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Abstract: Advanced reliability assessment can be required when evaluating existing bridge structures
through proof load testing. The target load of a proof load test typically requires input from resistance
models; however, bridges with a low documentation level are often the most relevant for proof load
testing, and resistance models thus involve significant uncertainties. This paper presents a different
approach to proof loading and target proof load, in which the resistance model is not included in
the determination of this load. Instead, the target proof load is determined based on load models
coupled to the desired target failure probability, thus ensuring sufficient safety of the existing bridge.
The method is in line with the proposal for a new Eurocode on assessment of existing structures
and is deemed to be superior to existing approaches. An essential assumption of the method is that
monitoring systems can identify stop criteria before irreversible damage occurs. The approach was
applied in a case study, where an OT-slab bridge with a span of 6.5 m was proof-load-tested and
reclassified for capacity upgrading of a road stretch in Denmark.

Keywords: proof load testing; reliability assessment; proof load factor; target load; existing bridges;
bridge assessment

1. Introduction

Assessment of existing bridges is a topic of growing interest among bridge owners,
especially within the road and railway systems of the European Union. A significant part
of the bridge stock was built in the 1960s and 1970s, and existing capacity estimates fail
to satisfy the requirements set by present-day traffic loads. In addition, many of these
bridges are often without documentation or with reduced documentation; consequently,
assessment by analytical tools may be challenging due to missing input. These aspects
raise concerns regarding reliability and continued service life. From all engineering, sus-
tainability, and societal perspectives, there is a strong incentive for the conservation and
service life extension of such bridges.

In recent years, many studies have been initiated to identify the actual in situ capacity
of the aging bridge stock [1–6]. A common observation from the literature and associated
load tests is that the standard theoretical methods that are used in the capacity assessment
give conservative results and that the actual resistance is usually higher [7–11]. This is
because many methods do not precisely reflect the complex structural behavior [12]. The
structural behavior may, for example, be affected by different system effects, the contri-
bution of non-structural elements, load redistribution, and bearings not behaving in an
“idealized” manner [5,13–16]. It is desirable that the assessment of existing bridges is not
overly conservative and, thus, results in the replacement of satisfactory bridges. As such,
load testing using diagnostic or proof loading methods may be appropriate in cases in
which the analytical analysis is expected to provide an unsatisfactory result or is challeng-
ing to perform due to a lack of input data [3,17,18]. A successful proof load test immediately

Buildings 2023, 13, 1060. https://doi.org/10.3390/buildings13041060 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13041060
https://doi.org/10.3390/buildings13041060
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-6334-9280
https://orcid.org/0000-0001-6987-6877
https://doi.org/10.3390/buildings13041060
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13041060?type=check_update&version=1


Buildings 2023, 13, 1060 2 of 16

demonstrates that the resistance of a bridge is greater than the proof load. From a relia-
bility perspective, this eliminates the problem of unknown resistance and demonstrates a
satisfactory reliability level [3,19]. Most existing reliability methods for determining the
target proof load require input parameters on the bridge resistance; however, since proof
loading is primarily relevant for structures with uncertainty surrounding such parameters,
the existing methods may thus be inadequate [3].

Hypothesis and Research Scope

This paper follows the line of thought of a possible new Eurocode “prEN 1990-2:
Eurocode—Basis of assessment and retrofitting of existing structures: general rules and
actions” [20], by which the target proof load may be determined by using a different
approach to structural reliability. The method dedicates its focus toward load modeling.
An example of a successful proof load test and reclassification of an existing bridge is
given with a basis in the Danish classification system [21,22] and the Danish probabilistic
design guideline [23].

Research questions:

• Can the target proof load be determined based on load modeling and without input
from a resistance model while ensuring sufficient reliability (safety) of an existing
bridge structure after a successful proof load test?

• Can advanced real-time monitoring be applied in a simplified and selective way for
stop criteria evaluation?

2. State of the Art
2.1. Reliability-Based Methods

The reliability (or safety) of a structure is influenced by resistance and loading vari-
ability. This is most simply presented in the form of a limit state equation, see Equation (1).

g(x1, x2, . . . , xi) = R(x1, x2, . . . , xi)− Q(x1, x2, . . . , xi) (1)

where R is the resistance, Q is the load effect, and xi are random variables for loads,
resistance, and models. The probability of failure is given by Pf = P(R − Q ≤ 0) and may,
thus, be determined from the random variables and associated statistical distributions. The
failure probability can also be expressed by the reliability index; see Equation (2).

β = Φ−1
(
−Pf

)
(2)

where Φ−1 is the inverse normal probability distribution function. Several methods are
available to calculate the reliability index, and structural reliability theory has a wide range
of applications [24]. However, a target failure probability or reliability index is often used
to determine a design parameter in the management of structures through reliability-based
design. National annexes often set appropriate reliability levels for the assessment of
existing structures [20].

Before considering load testing, the probabilistic model controlling the bridge resis-
tance may be updated by site-specific data by using Bayes theorem, a general theorem
applicable to any case in which existing probabilistic knowledge is updated with new
information [25]. Although on-site inspections are “risk-free” in this respect, they may
not be sufficient in themselves to assess an existing bridge for a proposed load rating.
Following a target proof load, the bridge reliability may similarly be updated [3]. It is
important to note that the observation that a bridge survives a proof load test indicates the
minimum load-carrying capacity of the bridge at the time of testing; it does not reveal the
actual bridge capacity. Such an updating was performed by [26] in a systematic updating
of bridge reliability through proof loading. Figure 1 shows the effect of a proof load test
on the probability density function of a resistance model. As a result of a successful proof
load test, all realizations below the proof load level are removed, and the lower tail of
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the distribution is, thus, truncated at the target proof load level. This results in a higher
reliability level. A similar representation is presented in the study of [27], in which the
reliability index was determined based on proof load testing, and a sensitivity analysis
was performed regarding the variation in the resistance parameters. Other relevant studies
dealing with bridge reliability evaluation by using load tests are [3,6,12,28,29].
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2.2. Load Modeling

The load component of Equation (1) is typically represented by a stochastic load model
based on traffic loads, intensities and frequencies, and associated uncertainty parameters.
Due to differences in traffic intensity, along with legislation, administration, and handling
of special vehicles, such load models vary significantly between countries. For instance,
the study of Casas et al. [12] considers load models from five different European countries,
among which, the Dutch road network has a significantly higher demand for bridges
of the road network. This emphasizes the importance of choosing the right load model
and explains why it is challenging to implement a general European load model for road
bridges. The “prEN 1990-2” [20] thus states that traffic loads on bridges should generally
be assessed by using EN 1991-2, but that alternative traffic load models for assessment may
be set by national annexes.

For a typical highway bridge, the load includes dead load, live load, dynamic load
effects, environmental load, braking forces, collision loads, etc. For short and medium-
span bridges, the dead load, live load, and dynamic load often govern the design [26].
In addition, the statistical characteristics of the individual axle loads are important for
short-span bridges [12]. For longer-span bridges, it is relevant to consider other effects,
such as pulse effects from the formation of vehicle queues [30].

Design loads are normally calibrated such that the loads are only exceeded with a
sufficiently long return period. In modern design codes, such calibration is based on
probabilistic models of the loading, broadly valid for all bridges within the considered
class. In Denmark, traffic loads on highway bridges are defined through a classification
system, which prescribes axle load configurations for different vehicle classes [21,22]. The
classification system is supported by a guideline for probability-based design [23]. The
combined documents provide a strong tool for traffic load administration. The important
estimates of parameters in the probabilistic model are the load level (mean values), the
coefficient of variation, and the frequency of the load events. As previously noted, these
parameters vary between countries and are highly dependent on three primary aspects:
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• Legislation and demands for heavy vehicles: What are the requirements for the
considered bridge and associated traffic?

• Administration of the legislation and demands. How are the legislation and demands
handled? In Denmark, for instance, heavy special vehicles must apply for a specific
permit and have the full route of transport approved by the authorities.

• Check and verification of vehicles. How efficiently is it checked that vehicles do carry
an illegal overload?

In Denmark, the bridge class is typically defined by the high-magnitude loads from
special vehicles requiring a permit. These are few in frequency and less likely to carry
an overload. In many cases, a low coefficient of variation may thus be used. However,
this may not be the case in other countries, and the coefficient of variation significantly
affects the load model and the reliability of a bridge. For instance, the study of [31] states
that the coefficient of variation in the traffic action has a greater influence than the type of
distribution (Normal, Lognormal, Gumbel).

2.3. Proof Loading, Target Load, and Stop Criteria

With an adequate load model defined, it is possible to define a target load and, thus,
perform proof load testing. To perform a proof load test is a complicated and often bridge-
specific task associated with both practical and theoretical challenges [32]. Several countries
have national guidelines touching or dedicated to the topic of diagnostic and proof load
testing [33–47]; however, the existing guidelines predominantly use general terms or are
limited in their application. The most known of these are The Manual for Bridge Rating
Through Load Testing [37] (background document for the Manual for Bridge Evaluation
(MBE) of AASHTO [40]), the German guideline DAfStb [34], and the ACI 437.2M-13 [41].
The study of [48] presents flowcharts associated explicitly with the methods of diagnostic
load testing and proof load testing.

Multiple approaches to determining the target proof load currently exist [3,4,12,26–28,49–53].
Most studies determine the target load based on reliability analysis, including uncertain
parameters for the resistance model [3,6,27,49]. However, if sufficient information is
available for the resistance model, the need for testing may be more irrelevant. This
is supported by the results of [3], which show that proof load testing is less efficient
when a lower resistance variability is adopted in the initial design. Thus, the bridges
most relevant for proof load testing are the undocumented ones, for which conventional
reliability analysis cannot be applied. In contrast, [12] determines proof loading factors
to be applied to the nominal value of the traffic action based on simple parameters such
as span length and percentage of heavy traffic but might also be quite conservative, with
proof loading factors as high as 2.75 for an annual reliability index of β = 5.0.

Most evaluations of target load by reliability analysis primarily seek to ensure sufficient
reliability of the structure after testing. Still, the risk of damaging the bridge during the
proof loading test must also be considered [12]. However, it should be noted that the risk
of causing irreversible damage during testing may be minimal, provided that the test is
planned and executed carefully and sufficiently monitored. For example, of the more than
250 bridge tests conducted in Ontario, not a single bridge suffered any damage because of
testing [12,54]. Casas et al. [12] additionally recommend that the load should be applied in
increments while observing the structural response.

As such, the target load acts as the primary stop criteria, but it is supported by
monitoring-based stop criteria. Current research focuses much on this with suggestions for
theoretically based stop criteria [55,56] and more qualitative approaches [57]. Stop criteria
define the limit between an acceptable and an unacceptable state of the considered structure
during the execution of a test load.

3. A Different Approach to Proof Loading and Target Load

The proposal for a new Eurocode on the assessment of existing structures, prEN
1990-2 [20], is based on the general requirements and principles of structural reliability
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provided in EN 1990-1 and may yet be included in EN 1990 as chapters or annexes. The
preliminary guideline includes some general assumptions regarding the assessment of
existing structures:

• Sufficient skill and care appropriate to the circumstances are exercised in the assessment;
this is based on the knowledge and good practice generally available at the time.

• The assessment of the structure is performed by appropriately qualified and experi-
enced personnel.

• Adequate supervision and quality control are provided during the assessment process.

The above assumptions are relevant in both the preliminary assessment and in assess-
ment through load testing. When assessing an existing structure, it shall be verified whether
the structure has an adequate level of reliability. In a proof load test, the applied load level
must thus give grounds to conclude that the bridge has sufficient reliability compared to the
actual traffic loads that may be expected on the bridge. If no information on the structural
resistance is available, the test load may be determined as a factor multiplied by the design
load effect, such that the probability that the load effect, Qactual , exceeds the proof load
effect, Qproo f , corresponds to the target reliability level, Pt

f —see Equation (3)—i.e., the
resistance and associated uncertainties are not included in estimating the reliability.

P
(

Qactual > Qproo f

)
= Pt

f (3)

In many cases, such load effects are computed by using structural input; however,
this challenge can be overcome by applying a load configuration that, to the greatest
possible extent, reflects the configuration of the actual loads acting on the considered
structure. In this regard, the Danish classification system provides an excellent basis
with well-defined special vehicle classes and axle load configurations [21]. The following
method concerns the determination of proof loading factors to be applied with such a
well-defined classification system.

3.1. Proof Loading Factors Based on Load Model

In the following example, proof loading factors are determined based on the stochastic
model given in the Danish probabilistic design guideline [23]; the example originates
in a background document of the proposed Eurocode [58]. The case study presented in
this paper considers a short-span concrete slab bridge comprised of Overturned T-section
(OT) beam elements, which was assessed as being critical in flexure. Flexural failure is a
non-brittle failure mode for which the annual target probability of failure in consequence
class three (CC3) is set to Pt

f = 10−6, corresponding to an annual target reliability index
of β = 4.8 [59]. The magnitude of the total proof load is found as the proof load factor, η,
multiplied by the characteristic value of extreme vehicle weight and characteristic dynamic
factor, Pk · Ks,k, such that η · Pk · Ks,k proves the desired annual reliability index.

The proof loading factor, η, is determined such that the probability of the traffic load,
P · Ks · IQ, exceeding the proof load, η · Pk · Ks,k, is equal to the specified annual probability
of failure, as stated in Equation (3). This may also be expressed by a limit state equation,
see Equation (4).

g = η · Pk · Ks,k − P · Ks · IQ (4)

where

P is the annual extreme vehicle weight (characteristic value (Pk): 98% quantile).
IQ is the traffic load model uncertainty.
Ks is the dynamic factor (characteristic value (Ks,k) depends on bridge geometry;
Ks,k = 1.25 is used [21]).
η is the proof loading factor.

The distribution for the annual extreme vehicle weight is given as Equation (5):

FP(x) = exp(−Ni(1 − FW(x))) (5)
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where

FP(x) is the distribution function for the annual extreme vehicle weight.
FW(x) is the normal distribution of vehicle weight for individual vehicles.
Ni is the number of vehicles in the reference period (1 year).

The weight of standard vehicles, W, is assumed to be normally distributed with
stochastic parameters: mean value, standard deviation, and the number of vehicles per
year, as defined by the Danish classification system and probabilistic design guide [21,23].
For a class 100 vehicle (which is the target classification of the case study), these parameters
take values of µ = 109.2 tons, σ = 5.0 tons, and Ni = 100, respectively.

The dynamic effects from vehicles on the bridge during normal passage are modeled
by multiplying the static load with a dynamic factor, Ks, see Equation (6).

Ks = (1 + St) (6)

where

St is the dynamic supplement, which is normally distributed with N(41.5/W,41.5/W)
for global effects [23].
W is the weight of the vehicle in kN.

It should be noted that the magnitude of the dynamic factor and the dynamic supple-
ment is under continuous discussion among experts in the field. It may be deserving of an
entirely separate study and is, therefore, not considered further in this paper.

The model uncertainty of the variable load effect is described by the normally dis-
tributed stochastic variable, IQ, which has a mean value, µIP = 1.0, and a coefficient of
variation, VIP corresponding to low, medium, or high uncertainty [23]. For conditional
passage in the Danish road network, the coefficient of variation is set as low (VIP = 0.10),
but it can be adjusted to fit the traffic demands of any nation [58].

Following the definition of the model parameters, the annual failure probability may
be determined through Monte Carlo simulations, and the proof loading factors may be
determined through iteration. The procedure is as follows (using the inverse method):

• The characteristic annual extreme vehicle weight, Pk (98% quantile), is determined by
solving for “x” in Equation (5).

• An appropriate number of simulations are run. In this example, 108 is applied to
identify a failure probability of Pt

f = 10−6.

• In each simulation, realizations of the stochastic variables are obtained by simulating
realizations of the cumulative distribution function as uniformly distributed between
0 and 1. Statistically independent realizations are applied to each of the variables.

• The annual extreme vehicle weight, P, may be determined in the same way as Pk.
• The dynamic supplement, St, and the model uncertainty, IQ, may similarly be

determined by solving for x in the cumulative distribution function; however, the
mean and standard deviation of St are dependent on the vehicle weight. It is
important to note that the vehicle weight, W, in this case, refers to the realizations of
the annual extreme vehicle weight, P, which was determined in the previous point
for each specific simulation.

The above procedure is followed by the steps listed below:

• A value is guessed for the proof load factor, η, and the product of Equation (4)
is determined.

• Negative values represent a failure event. The simulated failure probability, P̂f , is
determined as the sum of failure events over the number of simulations.

• The value of the proof load factor is changed until the simulated failure probability is
equal to the target failure probability, P̂f = Pt

f .

For a standard vehicle class 100, the proof loading factor yields η = 1.22, corre-
sponding to a total vehicle proof load of η · Pk · Ks,k = 194.2 tons, including dynamic
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effects. The total load increase factor is, thus, η · Ks,k = 1.53 (to the characteristic load)
and η · Ks,k · Pk/µw = 1.78 (to the mean vehicle weight, to which the individual axle loads
are given in the Danish classification system [21]). As an approximation, this factor may
be applied to individual axles.

It should be noted that for short-span bridges, the full proof load cannot be situated
on the bridge since the span length limits the number of axles that can affect the bridge.
Depending on the span, this effect may be minor or quite significant. For instance, for
bridges with a span of less than 5.6 m, it takes the same load level to achieve a class 150
as to achieve a class 50. This is because the load on such bridges depends on only a few
axles, and even though the mean value increases as a function of the vehicle class, the
uncertainty of the load and the dynamic factor is reduced. As such, this method should be
used carefully and by experienced professionals.

3.2. Conservative or Not?

The method for determining the proof load factor presented in this paper does not
take into account a resistance model. Compared to a method containing a resistance
model, the proof load factor from the presented method will be conservative. In addition,
should the bridge not be assessed as critical in a non-brittle failure mode, the proof load
factor would be even higher, adding to the conservatism of the presented method; this
is because the target probability of failure for brittle failure is Pt

f = 10−7 [59]. However,
in the case of undocumented bridges, this method still may be suitable, as many short-
span bridges involve large capacity reserves and proof loading still results in successful
tests [2–6]. As such, if there is a qualified reason to assume that a capacity reserve may
be revealed by proof load testing for an undocumented bridge, the authors believe that
this method is superior.

Compared to the proof loading factors determined for similar reliability indexes for
undocumented bridges by [12], the values of the presented method are quite comparable,
but given that the Danish traffic load effects resemble the Dutch traffic load effects more
than the other nations, this method may be less conservative.

The method considers only the post-proof loading reliability and not the risk associated
with the test itself, as this is not possible with no prior knowledge of the resistance. Therefore,
the presented method adds to the necessity of applying a monitoring package, which is
capable of identifying stop criteria, during testing in order to avoid irreversible damage.

3.3. Proof Loading Recommendations

The prEN 1990-2 [20]; its associated background documents, e.g. [58]; and a new
Danish guideline on the topic [60] include recommendations for the preparation and
execution of proof load testing. The recommendations are in line with the latest research,
and the primary aspects may be listed in the following:

• A test should consider all plausible and relevant failure modes.
• The loading may be applied in three load levels with smaller increments. Large

increments at the beginning and smaller when nearing the target load.
• Before testing, criteria should be specified to control and monitor the behavior of the

structure during the test in order to avoid permanent damage to the structure.
• A detailed monitoring plan should be prepared prior to testing.
• During testing, time should be dedicated between load increments for the registration

and evaluation of measurements.

A significant focus is dedicated to the choice of monitoring for stop criteria evaluation.
There exists an immense toolbox of monitoring systems that could quickly result in an
overly monitored test. An extensive review of the existing monitoring methods was
performed by [61]. The Danish guideline [60] recommends simple monitoring parameters
and suggests four measurable quantities. These are given below along with the chosen stop
criteria for the case study bridge presented in Section 4:
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• Deflection of the bridge (L/400 = 16.25 mm).
• Crack identification and width monitoring (0.2 mm).
• The degree of non-linearity of the response as a function of the deflection of the

structure (25% stiffness change or engineering judgment).
• Settling of the foundation (Engineering judgment).

However, this is not an exhaustive list, and other relevant stop criteria may be relevant
depending on the considered type of structure. In addition, the monitoring should also
account for any plausible shift in critical failure mode. Unique combinations of monitoring
systems and associated precision levels may thus be applied for specific test cases.

Applying the target load in conjunction with monitoring-based stop criteria should
ideally result in one of two scenarios. (1) If the target load is reached without activation
of any stop criteria, the structural reliability has been demonstrated to be acceptable, and
(2) if any stop criteria are activated before reaching the target load, the test should be
stopped, and the load carrying capacity and associated reliability level may be determined
based on the achieved loading.

4. Proof Loading Pilot Project and Case Study

The case study of this paper is a one-span OT-slab bridge on a road stretch between the
two Danish towns, Assens and Nørre Aaby. It was tested in flexure as part of a proof loading
pilot project, along with three other bridges in December 2020, which was motivated by
the need for capacity upgrading of the road stretch. An additional practical and scientific
scope of the pilot proof load tests was to verify the methods presented in the upcoming
Danish guideline on proof loading of bridges [60].

The bridge had a span of 6.5 m, consisting of two driving lanes and emergency lanes
near the edges. It was previously classified as a class 80 bridge, and class 100 was desired for
the road stretch. The initial assessment evaluations proved insufficient, and it was decided
to perform proof load testing. Previous tests on OT-slab bridges and subcomponents
provided a strong indication that the bridge would contain a capacity reserve [5,57,62].

4.1. Loading with Special Transport Vehicles

The loading was applied in increments by using standard heavy transport vehicles
with hydraulically adjustable wheel and axle loads; see Figure 2.
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Figure 2. Bridge loading with a special vehicle while being monitored via 2D DIC.

Using such vehicles, it was possible to apply loading representative for the heavy
special permit vehicles driving on Danish roads and, thus, accurately reflect the axle load
configurations of the Danish classification system [21]. The loading setup was quite similar
to that of the BelFa loading vehicle [63,64], but BelFa usually operates at lower load levels,
and the increased availability of the standard transport vehicles must be considered a
significant benefit.
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The Danish classification system specifies that two adjacent vehicles should be ap-
plied [21], a standard vehicle A and a standard vehicle B. Figure 3 shows the two vehicles
on the tested bridge. Vehicle B was placed centrally in its lane with a fixed load of 45 tons
on 3 axles combined (class 50 vehicle). Vehicle A always represents the classification vehicle,
and it was placed centrally in the adjacent lane. The values for vehicle B were found in [23]
for this situation. The combination of the two vehicles may be handled through Turkstra’s
Rule [60], which would provide the same value for the proof load factor, η. The applied
axle loads of vehicle A were controlled through the hydraulic system of the vehicle, thus
enabling a controlled loading procedure. Figure 4 illustrates how the supporting axles
acted outside the bridge span and how the loading axles of vehicle A could be raised for
zero loading; this without moving the vehicle.
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The loading procedure involved incremental loading to three load peaks in compliance
with the guideline and the recommendations of [12] that the maximum target load should
be applied in several increments (large increments at the beginning and smaller when
nearing the target load) while reserving time for observation of the structural response. The
load application is presented in four phases, along with incremental measurement points,
as seen in Figure 5.
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Figure 5. The loading scheme used in the case study with four loading phases. Phase (a) involves the
fixed load of vehicle B, while the three following phases (b–d) concern vehicle A.

From Figures 4 and 5, it is seen that only three axles were applied. With a span
of 6.5 m, the 5 rear axles of a class 100 vehicle could be situated on the bridge [21]; see
Figure 6. However, because the bridge was skewed and for other practical reasons,
the number of loading axles was reduced from five to three. To justify this, the axle
loads were increased so that the moment of the three axles was equivalent to that of the
classification system.
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Applying the determined load increase factor to the two different rear axle loads yields
3 axle loads of 11.5 tons × 1.78 = 20.5 tons and 2 axle loads of 15.1 tons × 1.78 = 26.9 tons,
which should be applied in the critical position. The moment of these loads is equivalent to
3 axle loads of 27.81 tons. Figure 5 defines 3 × 31 tons as the target load; this is because
additional safety was added for the presented case study and pilot project. It should also be
noted that a different load configuration would be used for a shear load test. Furthermore,
an alternative approach to the identification of the load configuration for proof loading, as
performed above, is to model the axles individually and determine the load effect in each
simulation. This may be a topic for future research.

4.2. Monitoring

A limited but specialized monitoring package was specified based on previous experience
from load testing [5,65,66] and laboratory evaluations concerning 2D DIC [57,67–70]. The
primary test output was load and deflection data obtained through the hydraulic system
readouts and land surveyor measurements. In addition to the midspan deflection,
the land surveyor also measured the settlement of the supports. The response curve
was also used to identify any non-linearity in the response. Two-dimensional (2D)
Digital Image Correlation (DIC) was applied for real-time crack identification and crack
width monitoring.
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Minimal artificial lighting (two LED lights) was applied underneath the bridge to
improve the DIC pattern recognition. For safety reasons, the analysis station was moved
beyond the bridge boundaries, and therefore, long self-powered amplifier cabling was
required. The light sources were battery-powered and equipped with power banks for
additional service time. A generator was brought on-site for power and additional com-
putational capacity, but the full setup could run without power for multiple hours. An
overview of the bridge and the whole setup with the test vehicle, monitoring station, and
light sources is shown in Figure 7. Based on previous evaluations, the bridge was not
considered shear-critical, and the described monitoring package was deemed sufficient for
this and similar future tests.
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4.3. Results

The bridge test was set up and executed, and the setup was taken down within four
hours. No indications of distress were observed from the bridge, and the target load was
reached as planned. The response curve is given in Figure 8, where it may be observed
that the maximum deflection at the target load was 2 mm, while minor settlements were
observed at the supports. At one support, this minor settlement was 0.45 mm at loading
phase “d” and has not been subtracted from the deflection in Figure 8. No significant
signs of non-linearity are visible, and the deviations that are observed may be attributed to
the plastic settlements at the supports, the low deflection level, associated measurement
uncertainties, and time-specific effects. In addition, no cracks were identified by DIC. This
indicates that the test was performed in the linear elastic uncracked regime and that there
may yet be additional capacity reserve in the bridge.

Buildings 2023, 13, x FOR PEER REVIEW 12 of 16 
 

 
Figure 8. The response curve for the tested OT-slab bridge. 

The DIC results provided continuous real-time monitoring of the bottom surface of 
the bridge slab. Although some noise was present due to challenging environmental con-
ditions, it was clear that the concrete surface was uncracked at the target load; see Figure 
9. As such, the monitoring provided additional reassurance of the structural state during 
testing. 

 
Figure 9. DIC strain plot at the target load (45 tons + 3 × 31 tons). 

The presented test method provided an efficient, simplified methodology, ensuring 
that the project could keep within the short time frame and budget. Because the target 
load was reached without signs of distress and based on reliability assessment, the bridge 
was reclassified from bridge class 80 to bridge class 100. Ultimately, this meant that the 
entire road stretch between Assens and Nørre Aaby could be upgraded for class 100 heavy 
transports. 

5. Conclusions 
This paper considers a practical approach to determination of the target load and 

ensuring sufficient reliability of a bridge after proof load testing. It follows the line of 
thought of a proposed new Eurocode “prEN 1990-2: Eurocode-Basis of assessment and 
retrofitting of existing structures: general rules and actions” [20], in which, instead of re-
lying on input from resistance models, the target load may be determined based on load 
models and the desired failure probability. The determined proof load factors were found 
comparable to factors from the literature and did not seem overly conservative. Coupled 
with a well-defined classification system, such as the Danish classification system [21], the 
method may be superior for undocumented bridges and offer a strong alternative for cases 
in which the initial evaluation and following reliability assessment yield an unsatisfactory 
result. 
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The DIC results provided continuous real-time monitoring of the bottom surface of the
bridge slab. Although some noise was present due to challenging environmental conditions,
it was clear that the concrete surface was uncracked at the target load; see Figure 9. As such,
the monitoring provided additional reassurance of the structural state during testing.

Buildings 2023, 13, x FOR PEER REVIEW 12 of 16 
 

 
Figure 8. The response curve for the tested OT-slab bridge. 

The DIC results provided continuous real-time monitoring of the bottom surface of 
the bridge slab. Although some noise was present due to challenging environmental con-
ditions, it was clear that the concrete surface was uncracked at the target load; see Figure 
9. As such, the monitoring provided additional reassurance of the structural state during 
testing. 

 
Figure 9. DIC strain plot at the target load (45 tons + 3 × 31 tons). 

The presented test method provided an efficient, simplified methodology, ensuring 
that the project could keep within the short time frame and budget. Because the target 
load was reached without signs of distress and based on reliability assessment, the bridge 
was reclassified from bridge class 80 to bridge class 100. Ultimately, this meant that the 
entire road stretch between Assens and Nørre Aaby could be upgraded for class 100 heavy 
transports. 

5. Conclusions 
This paper considers a practical approach to determination of the target load and 

ensuring sufficient reliability of a bridge after proof load testing. It follows the line of 
thought of a proposed new Eurocode “prEN 1990-2: Eurocode-Basis of assessment and 
retrofitting of existing structures: general rules and actions” [20], in which, instead of re-
lying on input from resistance models, the target load may be determined based on load 
models and the desired failure probability. The determined proof load factors were found 
comparable to factors from the literature and did not seem overly conservative. Coupled 
with a well-defined classification system, such as the Danish classification system [21], the 
method may be superior for undocumented bridges and offer a strong alternative for cases 
in which the initial evaluation and following reliability assessment yield an unsatisfactory 
result. 

Figure 9. DIC strain plot at the target load (45 tons + 3 × 31 tons).



Buildings 2023, 13, 1060 13 of 16

The presented test method provided an efficient, simplified methodology, ensuring
that the project could keep within the short time frame and budget. Because the target
load was reached without signs of distress and based on reliability assessment, the bridge
was reclassified from bridge class 80 to bridge class 100. Ultimately, this meant that the
entire road stretch between Assens and Nørre Aaby could be upgraded for class 100
heavy transports.

5. Conclusions

This paper considers a practical approach to determination of the target load and
ensuring sufficient reliability of a bridge after proof load testing. It follows the line of
thought of a proposed new Eurocode “prEN 1990-2: Eurocode-Basis of assessment and
retrofitting of existing structures: general rules and actions” [20], in which, instead of
relying on input from resistance models, the target load may be determined based on
load models and the desired failure probability. The determined proof load factors were
found comparable to factors from the literature and did not seem overly conservative.
Coupled with a well-defined classification system, such as the Danish classification
system [21], the method may be superior for undocumented bridges and offer a strong
alternative for cases in which the initial evaluation and following reliability assessment
yield an unsatisfactory result.

A case study with a proof load test on a short-span OT-slab bridge was performed to
verify the approach. The procedure was supported by the Danish classification system [21],
probabilistic design guideline [23], and the proof loading recommendations of prEN 1990-2.
The target load was reached without activation of any stop criteria, and the bridge was
proven to have sufficient reliability and was, thus, reclassified to a higher bridge class. The
monitoring worked as intended and provided real-time monitoring results during the test.
The test was an example of a bridge with a significant capacity reserve but for which poor
documentation rendered the traditional capacity evaluation challenging. Since the test
was performed only in the linear elastic uncracked range, there may yet be a significant
capacity reserve; however, the method proved that the bridge could carry the current traffic
demands with sufficient reliability. Any additional capacity reserves may be investigated
in the future if the need arises.

The results emphasize that the reliability of an existing bridge may be verified
through proof load testing by using a target proof load determined without input from
resistance models and that real-time monitoring can be simplified in a selective way for
stop criteria evaluation.
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