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Significance of operating environment in
condition monitoring of large civil structures

Sreenivas Alampalli changes in modal parameters to simulated damage, us-
Structures Research, New York State Department of  ing laboratory bridge models and field bridges [1,4].
Transportation, 1220 Washington Avenue, Albany, Alampalli et al. [1] investigated sensitivity of measured
NY 12232-0869, USA modal parameters to simulated damage conditions by
Tel. +1 518 457 5826 Fax: +1 518 457 7535; conducting repeated tests on a scaled model and an
E-mail: salampalli@gw.dot.state.ny.us abandoned field bridge. They concluded that modal
frequencies may be used to detect existence of dam-
Received 9 November 1998 age in highway bridges. However, it is difficult to iso-
Revised 10 September 1999 late damage locations. Such favorable conclusions led

to development of analytical models calibrated using
Success of remote long-term condition monitoring of large field data, and algorithms for damage detection and to

civil structures and developing calibrated analytical models Interpret data from monitoring systems [6]. _
for damage detection, depend significantly on establishing ~One major issue in developing condition moni-
accurate baseline signatures and their sensitivity. Most stud- toring systems is that experimental modal analysis,
ies reported in the literature concentrated on the effect of like other experimental techniques, produces variable
structural damage on modal parameters without emphasis on results when repeated due to the influence of test
reliability of modal parameters. Thus, a field bridge structure environment, random variation associated with test
was studied for the significance of operating conditions in  and analysis procedures, and in-service environment.
relation to baseline signatures. Results indicate that in prac- These variations may exceed the changes due to dam-
tice, C|V|I_structu_res shquld be monitored for at least one f_uII age or deterioration, and thus can lead to incorrect
cycle of in-service environmental changes before establish- o) sjons. These effects consequently must be well
ing baselines for condition monitoring or calibrating finite- .
element models. Boundary conditions deserve special atten- understood_ before reliable u_se of mOdaI_based dam-
tion. age detection through algorithms or analytical mod-
els. Very few studies are available addressing this is-
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tection, remote monitoring systems, bridges, reliability of SU€, and other researchers have started to investigate

test data, in-service bridge environment, bridge model cali- this iSSU_e [1,2]. Alampalli et al. [1] studied the ef-
bration fects of instrumentation systems, test method, data re-

duction, and required manual operations on measured
modal parameters of a scaled-bridge model and a field
1. Introduction bridge. However, little attention has been given to sen-
sitivity of modal parameters to in-service environment,
Remote monitoring of such large civil structures as which is critical for implementation in such practices
bridges and dams, for condition monitoring and to de- as bridge or structural monitoring or inspection. This
velop analytical models has received considerable at- paper presents such results from experimental tests on
tention in the last decade. Several researchers concen-a field bridge.
trated their efforts on bridge structures, because their
inspection relies largely on visual examination to de-
tect deficiencies and to estimate bridge condition, in 2. Test structure
spite of lack of tools to document damage quantita-
tively. A fracture-critical bridge with two steel girders, lo-
Vibration monitoring for bridge diagnosis is one of cated over Mud Creek on Van Duesen Road in Claver-
these methods. Several researchers have investigatedick, NY, was field tested. This bridge was built in 1930
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Fig. 1. Schematic of the bridge.

and closed to service in 1988. It had two W864 terest could be represented [1]. The accelerometer lo-
steel girders supporting floor beams and a reinforced- cation was chosen so that it was perceived and later
concrete deck, as shown in Fig. 1. The floor beams verified not to be a modal node within the frequency
were bolted to the main girders, which appeared to be range of interest. The hammer provided the excitation
embedded in the concrete abutments at both ends. input at every test location, and the frequency response
function (FRF) was obtained by measuring force in-
put (of the impact hammer) and response output (of
3. Test method the stationary accelerometer). FRF was computed by
the analyzer, which also performed signal digitization
A general impact test setup [3] was used. An im- using appropriate antialiasing filters, by dividing the
pulse force hammer (PCB Model 086B50) was used to cross-power spectrum of output and input signals with
excite the bridge, and the induced excitation was mea- auto-power spectrum of the input signal. An exponen-
sured using a load cell (10 mV/Ibf sensitivity) attached tial window (filter) was used on the vibration response
to the hammer tip. Structural responses were measuredand the force window used on the hammer excitation.
using an accelerometer (PCB Flexcel Model 336A04 The purpose of a force window is to increase the signal
with 100 mV/g sensitivity) fixed rigidly to the bridge’s  to noise ratio in the force signal. The hammer impact
steel girders by a magnet. Only vertical vibration re- pulse is short compared to time record length. Thus the
sponse perpendicular to the plane of the concrete deckforce window consists of a rectangle of unity ampli-
was measured. A Tektronix Model 2630 dynamic sig- tude initially to preserve the pulse portion of the sig-
nal analyzer obtained time-domain data, transfer func- nal and then tapers quickly to zero to eliminate the
tions, power spectra, and coherence functions [3]. noise [5]. Similarly, if the response of the structure has
A total of 54 measurement locations were chosen, not decayed to zero by the end of the time record, the
such that behavior of the structure in the modes of in- signal will produce leakage error in the estimated FRF.
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Table 1

Thus the purpose of the exponential window is to add
Random variation of modal frequencies for intact field bridge

extra decay and artificially force the response to zero

and avoid truncation error. Exponential window con- Test Air Modal frequencies (Hz)
sists of a leading half cosine taper to unity, followed number  temp. Mode Mode Mode

by an exponential decay with a suitable decay con- (°F) 1 2 3
stant [5]. 1 57 10.832  20.176  36.848
This test procedure was repeated for each point until 2 45 10.875  20.275  36.916
a good coherence, above 0.95 in the frequency range 3 44 10.974 20230  36.920
of interest, was obtained and then the average of FRFs 4 48 10.905  20.145  36.777
was stored as the input-output transfer function [3]. 5 48 10.880  20.290  36.776
The coherence function indicated consistency of the 6 49 10.933  20.266  36.750
obtained data, being 1.0 for perfect consistency and 7 46 10.901  20.250  36.752
zero for no consistency. For all the data collected, al- 8 45 10.858  20.183  36.621
most perfect coherence values (greater than 0.95) were 9 42 10.886  20.157  36.728
recorded in the frequency range of interest. Modal pa- 10 42 10.906 20150  36.833

rameters were estimated using software from Struc- Range 57_42 10.974— 20.290— 36.920—

tural Measurement Systems. In this paper, discussion 10.832  20.150  36.621
is limited to the obtained modal frequencies. Mean 46.6 10.895 20212  36.792
STD 4,152 0.037 0.053  0.0859
COV (%) 8.901 0.343 0.263 0.233

4. Influence of random variation
In practice, all data acquisition systems and sensors > Effect of in-service conditions
can collect data to a limited accuracy. Test environment

adds noise to measured structural responses. Required SeNSitivity of baseline signature was established as
manual operations during data collection and subse- described in the previous section. Effects of in-service

quent analysis may introduce fluctuations in test re- €nvironmenton modal parameters for condition moni-
sults. All these random and uncontrollable factors con- toring or calibrating analytical models for damage de-
tribute to non-systematic variation in test results. Es- t€ction are now described.
tablishing stable structural signatures and quantifying  Weather conditions in upstate New York, where the
their variation thus may be critical for practical appli- (€St bridge is located, vary greatly by season and thus
cations. the field bridge experiences extreme cold and hot tem-
To quantify the effect of test environment on modal Peratures. It was decided to test the structure during
parameters, ten impact tests were conducted on the P€low- and above-freezing temperatures to investigate
bridge to evaluate variation in measured modal fre- €ffects of in-service temperatures on structural signa-
quencies. Data were obtained using a 0-200 Hz base fures. When these tests were conducted, the structure
band, with 0.125-Hz frequency resolution. Table 1 Wwas in a seriously damaged state and the data here cor-
gives the obtained modal frequencies and their statis- respond to a case where both bridge girders had been
tical characteristics in terms of means, standard devia- cut through the entire flange width and thickness. Tests
tions, and coefficients of variation (i.e., standard devia- Were repeated 16 times on 13 different days.
tions divided by the means). These results indicate that ~ Tests were identical to those previously described,
frequencies are estimated with relatively high consis- €xcept that temperature in the field was near freezing
tency (within three times the employed frequency reso- during winter. After data were obtained, a simple sta-
lution), and thus can be used as fundamental structural tistical analysis was conducted to obtain confidence in-
signatures. This indicates that if the change in modal tervals, assuming both temperature and simulated dam-
parameters is too small to be seen/recorded, in all like- age to be influencing factors, and adjusting means for
lihood no significant structural change will have oc- temperature effects. Confidence intervals were also es-
curred. They also demonstrate that if modal frequen- timated assuming the simulated damage to be the only
cies are to be used as structural signatures, changesnfluencing factor. These results showed that temper-
in structural condition may not be detected if they re- ature indeed was influencing baseline signatures (i.e.,
sult in small deviations, as those observed, from mean modal frequencies). Careful examination of test results
modal frequencies. indicated that it would be appropriate to split the data
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into two groups based on field air temperature. Because 2 -1
measured temperatures under the bridge were Sko 6
lower than air temperature, 388 was selected as the
cutoff value.

Results of modal tests for above-freezing temper-
atures are shown in Table 2, and were then statisti-
cally analyzed to estimate confidence intervals, assum-
ing both temperature and simulated damage to be in-
fluencing factors, and adjusting means for temperature L= 2 Above Freezing
effects. Confidence intervals were also estimated as- == e
suming the simulated damage to be the only influenc- —=
ing factor. Based on this statistical analysis, it was con-
cluded that above-freezing temperature had no practi- 8 — Damaged Damaged
cal or significant effect. Structure State

Comparison of modal results obtained, at above-
freezing temperatures, from damaged state (Table 2
and Fig. 2) with intact state (Table 1 and Fig. 2) show
that the variation of modal frequgnmes for d_am_aged easily conclude with high certainty that the structure
state is higher. However, summarized statistics in the has suffered stiffness loss due to the inflicted damage.
tables also show that modal frequencies have changed  p.its of modal tests for below-freezing tempera-
significantly from the intat_:t state. Ma?dmum valuesfor o5 are givenin Table 3. Comparison of the intact fre-
damaged-state frequencies are noticeably lower than o, cies with those in Table 3 for below-freezing tem-
corresponding minimum frequencies in the intact state peratures suggests an alternative conclusion — that is,

for all three modes. This significant difference indi- gy, 014 stiffness has increased significantly, because

cates that a change has occurred in the SITUCIUre’s Con-yheqe frequencies are higher than the corresponding in-
dition. The observed drop in frequencies is also con- ;¢ bridge frequencies in Table 1 (see Fig. 2).
sistent with the fact that modal frequencies of a struc-

ture decrease with loss of stiffness. From Tables 1 and
2, not even knowing the structure’s condition, one may g piscussion
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Fig. 2. Effect of in-service environment on the natural frequencies
and damage detection.

Table 2

Variation of modal frequencies of field bridge, with simulated
damage, at above-freezing temperatures

Careful study of structural plans and on-site inspec-
tion indicated frozen supports as a probable cause for
this unusual condition. Freezing of accumulated mois-

Test Air Modal frequencies (Hz .
number  tem Viode ?\Aode ( Mz)de ture (from a creek beneath the bridge) at the supports
(OF)p' 1 ) 3 caused partial fixity at the ends of the embedded gird-
ers, and resulted in the apparent increase in modal fre-
1 59 10.195  19.794  35.357 :
2 57 10.106  19.762  35.289 quencies. : '
3 & 10038 10713 35140 The ratio between natural frequencies of a fixed and
. 60 o '940 19'683 34'974 simply supported beam can be estimated using the
’ : ' theory of vibration for continuous systems. This ratio
5 61 9.977 19791 35.629 ranges between 1.4 and 2.3 for the first three modes,
6 53 10.055 ~ 19.774  36.058 depending on loading (uniform or concentrated) and
! 69 9.953  19.780 35395 consideration of the beam’s self-weight [7]. Similar ra-
8 4 10001 19.715  35.059 tios for mean frequencies in Tables 2 and 3 were con-
9 50 9.876  19.369 34771 sistent with theoretical values and ranged from 1.4 to
10 64 9.856  19.496  34.739 1.7, supporting the conclusion of partial-fixity of the
Range  74-50 10.195-  19.794-  36.058- structure due to frozen supports.
9856  19.369  34.739 Although the observed seasonal changes were im-
Mean — 60.85 10000 19.688 35241 portant for better understanding of the tested structure
STD 6693 0098 0135 0380 (see Fig. 2), these changes (in this case due to environ-
COV (%) 11.000 0.981 0.687 1.079

ment or partial fixity of bearings) may be of little im-
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Table 3

Variation of modal frequencies of field bridge, with simulated
damage, at below-freezing temperatures

Test Air Modal frequencies (Hz)
number temp. Mode Mode Mode
(°F) 1 2 3
1 36 19.706 32.316 66.258
2 36 17.201 28.102 56.214
3 31 15.586 26.979 52.391
4 30 15.198 25.964 52.424
5 34 16.641 28.677 57.425
6 36 16.032 27.467 48.670
Range 36-30 19.706—- 32.316— 66.258—
15.198 25.964 48.670
Mean 33.75 16.727 28.251 55.564
STD 241 1.485 2.008 5.563
COV (%) 7.14 8.877 7.108 10.012

Note: Since, measured temperatures under the bridge were 5 to
6°F lower than air temperature, 38 was selected as below-
freezing temperature.

portance to a bridge owner, and would not generally be
alarming unless they compromise structural integrity.
However, for a condition monitoring system and dam-

age assessment, use of such data without proper un-

derstanding, could result in significant misdirection of
effort and resources. If the damaged bridge data were
recorded at a temperature corresponding to limited fix-
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clusions. In-service/operating environment can signif-
icantly influence modal parameters, without compro-
mising strength or safety. These are entirely depen-
dent on the structure and its environment, and thus are
unique for each structure. They should be well under-
stood before attempting damage assessment by contin-
uous monitoring of any structure. Bridges should be
monitored for at least one full cycle of in-service con-
ditions, before establishing warning triggers for con-
dition monitoring or using damage assessment algo-
rithms, and one must use great care in interpreting their
output before adopting automated warning/alarm sys-
tems.
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