes of vibration were the only mode shapes used to
locate the inflicted damage. Changes in the natural frequencies
of vibration of the beam as the inflicted damage progressed
are shown in Table 1.

Experimental mode shapes were reconstructed using Shan-
non’s sampling theorem to interpolate mode shape vectors
having a length of 200 points. This was done so that there
were 200 points along the span where damage could possibly
be located, rather than the limited number of sampling loca-
tions. Experimental mode shapes for the undamaged case and
three of the damaged cases are shown in Figs. 3 and 4.
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FIG. 4. Experimental Mode Shapes (Mode 2)
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FIG. 2. Inflicted Damage on Timber Beam (A =5.08cm, B =
10.16 cm)
TABLE 1. Shiftsin Natural Frequencies of Vibration of Experi-
mental Beam
Mode 1 Mode 2
Damaged case (Hz) (Hz)
1) &) (3)
Undamaged 11.75 55.75
1 11.75 54.75
2 11.75 51.75
3 11.25 51.75
4 10.75 50.75
5 10.50 46.25
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FIG. 5.
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FIG. 6. Damage Indicator Values for Damage Case 2—Experi-
mental Tests
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FIG. 7. Damage Indicator Values for Damage Case 3—Experi-
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FIG. 8. Damage Indicator Values for Damage Case 4—Experi-
mental Tests

Reconstructed experimental mode shapes were then used in
the damage indicator algorithm to attempt to locate the in-
flicted damage. Bar graphs of the standard normal damage
indicator values (Z)) for each damage case are shown in Figs.
5-9. The damage indicator (DI) values in each figure were
obtained by combining the DI values for the first and second
modes of vibration [see (10) in Peterson et al. (2001)].

If the confidence interval is set such that Z; > 2 (approxi-
mately 95% confidence) indicates damage at member |, the
following observations can be made. For damage case 1, the
damage indicator algorithm is unable to locate the 2.54-cm (1-
in.) deep saw cut, and the algorithm also identifies two false
locations of damage. Beginning with damage case 2, the dam-
age indicator algorithm correctly locates the inflicted damage,
with no false-positive locations of damage elsewhere along the

InflictedI Damage

) v

Position Along Beam (m)

FIG. 9. Damage Indicator Values for Damage Case 5—Experi-
mental Tests

span of the beam. For damage cases 3 and 4, the damage
indicator values near the location of inflicted damage do not
increase in magnitude, but the width of the spike does show
an increase. A magnitude increase from that of damage case
2 for the spike in the damage indicator plot is not expected
since the depth of inflicted damage was not increased for dam-
age cases 3 and 4. For damage case 5, Fig. 9 shows an increase
in the magnitude of the spike near the location of simulated
damage. This is expected since the depth of the inflicted dam-
age is increased for damage case 5. In summary, the testing
of a single, simply supported timber beam in the laboratory
shows that the damage indicator developed previously (Stubbs
et al. 1995) is effective in locating damage in the timber beam.

USE OF CALIBRATED BASELINE MODEL FOR
LOCATION OF DAMAGE

To test the use of the baseline model to locate damage in a
timber structure, a baseline model of the 11.43 cm X 15.88
cm (4.5 in. X 6.25 in.) timber beam previously tested in the
laboratory was constructed. The initial model was constructed
using the Euler-Bernoulli beam element stiffness matrix with
the added consideration of shear deformation. A lumped mass
matrix was used to represent the mass distribution of the beam.
The model consisted of 60 beam elements with both vertical
and rotational degrees of freedom at each node, supported on
vertical axial springs at each end. Before solving the eigen-
problem, the rotational degrees of freedom were condensed
out of the dtiffness matrix using static condensation. The
lumped mass matrix did not consider rotational inertia at the
element nodes.

The best results in the calibration process of the beam were
obtained by adjusting the modulus of elasticity and the mod-
ulus of rigidity of the beam elements as well as adjusting the
stiffness of the supports. Note that the modulus of elasticity
for an element can be changed independently from the mod-
ulus of rigidity (and vice versa), but each of the beam elements
in the structure must have the same element stiffness matrix.
An attempt was made to modify the stiffness of each element
of the beam to account for the variation in the material prop-
erties along the span. This resulted in a model that was se-
verely underdetermined and convergence could not be
achieved due to the limited number of frequencies of vibration
that could be experimentally measured. Furthermore, it is
doubtful that the recorded vibration data contains enough in-
formation to accurately assess the differences in material prop-
erties along the length of the timber beam. Therefore, it was
concluded that the material property values for all j elements
must be consistent throughout the model.

The model was calibrated as discussed previously (Peterson
et al. 2001). Stiffness properties of the calibrated beam model



are as follows: E, = 19.3 GPa (2.8 X 10° ps) and G,, = 0.5
GPa (7.3 X 10" psi) (~2.5% of E,). Based on average material
property values for a Douglas fir beam, it is noted that the
calibration process yields a reasonable model when conver-
gence is reached. The first two modes of vibration were used
to calculate DI values at 200 points along the span of the beam
model. Standard normal DI values (Z)) are shown in Figs. 10—
14 for each of the five previously discussed experimental dam-
age cases using the mode shapes obtained from the calibrated
beam model to represent the undamaged state.

The confidence interval was set such that Z, > 2 (approxi-
mately 95% confidence) indicates damage at member j and the
following observations were made. For damage cases 3-5, the
inflicted damage could be located without false-positive indi-
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FIG. 10. Damage Indicator Values for Damage Case 1—Cali-
brated Beam Model
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FIG. 11. Damage Indicator Values for Damage Case 2—Cali-
brated Beam Model
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FIG. 12. Damage Indicator Values for Damage Case 3—Cali-
brated Beam Model
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FIG. 13. Damage Indicator Values for Damage Case 4—Cali-
brated Beam Model
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FIG. 14. Damage Indicator Values for Damage Case 5—Cali-
brated Beam Model

cations of damage. The magnitude Z; at the location of inflicted
damage for damage cases 3-5 is dightly less than that of the
corresponding Z; value for the damage indicator plots using
the experimentally measured modal parameters for the un-
damaged beam (Figs. 5-9). Similar trends in the damage de-
tection can be seen in plots for damage cases 3—-5 as were
noted in the plots using the experimentally obtained undam-
aged mode shapes (cf. Figs. 10—14 with Figs. 5-9).

For damage cases 1 and 2, inflicted damage could not be
located using the baseline model to represent the undamaged
state of the beam. If the confidence interval is selected such
that Z, > 1.5 (approximately 87% confidence) indicates damage
at member j, the inflicted damage could be located for damage
case 2, with two false-positive indications of damage in the
beam.

It should be noted that the calibrated beam model represents
an approximation of the undamaged state of the beam or struc-
ture. Thus, a greater magnitude of inflicted damage is required
before the damage can be located as compared to the case
where the undamaged modal parameters are available for the
structure.

APPLICATION OF DYNAMIC SYSTEM
IDENTIFICATION TO SEVERELY DECAYED TIMBER
BEAM

To explore the use of the method developed above for
global evaluation of timber members, a severely decayed tim-
ber beam was evaluated in a laboratory setting. The beam was
a creosote-treated member measuring approximately 20 cm X
35 cm (8 in. X 13.75 in.) in cross section and approximately
2.9 m (9.5 ft) in span (Fig. 15). It is believed that the beam
was, at the time of treatment with creosote, longer than the
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FIG. 15. Extent of Pocket of Decay within Timber Beam (lden-
tified through Ultrasonic Tests)

span indicated above. Apparently the beam had been cut, cre-
ating an untreated end exposed to the elements for a number
of years. Thus, the untreated end of the beam had experienced
severe decay, while the treated, uncut end remained relatively
sound.

The beam was simply supported and impact vibration tests
were performed as outlined previously. The beam was im-
pacted at the 1/4-point adjacent to the roller support (located
at the sound end). The acceleration response was measured at
each 1/6-point along the span aong the neutral axis of the
beam. The acceleration response was also measured over the
supports, with the accelerometers attached near the neutral
axis. The impact force and acceleration response data were
sampled at 1,000 Hz with a total of 4,096 points recorded for
each channel. Recorded data were transformed into the fre-
quency domain using signal processing techniques presented
previously (Peterson et a. 2001). Resulting frequency re-
sponse functions from 10 individua tests were averaged to
obtain the modal parameters needed (natural frequencies of
vibration and mode shapes). Only the first mode of vibration
could be confidently identified from the experimental data re-
corded, and thus the first mode was the only mode used to
attempt to detect and locate the region of decay.

From the experimental tests, a significant modal amplitude
was found at the sampling location over the support at the
decayed end of the beam. The remaining cross section of the
beam at the decayed end was essentially a thin shell approx-
imately 1.27-cm to 2.54-cm (1/2-in. to 1-in.) thick, as seenin
Fig. 16. Thus, it was concluded that the spike in the frequency
response function (FRF) at the decayed end indicated com-
pression of the end of the beam during the impact vibration
tests. At the sound end of the beam, a spike in the FRF was
also noted for the first mode of vibration during the data anal-
ysis. It was concluded that this spike aso indicated some
amount of compression perpendicular to the grain of the beam,
although the magnitude of this spike was much smaller than
the magnitude of the spike in the FRF over the decayed end
support. It follows that some vibration caused by compression
perpendicular to the grain would have been measured since
the beam is very stiff for the span length used. Thus, the ex-
perimental mode shape seen in Fig. 17 is likely a combination
of compression perpendicular to the grain of the beam with a
small contribution from flexure.

A plane-stress finite-element model was constructed as a
baseline model to obtain mode shapes representative of the
undamaged state of the beam. The model was only roughly
calibrated using the previously outlined calibration process. In
the experimental testing, it was uncertain what contribution to
the vibration measured at the support was due to the move-
ment of the supports and what contribution was due to the
compression of the beam near the severe pocket of decay lo-
cated over the pin support. Thus, the stiffness of the end sup-
portsin the finite-element model were alowed to remain rigid.
Thisisjustified in that the supports were much stiffer than the
beam (perpendicular to the grain), with the decayed pocket
causing the one end to be even more flexible. Thus, analytical
mode shapes with zero displacement at the ends (at the support
point) were produced. It should be noted that the modal am-
plitudes shown in Fig. 17 for the finite-element model were
sampled from the neutral axis of the member to be consistent

FIG. 16. Pocket of Decay
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FIG. 17. Mode Shapes Used in Damage Localization Algo-
rithm

with the sampling locations in the experimental tests. Thus,
nonzero modal displacements are reflected at the ends, reflect-
ing compression perpendicular to the grain. To further justify
the rough calibration of the model, it is believed that the severe
amount of decay at the end of the beam may have shifted the
frequencies of vibration by a sufficient amount such that the
measured frequencies of vibration may no longer accurately
represent the response of the beam in its undamaged state.

In Table 2, the frequency of vibration for the first mode
measured in the laboratory is compared with the first natural
frequency of vibration caculated from the finite-element
model. A schematic of the beam is shown in Fig. 15, indicating
the extent of the pocket of decay, the location of supports, etc.
A photograph showing the severe pocket of decay at the pin-
supported end of the beam is shown in Fig. 16. Mode shapes
used in calculating the damage indicator values are also shown



TABLE 2. Comparison of Natural Frequencies of Vibration
(Baseline Model versus Experimental)

Percent
(Hz) Experimental FEM difference
1) &) 3 4)
fy 34.2 319 6.7

False Positive
/

Decayed
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Position Along Beam (m)

FIG. 18. Damage Indicator Values for Severely Decayed Tim-
ber Beam (Mode Considered: 1)

in Fig. 16, and the standard normal damage indicator values
(Z) are shown in Fig. 18.

If the confidence interval for indicating decay in the timber
beam is set at Z > 2, the agorithm gives no indication of the
pocket of decay at the end of the beam and also shows one
false-positive location of damage near the midspan. However,
the mode shapes themselves do indicate that some type of
damage or decay is likely present at the left end, softening the
end of the beam and producing the modal displacement mea-
sured at the decayed end. Since the damage localization al-
gorithm was derived for flexural modal strain energy, the al-
gorithm will not correctly identify damage when significant
flexural modal displacements cannot be excited and measured.
In this case, the beam span was very short relative to the size
of the cross section. Consequently, very little flexural vibration
was excited during laboratory testing. The experimental mode
shape shown in Fig. 17 reflects a mode that indicates com-
pression perpendicular to the grain of the beam rather than
flexural vibration. The above laboratory test case shows that
the current damage localization algorithm is limited to appli-
cations where significant flexural vibration can be excited and
measured. For very short and stiff timber beams, it would
likely be necessary to derive a separate algorithm based on
modes of vibration that correspond to compression perpendic-
ular to the grain in order to correctly locate a pocket of decay
at one or both ends of the beam.

CONCLUSIONS

Both analytical and laboratory tests were performed on sim-
ply supported timber beams in an effort to verify the use of
experimental modal analysis and a previously developed dam-
age localization agorithm for use in detecting and locating
damage in timber beams. A calibrated baseline model was also
used to represent an undamaged timber beam tested in the
laboratory to more closely simulate the use of the proposed
NDE method when the modal parameters for the undamaged
state of the beam are unavailable.

Application of the damage localization algorithm to identify
the location of the inflicted damage in a simply supported

11.43 cm X 15.88 cm (4.5 in. X 6.25 in.) timber beam tested
in the laboratory shows that the required severity of damage
is between a 2.54-cm (1-in.) and 5.08-cm (2-in.) deep saw cut
before the algorithm can correctly identify the location of the
damage. Damage severity on this order is necessary due to the
natural variability of the material properties of wood as well
as the inherent noise in the experimental measurements. It is
noted that the variation of the material properties along the
length of the beam (especidly at the locations of large knots)
would appear as damage when using the damage localization
algorithm, even if noise-free experimental data could be ob-
tained. As the severity of the inflicted damage increases, the
confidence in locating the damage at the correct location aso
increases. Furthermore, as the removed notch becomes longer,
the number of locations identified as damaged also increases,
reflecting the increased length of inflicted damage.

When a calibrated baseline model is used to approximate
the undamaged modal parameters of the beam, the required
severity of damage is increased to between a 5.08-cm (2-in.)
deep saw cut and a 5.08 cm X 5.08 cm (2 in. X 2 in.) notch
before the damage localization algorithm can correctly identify
the location of the inflicted damage. Results using the cali-
brated baseline model to represent the undamaged state of the
beam may be improved if more of the natural frequencies of
vibration can be confidently measured in the laboratory. The
localization algorithm may not require knowledge of higher
modes to correctly locate the inflicted damage, but this will
allow the model to be calibrated more precisely so that the
dynamic response of the beam can be described more accu-
rately. This issue is likely to become more important when
extending the proposed method of global NDE to actual timber
structures.

Due to the derivation of the damage localization algorithm,
using flexural mode shapes to indicate the location of damage
within a flexural member, the algorithm is limited to applica-
tions where significant flexural vibration can be excited and
measured. For cases such as the decayed timber beam with a
short span and relatively large cross section, the algorithm may
not correctly locate present damage no matter how large the
damaged or decayed region happens to be.

The use of experimental modal analysis and the damage
localization method to locate damage within a timber beam or
structure is believed to be practical. The outlined method of
testing provides a method to perform a global evaluation of a
timber member thereby locating possible areas of damage or
decay within that member. Given the limitations in the mini-
mum severity of damage that can be located in atimber beam,
other NDE methods aready established should be employed
to perform a more comprehensive evaluation in the localized
regions identified through vibration testing. This would be
done to confirm that damage or decay does exist a the loca-
tions identified by the damage localization algorithm as well
as to provide a better estimate of the severity of that damage
or decay.

It is noted that for some of the experimental cases of dam-
age studied, the confidence level may be set lower so that the
smaller magnitudes of inflicted damage can be identified. This
would also result in several false-positive locations of damage.
However, in the extension of the application of the proposed
method of NDE to actual timber structures, it is desirable to
identify possible areas within the structure that may be loca
tions of damage or decay, reducing the number of locations
that must be investigated using other localized forms of NDE.
These identified areas would then be investigated further using
one or more of the localized methods to better assess the con-
dition of the member at the potential damage location and
provide a more comprehensive evaluation of the structure. A
limited number of false-positive locations of damage to be
investigated further would be considered acceptable.



Each of the laboratory tests performed were simply sup-
ported beam cases. While the damage could be located within
a simple beam, timber structures such as bridges are more
complex, and therefore further laboratory tests should be per-
formed to explore the capabilities and limitations of applying
dynamic system identification for use in identifying damage
or decay within a more complex structure.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

E. = longitudina modulus of easticity;
f; = natural frequency of vibration for mode i (Hz);
= modulus of rigidity; and

@
Ng

standard norma damage indicator value for element j.
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