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Abstract Diagnostic load rating of highway bridges us-

ing distributed strain transducers is one of the more

prominent strategies applied for both periodic and con-

tinuous monitoring of highway bridges. Techniques for

load rating structures using experimental measurements of

neutral axis locations, girder distribution factors, and dy-

namic increase factors have been suggested for structural

health monitoring and damage detection applications.

However, practical considerations related to the influence

of measurement uncertainties on the reliability of these

diagnostic measures in the presence of damage have only

been examined recently. This paper extends uncertainty

propagation formulae previously derived for neutral axis

measurements to girder distribution factors. The sig-

nificance of measurement uncertainties on damage-sensi-

tive features are then explored using experimental data

from a real bridge subjected to progressive, prescribed

damage. The experimental results suggest that both ap-

parent neutral axis locations and girder distribution factors

exhibit sensitivity to the damage mechanisms introduced

that exceeds the measurement uncertainty. In addition,

girder distribution factors are found to demonstrate the

ability to locate the damage. Comparisons with finite ele-

ment simulations underline the challenges associated with

faithfully modeling the effects of structural damage and

emphasize the need for continued full-scale validation of

structural health monitoring approaches on real structures.

Keywords Load rating � Strain measurement �

Measurement uncertainty � Full-scale bridge testing �
Damage detection

1 Introduction

Load testing and rating using strain transducers and

calibrated test vehicles are often performed by state

transportation agencies or independent consulting compa-

nies working on behalf of the bridge owner. The process of

load testing involves measuring the structural response at

critical locations across the bridge under predetermined

load patterns applied by known axle weights. Positioning

of the test vehicles is prescribed to generate elastic strains

of measurable amplitude for each girder of the cross-sec-

tion. Neutral axis locations, transverse load distribution

factors, and dynamic increase factors are computed from

the test data and calibrated within analytical models used

for inventory and operating load rating calculations to

improve the accuracy of the ratings [1]. However, this

method, while effective, has to date been applied to only a

very small fraction of in-service bridges and only recently

has the influence of measurement uncertainties on the re-

liability of the results been examined.

Through experimental load testing, bridge owners can

alleviate network level maintenance, rehabilitation, and

repair needs by increasing the often overly conservative

load postings developed by purely analytical methods. As

evidence of this opportunity, Bakht and Jaeger [2] pre-

sented findings from multiple tests conducted in Ontario,

Canada of concrete deck on steel girder bridges as well as
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steel truss bridges. They showed that analytically predicted

bridge capacity is often significantly over-conservative

compared to experimental results, as distribution factors

and neutral axis estimates often differed significantly from

the values derived from elementary mechanics. A specific

illustrative example was provided wherein a truss bridge

posted for 2 metric tons actually carried a static proof load

of 70 metric ton. One reason for these differences is the

contributions to structural stiffness offered by secondary

elements that are often neglected in the analytical predic-

tions, such as the wearing surface and parapets. Burdet [3]

discussed the specific effects of secondary bridge compo-

nents to the stiffness of post-tensioned concrete bridges and

found that, while the majority of the stiffness can be at-

tributed to the structural concrete, a significant additional

contribution was present from secondary elements. Press-

ley et al. [4] showed that for flat slab bridges supported by

piles, pure bending analysis for capacity estimation was

close to the experimental results; however, punching shear

affects were not accurately predicted. For each of the three

bridges examined in the study, the author references the

importance of experimental load rating for accurately de-

termining the load capacity of the bridge.

As an extension of experimental load rating of bridges,

the strain-based measurements of neutral axis locations and

girder distribution factors have also been proposed for

continuous and periodic structural health monitoring. Ni

et al. [5] numerically and experimentally investigated using

the neutral axis as a damage index for bridge decks using a

Kalman filter estimator. The results indicated that the

neutral axis is highly sensitive to damage in bridge decks

and that the damage can be located in densely instrumented

areas. Sigurdardottir and Glisic [6] analyzed the reliability

of the neutral axis as a damage indicator from experimental

strain measurements by developing a measure of uncer-

tainty based on the measurement error of the sensor system.

The authors concluded that apparent neutral axis mea-

surements have the potential to be used as a damage

indicator if sufficient statistical data is available to alleviate

the effect of measurement uncertainties.

In addition to neutral axis monitoring, changes in girder

distribution factors have also been proposed within several

studies as a means for structural diagnostics. Finite element

simulations were performed in Plude [7] across several

representative scenarios of fatigue cracking, loss of com-

posite behavior, and deck deterioration to explore the use

of strain-based measurements for damage detection. With

the exception of the case of deck deterioration, neutral axis

and girder distribution factors were found to be sensitive to

simulated cases of damage, although the sensitivity was

strongly related to the proximity of the measurement to the

location of the damage. As with use of the neutral axis as a

damage-sensitive feature, a challenge associated with

diagnostic monitoring using girder distribution factors is

that measurement uncertainties affect the repeatability of

the girder distribution factor estimates, even if using a

calibrated truck load [8]. Recognizing the influence of

uncertainties produced by measurement noise and load

positioning error, Cardini and DeWolf [9] have suggested

using statistical properties of measured distribution factors

to envelope the range of expected values. These envelopes

are proposed as a means of identifying outliers that are

suggestive of the onset of damage. An extension of this

envelope-based approach is explored in Reiff [10] by ap-

plication to numerically generated data. The author con-

cluded through successful application of a damage index to

several simulated cases of damage that girder distribution

factors are ‘‘a robust indicator of bridge performance and

potential damage’’.

This paper discusses the sensitivity of the neutral axis

and distribution factor estimates to measurement uncer-

tainty and is the first to examine the impact of these

uncertainties using actual experimental data from full-scale

bridge testing. Experimental results from an instrumented

simply supported multi-girder bridge span subjected to

prescribed, progressive damage are presented alongside

numerical predictions to examine the sensitivity of the

apparent neutral axis locations and girder distribution fac-

tors to the introduced damage in the presence of mea-

surement uncertainty. The results are significant towards

identifying appropriate strategies for strain-based structural

health monitoring of the prevalent multi-girder bridge de-

sign with practical consideration given to measurement

errors and other uncertainties that might affect the re-

liability of the damage-sensitive strain features.

2 Uncertainty propagation analysis

A primary contribution of the current work is to examine

how measurement uncertainties affect structural property

estimates, particularly when used for diagnosis of damage.

Measurement uncertainties arise from numerous random

and systematic errors and propagate through subsequent

equations used to derive engineering measurands, such as

apparent neutral axis location or distribution factors. There

are two primary means of evaluating uncertainties, which

are classified as Type A or Type B evaluations. A Type A

evaluation uses the experimentally measured standard de-

viation during a period where conditions of measurement

are held constant to characterize uncertainties due to ran-

dom error and precision limitations. In contrast, Type B

evaluation uses information such as manufacturer specifi-

cations and calibration certificates to estimate uncertain-

ties, which may include additional errors not accounted for

in Type A evaluation such as transducer accuracy. When
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the Type A and Type B evaluations account for different

sources of uncertainty, they can be combined to express the

uncertainty due to multiple effects [11].

In the case of the strain measurements used in this paper,

it is assumed that uncertainties arise primarily from (1)

random errors associated with the precision and repeata-

bility of the instrumentation and (2) systematic errors as-

sociated with the accuracy of the transducer. The first can

be characterized by Type A evaluation using the ex-

perimental standard deviation and are assumed to be in-

dependent of strain amplitude. The second can be

characterized by Type B evaluation using manufacturer

specifications or calibration certificates and are assumed

proportional to the amplitude of the measured strain. The

relationship between the strain amplitude and these

uncertainties as well as their combined standard uncer-

tainty, are presented in Fig. 1. As can be seen, the com-

bined standard uncertainty within measured mechanical

strains with relatively low magnitudes will be governed by

the transducer precision, while the combined standard

uncertainty in measured mechanical strains of high mag-

nitude will be driven by the transducer accuracy. Formulae

for evaluating the propagation of these uncertainties

through the standard equations used to relate the strain

measurements to neutral axis locations and distribution

factors are presented in the following subsections.

2.1 Neutral axis

The precision and accuracy of the strain measurements

used for estimating in-service neutral axis locations from

experimental measurements are very important when using

these estimates for experimental load rating and when

considering the neutral axis as a diagnostic indicator of

damage. Although four transducer arrangements can be

employed to compensate for biaxial bending strains, the

most commonly used approach for estimating neutral axis

locations relies on placement of two transducers at differ-

ent elevations in the cross-section [12], as shown in Fig. 2a.

A linear strain distribution is then assumed in the cross-

section, which permits the neutral axis to be estimated from

the two point measurements of normal strain. However,

since both the mechanical strain measurement at the top

and the bottom of the cross-section are plagued by mea-

surement uncertainty, the estimation should also be pro-

vided with uncertainty bounds.

Few studies have considered the influence of measure-

ment uncertainty on neutral axis measurements; however,

Sigurdardottir and Glisic recently developed an uncertainty

estimate for the neutral axis measurand by applying the

propagation formula. The standard uncertainty in the neu-

tral axis determination (dy0) was shown to be dependent on

the top and bottom strains and the distance separating the

strain gages in the cross-section (h). The standard uncer-

tainty was developed by Sigurdardottir and Glisic as [6]:

dy0 ¼
h

ðeb � etÞ
2
½jebjdet þ jetjdeb� ð1Þ

where eb and et are the measured strains at the bottom and

top of the cross-section, respectively, and deb and det are

the uncertainties associated with these measurements. In

the cited article, the authors assumed that uncertainties in

the measured mechanical strains are uniform for all sensors

in the monitoring system (det ¼ deb ¼ rðeÞ). This estimate

can be developed through a Type A evaluation of standard

uncertainty by determining the experimental standard de-

viation of the mean, rðeÞ. This measure is generally suit-

able for accounting for uncertainties attributable to random

error and measurement precision. Applying the assumption

of uniform uncertainty, one can determine the Type A

standard uncertainty on the neutral axis measurand using:

dyA0 ¼
ð1þ jcjÞ

ð1� cÞ2
1

eb
h rðeÞ ð2Þ

where c is defined as the ratio of the measured strain at the

top gage to the measured strain in the bottom gage, et=eb.

However, this uncertainty estimate only accounts for the

|δε|

|ε|

Precision, σ(ε)

Combined Uncert
ainty

Accuracy,
βε

Fig. 1 Uncertainty in strain measurements associated with precision

and accuracy, as well as their combined standard uncertainty
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Gage
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δy0

δy0
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Fig. 2 Typical neutral axis measurement using pair of strain

transducers. a Gage placement in the cross-section; b estimation of

neutral axis location from linear strain assumption; c effect of

measurement uncertainties on accuracy of neutral axis determination
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Type A standard uncertainties and not for additional sys-

tematic errors, such as the manufacturer specified accuracy

of the calibration. Accounting for such additional uncer-

tainties requires a Type B evaluation of standard uncer-

tainty. In the case of transducer accuracy, which is

typically provided as a percentage of the gage factor for

strain transducers, the Type B standard uncertainty can be

taken as dek ¼ bjekj, where b is the accuracy of the

transducer calibration. Assuming all transducers have the

same stated accuracy, the Type B standard uncertainty

associated with the neutral axis measurand can be deter-

mined using:

dyB0 ¼
2bjebetjh

ðeb � etÞ
2
¼

2bjcjh

ð1� cÞ2
ð3Þ

The combined standard uncertainty in the neutral axis de-

termination, considering both the Type A and Type B

standard uncertainties, can then be determined as:

dy0;c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dyA0
� �2

þ dyB0
� �2

q

ð4Þ

2.2 Distribution factor

In addition to changes in neutral axis locations, changes in

distribution factors associated with specific lane loadings

have also been proposed for the detection of structural

damage in bridge spans. In practical application, distribu-

tion factors are computed from strains recorded along a

transverse cross-section of the bridge with gages placed at

the same location of each girder, often at the bottom flange

(Fig. 3a). To develop an estimate of the distribution factor

for each girder, the measured normal strain on the girder of

interest, ei, is divided by the summation of the measured

normal strains across all girders [13], as shown in the

equation below:

DFi ¼
ei

PN
j¼1 ej

ð5Þ

where N is the number of girders in the cross-section.

As with neutral axis measurements, measurement

uncertainties associated with the individual strain mea-

surements (Fig. 3b) propagate through the calculation of

the individual girder distribution factors and affect the

confidence in the developed estimates (Fig. 3c). However,

in contrast to the neutral axis measurement, uncertainty

estimates for experimentally determined distribution fac-

tors have yet to be developed in prior literature. In this

paper, the propagation formula [14] is applied to the dis-

tribution factor formula to produce

dDFi ¼
�ei þ

PN
j¼1 ej

�

�

�

�

�

�

PN
j¼1 ej

� �2
dei þ

X

j2S

jeij
PN

j¼1 ej

� �2
dej

2

6

4

3

7

5 ð6Þ

where S is the set formed by fj ¼ 1 : Ng \ fj ¼ ig. In other
words, all summations over the set S are simply the sum of

terms developed for j 6¼ i, where i is the girder of interest.

Under the assumption that the uncertainty in the mea-

sured strain is the same for all measurements, which is

commonly valid for estimates developed from the ex-

perimental standard deviation of the mean, the Type A

standard uncertainty estimate can be determined using:

dDFAi ¼
ðN � 1Þjeij þ j

P

j2S ejj

PN
j¼1 ej

� �2
rðeÞ ð7Þ

In addition, under the commonly encountered conditions

that produce only positive (tensile) strains in the bottom

flange of all girders, this equation can be further reduced,

using the definition of the distribution factor, to yield:

dDFAi ¼
1þ ðN � 2ÞDFi

PN
j¼1 ej

rðeÞ ð8Þ

However, when transducer accuracy is considered within

Type B evaluation of standard uncertainty using the model

dek ¼ bek, the following equation is developed from Eq. 6:

dDFBi ¼

P

j2S ej

�

�

�

�

�

�þ
P

j2S jejj

PN
j¼1 ej

� �2
bjeij ð9Þ

Again, under the commonly encountered conditions that

produce only positive (tensile) strains in the bottom flange

Wheel 1 Wheel 2

Gage 1 Gage 2 Gage 3 Gage 4 Gage 5

ε

x

ε1 ± δε1

ε2 ± δε2
ε3 ± δε3

ε4 ± δε4

ε5 ± δε5

DF

x

DF1 ± δDF1

DF2 ± δDF2

DF3 ± δDF3

DF4 ± δDF4

DF5 ± δDF5

(a)

(b)

(c)

Fig. 3 Typical distribution factor measurement using an array of

strain transducers across each girder of the superstructure. a Gage

placement in the cross-section; b relative strain magnitudes across

girders under vehicle load positioning; c effect of measurement

uncertainties on accuracy of distribution factor determinations
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of all girders, this Type B standard uncertainty estimate can

be further reduced to:

dDFBi ¼
2� 2DFi
PN

j¼1 ej
bjeij ð10Þ

As in the uncertainty evaluation for the neutral axis de-

termination, the combined standard uncertainty in the dis-

tribution factor measurand, due to both Type A standard

uncertainty related to the measurement precision and Type

B standard uncertainty related to the transducer accuracy,

can be determined using:

dDFi;c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðdDFAi Þ
2 þ ðdDFBi Þ

2

q

: ð11Þ

2.3 Additional uncertainties

The derived equations and subsequent analysis examine the

uncertainty in neutral axis and distribution factor estimates

arising solely from transducer accuracy and resolution

considerations. In the derivation of the neutral axis

uncertainty formula (Eq. 1), the contribution of errors in

the measurement of the transducer spacing, h, were not

considered, nor were errors associated with the measure-

ment of the gage locations relative to the datum of the

cross-section [6]. Furthermore, while not considered in the

development of the uncertainty formulae, uncertainties

related to load positioning may contribute significantly to

additional error in both the estimates of neutral axis loca-

tions and distribution factors. Distribution factors are by

definition dependent on the load positioning and, while

assumptions used in elementary mechanics often lead one

to mistakenly believe that neutral axis locations are fixed to

the centroid location, the actual apparent neutral axis lo-

cation is dependent on the normal strain distribution pro-

duced by axial and bending response, which is dependent

on the positioning of the loads. Significant additional

uncertainties not explicitly considered in the uncertainty

formula for neutral axis determination can be attributed

primarily to the effects of biaxial bending [6] and shear lag

phenomenon [15] on the distribution of normal strain in the

cross-section. These effects may be important to consider

when interpreting the apparent neutral axis as a indicator of

damage, particularly if the damage present significantly

affects the transverse stiffness of the cross-section. Lastly,

strain transducers measure total strains, which include

temperature-induced strains. With short-term strain mea-

surements, the temperature-induced strains can be readily

nulled from the recorded measurement signals to attenuate

the direct effects of non-mechanical strains on the neutral

axis and distribution factor measurements. However, if the

elastic modulus of any of the materials in the composite

cross-section is temperature-dependent, the neutral axis

locations and distribution factors will be affected by the

temperature change.

3 Summary of experimental case study

3.1 Bridge description

To investigate the influence of measurement uncertainty on

damage detection using strain-based measurements of

changes in neutral axis and distribution factors, a real-

world case study is leveraged using the experimental re-

sults in parallel with numerical predictions. The highway

bridge investigated was a conventional concrete deck on

steel girder superstructure design, which is a representative

design type for a significant portion of the National Bridge

Inventory. In fact, multi-girder/stringer bridge superstruc-

tures comprise nearly 42 % of the highway bridges in the

United States and, furthermore, 55 % of the nearly 68,000

bridges that are structurally deficient in the US are of this

design type [16]. The bridge was a two-lane structure

consisting of a 13.7-m (45 ft) simply supported span. The

bridge consisted of a 19.1-cm-thick reinforced concrete

deck slab supported by three interior W840 � 226 (W33 �

152) and two W840 � 210 (W33 � 141) exterior steel

girders. The girders had a uniform center-to-center spacing

of 2.1 m (7 ft) and were supported by pin and rocker steel

bearings. End diaphragms and intermediate diaphragms

placed at the midspan were constructed of C380 � 50.4

(C15 � 33.9) sections that were bolted to transverse plates

welded to the girders. A photograph of the bridge span with

the truck used for controlled load application during the

study is provided in Fig. 4 and the framing plan of the

bridge design is presented in Fig. 5a. Prior to the scheduled

closure for replacement, the structure serviced New York

State Route 345 over Big Sucker Brook in the town of

Waddington. Constructed in 1957, the bridge maintained a

sufficiency rating of 61.2 % and an operational rating of

44.5 metric tons. At the time of the experimental testing,

Fig. 4 Photograph of instrumented bridge span and vehicle used for

controlled application of test loads
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the bridge was ‘‘R Posted’’ by New York State, indicating

the ‘‘bridge does not have reserve capacity to accommodate

most vehicles over legal weights, but can still safely carry

legal weights’’.

3.2 Instrumentation and testing protocol

Bridge Diagnostic Incorporated (BDI) strain transducers

were deployed for completion of full-scale, controlled

progressive damage tests of the bridge. These transducers

feature a full Wheatstone bridge design for temperature

compensation and are individually calibrated to NIST

standards with a specified accuracy of less than �1%. The

BDI transducers were installed at the top and bottom

flanges of the steel girders at the midspan of the bridge.

The cross-section of the bridge at the midspan is presented

in Fig. 5b with the locations of the ten midspan strain

transducers identified with red rectangles at the flange lo-

cations instrumented.

During the experimental test program, the bridge was

subjected to prescribed vehicular lane loading applied by a

NYSDOT transport truck estimated to weigh ap-

proximately 4.54 metric ton (5 ton) operating at crawl

speeds. For the test program, the bridge was divided into

three lanes (east, center, and west) although a construction

barrier at the end of the span precluded reliable collection

of data from the west lane. The axle positions associated

with the remaining lane loads is presented in Fig. 5b. As

part of the study, several incremental levels of damage

were applied to select girder-to-diaphragm connections by

removing bolts from the connections to alter the load

transfer within the structure. Locations of all affected

connections are presented on the framing plan in Fig. 5a

and identified in the cross-section in Fig. 5b. The damage

scenarios presented in this paper began with removal of

four bolts from the girder-to-diaphragm connection at

girder four for the intermediate diaphragm spanning be-

tween the fourth and fifth girders. The second damage

scenario incrementally advances the severity of this dam-

age through removal of the remaining two bolts at the same

connection. Following this damage case, another pair of

progressive damage scenarios was introduced, but this time

to the diaphragms spanning between the second and third

girders. In the third damage scenario, all six bolts were

removed from the girder-to-diaphragm connection for the

midspan diaphragm at the connection to the third girder.

Lastly, in the fourth and final damage scenario, all six bolts

were removed from the girder-to-diaphragm connection for

the northern end diaphragm at the connection to the third

girder.

All damage scenarios introduced to the structure were

progressive in nature to the prior damage scenarios; in

other words, the damage introduced to the first girder-to-

diaphragm connection was still present during the intro-

duction of the third damage scenario and, likewise, for the

fourth damage scenario. Photographs of the girder-to-di-

aphragm connection and removal of bolts at the connec-

tions are provided in Fig. 6. Further details on the

introduced damage, including the effects of the prescribed

damage on the ambient vibration response of the bridge

and vibration-based damage detection results can be found

in Whelan and Janoyan [17]. Neutral axis and girder dis-

tribution factor measurements were acquired for each

girder over the sequence of lane loadings applied prior to

the introduction of damage to establish baseline measure-

ments and then following application of each damage

scenario. All measures were obtained by first passing the

measurement data through a 100-point moving average

filter to attenuate any dynamic strains induced during the

vehicle pass. Average strains were then computed over a

0.25-s time window centered about the peak measured

strain recorded during the vehicle pass. Additional infor-

mation pertaining to the instrumentation layout and testing

protocols for both tests can be found in Gangone et al. [18].

In the experimental test program, signal conditioning for

the BDI strain transducers was provided by National In-

struments SCXI-1121 Isolation Amplifiers with 5 V exci-

tation. Transducer signals were sampled at 10 kHz per

channel using a National Instruments 16-bit PCI-6036E

(a)

(b)

Fig. 5 a Framing plan of structure with locations of prescribed

damages denoted; b cross-section of the superstructure showing the

locations of the BDI strain transducers, prescribed damage scenarios,

and truck lanes
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Multifunction data acquisition card with 16-bit analog-to-

digital converter. The digital signals were then passed

through a digital decimation filter to reduce the effective

sampling rate to 40 Hz. Analysis of the transducer outputs

recorded during a period when the bridge was not loaded

by traffic revealed an average peak noise level in the strain

measurements to be 0:24 le, while the average standard

deviation of the noise was approximately 0:10 le. Conse-

quently, for this study the experimental standard deviation

of the mean, rðeÞ, was taken as �0:10 le. Given the spe-

cified transducer accuracy of �1 %, the b used in this study

was taken to be 0.01.

4 Finite element model used for comparison

A finite element model of the as-built design was devel-

oped in the SAP2000 v15 environment (Fig. 7). To provide

reasonably faithful reconstruction of the prescribed damage

scenarios, the girders, diaphragms, and diaphragm con-

nection plates were modeled using shell elements rather

than simplified beam elements. Individual bolts forming

the connections between the web of the diaphragm mem-

bers and the connecting plate were modeled with link

elements prescribing shared translational degrees of free-

dom, but independent rotational degrees of freedom.

Simulation of the prescribed damage scenarios was then

permitted by simply removing individual link elements

from the model. To best capture localized tensile stresses

around the point of load application commonly observed in

experimental strain measurements at the top flange of the

girders, the concrete deck was modeled using 8-node solid

elements. Likewise, the haunches and curb of the bridge

were modeled using solid elements. To facilitate data ex-

traction from the model for correlation with the ex-

perimental measurements, strain transducers were

explicitly modeled using short frame elements with mo-

ment and torsion releases. The bearing conditions for the

bridge span were idealized using pin and roller boundary

conditions at each end of the girders, respectively. In total,

the finite element model was comprised of 2268 solid

elements, 2444 shell elements, 330 frame elements, and

164 link elements.

To verify the predictive capability of the model prior to

analysis, the linear modal parameters of the finite element

model were compared to in-service estimates of natural

frequencies and mode shapes of the bridge obtained

through operational modal analysis. Ambient vibration

monitoring was performed on the span throughout the ex-

perimental test program using the wireless sensor network

described in Whelan and Janoyan [19]. The instrumenta-

tion for this monitoring consisted of 30 biaxial ac-

celerometers mounted uniformly across the five girders of

the structure and the response measurements were sampled

in real time using an effective sampling rate of 128 Hz.

Additional information on the ambient vibration monitor-

ing for the structure can be found in Whelan and Janoyan

[17]. The stochastic subspace state-space system identifi-

cation algorithm described in Whelan and Janoyan [20]

was used to develop estimates of the in-service modal

Fig. 6 Photographs of progressive damage: a introduced to interme-

diate diaphragm connection in damage scenarios 1 and 2; b damage

scenario 3 (looking South); c damage scenario 4 (looking North)

Fig. 7 Finite element model of the span
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parameters. A comparison between the first five modes of

the structure with the corresponding natural frequencies is

presented in Fig. 8. Since all percentage errors in natural

frequency estimates are below 10 %, the authors deem the

correlation between the properties of the finite element

model and the experimentally measured modal parameters

to be reasonably strong given the difficulty of modeling a

structure at the end of its service life.

Following this verification of the model, finite element

analyses were performed to develop numerical influence

lines for the axial strains developed at the transducer lo-

cations for each of the truck passes. The axle loads and

spacing used in the experimental test program were then

used to compute the expected strains in the structure for the

baseline and progressive damage scenarios. All numerical

results were processed using equivalent routines to those

applied on the experimental data. Both neutral axis loca-

tions and distribution factors were computed from the finite

element simulations for the case where the rear axle loads

are positioned directly over the midspan of the bridge. This

positioning corresponds to the peak strain measurement

utilized in the experimental tests. The experimentally

measured strains used for the following analysis are pre-

sented in Table 1, while those predicted by the finite ele-

ment simulations and used are presented in Table 2.

5 Strain-based diagnostic results

To improve the clarity of the results presented, the damage

scenarios are grouped into two categories of progressive

damage. The first pair of scenarios presents a progressive

deterioration of the load transfer mechanism between

girders four and five by partial and then full removal of one

of the bolted connections of the midspan diaphragm be-

tween these two girders. The second pair of scenarios

presents a progressive deterioration of the load transfer

mechanism between girders two and three by complete

removal of one of the bolted connections of the midspan

diaphragm followed by the one of the end diaphragms

between these two girders. By presenting these progressive

scenarios independently, the results can be more easily

interpreted to draw empirical conclusions on the perfor-

mance of the diagnostic measures. Specifically, the data

presented are reviewed to examine the sensitivity to dam-

age of each measure relative to measurement uncertainties,

consistency and progression of the diagnostic measures

with severity of damage, and ability of the diagnostic to

locate the source of the introduced damage.

5.1 Damage scenarios 1 and 2

In this section, changes in strain diagnostic indicators are

presented only for damage scenarios 1 and 2, which cor-

respond to two levels of damage severity at the same

girder-to-diaphragm connection. During this stage of the

analysis, the reference neutral axis locations and reference

distribution factors for each lane loading are taken as those

measured in the baseline state prior to the introduction of

any intentional damage to the structure. In all cases,

measurement uncertainties were calculated using Eqs. (2–

4) for the neutral axis determinations and Eqs. (7, 9, 11) for

the distribution factor determinations. These uncertainties

are presented as error bars on the following figures sum-

marizing the results. Note specifically that the error bars

presented for all bar plots illustrating the relative changes

in either apparent neutral axis location or distribution factor

include both the uncertainty on the specific damage sce-

nario measurement as well as the uncertainty associated

with the baseline measurement.

5.1.1 Apparent neutral axis locations

The apparent neutral axis locations calculated from the

strains simulated in the baseline finite element model as

well as the relative changes in neutral axis locations cor-

responding to the two levels of damage severity relative to

this baseline are presented in Fig. 9a, c. These estimates

correspond to the conditions developed under the east lane

and center lane loading. In each case, the neutral axis es-

timates represent apparent neutral axis locations, which

include the effects of biaxial loading and shear lag and are

specific to the load pattern. Presented alongside these nu-

merical predictions are the experimentally obtained esti-

mates of the apparent neutral axis locations for the baseline

condition as well as the relative changes induced following

the progressive damage cases (Fig. 9b, d). Note that the

magnitude of strain developed in girder one for the east

lane loading was so small that the measurement uncertainty

exceeded �10 cm. Plotting these highly uncertain apparent

Fig. 8 Model verification: comparison of modal parameters of the

finite element model to experimentally obtained estimates for the first

five modes: a finite element model; b operational modal analysis
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neutral axis locations on the same figure as the remaining

estimates would skew the scale of the graph to the extent

that the response in the remaining girders with less

uncertainty would no longer be visible. Consequently, the

highly uncertain results obtained for this girder under the

east lane loading are removed from this graph to improve

the clarity of the figure.

While there are some differences in the baseline neutral

axis locations relative to the finite element model predic-

tions, these differences can be attributed to the advanced

stage of existing deterioration in the actual structure that is

not reflected in the model. Despite these initial differences

between the baseline finite element model and the mea-

sured bridge response prior to the introduction of pro-

gressive damage, one might reason that the relative

changes in bridge response due to the introduction of the

controlled damage scenarios should be reflected reasonably

consistently between the numerical model and the actual

structure. However, significant differences are present be-

tween the relative changes predicted by the finite element

model and those measured experimentally. Specifically, the

numerical model anticipates only relatively minor changes

in apparent neutral axis locations that are generally within

the uncertainty bounds associated with the measurement.

This would suggest that the apparent neutral axis is not a

reliable indicator of structural damage for this damage

scenario in the presence of typical measurement uncer-

tainty. However, the experimental results exhibit sig-

nificant changes in apparent neutral axis locations typically

outside the uncertainty bounds for girders adjacent to the

location of the applied damage. While the magnitudes of

the changes are significantly higher than predicted in the

finite element model, the directions of apparent neutral axis

location changes are often consistent with the model.

Furthermore, the changes themselves seem to suggest the

location of the prescribed damage through the clear in-

crease in apparent neutral axis for girder five. In addition,

the progression of damage severity is consistently observ-

able in the relative changes measured in each girder across

the two load cases.

Table 1 Experimental strain measurements (le)

Baseline Damage 1 Damage 2 Damage 3 Damage 4

East Center East Center East Center East Center East Center

Girder 1 top gage -0.31 0.96 -0.45 0.79 -0.47 0.65 -0.23 -0.47 -0.17 -0.42

Girder 1 bottom gage -0.04 4.42 -0.08 3.51 -0.24 3.61 0.03 3.60 0.08 3.49

Girder 2 top gage -0.78 -1.62 -0.75 -1.52 -0.61 -1.60 -0.59 -1.32 -0.66 -1.28

Girder 2 bottom gage 4.11 12.84 4.16 11.47 3.87 11.70 3.54 13.28 3.78 13.17

Girder 3 top gage -0.23 -4.04 -0.41 -3.72 -0.81 -4.01 -1.74 -6.85 -1.91 -7.77

Girder 3 bottom gage 17.21 24.98 16.79 24.86 16.57 25.23 18.71 30.68 19.63 30.51

Girder 4 top gage -4.08 -4.92 -4.16 -4.35 -5.49 -5.46 -6.78 -3.24 -5.75 -3.85

Girder 4 bottom gage 19.70 13.17 19.25 14.33 20.55 14.42 21.40 13.03 21.80 12.68

Girder 5 top gage -2.23 -1.62 -1.66 -1.37 0.10 -0.10 -0.07 -0.08 -0.11 -0.07

Girder 5 bottom gage 16.42 3.73 15.52 4.33 16.77 4.21 15.30 3.10 14.83 3.00

Table 2 Finite element model strain predictions (le)

Baseline Damage 1 Damage 2 Damage 3 Damage 4

East Center East Center East Center East Center East Center

Girder 1 top gage 0.26 0.37 0.24 0.36 0.21 0.34 0.34 -0.01 0.32 -0.01

Girder 1 bottom gage 1.40 5.40 1.37 5.38 1.31 5.34 1.40 4.98 1.30 4.98

Girder 2 top gage -0.54 -0.65 -0.56 -0.67 -0.60 -0.69 -0.58 -1.10 -0.59 -1.10

Girder 2 bottom gage 4.11 14.00 4.08 13.97 4.04 13.95 3.66 14.19 3.61 14.19

Girder 3 top gage -1.39 -1.80 -1.45 -1.83 -1.52 -1.88 -1.53 -1.83 -1.52 -1.83

Girder 3 bottom gage 12.07 23.18 12.04 23.15 12.05 23.18 12.18 24.42 12.18 24.42

Girder 4 top gage -0.71 -1.71 -0.65 -1.67 -0.80 -1.77 -0.81 -1.58 -0.80 -1.58

Girder 4 bottom gage 21.72 14.21 22.15 14.47 22.53 14.72 22.58 14.29 22.65 14.31

Girder 5 top gage 0.67 -0.18 0.67 -0.18 0.84 -0.10 0.84 -0.08 0.85 -0.08

Girder 5 bottom gage 20.67 5.33 20.47 5.22 20.44 5.17 20.44 4.88 20.49 4.87
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In general, the experimental results support previously

proposed use of the apparent neutral axis as a damage di-

agnostic indicator. However, the difference between the

expected changes predicted by the finite element model and

the experimental results should be particularly highlighted.

The significant differences suggest that faithfully modeling

the structural damage and its effect on apparent neutral axis

locations, including the effects of biaxial bending and shear

lag, is nontrivial. These effects are dependent on the extent

of composite action in concrete deck on steel girder bridges

and, in this case, the composite action was idealized as full.

The discrepancies between experimental measurements

and finite element predictions highlight the need for addi-

tional full-scale testing and verification of prior studies that

have developed conclusions related to the use of neutral

axis locations for damage detection based solely on nu-

merical analyses.

5.1.2 Girder distribution factors

The baseline girder distribution factors for lane loading of

the bridge, as predicted by the finite element model using

the bottom strains at the midspan of the girders, are pre-

sented in Fig. 10a, c along with the predicted relative

changes in girder distribution factors resulting from the

prescribed damage. These simulated results indicate that

changes in girder distribution factors are expected to occur

at girders four and five for both the east and center lane

loading across both damage scenarios. Due to the reduced

load transfer between girders four and five resulting from

the diaphragm connection damage, the model predicts that

the distribution factor for girder four should increase for

both lane loadings, while the remaining distribution factors

decrease. However, the magnitude of these changes is just

within the measurement uncertainty bounds, so the model
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Fig. 9 Baseline apparent neutral axis locations and relative changes

resulting from damage scenarios 1 and 2 shown with uncertainty

bounds associated with rðeÞ ¼ 0:10le and b ¼ 1%: a finite element

simulations–east lane loading, b experimental data—east lane load-

ing, c finite element simulations—center lane loading, d experimental

data—center lane loading
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suggest that distribution factors are not sensitive enough to

the prescribed damage to exceed the uncertainties associ-

ated with conventional strain measurements.

Experimental measurements of the baseline distribution

factors and relative changes during the first two damage

scenarios are presented alongside the numerical data in

Fig. 10b, d. The baseline girder distribution factors are

more closely predicted by the finite element model than the

apparent neutral axis locations, but also suggest that the

finite element model over predicts the transverse stiffness

of the cross-section. Experimental distribution factors

predict an increase in distribution to girders four and five,

where the affected diaphragm is located. While there are

still discrepancies between the measurements and the

model, the changes in experimental distribution factors are

generally more consistent with those predicted by the finite

element model than the corresponding apparent neutral

axis location measurements. However, the experimental

data do not clearly demonstrate an ability to quantify the

progression of the severity of damage from the first case to

the second.

5.2 Damage scenarios 3 and 4

In this section, changes in strain diagnostic indicators are

presented for damage scenarios 3 and 4, which correspond

to midspan and then end diaphragm connection damage for

the diaphragms between girders two and three (Fig. 5a).

During this stage of the analysis, the reference neutral axis

locations and reference distribution factors for each lane

loading are taken as those measured after damage scenario

2. In all cases, measurement uncertainties were calculated

using Eqs. (2–4) for the neutral axis determinations and

Eqs. (7, 9, 11) for the distribution factor determinations.

These uncertainties are presented as error bars on the fol-

lowing figures summarizing the results. Note specifically
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Fig. 10 Baseline girder distribution factors and relative changes for

damage scenarios 1 and 2 shown with uncertainty bounds associated

with rðeÞ ¼ 0:10le and b ¼ 1%. a Finite element model—east lane

loading; b experiment—east lane loading; c finite element model—

center lane loading; d experiment—center lane loading
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that the error bars presented for all bar plots illustrating the

relative changes in either apparent neutral axis location or

distribution factor include both the uncertainty on the

specific damage scenario measurement as well as the

uncertainty associated with the reference measurement.

5.2.1 Apparent neutral axis locations

As for the prior cases, the reference apparent neutral axis

locations and relative changes produced as a result of the

prescribed damage are presented for the finite element

analysis and experimental measurements in Fig. 11. For

this series of prescribed damage scenarios, the finite ele-

ment analysis again predicts changes in apparent neutral

axis locations well below the measurement certainty for the

east lane loading. In addition, while changes greater than

the uncertainty bound are predicted in the model for the

center lane loading, the change is predicted to be most

significant for girder one, which is not adjacent to the lo-

cation of the damage. The experimental neutral axis mea-

surements, while exceeding the uncertainty bounds for

several girders, provide conflicting results in terms of

identifying the location of the damage. Under the east lane

loading, large decreases are measured in girders three and

four, while a significant decrease is measured for girder one

during the center lane loading. Again, the experimentally

measured changes in apparent neutral axis locations are

nearly an order of magnitude greater than those predicted

numerically. However, the experimental measurements are

reasonably consistent across the two damage cases with

many of the girders indicating a mild progression of de-

terioration from damage scenario 3 to 4. Although these

results indicate that apparent neutral axis locations are

sensitive to the specific damage introduced and may reflect
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Fig. 11 Reference apparent neutral axis locations and relative

changes resulting from damage scenarios 3 and 4 shown with

uncertainty bounds associated with rðeÞ ¼ 0:10 le and b ¼ 1%:

a finite element simulations—east lane loading, b experimental

data—east lane loading, c finite element simulations—center lane

loading, d experimental data—center lane loading
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the severity of the damage, they do strongly emphasize the

challenges associated with using this measure to locate and

diagnose the source of the damage to the structure.

5.2.2 Girder distribution factors

Reference distribution factors from damage scenario 2 are

presented alongside relative changes developed over the

final two damage scenarios in Fig. 12 for both the finite

element simulations and experimental measurements. In

contrast to the apparent neutral axis measurements, the

results suggest that girder distribution factors provide the

capability to identify, localize, and indicate the severity of

the damage. In the finite element simulations, the damage

is reflected as a significant decrease in load distribution to

the second girder under the east lane loading, while a

significant increase in load distribution is predicted for the

third girder under the center lane loading. However, ex-

perimentally, the most significant increase in load distri-

bution was measured for girder three in both cases. The

increase in load distribution to the girder where the di-

aphragm connection was damaged is expected since the

diaphragm connection damage reduces load transfer be-

tween the second and third girder under both loading pat-

terns. This increase in load distribution to the girder with

the affected connection is consistent with results from the

prior damage scenarios. Again, the differences between the

finite element simulation and experimental results are at-

tributed to initial errors in modeling the transverse stiffness

of the bridge. For this sequence of damage, the girder

distribution factors also exhibit consistent relative changes

from the reference data with indication of mild progression

of severity as the damage is introduced to the end di-

aphragm connection.
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Fig. 12 Reference girder distribution factors and relative changes for

damage scenarios 1 and 2 shown with uncertainty bounds associated

with rðeÞ ¼ 0:10le and b ¼ 1%. a Finite element model—east lane

loading; b experiment—east lane loading; c finite element model—

center lane loading; d experiment—center lane loading
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5.3 Summary of strain-based diagnostic results

In summary, experimental measurements of apparent

neutral axis locations and girder distribution factors under

two-lane loadings and across four damage scenarios sug-

gest that both diagnostic measures exhibit sensitivity to the

introduced diaphragm connection damage that exceeds the

measurement uncertainty. Likewise, both measures exhib-

ited generally consistent changes in their respective mea-

sures for each girder as the extent of damage to the load

transfer mechanism between girders progressed. Further-

more, the progression of damage severity was generally

exhibited in both measures as a mild amplification of the

measured change. However, for these cases of diaphragm

connection damage, the apparent neutral axis location was

not able to reliably identify the location of the damage

introduced to the structure directly. In contrast, ex-

perimental changes in girder distribution factors consis-

tently exhibited their largest increase in load distribution to

the girder where the diaphragm connection was damaged.

Comparisons of the experimentally measured changes in

apparent neutral axis locations and girder distribution fac-

tors to those obtained through finite element simulations

exhibit significant differences in predicted changes result-

ing from the prescribed damage. In all cases, the analytical

model underestimated the measured changes, although the

apparent neutral axis location measurements were most

significantly under-predicted. Furthermore, in many cases,

the finite element simulations predicted that the changes in

apparent neutral axis locations would be within the mea-

sure of uncertainty, while the experimentally measured

changes were often well outside the uncertainty. The

comparisons emphasize the challenges associated with

faithfully modeling structural damage and the effects on

structural performance. In addition, these results suggest

that previous conclusions regarding the use and perfor-

mance of strain-based diagnostic measures based on finite

element analysis require experimental validation. Lastly,

the discrepancies emphasize the importance of continued

full-scale structural health monitoring research on real

structures subjected to quantifiable damage.

6 Conclusion

Numerous studies have proposed the use of strain-based

measurement features for condition assessment of highway

bridges, although only recently has the influence of mea-

surement uncertainties been incorporated into experimental

studies and applications. This paper has extended prior

discussion of the transducer-based uncertainties on apparent

neutral axis measurements and introduced formulae for

girder distribution factor measurements. Experimental data

from a full-scale bridge case study with progressive struc-

tural damage applied to diaphragm connections were ex-

plored alongside a finite element model of the structure to

examine the influence of uncertainties on relative changes

to the apparent neutral axis and girder distribution factor

measurements resulting from structural damage. The ex-

perimental study found that both apparent neutral axis lo-

cations and girder distribution factors were sensitive to the

introduced damage beyond the calculated measurement

uncertainty in all four cases analyzed. However, girder

distribution factors were found to be more effective at

identifying the location of the introduced damage.

Specifically, the most significant changes in distribution

factor were consistently observed as increases in load dis-

tribution to the girder where the diaphragm connection was

affected. Lastly, significant discrepancies between predict-

ed changes in diagnostic measures developed from the finite

element model, particularly for apparent neutral axis loca-

tions, are highlighted in the analysis. These discrepancies

challenge the use of analytical modeling as a means for

developing and evaluating strain-based diagnostic ap-

proaches for structural health monitoring of highway

bridges. Continued full-scale testing of structures subject to

well-characterized damage is recommended to verify the

performance of strain-based diagnostics under different

mechanisms of structural damage and to validate conclu-

sions previously developed based on numerical modeling.
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