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of load tests

Dan M. Frangopol & David Y. Yang
Lehigh University, Bethlehem, PA, USA

Eva O.L. Lantsoght
Politécnico, Universidad San Francisco de Quito, Quito, Ecuador & Concrete Structures, Delft University of

Technology, Delft, the Netherlands

Raphaél D.J.M. Steenbergen
TNO, Delft, the Netherlands & Ghent University, Ghent, Belgium

ABSTRACT: This chapter revises concepts related to the uncertainties associated with struc-
tures, and how the results of load tests can be used to reduce these uncertainties. When an
existing bridge is subjected to a load test, it is known that the capacity of the cross-section is at
least equal to the largest load effect that was successfully resisted. As such, the probability
density function of the capacity can be truncated after the load test, and the reliability index
can be recalculated. These concepts can be applied to determine the required target load for a
proof load test to demonstrate that a structure fulfills a certain reliability index. Whereas the
available methods focus on member strength and the evaluation of isolated members, a more
appropriate approach for structures would be to consider the complete structure in this relia-
bility-based approach. For this purpose, concepts of systems reliability are introduced. It is also
interesting to place load testing decisions within the entire life-cycle of a structure. A cost-opti-
mization analysis can be used to determine the optimum time in the life-cycle of the structure

to carry out a load test.
1 INTRODUCTION

In this chapter, the effect of load testing on the reliability index is discussed. As the uncer-
tainties play an important role in determining bridge performance, the role of load testing in re-
ducing these uncertainties is an important aspect. The source of the uncertainties can be aleato-
ric (caused by the inherent randomness of a process) or epistemic (caused by imperfect
knowledge) (Ang et al. 2007). The benefit of a successful load test is that the uncertainty associ-
ated with the capacity is reduced. Since during a proof load test relatively high loads are ap-

plied, which correspond to the factored live loads, the probability density function (PDF) of the



capacity can be truncated after a proof load test at the level of the largest load effect achieved in
the test.

The benefit of a diagnostic load test lies in reducing the uncertainties with regard to structural
response in terms of, for example, transverse distribution, the effect of bearing restraints, and
the contribution of secondary elements like parapets and barriers to the overall stiffness of the
structure. A finer assessment can be carried out after a diagnostic load test, and the reliability
analysis can be carried out based on the updated finite element model (Gokce et al. 2011). For
this approach, no standard procedures have been developed yet. Closely related to the reduction
of uncertainties in load tests is also the reduction of uncertainties on the live loads by using

Weigh in Motion (WIM) measurements (Casas and Gomez 2013).

The first topic that is discussed in this chapter is the influence of load testing on the reliability
index. General concepts related to the determination of the probability of failure and reliability

index before, during, and after a proof load test are summarized.

The second topic in this chapter deals with the application of the previously discussed relia-
bility-based concepts to derive the required target proof load to demonstrate a certain reliability
index. An example of application is added. This chapter deals with the basic principles of the
effect of load testing on the reliability index of a given structure. The analysis of the effects of

deterioration are discussed in Chapter 22.

The previously discussed approach deals only with the probabilistic analysis of a structural
member. For an evaluation of the entire structure, it is necessary to consider concepts of system
reliability. Where direct derivations and research results are not available, possibilities for future

research are pointed out.

Zooming out even more brings us to the point of evaluating the structure from the perspective
of its life-cycle (Frangopol et al. 1997; Frangopol 2011; Frangopol & Soliman 2016; Frangopol
et al. 2017). Cost optimization technigues and time-dependent effect such as material degrada-
tion and deterioration can be used to evaluate which point in time during the life-cycle of the
structure would be the optimal moment for load testing and assessing the structure (Frangopol &
Liu 2007; Okasha & Frangopol 2009; Barone & Frangopol 2014a; Sabatino et al. 2015; Kim &
Frangopol 2017). These concepts fit in the philosophy of using life-cycle analysis to determine
the optimal time for maintenance, repair, rehabilitation, and inspection of a given structure. An
even further step would be to consider the bridge structure as part of an infrastructure network,
and determine the optimum point in time for load testing the structure based on a cost-optimiza-

tion that balances the economic, environmental, and social costs of the load test and benefits



from the perspective of the entire infrastructure network (Liu & Frangopol 2005; Liu &
Frangopol 2006a; Liu & Frangopol 2006b; Bocchini & Frangopol 2011; Bocchini & Frangopol
2012; Bocchini & Frangopol 2013; Dong et al. 2015).

2 INFLUENCE OF LOAD TESTING ON RELIABILITY INDEX

2.1 General principles

To determine the probability of failure Py, the distribution functions of the resistance R and
the loading S are necessary. Resistance or load effect can be approximated by different probabil-
ity distributions. Examples of such well-defined distribution functions are: uniform distribution,
normal distribution, lognormal distribution, and extreme value distribution, among others. The
mathematical expression of these distributions can be consulted in textbooks (Melchers 1999).
For structural engineering applications, recommendations for the choice of the type of distribu-
tion functions and governing parameters of the selected distribution functions are given in the
JCSS Probabilistic Model Code (JCSS 2001b). These recommendations, however, do not differ-

entiate between newly designed structures and existing structures.

The next step in determining the probability of failure, is the determination of the limit state
function g. For structural applications, the limit state function g can be taken as the difference

between the resistance R and the loading S:

When g < 0, the resistance is smaller than the applied loading, and failure occurs. The chance

that g < 0 is called the probability of failure, Ps. This probability of failure P; can be translated
into the reliability index f:

-1
p=07(1-F) 2)
where @ is the inverse normal distribution. Current design codes and codes for assessment

have derived load and resistance factors based on a minimum required reliability index (target

reliability index).

The expression of the probability of failure before the load test, Pr, as shown in Figure 1a, is

expressed based on the following convolution integral:

Po=[_ (1=F.(r)) fe(r)dr 3)



In Equation (3), Fs(r) is the cumulative distribution function (CDF) of the loading S and fr(r)
is the probability density function (PDF) of the resistance R.
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Figure 1: Determination of the probability of failure: (a) before, (b) during, and (c) after a load test dur-
ing which the target proof load s, was applied. Highlighted region shows the probability of failure in fig-

ure 1(b). Figure from (Lantsoght et al. 2017c). Reprinted with permission.

During a load test, the loading and resulting load effect S are not a random variable, but a de-
terministic value of the applied load s,. The distribution function of the loading, fs, is thus re-
placed by the deterministic value s, as shown in Figure 1b. The probability of failure during the

test, P, is described by the cumulative distribution function (CDF) of the resistance Fx:

Po =F (Sp) (4)

After a successful load test, it is known that the resistance is at least equal to the maximum
load effect that was achieved during the test, provided that no signs of distress were observed.
The convolution integral from Equation (3) can be updated with the information that is obtained
during the load test. As a result, the PDF of the resistance, fr, can be updated into a truncated
distribution function fr", as shown in Figure 1c. The probability of failure after the load test, up-

dated with the information from this test, Ps., is then determined as

P. Tl(s)f:}(l— F, (r)) fo (r)dr (5)



The presented values for the probability of failure before, during, and after a load test are
valid provided that there is no correlation between R and S. Solutions for cases where R and S
are correlated, or for structures with quality problems are available in the literature (Spaethe
1994).

The previous considerations for Ps,, for which the value of P is larger than Py, as a result of
the load test, are only valid for a successful load test. Another possible outcome of a load test is
that Pra is smaller than Py, This case occurs after a load test during which a stop criterion is ex-
ceeded. Exceeding a stop criterion means that further loading will result in irreversible damage
to the structure or even collapse. As such, the load for which a stop criterion is reached can be
considered the lower bound of the structural capacity. The outcome of the load test is then that a
deterministic value of the capacity is found as the load effect caused by the load s, for which a
stop criterion is exceeded. When a stop criterion is exceeded during a load test, the probability
of failure during the test P = 1 with ss < s, see Figure 2b. The probability of failure after the

load test Ps, can then be calculated as:

P.=1-F(s.) (6)

where Fs the CDF of the load effect and s; the load for which a stop criterion is exceeded, as
shown in Figure 2¢. The result is then that the reliability index after the test . is lower than that
before the test .
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Figure 2: Determination of the probability of failure: (a) before, (b) during, and (c) after a load test dur-

ing which a stop criterion was exceeded for s,. Highlighted region shows the probability of failure.



The magnitude of the load before (sk), during (Sp), and after the load test (sk) is shown in Fig-
ure 3a. The figure also shows the possibility for an increase of the loads with a factor ¢, over
time as a result of changes in traffic loads and intensities, for example when a heavier truck type
is permitted circulation. Figure 3a reflects the fact that in proof load tests loads (sp) are used that
are higher than the characteristic live loads. The effect on the reliability index before, S, during,
Pa, and after, S, a load test is shown in Figure 3b for the case when the target proof load sp is
applied and in Figure 3c for the case when a stop criterion is exceeded at Ss prior to reaching sp.
The value of S, can be quantified with Eq. (3). The value of g for a load test in which s; is ap-
plied is quantified with Eq. (4) and fq = 0 when a stop criterion is reached at a load ss. The value
of fa for a load test during which s, is applied can be quantified according to Eq. (5) and for a
load test terminated at ss according to Eq. (6). If the applied target load s, is large enough, the
updated information after the test will result in a larger reliability index S, after the load test
than /3, before the load test. Since during the load test a higher load s, is used than the character-
istic live load sy, the reliability index temporarily drops to Sq during the load test. If a stop crite-
rion is exceeded during the test and a load ss lower than s;, is applied, the lower bound for failure

is found during the test, S becomes zero, and the value of g, will be lower than f.
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Figure 3: Change of reliability index before 8, during 84, and after load test 8,, based on (Spaethe 1994):
(a) value of the load before (s), during (sp), and after load test (s«), including the effect for future increases
in load with a factor &; (b) effect on reliability index before, during, and after load test when s, is applied;

(c) effect on reliability index before, during, and after load test when the test is terminated at s;.



2.2 Effect of degradation

The effect of degradation is discussed in more detail in Chapter 22. Here, only a few basic
concepts are reviewed. The concepts shown in Figure 3 do not take into account the effect of
degradation. The resistance R decreases over time as a result of material degradation and deteri-
oration. For computations, the probability density function (PDF) of the resistance fr and the cu-
mulative distribution function (CDF) Fg can be expressed as a function of the time t. The limit
state function then becomes time-dependent (Frangopol and Kim 2014). Degradation increases
the probability of failure over time and decreases the reliability index over time. The effect of
this reduction of the reliability index is shown in Figure 4a for a load test in which s, was ap-
plied and in Figure 4b for a load test terminated at Ss.
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Figure 4: Change of reliability index before 8, during 84, and after load test 8, for applied loads shown in
Figure 3a and taking into account degradation (a) effect on reliability index before, during, and after load
test when s, is applied; (b) effect on reliability index before, during, and after load test when the test is

terminated at s..



For concrete bridges, the main inducer of service life reduction is corrosion of the reinforce-
ment. Corrosion can affect both flexural reliability and shear reliability (Enright and Frangopol
1998, Vatteri et al. 2016). Corrosion also reduces the probability of exceeding the serviceability

requirements (Li et al. 2005).

For steel bridges, fatigue and fracture can cause structural failure. The results from inspec-
tions can be used to update estimates of the remaining service life by improving the calibration
of the probabilistic degradation model (Righiniotis and Chryssanthopoulos 2003). The failure
probability is then determined based on conditional probabilities (Lukic and Cremona 2001,
Zhu and Frangopol 2013).

The idea of updating the effect of degradation after inspections can also be applied to load
testing. The information from a load test can be used to update the estimate of the remaining
service life. The concepts from updating the estimated service life based on data from structural
health monitoring (Messervey & Frangopol 2008; Messervey 2009; Messervey et al. 2011) can
be applied. The use of load testing data to update the estimate of the remaining service life is a

topic that needs further research.

2.3 Target reliability index and applied loads

For existing structures, the target reliability index is lower than that of a structure in the de-
sign stage (Stewart et al. 2001, Steenbergen and VVrouwenvelder 2010). The following factors
determine the target reliability index for assessment: consequences of failure, reference period,
remaining service life, relative cost of safety, and importance of the structure. When the mainte-
nance and repair costs are large, and the consequences of failure are minor, lower reliability in-
dices are tolerated as assessment result. These values result from a cost optimization that con-
siders the structural cost, the cost of damage, and the probability of failure, see Figure 5. For the
loss of human life, a lower bound of g = 2.5 with a reference period of one year (Steenbergen

and Vrouwenvelder 2010) should be considered.
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Figure 5: Resulting target reliability index after cost-optimization.

Stewart et al. (Stewart et al. 2001) suggest a target reliability index for a one year reference
period between 3.1 and 4.7. Target reliability indices have also been suggested as a function of
the age of the bridge and its remaining lifetime (Kote$ and Vican 2013), resulting in target indi-
ces between 2.692 (for a bridge of 90 years with a remaining lifetime of 2 years) and 3.773 (for

a bridge of 10 years with a remaining lifetime of 90 years).

In Europe, the factored live load model is used (Olaszek et al. 2012) for proof load tests, and
a target proof load is then applied that creates the same sectional shear or moment as the fac-
tored live load model. When the factored live load model is used to find the target proof load, it
is tacitly assumed that the resulting reliability index and probability of failure after the test (if
the test is successful) of the bridge have the same value as what the load factors are calibrated

for.

In the Netherlands, target reliability indices and load factors have been formulated for exist-
ing structures in the Dutch Code NEN 8700:2011 (Code Committee 351001 2011). The applica-
tion to highway bridges is provided in the guidelines for the assessment of bridges RBK
(Rijkswaterstaat 2013), and prescribes reliability indices between 3.1 (with a reference period of
15 years) and 3.6 (with a reference period of 30 years). In the United States, a target reliability
index of 2.3 (with a reference period of 5 years (Savor and Savor Novak 2015)) was determined
for rating at the operating level, and for rating at the inventory level a reliability index of 3.5
(for a lifetime reference period of 75 years (Savor and Savor Novak 2015)) (NCHRP 1998).
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3 REQUIRED TARGET LOAD FOR UPDATING RELIABILITY INDEX

3.1 Principles

The general expression for the limit state function is given in Equation (1). Depending on the
goal of the load test, the expression for the limit state function can be expressed based on the
failure mode that needs to be evaluated. For concrete bridges, typically bending moment and
shear are evaluated, and the governing failure mode is further studied. For bending moment, the

following limit state violation is found:
g=m;—ms <0 (7

This limit state is expressed based on the bending moment capacity mg and the sectional mo-

ment caused by the applied loads ms, where mg and ms are random variables.

For shear, the following limit state violation can be used:
g=Vy,—-V; <0 (8)

where vg the shear capacity of the cross-section under consideration and vs the shear stress

caused by the applied loads, with vg and vs random variables.

In order to determine the probability of failure, the distribution functions need to be deter-
mined. There are different approaches to determine the distribution functions of mg, ms, vs and
vs. When no information about the actual traffic is available and no distribution function of the
live loads can be extrapolated from WIM measurements (Obrien et al. 2015), the load combina-
tion using the load model from the code is used. Another possibility, when no information about
the actual traffic is available, is to take the traffic load models from fib Bulletin 80 (fib Task
Group 3.1 2016). In the case of a bridge-specific traffic load model, it is advised to use Monte
Carlo simulation of traffic flow using WIM data over influence lines or fields of the bridge sec-
tions under consideration. Here appropriate values for the statistical and model uncertainty
should be taken into account. The distribution function of the resistance can be determined con-
sidering aleatory uncertainties of material properties and epistemic uncertainties of structural
models. The Probabilistic Model Code (Joint Committee on Structural Safety 2001) can be used
as a starting point to select the shape of the distribution function, the bias, and the coefficient of
variation. However, this code makes no distinction between newly designed structures and ex-

isting structures that need to be assessed.
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3.2 Example: Viaduct De Beek — Information about traffic is not available

3.2.1 Description of Viaduct De Beek

Viaduct De Beek, see Figure 6, (Lantsoght et al. 2017a, Lantsoght et al. 2017d) is a rein-
forced concrete slab bridge over highway A67 in the province of Noord Brabant in the Nether-
lands. It has been in service since 1963. In 2015, the conclusion of an assessment was that post-
ing or restricting the use of the viaduct is necessary (Willems et al. 2015), because the flexural
capacity of the viaduct is insufficient. As a result, the use of the viaduct was restricted from two
lanes to one lane, see Figure 6b.

Figure 6: Viaduct De Beek (a) side view; (b) traffic restriction.
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The geometry of viaduct De Beek is shown in Figure 7. The viaduct has four spans: two end
spans with a length of 10.81 m (35.5 ft) and two central spans with a length of 15.40 m (50.5 ft).
The total width is 9.94 m (32.6 ft), and the carriageway is 7.44 m (24.4 ft) wide, which facili-
tates two lanes of 3.5 m (11.5 m) width each way. Since 2015, the traffic restriction results in
only one lane, which is facilitated by the use of barriers. The profile is parabolic in the longitu-
dinal direction and varies from 470 mm (18.5 in) to 870 mm (34.3 in) (see Figure 7b).
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Figure 7: Geometry of viaduct De Beek: (a) top view; (b): side view at section C-C’; (c) cross-section at
section A-A’ (Lantsoght et al. 2017d), reprinted with permission. Dimensions in mm. Conversion: 1 mm =

0.04 in.
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The concrete compressive strength was determined based on core samples. The characteristic
concrete compressive strength was determined as foc = 44.5 MPa (6.5 ksi), and the design com-
pressive strength was found as fcg = 30 MPa (4.4 ksi). The properties of the steel were deter-
mined by sampling. It was found that the average yield strength of the steel was fyn = 291 MPa
(42.2 ksi), the tensile strength of fin = 420 MPa (60.9 ksi), and that the design yield strength can
be assumed as fyg = 252 MPa (36.6 ksi). Plain reinforcement bars were used. The reinforcement
layout is shown in Figure 8. The thickness of the asphalt layer was measured on core samples to
lie between 50 mm (2.0 in) and 75 mm (3.0 in).
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Figure 8: Reinforcement layout of Viaduct De Beek. Reprinted with permission from ASCE from (Lantsoght

et al. 2017b).

At the Dutch RBK Usage level (load factors derived for g = 3.3 for a reference period of 30
years) (Rijkswaterstaat 2013), the Unity Check (ratio of factored acting moment to factored mo-
ment capacity) is determined as UC = 1.02 in the governing section and at the Eurocode ULS
level (load factors derived for g = 4.3 for a reference period of 100 years), the maximum value
is UC = 1.10. Since the Unity Checks are larger than 1, the assessment indicates that the section

does not fulfill the requirements for the Eurocode ULS level based on an analytical assessment.
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This assessment is carried out by using a linear finite element model in which the load combina-
tion of the self-weight, superimposed dead load, and live loads from NEN-EN 1991-2:2003
(CEN 2003) are applied. For shear, the Unity Check at the RBK Usage level is UC = 0.48, so
that the failure mode of shear will not be further studied, as the bridge fulfills the requirements
for shear for all safety levels. To verify if viaduct De Beek can carry the code-prescribed live

loads for bending moment, a load test was carried out to assess the bridge.

A limitation for the execution of the proof load test on viaduct De Beek was that only the first
span could be tested. Testing the more critical second or third spans was not allowed, as these
spans are above the highway. To safely test these spans, the highway would have to be closed,

which was not permitted by the road authority.

3.2.2 Determination of required target load

Based on a traditional approach, as described in Chapter 13, the required proof load for bend-
ing moment and shear, applied on a single design tandem, are as given in Table 1. In this ap-
proach, the target proof load is determined as the load that results in the same sectional moment
or shear as the factored load combination. For research purposes, the shear-critical position was
also tested. These results are not discussed here. For more information about these results,
please refer to (Lantsoght et al. 2017a). The maximum load that was applied during the bending
moment test was 1751 kN (394 kip) (including the weight of the equipment), which corresponds

to the Eurocode ULS safety level, plus 6% extra.

Table 1: Required proof load for bending Pioad,bending as determined based on the traditional approach for

the different safety levels. Conversion: 1 kN = 0.225 kip.

Safety level Pioad,bending (KN)
Eurocode Ultimate Limit State 1656
RBK Design 1649
RBK Reconstruction 1427
RBK Usage 1373
RBK Disapproval 1369

Eurocode Serviceability Limit State 1070

15



To determine the target proof load based on the principles outlined before, the solution for
Equation (5) in terms of sp is sought that corresponds to the target reliability index S, that needs
to be proven with the applied proof load. The reliability index that is associated with each safety
level used in the Netherlands is indicated in Table 2. In a proof load test, the probabilistic influ-
ence factor as for stochastic considerations with proof load testing can be taken as as = 0.8. The

target reliability indices that would result after a proof load test are then given in Table 2 as af.

Table 2: Considered safety levels, and reliability index and reference period associated with the load fac-

tors of the considered safety level.

Safety level 6 Reference period a8

Eurocode Ultimate Limit State 4.3 100 years 3.44
RBK Design 4.3 100 years 3.44
RBK Reconstruction 3.6 30 years 2.88
RBK Usage 3.3 30 years 2.64
RBK Disapproval 3.1 15 years 2.48
Eurocode Serviceability Limit State 1.5 50 years 1.20

Since no information about the traffic on the bridge is available, the analysis is carried out
based on the bending moment capacity mg and the occurring bending moment ms caused by the
load combination of the code. This load combination consists of the self-weight, the superim-
posed dead load, and the live loads consisting of a design truck in both lanes and the distributed
live loads. It is necessary to consider the live loads in both lanes if the goal of the proof load test
is to remove the current traffic restrictions. The bending moment ms was determined by using a
linear finite element model. The average value of the acting bending moment is determined by
using all load factors as equal to 1, and results in mg = 385 kNm/m (87 kip-ft/ft). The average
value of the bending moment resistance is determined based on the mean values of the material
parameters and is mg = 673 KNm/m (151 kip-ft/ft).

To develop the probability density functions of the acting bending moment and the bending
moment resistance, the recommendations of the JCSS Probabilistic Model Code (JCSS 2001b)
are followed. The shape of the functions is recommended to be lognormal. The recommendation

for the bending moment resistance includes a mean of 1.2 and a coefficient of variation of 0.15.
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For the acting bending moment, the case of moments in plates is selected, for which the recom-
mendations are to use a mean of 1.0 and a coefficient of variation of 20%. The resulting proba-

bility density functions are shown in Figure 9.
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Figure 9: Resulting probability density functions for the acting bending moment m; and the bending mo-

ment resistance mx.

The solution of Equation (3) for the PDFs in Figure 9 gives the reliability index prior to the
proof load test, which equals g, = 3.02. Considering this result, it would not be interesting to
proof load test for any other safety level than the RBK Design level. The reliability index prior
to load testing was S, = 3.02. The goal of a proof load test is to increase this value. It can be
seen in Table 2 that only the RBK Design level has a value of af that is larger than 3.02, which
is 3.44.

In a next step, the target proof load sp is determined so that after the proof load test the re-
quirements of the RBK Design safety level are fulfilled. The value of af for this safety level can
be read from Table 2 as 3.44. As such, the value of s, is sought that results in a reliability index
after proof load testing of fa = 3.44. The required value to find fa = 3.44 is a load that causes a
bending moment of 655 kNm/m (147 kip-ft/ft). Reverse analysis then was used to determine
that this load equals 1951 kKN (439 kip). This required load is significantly larger than the load
found by using the traditional approach. This result shows that when a certain reliability index
needs to be proven during a proof load test, high loads are required. These high loads increase

the risks for the personnel, structure, and traveling public during the test.
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3.2.3 Discussion of results

The fact that the required load of 1951 kN (439 Kip) for proving the target reliability index of
3.44 is larger than the load found with the traditional approach as 1656 kN (372 kip) can be ex-
plained by three reasons. The first reason is that no information about the traffic distribution is
taken into account for this example. This reason is mitigated by the next example. The second
reason is that the recommendations for developing the probability density function from the
JCSS Probabilistic Model Code (JCSS 2001b) prescribe rather large coefficients of variation.
The third reason is that the recommendations from the JCSS Probabilistic Model Code (JCSS
2001b) are general recommendations, and that these recommendations may need to be altered
for the particularities related to existing structures.

A sensitivity analysis of the assumptions from the JCSS Probabilistic Model Code (JCSS
2001b) was carried out (Lantsoght et al. 2017c). The value of the coefficient of variation on the
bending moment resistance mg was varied between 5% and 15%. It can be argued that is coeffi-
cient of variation can be reduced from the recommended value of 15%, since the only variable
is the yield strength of the steel. For modern steel types (JCSS 2001b, Karmazinova and
Melcher 2012) the coefficient of variation of the yield strength of the steel is 7%. However, this
value may not be representative of the variation on the steel that was used in the past and that
can be found in many existing bridges. Data and recommendations for historically used rebar
steel types in the Netherlands are not available. In the sensitivity analysis, a mean value of both
1.2 and of 1.0 was used for mg. Additionally, the value of the coefficient of variation on the act-
ing bending moment ms was varied between 5% and the recommended value of 20%. The rec-
ommended value for moments in plates of a coefficient of variation of 20% can be considered
rather large, and is significantly larger than the coefficient of variation of 5% for stresses in 3D
models recommended by the JCSS Probabilistic Model Code. Therefore, this range of values

was studied in the sensitivity analysis.

With the aforementioned ranges for the coefficients of variation of the acting bending mo-
ment and the bending moment capacity and for the mean value of the bending moment capacity,
the convolution integrals of Equations (3), (4), and (5) are solved. The applied load during the
proof load test is taken for all cases as 1751 kN (394 kip), the maximum load that was applied in
the field. This load results in a bending moment of 597 kNm/m (134 kip-ft/ft), which is used for
the value of sp. In the sensitivity analyses it is found that the resulting reliability index after test-
ing fa varies between 2.85 and 6.66. This analysis thus shows that uniform recommendations
for the required coefficient of variation need to be developed that are applicable to proof load

testing and existing structures, so that a simplified reliability-based approach can be used for the
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determination of the target proof load for bridges where no WIM data are available. It must be
noted here as well that the effect of carrying out the proof load test becomes smaller as the coef-
ficients of variation (and thus, the uncertainties) are reduced. Another discussion that should be
held is whether proof load tests should have as a goal to demonstrate a certain reliability index
and probability of failure for a bridge, or if it is sufficient to know that a certain type of vehicle
can pass safely, taking a safety margin based on a simple magnification factor as used in the
Manual for Bridge Evaluation (AASHTO 2016), into account.

3.3 Example: Halvemaans Bridge — Information about traffic is modeled

3.3.1 Description of Halvemaans Bridge

The Halvemaans Bridge, see Figure 10, (Fennis and Hordijk 2014) is a single-span reinforced
concrete slab bridge in the city of Alkmaar in the Netherlands. The bridge has been in service
since 1939. An assessment led to the conclusion that the bridge does not fulfil the code require-
ments for bending moment when subjected to live Load Model 1 of NEN-EN 1991-2:2003
(CEN 2003). The Halvemaans Bridge was subjected to a proof load test in the spring of 2014.

The geometry of the Halvemaans Bridge is shown in Figure 11. The span length is 8.2 m (27
ft) and the slab has a skew angle of 22°. The total width is 7.5 m (25 ft) and the carriageway
width is 5.5 m (18 ft), see Figure 12. The thickness of the concrete deck is 450 mm (18 in) and
the thickness is increased to 590 mm (23 in) at the sides, see Figure 12. The abutments are ma-
sonry walls with a thickness of 0.33 m (1 ft). Details of the reinforcement layout are given in
Figure 12. It is assumed that the reinforcement lies parallel to the axis of the bridge. No core
samples were taken to determine the concrete compressive strength, which was estimated to be
fem = 68 MPa (9863 psi).
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Figure 10. Halvemaans Bridge.

Ew

g =

] A VP ST i || - |
. e\ \\ T |
‘\ |

b ?_S‘\ ~ |

\ |

L go k\ R —|
A |

3 Il

;

I y

1 | l

Figure 11. Geometry of Halvemaans Bridge, top view.
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Figure 12. Cross-section of Halvemaans Bridge.

3.3.2 Determination of proof load

In the analysis for the determination of the exact value of the proof loading the following as-
pects were taken into account. In these aspects the determination of the proof load differs from
the determination of the ‘normal’ design load for a bridge assessment using models and building

codes.

1. In the event of a proof loading, the bridge is deterministically loaded by its self-weight, so
there is no uncertainty about it. For the permanent action for this bridge it is assumed that it
will not change in the future. As a result, the contribution of the permanent load to the failure

probability will be zero and need not be included in the proof loading value.

2. Itis clear that, if the bridge is proof loaded to its ultimate capacity, there is no uncertainty
about the strength either. In a probabilistic analysis (the basis of the proof loading determina-
tion) all uncertainty will be on the load side. This means that from that perspective the load
factor during proof loads is significantly larger than normally used for calculations. Differ-
ently formulated, for the loads S the probabilistic influence factor as is usually taken as 0.7
(1SO 2394 (ISO/TC 98/SC 2 Reliability of structures 2015) and NEN-EN 1990:2002 (CEN
2002)); in the case of a proof load as should be increased from 0.7 to 1.0, if through the proof
loading we get to know the resistance R exactly. However, through proof loading, in general,
we know that the real capacity is larger than the capacity needed to carry the proof loading.

This leads to an increase in as. In this case as =0.8 was assumed.

3. The model uncertainty (JCSS 2001a), representing the uncertainty in the load effect calcula-
tion will be smaller than normally used. Using proof loading namely, in general less calcula-

tions are done. This reduces the load factor if compared to normal structural calculations.
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In Figure 13, the complementary cumulative distribution function of the daily maxima of the
traffic load effects is shown; it has been generated using the influence lines of the bending mo-
ment in the mid span of the bridge. Way in Motion (WIM) data is used to sample the traffic
flow. The red line gives the empirical distribution function; the blue line is the fitted analytical
distributed function which is used in the full probabilistic analysis for the determination of the
proof loading value. The WIM measurements result from a bridge subjected to 2.5 million
trucks per year. Since the Halvemaans Bridge is subjected to only 51,500 trucks per year, this
difference is corrected for in the distribution function of the traffic load effect. Statistical uncer-
tainty was included to account for the uncertainty in the extrapolated part of the distribution

function.
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Figure 13. Distribution of the daily maxima of the simulated traffic load effect.

The proof load that is applied to the Halvemaans Bridge in the field is distributed load over
the width of one lane (3 m = 9.8 ft wide) instead of over four wheel prints to facilitate execu-
tion. With this proof load, it should be demonstrated that the requirements of the repair level for
Consequences Class 2 of NEN 8700:2011 (Code Committee 351001 2011) are fulfilled, namely
a reliability index g = 3.1 for a reference period of 15 years. Using the reduction factor as = 0.8
gives a target reliability index of asf = 2.5 (reference period 15 years). The WIM measurements
are used for simulations for a simply supported wide beam (representing the slab bridge) of 7 m
(23 ft) length. The resulting bending moment at mid-span of the bridge is translated into a dis-

tributed load geupL over the entire span length. Probabilistic calculations showed that a load of
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geuoL = 175 kN/m (12 kip/ft), or a load that causes the same sectional moment at midspan in the
bridge, should be applied during a proof load test. The proof load that causes the same sectional
moment at midspan of the bridge is found to be 85 ton (94 short tons). The maximum load that
was ultimately applied during the proof load test was 90 ton (99 short tons), which resulted in
the conclusion that, based on the current knowledge regarding the interpretation of proof load
test results for structural safety, the bridge fulfils the code requirements for CC2 at the repair

level.
4 SYSTEMS RELIABILITY CONSIDERATIONS

A bridge structure is comprised of various structural elements. The method described previ-
ously is mainly focused on element reliability. In order to ensure the safety of the entire bridge,
system reliability analyses should be conducted (Frangopol 2011). In general, system reliability
of a bridge is governed by not only the element reliability but also a number of other factors in-
cluding system arrangement, correlation of element failures, post-failure behavior of elements,
among others (Estes & Frangopol 1999; Zhu & Frangopol 2012; Saydam & Frangopol 2013;
Barone & Frangopol 2014b; Zhu & Frangopol 2014a; Zhu & Frangopol 2014b; Zhu &
Frangopol 2015).

Ideally, the system model of a structure can be classified into one of the following four cate-
gories: (a) series systems, (b) parallel systems, (c) parallel-series systems, and (d) series-parallel
systems. These four types of idealized systems are schematically represented by either reliabil-
ity block diagrams or fault tree models (Rausand & Arnljot 2004). Figure 14 shows schemati-
cally the examples of these four types of systems. In the following discussions, reliability block
diagrams are used to represent systems whenever possible. It should be noted that the latter two
system types (i.e. parallel-series and series-parallel systems) can be transformed to one another
by conducting minimal cut or minimal path analyses of systems (Leemis 1995). Therefore, the

failure of a system can be represented by one of the following three cases:

(a) For a series system with n components, the event of system failure (E) can be represented by

E=(J{g,(x)<0} 9
where gk(x) < 0 indicates the failure of element k.

(b) For a parallel system with n components, the event of system failure can be represented by

E

M{g.(x) <0} (10)

n
k=1
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(c) For a series-parallel system with n minimal cut sets, each of which contains cx elements in

parallel (k=1, 2, ... n), the event of system failure can be represented by

n G

UN{g.; (x)<0j (11)

k=1 j=1

E

where gk;j(x) < 0 indicates the failure of element j in the kth minimal cut set of the system.

System type Ilustration with loaded elements Reliability block diagram (RBD)

(a) Series system L

L
~ OO

(b) Parallel system

(¢) Series-parallel
system

(d) Parallel-series
system

Figure 14: |dealized system models.

The system model of a bridge can be created based on the judgement and experience of
bridge engineers. For instance, if reliable end and center diaphragms exist in the superstructure,
parallel subsystems can be used to represent that the failure of three adjacent girders is required
for the failure of the entire bridge superstructure (Estes & Frangopol 1999). As a result, the
girder bridge shown in Figure 15 can be modeled as a series-parallel system considering 16 fail-
ure modes of different structural members including flexural failure of concrete deck [g(1)],
shear failure of interior, exterior and interior-exterior girders (g(2), g(4), and g(6)), flexural fail-
ure of interior, exterior and interior-exterior girders [g(3), 9(5), and g(7)], shear failure of pier
caps [g(8)], pier cap failure under positive and negative moments [g(9) and g(10)], crushing of

top columns [g(11)], crushing of bottom columns [g(12)], one-way shear failure of footing
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[9(13)], two-way shear failure of footing [g(14)], flexural failure of footing [g(15)], and crush-

ing of expansion bearing [g(16)] (Estes & Frangopol 1999). Alternatively, finite element models
can be used to analyze the effects of different failure modes to system failure (Imam et al. 2012;
Saydam & Frangopol 2013). For instance, Imai & Frangopol (2002) established a series-parallel
system model for a suspension bridge (Honshu Shikoku Bridge, Japan) based on nonlinear finite

element models.
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Figure 15: System model of a girder bridge [adapted from Estes & Frangopol (1999)]

Apart from defining the system model, another important factor for determining system relia-

bility is the correlation among different failure modes (i.e. element failures) (Estes & Frangopol
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1999; Zhu & Frangopol 2012). For a bridge, the load-carrying capacities of different structural
members are likely to be correlated due to their similar materials and construction process. Sim-
ilarly, the loading effects in the structural members are very probable to be highly correlated,
especially in the case of vehicle loads where the loading effects are caused by one or a set of
heavy vehicles passing the bridge and are thus nearly fully correlated. Therefore, the element
failures in a bridge system are also correlated. In general, direct evaluation of correlation among
random variables representing the element failure is difficult. Nevertheless, this correlation can
be implicitly considered by the coefficients of correlation between random variables (R’s or S’s)
in different element limit state functions. The precise evaluation of system reliability usually re-
quires carrying out Monte Carlo simulation, which is not always viable due to the low failure
probabilities of civil engineering structures. Nevertheless, the system reliability with correlated
failure modes can be approximated based on the reliability bounds of series, parallel, and series-
parallel systems (Estes & Frangopol 1998). Using this approach, RELSYS (RELiability of SYS-
tems), a Fortran 77 computer program, was developed at the University of Colorado at Boulder
based on the Ditlevsen bounds of system failure probabilities (Ditlevsen 1979; Estes &
Frangopol 1998; Estes & Frangopol 1999). The program is currently available at the Computa-
tional Laboratory for Life-cycle Structural Engineering at Lehigh University. For systems with
large numbers of elements (high dimensional problems), narrower bounds of system failure
probabilities can be used to improve the quality of the approximated system reliability (Song &
Der Kiureghian 2003; Song & Kang 2009). For different system models, the system reliability
can be lower (as in series systems) or higher (as in parallel systems) than the element reliability.
In order to obtain a consistent level of safety for different bridges, the element target reliability
should be adjusted according to the system model and the correlation condition. Target reliabil-
ity indices of elements in different system models and with different correlation conditions have
been calculated for typical bridge system models (Zhu & Frangopol 2014b). The ultimate goal
is to achieve a consistent level of reliability for different systems (e.g. the system reliability in-
dex fBss = 3.5). These element target reliability indices can be used in load testing. Brittle or
ductile behavior after element failure can lead to very different load redistribution paths within a
system and thus affect the system reliability (Enright & Frangopol 1999). The effect of post-
failure behavior has been extensively studied primarily by using event tree models (Zhu &
Frangopol 2014a; Zhu & Frangopol 2015).

5 LIFE-CYCLE COST CONSIDERATIONS

As mentioned previously, the reliability of a bridge decreases in its life-cycle due to various
deterioration mechanisms. Therefore, inspection, structural health monitoring, and/or timely

maintenance actions must be performed to ensure structural safety in the service life (Frangopol
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& Soliman 2016). All these actions will bring in additional life-cycle maintenance costs. Figure

16 shows the evolution of life-cycle performance in terms of reliability index as well as life-cy-

cle maintenance cost under a generic deterioration process and multiple maintenance actions. In

Figure 16, two types of maintenance actions are illustrated. If a maintenance action is proactive

and implemented before the reliability threshold is reach, it is usually referred to as a preventa-

tive maintenance action (Frangopol et al. 1997). Alternatively, if a maintenance action is reac-

tive as a result of the violation of a prescribed reliability threshold, such an action is called an

essential maintenance action (Frangopol et al. 1997). Usually, the maintenance cost of an essen-

tial action is higher than that of a preventative action. Figure 16 shows the growth of life-cycle

cost with respect to the service time. In general, the life-cycle cost of a bridge can be expressed

as (Frangopol et al. 1997)

Clife = Cini + Z
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where Cipi is the initial cost; N; is the number of maintenance actions; t; and C.; are the time and

the cost of the ith maintenance action, respectively; Ns is the number of inspection actions; tj and

Cs, are the time and the cost of the jth inspection action, respectively; r is the discount rate of

money; and Cr.il is the expected failure cost.
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As discussed previously in Section 2, proof load testing provides useful insight into the load-
carrying capacities of bridges. In essence, load testing plays a similar role as that of an inspec-
tion action. The information obtained from load testing can be used to adjust life-cycle mainte-
nance plans. For the two cases mentioned in Section 2, Figure 17 shows schematically the corre-
sponding changes in essential maintenance schedules and their associated life-cycle
performance and life-cycle maintenance cost. Since load testing can induce additional cost into
the total life-cycle cost, the time and technique used in the testing should be optimized in the
life-cycle of a bridge so that the life-cycle cost can be minimized. In Eq. (12), the initial cost Cini
is fixed in cases where the load testing is planned for an existing bridge. In addition, for reliabil-
ity-based planning, the expected failure cost (i.e. the failure risk) can be excluded from the plan-
ning process based on the fact that the failure risk is considered tolerable as long as the reliabil-
ity target is satisfied and that the decision-makers are indifferent to the further decrease of this
tolerable risk. Otherwise, risk-based planning is needed. Therefore, minimization of total life-
cycle cost in reliability-based load testing planning is equivalent to the minimization of life-cy-

cle maintenance cost.
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Figure 17: Life-cycle performance (in reliability index) and life-cycle maintenance cost after load testing

based on different cases of testing results.

29



It should be noted that the occurrence of Case A (i.e. proof load is reached) or Case B (i.e.
stop criterion is reached) in Figure 17 is not known a priori in the planning phase of load testing.
Therefore, optimization of load testing plans must be conducted in a preposterior manner (Ang
& Tang 1984). Such approaches have been used to optimize inspection plans of various civil
and marine structures under different deterioration mechanisms (Kwon & Frangopol 2011; Kim
& Frangopol 2012; Kim et al. 2013; Soliman et al. 2016). For load testing planning, an illustra-
tive decision-tree model can be established as shown in Figure 18. The reliability-based load

testing planning can be formulated as the following optimization problem:
Given

Bridge model, deterioration model, and models for preventative and essential maintenance

actions,
Find
Time and technique of loading testing in the life-cycle of the bridge
So that
The total life-cycle cost is minimized
Subjected to

(a) that the lowest reliability index of the bridge in its life-cycle is higher than the reliability
target,

(b) the budget for load testing, and

(c) the budget for maintenance actions
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Find point-in-time ¢ to conduct load testing, so that the expected life-cycle maintenance cost
C;(t) including load testing is minimized and is smaller than that without load testing [i.e. Cy(0,t;)]
Note:  ps(t) = probability of reaching proof load at time t;

pe(t) = probability of reaching stop criterion at time t;

Ca(t, t;) = cost of revised maintenance plan from t to t; given Case A;

Cp(t,t;) = cost of revised maintenance plan from t to t; given Case B;

Cy(0,t) = cost of initial maintenance plan up to time t.

Figure 18: Decision-tree model for load testing planning.

The aforementioned reliability-based planning can be extended further to risk-based planning
by considering the consequence of structural failure. Risk is herein defined as the product of
failure probability and the associated failure consequences, as represented by the following

equation:

Rf = pf 'Cf (13)

where Ry is the failure risk; pr is the failure probability; Cs is the failure consequences. The dif-
ference between reliability-based and risk-based planning is that the former uses a reliability tar-
get to implicitly regulate the tolerable risk, while the latter explicitly calculates the risk value
and treats it as a part of the optimization objective or a separate objective overall. Usually the
failure consequences are measured or converted to monetary value. For a bridge structure, the
consequences of bridge failure include the direct cost of reconstruction and the social cost borne
by traffic users in the form of economic losses due to extra travel time and extra travel distance
(Deco & Frangopol 2011).

The obtained risk value can be considered as a separate objective, thereby forming a bi-objec-
tive optimization that simultaneously minimizes the life-cycle failure risk and life-cycle mainte-
nance cost. The results of this bi-objective problem can be presented in a Pareto front which

represents the optimal compromises between these two objectives. Alternatively, the life-cycle
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failure risk can be considered as failure cost and be added to the total life-cycle cost. As ex-
pected, with increasing budgets for load testing and maintenance, the failure risk is likely to be
reduced. Figure 19 shows the qualitative relation between budgets and risk. It can be seen from
Figure 19 that by using risk-based planning, the optimal budget for reducing total life-cycle cost

can be determined.

Life-cycle cost

Maintenance
cost

Failure risk

.
»

‘ Optimal budget Maintenance cost

Figure 19: Determination of optimal budget for maintenance

Bridge failure can have dire impacts in economic, social, and environmental terms. Not all
these consequences can be expressed in monetary value. The utilities of economic, social, and
environmental impacts in the decision-making process are largely governed by the risk percep-
tions and risk attitudes of stakeholders. Therefore, a sustainability-informed approach for risk
assessment and risk-based planning has been advocated in recent studies (Dong et al. 2013;
Bocchini et al. 2014; Sabatino et al. 2015; Liu et al. 2018). Garcia-Segura et al. (2017) showed
that life-cycle maintenance plans optimized based on economic or environmental objectives can
hold very different outlooks due to the different time values of economic and environmental
consequences. Sabatino et al. (2016) introduced multi-attribute utility theory (MAUT) into sus-
tainability-informed risk-based planning to (a) convert consequences of different units to a con-
sistent utility value in the range of [0, 1] and (b) combine economic, social, and environmental
consequences to a sustainability utility value based on risk attitudes of decision makers. MAUT-
based frameworks for life-cycle management have been proofed to be an effective tool to har-
monize the economic, social, and environmental aspects of sustainability (Dong et al. 2015;
Sabatino et al. 2016; Yang & Frangopol 2018).

6 SUMMARY AND CONCLUSIONS

This chapter discusses load testing from the perspective of structural reliability. In a proof
load test, the applied target proof load results in a certain load effect. If the structure can with-

stand the applied load without signs of distress (and the proof load test is successful), it has been
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shown experimentally that the structure has a capacity that is larger than or equal to the load ef-
fect caused by the applied load. As such, the probability density function of the resistance at the
considered cross-section can be truncated at the level of the load effect caused by the applied
load, and the reliability index can be recalculated. Alternatively, the target proof load to demon-
strate a certain reliability index can be found by applying these principles. This reliability index
is lower for existing structures than for new structures. Taking into account as well the dimen-

sion of time and the effects of degradation, the optimum time for a load test can be determined.

This chapter contains two examples of proof load tests for which the target proof load was
determined as a function of the target reliability index that the load test should demonstrate. For
viaduct De Beek, the target proof load was determined a posteriori and for the Halvemaans
Bridge, the target proof load was determined a priori. For viaduct De Beek, a flexure-critical re-
inforced concrete slab bridge, no traffic information is available. Recommendations from the
JCSS Probabilistic Model Code are used to determine the probability density functions of the
acting bending moment and the bending moment resistance. The example shows the need for
recommendations on the assumptions for the coefficient of variation that can be used in simpli-
fied analyses for the determination of the target proof load when no traffic information is availa-
ble. The example of the Halvemaans Bridge, a flexure-critical reinforced concrete slab bridge,
shows that weigh in motion data can be used to develop a cumulative distribution function of
the load effect, and how this information can be used to derive the target proof load. When traf-
fic information is available, or can be estimated with reasonable assumptions, the presented

method can be followed to determine the target proof load.

The concepts in the first half of this chapter are based on an analysis at the element level, and
based on a sectional analysis. It is more realistic to consider the bridge in its entirety and calcu-
late the systems reliability, or to even consider the bridge as part of the entire infrastructure net-
work by determining the measures (including load testing) that should be taken during the life-
cycle of the bridge to minimize the cost (economic, environmental, and social). To consider the
bridge in its entirety, systems reliability considerations are required. The failure mode of the
system needs to be determined by analyzing the system based on the system type (series, paral-
lel, or a combination of series and parallel), based on judgement and experience of bridge engi-
neers, or based on nonlinear finite element models. In principle, the correlation between failure
modes (correlation of capacity for different failure modes and correlation of loading effects)
should be taken into account. Such considerations require a large computation effort. When the

systems reliability index is a constant and known value, depending on the structural system and
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correlation between failure modes, the target reliability index of each element can be deter-
mined. The target reliability index of the elements can then be used to determine the target proof

load to be used during a load test to demonstrate the required systems reliability index.

When load testing is considered from a life-cycle perspective, the goal is to minimize the life-
cycle cost of the structure by including actions such as maintenance, inspections, and load test-
ing. Depending on the outcome of a load test, the life-cycle maintenance plan of a given struc-
ture may need to be adjusted. Life-cycle cost optimization calculations can also be used to deter-
mine the optimal time during the life of a structure for a load test. This minimized cost should

encompass the economic, environmental, and social cost.
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