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ABSTRACT 

This proceedings, Nondestructive Testing Methods for Civil 
Infrastructure, contains papers presented in the sessions on nonde­
structive testing (NOT) for the 1993 Structures Congress held in Irvine, 
California on April 19-21, 1993. The purpose of this proceedings is to 
bring the modern NOT techniques that are being used in the aerospace 
and medical industries into the civil infrastructure. To this purpose, these 
papers deal with new developments of NOT methods and experiences 
for testing of materials, building components, and highway structures. 
Some specific topics covered are vibration monitoring, acoustic emis­
sions, and ultrasonics. 
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FOREWORD 

The papers included in the following proceedings are the full-length papers pre­
sented in the sessions on nondestructive testing (NDT) for the structures congress 
1993 held in Irvine; California on April 19-21, 1993. Each of the papers included in 
these proceedings has received two positive peer reviews. All these papers are eligi­
ble for publication in the ASCE Journal of Structural Engineering. 

While it is apparent that the aerospace industry has received more attention than 
the civil infrastructure in the application of NDT, the civil infrastructure including 
highway bridges and pavements require new technology or improvement of existing 
technology in terms of longer service-life to provide reliable quantitative informa­
tion to insure the safety of our structures. Because of the neglect, infrastructure dete­
rioration rates have led to productivity losses, user inconveniences, and severe 
decrease in ratings or load limitations. Hopefully, the use of modern NDT tech­
niques can alleviate some of these problems. The purpose of these proceedings is to 
bring in the modern NDT techniques that are being used in the aerospace and med­
ical industries into the civil infrastructure. To meet the above purpose, this document 
includes technical papers dealing with new developments of NDT methods and 
experiences for testing of materials, building components, and highway structures. 

The focus of these proceedings is to increase the awareness of the various nonde­
structive evaluation methods that are now the subject of research of material science 
and engineering. 

The research issues addressed herein are strength, deformability, chemical degra­
dation, and fracture of structural materials, components, and systems. The goals are 
to predict, control, and improve the integrity of materials in service and prevent cat-. 
astrophic failures. 

The research challenges do occur commonly in sensor technology for making the 
necessary measurements (nano and micro level), sometimes under hostile field con­
ditions and with limited access. Also, NDT research demands on quantification of 
nondestructive evaluation signals so that the information about the state of the mate­
rial provided by such techniques can be used with confidence in condition assess­
ment and remaining life estimates of a facility. The topics discussed in these pro­
ceedings include vibration monitoring, acoustic emissions, ultrasonics, and others. 

Hota V. S. GangaRao, Director, Professor, 
West Virginia University, 
Morgantown, West Virginia 
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MODAL ANALYSIS TECHNIQUE FOR BRIDGE DAMAGE DETECTION 

K.C. Chang 1, A.M., Z. Shen2, S.M., and G.C. Lee3, M., ASCE 

Abstract 

. The dynamic responses of a wide-flange steel beam with artificially 
introduced cracks were studied analytically and experimentally. frequencies, 
displacement mode shapes (DMS), and strain mode shapes (SMS) are determined 
in both the analytical and experimental analyses. Modal damping ratios are also 
extracted in the experimental study. The sensitivities of the change of the modal 
parameters due to the damages are studied. The absolute changes in mode shapes 
were used to determine damage locations. Results show that the damage of a 
beam can be detected and located by studying the changes in its dynamic 
characteristics. SMS shows higher sensitivity to local damage than DMS does. 

Introduction 

The modal parameters of a structure are functions of its physical 
properties (mass, stiffness, and damping). Structural damage will result in 
changes of the dynamic properties [Mazurek and De Wolf 1990, M. Biswas et al. 
1989, Salane and Baldwin Jr. 1990, and Yao et al. 1992]. Therefore, damages 
to the structure in general will result in changes of the physical properties of the 
structure, and hence the modal parameters. Presently, measuring and analyzing 
dynamic response data have been recognized as a potential method for 
determining structural deterioration. 

1 Professor, Department of Civil Engineering, National Taiwan University, 
Taipei, Taiwan. (Formally of Department of Civil Engineering, State University 
of New York at Buffalo) 

2Graduate Research Assistant, Department of Civil Engineering, State 
University of New York at Buffalo, Buffalo, NY 14260 

3Professor and Dean, School of Engineering and Applied Science, State 
University of New York at Buffalo, Buffalo, NY 14260 



2 NONDESTRUCTIVE TESTING 

Fatigue cracks constitute the most common reason for stiffness degradation 
of steel bridges. However, the changes in frequencies, damping ratios, and OMS 
associated with the development of these cracks are minimal and are difficult to 
distinguish from experimental noise. In this paper, SMS was used for damage 
detection of girder bridges. The rational for using SMS for structural diagnosis 
is as follows: Structural damage will always result in stress and strain 
redistribution. The percent of the changes in the stresses and strains will be 
highest in the vicinity of the damage, and hence the damage zone can be 
identified. An experimental study was conducted by using a model girder bridge. 
The changes in OMS, SMS, natural frequencies, and modal damping were 
recorded simultaneously as various cracks were introduced to the girder. A finite 
element model was also developed to obtain analytical results so that a 
comparison could be made with the experimentally observed data. 

Theoretical Bases of Modal Analysis 

The basic concept of analytical and experimental modal analyses was 
developed by Bishop and Gladwell [1963], Clough and Penzien [1975], Ewins 
[1986] and Bernasconi and Ewins [1989]. 

For an N-Degree-Of-Freedom system, the general equation of motion may 
be written as: 

[ml {i( t) }+[cl {X( tl }+[kl !x( t) }={f( t) l ( ll 

where [m], [c], and [k] are the N x N, mass, viscous damping, and stiffness 
matrices, respectively. {x(t)} and {f(t)} are the N x 1 vectors of time-varying 
displacements and forces. 

Suppose a proportionally damped structure is excited at point p with the 
responses recorded at point q, the component of the Frequency Response Function 
(FRF), hv. is given by: 

• • .... (2) 

~·'E CrYl ·~,.r='E1 i, -wZfllr+J.wCr 
Pl P Z 

where ~ is the component of the mode-shape matrix [~] and 

CrYl i Xr-wz~r+J.wC,~ (3) 

is an N x N diagonal matrix. In Eq. 3, M,., C,, and K, are the components of the 
generalized matrices [M], [C], and [K] respectively. 

The strain field may be defined as follows: 

CtJa[DJC+J (4) 

where [1/t] is the matrix of strain mode shapes, [D] is an N x N matrix of linear 
differential operator which translates the displacement field to the strain field, and 
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(<fi] is the OMS matrix. 

The general expression for the components of the Strain Frequency 
Response Function (SFRF) and then be expressed as: 

_.;.. ... F (5) 
Sgp(wl - ,/,J K -w2H +;fwC 

r-1 r r ~ 

where 

It is clear from Eq. 2 and Eq. 5 that in experimental crack simulation, the 
displacement and strain mode shapes corresponding to different modes can be 
determined from the resonant magnitudes of different points on the Frequency 
Response Function curves. 

After obtaining the FRF, the real and imaginary parts are extracted. 
Circle-fit analysis is then used to obtain the modal parameters. A set of measured 
data points around the resonance at w, is used for the circle fit. The modal 
parameters can be obtained from the modal circles. 

Referring to Fig. 1, the damping of the mode can be obtained by: 

(,• Cw!-w~) I (2w~(tan<8./2) +tan(8J/2))) (7) 

lm(a:} 

Re (a:.) 

Fig.1 Fitting Circle 

Where, wb is a frequency below the natural frequency, "'• is a frequency above 
the natural frequency, and (Jb and 61 are related phase angles. 

3 
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The natural frequencies are the values which maximize the following 
expression: 

~::o(-w~~rl (l+(l-(w/Wr)2)2/2~r) (8) 

In Eq. 8, 0 is the phase angle, Z is the damping ratio of the f'l' mode. 

The mode shapes can be obtained by observing the diameters of the fitted 
circles at all measuring stations. They are then normalized with respect to a 
reference station [Liang and Lee 1991]. 

Experimental Setup and Test Procedure 

A standard W6X20 steel I-beam with a 12-foot'length was used as a model 
girder bridge in this experimental and analytical study. Fig. 2 is a schematic 
drawing of the test specimen. The end supports were two hinges connected to the 
bottom flange of the beam. These supports restrained only the longitudinal and 
vertical motions. The direction of the introduced vibration was in the plane of 
the web. 

I 

Fig. 2 Layout of Specimen, Cracks and Measuring Stations in Test 

Four different damage types were introduced to the beam. Case 1 was a 
full flange cut located between Al and A2 at 2.3 inches from A2. Cases 2 and 
3 were half deep flange cut and full deep flange cut located between A5 and A6 
at 2.3 inches from A6. Case 4 was a vertical cut on the web with a depth of 6 
inches (full web height) at A3. The width of the cracks was 1/16 inches 
introduced by an electric saw in the specimen. 

The locations of the accelerometer and strain gage stations are also show. 
Accelerometers are identified by Al, A2, etc. and strain gages by Sl, S2, etc. 
Since damages were designed to occur between stations Al to A6, A9 is selected 
as the reference station for all accelerometer stations and S9 for strain gage 
stations in the normalization of the mode shapes. 

A 12-pound impact hammer was used to excite the test structure. The 
data sampling rate was 600 Hz. 
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Tests sequenced from Cases 1 to 4. At the beginning of a test, the 
baseline signature was measured on the undamaged beam, then a crack was cut 
an<l the dynamic characteristics associated with the damaged beam were 
dett!rmineJ. After th<! damage Case l and 3 (the full flange cut) were completed, 
the cracks were welded, and the signature from the "repaired" beam was 
redefined as a new baseline for the next test case. 

In every test case, force and responses of 20 strikes were recorded for 
analysis. The digitized signals were Fourier transformed. An averaged­
frequency response function (FRF) was calculated from averaged power and 
cross-spectrum for each channel. On every Fourier transform, a total of 4096 
points were used and the resulting frequency resolution was 0.1465 Hz. After 
getting the FRF, the modal parameters were obtained by the circle-fit method 
[Ewins 1986]. 

To examine the accuracy of the test, the coherence function and the 
statistical analysis of frequencies and damping ratios were considered based on 
the data extracted from all sample stations. The mean value, standard deviation 
(er), and coefficient of variation COY (er/mean) ·were calculated. 

Owing to the limit of the impact hammer, only the first mode of the beam 
is clearly excited. The following discussion pertains to the variations of the first 
mode response. 

Analytical Crack Simulation 

Modal analysis of the finite element model of the test specimen was 
considered to compare it the experimental observations. This analysis was 
conducted by using "ANSYS". 

Finite element models using solid elements (Fig. 3) were generated for 
both the intact and the damaged beams. The undamped natural frequencies, 
displacement mode shapes and strain mode shapes associated with the first 
vibration mode in the plane of the web were calculated. In order to compare 
mode shapes for different damaged cases with the mode shape of the intact beam, 
a reference station is necessary. Since the damage was designed to occur on the 
left-hand-side of the beam, station 25 is selected as the reference station for all 
the cases. Eigen value analyses were performed for the intact and damaged 
models were performed to obtain the natural frequencies and DMS in the vertical 
direction. SMS can be analytically predicted by imposing values of DMS on the 
model through static analysis. The resulting strain values would be the SMS. 

The finite element models for the intact structure and the three damaged 
cases are given in Fig. 3. Stations along the beam from which the data were 
abstracted are also shown. Damaged Cases 1 and 3 were on the top flange with 
the cracks located between station 7 and 8 at 2.2 inches from station 7 for Case 
1, and between station 15 and 16 at 2.2 inches from station 15 for Case 3. 
Damaged Case 2 was not simulated by the finite element model. Solid elements 

5 
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with l/ 16 inch width were generated at the damaged locations and the relative 
elements were removed to simulate the cracks. The nodes located 2 inches away 
from th<! ends on the bottom flange were madded as simply supported to imitate 
the laboratory model. 

S · n Fig. 3 Futlte Element Model for The Test pecune 

Randomness of Dynamic Remonse and Test Accuracy 

Because the experimental data contain certain noises and other 
experimental error, the measured responses possessed a certain degree of 
inaccuracy. To determine the experimental accuracy, statistical analysis is 
performed. In the circle-fit analysis, the modal frequencies and damping ratios 
are extracted from every sampling station in each test case. Tables 1 and 2 
contain observed modal natural frequencies, modal damping ratios from 
accelerometers along with their mean, standard deviation (a') and coefficient of 
variation COY. 

As can be seen from Table l, the maximum difference of the measured 
frequency was 0.1465 Hz, which is the amount of frequency resolution with the 
maximum standard deviation of 0.0772 Hz and maximum coefficient of variation 
of 0.0016. These results show that the error range in the measured frequency is 
approximately ±0.0732 Hz (in one frequency resolution). 

In Table 2, measured modal damping ratios are given. The maximum 
variations occurred in Damage Case 2 (the maximum change was as high as 
0.00131) which has a coefficient of variation as high as 0.02403. Comparing the 
COVs with the data in modal frequency, modal damping ratios have a much 
higher variation than that of the modal frequency. 



BRIDGE DAMAGE DETECTION 

Table 1. Random Variation of Measured Modal Frequency(in 
Hzl from Accelerometers 

.. r ••• 

Cl IL CASt l c:.l IL CASE 1 CAS ! l C' IL C.\S I ' 

•• '9.&041 U.ll91 •U. 1193 U.9251 •l.2631 ll.1231 ll.CUO 

•2 0.1041 U.3391 0.1193 u.uss CS.2637 ll.llll s1 .. uo 

Al 0.1041 U.3391 U.1'93 <11.1193 •s.1112 Sl.1231 u.•uo 

.u 0.1047 U.3391 u.u21 U.92$1 cs.1112 ll.Ull ll.•UG 

AS 0.1001 U.ll91 0.6321 U.TTU u.1112 Sl.llll ll.4110 

"' 0.1001 U.ll91 41.6321 41.1193 41.1112 SI.Ill I Sl.4UO 

AT '9.1041 'l.1t34 ca.6l21 U.TT9l u.1112 Sl.Ull ll.0160 

Al 0.1001 41.3391 ca.6l21 U.119l •S.1112 Jl.llll ll.0160 

At 49.1041 U.ll91 4L1193 •L1T93 4l.1112 JI.Ult Sl.•UO 

MUii .,.IQ4T 4Ll2ll "·"" u.1211 U.U91 Jl.Ull ll.OllO 

" o.oaoo O.CMll 0.0112 O.OTll o.ou1 o.oaoo 0.0000 

MV ·-· . .... . .... ""~' t . .... . .... ..... 
Table 2. Random Variation of Measured Modal Damping Ratios 

from Accelerometers 

.. .,. ~lr:C 

Cl IL CAii I C2,l IL CASI 2 CUI l c• IL CUl4 

Al 0.01111 0.01119 0.021'9 o.02on 0.02239 0.013'7 0.01210 

Al O.OITH 0.0119' 0.021 .. 0.02121 0.0222• 0.0132' 0.0llH 

A3 O.OllTJ o.ouu 0.02211 0.02119 0.022•• 0.0133' 0.0Ull 

A• 0.01921 0.01160 0.0!103 0.02092 o.on:6 0.01343 0.01220 

Al 0.01919 0.01111 0.02l9l 0.020•0 0.023Sl 0.012'2 0.01211 

Al 0.01919 0.01116 0.02111 0,0J04T 0.02lll 0.01341 0.01211 

AT 0.0192l o.011u 0.02112 0.02046 o.o2l3J 0.01340 o.ou20 

Al o.01u1 o.01uT 0.02112 0.02011 o.02349 o.ou31 O.OUl9 

A9 o.01t11 0.01912 0.0:222 0.02064 0.02ll0 o.01ut o.01229 

lllAll 0.01191 0.011'1 0.02119 0.02011 o.ouo• o.oun 0:01211 

" o.ooaH 0.00039 0.0002• o.oooso O.OOOl3 0.00006 o.oooaa 

MV A A•U• . ... ,. . •.... . .... ...... ······· ...... 

Table .3. Natural Frequency Results in Analytical Study 

CAii UIOUIHCY CHAHOI PllCINTAGI 

IAllLIH 41.IJJH• 

OAllAGI CASI I '1, 131H& •0.411Ha -1.112• 

DAl .. GI CASI 3 •O.lUH& •l.441Ha .3,u2• 

DAllACI CASI .a .at.S99Hz •0.026H& -0.063• 

7 
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Tab!<! 4. :-i..itur.il frcquen-:y R<!sult5 in Exp<!rim.,nt;il Study 

C.\S S I 14 !:A~ 0 CHA.~G! PEllC!NTAG! 

CAS ! l 41.!0&"IH 0. 0000 

O.UU.G! C..\S! l 0. l~HHt 0.04U ·L4&1Ht -l.974~ 

CASE l, J 4&.66HHz. 0.0997 

DAliUG! CAS! l 4&.95.HH: 0.0911 O. l93Hz o.6oa 

DA.WAG! CAS! 3 4.S. 1'9!Ht 0.06'6 -J . .S16Ht -7.ll4~ 

CAS! 4 S l.1 ll I 0.0000 

DA.MAG! CAS! 4 H.4!GO 0.0000 O.l9l9Hz 0. S73$ 

In the experimental study, the coherence of all sampling channels is 
greater than 0.95 within the interested frequency range of 45 Hz to 52 Hz (Fig. 
4), which indicates that the signal noise (SIN) ratio is high enough to achieve 
good estimates of the response. The mode shapes obtained from test results were 
consistent within the same test case. The small deviation in measured mode 
shaped demonstrates the accuracy of the test. 

Fig. 4 Typical Coherence Function of Test Response 
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Modal Damping Ratio 

Modal damping ratios obtained from acc.:l.:rometers associated with the 
damage cases and related baseline values along with their mean, standard 
deviation (u) and coefficient of variation COY are examined. Because of the high 
COY value, no significant stable changes related to the damage cases can be 
obtained, suggesting that the traditionally-used damping ratio may not be a good 
indicator. A comprehensive discussion of damping in structural dynamics may 
be found in Liang and Lee [1991]. 

Natural Freguency 

Tables 3 and 4 show the analytically and experimentally-obtained natural 
frequencies of the baseline structure and the damaged structures, respectively. 
The first mode is the bending mode in the strong axis direction. 

The natural frequencies dropped when full depth cracks occurred on the 
flange (Case 1 and 3), which signifies structural stiffness deterioration. The 
changes of natural frequency reflect the presence of the damages on the flange. 
However, very little frequency decrease was noted for Damaged Case 4 with a 
crack on the web in the analytical study. This very little decrease in frequency 
is done to a slight change in the moment of inertia of the cross section when the 
crack was introduced in the web. 

For Damage Cases 1 and 3, although the cracks were of the same size, the 
frequency change due to Damage Case 2 was approximately three times of that 
of Damaged Case 1 in both the analytical and experimental studies. This 
indicates that the frequency change in the first mode is more sensitive for cracks 
developed at the center of the beam than those introduced near the ends. For the 
same crack length the relative significance of frequency change in a certain mode 
is determined by the position of the crack. Thus, when the crack occurs closer 
to the location corresponding to higher relative values of the mode shape, more 
significant changes of the structural stiffness, resulting in more detectable changes 
in natural frequency, can be observed. 

A comparison between the results of the analytical study and experimental 
study shows that the frequency changes in the experimental study are larger. The 
difference is likely to be the result of the finite element approximation and the 
error of experimental analysis. 

Displacement Mode Sha,pe 

Displacement mode shapes were examined in both the analytical and 
experimental studies. Fig. 5 shows the analytical displacement mode shapes 
corresponding to the baseline, Damage Case 1, and Damage Case 3, respectively. 
Fig. 6(a) and (b) are the experimental displacement mode shape comparisons of 

9 
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Damage Case 1, Damage Case 2, and 3 with the corresponding baseline values. 
Since the displ:l.cement mode shape curve of Damage Case 4 is approximately the 
same as that of the baseline case in both analyses, it is not shown in these 
Figures. However, in Damage Cases l and 3, an increase in the amplitude of 
displacement mode shape can be observed within a large range of damage 
locations. This increase in amplitude indicates that flange cracks lead to 
detectable glQQfil changes of the displacement mode shapes. 

In order to determine the damage locations from the mode shapes, the 
differences of the mode shapes for the damage cases with respect to the baseline 
are shown in Figs. 7 and 8 for the analytical study and experimental study 
respectively. Because of the slight change observed for Damage Case 4 in the 
experimental study, this difference curve is not included in Figures 7 and 8. 

I 
I 

I 
• • • • • • 

Fig.5 Displacement Mode Shapes in FEM 

From both the analytical and the experimental studies, some important 
observations can be made: 

(1) The largest DMS change occurs near the stations where the damages 
occur. 

(2) In the analytical analysis, a comparison of the changes in Damage 
Cases 1 and 3, the crack at the location close to center of the beam affects the 
mode shape associated with the first vibration mode more significantly. 

(3) The difference curve for Case 2 also clearly indicates the damage 
location although the amplitude is relatively small (Fig. 8). compared with the 
results of modal frequency in which no visible changes can be seen, the DMS is 
more reliable for the "small" damage. Fig. 7 also shows that the change of mode 
shape is small for the web-damage case when compared to the flange-damaged 
cases. 
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Fig. 6a DMS for Case 1 in Test 

--""-
Fig. 6b OMS for Case 2 and 3 in Test 
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Fia.7 DMS Difference Curves for Cases l, 3, and 4 in FEM 

I 
I 
I 

I 

.,,.,.._ ______________ ---, 
II "'"'' 

Fig.8 DMS Difference Curves for Cases l, 2, and 3 in Test 
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Strain Mode Shape 

Fig. 9 shows the analytical strain mode shapes of the baseline value, 
Damage Cases 1, 3, and 4 respectively, while Fig. 10 shows their differences 
with respect to the baseline obtained in the analytical study. 

In the experimental study, comparisons of strain mode shapes between the 
damage cases and the relative baseline for Damage Case 1, 2, and 3 are shown 
in Figs. ll(a) and (b) respectively. Fig. 12 shows their differences as well. 
Because Damage Case 4 does not affect the moment capacity of the beam 
significantly, no changes on strain mode shape are measured. Therefore, Damage 
Case 4 is not shown. 

I 
I 
! 

Fig. 9 Strain Mode Shapes for Case l, 3, and 4 in FEM 

I 
I .. 
I .. 
I 

Fig. IO SMS Difference Curves for Case l, 3, and 4 in FEM 

13 
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As seen from Figs. 9 through 11, in Damage Cases 1, 2, and 3, increases 
in the amplitude of SMS is relatively close to the damaged locations. In addition, 
the SMS shows a much higher sensitivity to the damages as compared with that 
of OMS because the strain concentration occurs near the cracks. The relatively 
large localized changes can facilitate the determination of the damage locations. 
A clear change made by Damage Case 2 is shown at station 6 in the experimental 
study although there is no significant changes either in frequency or in DMS. 

Fig. l la Strain Mode Shapes for Case 1 in Test 

Fig. I lb Strain Mode Shapes for Case 2 and 3 in Test 
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• 
/\,/CISEJ 

/ \ 
i i 

I -~ X\ CME• ! ,/ ', \ 
; / &..._ i / \ .............. 

·•/ \ 

Fig.12 SMS Difference Curves for Case l, 2, and 3 in Test 

From the difference curves, it is also seen that, for the same crack size, 
the strain mode shape change of Damage Case 3 is more notable than that of 
Damage Case 1. It is also clearly demonstrated that the significance of strain 
mode shape change in a given mode is determined by not only the seriousness of 
the crack but also the position of the crack. 

Conclusions 

The results of this study showed that: (1) Experimental evaluation of 
natural frequency is more reliable as compared to the traditionally used damping 
ratios; (2) Similar cracks at various locations contribute differentl.y to the changes 
of the modal parameter; (3) The mode having the most significant changes in its 
parameters is the mode that its DMS takes its largest relative value close to the 
crack location; (4) Web cracks had insignificant effect on the bending capacity 
and hence, on the dynamic parameters; (5) SMS proved to be very sensitive in 
detecting the damaged zone as compared to other modal parameters; (6) Using 
the changes in modal parameters rather than their absolute values yields 
significant information about the crack location. Those changes can be used as 
input to neural networks for on-line damage diagnosis 
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Nondestructive Evaluation With Vibrational Analysis 

Robert G. Lauzon, M. ASCE and John T. Dewolf, Fellow ASCE 

Abstract 

A full-scale highway bridge, in the process of being 
demolished and replaced, was monitored using vibrational 
techniques. The bottom of the flange and web of one fascia 
girder were incrementally cut. Vibrational monitoring 
during the passage of a test vehicle was used to 
demonstrate that the vibrational signature of a bridge will 
change when a major defect occurs. Included in this paper 
is a discussion of how vibrational studies have been used 
in the evaluation of bridges. 

Introduction 

The Federal Highway Administration has reported that 
there are more than 230, 000 deficient or functionally 
obsolete bridges in the United States. Many of these spans 
were built in the 1950s and 1960s. Presently, inspections 
are carried out at approximately two-year intervals, 
depending on guidelines for the type of bridge and past 
performance. This is not always sufficient to prevent 
failures. 

At the 1992 Conference on Nondestructive Evaluations 
of Civil Structures and Materials in Colorado, it was 
stated that "the present practice of visual inspections at 
long intervals must be replaced by frequent, automated 
condition monitoring" and that this should "provide an 
early warning of distress, support aggressive maintenance 
programs and promote the timely remedy of emerging 
deterioration (Working Group on Steel structures and 
Materials, 1992). 

Vibration monitoring with accelerometers has been used 
in many areas. Virtually every nuclear power plant, 
petrochemical plant, and most major manufacturing plants 
utilize this technology for protecting critical machinery 
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and/or structures. Major airlines utilize the approach to 
alert pilots of impending danger due to turbine engine 
bearing or rotor failures. A small number of buildings 
have been monitored for wind and earthquake forces. The 
technique has only recently been applied to bridges for 
monitoring purposes. 

The work presented here describes the vibrational 
monitoring of a full-scale bridge subjected to a 
destructive test performed by research personnel at the 
Connecticut Department of Transportation with assistance 
from researchers at the University of Connecticut. 

Literature Review 

Most vibration studies of bridges have been one-time 
studies to determine different vibrational properties, such 
as natural frequencies, mode shapes or damping ratios. A 
large number of these have concerned wind induced 
vibrations, particularly those of suspension bridges. A 
relatively small number of studies have attempted to apply 
vibrational information to long-term bridge monitoring. 
The following reviews applications of vibrational 
measurements to monitoring bridges. 

An extensive field study {DeWolf, Kou and Rose, 1986) 
of a major four span continuous bridge in Connecticut 
formed the basis of continued vibrational studies of 
bridges at the University of Connecticut. The information 
collected from both traffic and test vehicle induced 
vibrations, and the knowledge gained on equipment needed 
for bridge studies, established that vibrational monitoring 
as used in other fields had application to bridges for the 
prevention of catastrophic consequences. 

A study of the Florida's Sunshine Skyway Cable Stayed 
Bridge {Jones and Thompson, 1991) was based on obtaining 
vibrational information for monitoring large bridges. The 
focus was the behavior under wind, and it was concluded 
that the work could be continued with a permanent 
installation to assess the performance of the bridge in 
storms. 

Davis and Paquet {1992) proposed extracting dynamic 
information from strain measurements for monitoring. Hearn 
and Ghia, in a report of an ongoing investigation, used 
dynamic strain records for twenty-nine bridges to detect 
the free vibration response in order to detect and assess 
changes in bridge conditions. Again, like the Jones and 
Thompson study, they established preliminary information as 
a basis for identifying changes over time. 
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Other researchers have conducted studies to determine 
how vibrational properties change when structural 
deterioration occurs, with applications to bridges. 
Extensive laboratory tests of bridge models with moving 
loads were conducted at The University of Connecticut 
(DeWolf, Lauzon and Mazurek, 1988; Mazurek and DeWolf, 
1990). It was demonstrated that major deterioration is 
detectable, noting that some of the lower natural 
frequencies and mode shapes change with cracking, support 
displacements and connection problems. They were also able 
to correlate experimental data with finite element 
analyses. Mazurek (Mazurek, Jordan, Palazzetti and 
Roberts, 1992), in efforts based on work at the University 
of Connecticut, determined frequency and mode shape changes 
as a defect propagated in a beam. The results were 
analytically correlated with the placement of a hinge and 
rotational spring in an equivalent beam. 

Spyrakos, Chen, Stephens and Govindaraj (1990) used 
test beams to evaluate the threshold for which damage can 
be detected using the dynamic characteristics. They found 
a correlation between the reduction in natural frequency 
with an increase in damage. Agbabian, Masri, Traina and 
Waqfi (1990) used a laboratory bridge model to study the 
potential of using the dynamic response to detect 
structural changes.. Turner (1990) performed experimental 
studies on a simply supported beam to determine natural 
frequency shifts due to defects. He concluded that natural 
frequency changes may be used as indicators to detect 
structural damage. He demonstrated the viability of 
measuring natural frequencies from traffic induced 
vibrations, based on seven full-scale bridge tests. Tang 
(1989)' used finite element models ~o determine how natural 
frequencies and mode shapes change due to structural 
imperfections. He noted that the mode shapes are a good 
indicator for detecting damage in a bridge's superstructure 
and proposed using this work as a basis for assessment of 
bridges. 

Hearn and Testa (1991) in related work demonstrated 
that vibrations can be used for nondestructive inspection 
of structures. They found that the natural frequencies and 
modal damping coefficients change with structural 
deterioration, based on experiments with welded steel 
frames and wire rope. 

Modal analysis is based on using an impact device or 
known loading, and then making comparisons of the data at 
the point of interest with the impact or loading data. 

A recent study of older bridges in Turkey (Uzgider, 
Sauli, Caglayan and Piroglu, 1992)) was based on using test 
vehicles to conduct modal analysis. The vehicles were 
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outfitted with accelerometers for determination of the 
input data. The collected data will be used as a base for 
later comparisons. 

Raghavendrachar and Aktan (1992) used the modal 
technique to review a reinforced concrete bridge. They 
concluded that vibrational studies can provide information 
useful in monitoring. They noted the need for additional 
research to perfect the approach. 

Modal analysis of bridges, has not always been 
successful because of the difficulty in making comparisons 
between the input and measured data. Unlike many model 
studies, bridges are neither homogeneous nor are all 
members fully connected together to behave as an integral 
unit. Additionally, the modal analysis method requires 
closing a bridge to conduct the monitoring with a test 
vehicle or other input device. 

An alternative vibrational analysis approach is to use 
the ambient method. This can be based on random loading, 
such as that from traffic, and it involves making 
comparisons of the data from different sensors, as opposed 
to making comparisons of the input and response data as 
used in modal analysis. Thus, in the ambient method it is 
not necessary to know the input functions. All that is 
needed is the use of multiple sensors, with simultaneous 
measurements, so that responses from different sensors can 
be compared. 

Reed and Cole (19". 6) proposed what they called the 
"random-dee technique" for use in monitoring bridges. This 
technique is based on measurement of ambient vibrations. 
They were able to detect crack growth with sensors placed 
in close proximity to the crack. They concluded that 
traffic induced excitations can be used to develop a 
practical method for monitoring the structural integrity of 
bridges. Recommendations involving major additional 
studies were presented in their report to fully develop the 
method. 

Musa (1990) determined dynamic properties for a bridge 
subjected to truck traffic using an approach based. on 
ambient monitoring. Included were the natural frequencies, 
mode shapes and damping ratios. He found that field data 
compared well with finite element analyses. 

Alampalli, Fu, and Aziz (1992) placed a vibrational 
monitory system on a bridge in New York. The system used 
traffic induced vibrations. They concluded that 
frequencies, mode shapes, and comparisons of other data can 
be used with consistency for identifying modal parameters 
for monitoring. 
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The previously noted vibrational studies at The 
University of Connecticut have been based on the ambient 
vibration technique. The results were used to work with 
Vibra·Metrics in Hamden, Connecticut, to design and build 
a prototype vibrational monitoring system for bridges. The 
system was used for data collection on a Connecticut bridge 
during a period of one and a half years (O'Leary, 
Bagdasarian and Dewolf, 1992). The researchers were able 
to: (1) extract meaningful frequency spectra from normal 
traffic flow; (2) directly determine the natural 
frequencies and mode shapes; (3) demonstrate that this 
vibrational information is stable and repeatable; (4) 
compare natural frequencies and mode shapes from the field 
data to finite element analysis results; (5) collect 
repeatable data during all possible weather conditions. 

Little has been done to introduce structural 
deficiencies in actual bridges and determine how changes in 
the structural integrity alter the global properties. 
Biswas, Pandey and Samman (1990) loosened bolts in a 
connection for a two-span continuous bridge, noting some 
change in the vibrational information. 

The following presents initial results from a study in 
Connecticut in which a crack was introduced in a bridge. 

Bridge Test Procedure 

The structure utilized for this test was a three-span 
simply-supported bridge (approx. 180-ft in total length) 
which consisted of eight simply-supported rolled beams 
(W36x165) across the width of the bridge which supported an 
8.5-in. cast-in-place concrete deck. The structure is 
shown in Fig. 1. Diaphragms (W30x99) were located at the 
midspan, quarter span and at the ends of the girders and 
were attached to the webs of the girders using riveted 
angles. The bridge structure was replaced in three stages. 
Before the destruction phase of Stage Three and immediately 
following the completion of Stage Two, the destructive test 
took place. The cross section of the portion of the 
western end span used for this study is shown in Fig. 2. 

Equipment 

Accelerometers were attached to the underside of the 
girders using magnets designed and connected to an eight­
channel digital tape recorder using cables. The tape 
recorder was battery-powered and utilized a Digital Audio 
Tape that could retain one hour of real-time signals 
produced by the accelerometers. Following collection of 
the data, the recorder was brought into the laboratory 
where it was combined with a Digital/Analog Converter to 
transfer the data to Personal Computer (PC). After 
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transfer to the PC, the data was analyzed using signal­
processing software. 

Test Procedure 

To approximate a cracked girder, the exterior girder 
was cut incrementally with a torch. This girder ("C") was 
selected for cutting due to the higher probability that 
such a girder would first develop a crack on an in-service 
bridge. Due to the girder's weakened condition, a 
temporary support structure was provided under the test 
span so that any unanticipated movement of the structure 
would be arrested before it could become a hazard to the 
test vehicle. static deflection of the bridge was measured 
after each cut and dynamic deflection was observed to 
ensure no contact was made with the support during the 
test. 

A full-size pickup truck weighing approximately 5400 
pounds was used as the test vehicle. Based on previous 
studies, it is expected that normal traffic should 
consistently excite the lowest 2 to 6 natural frequencies, 
including both flexural and torsional mode shapes. Above 
100 Hz, little information is available. 

Eight accelerometers were used for the primary test 
and were located on each of the three girders of the test 
span. The locations were chosen to provide a complete 
description of the vibration of the bridge. Using the data 
from the accelerometers at these locations, a comprehensive 
vibrational signature can be established. The crack 
approximation was located near the midspan of Girder "C". 
The cut was not made directly at midspan due to the 
existence of a diaphragm at that location. Before any cuts 
were made, the vibrational signature for the unaltered test 
span was fully defined. This was done using a number of 
tests with the vehicle crossing the span. The vehicle 
started from rest, off the bridge, and accelerated across 
the test span. Three sets of vehicle passes were done with 
the unaltered structure. A minimum of 12 passes were made 
for each set so that an average frequency spectrum could be 
established. The cut was incremented, beginning with the 
lower flange. It was then extended into the web in 
increments, and a full set of vehicle passes made between 
each cut. Following the final set of vehicle passes with 
the cut extended 24-in. up from the flange, the testing was 
terminated without incident. 

Test Results 

Overall, the static deflection of the test span 
increased very slightly from the unaltered condition and 
did not result in the span coming in contact with the 
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temporary support at any time during the test. 

The combination of the resonant frequencies, and their 
respective amplitudes and corresponding mode shapes can be 
termed a "vibrational signature" for a structure. 
Vibrational monitoring is based on the premise that a 
change in the stiffness will cause a change in the 
vibrational signature. Theoretically, the resonant 
frequencies will shift their location due to a reduction in 
structural stiffness, the mode shapes will change, and the 
respective amplitudes will be affected. 

Figure 3 shows a set of typical frequency spectra from 
the vibrational analysis of the structure. Included are 
the spectrum prior to cracking and those with incremental 
cracking. The peaks in these spectra correspond to the 
resonant or natural frequencies of the structure. These 
frequencies are a function of the stiffness and mass of the 
structure. Each resonant frequency is associated with a 
single mode shape, which is the deflected shape the 
structure would take if it vibrated only at that frequency. 

Table 1 contains the frequencies attained at each of 
the six stages of the test for two accelerometer locations. 
Channel 4 was located at the midspan of the girder which 
was cut, and Channel 6 at the midspan of the opposite 
fascia girder. The frequency values (Freq.) represent 
vibrational frequencies that were detected at the 
respective accelerometer locations during that stage of the 
test. The amplitude (Amp.) values represent the amplitudes 
of the corresponding frequencies in millivolts. 

The amplitudes of each spectra were normalized with 
respect to the maximum amplitude within that spectrum. It 
was anticipated that normalization would facilitate the 
identification of the frequencies that shifted and by what 
degree they shifted. The resolution of the results is 0.2 
Hz and is governed by the length of time from start to 
finish of the vibrational response from the passes of the 
test vehicle. 

The table demonstrates that the fundamental frequency 
remained fairly constant while other frequencies, as 
prominent as the fundamental, appeared during the latter 
stages of the test. Using a threshold, arbitrarily set at 
60 percent of the maximum amplitude within a spectrum, it 
was anticipated that the appearance of additional 
frequencies could be better determined and quantified. 
Therefore, the amplitude values shown in parentheses fall 
below the threshold for that particular frequency spectrum. 

The maximum amplitudes occurred mostly in the final 
stage when the cut was extended 24-in. into the web and 
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were associated with the fundamental frequency. This was 
expected given that the reduced stiffness would produce a 
more flexible structure, thereby producing larger 
amplitudes of vibration. Channel 6 at midspan, furthest 
away from the parapet, recorded the largest amplitudes of 
all the channels during each stage of the test. 

Midspan - Fascia Girder near Crack (Channel 4) This 
channel represents the accelerometer closest to the cut. 
The results show a fundamental frequency in the 8.2 to 8.6 
Hz range. The fundamental frequency falls below the 
threshold immediately at the first alteration. An 
additional frequency develops as the crack begins in the 
web. The final alterations produce added frequencies above 
the threshold at this level of the cut which was also 
evident with other channels. 

Midspan - Fascia Girder Opposite Crack (Channel 6) 
Added frequencies are seen only in alterations 4 and 5, and 
like Channel 4, a transfer in the dominant frequency from 
the second (torsional) to the fundamental (bending) became 
apparent as the test progressed. As was the case with 
Channel 4, the frequency at 12.6 Hz (torsional) was 
replaced with ones at 12.2 and 13.4 Hz with alterations 4 
and 5. 

Conclusions 

The immediate effect of the crack approximation was 
seen in the results for some channels before the structural 
integrity of the test span was compromised. 

A change in the frequency spectra with the addition of 
prominent new frequencies is evident as the crack 
approximation progressed and is substantial enough to show 
structural change. 

With the resolution of the experimental data, a drop 
in the fundamental frequency from approximately 8.6 Hz to 
approximately 8. 2 Hz with the first alteration is not 
substantial enough to determine structural change without 
long-term monitoring of the span to determine the stability 
of the fundamental frequency. 

The transfer in dominant frequency from the second 
resonant frequency (torsional) to the fundamental frequency 
(bending) is consistent for each of the channels monitored 
and could be useful in determining structural change. 

A decrease in frequency amplitude indicates a likely 
change in mode shape for the fundamental frequency as the 
test progressed. This identifies the use of mode shapes as 
a portion of the vibrational signature that could indicate 
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structural change. 

Bridge monitoring will only be successful if it 
incorporates a review of many different variables, none of 
which would be adequate alone in predicting structural 
integrity problems. The attempt to use only limited 
variables is why earlier studies have not successfully 
demonstrated that vibrational monitoring is applicable to 
bridges. 
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Channel Altered Conditions 

Unaltered Flange Cut 6" into Web 12" into Web 18" into Web 24" into Web 

Freq. Amp. Freq. Amp. Freq. Amp. Freq. Amp. Freq. Amp. Freq. Amp. 

8.6 .02137 (8. 4) .01439 8.2 .03294 8.2 .03418 8.4 .02516 8.4 .00338 

12.6 .03303 12.6 .03110 11.4 .02530 12.6 .03485 11.2 .02296 (9.8) .00172 

- - - - 12.6 .0378 - - 12.2 .0360 11.8 .00306 

- - - - - - - - 13.4 .0367 13.4 .00215 

8.6 .0268 8.6 .01936 8.2 .04304 8.4 .0378 8.4 .0327 8.2 .0459 

12.6 .0296 12.6 .03205 12.6 .04505 12.6 .0275 12.2 .0441 12' () .0357 

- - - - - - - - 13.4 .0337 13.4 .0302 

- - - - - - - - - - - -
Note: Frequencies with amplitudes less than 60% of the maximum frequency amplitude for 
that channel in that test stage are shown in parentheses. 

Table 1. Amplitude and Value of Frequencies obtained during vibrational 
monitoring of bridge superstructure. 
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Figure 1. Plan View of Bridge Site 

Figure 2. Cross Section of Test Span 
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MAGNETIC FLUX LEAKAGE POR BRIDGE IBSPECTIOB 

Charles H. McGogney, P.E. * 

Abstract: 

For many years the Federal Highway Administration and 
before that the Bureau of Public Roads had focused 
its nondestructive evaluation program on development 
of better tools to inspect components of steel 
bridges. In the early seventies the emphasis was 
changed and attention was given to the need for an 
inspection device that would detect and assess the 
condition of the steel elements of concrete bridge 
structures. This gave rise to the development of the 
Magnetic Field Disturbance (MFD) method and the 
ensuing development of the Magnetic Perturbation for 
Cables (MPC) inspection system. At present the 
Magnetic Flux Leakage Inspection System (MFLIS) for 
both main cables of suspension bridges and steel 
elements of concrete structures is under development. 
This paper summarizes the development of the 
aforementioned systems and field and laboratory 
applications. 

Introduction: 

Of the many problems confronting the State bridge 
highway departments perhaps the most perplexing is 
the corrosion of steel. It is even more of a problem 
when the steel elements are embedded in concrete 
beams and boxes or comprise the main cables of 
suspension bridges. The bridge designers and 
engineers go.to great lengths to protect the steel 
from corrosive environment, 

* Metallurgist, Federal Highway Administration, 
Office of Advanced Research, Physical Research 
Division, 6300 Georgetown Pike, McLean, VA 22101 

31 



32 NONDESTRUCTIVE TESTING 

however, corrosion due to stress and/or fatigue does 
occur and poses a serious problem for the maintenance 
engineers. It may be that only a small amount of rust 
is the only visible sign of distress yet this 
condition left uncorrected, could be catastrophic. 
To address this problem, the Federal Highway 
Administration (FHWA) Off ice of Research and 
Development, over the past twelve years, has 
sponsored research to develop a nondestructive 
inspection system that can detect and evaluate the 
presence of corrosion in steel elements of reinforced 
concrete and main cables of suspension bridges. 

Background: 

As far back as the mid seventies, FHWA recognized the 
need for a nondestructive test method to detect 
deterioration of reinforcing steel in concrete boxes 
and beams of highway bridges. Following the 
competitive bid process a research contract was 
awarded, to address this problem and develop a 
cursory scanning system that the State highway 
departments could use for bridge inspection. After a 
careful evaluation of 15 candidate methods it was 
decided that the magnetic flux leakage method wa~1 
most likely to succeed in fulfilling this need. 

The magnetic flux leakage technology has been around 
for many years. However, field implementation must 
be carefully controlled and the signature 
characteristics understood. As an example, take a 
spherical volume anomaly with a magnetic permeability 
(u') embedded in a ferromagnetic material (steel) 
with a permeability (u) and a magnetic field (Ho) 
applied along the X direction as shown in Figure 1. 
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6. Amplitudedec:reues withflaw deplh d (decruse:l/d3) 
1. Sipl amplitude incrt'ues continuously u the INl~c fidd {H) is inaeued 

Figure 1. Sketch of spherical void in an infinite 
magnetized ferromagnetic matrix and the resulting 
field perturbation in that direction 

The magnetic field component in the Y direction (Hy) 
is sensed and a continuous plot produces the record 
or signature. 

Equipment Development: 

33 

The first generation MFD consisted of a stationary DC 
electromagnet with a Hall Effect Sensors located 
between pole pieces to measure the disturbances 
produced by the anomaly. An analog strip chart 
recorder was used to record the signature. The 
success. of these early stationary trials led to the 
construction of an inspection cart to support the 
magnet and sensor unit. The cart was equipped with 
four wheels to ride on rails that were supported by 
hangers that were designed to hang from the bottom 
flange of a typical Texas type "C" reinforced 
concrete I beam. After further laboratory trials 
field testing of the MFD on an in-service viaduct was 
conducted to evaluate the total system operation. 
The longitudinal scanning and lateral indexing of the 
magnet/sensor unit are encoded and controlled by a 
remote module. Unexpectedly, signatures from these 
early scans were complicated by the response from 
stirrups, chairs, and artifacts that were part of the 
beam construction. At this point some limited 
analyses using subtraction procedures showed some 
promise in suppressing the undesirable features. 
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Under a new contract a second generation of the MFD 
was pursued addressing the needs for improvemen~ that 
had become obvious in the earlier field trial. 1 A 
microprocessor was incorporated in the system to 
digitize the storage of data and enhance the signal 
analysis as shown in Figure 2. 

Texas Type "C" 
Test Beaa 

j 

Figure 2. Photograph of signal processing units with 
magnetic field disturbance system in the laboratory 
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In addition to the subtraction procedure a 
correlation method of analysis was developed, using 
the microprocessor to distinguish flaw signals from 
other signals. Mathematical flaw signal developments 
(algorithms) were developed and the recorded data 
plotted as a function of the scan length. This 
information was presented on a monitor in almost real 
time and hard copy printout was possible when needed 
as shown in Figure 3.. Gr 

o ;( ~A '\ .. ~ "3i / 
-0 ~nnel l 

··~ / 0 4.......!\c(\..-4~. 
-!5 Channel 4 

·:1~ .. 
correlation Coefficients for Channel 4 Record 

1 = -o. 723 
2 = 0.992 
3 - o. 766 
4 = -0.807 
s = -a .sis 

Note: Flaw is 1/2-in. separation in 1-3/8 in. 
diameter bar ( 1 in. = 2. 54 en) 

Figure 3. Reconstructed display of digitized 
magnetic signatures before and after enhancement and 
correlation for flaw in 1 3/8 11 </J bar. 
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A second field trial was conducted on the same 
viaduct as in the first field trial and in some cases 
on identical post-tensioned I beams. In one case a 
1 3/8 11 diameter, 60 foot long, steel rod had 
fractured and "fired out" of the aluminum duct of the 
beam. This left an open duct that made it possible 
for the inspection team to insert, back into the open 
duct a steel rod with known anomalies of various 
lengths to simulate breaks and separations at known 
locations as shown in Figure 4. 

Span 36-37, Girder 7 (Data rile C6G) 

Scan coverage ru30• 

CONDITIONS: 1) No protrusion on North Bar 
2) 0 South Bar hctured, long@.nd remcwed 

and piettS of smaller diameter bar 
inserted ror test (see legend) 

LEGEND: - l<V8"o s. 3'6" bar remaining after long end removed 
l "O bar added for tesl -

A= 10'0" C=3'0" F.=8'0" 
B = 10'0" D = 2'3" 

Separation v,y,z = IUJ-lf.?" plastic plug 
w.s: =>rends bulled together 

West.,_ 

Figure 4. Sketch of concrete beam with open duct 
where a 1-inch diameter steel rod with known 
separation was inserted and inspected. 

Subsequent scanning of this beam with the MFD showed 
excellent correlation between known anomalies their 
size and locations with that of the MFD signal 
magnitude and location on the recordings as shown in 
Figures 5 and 6. 
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F1LE C6G14F 

CHANNEL 3 (Side Sensor) -=:.., 

•= 60 .... .... -
Saa ot ......... of Pldd T ... (26 Aq. 1!181) 

Figure 5. scan at 
beginning of field 
test (26 Aug. 1981) 

..... 
L* 

1 .._ .. J.St c:m..,. Correlation Coefllelents 
Scan at End of Fleld Test (3 SepL 1!181) 

Figure 6. Scan 
at end of field 
test (3 Sept. 1981) 

Another excellent opportunity occurred in 1984, 
involving a full size prestressed concrete beam/deck 
configuration that was being fatigued tested at 
Ferguson Structural Engineering Lafi?ratory (FSEL) at 
the University of Texas at Austin. The MFD system 
was moved to FSEL and set up under the concrete beam. 
At specific intervals in the fatigue test the MFD 
scanned the length of the beam and any significant 
signals received at given locations were marked at 
that location on the beam along with the number of 
fatigue cycles and the date. After completion of the 
test, excavations were made at the locations that the 
MFD unit had identified as possible areas where the 
wire strands had fractured. In all cases where two 
or more individual wires had fractured in the seven 
wire strands excellent correlation between actual 
fracture and MFD signature were obtained. More 
recent work involving the MFD was condBrted at the 
University of Wisconsin at Milwaukee. The purpose 
of this study was to evaluate the performance of the 
MFD both in the laboratory and field and to make 
recommendations for further improvement of the 

3 
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.system. Three primary areas in need of improvement 
were identified. They are the size and weight of the 
scanning cart and system components, the outdated 
electronics and present flaw discrimination methods. 

In 1987 based on the experience gained with the MFD 
system and after a thorough review of the inspection 
methods available, FHWA chose to further pursue the 
magnetic flux leakage technology for development of a 
nondestructive cursory scanning inspection system for 
detection of anomalies in main cables of suspension 
bridges. 

The rudimentary prototype developed is known as the 
Magnetic 1ferturbation for Cables (MPC) inspection 
system. c The system incorporates an electromagnet 
with 12 Hall Effect Sensors connected in pairs to 
form 6 data channels that move as a unit along the 
cable under inspection. The output of the sensors is 
recorded and displayed to assess flaws (breaks) in 
the steel elements. After several modifications to 
the system, the working prototype MPC is an 
integrated electromechanical system that consists of: 

a magnetic sensor assembly attached to a 
moving electromagnet 

electrical and hydraulic motors and 
actuators 

a electronic control and data acquisition 
system directed by a remotely located host 
computer, and 

a self-propelled frame housing for the 
inspection components (see Figure 7). 
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Figure 7. Block diagram of Magnetic Perturbation 
System for Cable Inspection 
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The system is designed to be placed directly upon a 
bridge cable and is capable of moving itself 
longitudinally and circumferentially about the cable 
at approximately 1 inch per second acquiring 
perturbation data, at precise 0.1 inch intervals. 
The entire unit weighs approximately 2800 pounds and 
is 17 feet long. The MPC has been successfully 
demonstrated (tested) on main cables of five 
suspension bridges and on two occasions on cable stay 
specimens that were subject to fatigue and proof 
loading in the FSEL at the University of Texas at 
Austin (see Figure 8). 

Figure 8. Picture of Magnetic Perturbation for Cable 
Inspection system on typical suspension cable of 
bridge 

Considering the success of both the MFD and the MPC 
systems it behooved the FHWA to further pursue 
research in magnetic flux leakage technology mindful 
of the need to lighten the weight and shorten the 
length of the systems and also to improve the 
flexibility to scan over cable hangers, clamps, and 
other details on the cables. 

After award of a competitive bid contract, a 
feasibility study was initiated to submit a design 
concept for improving the prototype MPC and also that 
of the MFD. FHWA has accepted the design concept 
submitted by the contractor and is now sponsoring the 
development. The design calls for the use of 
permanent magnets as opposed to the electromagnets 
used in the MPC and the MFD units. The new system 
will be known as the Magnetic Flux Leakage Inspection 
System (MFLIS) for both bridge cables and concrete 
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box and beam inspection. The system W,fll be both 
lighter in weight and easier to use. A modular 
approach is being pursed whereby permanent 
magnet/sensor modules can be interchanged among 
various carrier/transport mechanisms. Unlike the MPC 
the MFLIS will entirely surround the cable with 
magnet/sensor modules providing complete 
circumferential inspection in a single pass and 
articulate during transit to pass over cable bands on 
suspension bridges. The design also calls for 
inspection of an entire steel reinforced beam in a 
single pass. 

The magnet design is based on a magnetic "core 
assembly" of two transversely magnetized NbFe B35 
magnets, with a low carbon steel space between them 
and a low carbon steel pole stub extending at each 
end as shown in Figure 9. 

SECT A-A 
POLES OPEN 

';IC I A /\ 
l'(Jll.'., '.,l!UNILIJ 

Figure 9. Magnetic and pole pieces in open and 
shunted positions 
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The reason for using two magnets in the core assembly 
is to facilitate shunting. Magnetic shunting is 
accomplished by two low carbon steel sections which 
are moved inward from an "open" position over the 
pole stub extensions, to a shunt position where they 
are positioned above the magnets. The shunts are 
moved on non-magnetic linear rolling elements by a 
coupled pair of RH/LH threaded nonmagnetic lead 
screws which are driven by a reversible gearmotor. 
Each complete magnet module, including the shunt 
motor, will be about 25 inches long and weigh about 
80 pounds. Based on previous experience, suppliers 
of the NdFe BJ5 magnet material expect the magnet 
module to generate field equivalent to a 40,000 
ampere-turn electromagnet. 
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DISCUSSION: 

Implementation of the magnetic flux leakage 
technology for detecting anomalies in steel elements 
of boxes and beams of concrete bridges and main cable 
of suspension bridges shows considerable promise. 
However, there are a number of deficiencies that 
exist within the existing developments that need to 
be addressed. 

The electronic hardware has become outdated 
and needs to be updated. 

The correlation analysis needs to be 
improved to speed up interpretation of the 
data. 

The size and weight of the system needs to 
be reduced. 

The present ongoing contract the FHWA is conducting 
does address these deficiencies and intends to 
develop a reliable, practical, and economical 
nondestructive inspection system for detection and 
assessment of anomalies in steel elements of concrete 
and main cable of suspension bridges. 
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Signal Analysis for Quantitative AE Testing 

E. N. Landis' and S. P. Shah2 

Abstract 

Quantitative acoustic emission (AE) techniques can be used to monitor crack 
growth and to deduce microfracture mechanisms in quasi-brittle materials. 
Multichannel data acquisition systems are used to record the AE waveforms. The 
results of a quantitative AE analysis are quite sensitive to the interpretation of the 
recorded waveforms. Several techniques are presented here which facilitate AE data 
interpretation. Included are noise reduction and signal enhancement methods, and 
time domain deconvolution methods which are used to recover microcrackfracture 
parameters. 

Introduction 

An acoustic emission (AE) is the spontaneous release of localized strain 
energy in a stressed material. This energy release causes the propagation of stress 
waves which can be detected at the surface of the material. Quantitative AE 
techniques can be used to monitor crack growth and to deduce microfracture 
mechanisms in quasi-brittle materials. This information is obtained through the 
analysis of surface displacement transients in a loaded specimen, and through the 
application of seismological inverse methods. Quantitative AE techniques have been 
successfully applied to a variety of materials (Enoki and Kishi 1988, Ohtsu et al. 
1989, Ouyang et al. 1991). A typical AE test setup is shown in Figure 1. 

Quantitative AE theory is based on the analysis of transient displacement data 
recorded at different locations on a test specimen. These records are the output of 
high speed data acquisition equipment. In order to maximize the amount of 
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Figure 1. Typical Acoustic Emission Test Setup 

Data Analysis 
and Storage 

information that can be extracted from these data records a variety of signal analysis 
routines are employed. The analysis routines described in this paper fall into two 
broad categories: filtering routines for signal enhancement and noise reduction, and 
deconvolution routines required for quantitative AE inversion. This paper presents a 
variety of routines which were found to be very useful in the analysis of AE data. 
The work described is a part of an ongoing experimental research program on fracture 
mechanisms of cement-based materials. 

Quantitative AE Background 

Source Location 

The location of an acoustic emission source is of primary importance for 
investigations of damage localization as well as the detection of individual material 
flaws. The source location is evaluated through the differences in P-wave arrival 
times at the different transducers in an experimental array. This is analgous to the 
location of an earthquake epicenter in seismological analysis. The location is 
determined by solving the following equation: 

where x is the unknown location of the AE event, Xa and xb are the locations of the 
ath and bth transducers, respectively, Cp is the known velocity of the P-wave in the 
medium, and L1ta-b is the difference in signal arrival times at the ath and bth 
transducers. Since this is a system of nonlinear equations, an iterative solution is 
often most effective. In three dimensions a minimum of four noncoplaner 
transducers are required to solve the problem uniquely. Additional transducers can 
improve the solution since the effect of random measurement errors is reduced. A 
least squares approach may be used. 

(I) 
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The accuracy of the source location is related to a number of factors such as 
transducer array geometry and P-wave velocity measurement, but the accuracy is 
most closely linked to the quality of the signal arrival time measurments. It this 
motivation for quality arrival time measurements that certain signal processing 
routines were developed. These routines are discussed in detail below. 

Source Characterization 

The characteristics of the acoustic emission source can be deduced through 
what has often been referred to as quantitative acoustic emission analysis (Hsu et al. 
1977). In this analysis, all aspects of the AE process are evaluated. These processes 
include the source event, the resulting wave propagation through the medium, and the 
measurement of the wavefonn at the specimen surface by the AE transducer. The 
characterization is made by "removing" the effects of the wave propagation and 
measurement processes. 

The basis of quantitative acoustic emission analysis is an integral solution to 
the differential equation of motion. If body forces, surface tranctions, and initial 
surface displacements are neglected, then the solution may be written: 

(2) 

where'•' denotes a convolution integral. Here Djlc(t) is a tensor representing the AE 
source (e.g. microcrack), Ui(t) is the displacement transient at the surface of the 
specimen, Gij,lt.{t) is the elastodynamic Green's function which represents the 
propagation of the stress wave from the source to the receiver (Aki and Richards 
1980). The effects of the transducers and measurement system are taken into account 
by the convolution of equation (2) with an appropriate system response function, 
R.{ t ), such that: 

(3) 

where V(t) is the measured voltage transient The goal of the quantitative AE analysis 
is to deduce the source characteristics from the measured signals. This can be 
accomplished through the inversion (deconvolution) of equation (3). If the system 
response function and the elastodynamic Green's function are known prior to the 
experiment, then the source function is evaluated through the following equation: 

Djl,(t) = V(t)*{Gij.k(t)*Ri(t)r 

Using this approach, an AE source is characterized according to its volume, fracture 
mode and crack plane orientation. All of these characteristics can be estimated from 
the source function Djk{t) (Enoki and Kishi 1988). 

(4) 

There are a number of different methods which can be used to evaluate 
equation (4) (e.g. Scruby et al. 1986, Enoki and Kishi 1988, Landis and Shah 1993). 
All methods require that the elastic properties and the source location are known. At 
least six independent measurements (transducers) are necessary for this 
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Figure 2. Typical AE Signal 
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characterization (Scruby et al. 1986). Therefore a multichannel deconvolution routine 
is necessary to evaluate equation (4). A routine for this is presented below. 

Signal Enhancement I Noise Reduction Filters 

A problem inherent in any measurement system is the influence of noise on 
the acquired data. In AE applications the noise can distort the "true" signal, as well as 
hide low amplitude signals. Noise in this case has two basic sources: electrical noise 
in the measurement system, and mechanical noise due to material inhomogenieties 
and other sources which cause the real system to deviate from the ideal assumed in 
equation (3). This paper will deal only with noise generated by the measurement 
system. 

A typical measured voltage transient from and AE event is shown in Figure 2. 
In quantitative AE work, the first few cycles of the signal (first few microseconds) 
are often the only part used for analysis. This is because the transducer resonances 
typically encountered become difficult to remove beyond this time frame. 

An extremely important feature of the AE signal is its time of arrival. The 
differences in arrival times at an array of transducers is used to establish the location 
of the AE source. AE source locations have intrinsic interest as they may be used to 
evaluate damage localization and crack growth. In addition, the source location is 
necessary to evaluate the Green's function term of equation (2). Since successful 
quantitative AE analysis hinges upon accurate source locations, the arrival times need 
to be as accurate as possible. To attain this accuracy the effect of the noise had to be 
minimized, and the leading edge of the signal had to be magnified. 

Noise Reduction: 

An analysis of the measurement system noise showed that the noise was 
essentially a random process. This was determined by calculating the autocorrelation 
function of a data record containing no signal, but only noise. An ideal random 
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process has an autocorrelation which approaches an impulse function (Chatfield 
1989). This autocorrelation was found to be sufficiently close to a delta function to 
conclude that the system noise is an essentially random (white noise) process (Landis 
et al. 1992). 

The problem with a white system noise is that the frequency components are 
distributed equally throughout the spectrum so that simple frequency-based filtering is 
not appropriate. A method was required which is able to reduce the effects of noise, 
while preserving the features of the actual AE signal. An adaptive moving average 
filter was found to be effective in fulfilling this requirement. 

A simple moving average filter for discrete-time signals may be written: 

1 T 
y(n)=-- LX(n+k) 

2T+lk=-T 

In this approach each point, x(n), in the signal is replaced by the average of the 2T + 1 
data points in the immediate vicinity. An inherent problem with this type of filter is 
how to set the size of the averaging window. A small window has a little effect on 
reducing noise, while a large window smears the signal too much. In an adaptive 
moving average, the window length is adjusted according to the properties of the 
signal in that region. In this case the window length was set according to the 
following: 

T(n)=~ 
a+b<r 

(5) 

(6) 

where cr2 is the sample variance of data points in the vicinity n, and a and b are 
constants. The constants were determined by setting a maximum T of 16 data points, 
(1 µs), for a variance of zero, and a minimum T of 3 points, (0.1875 µs) for a 
variance of two or greater. 

~ 
i := c. 
i 
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Figure 3. Effect of Adaptive Moving Average Filter · 
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In order to fully optimize this approach, an additional filtering step was 
inserted prior to averaging. Rabiner and Schafer (1978), showed that a median filter 
combined with some other smoothing technique can be an optimal method for 

1~- v 
_,-first peak I *'··coi ,.. - ----v amval ume -t x'(t) 

- A I 

Figure 4. Action of Laplacian Filter 

smoothing signals with noise. A running median filter is similar in practice to a 
moving average, however, the output of a running median filter is the median of the T 
samples around the data point. Median filters have the ability to remove spikes, while 
preserving edges. In this application a 3-point running median was used to remove 
the spikes resulting from digitization. The effect of the combined running 
median/adaptive moving average is shown in Figure 3. 

Signal Amplification: 

The second step in locating a precise arrival time is to enhance the signal so 
that the possible times of arrival can be reduced to a one or two unambiguous points. 
An effective technique for this purpose is the Laplacian filter. This technique has had 
successful applications in 2D image analysis for edge detection (Stang et al. 1990). 
This filter can be written as: 

200 
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The effect of this filter is illustrated in Figure 4. As can be seen in the figure, the 
leading edge of the signal becomes much sharper and the amplitude becomes larger 
than the original signal. In addition, there is a characteristic "dip" which occurs 
before the leading edge. The algorithm was coded so that the arrival time was defined 
as the minimum (or maximum) in the "dip" prior to the leading edge. The effect of 
this operation on real data is illustrated in Figure 5. It should be noted that 
implementation of this filter requires a smooth signal to reduce errors occurring in the 
derivatives of discrete-time signals. The smoothing operations described in the 
previous section were sufficient for this requirement. 

Deconvolution of AE Signals 

The inverse procedure of recovering microcrack parameters from surface 
displacement transients, and the conversion of transducer voltage measurements to 
displacements require the deconvolution of equation (2). The popular method of 
frequency division has been shown to be very difficult for AE signals, especially in 
the presence of noise (Simmons 1985). Time domain techniques, particularly 
nonlinear least-squares approximations have been shown to be effective for inversion 
of AE waveforms (Michaels and Pao 1985). This will be the only method discussed 
here. 

The convolution of equation (2) can be written in the discrete-time case as: 
n 

uq(n)·= "f,H{(n-k)c;s(k) (8) 

where ~is the normal surface displateknt at transducer q, H{ is the ith component 
of the Green's function for the source-receiver pair of transducer q. The temporal 
and spatial components of the AE source tensor, Di, in equation (2) have been 
separated such that Di(t) = c;s(t). The goal here is to evaluate the components of c; 
and the sequence s(k) for a known set of displacement sequences and Green's 
functions. 

The least squares formulation of equation (8) is: 

(9) 

where Eq is the squared error for displacement sequence (channel) q, and N is the 
number of points in each time series. The minimii.ation criterion is to find Cj and s(k) 
such that: 

(10) 

is a minimum. Here NC is the number of channels used. In order that equation (10) 
is a minimum, the following must be satisfied: 
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(11) 

and 

d NC 2 -L{o-Eq} =O 
<Js(k) q=I 

(12) 

The Levenberg-Marquardt algorithm for nonlinear least squares problems was 
used to evaluate equation (10). A routine published by Press et al. (1986), was 
found to be very effective, and usually converged in less than ten iterations. 

It should be noted that a unique solution is not obtained from this procedure. 
Some assumptions about the source time function were made to assure uniqueness. 
Since s(k) is a non dimensional scalar function, it was assumed that the maximum 
value was s(k)=l. This assumption was made so that the resulting source tensor 
components had the correct absolute magnitude. 

The entire analysis routine is summarized in Figure 6. 

rawAE 
data record 

filtered data 
from other channels 

Applications 

smoothw/ 
adapt MA filter 

enhancew/ 
Laplacian filter 

detennine 
arrival time 

Figure 6. Flowchart for AE Signal Analysis 

deconvolution 
w/multiple 

Green's functions 

AE source 
characteristics 

The routines described in the previous sections were developed in response to 
needs which arose out of an experimental program of concrete fracture testing. As a 
part of this investigation quantitative acoustic emission techniques were applied to 
investigations of microcracking and damage localization in cement-based materials. 
The goals of the program were to characterize microcracks in materials of varying 
composition, and to establish a relationship between microcrack characteristics and 
bulk material properties such as fracture toughness. Some of the results which were 
made possible by the analysis routines described in the previous sections are shown 
below. 
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Figure 7. Source locations for mortar beam specimen. 

A mortar beam was loaded in three point bending under closed-loop control. 
The strain (measured by a 4" gage length extensometer) on the tension face of the 
beam was used as the feedback signal. The dimensions of the beam were 44 x 10 x 
10 cm. The span was 40 cm. Eight acoustic emission transducers were mounted on 
the beam. The AE signals were recorded by a I..eCroy modular data acquisition 
system (l..eCroy model TR8837F modular transient recorders housed in a model 
8013A CAMAC mainframe). The digitizing rate was 16 MHz at 8 bit resolution. 
The number of points recorded in each channel was 1024. 
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Using the filtering routines described above, for each event the arrival times at 
each channel were determined, and the source location was calculated using equation 
(1 ). These source locations are shown in Figure 7. Localization of damage can be 
observed to some extent in this figure. In the prepeak region (as highlighted in the 
load-strain curve on the left side of the figure) the events are located primarily at three 
separate regions. For increasing strains, however, the additional events are confined 
to the central crack region. The two crack bands at either side of the central crack 
were likely initiated by very small shrinkage cracks. As expected, the central crack 
eventually became the critical crack. The events shown in the cross sectional view 
illustrate how damage tends to accumulate at the specimen edges first, then moves in 
towards the center. 

Figure 8 shows two typical AE source-time function recovered from the 
quantitative AE analysis. The source-time function describes the rate at which a 
microcrack opens (or closes) during an AE event. As can be seen in this figure, the 
microcracks tend to open at a rate of about 0.4 to about 0.7 microseconds. 

Recovered microcrack orientations are shown in Figure 9. All of the 
microcracks shown are inclined with at least one of the three specimen axes. Even 
though the overall fracture of the specimen was mode I (tension), the microcracks 
were found to be primarily mixed mode and mode II (shear). 
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Summary 

A brief review of some signal processing techniques with quantitative acoustic 
emission applications has been presented. This was not intended to be 
comprehensive, but merely a summary of some of the techniques which have found 
to be useful for this particular research program. Some applications of the analysis 
techniques showed that quantitative AE analysis can be a unique tool for evaluating 
fracture behavior. 
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Abstract 

TENSION TESTS OF ARAMID FRP COMPOSITE BARS 
USING ACOUSTIC EMISSION TECHNIQUE 

Z. Sarni', H. L. Chen2 and H. V. GangaRao3 

Perfonnance evaluation of composite rods used as reinforcing bars in 
concrete structures has been undertaken using acoustic emission (AE) technique. 
The AE technique has shown promise as a method to establish response 
characteristics of Aramid Fiber Reinforced Plastic (AFRP) bars under different 
axial tension levels. 

This paper discusses the experimental gripping mechanisms used to test 
AFRP specimens for direct tension, the AE source location method and the 
procedure used to eliminate extraneous noises. The behavior of AFRP bars under 
different tension levels is also discussed in tenns of AE parameters, such as 
number of events and event duration. Finally, this paper discusses a methodology 
to predict stress levels of AFRP bars using AE parameters, so that this technique 
can be applied to monitor concrete structures post-tensioned with FRP tendons. 

Introduction 

The use of Fiber Reinforced Plastic (FRP) composites in Civil structures is 
being viewed as a serious option to the use of conventional steel reinforcement. 
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The advantages of synthetic FRP materials are: (1) higher fiber resistance against 
acidic corrosion; (2) easier tailoring of the FRP composites for specific application; 
and (3) higher strength to weight ratio than conventional materials. Since the use 
of FRP bars in both reinforced and prestressed concrete structures is a relatively 
new concept, several unresolved technical issues such as ductility, creep and 
thermal sensitivity have to be researched before implementing these rods in the 
field. Moreover, design of suitable grips presents a major challenge either for 
temporary use in pre-tensioned applications or testing FRP bars in tension, or for 
permanent use in post-tensioned applications. The challenge is mainly encountered 
by the possible FRP bar failure in the grips under combined effects of shear and 
compressive stresses or by small rotation or mis-alignment near the grips leading 
to bending failure. 

Two anchorage methods have been previously tried for prestressing aramid 
rods placed both in pre-tensioned and post-tensioned concrete beams (Kakihara, et 
al. 1991). They are designated as the wedge method and the grout method. The 
wedge method employs a couple of wedges with an outer cone. In the grout 
method, rods are inserted into resin or cement materials to form a cylindrical cone, 
and it has been shown that AFRP bars have a higher bond strength to concrete than 
shown by pre-stressed concrete steels. Tests were conducted on the performance 
of a resin socketed anchor for synthetic prestressing tendons (Holte, et al. 1993) 
that show that an anchor with a bond release between the resin plug and the metal 
socket produces a substantial reduction in the inter-laminar shear stress at the 
tendon surface. The literature review did not reveal the availability of simple 
reusable grips that are suitable to test the bars in the laboratory. Several methods 
for anchoring the FRP bars have been investigated (Faza, 1991) to test glass FRP 
bars under uniaxial tension, including a wet-sand gripping mechanisms (WVU 
grips) that allows the gripping force to be redistributed during the initial loading 
stage. In this study a modified wet-sand gripping method (Epoxy-Sand Coated 
Grips) was developed in order to hold the AFRP bars up to failure at around 
12,500 lbs in tension. 

The FRP bars in structural applications can experience several types of 
damages that also may occur at numerous locations. Determining a state of 
damage in a composite bar requires an assessment of the nature and the quantity 
of the damage. Several nondestructive methods have been used to monitor the 
damage occurrences in composites. Among these methods, Acoustic Emission 
(AE) has been increasingly favored (Hamstad 1986). Composite rods for 
construction applications were evaluated using AE technique (Chen, et al. 1992). 
AFRP bars were found to be the strongest when compared to the glass and carbon 
FRP bars (Uomoto, et al. 1988). It was also observed that virtually no internal 
failures initiated until the load has reached about 75% of the failure load under 
constant load rate (riot sustained load). 

Various composite materials were studied using AE peak amplitude 
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distribution. The peak amplitude distribution has been recognized as a descriptor 
of the AE signal (Pollock 1981). The study found that expressing AE ring down 
counts and energy as functions of load can assist in analyzing crack behavior, 
loading history, and stiffness of concrete beams. AE wave attenuation has also 
been evaluated as a function of fiber volume fraction for short glass FRP (Choi, 
et al. 1990). The results showed that for noncontinuous chopped glass FRP the 
attenuation effect is considerable, and that the peak amplitudes of the AE waves 
were found to increase as the specimen deformation proceeded. 

AE monitoring of concrete structures is difficult because of the 
heterogeneous nature of concrete. The rate of occurrence of AE activity, however, 
has been used to predict the extent of internal damages caused by external loads 
(Maji, et aL 1988, Uomoto 1987, and Ohtsu 1987). AE has been used to 
determine crack types and orientations, and has demonstrated great promise for 
source characterization (Ouyang, et al. 1991, Chen, et al. 1992, Maji, et al. 1988 
and Ohtsu 1988). Research performed at the Constructed Facilities Center, West 
Virginia University has indicated that the AE technique can be used to identify the 
characteristics of different structural materials (Chen, et aL 1992). 

The objective of this research was to develop an experimental technique 
using Acoustic Emission technique to study the behavior of AFRP bars subjected 
to direct tension. The work described in this paper includes the development of 
mechanical grips to hold the #2 AFRP bars in tension and the AE test results. This 
research may be helpful in future development of stress monitoring of AFRP 
tendons in the post-tensioned prestressed concrete structures. 

Experimentation 

AE Measurement System 

The experimental setup of the tension test is shown in Figure 1. The AE 
measurement system, AET 5500 (Hartford Steam Boiler Inc.), has two data 
acquisition channels. Two piezo-electric transducers (Model ACl 75L) each with 
a resonant frequency response of 175 kHz and a sensitivity of -70 dB or better have 
been used. Each AE sensor was connected to a filter and a differential pre­
amplifier (Model 160B) with a 60-dB gain. The second amplification stage (post­
amplification gain) was set around 14 dB in the AET mainframe. 

Successful AE testing relies on separating the true signals from the 
background noise. Normally the noise observed in static conditions is about l/6th 
the observed peak-to-peak noise signaL To set the proper threshold level, AE 
signals given out by the mainframe for static no load condition were viewed on a 
storage oscilloscope. The maximum rms voltage was found to be around 65 mV. 
For a sine wave (AE signal is not a sine wave but is assumed to be one) Voltage 
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rms is 0. 707 V peak to peak; hence, the AE signal viewed on an oscilloscope is 
multiplied by 10 and set at 650 mV for the threshold voltage. 

Test Specimen 

Aramid FRP bars of #2 size (0.236 in. in diameter) and 36 in. in length 
were studied under uniaxial tension using the AE technique. The aramid bars were 
newly developed rods that were obtained by impregnating a straight bundle of an 
aramid fiber made of poly-phenylene-oxydiphenylene terepthalamide with vinylester 
resin using the pultrusion method (Kakihara et al. , 1991). These specimens were 
mainly used in prestressed concrete structures, magnetic levitation transportation 
systems, etc. Some of the mechanical properties of AFRP rods obtained by 
Kakihara et al. (1991) are shown in Table 1. 

Gripping Mechanism 

The design and development of suitable grips for AFRP bars under uniaxial 
tension were conducted. An ideal grip is easy to handle and can be re-used. The 
grips must grasp the bar when loaded in a manner that prevents the failures of the 
bar from occurring near the grips. FRP bars usually fail at the grips due to the 
combined effects of compressive and bending forces. After extensive investigation 
(Faza, 1991) of holding methods for the rough surfaced glass FRP rods with 
diameters 0.394 in. or higher at the jaws of Baldwin testing machine, special grips 
(WVU Grips) of 7 in. x 3 in. and 0. 75 in. in thickness were developed. These 
grips were made out of steel and are shown in Figure 2. A semi-circular groove 
is cut out of each grip plate. The groove diameter is 1/8 in. greater than the size 
of the bar being tested. A top piece was attached to the plates, in order to seat 
them properly inside the jaws of the Baldwin testing machine. Wet sand was filled 
in the semi-circular grooves of the grips. The bar was then placed within the 
groove and between the grip plates. These grips achieved some success in testing 
glass FRP bars, however, these grips can not successfully hold the AFRP bars up 
to failure. 

During the testing of# 2 AFRP bars, the same kind of grips were employed 
with wet sand used to fill the grooves. All the specimens were observed to slip at 
the grips at around 3000 lbs of loading. The slippage could have occurred due to 
the smaller dimension and surface of the bars, which is somewhat smoother than 
the surface of the glass FRP bars. Overall, several methods of anchoring AFRP 
bars were investigated, including: 

1. Wet-sand filled grips. 
2. Wet sand in the grooves of WVU grips with a cement chunk at the ends of 

the bars outside the grips. 
3. Cement between the AFRP bars and the semi-circular grooves of the grips. 
4. A thin layer of sand and epoxy paste coating on the surfaces of the semi­

circular grooves and the AFRP bars. 
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AFRP bars are associated with lower Young's modulus (above 18x1D6 psi) 
and lower toughness than steel bars. The first three techniques did not function 
satisfactorily for the following reasons: 

1. In the sand grip approach, the bars have low radial stiffness and therefore 
the sand can not exert much pressure on the surface of the bars (the bars 
will shrink which reduces the area available to develop adequate frictional 
resistance.) 

2. In the case of a hardened cement block placed at the end of bars, the 
hardened cement paste failed under the transferred tension force because of 
high tensile strength of the AFRP bars at failure. As a result, it broke 
loose and slippage of the bar occurred. 

3. Several types of cement pastes such as anchor cement and quick setting 
cement were applied directly in the grooves between the grips and the 
AFRP bar. During testing, however, failure caused by the bending of the 
bars was observed near the grips even at low loading levels. Also, after the 
cement has hardened, the cement paste shrinks, which limits the amount of 
radial stress to the bar. 

The last kind of grips tried consisted of applying a thin layer (about 0.0394 
in. thickness) of sand and epoxy paste mixture to the surfaces of the semi-circular 
groove. The same paste was also applied on the specimen surfaces, which creates 
a rough surface. Wet sand was then placed between AFRP bars and semi circular 
grooves. These special "epoxy-sand coated grips" have successfully held the 
specimens till failure, i.e. up to 12,500 lbs. It was also shown that failure took 
place always at the middle region of the AFRP bars. The reason for the success 
of this grip has been attributed to the fact that the coating can provide high 
strength. It can increase the frictional resistance of the gripping mechanism as the 
AFRP bar and groove surfaces were roughened after epoxy-sand coating. The 
rough surfaces help hold the sand in place and help redistribute the stresses, and 
thus eliminate the bending problem of the AFRP bar (because of wet-sand 
adjustment inside the grips.) It is noted that steel wedges, as shown in Figure 1, 
can provide higher compressive stress in the grips for increased loading. 

Sample preparation time has been minimized through the use of epoxy-sand 
coated grips. Three to four tensile tests can be performed with each of the epoxy­
sand coated grips. For additional usages of these grips, the special coating in the 
grooves must be cleaned by heating the coating, and then the same grips can be 
given a fresh epoxy-sand coating before reusing them. 

Test Procedure 

The AFRP rods were loaded on a Baldwin testing machine. The major 
problem encountered was to hold the specimens at high tension levels without 
slippage occurring. The epoxy-sand coat gripping mechanism explained in the 
previous section was employed. No slippage and no failure at the grips were 
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observed visually during the tests. Two AE sensors were mounted 18 in. apart on 
the cleaned surface of each specimen (as shown in Figure 1). The bonds strength 
between each sensor and the surface of the specimen were kept as equal as 
possible. Before the beginning of each test, a calibration test was performed to 
determine the maximum time of travel (maximum DT) from one sensor to another. 
This was done by a pencil-lead ( 0.0197 in. dia., 0.118 in. long, HB) break test 
outside the region. The maximum DT was found to be 75 - 76 µsec. The load 
was applied gradually and the AE signals from the specimen were recorded through 
the AE mainframe. 

Acoustic Emission Analysis 

A linear location (test mode) method, which locates the AE sources along 
a straight line between two sensors and automatically eliminates the AE sources 
which are out of the region, such as grips, etc, was employed during testing. This 
method operates in a time difference mode (TDM). The TDM compares the time 
of arrival (the time when the first point of the signal is detected above the 
threshold) of an AE event at two different sensors. The difference between the 
time of arrival of a signal at one sensor, and the time of arrival of the same signal 
at another sensor, is referred to as delta T (DT). From the calibration test, the 
maximum DT was found at around 75 - 76 µsec. In actual testing, the mainframe 
automatically calculates the location of the AE signals using the maximum DT, 
sensor spacing and sample DT by a formula given as: 

Location = (Max. DT - Dn I 2 x (Sensor Spacing/Max. vn (1) 

Due to the attenuation of the AE signals, the arrival time will be delayed. 
This occurs most often when the signals are coming from a location nearer to one 
of the sensors, since the signals have to travel a longer distance to reach the other 
sensor. The AE events happening at the mid-region of the two sensors will 
attenuate in both directions before reaching the sensors. Hence, the measured AE 
source locations at the middle zone are more accurate than those locations closer 
to the AE sensors. For this reason, only the events from the middle 60% of the 
sensor spacing were considered for our data analysis. 

Results and Discussion 

Six AFRP bars were tested under uniaxial tension and the results are 
discussed below. Figure 3 shows the distribution of AE events versus location. 
It can be seen that, AE signals were generated at many different locations on the 
bar and the failure of the AFRP bars was distributed along the length of the bar, 
which is advantageous in minimizing the catastrophic failure. Conventional steel 
bars usually fail at a specific location after necking. All the #2 AFRP bars tested 
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have a failure strength between 12,000 and 13,000 lbs. 

Figure 4 shows the time history of AE events. Each data point represents 
the total AE events for an interval of 10 seconds. This figure indicates changes in 
rate of AE events for a typical #2 AFRP specimen. The AE event time history can 
be broadly divided into two stages: Stage I corresponds to loading from zero to 
9,500 lbs (time around 300 sec) and Stage II from 9,500 lbs up to failure. 
Acoustic emissions from the stressed composite materials may occur due to many 
reasons, such as breaking of the epoxy coating, unwrapping of the fibers, breaking 
of the matrix, debonding between matrix and fibers, and the breakage of fibers. 
The maximum rate of events is seen to occur in Stage I. The large scattering in 
the event rate with couple of peaks seen in Stage I preclude any qualitative 
conclusion in Stage I. It can perhaps be inferred that Stage I corresponds to failure 
from breaking of epoxy coating, unwrapping and debonding between matrix and 
fibers. As the loading reaches the end of Stage I, event rate decreases and reaches 
a minimum. As the loading continues (after 300 seconds in this case), again the 
event rate starts to increase gradually. These events seem to result from the 
breakage of fibers and can be identified using other AE parameters. Note that 
9500 lbs load in our tests corresponds to 70% - 75% of the ultimate load of #2 
AFRP rods. 

Figure 5 shows the plot of mean event duration versus time (or load) for a 
typical #2 AFRP specimen. Note that this plot closely corresponds to the plot of 
event rate. It is seen from this figure that the event duration at early stage of 
loading is high and fluctuating, which indicates that the AE signals are generated 
from different kinds of failures of the specimens. As the loading reaches around 
8500-9500 lbs (corresponds to the end of Stage I in events rate plot), the mean 
event duration begins to fall and reaches a minimum value. Upon further increase 
of loading up to failure, the mean event duration remains almost constant, 
indicating a different failure mechanism. From this observation, it can be inferred 
that, #2 AFRP bars have undergone failures in two stages. During the first stage, 
the failures are due to epoxy breaking, debonding, etc., and the AE signals have· 
higher event durations. Whereas in the second stage when the actual fiber 
breakages are believed to occur, the AE signals typically have lower event 
durations. This conclusion closely corresponds to the results from Uomoto (1988) 
i.e., virtually no internal failure of the AFRP rods was noted until the load reached 
was within 25 % of the fiber breakage level. 

Event duration versus peak amplitude are plotted separately for Stage I and 
Stage II in Figures 6(a) and 6(b). Each data point represents a single AE event. 
Note that AE event numbers in Stage I are higher than those of the Stage II, i.e., 
less number of events are given out by AFRP bars at the time of the second stage 
which may correspond to fiber breakages. It is also seen from these figures that 
the event duration in Stage I has a wide range of variation, whereas, in Stage II the 
variation was less. The peak amplitudes in both stages were widely distributed. 
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This observation indicates that the shape of event duration versus peak amplitude 
may be helpful in identifying the different failure modes in AFRP bars. 

The ringdown counts are related to the damping characteristic of the sensor, 
coupling efficiency and sensor sensitivity. Maintaining stability of these parameters 
is essential for consistency of interpretation. In general, ringdown counts provide 
an indication of source intensity or damage severity. The normalized total 
ringdown counts were plotted against the normalized applied load for all the test 
specimens. The shape of the curve is similar in all the test specimens. A change 
in the slopes of the curves was seen at around 503 of the normalized load (Chen, 
et al. 1993). The trend of the ringdown counts can be in terms of a bi-linear curve 
with the first slope of 1.6 and the second slope of 0.4. Therefore a drop of the 
slope to 25 3 of the initial slope is found to be an important indication of the 
loading over 503 of the ultimate strength of the AFRP bars. 

Application 

Current prestressed concrete structures using steel tendons are susceptible 
to salt corrosion. Composite tendons, on the other hand, do not face the same 
problem. Use of composite materials such as the AFRP rods (Kakihara, 1991) may 
significantly increase structure's service life. Tests were conducted by Kakihara 
(1991), to evaluate the performance of AFRP bars used as tendons in prestressed 
concrete beams. The results have shown that AFRP bars are useful in place of 
prestressing steel in severely corrosive environments. It is worth noting that 
because of the anti-corrosion advantage of AFRP bars, they also have great 
potential in cable-stayed and suspension bridges. The AE study in this paper has 
indicated successful prediction of stress levels in the tensioning of AFRP bars. The 
AE analysis of expern,iental data can be applied in predicting the stress levels of 
AFRP bars used as PC tendons in post-tensioned concrete structures where these 
PC tendons are not in contact with the concrete. AE technique can also be used 
to study the performance of such structural elements. Further study is necessary 
to identify signals from concrete cracking and environmental background noise, 
which is necessary for the development of a health monitoring technique for 
prestressed concrete structures using AFRP bars as tendons. 

Conclusions 

Acoustic emission technique was used to monitor aramid FRP bars under 
uniaxial tension. Epoxy-sand coated grips having an inner layer of sand and epoxy 
were developed and found to be ideal to hold #2 AFRP bars to failure. Acoustic 
emissions from AFRP bars were analyzed in detail for proper source location. 
Distributed failures along the length of the bars was observed and verified through 
AE source location. AE event rate showed two stages of failure and was able to 
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detect the beginning of fiber failure (after 70% -75% of the ultimate load). The 
acoustic emissio~ from breakage of epoxy coating, debonding between matrix and 
fibers were found to have considerably high event duration than the acoustic 
emissions from fiber breakage failure. Event duration versus peak amplitude 
curves are found to be useful in identifying different failure stages of the stressed 
AFRP bars. Total ringdown counts rate indicates a useful trend in getting early 
warning of the failure of the AFRP bars. Results of AE parametric analysis were 
used to predict the stress levels of aramid FRP bars in tension, which will help in 
the development of a monitoring system for prestressed concrete structures using 
post-tensioned AFRP tendons. 
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Figure 2 Sand coated grlp to hold #2 AFRP bars while testing 



68 

JOO 

260 

260 

2~0 

220 
Ill 200 
~ 
w 160 

{;j 160 

u.. 1~0 

0 120 

0 100 
z 

60 

60 

~o 

20 

0 

NONDESTRUCTIVE TESTING 

Matrix Resin Vinylester 

Volume of Fiber 65 % 

Density 1.3 g/cubic cm 

Tensile Su:ength 1.9 Gpa 

Tensile Modulus 54 Gpa 

Elongation 3.7 % 

Relaxation 7 - 14 % 

Table 1 Mechanlcal Properties ot #2 AFRP Bars 
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CONCEPTUAL DESIGN OF A MONITORING SYSTEM 
FOR MAGLEV GUIDEWAYS 

Udaya B. Halabe1, Roger H. L. Chen1, Powsiri Klinkhachom2, 

Vasudev Bhandarkar3, Shen-En Chen3, Alan Klink3. 

Abstract 

The state-of-the-art in nondestructive testing (NDT) technology has 
advanced significantly over the past fifteen years and has reached a stage where 
continuous monitoring of structures can be successfully achieved. The need for the 
adoption of advanced NDT technology for Maglev is absolutely essential because 
of the Maglev system safety and performance considerations and high cost of 
construction. In this paper, several monitoring methods such as Acoustic 
Emission, Ultrasonics, Ground Penetrating Radar, Infrared Thermography, and 
Fiber Optic Sensors have been evaluated in terms of their possible use in a Maglev 
system. Also, monitoring of guideway alignment and detection of debris on the 
guideway using Lasers and Fiber Optics have been investigated. 

1. General Monitoring Concept 

The two major objectives of .monitoring Maglev guideways are early 
detection of damages to the guideway system and prevention of catastrophic 
structural failures. These objectives can further be integrated into two different 
stages of the life of a guideway, namely, during construction and post-construction 
periods. Monitoring methods can either be real-time (i.e., continuous with 
embedded sensors) or periodic (i.e., intermittent surveying). 

1Assistant Professor, Department of Civil and Environmental Engineering 
2 Associate Professor, Department of Electrical and Computer Engineering 
3Graduate Research Assistant 
Constructed Facilities Center, College Of Engineering, West Virginia University, 
Morgantown, WV 26506-6101. 
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The essential steps in the monitoring process are identification of defects or 
damage, determination of suitable methods to predict distress, and determination 
of steps to minimize, prevent, or eliminate impending distresses. 

2. Guideway Defect and Damage Identification 

During construction, the monitoring requirements are: 

• Curing of the construction material (e.g., maturity and heat of 
hydration measurements in concrete); · 

• Time-dependent strength variation (e.g., ultimate growth of concrete 
strength with time); 

• Geometric alignment, with defined tolerance needs; and 
• Structural integrity with respect to member joints. 

In addition to material aging, the structures are exposed to harsh loading 
and environmental conditions causing deterioration. Monitoring during the service 
life of the structure should be focused on: 

• Guideway stiffness variations; 
• Differential settlements of the foundation; 
• Changes in geometric alignment; and 
• Integrity of the material. 

The main concerns in the applications of NDT to monitor Maglev 
guideways are the development of NDT techniques which are not significantly 
affected by the strong electromagnetic fields and the high degree of heat generated 
during Maglev operations. 

3. NDE Techniques Applicable to Maglev Guideways 

Nondestructive evaluation (NDE) techniques can be classified broadly into 
strength estimation, and material properties determination. Strength estimating 
techniques such as surface hardness methods, penetration resistance methods, etc. 
are very slow and cause minor localized damages in the structure. Hence, they are 
not suitable for monitoring Maglev systems. Material property determining 
techniques, on the other hand, cause no significant disturbances in the structure, 
can be easily automated, and used as long-term monitoring methods. 

4. Acoustic Emission (AE) 

AE sensors can be embedded in the structure at the critical locations and 
can perform continuous monitoring (Ouyang, et al. 1991). However, for concrete 
guideways, due to the high acoustic wave attenuation and high cost of the sensors, 
it is advisable to apply metal waveguides to conduct the waves to the sensors. The 
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waveguides are integrated into the structure, particularly over the locations where 
damages are most critical, and are linked to embedded AE sensors. Hence, a good 
waveguide would be one that can transmit the signal the farthest and involve the 
least attenuation. The location of sensors and waveguides are shown in Figure 1. 

For FRP (Fiber Reinforced Plastic) and steel reinforced concrete structures, 
the reinforcement within the concrete structure can be used as waveguides. 
Waveguides will not, on the other hand, be necessary for a steel structure. 

5. Ultrasonics 

The levitation magnets are located below the overhang portion of the 
guideway and support the entire weight of the Maglev vehicle (GangaRao, et al. 
1992). This creates tension on the top surface of the guideway near the support 
of the overhang portion of the guideway, causing the formation of vertical cracks 
along that line. Vertical cracks are best detected by surface wave transducers, and 
two sensors are required for each location. Considering six locations, 12 sensors 
will be required for each section (Figure 2). In addition, positive bending moment 
at the midspan of the guideway section leads to tension development at the bottom 
part of the box section. If two surface transducers (not shown in Figure 2) are 
used to detect any tension cracks at the midspan, a total of 14 sensors per section 
will be required. 

The effect of magnetic fields caused by passing trains on the ultrasonic 
transducers is temporary, and the interference will fade as the train moves away. 
In such a case, the output from the sensors will have to be ignored during the time 
the train is passing over the specific region. However, the long term effects of 
these high magnetic fields on ultrasonic transducers is not yet known and additional 
research needs to be undertaken to determine these effects. Corrosion in the case 
of steel guideway can be detected by determining the thickness of steel members 
using focussed ultrasonic transducers (Singh and McClintock 1983). However, 
detection of incipient corrosion and evaluation of corrosion rates by ultrasonics is 
difficult. 

6. Ground Penetrating Radar (GPR) 

Electromagnetic radar waves are greatly influenced by the magnetic fields 
in the Maglev environment, and a separate non-Maglev test vehicle will be 
necessary for data acquisition. The test vehicle, shown in Figure 3, can run on the 
guideway at speeds varying from 16 to 32 kmph (10 to 20 mph). Each radar 
antenna is about 203.2 mm (8 inches) wide and can scan an area of0.093 m' (1 sq. 
ft.) at a time. Because the distresses will most likely occur along the line of 
support of the overhang, two antennas will be sufficient to scan the guideway in 
a single pass. 



74 NONDESTRUCTIVE TESTING 

For GPR, metals such as steel and aluminum have a reflection coefficient 
of -1 and a transmission coefficient of 0, i.e. radar waves cannot penetrate through 
metals. Hence, GPR cannot be used as a NDE technique on steel guideways. 
Also, concrete/composite guideways that are covered with aluminum sheets for 
shielding of magnetic radiation cannot be monitored by GPR. 

7. Infrared Thermography (IR) 

The IR system can be mounted on a vehicle for scanning the guideway. 
However, since the speed of the Maglev vehicle is far too high for the camera to 
read and record distinguishable temperature differentials, a separate test vehicle 
which runs at a slower speed [32-48 kmph (20-30 mph)] is necessary for the IR 
system. The IR system can be mounted on the same test vehicle that houses the 
GPR system. 

Infrared measurements are severely affected by the unpredictable changes 
in weather conditions (Maser and Roddis 1990, Weil 1991). Defects can be 
identified only on bright sunny days (or nights following sunny days) during the 
solar heating cycle (around 11 a.m. - 3 p.m.) or the cooling cycle (around 11 p.m. 
- 3 a.m.). Furthermore, effect of high temperature gradients due to magnetic fields 
in the Maglev environment (Campbell and Siu 1988) on infrared measurements has 
to be properly accounted for in the data analysis. 

8. Embedded Fiber Optic Cables to Produce a "Smart Structure" 

Conceptually, fiber optic cables can run from inspection stations to the 
guideway where they are embedded at critical stress areas, and then return to the 
inspection station. The inspection stations will contain Light Emitting Diodes 
(LED) that transmit light through the fibers, phototransistors to detect the light 
intensity passed through the fiber, and support devices (i.e.·, operational amplifiers, 
transistors) that amplify the signal for interpretation (Udd 1988). The inspection 
stations can be positioned either at every joint in the guideway structure, or at 
intervals of joints as necessary. At least two fibers will need to run the length 
[about 32 m (105 ft.)] of the guideway. This length does not pose any major 
problem, since optical fibers with a length of several miles are being successfully 
used for telephone lines. 

Cracks at critical areas will cause deformation of the fiber embedded within 
the guideway (Figure 4). This deformation in the fiber will allow light which is 
normally reflected within the fiber to be absorbed in the fiber cladding 
(microbending loss) (Das, et al. 1985). This will decrease the intensity of light 
received at the photo-transistor and trigger a warning signal. However, 
experimental research to determine the minimum crack size that can be detected is 
yet to be conducted. 
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The main advantage of using fiber optic sensors is that the strong magnetic 
field associated with Maglev does not affect the fiber optic cables. The electronic 
components connected to the fiber optic cables have to be shielded and placed at 
a safe distance from the magnetic field. As the sensors only need to detect the 
decrease in light intensity, the data analysis is both easy and inexpensive. Also, 
strain and temperature variations can be detected by using interferometric devices 
that measure the phase change in the transmitted light. However, this will require 
more difficult and expensive data analysis (Jungbluth 1991, Sirkis, et al. 1988). 

9. Geometric Alignment using Laser 

Monitoring of track geometric variations can provide information on the 
movement and damage of guideway sections. On a macro-scale, issues such as 
differential settlements, ground heavings, and horizontal land movements will all 
result in guideway geometric alignment deviation. On a micro-scale, interior 
cracks or expansions of a guideway section may result in surface irregularities. 
These deformations can sometimes be identified by visual inspection. More 
accurate methods involve the application of a high-tecll laser tracking method either 
locally (mounted on a test car) or globally (placed on the guideway or at a certain 
distance away from it). 

Local laser tracking for geometric alignment has been applied for the 
purpose of monitoring the alignment of railway systems (CSX Manual 1990). In 
this application, a test car is equipped with a laser emitting apparatus along with 
an electronic video camera for receiving the reflected beam. The reflector can be 
placed permanently on the guideway (Figure 5). The test car runs at a designated 
speed, typically about 80 kmph (50 mph). An alternative is to install the laser 
source and camera directly onto the Maglev vehicle. Deformations of the cross 
section can then be determined by receiving the reflected laser beam by two high­
speed cameras. This method is limited to detection of cross sectional 
misalignment. 

In the global system, the laser source and the reflectors are fixed on some 
extensions on the guideway (Figure 6). By reflecting the light source over the 
surface of the guideway, adequate information regarding track geometry can be 
retrieved. This information can be used to detect both longitudinal (along track 
length) and cross-sectional misalignment. This system has a major advantage in 
that it does not have to be set up every time. 

10. Fiber Optic Guideway Alignment Detector 

Fiber optic cables can run from inspection stations to the guideway joints; 
through deformers, and return to the inspection stations. Any misalignment in the 
guideway will cause the deformers to press against the optical fibers, inducing 
microbending losses (Figure 7). This will cause a reduction in the intensity of light 
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received at the phototransistor, and a warning signal will be generated. The 
amount of light absorbed by the cladding is proportional to the deformation of the 
fiber. 

11. Obstruction Detection on the Guideway 

An array of light emitters and receivers (lenses) can be positioned on the 
guideway (similar to Figure 6). Ordinary light or lasers can be focussed and 
projected across the guideway by lenses (emitters) and received by a second set of 
lenses (receivers). The transmitted and received light can be carried from the 
inspection stations to the lenses and back by fiber optic cables. Any large 
obstruction (debris) on the guideway will interfere with one or more light beams, 
resulting in a decrease in the intensity of light at the phototransistor, thus 
generating a warning signal. The number and positioning of emitters and receivers 
in the array can be adjusted as necessary. 

12. Conclusions 

• From the study of various NDT systems, it is evident that a combination of 
the various NDT methods will be necessary for a complete monitoring 
system. Such an integrated NDT system combined with advanced data 
synthesis techniques (e.g., knowledge based systems) can lead to a more 
accurate and reliable evaluation of maglev guideways. 

• The use of an NDT monitoring system can lead to early detection of 
distresses, thus initiating timely repair steps and preventing the occurrence 
of major disasters. 

• While all the NDT methods discussed are applicable to Concrete structures, 
Ground Penetrating Radar, Infrared Therrnography and Optical Fibers 
(embedded sensors) are not applicable to Steel structures. 

• Research has to be conducted to study the applications of NDT methods to 
new materials such as Fiber Reinforced Plastics (FRP). 

• Research also needs to be conducted to determine the short and long-term 
effects of strong magnetic fields on NDT sensor/system response. 
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Alternate sensor 
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Figure 1. Acoustic Emission Sensor and Waveguide Locations 
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Figure 2. Positioning of Ultrasonic Sensors on Concrete Guideway 
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Figure 5. Test Car for Lasei. Geometric Alignment 
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Figure 6. Fixed Laser-Reflector Alignment System 
(Also applicable for Debris Detection) 
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NONDESTRUCTIVE TESTING OF A TWO GIRDER STEEL BRIDGE 

Abstract 

R.L. Idriss1
, C.B. Woodward1

, John Minor and 
D.V. Jauregui3 

Due to geometry and traffic safety considerations, the I-40 bridges over 
the Rio Grande were scheduled to be demolished in the fall of 1993. This created 
a unique opportunity for testing. The bridges are classified as "fracture critical", 
two girder steel bridges. The bridges were tested to determine the effect of 
defects on the redistribution of loads, on the load capacity, and on the potential 
for collapse. Two nondestructive techniques, resonant ultrasound and modal 
analysis, were tested on the bridge. Base line data was accumulated for the 
undamaged bridge. Then four different levels of damage were introduced in the 
middle span of one of the girders. Data was accumulated at every stage. The 
final stage was a near full depth crack in the girder. Static tests and forced 
vibration tests were performed on the structure. 

This is an on-going project. This paper describes the preliminary stages 
of the project. Full results of the testing, i.e., data obtained from the testing as 
well as evaluation and assessment of the results will be published at a later date. 

Introduction 

The I-40 bridges over the Rio Grande in Albuquerque were due to be 
demolished in the fall of 1993 due to geometry and traffic safety considerations. 
The bridges represents a common design in the U.S. which is classified as non­
redundant, "fracture critical", two-girder steel bridges. The AASHTO Standard 
Specifications for Highway Bridges1 defines non-redundant load path structures 
as structure types "where failure of a single element could cause collapse". 

1Assistant Professor 

2Professor 

3Graduate Assistant 
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These bridges have fatigue sensitive details and are well known to develop 
fatigue cracks. Experience shows that two-girder highway bridges typically do 
not collapse when a fracture occurs in a girder. In many instances, they remain 
serviceable, and damage sometimes is not even suspected until the fracture is 
discovered incidentally or during inspection2• Much still needs to be learned 
about the after fracture behavior of these structures and how the load gets 
redistributed when fracture occurs. 

Objectives of the Testing 

The two main objectives were: a) Load path evaluation of the bridge. 
Induce a crack and study the load redistribution that occurs in the structure b) 
Evaluating nondestructive techniques as a tool to detect several levels of damages 
in the bridge. Two techniques were used: a variation of modal analysis and 
Resonant Ultrasound, both conducted by Los Alamos National Laboratory. 

Bridge Description 

The current structure, built in 1963, is a 1,275 foot long, non-composite 
bridge consisting of three-span continuous units with spans of 131 feet, 163 feet, 
and 131 feet each. The structural unit is a two-girder welded with bolted splices 
design with a floor system (Figures 1, 2, and 3). 

Girder Flange 
Girder Web PL 120x3/8 

~=========~==========t/ Centerline 

---- 115' ____ ._.37'-4" __...__ 60'·8" ~ 

Flange sizes 21 "xl 112 • PL 24"x2 518" 21 "x 1 1/4" I 
I 130.2· s1.s· __ 

Figure 1 Girder Dimensions 
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Floor Beam Bottom Lateral Bracing 

~1~50;:--::~~7""~7""~:;>1"l~:;>l"l~:;>l"l::-31~L~5~x5_x7~~1~6~~~il" Centerline 

Figure 2 Floor Beams & Bottom Lateral Bracmg 

Girder 

Stringers W21 x62 

Floor Beam 
W36x150 or 
W36x182 

30' 

Figure 3 Bridge Cross-Section 

Preliminary Analvtical Evaluation 

5.5' 

J 

A three dimensional finite element computer model of the bridge was 
developed3•4• Defects were modeled in the structure. The results of this 
analytical study were used to evaluate and choose defects to implant on the 
bridge. This analysis was necessary from a safety standpoint. The results of the 
analytical evaluation were used to determine the sensor locations, and optimize 
the quality and quantity of the data acquisition devices. It was used tQ calculate 
the load on the jacks during temporary shoring, the clearance needed at the cut, 
and the positioning of the truck for static loading. It was also used for the splice 
design of the girder that was to follow the testing. 

Computer Model 

A detailed three dimensional analysis of the bridge was necessary to 
account for the full interaction of the elements and to model the complex three 
dimensional behavior of the as-built structure (Fig. 4). 
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(beam elements) 
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Oeck(shell elemenl) 

Plane stress element 

Figure 4 Three Dimensional Model 

The Flanges: Beam elements were used to model the top and bottom 
flanges of the girders, stringers, and floor beams. 

The webs were modeled using plane stress elements. 
The deck was modeled using shell elements. 
Bottom lateral bracing diagonals were modeled as truss elements. 
Crack: To model a crack in the girder, coupled nodes were used at all 

possible crack locations. Except for the fracture location of interest, the other 
node couples were rigidly linked (Fig. 5). 

Gird T p Flange Girder Web .. 0 

I ......... , 
J 
'1.!5" 

# 

,.> ... > 

1 
"' o;rder Bott Crack om Flange 

Figure 5 Modeling of the Crack 

Systems Two models were examined: (1) a model of the intact structure; (2) a 
model of the bridge with a crack in one of the girders. A near-full depth crack 
was modeled at midspan of the central span, extending through the bottom flange 
and the web. An elastic analysis of both systems was conducted. 

To determine the alternate load paths along which the load gets 
redistributed, the forces and moments generated in the different elements of the 
structure were evaluated at the vicinity of the crack and at the interior supports. 
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Results of the Computer Analysis3•4 When a crack was introduced in the girder 
there was a shift in load throughout the structure. When the results were 
interpreted the following were evident: 

1. The introduced crack changed the existing structure into a new, still 
stable structure. 

2. Most of the load was observed to be redistributed longitudinally, 
via the girders and the stringers to the interior supports. 

3. Some of the load was redistributed in the transverse direction to the 
intact girder due to the torsional rigidity of the deck, the floor beam, and the 
bracing system. 

4. The bottom lateral bracing at the crack location had a large 
increase in tensile force and played a significant role in stiffening and stabilizing 
the structure. Bracing at other locations did not show any significant changes. 

Monitorin& of the Bridie 

Based on the preliminary finite element analysis and load path evaluation, 
we focused on monitoring the elements which showed the most significant change 
in load. Using strain gages, we primarily monitored the moments at the interior 
girder supports, forces in the bracing at the vicinity of the crack, moments in the 
floor beams and stringers at the vicinity of the crack. 

Brid&e Testin& 

Static testing: A general tractor trailer was used with a front to back axle 
spacing of 55.18 ft, and a gross vehicle weight of 81,620 lbs which was 95.5% 
of the maximum New Mexico legal load. Influence lines for a three span 
continuous beam were used, and the truck was placed above the north girder at 
two locations for the static load test: at the center of the middle span to create 
maximum positive moment in the center span and almost maximum negative 
moment at the supports, and in the first span to create minimum moment in the 
middle span. 

• Dynamic testing: A hydraulic shaker furnished by Sandia National 
Laboratory, consisting of 21, 700 lbs reaction mass supported by three air bearings 
resting on top of 55 gallon drums filled with sand was used. A 2,200 lb 
hydraulic actuator located at the center of the mass and anchor bolted to the 
bridge deck provided the input force to the bridge. A generator powered the 
pumps necessary to operate the actuator and a water truck provided cooling for 
the pumps. The shaker could provide either a random or swept sine input. An 
accelerometer mounted on the reaction mass was used to measure the force input 
to the bridge. This indirect force measurement gives the total force transferred 
to the bridge through the actuators and the 55 gallon drums. Forced vibration 
tests were conducted by Los Alamos National laboratory using a random input, 
therefore, experimental modal analysis and resonant ultrasound could be 
performed on the bridge. Piezoelectric accelerometers were used for the 
vibration measurements. Experimental modal analyses were repeated after each 
level of damage was introduced in the bridge. 
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Damage Description 

Four different levels of damage were introduced in the middle span of the 
north plate girder by making various torch cuts in the web and the flange of the 
girder. This occurred from September 3 through 8, 1993. The final cut was to 
simulate a near-full depth crack in the girder. This type of crack, usually a 
fatigue crack, develops at fatigue sensitive details in the bridge, often at the 
girder to floor beam connection. The cut in the girder was done in four stages. 

•The first stage cut was a two feet deep cut in the web originating at the floor 
beam connection level. 

•Next, the cut was continued to the bottom of the web. During this cut, the web 
bent out of plane approximately 1 inch. 

•The third stage was to cut the flange half way in from each side, directly below 
the web cut. 

•Finally, in the fourth stage, the flange was severed completely, leaving the 
upper four feet of the web and the top flange to carry load at that location. The 
final cut resulted in a six feet deep crack in the ten feet deep girder, extending 
from the bottom flange to the floor beam to girder connection. 

Preliminary Results 

The fractured bridge was stable, as predicted by the preliminary finite 
element analysis. Under dead load, the bottom flange of the girder at the cut 
deflected by only 11/16 of an inch and the crack opened 3/8 of an inch. When 
the truck was positioned above the cut, the crack opened to 3/4 of an inch and the 
girder at that location deflected an additional 1/2 inch for a total of 1-3/16 inch. 

Future Work 

The experimental data are currently being analyzed. Data from the 
testing, as well as evaluation and assessment of this data will appear in a final 
report that is currently being assembled. 
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AN INFORMATION SYSTEM ON THE PERFORMANCE OF SUSPENSION BRIDGES 

UNDER WIND LOADS: 1701-1993 

Satinder P. S. Puri, 1 M. ASCE 

ABSTRACT 

From 1701 to 1993, most suspension bridges performed satisfactorily under wind loads. Among 
those that did not, a few were destroyed, some partially damaged, and others experienced unacceptable 
vibrations. Suspension bridges with unacceptable vibrations were fitted with various stiffening devices 
to improve performance. Twentieth Century suspension bridges performed better than 19th Century 
bridges - since fewer bridges were destroyed or damaged in the present century. However, perfor­
mance data, where available, varies from brief descriptions to detailed explanations. 

Data on performance is being collected for a Computer-Aided Information System, currently under 
development. The performance of a suspension bridge, under wind loads, is recorded by listing the 
vibrational response characteristics and the damage, if any. The performance is evaluated for the 
bridge as a "whole" and for the individual "parts" during the "construction• and "service" stages. 
While this paper evaluates the performance of full-scale bridges only, the Computer-Aided Information 
System will include the performance of scaled laboratory models, and models in wind tunnels. 

This paper is a work-in-progress report on the performance of 26 full-scale suspension bridges. 
Five of these bridges were destroyed by wind, and six were partially damaged. Seven bridges that 
were not damaged had stiffening devices added to improve performance. One bridge was damaged 
after the devices were added. Another bridge, with a record of satisfactory performance in the 
unstiffened single-deck state, had bottom-chord lateral bracing added to improve its performance in 
the stiffened double-deck state. Six bridges experienced, according to their designers, acceptable 
vibrations. 

HISTORICAL BACKGROUND 

The first recorded failure of a suspension bridge by a gale was the Dryburgh Abbey Bridge, in 
Scotland in 1818. This was followed by wind-related failures of the Wheeling Bridge in 1854, the 
Lewiston-Queenston Bridge in 1864, the Niagara-Clifton Bridge in 1889, and the dramatic failure of 
the first Tacoma Narrows Bridge in 1940. Despite these failures, spread over a 120-year period, 
engineers continued to design suspension bridges for the effects of static loads only because the Navier, 
Rankine, Elastic, and Deflection theories for design of suspension bridges did not provide guidelines 
for aerodynamic design. While designers were aware of aerodynamic effects, their designs to counter 
the destructive effects of Y.:ind continued to be based on "feel" rather than on "facts.• 

In the early bridges, railings - either framed or trussed were used to stiffen the deck against 
vertical displacements caused by moving loads. Fig. 1 shows an unstiffened suspension bridge. 
Diagonal stays, in various configurations, were used as stiffening devices against wind loads even 

1 Structural Engineer, Port Authority of New York & New Jersey, 
One World Trade Center, Floor-72 NI, New York, NY, 10048 
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though their behavior was not clearly understood. The first known use of stays was for the Winch 
Bridge in England, a two ft wide pedestrian bridge with a single span of70 ft, which opened in 1741. 
As spans became longer, trussed railings led to the development of stiffening trusses which were used 
extensively in suspension bridges opened to traffic between 1869 and 1930. Some of them used 
diagonal stays in combination with trusses. The Clifton Bridge, which opened in England in 1864, was 
one of the few 19th Century bridges that used plate girders. 

Between 1931 and 1947, there was a trend toward graceful looking bridges. As a result, the 
stiffening truss was either eliminated as with the first stage of the George Washington Bridge or 
replaced by rolled beams in the Fykesund Bridge in Norway, and by slender plate girders in at least 
six North American bridges, including the first Tacoma Narrows Bridge. 

Twentieth Century bridges with rolled beams or plate girders performed poorly under wind loads. 
Some 20th Century bridges with stiffening trusses also performed unsatisfactorily. To improve 
performance, bridges were fitted with a variety of stiffening devices such as: cable ties, diagonal stays, 
fairings, guy ropes, lateral braces, transverse braces, and dampers. Fig. 2 shows a variety of 
stiffening devices. While stiffening trusses are still popular, streamlined boxes have been used in some 
European and Turkish bridges - generally in combination with inclined suspenders. 

PERFORMANCE 

Performance: a measure of functional effectiveness, refers to performance of a bridge as a 
"whole" and to performance of the individual "parts" such as deck framing, railings, stiffening 
devices, suspension elements (chains/wires/strands/cables), suspenders (also known as hangers), and 
towers. The performance is recorded both during the "construction" and "service" stages of a bridge. 
The various parts are shown in Fig. 's 1 & 2. 

Suspension bridges vibrate in a variety of patterns and modes when subjected to aerodynamic 
phenomenon such as buffeting, flutter, galloping, and vortex excitation. A suspension bridge can be 
considered to perform adequately if the stresses, deflections, amplitudes of vibration, and frequency 
of occurrence of such vibrations are within acceptable limits. 

Initially, laboratory tests were used to predict performance. Later wind tunnel tests were used for 
the same purpose. Nowadays, wind tunnel tests, computer analyses, and simulations are used to predict 
and to verify performance. 

Performance is recorded in the Computer-Aided Information System by listing the vibrational 
response characteristics of a suspension bridge and the damage, if any, when subjected to wind loads. 
Vibrational response characteristics are recorded by listing - measurements of frequency, amplitude, 
mode shape, symmetry of mode shape with respect to the longitudinal and cross-sectional center-lines 
of a bridge, and the type of vibration: vertical, torsional, or coupled. Fig. 3 shows types of vibrations. 
Damage is recorded by describing its extent. 

While this paper evaluates the performance of full-scale bridges only, the Computer-Aided 
Information System will include the performance of scaled laboratory models, and models in wind 
tunnels. 

Accounts of performances of earlier bridges are not well documented. Since these accounts, where 
available, are usually brief and often incomplete, it is difficult to assess how earlier bridges actually 
performed in the wind environment. However, in a few cases, eyewitness reports, supplemented with 
sketches, are available. A movie camera was used to record the performance of the first Tacoma 
Narrows Bridge. Automated data-acquisition devices are often used to record the performances of 
present-day bridges. 

COMPUTER-AIDED INFORMATION SYSTEM 

The Computer-Aided Information System, now under development, will contain data on the 
performance of suspension bridges under wind loads. Complete information has not yet been gathered 
on all the bridges. In some cases, the information is not available since it was never collected by 
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owners and operators. In other cases, the information is pending because references containing this 
information are not easily accessible. 

Since images take up a lot of storage space, at present, only textual information is being collected. 
The textual information, extracted from available references, is being organi7.ed in a series of tables. 
For a particular suspension bridge, the system will contain information on items such as general bridge 
data, performance of full-scale bridges during the "construction" and "service" stages, performance 
of laboratory models and models in wind tunnel tests, instruments for measuring wind data and 
response of full-scale bridges, suggestions for improving performance, and a list of references. 

Each bridge has a distinct ID consisting of the letter • S • followed by the year in which the bridge 
was opened to traffic. Letters" A", "B", "C", etc. are used as suffixes to distinguish bridges, in order 
of decreasing main-span, which opened to traffic in the same year. For example, the ID's: S-1939A 
and S-1939B denote the Bronx-Whitestone Bridge, NY, USA (main-span = 2300 ft) and the Deer Isle 
Bridge, Maine, USA (main-span = 1080 ft) respectively - both opened to traffic in the year 1939. 

STIFFENING ELEMENTS & DEVICES 

Besides traditional elements such as railings, trusses and girders, several devices such as cable ties, 
dampers, diagonal stays, fairings, guy ropes, lateral braces, stays, and transverse braces, were used 
to stiffen suspension bridges against the destructive effects of wind. Fig. 2 shows various elements and 
devices. However, ties, fairings, and braces are not shown in the figure. The elements and devices are 
components of stiffening systems. 

Various references have used terms such as "diagonal stays", "guy ropes", and "stays" interchange­
ably. Where possible, the information system uses the term "diagonal stay." Diagonal stays have been 
classified as: anchor stays - stays from concrete anchors in the ground to underside of stiffening 
elements, corner stays - stays from top of stiffening elements at comers of main or side spans, at the 
towers, up to the cable bands; mid-span stays - stays from cable bands at mid-span down to top of 
stiffening elements; pier stays - stays from base of towers or piers up to underside of stiffening 
elements, and tower stays - stays from top of towers down to top of stiffening elements. 

Cable ties connect the main cables and the top of the stiffening elements, in a crisscross pattern, in 
a vertical plane. Fairings are attachments, usually connected to the deck edges, on either side, to 
streamline the flow. Lateral braces connect the bottom chords or flanges of stiffening elements in a 
hori:zontal plane. Transverse braces connect main cables with brackets mounted at the top of 
stiffening elements, in the plane of the cross-section. 

PERFORMANCE OF SUSPENSION BRIDGES UNQER WIND LOADS 

This paper is a report on the performance of 26 full-scale suspension bridges. Performance under 
wind loads is recorded and evaluated for the bridge as a "whole" and also for the individual "parts" -
both during the "construction" and "service" stages. The data on performance is organi7.ed in tables. 

TABLE 1 

TABLE 1 contains a list of 26 suspension bridges included in the system on which some information 
on performance under wind loads is available. Information is arranged in two rows. The first row 
contains information on the IDentification mark; NAME, CROSSING, & LOCATION; and the name 
of the DESIGNER(S). The second row contains information on TYPE of bridge: PEDestrian, 
HighWaY, PIPEiine, or RailRoad; dimensions of MAIN and SIDE-SPANS (unless noted, side-spans 
are two in number and equal), SAG, CLEARance, and WIDTH of bridge or distance centerfcenter 
of suspension elements, in feet; type of SUSPension ELEment - chains, wires, strands, or cables; and 
type of STIFFENING ELEMENT as originally installed - Railings, Girders or Trusses. Subsequent 
additions, if any, such as Braces, Dampers, Fairings, Stays and Ties - are included in Table 2. 
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NOTES FOR TABLE 1 

Note l(S-1817): 

Note l(S-1823): 

Note 3(S-1826): 

Note 4(S-1889): 

TABLE2 

The single span of Dryburgh Abbey I was supported by a system of 
inclined chains connected to the wooden deck at several points. 
The Brighton Chain Pier consisted of a total of four spans, each 255 ft in 
length. 
The side spans of the Menai Straits Bridge are supported on masonry 
arches. 
While Niagara-Clifton II (replacement for S-1869: Niagara-Clifton I) was 
based on the original drawings, the bridge was also widened and 
strengthened. 

TABLE 2 contains outlines of performances of full-scale bridges. Performance is described in 
terms of whether the bridge experienced VERtical, TORsional, and/or CouPLed VIBrations, and 
whether it was also DAMAGED during the "CONSTRUCTION" and "SERVICE" stages. The table 
also includes information on the ORIGinal STIFFENING ELEMENT(S) and subsequent ADDitions, 
if any. The additions include devices such as cable ties, diagonal stays, fairings, guy ropes, lateral 
braces, transverse braces, and dampers. 

TABLE3 

TABLE 3 contains information on the AGE of suspension bridges that are in operation, as of 1993, 
and the LIFE-SPAN of suspension bridges that were destroyed by wind, or were demolished, or 
replaced. 

SUMMARY OF PERFORMANCES 

Total Number of Bridges = 26 
No of 19th Century Bridges = 12 
No of 20th Cemury Bridges = 14 

Bridges destroyed = 5 (Dryburgh Abbey /, Wheeling /, Lewiston-Queenston /, Niagara-Clifton /, 
and Tacoma Narrows I) 

Bridges damaged = 6 (Brighton Chain Pier, Menai Straits, Montrose I, Nassau, Roche-Bernard, 
and Niagara-Clifton II) 

Bridges fitted with stiffe11i11g devices to coumer excessive vibrations = 7 (Golden Gate, 
Fykesund, Thousand /slands(USA), Thousand /slands(Canada), Bronx-Whitestone, 
Beauharnois Dam, and Forth Road) 

Bridges damaged after being fitted with stiffening devices to counter excessive vibrations = 1 
(Deer Isle) 

Bridges with satisfactory perfonnance = 7 (U11io11, Clifton, George Washington, Lions Gate, 
Peace River, Liard River, a11d Severn) 

Bridge with shortest life-span: Tacoma Narrows I (4 mo11ths) 
Oldest bridge in operatio11: Union Bridge (173 years as of 1993) 

Twentieth Century suspe11sion bridges perfonned better than 19th Century bridges. Fewer 20th 
Century bridges were destroyed or damaged in this century. 
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TABLE 1. GENERAL DATA 

ID NAME, CROSSING, A LOCATION DESIGNER(Sl 

TYPE II MAIN II SIDE 1 II SAG II CLEAR. II WIDTH II SIJSP.11 
STIFFENING 

~~ SPAN SPANS ELI. ELEMENT 

S.1817 DRYBURGH ABBEY I,,.,,_. RMr, -C-, Soollond BulllbJJ.AW.-

-" I '"" I I t I ' I • I"-· --··"'-I 

S.11111 UNION,,.,,_. RMr, --Ford, E~ Slrlllmud-

HWY. I 449 I I JG I 27 I ll 1a...1 llaillnp I 
S.1113 BRIGHTON CHAIN PIER l-11..1.. ,,..,.____. S.-.: C-- I-'""- Sir Samud ....... ,,.,.2 PED.IWIWllll ' I U.67 I a.-1 w.1. llalllnp I 
S.lllZf MENA! STRAITS W .... ,,..,_Tollord 

HWY. I 5IO I Nl1H J I Cl.l3 I 100 I 21 1a.-1 llaillnp I 
S.llD' MONTROSE I Soulh Elk River AmUI "-- Scotland Slrlllmud ......... 

HWY. I en I I a I ' I 26 la.M.I llaillnp.' I 
S.lllO NASSAU Ulan Jlhrer c- BulllbJi.-AWalf 

HWY. I :WU I JI.' I ' I ' I 22 1a.-1 ' I 
S.11141 ROCHE-BERNARD Villllne Rlvor Mom.... Fnnee -bJLeBlone 

HWY. I '4U I I so I 110 I ' I Cobllo I ' I 
S.lllff WHEELING I Ohio 1t1¥er W"' Vlrolnio USA a..ri.Ellot 

HWY. I 1010 I I ' I " I :w I Cob• I Woodon llaillnp I 
S.11151 LEWISTON· rH rw£NSTON I 11111-- Rh'er I ---- NY IJSA/illo.-- Ontario Canada --PED. I 104.1 I I ' I ? I 21 I Cobllo I llalllnp I 
S.11'4 CLIFrON Avon Rlffr Clifton £-land l.K. llrund 

HWY. I 702.25 I ' I ' I ' I 31 I a.- I w.1 ...... Glrden I 
S.1169. NIAGARA.CLIITON I N- F ... NV USA Samuel Keel'er 

PED. I U61L33 I I ' I ? I 10 I Cobllo I WoodenT,__ I 
S.118 MAGARA..cLIFTON II N-- Falla. NY USA G.W.McNull7 ,,.,., 

HWY. I ll611.33 I I ' I ? I ' I C1b11o I _,,,_ 
I 

S.l!DI GEORGE WASHINGTON H.-, River NV/NJ. USA O.H ............ 

HWY. I 3500 ' "0,'50 I 316 I 213 I '°' I C1b11o I - I y,. 

S.l!D7A GOLDEN GATE Son_......, H- •~ .. -- USA J.B.-
HWY. I 4lOI I IW I 675 I 220 I ,. I C1b11o I ShelT..- I y,. 

S.1!078 l'YKESIJND N- ' HWY. I '155 I I !15.5 I ? I 23.6 I C1b11o I Rolled Shel 1 • .....,, ' 
S.lllJIA THOUSAND IS ·NT-.: St. Lawnnee Rlver-Amtrielln a.---_. NY USA Hlllonltubi.-A 

HWY. I ... I 350 I ' I ISO I JG.5 I Cobllo I Shell'WeGlrden I y,. D.B.-

S.l!DSB THOUSAND ISLANDS St. Lawrence llh'er-C....u.n .. ,. __ Camda Hlloaltubi.-A 
HWY. I '750 I JGO I 1 I JlO I JG.5 I Clbllo I Shell'WeGlrden I No D.B.-

S.l!DIC LIONS GA TE Vancauvel' Harbor BrlW. CobnblllL C...a ? 

HWY. I 1550 I "' I ISO I 200 I .. I C1b11o I ShelT,,_ I y,. 

S.l!D!IA BRONX-WHITESTONE Eool River Branx/ I·- NY USA O.H ............ 

HWY. I 2lGO I 7.15 I 200 I ISO I 74 I Cobllo I SleelPWeGlrden I y,. 

S.l!DPB DEER ISLE Maine USA D.B.-
HWY. I lllm I 414 I 1• I 15 I 23.5 I C-1 Shell'WeGlnlen I y,. 

IS.l!IOO I 
TACOMA NARROWS I Sound Wooh USA L.S.MolooellT 
HWY. I 2IOO I 1100 I l3l I lG3 I 3' I Clbllo I - ..... Glrden I y,. 

S.1!163A PEACE RIVER Aloob H-- Brilllll CalumblL Canada Ra,......i An:hlbald 
HWY. I '30 I 465 I !D I ' I JG ,_, SleelT.-- I No 

S.lMlB LIARD RIVER Aloob H-- Brilllll Col ..... IL c ...... Raymond An:hllUI 
~ ~•I-~• ., ••I . I ... ·~--...,1 ··~ .. . 

S.1!167 BEAUHARNOIS DAM, SL t.owr..... Seoway, ~. C ...... ? 

HWY. I 5IO I ' I 58 I ' I JG I Clbllo I - ..... Glrden I No 

S.1!1'4 FORTH ROAD ..,,,. at Forth Scotland SlrGlllatllol>trU 
HWY. I 3JGO I 13.a I JGO I 110 I 71 I Cobllo I ShelT,,_ I y,. 

S.1!166 SEVERN .. .-.-n.va111 SlrGlllatllol>trU .... ... .. ..... v-

(For description of Notes 1, 2, 3, & 4 - see preceding pages) 
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TABLE 2. OUTLINE OF PERFQRMANCES OF FQLL-SCALE BRIDGES 

ID NAME DURING CONSTRUCTION DURING SERVICE 

VER. II TOR. II CPL. I DAMAGED 
VER. II TOR. I[~] DAMAGED 

VIB. VIB. VIB. VIB. VIB. VJB, 

S.1117 DRYBURGH ABBEY I f I T I T I No T I 7 I T I Y• 
STIFFENING ELEMENT(S)1 w ...... -.,.. 

PERF. DURING SERV.1 Clllllplolely doolnyed by a pie.., J......,.15, lllL 

S.llDO UNION II T I T I T I No II 1 I T I T I No 

STIFFENING ELEMENT(S): II RaJUna.'l')'pe·T 

PERF. DURING SERV.1 A - .t --....... llloorTedJy, Iha< lhe bridp - deolrvyed In a pie lbout 1111 ........ 
-•apened.H__., .... brldplld-olllAlnnoondlldlnapenlilm. 

S.lm BRIGHTON CHAIN PIER II T I 7 I T I No II v .. I ? I T I Y• 

STIFFENING ELEMENT(SJ• II w....,..' Iran - nlUnt 
PERF. DURING SERV.1 a. Tiie rour._ bridp ......... durint hiiljl wlndo. b. The lhlnl _. - ........, ........... by a pie 
., Od. 11, 1133. e, The - ond l'lllllnl .t lht lhlnl ..,.., ollldl ...,_ Ille.-, _. ............... by a pie.., Not-. 30, 
1&16. Thll- lhe ......... .,, .... brldp- - ... ,_.,., wllh - by LI. C4ll. Reid.,, .... llrllllh ,.,.,,,, 

S.lllH MENA! STIWTI II 7 I Y• I T I v .. II 7 I Y• I Y• I Y• 
STIFFENING ELEMENT(S)I II RaJUna.'l')'pe·T 

PERF. DURING CONST.1 Th'".,.. ....... pllo Iha< ......... ...._......_, 

PERF. DURING SERV.1 a. !kme-""" ..i noar ._.. _.. fndired by,,.. "-1 plot.., F .... 6, lllL b. -
............ ,.... ............ durlns a hetY)' pie In Jon. l&l6. e. ~ lhon ..-1n1 .tlht-""" ..i a llrp partloD .tlhe 
- _.. doolnyed by a pie'"' Joa. 6, 11139. In oddltlan, Ibo molm olopped _., other......,....,. .t lhe --'lnl bolt. 

Whle Ille bridp - ............ Ille ......... ,,.. ....., lhll ,_ a - - otrenathened. d. NeuV a 100 yean -· lhe bridp 
- ............... by. pie In Jan. 1936. Thll - lhe brldp ......_.. ~ ... nhtbllltallan. 

S.lat MONTROSE I II T I T I T I No II T I T I T I v .. 
STIFFENING ELEMENT(S)• II Rllllinc-? 

PERF. DURING SERV.: Domapd by a pie .., Od. II, 1!!18, Brldp - repolred. 

S.lllO NASSAU ·II T I T I T I No II 7 I T I T I v .. 
STIFFENING ELEMENT(S): II T 

PERF. DURING SERV.: llrlhe 16 .,...._. diolno, I- okle, IJ broke durins a wind ....... In lhe-.t tm-3'. 

S.1111 ROCH£.BERNARD II T I T I T I No II T I T I T I v. 
STIFFENING ELEMENT(S)1 II ORIG. • T ADD. • Pier .._ 

PERF. DURING SERV.: The - - dlmapd by a hurricaae.., Od. 26, 1152. The - - npolred ..i pier - wao 
added la llnprooe lhe perr......,., 

S.114t WHEELING I II ? I ? I f I No II Y• I Y• I T I Y• 

STIFFENING ELEMENT(S)• II RaJUna. 'l')'pe·T 
PERF. DURING SERV" On May 17, 1154, a burricaae doolnyed lhe deek ..i - pulled 10 .t lhe IJ ....... N .t lhe 
........._An~ 8L'COUlll. otthe rauure wm reported in a local newmpapa"· 

S.111541 LEWISTON-QUEENSTON I II ? I 7 I ? I No II ? I ? I 7 I v. 
STIFFENING ELEMENT(S): 11 ORIG. • T ........ nlllnp. ADD. • Pier llays added 1111155. 

PERF. DURING SERV.: a. Pier llays _.. added - lhe brldp - ihaken by a ....... In 1155. b. The 11ays ww-e ......... 
durint an loejlon In 111'4. Slnee Ibo - -. '""...,-'"' tne, Ibo brldp - doolnyed by a....._ oa Feb. l, 15". 

S.18'4 CLIFl'ON II ? I T I T I No II T I T I 7 I No 

STIFFENING ELEMENT(S)1 II 3 a. deep ......... ..Jran rinlled plate ......... 
PERF. DURING SERV.: lloulile ampllludeo .,,,,_ lhoa 6 la._..-...., 

S.11& NIAGARA-CLIFrON I II 7 I 7 I 7 I No II ' I ? I 7 I v. 
STIFFENING ELEMENT(S)I II 6.5 ll ..... -.-..... ,.._ 

PERF. DURING SERV.1 Dootrayed by a burricaae.., Jan. 9, 188t. ~by S.188t. 

S.188t NIAGARA-CLIFrON II II ? I 7 I 7 I Y• II T I ? I 7 I No 

STIFFENING ELEMENT(S)1 II Stall llllTenina ,.._ Do)'lli • T 

PERF. DURING SERV.: The bridp - ........... by a ....... durint .......... 

S.1931 GEORGE WASHINGTON II ? I 7 I T I No II v .. I Y• I T I No 

STIFFENING ELEMENT(S)t ORIG. • N..,.. Stablll)' - adileved lhnl lhe hetY)' d...,.., ADD. • 29 L deep -..... .._ ____ .......__addedlnl'61wlllllhe-.rlhe_ ...... 

PERF. DURING SERV.: a. llurins .... UNtUl'ened ..... (ltJJ.1'61), .... brldp -- perccptl>le but '"" -
--b. - - _ b....,. _ odded lo llnprooe .... ...,.._,,.In .... --___ ,,, __ 

- lhe ......... .,, .... Galdon Giie Srldp (S-1937A). 
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TABLE 2. OUTLINE OF PERFORMANCES OF FULL-SCALE BRIDGES (Cont.) 

ID NAME DURING CONSTRUCTION DURING SERVICE 

VER. 11 TOR. rPL. 11 DAMAGED 
VER. I TOR. II CPL. II DAMAGED 

VJB. VJB. VJB. VJB. VJB. VJB. 

S.1!1.1'7A GOLDIN GATE T I T I T I No ·y. I Y• I Y• I No 

mFFINING ELEMENT(S)1 ORIG.· 25L .... - ..... -ADD.· - __ ......,._oddodlo U54. 

PIRF. DURING CONST.1 Whlle-wwe--.ed, - ..... ..-. 

PERF. DURING SIRV.: o. The bridp apcrionoed 1up ................... durln& ...._ aa Ftb. t, lfJI, Ftb. II, 11141, ... 
Doc. 1, 1951. b. The pert ......... Dpro¥od - oddlllan vi Ibo ...... b ........ c. Durq lhe ....,. vi Ftb. t, lfJI, Ibo ....-.,_,..u.._..,...,..,__,...,....,_....,... 

S.1!1.1'78 rYKESUND II T I T I T I No II Y• I No I No I No 

STIFFENING ELEMENT(S)1 11 ORIG.· 17.7 ... dolp nled ..... I......_ ADO.· .. wwe oddod lo 1!147, 

PERF. DURING SERV.1 The YOlllcol •I>_ ........,i _ - "'"-

S.lt:llA THOUSAND ISLANDS, USA 11 Y• I Y• I 7 I No II Y• I No I No I No 

STIWENING ELEMENT(S)1 ORIG.· 6 IL dolp ............ ADD.· T..........,.: ~...,. _. molll - .,.._ 
...,.,......-1-. 

PERF. DURING CONST.1 T..........,....,. _.........., elr-111 _.....,. .-

PERF. DURING SERV.1 V-........,i--vt ......... -" "-

S.lfllll THOUSAND ISLANDS, c...-11 s.- lo S.19JSA 

S.19JIC LIONS GATE II ? I ? I ? I No II Y• I T I ? I No 

STIFFENING ELEMENT(S): 1115 a. dolp ..... -....... -

PERF. DURING SERV.: The bridp ..._ ...tlalljo, wllh OD mip. vll ... { ...... or- 'I), uador51MO mp. wfndl. 

S.ll!ltA BRONX· WHITESTONE Y• I No I No I No II Y• I ? I No I No 

STIFFENING ELEMENT(S): ORIG.· II a. dolp ..... alrdon- ADD.· -- ...,. {l!llt), - --{1'39),-. 
...,. (11140), 14 ft .......... - oddod ....... "' ............. {1!146), ......... -
..._.(1!1114). 

PERF. DURING CONST.:Thebridp..,_........,._. .......... .............,. ..... .-... ................ ~ 
----- -&_,-vl-.-ol __ ..., ........ _ ....... 

PIRF. DURING SERV.1 o. Tbe bridp _...,..lo - - - oddlllon ol ._...,. ...i - ..... - It. 0urtns a 
...._la-.1!141, uador79mp.wlndl,lhebridp..,_ftltleoll1wllha-.-ompllludevllllll.-modelllear -...-. ............... _..._..-... .. -._ ...... --45,_.o1-. ........... lllJ' ............ __ 

S.1'398 DEER ISLE Y• I ? I ? I No II Y• I Y• I T I Y• 

STIFFENING ELEMENT(S): ORIG.· 6.5 ft. dolp ............ ADD.: T..........,. • ~...,., _......_ .. -. ---......-.- ... .........,. ............ _...,., __ 
U.. lllld ........... b ...... (In lhe plane vllhe ,_...., _. odded. 

PERF. DURING CONST.1 T..........,....,. _..not fllll)' elr- In ................ nllom. 

PERF. DURING SERV.: After pcrrmncm U)'I were lnl&alled. no wlbnlionl ~reported tor 15 mandM. I..ler, Ille wi»nliom 
........S. Durlns a llonn (dlle-'I),...,. vllhe...,. brolie. Durtns lhlo llonn or-.. llonn (dlle-'I), Ibo lllnpo ollhe--
pdenbadded. -1!1111, lhe performonco vllhlo bridp lo ................ by lhe Fedmol HfFWOJ ~A). 

S.1!1141 TACOMA NARROWS I Y• I ? I ? I No II Y• I Y• I v. I Y• 

mWENING ELEMENT(S)1 ORIG. ·I ft dolp ............ ADD.1 ~...,. (6-1-IMO) ...i..,....... -en ll lhe 
...... (6-JS.lMO) _. oddod W- lhe bridp --- ('7-l·IMO). Andlw...,. _,, oddod 
In--• IM ... 16-7·1-

PERF. DURING CONST.1 Durlns..-vtlhe-llwalni. ........... -..... lbebridp .... -........-........-le..._ rw Ille CIDIRpleled llrudure. H......-,.., NC11119.,. an11b1e. Bulrtn _.. Uyl Mn ...... to illtpn9e ,.r--. 
PERF. DURING SERV.10. Thebridp _._lo •I>. ln-YOlllcol modeo. b. ~ ., ....... ...,._ .... 111-. 
..... GDIJ. Howevw, lh., U)'I broke• week _. lwo .._, ........_ e. On Not-. '7, 1940, • Ille wind mcn.-1 1e a .... by 
t.CIO-. lhe bridp .... .........,.. Al f.30-. a - - ...__.In lhe-_. "-Around 10.00 - lhe bridp ........ lo 
aperimCle &Gr ............. Around 10.30 ..... • ledioa et the eancnLe rm_,, ... ,_,. .................. ArouDd 11.00 ..... 

'°8 IL ......... "'"'·-, ........... Around 11.10 ..... - "'"'" .......... - ,. .................. ......_ .... JG ft • .... .... lop"'""' 436 a. hfF ........ ddled ............ ·-vi-If 25 a. 
S.lMlA PEACE RIVER II ? I T I T I No II v. I v. I Y• I No 

mWENING ELEMENT(S)• 11 ll ft ..... --.... - ......... b ...... In ........ monl-T 

PERF. DURING SERV.1 o. Tanlanol_..., ......iby--40mp., ...ie..--r.i-. ... ._......., .......... -- .._.........,....., ..._ .... _ ._.... ...................... __ 
- ......... -------..W...,-lbe ........ 

S.lKlB LIARDRIVER II ? I T I T I No II T I v. I T I No 

STIWENING ELEMENT(S)1 1111 a. dolp ..... in.. IAlenl ........ la --• T 

PERI'. DURING S£RV.2 L Durlns AUi- 1947, the brldp .-lbnled dh a mu. doub., amplllude oil la. under.....,. wlndl fll» 
25 mp.. b. See S.IML\. 
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TABLE 2. OUTLINE OF PERFORMANCES OF FULL-SCALE BRIDGES (Cont.) 

ID NAME DURING CONSTRUCl'ION DURING SERVICE 

VER. II TOR. II CPL. II DAMAGED 
VER. I TOR. I[~] DAMAGED 

VIB. VIB. VIB. VIB. VIB. VIB. 

S.l!IC7 BEAUHAllNOIS DAM ? I ? I ? I No Y• I No I No I No 

STIERNING ELEMENT(S)1 ORIG.· ?.511. deep pllle ....... + ..... ...._ .............. ~ ............... lop 
fllplllep'llen + ...tded ........... IDlepploae..t.._..b.-._ ID ........ plonelllloar 
-...ADD..T..........,....,. ........ IDl!l50. 

PEllF, DURING SERV.1 ThebrldpYll. In o ........ modo, ...... _.... wlado ""'1, - o-. .................. fll lJ la. 

S.""6 FORTH ROAD II ? I ? I ? I No II ? I ? I ? I No 

mnENING ELEMENT(S) I llZ7.5 a. deep--..... --.... " - dianl ............... 
PEllF. DURING CONST.1 0. Fob. :13, 1961, lbe ~ ............ DOlth ,._ Yllnled - •-Up .......... fll7.5 n.111111n1--11-..ibolol_.,v_.....,.....,..........,.., • ...._.,.....,,,. ........ 

S.l"' SEVERN II ? I ? I ? I No II ? I ? I ? I No 

mFFENING ELEMENT(S) 1 1110 IL deep--bas..,..._ lndinod _...... 

PERF. DURING CONST.1 VI>-_........_. In the_.....,. ....... ond Iller ID the deck ..... durlna .......... 

TABLE 3. AGE/LIFE-SPAN OF 26 SUSPENSION BRIDGES AS OF 1993 

ID NAME DATE PRESENT STATUS AGE/LIFE-
OPENED SPAN 

(V-

s.m1 DRVBURGH ABBEY I OS.??0 1817 ...... _... by • - .. 1-15-1111 '"""""" S.lllt UNION 117-:16-1110 1._. 1'73 

S.UIZ3 BRIGHTON CHAIN PIER 11-T!'-1123 S&.llulfll&llebrldse.a.lbetblrd tpUWMdimlpd• At ..... 
ll.J0.11.16,..tloler ...................... lJ 

S.llU MENAI STllAITS l.J0.1116 I•-- 16'7 

S.ll:lf MONTllOSEI ??·11'·1119 .,.,,... ... In 1'31 ........ ,,, _ ..... _.,. lCIZ 
Replooed by ·--brldp 

S.l&ll NASSAU 06-'!?-llJO Danollohed ID 111:15 ( .... ). Roploced by onalhtr .._.- ll5 
....... lhll - ............. 19:16 

S.11141 ROCHE-BERNARD ??·??-1840 Sllluo flllbe ............ _.......,. - l .. U.115:1, At ..... ............................... lZ 

S.lMf WHEELING I ll-??·11149 °"'"'1ed by • hunlcoae • 115-17-1154 4.5 

S.llY LEWIS'fON.QIJEENSTON I lll-IP.111541 °""""" ..,. • oUna .. Z.l-18" 14 

S.18" CLIFTON ll-IJl.18" laaponllon l:lf 

S-1169 NIAGAltA-CLIFTON I ??·??·1169 °"'"'1ed by. hurriane .. 01.ep.1119 zo 
S.1189 NIAGARA-CLIFTON II ??·??-lllf °""'1Wled1Dllf?_ll_._._.,, I 

Replooedby• ................ 

S.1'31 GEORGE WASHINGTON 18-31-1'31 I•-- a 
S.1'37A GOLDEN GATE 115-:17-1'3? ............. 56 

S.1'378 FYKESUND ??·?'1-1937 In-- 56 

S.1'31A ntOUSAND ISLANDS, USA op.n.1m I•-- 55 

S.1'318 THOUSAND ISLANDS, C..- op.n.1m lnaponllon 55 

S.1'31C LIONIGATE 11·??·1'31 In-- 55 

S.llDA BRONX· WHITESTONE 04-ZP.1'39 lnaponllon 56 

S.1'3f8 DEERISLE 06-IP.1'39 lnaponllon ,. 
S.lMO TACOMA NARROWS I 117-81-1~ lloolroyed by• G mpb wind"" ll-G?-1040 4-
S.lN.\A PEACE RIVER 117·??·1Ml 1 ............ 50 

S.lMlB LlARIZ RIVER 117·??·1Ml I•-- 50 

S.l!IC7 BEAllllAllNOIS DAM ??-??-l!IC7 .. _. 46 

S-1964 FORTH ROAD -1964 1._... D 

S.l"' SEVERN op.77.1966 1.~ .... :17 
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APPENDIX Il: ABBREVIATIONS &: SYMBOLS 

CLEAR. - CLEARANCE 
CONST. - CONSTRUCTION 
CPL. VIB.- COUPLED VIBRATIONS 
cps - cycles per second 
ELE. - ELEMENT 
est. - estimated 
ft. - feet 
HWY. - HIGHWAY 
ID - IDENTIFICATION (MARK) 
in. - inches 
max. - maximum 
mph - miles per hour 
ORIG.- ORIGINAL 
PED. - PEDESTRIAN 
PERF.-PERFORMANCE 
RR - RAILROAD 
SERV. - SERVICE 
STIFF. SYS. - STIFFENING SYSTEM 
SUSP. ELE. - SUSPENSION ELEMENT 
TOR. VIB. -TORSIONAL VIBRATIONS 
VER. VIB. - VERTICAL VIBRATIONS 
W.I. - Wrought-Iron 
W.T. - WIND TUNNEL 
- Item under discussion is not applicable in this case 
? Information is either pending or not available 

APPENDIX m : UNITS 

Dimensions listed in tables are in feet units. 1 foot = 0.3048 meter. 



Abstract 

AMBIENT AND FORCED VIBRATION TESTS 
ON A CABLE-ST A YED BRIDGE 

Wen-Huei P. Yen1, Thomas T. Baber 2, and Furman W. Barton3 

This study seeks improved prediction accuracy for dynamic parameters of 
long-span bridges obtained from experimental measurements. Ambient vibration 
tests of a long-span bridge were conducted to estimate natural frequencies, damping 
and mode shapes. These parameters were used to evaluate and modify a computa­
tional dynamic model for the bridge. Transient vibration tests were conducted to 
obtain the bridge response under the effects of two measured trucks traversing the 
bridge with near steady speed. With the input and output of the bridge known, a sys­
tem identification method for experimental determination of the modal parameters 
was developed and applied to investigate the bridge's dynamic properties. 

1. Introduction 
In practice an analytical or computational prediction of dynamic behavior may 

not compare very well with measured results. One reason may be that the model 
parameters are inaccurate. In particular, the calculation and modeling of stiffness 
and damping matrices can cause significant problems. Parameter errors can be intro­
duced by boundary condition assumptions, and assumed continuity or lack thereof 
between adjacent elements. If the model is sensitive to certain parameters then a 
small parameter error could cause large deviations in the predicted dynamic 
behavior. For more accurate identification of vibrating systems it is necessary to 
overcome the difficulties of predicting the damping factors as well as stiffness pro­
perties from measurement data that are contaminated by noise. 

Long span bridge structures possess a complex dynamic response. The bridge 
deck dynamic behavior consists of vertical bending, torsion, lateral bending and 
transverse bending modes, and these modes typically interact with each other com­
plicating the prediction of the dynamic response. Field tests of such bridges permit 
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2 Associate Professor, Dept. of Civil Engineering and Applied Mechanics, Univ. of Virginia, 

Charlottesville, VA 
3 Professor and Chairman, Dept. of Civil Engineering and Applied Mechanics, Univ. of 

Virginia, Charlottesville, VA 
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calibration of analytical models, improve prediction accuracy, and enhance under­
standing of the important parameters controlling the response. During the last two 
decades, several ambient vibration tests [Abdel-Ghaffar and Housner(l978); Abdel­
Ghaffar and Scanlan (1985a,b)] were conducted to obtain modal parameters, most 
of them based on wind or traffic induced vibration. 

The objectives of the ambient vibration tests performed on the I- 295 cable­
stayed bridge, were to obtain modal parameters by using experimental measurements 
collected on the actual structure for the cantilever stage of construction and for the 
completed bridge. The main goals were to evaluate the accuracy of several computa­
tional models (i.e. Finite Element Model) and provide infonnation to modify the 
assumptions of boundary condition for improving the analytical prediction of 
dynamic response, and to compare the dynamic properties of the structure between 
the two stages of construction. The latter goal will assist in evaluating the suscepti­
bility of such bridge superstructures to dynamic excitation during the construction 
stage. 

Although ambient vibration tests can be used to estimate modal parameters, 
some limitations exist because the inputs are unknown. In order to obtain more 
completely defined structural properties, the input must be a known function. Then 
system identification techniques can be used to obtain improved estimates of struc­
tural parameters. Recently, a system identification approach was used to correct a 
finite element model of a high rising building and improve the accuracy [Hoff, 
1989]. In view of the accuracy achieved in recent tests [Mau and Wang 1989], it 
appears that the frequency response data obtained have not yet been efficiently used 
in large structures. For instance, in symmetrical structures, the symmetry property 
may be used to separate closely spaced modes and to reduce the number of parame­
ters to be estimated. Unfortunately, in structures as large as the I-295 bridge, avail­
able shakers may not be capable of generating sufficiently large excitations to permit 
useful signal to noise ratios to be generated. In an attempt to circumvent this 
difficulty, it was decided to attempt system identification using known vehicle load­
ings as a controlled input. Two weighted trucks, traveling at constant speed in tan­
dem across the bridge, were used as a known input force to excite the bridge. A sys­
tem identification method was developed to estimate the dynamic parameters, which 
were compared with the ambient vibration data. 

2. The 1-295 James River Bridge 
The I-295 James River Bridge is a modern precast, segmentally erected, post­

tensioned, cable stayed box girder bridge recently completed east of Richmond, Vir­
ginia. An elevation drawing of the continuous central seven spans of the bridge is 
shown in Figure 1. The bridge deck consists of twin box girders, 12 ft. (3.66 meters) 
deep. The side spans, all of which are 150 ft. (45.7 meters) long, were erected by the 
span by span method, using 20ft. (6.24 meter) long segments. The 630 ft. (192 
meter) long river span was erected by the cantilever method, using 10 ft. (3.12 
meter) long segments. 

The river span and the two adjacent spans on either end are supported by a sin­
gle plane of stay cables, arranged in a harp configuration, and passing over the 
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precast prestressed pylons at either end of the river span. the twin boxes are joined 
by precast delta frame units, and a cast-in-place median closure slab. The delta 
frames transfer the forces from the cable stays to the twin box girders and stiffen the 
twin box girders, forcing them to act as a unit over the cable stayed portion of the 
bridge. The bridge deck cross-section at a delta frame is shown in Figure 2. 

Computational Model of the Bridge 
A computational model of the I-295 bridge was constructed using MSC/PAL to 

obtain a priori knowledge of the bridge natural frequencies and mode shapes. This 
model was used in selecting the reference stations in the ambient and forced vibra­
tion tests and assisted in the data analysis. 

In order to obtain a better understanding of the deck motion and to determine 
the natural frequencies, and mpde shapes more accurately, the bridge box girder was 
subsequently modelled by a finer mesh of plate elements. A refined MSC/PAL 
model adapted the stiffness properties from Lissenden's [1988] model, used a mesh 
of thin shell elements for the box girder and 3-D beam element for the remaining 
components including cables, pylons, piers, delta frames and box struts. 

Taking advantage of the bridge's symmetry, the quarter bridge model shown in 
Figure 3 was used to reduce the DOF of the bridge model and permit greater 
refinement of the model within the region modeled. By applying symmetric or 
antisymmetric boundary conditions along the lines of structural symmetry, sym­
metric modes and antisymmetric modes were automatically separated by this com­
putational model. With the animation capability of the finite element software, 
closely spaced modes were more easily visualized, providing insight that aided in 
subsequent identification of mode shape experimentally. 

Boundary Conditions 

Modeling structural systems by the finite element method generally requires 
some assumptions and idealized structural properties. In this bridge, the boundary 
conditions of the pylons and piers at their bases were considered as fixed. The cou­
pling of the bridge ends with adjacent side spans were ignored, in view of the expan­
sion joints at the ends of the spans modeled. These assumptions may be checked 
with the experimental results. Of the assumptions made, the most uncertainty is asso­
ciated with the conditions at the end of the model, where the side spans may provide 
significant stiffening. Any errors introduced by this boundary condition should have 
little effect on the vertical bending and torsional modes but could significantly 
influence the calculated transverse and longitudinal frequencies, and mode shapes. 

3. Experimental Procedures 

Instruments 
Terra Tech SSA-102 accelerometers were used in instrumenting the bridge. The 

accelerometers respond to frequencies down to 0 Hz, so are sensitive to gravity. 
Accelerometer damping is normalized in the 0.7 ± 0.15 range, and the accelerome­
ters display a natural rolloff at about 80-85 Hz. 
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The data acquisition system used was a MEGADAC 2210C. 100 Hz 4 pole 
butterworth low pass filters built into the sample and hold modules were used, which 
together with the natural rolloff of the accelerometers led to an effective suppression 
of all input above 100 Hz. After recording, the playback system was used to transfer 
the recorded data to fast Fourier transform (FFT) analyzer for data analysis or to 
transfer the data into a personal computer hard disk for further use. 

The FFT analyses were conducted using an Ono Sokki CF-350, a two channel 
spectrum analyzer with averaging, zooming, and selectable windows. 

Ambient Vibration Testing Procedure 
Several different forms of excitation were utilized to obtain data; no attempt 

was made in this phase of the study to ascertain the exact level of the excitation. At 
each experimental setup, a five minute record of bridge response to ambient wind 
excited conditions was obtained. During the cantilever stage measurements, addi­
tional records were generated using the instrumentation van to produce a variety of 
loadings on the bridge. In all cases, the data was treated as ambient data, i.e. there 
was no attempt to correlate the response to a measured load. 

In the studies on the completed bridge, five minute ambient records were 
obtained, followed by several readings using two heavily loaded dump trucks, which 
were driven at 35 mph across the bridge. 

Each cross section of the deck was instrumented with four accelerometers, 
three vertically oriented and one transversely oriented, as shown in Figure 4. Verti­
cal accelerometers were placed over the outer webs of the twin box girders, to permit 
measured vertical motion of the bridge to be separated into contributions of the verti­
cal and torsional modes. The vertical accelerometer located in the median, permit­
ted the local transverse flexibility of the deck section to be measured. For the lateral 
modes of vibration of the bridge deck, it was only necessary to measure accelera­
tions at the center of the deck. Stations 5 and 8 were taken as the reference stations 
for main span and side span monitoring respectively. 

Forced Vibration testing Procedure 
On the completed bridge, transient vibration experiments were conducted using 

the same setups as the ambient vibration test. The data acquisition system began 
recording data when two trucks, weighing 50 kips and 51 kips respectively, crossed 
the expansion joints at the ends of the bridge. The two trucks traversed the bridge at 
the nearly steady speed of 35 mile/hour traveling in tandem. The parameter estima­
tion utilized the vertical responses, with station 5 taken as the reference station. 
Although measured data are available at 33 points, only the first setup (9 points) data 
was used for parameter estimation because this setup data was thought to contain 
more information about the dynamic response of the main span. 

4. Parameter Estimation from Ambient Data 

Experimental records were transferred to the Spectrum Analyzer via a digital­
analog converter. To determine the natural frequencies and mode shapes from these 
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time histories, time domain data was transformed to power spectral density functions 
using FFI' analysis. All data was processed by using the linear summation averaging 
method to reduce measurement noise. 

Frequencies and Natural Mode Shapes 
The spectral content provides considerable information concerning the modal 

characteristics of the structure. Typically peaks in the frequency domain correspond 
to natural frequencies of the structure, although some care is needed to assure that 
peaks are not significantly shifted as a result of very large external masses. This is 
not a serious problem in structures of the size of the James River Bridge, since even 
very large vehicles have less than I% of the bridge main span mass. The relative 
amplitudes of peaks at different transducers locations are proportional to the ampli­
tudes of the mode shapes at that frequency. Thus estimates of modal frequencies and 
mode shapes are readily obtained. 

Damping Factors 

The damping factors were estimated by using the half-power band- width 
method. It can be shown that the damping factors associate with the mode i may be 
estimated using: 

[l] 

where the Ii is the frequency of particular mode, and Bi is the half-power point 
band-width of the spectral peak of fi. In order to obtain reasonable estimates of the 
damping, a number of data points must be available in the spectrum in the vicinity of 
the peak for a particular modes. To maximize the data between the band-width of a 
particular mode, averaging and zooming functions must be used in obtaining the 
band-width data at each particular mode, and closely spaced symmetrical and 
antisymmetrical modes must be separated by combining data. 

Parameter Estimation from Forced Vibration 
Recently, frequency domain methods to directly improve the syjtem matrices 

of the analytical model have been developed by Natke (1987), Cottin et al. (1984), 
Hoff (1988), and Fritzen (1985). A generalized multiple inputs and multiple outputs 
(MIMO) modal parameter estimation algorithm for incomplete modal testing was 
written by Craig and Blair (1985) . The present study develops a new direct modal 
parameter estimation method to fit an incomplete and closely-spaced-modes model. 

For an incomplete computational model, m modes are identified (m S: N). Then 
the system model is approximated by 

H(ro) = i 2 'l'r:; 
r=I ( -ro M, + 1roC, + K,) 

[2] 

where 'l'r is the mode shape amplitude vector associated with moder. 

If the outputs measured are the accelerations of the structure, then 
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x (CO)= -co2 H(co)F(co) 

Assume that the transfer function can be decomposed into the form 

-co2 H (co)= 'lf[IT,(co)/]y 

where 

T,(co) = -co2(-co2M, + icoC, + K,r1 

[3] 

(4) 

[5] 

Equations (4) and [5] imply that the structure has proportional damping. 
Assume that the responses are measured at n physical DOFs. If it is also assumed 
that the structure can be described accurately over the frequency range of interest by 
m DOFs (m~). then for the case where the measured response locations are selected 
as the active degrees of freedom, equation [3] can be partitioned into active and 
non-active equations. Thus, 

{~:~:} = [::] [IT,(co)/] [v~ 'II~ [~:~:~ = [v:~~1]Va[IT,(co)/]'lf~F aa(co) [6] 

where 

Thus the equations relating the active accelerations to the forces is 

[v0 [/T,(co)/]'lf~-I Xa(co) = F aa(co) (8) 

Define a parameter matrix pT = (P~. Pr. Pf) of coefficients used to modify 
the modal quantities. Then modified modal parameters are 

T - T - T -
[IM,I] =Pm [IM,I] [IC,/] =Pc [IC,!] [IK,I] =Pk [IK,I] [9] 

where [M,], [K,] are the a priori estimates of the modal mass and stiffness obtained 
from the computational model of the structure, and [C,] are modal damping esti­
mates obtained from the ambient vibration test. The initial values for the diagonal 
elements of the parameter matrix are all 1, with the actual values to be estimated by 
the identification method. Thus, the system modal model H(co) is a function of 
parameter P. 

Estimation Method 

For the estimation of the system modal parameters matrix P a loss function 
must be defined so that these parameters will be optimized in the estimation. In this 
study, a least squares method of minimizing the residual between computational and 
measured model has been used. Thus, the loss function, J(e.) consists of a sum of 
squares of the residual vector £. When operating in the frequency domain the residu­
als are complex and are defined by 

£=am - ac(P) [10] 

The CXm are measured quantities of the real system to be investigated, the ac are the 
corresponding quantities of the associated mathematical model, which adopt the a 
priori information from the computational model and depend only on certain 
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parameters P. The loss function is given by 

J(p) = e"T (p)e(p) [11] 

Where * indicates complex conjugate and T represents transpose. 

The input residual method was used since it leads to equations that are linear in 
the parameters P. Then 

where 
-1 -1 •• 

Fc(p)=(2)H(p) Xm 
(I) 

[12] 

[13] 

The input residuals are defined as the difference between the measured input 
Fm and the input Fe calculated from the computational model H(p) (which depends 
only on parameters p ) with the measured output Xm. 

S. Comparison of Experimental and Computational Results 

Computational Model and Ambient Vibration Testing Data 
Comparisons of predicted natural frequencies obtained from the computational 

model and experimental results in the two different stages, i.e the cantilever stage 
and completed bridge, are shown in tables 1, and 2 respectively. In constructing 
these tables, the shapes of the experimentally determined and computed modes were 
compared to verify that the frequencies being tabulated were of the same modes. In 
general, natural frequencies calculated by the finite element models are consistent 
with the experimental values. In some fundamental modes, they are almost identical, 
but computed frequencies appear to underestimate the experimentally determined 
value in some of higher modes. This suggests that the stiffness may be under­
estimated and may need to be revised since it is expected that the mass matrix is 
more accurate than the stiffness matrix because the mass is dependent upon the den­
sity and volume of the material, and was obtained more accurately that stiffness. 

In comparing these tables, it should be noted that the cantilever stage measure­
ments were taken in the main span only, thus side span modes were not recorded at 
this stage. The vertical bending modes and lateral modes' frequencies increased 
when the bridge was completed, as would be expected. The fundamental torsional 
frequency did not change much between the two stages, but additional symmetrical 
torsional modes appeared. 

Comparisons of the vertical bending and torsional mode shapes between the 
two models for the cantilever and complete stages are shown in Figures 5 and 6 
respectively. In the main span, the first vertical bending mode of the completed 
bridge appears to have less main span curvature than the computed mode. The 
remaining vertical bending modes and torsional modes are consistent with this finite 
element model. Transverse mode shapes participated to a much smaller degree, and 
were only approximately identified (Yen et al, 1992) 
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Comparison of Ambient and Forced Vibration Testing Results 

The modal stiffness and damping obtained from the forced vibration test are 
compared to the results which were obtained from the ambient vibration test in Table 
3. In Table 3, r:i is the ith modal damping parameter estimated, while kj is the jth 
modal stiffness parameter. Columns 2 and 3 show the values of the parameters 
obtained from the ambient vibration study and the system identification procedure 
respectively. The final "Mode Description" column of the table indicates the mode 
for which the parameters were estimated. 

The results from the least squares system identification method indicate that in 
the higher modes the damping values are larger than the values which were 
estimated from ambient vibration tests. This is consistent with the practical problem 
of measuring damping. 

If the input disturbance are negligible then the variation of the higher modes 
damping indicates that the structure system response caused by different kinds of 
excitations may have different levels of damping. These results agree with 
Kawashima' s ( 1990) study which indicated the damping of long-span bridges caused 
by two different levels of excitations (ambient and earthquake condition) revealed 
different damping levels. Another possibility is that the data used for parameter esti­
mation are contaminated by the input process noise, thus the higher modes damping 
are not accurate by this identification procedure. Finally, this deviation may be 
caused by the proximity of the trucks' natural frequencies to the higher modal fre­
quencies of the bridge and the fact that the trucks are highly damped. The system 
identification accuracy could be improved by applying an optimal input to increase 
the output response level so that the noise to signal ratio is decreased. 

6. Conclusions 

This paper describes ambient and forced vibration testing of the 1-295 James 
River Bridge, aimed at developing a method to estimate system properties such as 
modal damping and stiffness for a cable-stayed long-span bridge. The dependability 
of a finite element model was evaluated by a field response data analysis from 
ambient vibration testing. Excluding the first longitudinal mode, good agreement as 
observed between the computational model's and field test data's natural frequencies 
and mode shapes. This exceptional mode may be caused by the assumption that of 
the boundary condition at the ends of the model are free to translate longitudinally. 
In reality the sides span may provide significant stiffening. Damping factors 
obtained from the half-power method are near 1 % which is around the average 
damping of long-span bridges from previous tests. 

Modal stiffnesses obtained using the identification procedure agreed well with 
the results of ambient vibration testing. The modal damping parameters in the higher 
modes are three to four times larger than lower modes. Further study is needed 
before it can be said that the damping is increased by this kind of excitation. 
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Table 1. Selected Computed and Measured Frequencies - Cantilever Stage 

Quarter Field Damping 
Mode Bridge Test Ratio 

Model (Hz) Data (Hz) (%) 

(a) Symmetric Modes - requencies and Damping Ratios 
First Longitudinal Mode 0.419 
First Vertical Bending Mode 0.477 0.470 1.25 
Second Vertical Bending Mode 1.503 1.6200.41 
Third Vertical Bending Mode 3.510 3.875 0.45 

(b) Antisymmetric Modes - Frequencies and Damping Ratios 
First Lateral Bending Mode 0.424 0.440 0.71 
First Torsion Mode 1.047 1.132 0.72 
Second Lateral Bending 2.250 2.265 0.31 
Second Torsion Mode 3.047 3.246 0.19 

Table 2. Selected Computed and Measured Frequencies - Completed Bridge 

Quarter Field Damping 
Mode Bridge Test Ratio 

Model (Hz) Data (Hz) (%) 

(a) Sym./Sym. Modes - Frequencies and Damping Ratios 
First Verticpl Bending 0.5677 0.5664 0.71 
Third Vertical Bending 1.9910 2.1125 0.52 
First Transverse Bending 3.151 3.025 0.85 

(b) Sym./Antisym. Modes - Frequencies and Damping Ratios 
First Longitudinal Mode 0.423 
Second Vertical Bending 1.120 al.175 0.42 
Side Span 2d Vert. Bend. 2.963 2.885 1.25 
Fourth Vertical Bending 3.232 3.275 0.64 

(c) Antisym./Sym. Modes - Frequencies and Damping Ratios 
1st Lateral Bending 0.558 0.550 0.93 
First Torsion 1.047 1.085 0.51 
Third Torsion 3.425 0.525 

(d) Antisym./Antisym. Modes - Frequencies and Damping Ratios 
Second Lateral Bending 1.754 1.750 0.75 
Second Torsion 2.088 2.118 0.52 
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Table 3. Modal Parameters Comparison - Completed Bridge 

Ambient Sys. Id. Mode Descript. 

cl 0.71 0.865 1st V.B. 

c2 0.51 0.822 1st Tors. 

c3 0.42 0.722 "-..1vn 

c4 0.52 1.023 3rd V.B. 

cs 0.52 0.467 2nd Tors. 

c6 0.64 1.976 4th V.B. 

c7 0.52 2.817 3rd Tors. 

kl 0.566 0.572 1st v. 
k2 1.085 1.065 lstT. 

k3 1.175 1.212 2ndV. 

k4 2.112 2.212 3rdV. 

kS 2.210 2.228 2ndT. 

k6 3.275 3.195 4thV. 

k7 3.425 3.303 3rdT. 

c n : damping ratio in % • 

kn : natural frequency in hertz. 

3 spans @ 150·-o· • 450·-o· 530·-o· 3 spans @ 150·-o· = 450·-o· 

Figure 1. 1-295 James River Bridge - Elevation View 

DIAGONAL STRUTS 

BOX SECTION DELTA FRAME 

Figure 2. Twin Box Girder Cross-section at Delta Frame 
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Figure 3. Quarter Bridge Finite Element Model 

3 span• @150' "'450' 315' 

SldaSp•m Pylon 
MatnSpan 

, ...... 

T • : Transducer 

ISO' 

E.J. 

100' 60' 60' 60' 

3j@ 1/4~ 314 .tr•n 

! i ! l 

("""• ' •• • j (_3_".· ,.i~ ;-.. ... ~.) -..;... ... • '-.V -._!._) St11tlon1 

150' 

• o I 
Vehhelell MMln& 

"'""'"" 
·······-···--·-···················-··-·l··-···-l·······f···· .. ······f·····•· 

Figure 4. Location of Accelerometers on Completed Bridge 
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