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Introduction

With an increasing demand for infrastructure management, chal-
lenges exist in managing the stock of structures while building
new ones. Bridge management is particularly challenging due to
the large stock of bridges that have to be evaluated at a state
level (Mauro 2017). Reliable methods of evaluation are therefore
necessary to allocate resources to the maintenance of bridges to en-
sure their utility over their lifetimes at a reasonable cost.

Monitoring and nondestructive testing (NDT) can provide val-
uable information about the current condition of bridges. In the
last few decades, many monitoring and testing techniques have
been developed to improve knowledge of structural response. For
example, techniques involving optic-fiber sensing, radiography,

ground-penetrating radar, image correlation, tomography, ultraso-
nication, and acoustic emission (AE) have been proposed (Breysse
2012a; Maierhofer et al. 2010; Méndez and Csipkes 2013).
However, a close examination of the previous work reveals the
important challenge of transforming measurement data into knowl-
edge that is helpful for structural identification and useful for
decision-making.

The large size of civil infrastructure elements and the changing
environments to which they are exposed create challenges for many
techniques that otherwise fare well in laboratory settings (Farrar
and Worden 2010; Breysse 2012b; Nguyen et al. 2013). Further-
more, the monitoring and testing techniques are limited to accessi-
ble structural components and they cannot be used for
instrumenting a whole structure to obtain direct measurements.
Moreover, collected data are often interpreted qualitatively, and
the effect of uncertainties related to measurement error and bias
are not quantified during measurement interpretation, which
make measurement data not useful for decision-making. Therefore,
appropriate physics-based models and engineering expertise are re-
quired to interpret measurements and evaluate concrete bridges.

To overcome limitations related to site implementation, techni-
ques are chosen in this research based on their capacity for long-
term monitoring with an occasional onsite inspection that does
not interrupt the operational use of a structure or cause damage.
The AE technique is used to investigate structural behavior under
traffic and environmental actions. AE involves the study of elastic
waves generated during a stress-state change in material to under-
stand the physical and mechanical condition of the propagation
zone (Beattie 2013). The technique has been widely used to assess
concrete bridges during load tests (Felux 2017; Anay et al. 2016;
Golaski et al. 2002). In addition, sound velocity measurement
and rebound-hammer testing are performed for concrete-strength
assessment onsite. Finally, strain and deflection measurements
are conducted to evaluate the mechanical response of the structure
under a load test and normal traffic.
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To consider the potential impact of uncertainties during mea-
surement interpretation and provide quantitative information on
the structure’s behavior at nonaccessible locations, information
from measurements is combined with physics-based models. Inter-
preting measurement data using physics-based models has been re-
ferred to as structural identification, model calibration, and model
updating (Farrar and Worden 2010). It is an ill-posed inverse
task that is sensitive to incomplete knowledge of uncertainties, sys-
tematic bias, and correlations between uncertainties at measure-
ment locations (Goulet and Smith 2013).

Error-domain model falsification (EDMF) and residual minimi-
zation (RM) are used for structural identification. RM is widely
used in practice to calibrate structural models and it is computation-
ally inexpensive. However, it does not consider measurement and
model uncertainty and bias. While EDMF is one of the
structural-identification methodologies that has been successfully
applied to more than 20 full-scale data-interpretation challenges
(Goulet and Smith 2013; Pasquier et al. 2014; Smith 2016;
Pai et al. 2018). EDMF has been shown to provide more accurate
structural identification compared with other methodologies such
as RM and traditional Bayesian model updating. Comparisons of
these methodologies have been made on many full-scale case stud-
ies (Pai et al. 2018; Pasquier et al. 2014; Smith 2016) as well as in
theoretical examples where the ground truth is known. Finally, no
work has combined AE results with advanced structural identifica-
tion methods.

This paper presents an approach to interpret AE and strain mea-
surements onsite using physics-based models calibrated using
EDMF and RM, with the aim to evaluate accurately the fatigue
safety of nonaccessible elements. The approach is illustrated
through a case study of a reinforced concrete (RC) bridge deck
slab currently in service. The next section describes the measure-
ment techniques, the structural identification methods, and the re-
quirements used for fatigue safety evaluation. In the section
“Measurements,”measurement results are presented and discussed.
In the section “Model-Based Data Interpretation,” the development
of structural models for data interpretation is described. In section
“Fatigue Evaluation,” the use of the validated models is illustrated
for fatigue evaluation of nonaccessible elements. The objectives of
this work are as follows:
• O1. Evaluating the use of AE for developing physics-based

models and for structural identification of existing bridges.
• O2. Comparing and validating solutions for structural identifica-

tion obtained using EDMF and RM to predict accurate re-
sponses at nonaccessible locations.

• O3. Assessing fatigue safety using validated knowledge of
structural behavior obtained by interpreting measurements
with a physics-based model.

• O4. Demonstrating with a full-scale case study the utility of
monitoring to support bridge management decisions.

Methodology

Rebound-Hammer Testing

The rebound hammer is an NDT that provides information related
to the compressive strength of concrete. After every impact, the re-
bound value is saved and an average value of 10 rebound values is
calculated and compared with measured values. Values that are
greater or less than 10% of the average value are not included
and the average is recalculated. The compressive strength of con-
crete is obtained using the conversion curve that can be found in
the user manual (Proceq SA 2017) considering the rebound value

and the impact direction. The median of compressive strength val-
ues is calculated based on requirements of the standard (NF EN
12504-2, AFNOR 2013). Young’s modulus of concrete is then es-
timated from the characteristic strength according to Eq. (5). 1–20
of the recommendations of the International Federation for Struc-
tural Concrete (FIB) (fib 2010).

Sound Velocity Measurement

Sound velocity measurement is an NDT used to assess the com-
pressive strength of materials. The test is carried out by passing
elastic waves through materials and measuring the time of propaga-
tion to calculate wave velocity. The velocity of an elastic wave
propagating through a medium depends on elastic constants and
the mass density of the material. Elastic waves are comprised of
compression or P-waves (first arrivals of a wave) and shear or
S-waves (second arrivals of a wave).

The velocities of P waves vp and S waves vs are related to
Young’s modulus E, Poisson’s ratio υ, and density ρ of the environ-
ment according to the following equations:

vp =

������������������
E(1 − υ)

ρ(1 + υ)(1 − 2υ)

√
(1)

vs =

����������
E

2ρ(1 + υ)

√
(2)

Understanding the velocity of these waves provides information
about the internal condition of the environment through which the
waves propagate.

Acoustic Emission

The AE technique involves the study of elastic waves generated
during a stress-state change in material to understand the physical
state of the propagation zone (Beattie 2013). The stress change is
assumed to be rapid enough to transmit the energy and dissipate
it as an elastic wave. AE involves the use of sensors that detect elas-
tic waves and convert them into electrical signals. The recorded sig-
nals are collected, preprocessed, and stored in a data acquisition
system, where it is possible to extract, process, and visualize re-
corded data (Nair and Cai 2010). AE data can be processed through
many approaches, of which the most important are the parameter-
based analysis (Aggelis 2011; Felux 2017; Nair and Cai 2010) and
the b-value analysis (Carpinteri et al. 2009; Colombo et al. 2003;
Xu et al. 2013).

Parametric-Based Analysis

The parametric-based analysis examines changes in AE features
over time. AE feature extraction and analysis are performed using
MATLAB (R2019b) and the AEwin for Sensor Highway III pro-
gram (commercial software for AE feature and waveform process-
ing). Six features are extracted from the recorded waves, as shown
in Fig. 1, and are used to perform the analysis: amplitude, duration,
counts to peak (Pcounts), absolute energy (ABSenergy), average
frequency (AF), and initiation frequency (Ifrequency).

The AE features are defined according to Mistras (2015) as
follows:
• Amplitude is the highest voltage in the AE waveform expressed

in decibels (dB) (Fig. 1).
• Duration is the time from first to last threshold crossing ex-

pressed in microseconds (µs) (Fig. 1).
• Counts to the peak are the number of threshold crossings from

first to highest voltage point on the waveform (Fig. 1).
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• ABSenergy is the time integral of the square of the signal volt-
age at the sensor before any amplification divided by 10 kΩ
impedance and expressed in attojoules (aJ) (1 aJ= 10−18 J).

• AF is equal to counts divided by duration expressed in kHz
[Eq. (3)].

Average frequency =
Counts

Duration
(3)

• Ifrequency is equal to Pcounts divided by rise time expressed in
kHz [Eq. (4)].

Initiation frequency =
Counts to peak

Rise time
(4)

The terms channel and hit are used as defined in the following:
• Channel is a single AE sensor and the related equipment com-

ponents for transmitting, conditioning, detecting, and measuring
the signals that come from it.

• Hit is the process of detecting and measuring an AE signal on a
channel.

Ib-Value Analysis

The Ib-value analysis is a statistical method used to evaluate the
amplitude–frequency distribution of AE hits (Shiotani 2001). The
parameter, Ib-value, an improvement of the b-value established
by Gutenberg–Richter to quantify the succession of many AE
hits of low amplitude generated by microcracks and the succession
of a few AE hits of high-amplitude hits generated by macrocracks
(Whitehurst 1966). The Ib-value is a parameter that is used to esti-
mate cracking activity and cracking process based on AE peak am-
plitude distribution. The formula for Ib-value is given as follows:

Ib =
logN (μ − α1σ) − logN (μ − α2σ)

(α1 + α2)σ
(5)

where Ib-value= improved b-value (Ib-value); logN= cumulative
frequency of amplitude; μ=mean value of amplitude; σ= standard
deviation of amplitude; α1= coefficient setting the lower value of
amplitude; and α2= coefficient setting the upper value of ampli-
tude. The Ib-value is multiplied by a coefficient of 20 to compare
it to b-value giving the quantitative analysis of Colombo et al.
(2003) and Sammonds et al. (1994) presented in Table 1.

Load Test

The structural response of the viaduct is evaluated based on the re-
sults of a load test performed using a five-axle truck with a legal
limit load of 400 kN. The five axles are separately weighted, and
their surface of action is identified. Two passages are performed
at the midspan of Span 4 with a velocity of 10 km/h and a stop

of 10 min to capture both the dynamic and static effect of vehicles.
During the load test, deflection and strain variations have been
measured continuously.

Error-Domain Model Falsification

EDMF is a data-interpretation methodology based on the assertion
that models should not be validated by data (weak science); data
should be used to falsify models (strong science) (Popper 2005;
Goulet and Smith 2013). EDMF has been used in structural identi-
fication for different contexts such as leak detection (Moser et al.
2018), fatigue-life evaluation (Pai et al. 2018; Pasquier et al.
2014, 2016), damage evaluation (Reuland et al. 2019a, b), and
ultimate-limit state verification (Proverbio et al. 2018; Vernay
et al. 2018).

Civil engineering structures are generally designed using con-
servative and simplified models. Models include significant uncer-
tainties due to approximations and assumptions that can be
estimated using engineering heuristics. Examples of such approxi-
mations and assumptions are simplifications related to loading con-
ditions, geometrical property definitions, and modeling of
boundary conditions, which contribute to modeling uncertainties.

EDMF falsifies models (instances) that provide responses (pre-
dictions) that are incompatible with measurements (observations).
The criteria for compatibility are defined by considering uncertain-
ties from different modeling and measurement sources. The quan-
tification of many of these uncertainties for full-scale applications
requires engineering knowledge.

Starting with feasible ranges of important parameters, an initial
model set (IMS) is generated through sampling. Measurements and
uncertainty information are then used to falsify (refute) models in
the IMS to obtain a candidate model set (CMS) of models that ex-
plain measured behavior. Several model classes can be potential
candidates to describe the behavior of a system. The model classes
take system properties as arguments (θi∈[1,np]), such as geometry,
material characteristics, boundary conditions, and loading. The
combination of model class (g) and input-parameter set θ gives pre-
dictions at each measurement location i∈ [1, np].

The true response of a system Qi is approximated by model pre-
dictions gki with modeling error ε*model,ki at each measurement loca-
tion i. Similarly, the true response is observed by measurements yi
with measurement error ε*measure,i. This can be summarized in the
following equation:

gki(θ
*
k) + ε*model,ki = Qi = yi + ε*measure,i (6)

Sources of modeling uncertainties include material properties,
geometrical properties, mesh refinement, boundary conditions,
the slab–girder connection, and other model simplifications. The
uncertainties are estimated using engineering judgment. Sources
of measurement uncertainties include the resolution of sensors, po-
sition, load, and human error. These uncertainties are estimated
based on information from the sensor manufacturer and repeated
testing. Uncertainties from model and measurement sources are
combined to determine the combined uncertainty, Uc,i.

Fig. 1. Acoustic emission features.

Table 1. Quantitative result analysis

b-Value Description

[1, 1.2] The sensor is very near to a large crack or macrocracks are
forming

[1.2, 1.7] Cracks are uniformly distributed, and macrocracks are stable
>1.7 Microcracks are dominant or macrocracks are opening

Source: Data from Colombo et al. (2003) and Sammonds et al. (1994).
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Using this combined uncertainty, Uc,i, the criteria for falsifica-
tion is determined. The criteria for falsification in EDMF are thresh-
olds computed for target reliability of identification, Φ. This target
reliability of identification for civil engineering applications is typ-
ically set to 95% (Φ= 0.95). The threshold bounds for falsification,
Tlow and Thigh, are calculated using the target reliability of identifi-
cation. Threshold bounds are obtained as follows:

∀ i ∈ {1, . . . , nm}, Tlow,i, Thigh,i: Φ1/nm =
∫Thigh,i
Tlow,i

fUc,i (Uc,i)dUc,i

{ }

(7)

where fUc,i = probabilistic distribution function of combined uncer-
tainties at measurement location i. Instances of the model (g) are
falsified when model predictions are incompatible with measure-
ments at any sensor location. This compatibility is evaluated
using the following equation:

∀ i ∈ [1, . . . , nm]: Tlow,i ≤ gi(θ) − yi ≤ Thigh,i (8)

Model instances that are not falsified form the CMS. These are
model instances that demonstrate structural behavior compatible
with observations while accounting for uncertainties from model-
ing and measurement sources. These model instances may be uti-
lized to predict the structural response of nonaccessible elements
under conditions that are different from those during sensing to
support asset management.

Residual Minimization

RM is commonly used in practice and is computationally inexpen-
sive. It involves the assumption that the difference between model
predictions and measurements is governed by the choice of param-
eters (Mottershead et al. 2011) and that these parameters have zero-
mean uncertainty distributions (Smith 2016). The calibration is
therefore done by determining the model parameter values that
minimize the error between simulation results and measurement
data (Sorenson 1970). The objective function for RM is shown in
the following equation:

θ̂ = argmin
θ

∑ny
i=1

gi(θ) − ŷi
ŷi

( )2

(9)

where θ̂= optimum model parameter set obtained using measure-
ments; gi(θ) − ŷi = residual obtained between the model response
gi(θ) and measurement ŷi at location i; and ny = number of measure-
ment locations. The calibration is therefore done by determining
the model parameter values θ̂ that minimize the error between the
model response gi(θ) and measurement ŷi for each measurement lo-
cation i∈ {1, ny}.

Fatigue Evaluation

Fatigue safety is evaluated according to Swiss code for existing
structures SIA 269 (SIA 2013b) following two levels. First, the en-
durance limit is verified, i.e., the maximum value of the measured
stress range must be smaller than the endurance limit of the rebar
fatigue detail. If Level 1 of verification is inconclusive, damage ac-
cumulation according to Palmgren–Miner’s rule is calculated using
the recorded histograms of stress cycles and the appropriate S–N
curve for the rebar fatigue detail that can be found in (SIA
262:2013, SIA 2013a; SIA 269:2013, SIA 2013b).

Summary of Methodology

The presented methodology for the evaluation of the fatigue behav-
ior of RC bridges is summarized in the following principal steps:
• Estimate material properties using AE and NDT.
• Develop and parametrize physics-based models using AE.
• Update the models using load-test results and EDMF.
• Validate model-updating solutions by comparing updated

model predictions with measurements not included for struc-
tural identification.

• Predict structural response at nonaccessible locations to evaluate
fatigue behavior.

Measurements

Case Study

Monitoring and NDT are performed on an eight-span composite
concrete–steel viaduct. It has seven articulated spans of 25.58 m
and an approach span of 15.8 m. Each span comprises an RC
slab of a thickness varying from 0.17 to 0.24 m connected to two
1.3-m-height steel girder beams.

The viaduct is instrumented with AE channels, strain gauges,
and thermocouples for continuous monitoring. Linear variable
differential transformers (LVDTs), rebound-hammer testing,
and sound–velocity measurement are used for occasional inspec-
tions. Fig. 2 illustrates the view of the viaduct and the instru-
mented span.

AE channels are mounted on the RC slab at midspan, midlane,
between midspan and articulation, and between articulation and
support of Span 4. Strain gauges are embedded in longitudinal
and transverse rebars at midspan and the girder of Span
4. LVDTs are mounted in the middle of Span 4 at five locations
(lower flange of the girder, midlane, and midspan). Fig. 3 illustrates
the instrumented slab and sensor placement. Rebound-hammer
testing and sound–velocity measurement are performed on the
lower side of Span 4.

The load test and deflection measurements were performed in
June 2016. Sound velocity measurements and rebound-hammer
test were performed in February 2019. Strain and AE monitoring
data used in this study were collected during one year of continuous
monitoring from 14/03/2019 to 14/03/2020.

Investigation of Material Properties

Concrete Strength

Rebound-Hammer Testing. Rebound-hammer testing and
sound–velocity measurement help identifying material properties
onsite (Breysse 2012b). They are used to estimate the modulus of
elasticity of concrete.

Fig. 2. Crêt de l’Anneau viaduct located between Neuchâtel and Tra-
vers, Switzerland. (Image by authors.)
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Rebounds are performed in locations spaced more than 2.5 cm
apart at the middle of Span 4. The 20 best readings, which are
those not greater or less than 10% of the average rebound value,
are used to determine the corresponding compressive strength
from the conversion curve of the user manual (Proceq SA 2017).
The conversion curve is chosen based on the impact direction of
the rebound-hammer that forms an angle of −90°C with the tested
surface. The median of the compressive strength values is then cal-
culated and used along with the equation of the FIB model (fib
2010) to determine Young’s modulus of concrete. The compressive
strength is found to be equal to 47 N/mm2 and the initial Young’s
modulus is taken to be approximately 35,000 N/mm2. The actual
Young’s modulus is therefore found equal to 62,000 N/mm2,
which indicates a significant increase with concrete age due to
the continuity of concrete hydration.
Sound–Velocity Measurement. Sound–velocity measurement is
performed to obtain a second estimation of the modulus of

elasticity. Elastic-wave simulations are performed using
pencil-lead break and rebound-hammer testing in the middle of
Span 4. Time difference Δt1, which is given by the acquisition sys-
tem in real-time for each channel is recorded. A thorough analysis
of the generated waves allows for the separation of P-waves from
S-waves. The time difference Δt2 between the two wave types is
calculated. The two-time differences are used along with the dis-
tance d between channels to estimate the velocity of P-waves and
S-waves according to the following equations:

vs =
d

Δt1 + Δt2
(10)

vp =
d

Δt1
(11)

Velocity results are presented in Table 2.
The density of concrete was assumed to be 2,400 kg/m3 with a

Poisson’s ratio of 0.2. Young’s modulus of concrete was calculated
according to Eqs. (1) and (2) and was estimated to be in the range
[23,000, 33,000 N/mm2].

Discussion

The difference between Young’s modulus of concrete obtained using
rebound-hammer testing (62,000 N/mm2) and the ones obtained
using sound–velocity measurement ([23,000, 33,000] N/mm2) is
high and can be due to different factors. The validity of the values
obtained is thus questionable. Factors such as the influence of the ag-
gregate size, the influence of rebars, the humidity of concrete, the
configuration of channels, the mode of propagation, or the area of in-
vestigation can all influence the results (Breysse 2012b). For exam-
ple, rebound measurements have large-scale variability onsite and
can give values up to 23% (Masi and Vona 2009).

The results put into question the validity of using only these
measurements to estimate Young’s modulus. The variability of
measurement results is accommodated by making Young’s modu-
lus of concrete a parameter and varying it in the range of [20,000,
60,000] N/mm2, as defined by the minimum and maximum values
obtained with rebound-hammer testing and sound–velocity
measurement.

Homogeneity of Concrete

Parametric-Based Analysis
The homogeneity of concrete is evaluated using the AE data of five
channels covering different zones of the RC slab. Five classes are
defined, presenting the AE data of Channel 1 near Support A,
Channel 14 near Articulation 1, Channel 21 at the midspan, Chan-
nel 8 near the midlane, and Channel 24 at the midlane (see Fig. 3
for channel placement).

The classes are visualized in Fig. 4. Each point on the scatterplot
represents the daily mean of an AE feature and the point marker
shows the class to which the point belongs. The two dimensions
of visualization present AE features for which the ABSenergy
and amplitude provide information on the intensity of internal
changes, while duration and Ifrequency characterize their nature

Table 2. Sound–velocity measurements

Elastic-wave simulation
method Area of interest (m) vp (m/s) vs (m/s)

Pencil-lead break 0.04 3,400 2,400
Rebound-hammer 2 3,500 2,000

Fig. 3. Drawings of the Crêt de l’Anneau viaduct, the cross section,
and the lower side of the instrumented span with sensor deployment,
with dimensions in meters.
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(cracking, friction, and so on). In addition, the number of hits can
indicate the presence of cracking activity.

The AE activity of the channels distributed along the RC slab is
grouped in one cluster for different combinations of AE features
that present the dimensions of visualization. First, the daily mean
of ABSenergy plotted against amplitude forms one cluster for the
five channels, which implies that the detected intensity of AE activ-
ity is the same for Channels 1, 14, 21, 8, and 24. Moreover, daily
mean values of Ifrequency plotted against Pcounts and duration
plotted against amplitude form one cluster for the five channels,
which imply that the principal source of AE activity is the same
for concrete around the channels in question. The number of hits
over time is also similar for the five channels, which indicates sim-
ilar cracking activity in the concrete.

It is concluded that the AE response of the five channels classi-
fied in one cluster implies similar internal changes in the concrete
near these channels. Concrete is therefore estimated to be homog-
enous along the slab for the development of the structural models.

Ib-Value Analysis
The cracking activity in the slab due to passing vehicles and envi-
ronmental influence is evaluated using Ib-value analysis. Ib-value
is calculated for five Channels 1, 14, 21, 8, and 24 using a step
of 1,500 AE hits according to Eq. (5). Table 3 illustrates the varia-
tion in Ib-values.

The annual range of Ib value is between 1.2 and 2.5, which in-
dicates that 48% of AE activity is due to stable cracks and 51% is
due to the opening of microcracks.

Ib-values have the same variation range for channels at different
locations. The cracking process of concrete is, therefore, consid-
ered to be the same along the slab. This provides further evidence
for modeling the concrete of the slab as a homogeneous material
with insignificant spatial variability.

Investigation of Structural Elements
AE features are classified into groups to better understand and com-
pare the different sources of AE activity. The source of AE activity
provides information on the condition of structural elements near

the AE channels, i.e., the condition of the support and articulation
and the condition of the connection slab–girder.

Conditions of the Support and Articulation
To evaluate the condition of the support and articulation and the
condition of the connection slab–girder, three classes of AE re-
sponse are defined: the AE data of channels at the midspan (Chan-
nels 5, 6, 7, 17, 21, and 22), and the AE data of channels near the
connection slab–girder, that are near Articulation 1 (Channels 2, 3,
and 4) and near Support A (Channels 1, 16, and 23).

These classes are visualized in Fig. 5. Each point on the scatter-
plot represents the daily mean of the number of hits plotted against
AF and the point marker shows the class to which each point be-
longs. The AF is calculated for each grid of channels using Eq. (3).

The daily mean of the number of hits plotted against AF forms
three clusters for the three defined classes. AE response of channels
near Support A and Articulation 1 present lower values of AF and a
higher number of hits compared to channels at midspan, which is
due to the existence of different AE sources.

The clusters with a high number of hits (>3,000) or low values
of AF (<40 kHz) suggest the existence of many AE events with a
long duration that are assumed to be due to friction at the level
of structural elements rather than internal changes in the concrete.
More details can be found in Bayane and Brühwiler (2020).

It is concluded that the three defined clusters of the AE response
imply the presence of different sources of AE near the channels in
question. The sources are estimated to be due to microcracking in
concrete and to friction at the level of the connection slab–girder,
friction at the level of articulation, and friction at the level of sup-
port. The degrees of stiffness of the support and articulation and the
connection slab–girder are therefore parametrized in the develop-
ment of the structural models.

Condition of the Slab–Girder Connection
The condition of the slab–girder connection is evaluated using the
AE data of three grids of channels covering different zones of the

Fig. 5. Hits versus AF for channels at the midspan, and near the artic-
ulation, and near the support.

Fig. 4.Daily mean variation of acoustic emission features for Channels
1, 14, 21, 8, and 24 covering different zones of the reinforced concrete
slab.

Table 3. Percentage of Ib values for Channels 1, 14, 21, 8, and 24

Channel <1.2 (%) <1.2–1.7> (%) >1.7 (%)

Channel 1 1 48 51
Channel 14 1 51 48
Channel 21 1 47 51
Channel 8 0 43 57
Channel 24 1 48 51

Note: See Fig. 4 for channel placement.
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RC slab near the connection slab–girder. Three classes are defined
to present the AE data of Grid 1, which includes Channels 9, 10,
and 18; Grid 2, which includes Channel 13; and Grid 3, which in-
cludes Channels 2 and 23 (see Fig. 3 for channel placement).

The classes are visualized in Fig. 6. Each point on the scatterplot
represents the daily mean of an AE feature and the point marker
shows the class to which the point belongs. The two dimensions
of visualization present the ABSenergy and amplitude, which pro-
vide information on the intensity of internal changes, and the dura-
tion and Ifrequency that characterize the nature of internal changes.

The daily mean of ABSenergy values plotted against AF, dura-
tion plotted against amplitude, and Pcount plotted against Ifre-
quency form one cluster for the three grids of channels, which
implies that the intensity and the source of internal changes are
the same for channels near the connection slab–girder.

The three defined classes of AE response form one cluster,
which implies that the condition of the slab–girder connection is
stable along the bridge deck. The stiffness of the slab–girder con-
nection is therefore considered constant throughout the span during
the development of structural models.

Investigation of Structural Response
During the load test, strain responses are measured in the longitu-
dinal rebars at the middle of Span 4 using strain gauges. Moreover,
the maximum deflection of the cross section is measured using
LVDTs. The load-test results are used to update the numerical
model and assess the condition of the slab–girder connection.

The truck is driven along the center of the bridge at an approx-
imate velocity of 10 km/h. During the load test, the truck was
stopped for 10 s in the middle of the span. The passage of the
five-axle truck generates five peaks in the longitudinal strain. More-
over, the stress reversal is present in the longitudinal response. The
response of the slab on the passage of the load-test truck is used to
compare simulation and measurement results. The comparison is
made in the next section.

Model-Based Data Interpretation

Finite-Element Model

Model updating enables the development of physics-based models
of the viaduct that can accurately simulate its behavior under con-
ditions that are different from those present during monitoring. The
model is developed based on the prior knowledge provided by AE
measurements. The slab is modeled as homogenous because the
variability of AE features across the slab is similar. The Young’s
modulus value is parametrized to be uniformly distributed in the
range [20,000, 60,000] N/mm2, which is defined according to the

minimum and maximum values obtained with rebound-hammer
testing and sound–velocity measurement. Springs are introduced
between the slab and the girder to parametrize the stiffness of the
slab–girder connection due to the existence of friction between
the slab and the girder, detected by AE activity. Spring stiffness
is constant across the slab since the AE features of channels near
the connection present the same variation at all locations. The stiff-
ness of supports and articulations is parametrized because of the ex-
istence of friction at their level, as detected by AE activity.

The noninstrumented spans of the viaduct are independent
and assumed to have similar structural behavior compared to
Span 4. The model is therefore comprised of one span, modeled
from articulation to articulation. The FEM of the viaduct is
developed using ANSYS R18 (a commercial program). Material
properties and boundary condition properties are presented in
Tables 4 and 5. The RC slab and the girder are modeled using
Shell Element 181. The support, articulation, and connection
slab–girder are modeled using zero-length spring elements, Com-
bin 14, to parametrize their translational and rotational stiffness.
The ranges of possible model parameters are presented in Table 6.

The parameter range is defined based on structural response var-
iations depending on spring stiffness. The structural response var-
iation has an S shape in which the initial range of parameters is
defined for the variable part. The first part of the constant values
corresponds to the lack of stiffness and the last part of the constant

Fig. 6. Daily mean variation of AE features for channels near the slab–
girder connection.

Table 4. Material properties

Material
Density
(kN/m3)

Young’s
modulus
(N/mm2)

Poisson’s
ratio Element

Reinforced
concrete (slab)

25 Variable in the
range [20,000,
60,000]

0.2 Shell 181

Steel (girder) 78.5 210,000 0.3 Shell 181

Table 5. Boundary condition properties

Boundary condition Stiffnessa Element

Articulation Variable Combin 14
Support Variable Combin 14
Connection slab–girder Variable Combin 14

aSee Table 6 for the range of the variable.

Table 6. Range of model parameters

Parameter Description Initial range

Ec Young’s modulus of concrete (N/mm2) 20,000–60,000
Ksg x Stiffness of the connection slab–girder

x-direction (log N/mm)
3–9

Ksg z Stiffness of the connection slab–girder
z-direction (log N/mm)

4–8

Ksup y Stiffness of the support y-direction (log N/mm) 3–7
Ksup z Stiffness of the support z-direction (log N/mm) 4–9
Rsup x Stiffness of the support x-direction (log N/mm) 7–12
Kart1 y Stiffness of the Articulation 1 y-direction (log

N/mm)
2–6

Kart1 z Stiffness of the Articulation 2 z-direction (log
N/mm)

4–8

Kart2 y Stiffness of the Articulation 2 y-direction (log
N/mm)

2–6

Kart2 z Stiffness of the Articulation 2 z-direction (log
N/mm)

4–8
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values presents full stiffness. For example, in Fig. 7, the strain var-
iation ɛL of the longitudinal rebar at the midspan is S-shaped when
changing the stiffness of the connection slab–girder Ksg z. The ini-
tial range of the parameter Ksg z is therefore defined as [4, 8].

In Fig. 8, a comparison between simulations and measurements
is shown. In the figure, the comparison is made between the influ-
ence lines obtained as the truck moves across the bridge. The
five-axle truck crosses the span with a velocity of approximately
10 km/h. The axle loads are moved along the span to obtain the in-
fluence line for the truck. Comparisons between measured and si-
mulated strains and deflections are presented in Fig. 8.
Measurements are converted from time scale to distance scale
using truck speed to facilitate comparison.

The similarity between the model response and measurements
suggests that the model adequately describes the influence lines
of the five-axle truck. The influence lines of deflection and strain
obtained using the model are similar to the influence lines of deflec-
tion and strain measured during the load test. Variability of results
using the model and measurements are likely due to modeling im-
perfections as well as small changes in the truck velocity during the
load test (approximated to a constant value of 10 km/h).

Model Class Selection

The FEM of the viaduct is used to predict strain distribution and
deflection at each sensor location. Strain and deflection are affected
differently by the parameters that define the model. Each model pa-
rameter is quantified as a random variable with a uniform probabil-
ity distribution. Bounds of the uniform probability distribution

attributed to the parameters are updated using deflection
measurements.

A total of 10 parameters are included in the FEM. The model
class for structural identification is selected using forward-variable
selection to search for a globally relevant model class (Pai et al.
2020). One thousand random samples are drawn from the initial pa-
rameter distribution (Table 6) and are provided as inputs to the
FEM to predict deflection at the five sensor locations. Clustering
with k-means is used to characterize model predictions into classes.
A support vector machine classifier model (Cristianini and Shawe-
Taylor 2000) is trained using these different classes and forward-
variable selection to determine parameters that govern the struc-
tural behavior. Parameters that make significant changes to predic-
tions at measurement locations are more important for classification
than others are and they are included therefore in the model class
for structural identification. Five parameters out of ten are included
in the model class for structural identification using this method,
which are listed in Table 7.

Sources of Uncertainty

Uncertainty affecting structural identification arises from assump-
tions made during model development. Sources of uncertainty,
such as the geometry of the RC slab and the modeling of the sup-
ports and connections between the RC slab and steel girders are im-
portant. Additional sources of uncertainty related to sensors and
loading conditions are accounted for during structural identifica-
tion. Uncertainties from sources such as truck position and secon-
dary parameters are estimated by varying these as parameters in the
FEM. Uncertainties due to modeling assumptions are estimated
based on engineering heuristics. Uncertainties in measurements
are estimated either using the technical manual provided by sensor
manufacturers or by comparing measurements recorded during
multiple load tests. Table 8 shows the estimated distributions of un-
certainties from different modeling sources. Table 9 shows the

Fig. 7. Variation of the strain of the longitudinal rebar at the midspan
based on spring stiffness; the variation of the structural response to
spring stiffness forms an S shape.

(a) (b) (c)

Fig. 8. Comparison of the numerical simulation and measurements of
influence lines due to the passage of the load-test truck approximately
at 10 km/h at the middle of the span: (a) longitudinal strain; (b) strain in
the girder; and (c) deflection.

Table 9. Uncertainty sources and distribution (measurement)

Sensor Mean Standard deviation Distribution

Strain gauge 0 1 µm/m Normal
LVDT 0 1 mm Normal

Table 8. Uncertainty sources and distribution (other than measurement)

Source Min Max Distribution

Model −10% 5% Uniform
Position >−6% 0 Uniform
Load 0 10−3 Uniform
Secondary parameters >−12% <15% Uniform

Table 7. Ranges of prior parameter distribution

Parameter Description Range

1 Ksg z Stiffness of the connection slab–girder
z-direction (log N/mm)

4–8

2 Ksup y Stiffness of the support y-direction (log N/mm) 3–7
3 Ksup z Stiffness of the support z-direction (log N/mm) 4–9
4 Kart1 y Stiffness of the Articulation 1 y-direction

(log N/mm)
2–6

5 Kart1 z Stiffness of the Articulation 1 z-direction
(log N/mm)

4–8
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estimation of measurement uncertainty distributions related to
strain gauges and LVDTs.

The most important uncertainty sources do not have a zero
mean. Uncertainties defined in Tables 8 and 9 are combined
using Monte Carlo sampling to estimate the combined uncertainty
at each sensor location. Using this combined uncertainty, threshold
bounds for EDMF are calculated for each sensor location using
Eq. (6). The threshold bounds are calculated for target reliability
of identification of 0.95 (95% confidence). These bounds are
used to perform EDMF using the condition defined in Eq. (8).

Structural Identification Using Load-Test Data

EDMF is used to update the FEM of the steel–concrete composite
viaduct with information from measurement data recorded during
the load test. RM that assumes no model bias is also used to calcu-
late the optimal solution using Eq. (9). Five measurement data
points are utilized for structural identification, which are midspan
deflections at five locations in the cross section. The location of
LVDT sensors for measuring deflection is shown in Fig. 3.

Grid-based sampling is used to generate the parameter space.
The five identification parameters are discretized in four uniform
intervals, giving 45= 1,024 samples. EDMF identifies 165 candi-
dates in the CMS from an IMS of 1,024 samples. The identified
candidates in the CMS reduce the initial uncertainty related to
model parameter values in the IMS and provide predictions that
are compatible with measurements. On the other hand, RM identi-
fies one solution without considering measurement uncertainties,
thereby assuming that either there is no uncertainty or that the
total uncertainty has a zero mean and that there are a statistically
significant number of measurements.

In Fig. 9, the probability of the bounds of the IMS and EDMF
solutions that form the CMS are shown. Furthermore, parameter
values obtained using RM and design parameter values (design)
are shown.

The updated model instances obtained using EDMF reduces
variability related to the stiffness of Articulation 1 in the
y-direction, which means that the translational stiffness of the artic-
ulation in the y-direction cannot be free. While the probabilities of
Parameters 1, 2, 3, and 5 have similar bounds to the prior parameter
ranges, the parameter variability related to the joint model param-
eter probability is reduced as demonstrated by the falsification of
84% of initial model instances. A parallel axis plot comparing
the initial model population with the CMS identified using
EDMF is shown in Fig. 10.

Each point along these vertical axes corresponds to a possible
value of the five chosen parameters. The bounds of the vertical
axis denoted as minimum and maximum correspond to the bounds
of prior parameter distributions presented in Table 6.

Therefore, a line connecting minimum values represents a
model instance with the following input parameters:

Ksg z = 4, Ksup y = 3, Ksup z = 4, Kart1 y = 2 andKart1 z = 4

A line connecting maximum values represents a model instance
with the following input parameters:

Ksg z = 8, Ksup y = 7, Ksup z = 9, Kart1 y = 6 andKart1 z = 8

The possible combinations of model–parameter values that pro-
vide predictions compatible with measurements (as assessed by
EDMF and illustrated by the CMS line, Fig. 10) form the CMS.
This CMS consists of 16% of the initial model instances.

The optimal parameter values obtained using RM are also
shown in Fig. 10. RM solution indicates stiff articulation, flexible
support, and lack of stiffness between the slab and the girder.
This solution is far from the most conservative solution identified
by EDMF.

While Fig. 10 helps visualize a multidimensional parameter
space, it does not provide information related to the accuracy of
data interpretation. The next section describes data-interpretation
solutions that have been validated with additional data that has
not been utilized in model-based data interpretation.

Validation

Strain measurements are used to validate solutions of structural
identification that are obtained using EDMF and RM. Validation
is carried out using measurements from strain gauges in the
longitudinal rebar ɛL and the steel girder ɛgirder at the midspan.
Updated-model parameters are used to predict the strain at these
sensor locations. A comparison of the predicted and measured
strains for the two sensors is shown in Fig. 11.

The range of predicted strain is lower than the initial prediction
range due to model falsification, which reduces parameter variabil-
ity. The bounds of the updated-model prediction distributions in-
clude measurements from all sensors excluded from structural
identification. The results are therefore assumed to be accurate,
and the updated model parameters can be used to predict conserva-
tive model responses at nonaccessible locations.

Fig. 10. Parallel axis plot comparing IMS, CMS, and the optimal sol-
ution obtained using RM.

Fig. 9. Probability of the bounds of IMS, CMS, RM solutions, and ini-
tial design values (design).

© ASCE 04021054-9 J. Bridge Eng.

 J. Bridge Eng., 2021, 26(8): 04021054 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

IF
ST

T
A

R
 o

n 
06

/0
9/

21
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



RM predictions of strain are biased from measurements, despite
calibrating parameter values with deflection measurements. The
RM solution is therefore not valid and may result in unconservative
predictions.

Fatigue Evaluation

The cross section of the RC slab is defined as the critical element of
the viaduct due to the pronounced effect of axle loads. In fact, in the
longitudinal direction, traffic loads are distributed on both the RC
slab and the steel girder. While in the transverse direction, only
the 17-cm-thickness slab is acting. Therefore, the fatigue behavior
of steel reinforcement and concrete of the cross section are evalu-
ated with respect to fatigue requirements. Details of fatigue damage
calculation can be found in Bayane et al. (2019) and Bayane and
Brühwiler (2018).

The RC slab is found to be safe considering the combined action
of the slab and the girder under traffic loading. However, the flex-
ural behavior of the cross section depends on the capacity of the
welded rebars to ensure the fixity between the slab and the girder.
The welded rebars are used to connect the steel girder and the slab
and they are not accessible for monitoring, as illustrated in Fig. 12.

Welded rebars are therefore considered a critical fatigue detail.
The fatigue resistance of the welded rebars is equal to 70 MPa, and
their endurance limit is equal to 80% of the constant-amplitude fa-
tigue limit, which is 56 MPa according to SIA 269 (SIA 2013b).
Influence lines of the welded rebar at the midspan are calculated
using the 165 candidate model instances. Calculations are per-
formed using the load model described in SIA 262 (SIA 2013a)
and SIA 269 (SIA 2013b).

The maximum stress range is found to be equal to 12 MPa,
which is four times less than the fatigue limit. The fatigue evalua-
tion is therefore fulfilled, and no fatigue problem is detected for the
welded rebars.

Influence lines of the welded rebar are calculated using param-
eter values obtained from RM by applying the same load model.
The maximum stress range is found equal to 14 MPa, which is
below the fatigue limit. RM solutions do not pass the validation
test even though they lead to the same conclusion of there being
no fatigue problem. Therefore, predictions with RM are inaccurate
and cannot be used for decision-making.

The welded rebars are assessed as safe using monitoring and
model-based interpretations. The RC slab is therefore safe with re-
spect to the fatigue limit state even though it is not designed against

fatigue. This evaluation adds to the growing body of evidence that
most existing concrete bridges do not risk exceeding the fatigue
limit state under traffic loading, while they are not explicitly de-
signed against fatigue (Fehlmann 2012; SIA 1997; Siemes and
TNO Institue for building materials and structures 1988). Quantify-
ing RC slab safety can enable better asset-management decision-
making when, for example, loading increases, codes change, or de-
terioration occurs.

Conclusions

The proposed methodology utilizes monitoring data from many
sources to develop accurate physics-based models for evaluating
the fatigue of existing infrastructure. The following conclusions
can be drawn from this study:
• Prior to load testing, data from AE and NDT estimates informa-

tion related to material properties and structural element condi-
tions and assist in the development of an accurate set of models
for bridge examination.

• Using physics-based models and EDMF to interpret measure-
ments enables the accurate identification of structural parame-
ters and prognoses regarding the structural safety and
performance evaluations of structural elements that cannot be
directly instrumented.

• RM provides inaccurate structural identification and may not
lead to conservative predictions due to inaccurate assumptions
related to modeling uncertainty and bias.

• For the Crêt de l’Anneau viaduct, stress ranges predicted for de-
sign loads are small, which indicates that fatigue limits are not
exceeded. Hence, the bridge is safe with respect to the fatigue
limit state.

• Using monitoring data, the slab–girder connection is assessed to
be safe, despite a difference between the present condition and
the design assumptions. This adds to the growing body of evi-
dence that most structural elements are safer than design re-
quirements. It is expected that quantifying their safety will
enable better asset-management decision-making in many
situations.
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