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ABSTRACT: In the assessment of existing infrastructure performing only a desk study is often not sufficient
to determine the structural reliability of a bridge or viaduct. For concrete structures gathering field data by
performing a proof load test offers detailed information about the structural performance. However, the relation
between the magnitude of the load and the structural reliability is not immediately clear. In the present study
the challenges in determining the target load and the uncertainties that require attention are described. An ap-
proach is presented that addresses the time-dependent character of the structural reliability, the need for accurate
stop-criteria, the knowledge level and spatial uncertainty. It is shown how both past traffic loads and a proof
load test may contribute to the proven strength of a structure. The described methodology provides a starting
point towards a flexible approach for proof load testing in which structure-specific information and require-

ments are considered.
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1 INTRODUCTION

Due to the constant aging of infrastructure, increased
traffic load and traffic intensities, methods are ex-
plored by which the reliability of existing road
bridges and viaducts can be assessed. In case limited
information of the structure is available or its condi-
tion is of concern, load testing may be used to prove
that the structure can still satisfactorily carry the live
loads. A test conducted with this aim is referred to as
a ‘proofload test’. Historically, before complex struc-
tural analysis was commonplace, proof load testing
was regularly performed prior to opening a bridge to
the public. In a number of countries performing a
proof load test before use is still required (Lantsoght
et al. 2017).

The magnitude of the load to be applied, or target
load, is of particular importance. If the, relatively
large, target load is successfully carried by the struc-
ture then it has proven to be sufficiently structurally
reliable for future use. The test can be performed us-
ing regular trucks, a special vehicle (Figure 1) or other
methods such as a loading frame including ballast.

Often, for existing structures less stringent reliabil-
ity requirements hold. Therefore, a design load used
for new structures is not necessarily useful in the as-
sessment of existing structures. In addition, the con-
dition of the structure may be of particular concern
due to the effect of deterioration or other time-de-
pendent processes (Ellingwood 1996).

This article describes the challenges in determin-
ing the target load in relation to structural reliability
and the associated uncertainties. In particular, the fol-
lowing aspects will be discussed: the evolution of the
structural reliability with time, the reliability of stop-
criteria, the level of knowledge about the structure
and assessment at the system-level.

2 LITERATURE
2.1 International standards

Proof load testing is not a standardized assessment
procedure in many countries. If national guidance is
lacking, standards or guidelines from other countries
can provide useful insight into accepted practices.



Figure 1: Pilot proof load test being performed on the Vechtbrug
in the Netherlands (October 2016).

In the USA, the Manual for Bridge Evaluation
(MBE) (AASHTO 2018) is used as a guideline for
proof load testing. The target proof load is expressed
in terms of the regular load model and is magnified
by a proof load factor (Xp). Its default value (1.4) was
derived in a basic probabilistic analysis (Lichtenstein
1993) that did not address the challenges described in
this article. Another relevant American standard is the
ACI437.2M (ACI 2013) which describes the require-
ments for load testing of existing concrete buildings
including loading protocols and acceptance criteria.

Recently the German committee for reinforced
concrete has published a new version of its guideline
for proof load tests on concrete structures (DAfStb
2020). The guideline is mainly intended for buildings,
but speaks in more general terms such as structures
and components. The magnitude of the proof load is
expressed in a format that resembles the load effect in
Equation (6.10) of EN 1990 (CEN 2019). An interest-
ing aspect of the guideline is the consideration of mul-
tiple similar components. When a limited number of
similar components are tested, the remaining uncer-
tainty associated with their slight differences is ac-
counted for by increasing the magnitude of the test
load (Marx 2019).

2.2 Research
2.2.1 General

Proof load testing is still an active field of research
and continues to gain attention due to the growing
need for versatile assessment methods for existing
structures (Lantsoght 2019).

It is desirable that the assessment of infrastructure
is not overly conservative because that may lead to
the replacement or upgrading of bridges that are actu-
ally satisfactory. Proof load magnitudes can vary de-
pending on the load rating, dead/live load ratios, deg-
radation, bridge age, reference period and prior ser-
vice loads (Faber, Val & Stewart 2000).

In Casas & Gomez (2013) proof load factors are
presented that were developed as part of the large

scale ARCHES (Assessment and Rehabilitation of
Central European Highway Structures) project. The
factors are applied to the characteristic (or nominal)
live-load obtained from a traffic load model (e.g. Eu-
rocode LM1). A distinction is made between the case
where bridge documentation is available and the case
where it is not. Depending on the target reliability and
estimated strength, different factors apply. Weigh-in-
motion (WIM) data from five European countries, in-
cluding the Netherlands, is used to describe the traffic
load. Their study presents a step forward from current
code-based approaches by making use of recent traf-
fic load data and the option to include bridge docu-
mentation.

For existing structures flexibility is needed regard-
ing the reference period, therefore the time-dependent
nature of the structural reliability is of particular in-
terest. An early description of the time-dependence in
relation to proof load testing is found in Spaethe
(1994). 1t is shown that during the proof load test the
reliability of the structure is low, due to the relatively
large load that is applied, but afterwards the reliability
is increased — if the test was successful. In the more
recent work by Schacht, Bolle & Marx (2019) and
Frangopol et al. (2019) the decrease of reliability with
time in case of deterioration is also recognized.

2.2.2  System reliability

One of the main aspects in which the assessment by
load testing is different from the design of new struc-
tures is the influence of system action on the perfor-
mance of an existing structure. Therefore, system re-
liability is of particular interest to proof load testing.
A system may be thought to be comprised of mul-
tiple components; the performance of all components
needs to be combined according to a certain scheme
to result in the system reliability. In this scheme the
components may act in parallel or in series. In addi-
tion, the combined performance of a group of ele-
ments may interact with one component, or another
group. In the context of system failure a diagram of
the interaction is called a fault tree (Fussel 1975).
Various methods may be used to calculate the fail-
ure probability of a system. The Monte Carlo Simu-
lation (MCS) is a straightforward method that is al-
ways applicable, but it is computationally expensive
(Metropolis & Ulam 1949). For better computational
efficiency the equivalent planes method (Roscoe,
Diermanse & Vrouwenvelder 2015) is used in this ar-
ticle. The method is based on the equivalent compo-
nent method (Gollwitzer & Rackwitz 1983) and the
first-order system reliability method described by
Hohenbichler & Rackwitz (1983). The reliability of
the individual components may be determined using
the first order reliability method (FORM) (Hasofer &
Lind 1974) or any other method that also provides the
influence coefficients of the random variables.



The equivalent planes method works on the basis
of two components. The (linearized) limit state func-
tions Z; of two components may be written using the
reliability index (fi) of the component and the influ-
ence coefficients (aij) of all random variables present
in the system:

Z =+ Uy +a U, ++ o Uy (1a)
Z,=f,+ayU, +a,Uy ++a, U, (1b)

In this equation Ujj are standard normally distributed
random variables that are statistically independent
(i.e. uncorrelated) within the component. However,
auto-correlation pj = p(Uj, Uzj) may exist.

In case of more components, the combination pro-
cess needs to be repeated several times until just one
component remains. Each time two components are
combined to give a new component that replaces the
two original components. The most accurate results
are obtained when the components with the highest
correlation between the limit state functions are com-
bined first in every step (Gong & Zhou 2017).

2.2.3 Reliability updating

Proof load testing is starting to be considered in the
light of maintenance and durability. In particular, the
so-called ‘updating’ of structural reliability as per-
formed on the basis of Bayesian theory provides the
opportunity to incorporate various sources of infor-
mation. The theory can provide a mathematical basis
for the updated distributions of the reliability (Yuefei,
Dagang & Xueping 2014).

The more generally applicable Bayesian decision
theory is also used in the context of proof load testing.
It can provide decision support and the identification
of information to aid in modelling and monitoring of
structures (Schmidt et al. 2020). In Bayesian decision

theory, today often mentioned in the context of value
of information (Zhang et al. 2021), the state of infor-
mation about an object results in three possible types
of analysis: prior analysis, posterior analysis and pre-
posterior analysis (see Figure 2). Each stage in the
analysis has its own set of possibilities (E, X, A, 0),
dependent on earlier choices or outcomes. All possi-
ble paths lead to certain consequences or costs (C),
which may also include the risk of losing human life.

In a prior analysis, the decision alternatives are di-
rectly associated with possible outcomes and the as-
sociated consequences. In a posterior analysis, addi-
tional information is added to update the probabilistic
model. The added value of additional data may be
quantified, even when it has not been collected yet —
i.e. the value of information is studied. This gives rise
to the pre-posterior analysis, where the extra costs of
acquiring additional data is evaluated against possible
gains. Proof load testing itself may also be viewed as
an additional source of information about the struc-
ture and a pre-posterior analysis may be employed to
determine if it is beneficial (Nishijima & Faber 2007).

3 CHALLENGES AND SUGGESTED
APPROACH

Because of the long history of proof load testing,
methods applied in practice possess a strong deter-
ministic character or are based on basic probabilistic
calculations that do not consider the aspects described
in the following sections.

3.1 Time-dependence

In case a variable load acts on a structure, e.g. traffic
load, the structural reliability is time-dependent. Ad-
ditional time-dependent processes such as load trends

Collecting strategy ~ Additional information Decision alternatives ~ Random outcomes Consequences
E X(ei) Aei, Xj) O(ei, Xj, a ) C(ei, Xj, a, 01)
Cm (€ =.. )
N J
'
Prior analysis
N J
Y

Posterior analysis ,

Pre-posterior analysis

Figure 2: Analysis type depending on the state of information.



and material deterioration add to this effect. Also,
during a proof load test the structural reliability is
markedly lower than in normal operation. In relation
to the desired reliability level, a fixed design refer-
ence period (e.g. 50 years) lacks the flexibility to ac-
commodate the remaining functional life span of an
existing structure. Moreover, the reliability level for
new structures is larger than strictly required for hu-
man safety because of economic benefit. A structure
that lasts longer may be profited from for a longer pe-
riod of time (Steenbergen & Vrouwenvelder 2010).

To judge if the structural reliability is satisfactory
after a successful proof load test, an assessment on the
basis of annual reliability is suggested, but any small
time period suffices. In this way the framework is also
flexible regarding the remaining life span of an exist-
ing structure. Considering the time-dependence is
also beneficial in relation to the proven strength by
past traffic loads. In a sense, every truck passing a
bridge may be viewed as a sort of proof load test, con-
tributing to the proven strength of the bridge. Stand-
ard texts on reliability theory describe the proven
strength from past loading via the ‘bathtub curve’ of
the failure probability (Jonkman et al. 2015).

3.2 Reliability of stop-criteria

Although various stop-criteria have been developed
(Zarate Garnica & Lantsoght 2021), little attention is
paid to the link between structural reliability during
the load test and the magnitude of the load. Reaching
the target load, as calculated before the execution of
the load test, may not always be feasible due to signs
of distress appearing when the load is gradually ap-
plied. If the reliability of the stop-criteria is low, the

Bridge documentation Material data

proof load test may be aborted before the structure is
actually near is maximum capacity.

Collapse or partial collapse of a structure during
the proof load test is undesired. Considering the reli-
ability during testing can mitigate the risk of collapse
of the structure and provide decision support in the
selection of sensors and measurement plans. In addi-
tion, if enough evidence of proof load tests reaching
the target load successfully with some signs of dis-
tress is incorporated in the analysis, the risk at dam-
age may be quantified instead of avoided (risk aver-
sion).

3.3 Knowledge level

The knowledge level (available information in draw-
ings, material tests, etc.) varies between structures,
especially because of their age. Therefore, a flexible
method is needed that can utilize various types of in-
formation. To assess the bending moment capacity
the cross-sectional area of the reinforcement is of
main interest. However, to assess the shear capacity
the concrete quality is more valuable. Various data
sources and their influence on the state of information
are collected in Figure 3. In addition, a balance is
sought between how much information is collected
and analyzed before performing the proof load test
and regarding the proof load test itself as the primary
source of information about the structural perfor-
mance (Medha et al. 2019).

In the suggested approach the state of information
plays a key role in the reliability analysis preceding a
proof load test. The basic information in a prior anal-
ysis is complemented by additional information in a

Proof loading data Traffic data

Proof load tests
performed on same
span, same mechanism

Site-specific (WIM)
measurements
performed

Construction drawings
and/or calculations
available

Experimental tests
performed on material
from same bridge

Heavy trucks for
which exemption is
requested are known

Proof load test
performed at same
span, different mech.

Scans of
reinforcement
diameter and layout

Experimental test data
from similar bridge
available

Proof load test
performed same
bridge, another span

Measured (WIM) data
from same country

State of information

Material data from
historic bridges in
same country

Examination of
possible degradation
performed

Proof load test
performed on similar
bridge

Bridge location known
(highway, provincial,
city, rural)

Posterior

Distribution estimated
from characteristic
strength and literature

Basic information
(year of construction,
geometry)

Generic (statistical)
load models from
literature

Figure 3: State of information considering various information sources.



posterior analysis (see Figure 2 and Figure 3). By in-
troducing additional uncertainty into the probabilistic
model it may subsequently be updated (reduced)
through the application of Bayes’ theorem:

P(D|H)P(H)
T @

where H is the hypothesis (e.g. assume that parameter
x of the model takes on value y, etc.) and D is the ad-
ditional data that has become available. The data is a
possible outcome of the model observed in real life
and may take on many forms (e.g. a numeric value, a
flag indicating failure, etc.). Because of this, various
kinds of data (or evidence) can be combined.
Uncertainty in the resistance may be split into an
objective (natural) and subjective part (model), often
written as a multiplication (6rR). In this formulation
the model uncertainty (6r) is the parameter that is up-
dated in a Bayesian approach (Lin & Nowak 1984).
Very large uncertainties may be introduced purposely
as ‘objective’ low informative priors (Ditlevsen &
Vrouwenvelder 1994). If available, other broad prior
distributions following from basic information such
as the bridge span and traffic type are also suitable.

P(H D)=

3.4  System-level assessment

A bridge or viaduct consists of physical components
such as the bridge deck, supports, etc. However, also
cross-sections and connections may be regarded as
components. In addition, the same component may
take part in different failure mechanisms. In a design
all components are typically verified to achieve the
desired structural reliability at element-level. It may
subsequently be assumed that the reliability of the

Figure 4: Visualization of the cross-sections to be assessed in a
system-level assessment.

structure, i.e. the system, is at least equal to the relia-
bility at the element level. Assessing the reliability of
just one component, cross-section, or failure mecha-
nism by proof load testing does not provide the relia-
bility of the structure. Usually practical limitations
apply with regard to the number of tests because of
the hindrance caused to traffic and the costs of testing.

In a system-level assessment the performance of
multiple components and spatial variability is incor-
porated. Also here Bayesian analysis can be utilized
to update the reliability of the system (joint PDF) with
incomplete and uncertain information about a limited
number of parameters (Schneider 2020). An example
of a simplified bridge with two spans is provided in
Figure 4. In this case only load and spatial variation
in the longitudinal direction is considered (and not
over the width of the bridge). The structural schema-
tization with a distributed load indicates three com-
mon design checks: bending moment at midspan
(blue), support moment (green) and shear force near
the support (orange). The corresponding cross-sec-
tions are indicated in the lower part of the figure. Be-
cause of spatially varying material properties and ex-
ecution details other cross-sections may be critical. In
Figure 4 these cross-sections have been drawn with
same color, but transparently.

4 EXAMPLE TIME-DEPENDENT ANALYSIS
4.1 Description

To illustrate the effect of proof load testing in a time-
dependent reliability analysis an example calculation
is presented (De Vries, Lantsoght & Steenbergen
2021). Under consideration is a simply supported slab
bridge located in one of the highways in the Nether-
lands. The structure was built in 1960 and designed
according to the prevailing standards of that time
(KIVI1 1938, 1950). The traffic load used in its dated
design is inappropriate when compared to today’s
high traffic intensity. But, the design values of mate-
rial properties (e.g. steel and concrete strength) were
quite conservative. As a result, old bridges and via-
ducts can still possess adequate structural strength to
resist today’s higher loads.

In case the original bridge documentation such as
drawings and calculations are still available, they may
be used to infer the (prior) probabilistic description of
the resistance of the structure. In this case the bridge
documentation is not available. Therefore its design
was ‘reverse engineered’ by using historic standards
(Harrewijn, Vergoossen & Lantsoght 2021).

In this example only the bending moment at mid-
span will be considered. In reality, the shear capacity
of the slab near the supports and the capacity of other
bridge components will require assessment as well.



4.2 Conditional annual reliability

The annual reliability is calculated under the condi-
tion that no failure occurs in any of the years before
the year under consideration. Using the following
events:

A failure in the year i;
B failure inthe years 1toi—1;
B' no failure in the years 1 to i — 1 (complement).

the conditional annual probability of failure can be
written as:

P(ANB') _P(AUB)-P(B)
P(B) 1-P(B) )

The probability P(Aw B) may be read as the cumu-
lative failure probability up to and including the year
I, whereas P(B) is the cumulative failure probability
up to, but not including, the year i.

To calculate the conditional annual reliability us-
ing the system reliability method, first the reliability
index and influence coefficients of each year need to
be calculated, e.g. using FORM. The individual years
are the system components in this calculation. Next,
the cumulative probability of failure can be calculated
using the equivalent planes method (OR-combina-
tion). Then, the conditional probability of failure in
year i is:

P.—P.
P o fi fi-1
f,cond,i 1_ F)f’i_l (4)

P(A|B') =

where Ps, is the cumulative failure probability up to
and including the year i. In the first year no condition-
ality holds and thus Pscond1 = Ps.1.

Table 1: Random variables used in the limit state function.

Var. Description Dist* Mean COV

6  Model uncertainty of the LN 1 0.05
resistance

R Bending moment resistance at LN 4100 0.05
midspan kNm

0= Model uncertainty of the load LN 1 0.11
effect

GpL Load effect of the dead load N 721 0.05

kNm

GspL Load effect of the N 101 0.1

superimposed dead load kNm

Cog Time-independent uncertainty LN 1.1 0.1
of the variable load, including
bias for dynamic load effect

Q Load effect of the annual G 1150 0.025
traffic load kNm

tro  Initiation time to deterioration LN 20yr 0.1

Acr  Degradation per year LN 0.0025 0.1

Coo  Starting value of the trend LN 0.78 0.1
Aco  Increase of traffic load per year LN 0.004 0.1

Qe Load effect of the proof load, N (varies) 0.05
including uncertainty

*Distribution LN is lognormal, N is normal and G is Gumbel.

4.3  Probabilistic model

The limit state function for the probabilistic calcula-
tion is formulated in line with fib (2016):

Z = GicqR— O (Gp +Ggp +€,Cy0Q) 5)

where the properties of the random variables are pro-
vided in Table 1. Each variable is characterized by a
distribution, the mean value and coefficient of varia-
tion (COV).

To include the deterioration of the resistance and a
trend in the traffic load, the limit state function makes
use of the following time-dependent coefficients:

o ()= 1 t <ty A
T 1= Ay (t—ty,) t>ty, (62)
Co(t) =Cqp +AC,t (6b)

where the parameters are random variables, listed as
well in Table 1. This degradation model includes a
time to initiation (tro), followed by a linear reduction
of strength (Enright & Frangopol 1998). Corrosion
leading to a reduction of the effective steel area in a
cross-section was modelled by a quadratic function in
Vu & Stewart (2000). In case of deterioration, a large
degree of uncertainty exists with respect to the current
capacity of the bridge. In this example only a limited
amount of uncertainty is considered for simplicity. It
thus represents the rather uncommon scenario where
the deterioration process is well-known.

The system reliability method (Section 2.2.2) is
applied to combine the failure probability in time. All
random variables are fully auto-correlated except the
annual traffic load which is assumed to be independ-
ent (i.e. a new realization each year).

WIM data from 2015 was analyzed to determine
the load effect on the bridge, expressed as the largest
bending moment at midspan within a certain period
of time. Only the traffic in the right-most lane, where
the trucks drive, has been analyzed.

4.4 Results

Using the presented probabilistic description, a time-
dependent reliability analysis can be performed. The
result is displayed in Figure 5. The base case displays
the reliability without traffic trend and degradation. In
this case the annual reliability increases gradually due
to proven strength of past traffic loads. The traffic
trend and degradation are incorporated subsequently
to display their detrimental effect on the evolution of
the annual reliability. A higher reliability is attained
in the first years when including the traffic trend be-
cause the adopted linear trend expresses a reduction
before the year 2015 and an increase afterwards.
Note that in this example the parameters of the
degradation and traffic load trend have been tuned to
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Figure 5: Development of the conditional annual reliability with
time, incorporating a traffic load trend and deterioration.
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Figure 6: Effect of proof load testing on the annual reliability.

yield a reliability index that drops below the accepta-
ble annual reliability g = 4 for CC3 (Steenbergen &
Vrouwenvelder 2010) around 2020. In a real-life sit-
uation the parameters will need to be determined by
studying the effect of all possible degradation mech-
anisms and the actual trend in traffic loads.

Proof load testing is adopted to ensure the bridge
meets the required structural reliability. When a proof
load test is performed an additional term is included
for the proof load effect in the limit state function:

Z =6,C,R-6; [GDL +Ggp + maX(CQCOQQv Qn N (@)

The first proof load test is performed in the year 2020
and has a target (mean) value of 1800 kNm. Then, in
the year 2030 the second proof load test is performed
with a higher target load effect of 2000 kNm (Figure
6). In the year the test is performed, the annual relia-
bility is markedly lower, but as a reward the reliability
in the following years is higher. The target loads have
been determined such that the annual reliability re-
mains above the target in the next 10 years. Alterna-
tively, the higher target load could have been applied
directly in 2020, also leading to sufficient reliability
until 2040. But, then the probability of failure in the
first test in 2020 would be larger.

5 DISCUSSION

In this article, a hypothetical slab bridge was analyzed
to show the development of the reliability with time.
With regard to the knowledge level, in this example a
scenario was depicted where the structural properties
of the bridge, the traffic trend and deterioration pro-
cess are known to large degree. Normally, this will
not be the case. Especially the rate by which deterio-
ration occurs will be difficult to establish. Suitable
treatment of these uncertainties is critical.

The mathematical form of the limit state function
is not definitive, other formulations are possible as
well. In the presented formulation the model uncer-
tainty of the load effect (6e) acts on both the traffic
load effect and the load effect produced during the
proof load test. In practice, the methods to calculate
both effects will likely be similar (e.g. finite element
analysis), but it does not guarantee full correlation.

In addition, it was investigated to what extent the
historic traffic load influences the reliability at the
moment of proof load testing. If the traffic load before
the year 2015 (date of measurements) is ignored,
comparable outcomes are produced. In this way in-
sensitivity to the (difficulty to estimate) historic traf-
fic load was established.

A future framework for proof load testing should
be flexible, in such way that it could also consider the
method by which a proof load test is performed. For
example, when driving over a bridge less spatial un-
certainty remains than when a single position is
loaded.

6 CONCLUSIONS

With the suggested approach to the reliability assess-
ment of existing reinforced structures through proof
load testing a new framework can be developed that
addresses existing challenges. An assessment based
on annual reliability highlights the evolution of the
structural reliability before, during and after the proof
load test. A clear need for stop-criteria and an evalu-
ation of their reliability, emerges from the relatively
large probability of failure during the proof load test.

By adopting a flexible method, various types of in-
formation can be combined to assess the structural re-
liability through proof load testing. How much bene-
fit is obtained when considering various kinds of in-
formation should be quantified in future research.

By judging the reliability on the system-level, un-
certainty with regard to multiple failure mechanisms
and spatial variability can be addressed. In this way,
reservations regarding the assessment of shear capac-
ity through proof load testing may be lifted.
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