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This paper reviews historical developments and recent challenges in full scale bridge
testing and introduces results- and hypotheses related to an ongoing bridge testing
research project. This research project encompasses full scale bridge testing in
conjunction with bearing capacity analysis as well as related contact- and non-contact
monitoring procedures combined with a decision analytical approach. Results from the
first steps of the project, focusing on full scale load testing of bridges, are presented.
The next part approaches the interfaces between three project areas namely the bearing
capacity analysis, the utilization of monitoring procedures and a decision analytical
approach. The proposed probabilistic decision analysis approach is described for two
scenarios: (1) The decision support for the actual proof load test providing decision rules
for a safe and efficient in-situ test and (2) for the identification of efficient strategies
for the bridge reclassification accounting for modeling, simulation, and monitoring
information. The paper concludes with a summary highlighting deemed challenges in
the used approaches.
Keywords: load testing, bridge reclassification, decision analysis, probabilistic analysis, bridges

INTRODUCTION
The road authorities in most countries face problems related to aging bridges and increased traffic
intensity and traffic loads. The aging infrastructure was originally designed according to old codes
that were developed at a time when the traffic loads were considerably lower than today. Hence, the
road authorities must choose between three different options:
1. Impose restrictions to the traffic on the bridge (maximum limit for axle loads or the total weight
of the vehicles using the bridge)
2. Strengthen the bridge
3. Perform tests and analyses that demonstrate that the load carrying capacity of the bridge
is acceptable.
The costs related to traffic restrictions or a bridge strengthening are usually relatively high
compared to the cost of the tests and analyses that may demonstrate that the load carrying capacity
of the bridge is acceptable. Therefore, the road authorities will usually choose the third option.
The road authorities may perform tests to determine the properties of materials such as concrete,
reinforcement or steel. The results of these tests may be used to determine more accurate estimates
of the relevant material properties.
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Load simulating different wheel pressures was performed
in 1973 by Goodpasture and Burdette (1973). It was stated
that the applied theory correlated well with the measured
results. Additionally the AASHO showed predictions, which
were approximately half of the measured values. Jorgenson and
Larson (1976) however reported loads which reached nearly 5.5
times the characteristic traffic load. Furthermore, load testing was
performed by Nanni et al. (1999), Alkhrdaji et al. (2001), Zhang
et al. (2011, 2013), and Lantsoght (2013).
It is seen from the literature that the aim of the research
projects differ greatly. Most of the projects succeeded in testing
the bridges to failure but the ultimate failure testing approaches
are fragmented. Consequently, the approaches and results are
based on separate assumptions depending on the actual project
and bridge design.
Some of the research programs aimed at implementing the
obtained knowledge into national codes. However, it is normally
not reported if they succeeded in this, which could be dedicated
to the fact that only a limited number of bridges were tested and
reported together (mostly only 1 bridge per publication).
Additionally no sufficient method to find the link between
material testing, sub component testing and full scale testing,
seem to exist.
A number of suggestions were given to explain a higher
test capacity when comparing with theory (Strain hardening,
conservative load distribution etc.). The research projects do,
however, not include any evaluations of the magnitude of
these contributions.
Several types of monitoring approaches were used in the
described research projects to evaluate the response until
failure. Mostly contact monitoring methods were used, whereas
application of more novel approaches such as acoustic emission,
laser-, radar-, DIC systems, etc. are limited, all though research is
ongoing in this regard.
It is seen that monitoring plays an essential role when
performing bridge testing, since global and local thresholds have
to be evaluated as a mean to find the stop criterion. In addition,
results from the applied measurement equipment can be used
to verify- or falsify the theoretical evaluations and thus for
calibration. Consequently, the evaluation of a bridge structure
seems to be an iterative process, where several parameters can
influence and potentially change the final decision regarding a
stop criterion. This depends on the monitored responses and
calibrated theoretical models.
For diagnostic and proof load testing, a number of
national guidelines exists. In North America the Manual for
Bridge Evaluation (AASHTO, 2011), based on the Manual for
Bridge Rating through Load Testing (NCHRP, 1998) gives
recommendations for diagnostic testing and for determining the
target proof load in proof load tests of bridges, however no stop
criteria are defined. The ACI 437.2M-13 (ACI Committee 437,
2013) define both loading protocol and stop criteria (“acceptance
criteria” in ACI) for buildings, but not for bridges. In Europe,
Germany (DAfStb, 2000), Ireland (NRA, 2014), and Great Britain
(ICE, 1998) among others have national guidelines for load
testing, but only the German guideline prescribe stop criteria,
again for buildings.

In addition, one of the tests available to the road authorities
is full scale bridge testing. Full scale bridge testing has the
advantage that it provides increased information accuracy with
respect to the actual response and load carrying capacity of the
considered bridge. There are two different approaches to full scale
bridge testing:
(1) Proof loading, which is performed in the linear elastic regime
up to a pre-defined proof load magnitude. As large loads
are needed for proof load testing, the associated risks can
be large. Therefore, the structural response must be followed
closely during testing. If the bridge can withstand the predefined proof load without signs of distress, the capacity is
experimentally proven. Normally pre-defined stop criteria
and target load are decided upon in order to ensure that no
permanent damage occurs. If the structural response exceeds
the pre-defined stop criteria or target load, the proof load test
must be terminated and no further loading is allowed.
(2) Failure loading, where loading is applied to evaluate the
full response of a certain bridge type. More information
concerning the boundary conditions, governing failure
modes, interaction between structural elements etc. can
be evaluated by using this approach. However, permanent
damage of the bridge structure is the outcome of such testing
and, as a result, demolishing of the structure.
Often failure loading shows that the capacity is higher than
expected in the tested bridge structures, since uncertainties
related to the overall structural behavior, materials, modeling
approach etc., are reduced compared to prior models.
However, the real ultimate capacity of tested bridges is often
up to discussion, since testing of bridges intended for continued
service do not allow permanent damage. Consequently, the
margin between the predicted capacity and real ultimate capacity
is unknown and can differ depending on the bridge type.

Historical Developments
Bridge load testing to failure was already initiated in 1913, where
testing was performed on a flat arch bridge (Elmont, 1913).
The highest value of the compressive stresses was reached via a
concentrated load over the center of one part of the arch.
Later, in 1952, a three span concrete bridge was tested to
failure in the UK. The bridge was a pre-stressed three span
pedestrian foot bridge located at the South Bank. Failure occurred
at a dead load of approximately 2.4 times the design load and
lasted for ∼3 days (Civil Engineering Review, 1952).
Dead loading was the main loading type until 1963, where
Rösli (1963) used hydraulic jacks. This was one of the first
applications, where such loading method was used and it was
reported that the ultimate failure load reached the same level as
foreseen in the theoretical evaluations.
In 1968, Gosbell and Stevens (1968) loaded a pre-stressed
I-beam bridge with an in-situ cast concrete bridge deck. The
ultimate punching shear of the one-span bridge was stated
to correlate well with theory. It was however reported that a
three time higher cracking load, than predicted, was applied to
initiate cracking.
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A reclassification can be relevant to perform when there are
uncertainties associated with the original capacity evaluation or
the current state of an aging bridge. From a bridge owner’s
perspective, the goal usually is to verify the current bridge class
or to obtain a higher class to meet a higher traffic demand.

Since bridges are complex structures to evaluate, it is still
up to discussion how stop criteria can be defined. Additionally,
such thresholds should be evaluated to an extent that provides
comfort in a final decision taking regarding the target load
magnitude—the bridge might not behave as expected when
loading is applied in-situ.
Motivated by the absence of applicable guidelines (Lantsoght
et al., 2018) presents a proposal for stop criteria in proof load
testing of reinforced concrete slab bridges. The proposal provides
a solid base for further development, but the thresholds seems not
yet evaluated to a satisfactory extent in regards to decision taking.
Some of the outlined challenges are addressed in an ongoing
research project. This project is so far focussed on the
development of an efficient in-situ full scale testing procedure
and will be extended to address the combination of proof
loading and the realistic simulation of the ultimate capacity
behavior (Serviceability limit state- and ultimate limit state) and
decision approaches.
This paper provides an overview of the current project
achievements in regard to the testing procedure and test results
and contains a proposal relating to a probabilistic decision
approach as an iterative process, where two scenarios can be
described and analyzed: (1) The decision support for an actual
proof load test providing decision rules for a stop criterion and
thus safe and efficient in-situ testing, and (2) for the identification
of efficient strategies for the bridge reclassification accounting for
modeling, simulation, and monitoring information.

In-situ Testing
When performing full-scale load testing, the loading setup
should comply with national guidelines. One of the challenges
in this approach, is to apply load configurations that accurately
reflects axle- and wheel loading described in the Danish bridge
classification system (Danish Road Directorate, 2009). Figure 1
shows an example of a classification vehicle (class 100 ton vehicle)
with related axle load magnitudes, distances and geometries and
with a distributed surface load, p.
The classification system describes the vehicle class with
related axle configurations and load magnitudes. It is seen that
a vehicle A- and B should be placed adjacent to each other
and in the most undesirable way when applied to a given
bridge structure.
When the load configurations are applied to short span
bridges, it is often seen that the vehicle is too long for the
bridge. Consequently, the rear axle represent the loading from
the vehicle, since it provides the highest load magnitude. The
combination of vehicle A- and B including safety factors should
be less than the bridge capacity and as a result the bridge class
is found.
Vehicle B always represents a fixed load. For the highest bridge
class, vehicle B can reach an axle load of 11.8 tons. Vehicle A can
reach an axle load up to 23.7 tons (without safety factors).
A novel test rig was developed specially to comply with these
demands, and thereby enabled loading precisely as described in
the Danish classification system. The loading rig is depicted in
Figure 2. The rig applies an accurate vehicle A- and B load,
by use of hydraulic jacks and dead loading. The hydraulic
jacks are placed between the loading frames and main girder,
whereas the dead load is applied directly on the vehicle Aand B loading frames. This configuration ensures a flexible
high magnitude loading and enable a precise semi-deformation
controlled loading (Schmidt et al., 2018).
The precision of the loading application is paramount for
the probabilistic- and theoretical decision approach, which is
dependent on the two components of load and resistance. With a
precise loading application, the uncertainties connected with the
load component are small, consequently resulting in a significant
reduction of the overall model uncertainty. In addition, the
code prescribes load values, but do not define the frequency
of the load occurrence. When performing life cycle oriented
decision analyses, such input is extremely relevant as well. So far,
several one span bridges have been tested using the developed
test rig. Two of the bridges had a span of ∼11 m, for which
the monitoring setup consisted of a land surveyor, LVDTs,
distance lasers, digital image correlation (DIC) as well as output
from the separately controlled hydraulic jacks and deformation
measurements between the test rig parts (see Halding et al., 2017;
Schmidt et al., 2018).

RESEARCH FOR RECLASSIFICATION OF
BRIDGES
The research project considered for the probabilistic and
theoretical decision approach is a part of an ambitious research
project initiated in 2016 in Denmark concerning full-scale testing
of one-span concrete slab bridges with maximum span of 12 m
(39.4 feet). Some of the initial main milestones as well as related
research questions of the project are the following:
- Development of a full-scale test method: Is it possible to
construct a test rig, which meets the demands to a high
loading magnitude combined with a fast and precise in-situ
full-scale test?
- Simplified monitoring: Is it possible to optimize advanced
monitoring to a level, where measurements are performed in a
fast- and simplified way, and at the same time reveal governing
thresholds related to the needed stop criterions?
- Calibration of theoretical models: Can advanced theoretical
models be presented in a more abridged way, where it is
calibrated, via input from in-situ testing, to the developed
monitoring method?
In the following, the development of a full-scale test method
is described together with a conceptual approach of how to
address a systematic reclassification of bridges as decision
analysis combined with monitoring and further evolution of
theoretical models.
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FIGURE 1 | Example of a classification vehicle—in this case a class 100-ton vehicle.

FIGURE 2 | Loading rig.

strong indications. The usability and precisions of the monitoring
methods on larger structures and in in-situ conditions are
presently being evaluated in detail.
As for the load application, a good precision of the monitoring
equipment is essential as a mean to calibrate the theoretical
model and as input in the probabilistic model. Another important
monitoring output is indicative occurrences, which can be used
as both stop criteria and/or input in theoretical models, which
can be updated during testing. An example of an indicative
occurrence could be the detection of a crack in a certain zone
or indications of initial damage occurrence. When deciding if
further loading should be applied during testing, the upcoming

The bridges consisted of pre-stressed OT-beams (overturned
T-beams) with in-situ concrete cast on top, a bitumen layer,
protective concrete layer and finally asphalt.
Testing was performed within 1 day and the test rig applied
an axle load of approximately 100 ton (test rig limit) without
reaching failure, which is more than four times the highest axle
load described in the classification system.
It was observed that in-situ monitoring during testing can be
challenging. Most of the monitoring equipment are originally
intended for controlled laboratory use and thus susceptible to insitu environment and challenges related to a tight time schedule.
However, it was still possible to obtain promising results and
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FIGURE 3 | Approach for systematic bridge classification with interfaces between project areas.

(1) statistical, probabilistic and uncertainty (or precision)
modeling to analyze measurement results,
(2) how to combine probabilistic and simulation models and
(3) how to determine model uncertainties.

loading step would then be concluded upon by the use of several
input parameters and not a single threshold alone. In addition,
it is in this case assumed that the load-deformation relationship
(i.e., ductile or brittle behavior) is evaluated and decided upon.
This concept is proposed as a first step toward a systematic
bridge classification method, where (1) an iterative calibration
of the theoretical model, (2) close monitoring of stop criteria
including continuous updating from the theoretical model, and
(3) probabilistic models continuously updated with input from
the theoretical model and from monitoring, which consequently
provides approval for an upcoming load step during testing.

The project area “Probabilistic and decision analyses”
needs support from “Modeling and simulation” in
terms of:
(1) the integration of the information type (e.g., model
parameter, random variable, indication or capacity) in the
probabilistic models,
(2) the monetarization of the human, software and
hardware resources
(3) the quantification of the model- and physical
structural uncertainties.

SYSTEMATIC BRIDGE CLASSIFICATION
A systematic and network-wise reclassification may be achieved
by a combination of methods, approaches and technologies with
a linked research synergy, Figure 3. This includes development
of (1) modeling and simulation techniques especially for more
realistic models of the structural behavior, (2) tailored testing
strategies in combination with advanced monitoring and (3)
probabilistic and decision analyses to combine modeling, testing,
and performance information as well as to identify efficient
strategies for next load step approval and thus reclassification.
The interfaces between the project areas “Modeling and
simulation,” “Testing and monitoring,” and “Probabilistic and
decision analyses” are very relevant for the success of the
overall and the individual project areas. Figure 3 contains the
approach and lists keywords for interactions between the linked
research areas.
The area “Probabilistic and decision analyses” can support
“Modeling and simulation” and “Testing and monitoring” with
expertise on:

Frontiers in Built Environment | www.frontiersin.org

The project area “Probabilistic and decision analyses” needs
support from “Testing and monitoring” in terms of:
(1) the experimental outcomes and related precision,
(2) the quantification of the testing, monitoring and
operational uncertainties
(3) the monetarization of the needed analyses, human and
testing resources.
The interface between “Probabilistic and decision analyses” and
“Testing and monitoring” are here further elaborated upon, for
explanatory purposes.
The experimental outcomes are the overall result of testing,
which can roughly be described as: (1) Brittle collapse, without
warning, (2) Occurrence of irreversible damage, which is not
detected by monitoring in time, and (3) A successful test, where
the target load is reached or the loading is stopped in time to
prevent irreversible damage.
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approach for bridge reclassification, i.e., for the combination
of all relevant information to reduce uncertainties related to
the performance of bridges and the identification of cost- and
risk efficient reclassification strategies building upon Thöns
(2018). The decision analytic approaches takes basis in the
Bayesian decision theory, see e.g., Raiffa and Schalifer (1961) and
Benjamin and Cornell (1970), and the utility theory, see Von
Neumann Morgenstern (1947). The framework encompasses
(1) proof loading information on component and system level,
(2) outcomes of laboratory tests on component and subsystem
level, (3) modeling and simulation information with various
refinement levels and (4) a combination of these strategies. In
the scientific literature, the stated elements of the framework
have been analyzed separately and not integrally [see e.g., Yang
(1976), Lin and Nowak (1984), Rackwitz and Schrupp (1985),
Diamantidis (1987), Fu and Tang (1995), Saraf and Nowak
(1998), Faber et al. (2000), Ersdal et al. (2003), Nishijima and
Faber (2007), Sørensen and Toft (2010), Thöns et al. (2011), Casas
and Gómez (2013), Gutermann and Schröder (2015), Brüske and
Thöns (2016), Lantsoght et al. (2016, 2017)].

TABLE 1 | Recommendations for stop criteria for proof load testing (Lantsoght
et al., 2018).
Cracked in bending or not
Failure mode

Not cracked in bending

Cracked in bending

Bending moment εc < εc,lim − εc0

εc < εc,lim − εc0

wmax ≤ 0.5 mm

wmax ≤ 0.5 mm

wres ≤ 0.3 wmax , min 0.05 mm wres ≤ 0.2 wmax , min 0.05 mm
25% reduction in stiffness

Shear

25% reduction in stiffness

Deformation profiles

Deformation profiles

Load-deflection diagram

Load-deflection diagram

εc < εc,lim − εc0

εc < εc,lim − εc0

wmax ≤ 0.3 mm

25% reduction in stiffness

25% reduction in stiffness

Deformation profiles

Deformation profiles

Load-deflection diagram

Load-deflection diagram

The quantification of the testing, monitoring and operational
uncertainties are comprehensive to describe, but considers
essential input parameters for the probabilistic model.
Considering stop criteria and measurement equipment, the
stop criteria recently proposed in Lantsoght et al. (2018) are
shown in Table 1. Criteria are proposed for both bending and
shear failure, though it is stated that the criteria for shear needs
further research. However, the uncertainties connected to the
criteria are not quantified toward probabilistic model input based
on the applied monitoring equipment. When considering strain
levels or crack widths in a test and the criteria values are reached,
it is paramount to know the probability, that the measured
value is equal to the true value. In an in-situ environment, this
can sometimes be a significant challenge. In connection with
the proposed stop criteria it is also stated, that in bridge tests
performed to failure, the loading would have been stopped
at 60–70% of the maximum applied load when applying the
proposed criteria. The safety/risk in this is described as being
“not overly conservative,” which seems to reveal a need for a
quantification to an input value applicable in a decision analysis.
Input for this could be the generated from the “Modeling and
simulation” area.
An alternative stop criteria could be the detection of crack
formation, which also presents a need for quantification of
two parameters needed in the probabilistic analysis; (1) the
probability of detection of a crack, and (2) the probability that
the detected actually is a crack and not a false positive, both given
a pre-defined threshold.
The monetarization of the needed analyses in terms of human
and testing resources are needed in the decision analysis to match
risk with cost for the most profitable decision.

Description of Decision Processes
The decision process is subdivided into two interconnected
decision situations. Decision situation 1 constitutes the efficient
planning and performance of the proof loading and the
prevention of bridge damage. Decision situation 2 constitutes
decision about the most efficient bridges reclassification strategy
encompassing proof loading, laboratory testing and advanced
modeling and simulation.
For decision situation 1, the decision maker is the planner
of the proof loading. The decision maker chooses the loading
level, the monitoring technologies and methods as well as the stop
criteria to minimize the expected costs of the test and to comply
with the acceptable risks.
The decision tree in Figure 4 illustrates the decision process
with decision nodes (rectangles) which refer to the choices. The
chance nodes (circles) represent the most relevant uncertainties
associated to the choices, i.e., the decision variables, and
encompass testing, monitoring, operational, model, statistical,
and structural uncertainties. The temporal dimension added to
the decision scenario illustrates the effects of the proof load
testing on the expected life cycle costs of the bridge through the
updated failure probabilities and subsequent risk reduction. The
connections in the decision tree are representative of the effect
of the proof loading survival outcome on the bridge probability
of failure in the year(s) following the testing. The optimization
is performed with consideration to the target reliability levels
recommended by for e.g., the probabilistic model code [Joint
Committee on Structural Safety (JCSS), 2001], which serve as
boundaries for the decision analysis.
Decision situation 2 is subdivided into the information
acquirement phase and the bridge utilization phase. The decision
maker is here the planner of the reclassification and can select
the combination of the in-situ proof loading, experimental testing
and simulation strategies. The objective is the maximization of
the expected benefits with the reclassification of a bridge in

PROBABILISTIC AND DECISION ANALYSIS
APPROACH
In the context of probabilistic and decision analyses, this
section provides a starting point for a decision analytical
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FIGURE 4 | Illustration of decision situation 1: proof loading of the bridge with a decision tree encompassing the choice of the proof loading and monitoring strategy.

combination with the least expected costs for the proof loading,
laboratory testing and the modeling information.
The information acquirement phase encompasses the
modeling and simulation, experimental testing and proof loading
approaches. For modeling and simulation, the decision variables
are represented by the modeling approaches and simulations
with various refinement levels. The precision of these models
and simulations are described with model uncertainties. The
experimental testing includes different strategies such as e.g.,
laboratory testing of sub-systems and components as well as
material parameters as decision variables. The outcomes of
the experimental testing are described with the uncertainties
associated to the experiments and tests accounting for the
measurement uncertainties and the operational uncertainties.
Proof loading encompasses various proof loading strategies on
system, sub-system and component level and the associated
uncertainties together with monitoring during the proof loading
test (see decision scenario 1).
The utilization phase contains the load bearing capacity, i.e.,
the classification of the bridge, as the decision variable and the
uncertain performance in the remaining service life including
e.g., the gathered information and degradation. The bearing
capacity choice includes e.g., the choice of an increased load
rating for the bridge. Utilities, i.e., expected benefits and expected
cost as well as risks are associated to the decision variables, i.e.,
the information acquirement strategies, and the bearing capacity
class and the operational costs throughout the service life. For a
full-scale proof load test, the risk of structural failure is part of the
consequence and follow-up consequence modeling.

monitoring.” Let us consider a deteriorated bridge at an
advanced age, having completed 85 years of its’ planned service
life of 100 years (tSL ). It is planned to perform a full scale proof
loading of the bridge in order to assess the reliability of the
structure. The decision scenario considers the proof load test
planner who seeks to identify the optimal proof loading strategy,
monitoring method and technology as well as the stop criteria
that lead to an efficient and safe testing. The decision situation
is considered in the following sections first with a prior decision
analysis where the benefit gain from performing a full-scale
proof loading is assessed. Here, the performance of the bridge
is modeled by calculating its annual probability of failure. The
outcome of a proof load testing with different proof load levels
is predicted and a decision analysis is performed to identify
the optimal proof load level as the one leading to the highest
expected benefit gain. The expected benefit gain is quantified
as the difference between the optimal expected utility with and
without any proof load testing. A pre-posterior decision analysis
with additional predicted information is illustrated with the
consideration of monitoring information during proof load
testing. In the pre-posterior decision analysis, the outcome
of the proof load testing as well as the information obtained
from the monitoring system during the testing is predicted.
The decision analysis enables the identification of the optimal
information choice (monitoring system) and the optimal choice
of stop criteria. This is achieved by maximizing the value of
information and actions i.e., the difference between the optimal
expected utility with and without additional information (from
the monitoring) and actions (proof load testing).

Illustration

Prior Decision Analysis

As an illustration, decision situation 1 is expanded upon
with an example to demonstrate the probabilistic and
decision framework and the interface between project areas
of “Probabilistic and decision analyses” and “Testing and

The performance of the bridge in the ultimate limit state
is described with the quantification of its reliability level or
probability of failure. For this purpose, limit state functions of
the variables influencing the bridge reliability e.g., the resistance,
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deterioration, loading etc., are formulated. The methods for
calculation of the reliability level or failure probability from
the limit state function are well-documented in literature, see
e.g., Ditlevsen and Madsen (2005). The bridge is modeled
as a structural system with nc number of components and
the system failure probability is computed by modeling the
bridge as a ductile Daniels’ system (Daniels, 1945). This is
considered keeping in view the system redundancy—failure
of a bridge component does not lead to failure of the
whole system as the loads may be redistributed among the
remaining components. It should be noted that the systems
model used is a generic model and not based on an actual
structure. The annual probability of failure for the system and
a component in any year t is calculated with the following limit
state functions,


P Fsys (t) = P gf ,sys (X, t) ≤ 0
= P

nc
X

MRc,i Rc,i (t) − MS (SD + SL ) ≤ 0

i=1

TABLE 2 | Probabilistic Model of structural properties.
Distribution
type

Mean

Standard deviation

Rc,i

Lognormal

Calibrated

10% of mean

SD

Normal

1

0.05

SL

Gumbel

1

0.10 (Faber et al., 2000)

SPL

Deterministic

0.5 to 2 Sk

–

MR,i

Lognormal

1.2

0.15 [Joint Committee on
Structural Safety (JCSS),
2001]

MS L

Lognormal

1

0.20

MS PL

Lognormal

1

0.20

Dc,i

Lognormal

0.001

0.001 (Thöns et al., 2018)

period of 1 year.
!








P FPL SPLj , tPL
= P gfPL X, SPLj , tPL ≤ 0

(1)

=P



P Fc,i (t) = P gfc,i (X, t) ≤ 0
(2)


 
1
= P MRc,i Rc,i (t) − MS (SD + SL ) ·
≤0
nc

Rc,i (t) = Rc,i 1 − Dc,i · t
(3)

nc
X
i=1

MRc,i Rc,i (tPL ) −MSPL (SD + SPLj ) ≤ 0

!

(4)

Following a successful outcome of the testing, the updated
probability of failure of the bridge in any year t is calculated using
Bayes’ theorem,




 P gf ,sys (X, t) ≤ 0 ∩ gfPL X, SPLj , t PL > 0


P Fsys,u SPLj , t =
P gfPL X, SPLj , tPL > 0

In the formulations above, Rc,i represents the resistance or
capacity of the component, SL represents the annual maximum
live load, SD represents the dead load (self-weight and other
permanent fixtures), MRc,i and MSL represent the associated
model uncertainties, Dc,i represents the deterioration and nc
is the number of components. The mean of the resistance
distribution is calibrated assuming that the system reliability
is 4.7 (reference period 1 year) in the Ultimate Limit State in
the first year of service i.e., without any deterioration. This
corresponds to the recommended target reliability level for a
structure with large consequences of failure and small relative
costs of safety measure, based on a monetary optimization
[Joint Committee on Structural Safety (JCSS), 2001]. The
annual maximum live load with a return period of 1 year
is used for this calibration. The probabilistic models of
the resistance and resistance model uncertainties are based
on assumptions and will be further developed with further
information and research in the project. The probabilistic
model for the structural properties used is provided in Table 2.
Further, the system is modeled with 5 components, considering
correlation between component resistances’ and resistance model
uncertainty (ρRi Rj = 0.7, ρMRi MRj = 0.5), and component
deterioration (ρDi Dj = 0.8).
In the decision scenario of the testing, the application of the
loading is defined as the action available to the decision maker.
The choice of the loading level can then be modeled as the set of
actions. The choice of different load levels varying from 0.5 to 2
times the characteristic value of the annual maximum live load
Sk is considered. The characteristic value Sk is here defined as the
load with a probability of non-exceedance of 0.98 in a reference

Frontiers in Built Environment | www.frontiersin.org

Parameter

(5)

It may be expected that the higher the proof load level, the higher
would be the updated reliability of the bridge, leading to higher
benefit gain from performing the testing but, at the same time,
high proof loads may end up damaging the bridge or, worst,
cause the bridge to collapse during testing. This is illustrated in
Figures 5, 6. The updated annual reliability level of the bridge
for the different proof load levels, calculated from Equation 5,
is plotted in Figure 5. As a reference, the annual reliability level
without any proof loading, calculated using Equation 1, is also
plotted. It is observed that load levels higher than 1.0 Sk are
needed to demonstrate a reliability level higher than the target
reliability level of 4.7. The reliability level of the bridge due to the
applied proof load (during the test) is plotted in Figure 6 (refer
Equation 4).
In the year of performing the proof load test, the bridge may
either fail due to the annual maximum live load or due to the
proof loading test. The failure probability in the year of testing
tPL then is obtained as the union of the events of failure due to
test or due to annual maximum live load.



P Fsys SPLj , t PL =


P gf ,sys (X, tPL ) ≤ 0 ∪ gfPL X, SPLj , tPL ≤ 0
(6)
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FIGURE 5 | Illustration of the updated annual reliability levels following load testing with the different proof load levels (indicated next to the curves). The annual
reliability level without any proof loading is also plotted along with the target annual reliability level of 4.7 (dotted curve).

FIGURE 6 | Reliability level of the bridge during testing as a function of the proof load levels.

service life of the bridge is obtained with the summation of the
annual risks. The annual risk of structural failure is computed
as the product of the annual probability of failure and the cost
incurred as a consequence of failure. In the year of the testing,

The expected utility is calculated with the aggregation of
the expected costs from the structural performance over the
remaining service life of the bridge (the costs are modeled as
negative utilities). The total expected costs over the remaining
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FIGURE 7 | Illustration of expected costs (test risks in blue and life cycle risks in orange) and benefit gain (in gray) from the proof loading as a function of the proof
load level.

testing show an upward trend but the updated risks in the year
following the testing decrease with increasing proof
 load levels.
Subsequently, the expected benefit gain “U1 SPLj − U0 ” shows
an increase due to the risk reduction up to a certain level beyond
which the risks from the testing cause a drop.
From the prior decision analysis, it is found that the optimal
loading level is 1.3 Sk which leads to the maximum expected
benefit gain of 1.56 monetary units (see Figure 7). The updated
reliability index with this load level is plotted in Figure 5 and is
observed to satisfy the target reliability criteria. Further, with the
deterioration model assumed, it is observed (from Figure 5) that
the reliability level of the bridge is above the target for up to year
90 of the service life of the bridge. The bridge operator can use
this information to schedule repair and maintenance activity.

the risk due to the test performance is taken into account by
calculating the annual failure probability according to Equation
6. The consequence of failure is modeled as a cost Cf =100
monetary units. In computing the total expected costs with the
testing, the cost of performing the proof loading test, CPL =
0.1 monetary units, is also added. A depreciation in the modeled
costs is considered to discount the future costs to present
value, with a discount rate of r = 2%. The calculation of the
expected utility without any proof load testing, U0 , is presented
in Equation 7. The expected utility corresponding
 to proof load
testing with the jth proof load level, U1 SPLj , is calculated
using Equation 8.
U0 =

tSL
X
tPL


P Fsys (t) · Cf · (1 + r)−t

(7)



U1 SPLj = CPL + P Fsys SPLj , tPL · Cf · (1 + r)−tPL
+ P FPL SPLj , tPL

tSL
 X

tPL +1

Cf · (1 + r)−t

P Fsys,u SPLj , t



Pre-posterior Decision Analysis
The decision situation considers the proof load test planner who
seeks to identify the optimal strategies for a successful full-scale
proof loading test. These include selection of the stop criteria,
the optimal method and type of monitoring and the optimal
loading level. To achieve this, a pre-posterior decision analysis
is performed where the optimal choices are identified with
the consideration of yet unknown additional information. The
information is acquired from the monitoring system deployed
during the proof load testing which measures the structure
response to the loading i.e., deformations, strains etc.
The information acquirement leads to knowledge of the
realization of the loading model uncertainty related to the load

·
(8)

It may be expected that the higher the proof load level, the higher
would be benefit gain from performing the testing on account
of the reduced life cycle risks, but, at the same time, high values
of the loading also lead to higher risks from the testing. This
is clearly observed in Figure 7 where the risks in the year of
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FIGURE 8 | Reliability level of the bridge during testing following indication event Z1 with the different stop criteria PT (FPL ) used.

indication events: event Z1 where the monitoring indicates that
the component has adequate performance (i.e., the realization
of the loading model uncertainty is lower than the threshold
value) and event Z2 where the monitoring indicates that the
component has inadequate performance. The target probability
of proof loading failure PT (FPL ) (or the stop criteria) is treated as
a decision parameter to be optimized.
In the following, the loading model uncertainty value at
the threshold M̂SPL ,th is derived by modeling the component
performance at load level 0.5 Sk and using target probabilities
5 · 10−3 to 2 · 10−3 (Equation 10). The indication events are
modeled with
 the distribution of the loading model uncertainty
fMSPL mSPL and a threshold value corresponding to a target
failure probability (Equations 11 and 12).

effect i.e., by loading the structure a realization of the model
uncertainty is manifested and this can be measured by the
monitoring system. Hence, the model uncertainty on the loading
is updated,
′′

MSPL = Umeas · M̂SPL

(9)

Here, Umeas is the measurement uncertainty of the monitoring
system modeled with a normal distribution and M̂SPL is the
realization of the model uncertainty. The realization of the model
uncertainty may be higher or lower than the expected value.
A high realization could lead to higher risks of damage to the
structure and thereby to the actions of stopping the loading
whereas a lower realization could be beneficial as the loading
could be continued. Agusta and Thöns (2018) proposed a method
for categorizing the realizations of the model uncertainties in
connection with target probabilities. Here, the target failure
probability for the proof loading is considered as the stop criteria.
The value for model uncertainty realization at the threshold
M̂SPL ,th is derived using the following:


(10)
P gf PL,c,i ≤ 0 M̂SPL ,th = PT (FPL )

P (Z1 ) =
P (Z2 ) =

0

R∞

M̂SPL ,th


fMSPL mSPL dmSPL

fMSPL mSPL dmSPL

(11)
(12)

The expected utility is calculated for each of the stop criteria
with consideration of the information and the decision rule that
the action of a higher proof loading level is performed only if
indication Z1 is obtained. The calculation is inclusive of the costs
of monitoring and testing. The monitoring system is modeled
with a cost Ci = 0.01 monetary units and precision U meas
∼ N(1, 0.01). Figure 8 illustrates the effect of the indication
event Z1 , on the reliability during the proof load testing. A risk
reduction can be achieved with the information of adequate
performance during the proof load testing (indication event Z1 ).

In the equation above, gf PL,c,i models the ith component’s


performance in a load testing and P gf PL,c,i ≤ 0 M̂SPL ,th is the

probability of failure of the ith component during the load
testing given that the loading model uncertainty is equal to the
threshold value. The outcomes of the structural measurement
can be defined in reference to the threshold value as two
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FIGURE 9 | Expected remaining service life costs (inclusive of test risks) as a function of the proof loading level (conditional on indication event Z1 ).

monitoring system, and the associated optimal choices of stop
criterion and load level, with the comparison of the expected
Value of Information and Actions from different monitoring
systems (Kapoor et al., 2019).

Summary and Outlook
For the reclassification of bridges, two decision support
approaches have been identified namely (1) for the efficient
planning and performance of the proof loading and the
prevention of bridge damage and (2) for the identification
of an efficient bridge reclassification strategy encompassing
proof loading, laboratory testing and advanced modeling and
simulation. An exemplary decision analysis has been performed
to demonstrate how the optimal proof loading level can be
identified and how monitoring based stop criteria may be
identified with the utilization of the probabilistic design and
decision analysis models.
Both, the decision support approaches and the exemplary
decision analysis constitute a first step and will be further
substantiated and further developed to align the decision
scenarios and the structural and structural information modeling
to specific bridges and the specific bridge integrity management
processes. One of the challenges related to the decision analyses
seem to relate to the precision of the theoretical model related
to the structural behavior. It seems to be a precondition that
there are a number of unknown contributions to the actual
capacity of the structure that cannot be sufficiently modeled
analytically. A reduction in the uncertainties related to the
models is achieved when applying proof loading. If, however,
an extremely accurate model for the capacity is used as a
basis, proof loading may not serve as an efficient means for

FIGURE 10 | Expected Value of Information and Actions considering the

different stop criteria PT (FPL ) used.

This can be observed in Figure 9 where the expected life cycle
costs conditional on the indication event Z1 , are plotted.
The Value of Information and Actions is calculated as
the difference between the optimal expected utility with
proof load testing and monitoring information and the
expected optimal utilities without any proof load testing and
monitoring. The results are presented in Figure 10 for the
different stop criteria considered. It is observed that using
the stop criteria with PT (FPL ) : 3 · 10−3 leads to the highest
expected Value of Information and Actions. The loading level
leading to the highest expected utility with this stop criteria
is 1.4 Sk .
The analysis may be repeated for monitoring systems
with different precision and costs to identify the optimal
Frontiers in Built Environment | www.frontiersin.org
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the reclassification. It therefore seems important to provide
the information interaction between the disciplines described
in Figure 3. However, we cannot abstain from using the basis
theoretical model, because we need to use a model of the
structural behavior in order to determine the critical failure
mode and the critical load configuration. This is why the
illustration in Figure 3, which indicates that there is an important
information interaction back and forth between all the three
different disciplines.

testing and performance information and to identify efficient
strategies for reclassification.
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