
 
 

Delft University of Technology

Multi-level decision-making strategy for preparation of proof load and failure tests

Lantsoght, Eva Olivia Leontien; Yang, Yuguang; van der Veen, Cor

DOI
10.1016/j.engstruct.2021.113672
Publication date
2022
Document Version
Final published version
Published in
Engineering Structures

Citation (APA)
Lantsoght, E. O. L., Yang, Y., & van der Veen, C. (2022). Multi-level decision-making strategy for
preparation of proof load and failure tests. Engineering Structures, 252, 1-15. [113672].
https://doi.org/10.1016/j.engstruct.2021.113672

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.engstruct.2021.113672
https://doi.org/10.1016/j.engstruct.2021.113672


Engineering Structures 252 (2022) 113672

Available online 5 December 2021
0141-0296/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Multi-level decision-making strategy for preparation of proof load and 
failure tests 

Eva Olivia Leontien Lantsoght a,b,*, Yuguang Yang a, Cor van der Veen a 

a Concrete Structures, Delft University of Technology, Stevinweg 1, 2628CN Delft, The Netherlands 
b Universidad San Francisco de Quito, Diego de Robles y Pampite, Sector Cumbaya, EC 170157 Quito, Ecuador   

A R T I C L E  I N F O   

Keywords: 
Assessment 
Bending moment 
Collapse testing 
Concrete bridges 
Existing bridges 
Failure testing 
Finite element modeling 
Load testing 
Shear 

A B S T R A C T   

Load testing and in some cases failure (or collapse) testing of bridges is a method to learn more about the 
behaviour of full-scale bridges in site conditions. Since such experiments, especially failure tests, are expensive, 
an extensive preparation of these tests is important. This paper addresses the question of when a bridge is a good 
candidate for a load test or a failure test. To answer this question, a multi-level assessment methodology is 
developed. The proposed method includes a decision tree that helps users decide which method should be used to 
reach the desired level of accuracy. These procedures are followed to carry out an assessment based on the load 
and resistance models and factors from the code, as well as to estimate the maximum required load in a collapse 
test based on average values and a single tandem. The procedures are illustrated with the case of the Nieuwklap 
Bridge in the province Groningen, the Netherlands. The multi-level analysis showed that testing the Nieuwklap 
bridge would most likely not result in a shear failure, and thus the test would not meet the goals of a collapse test 
in shear, which would provide valuable research insights. On a more abstract level, the result of this research is 
the development of a multi-level decision-making procedure that can be used to evaluate if a field test should be 
planned and can meet the identified goals.   

1. Introduction 

Three types of load tests on bridges can be distinguished: diagnostic 
load test, proof load tests, and failure tests [1]. Diagnostic load tests can 
be used to verify prior to opening if a new bridge behaves as it was 
designed [2], and for existing bridges diagnostic load tests can be used to 
update the analytical models that are used for the assessment with field 
measurements [3–5]. In a proof load test, the bridge is subjected to a 
load that corresponds to the factored live load or the factored live load 
combination. If the bridge can withstand this load without signs of 
distress, the test demonstrates that the bridge fulfils the code re-
quirements [6,7]. In failure tests, the load is increased until irreversible 
damage or collapse occurs [8]. As such, failure tests are the only tests 
that give information about the (lower bound of the) ultimate capacity 
of a bridge, and can be used to study the system behaviour of bridge 
structures [9] or to learn about the behaviour of an entire subset of 
bridges [10]. Experiments on members taken from existing bridges can 
also give valuable information [11–13], but do not give insight in the 
system behavior. 

Failure tests [14] and high-magnitude load tests [15,16] on concrete 
bridges are not routine tests. They typically fit within research projects, 
require the availability of a functionally obsolete bridge for testing, and 
are expensive. An overview of failure tests on concrete bridges from the 
literature is given in Table 1. As Bagge [8] pointed out, there has been 
little transfer of knowledge from one collapse testing project to the 
other, and the same mistakes are often repeated. In 28% of all the failure 
tests analysed by Bagge [8], a different failure mode occurred during the 
test than expected. This observation highlights the importance of an 
extensive preparation of bridge tests. 

A subset of bridges that is the topic of research in the Netherlands are 
the reinforced concrete slab bridges [17]. Upon assessment, these 
bridges often rate insufficiently for shear, whereas upon inspection no 
signs of distress are observed [18]. This discrepancy is explained by the 
fact that according to the governing code NEN-EN 1992–1-1:2005 [19] 
the shear capacity is calculated as the beam shear capacity. The 
expression used to determine the beam shear capacity is an empirical 
expression derived from a statistical analysis of shear tests on beams 
[20,21]. The majority of the beams in the database [22] used to derive 
the empirical expression are heavily reinforced, small and slender beams 
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tested in three- or four-point bending. In slabs, transverse redistribution 
leads to a higher capacity, not included in the beam shear capacity 
expression, and traditionally not considered in the assessment [23,24]. 
In addition. because of the large inherent uncertainty on shear failure, 
design equations lead to a lower shear resistances compared to ductile 
failure modes [20,25]. 

For the assessment of reinforced concrete slab bridges, a framework 
using different Levels of Approximation has been developed over the 
past years in the Netherlands [59]. The philosophy of using Levels of 
Approximation was first introduced in the 2010 edition of the fib Model 
Code [60], see Fig. 1. For increasing Levels of Approximation, the ac-
curacy of the prediction increases, as well as the computational time and 
effort. Other applications of using multi-level assessment methods 
include an application to deck slabs [61,62], as well as the approach for 
assessment used in France [63], Switzerland [64,65], Austria [11], 
Germany [66,67], and Sweden [68]. Decision-making strategies for 
bridge structures are discussed in [69] from a life-cycle cost point of 
view, and these strategies focus increasingly on minimizing the use of 
resources and a reduction of the carbon footprint, which often translates 
into strategies for extending the service life of existing infrastructure. 

Nomenclature 

av clear shear span (face-to-face distance between the load 
and the support) 

b width 
dl effective depth to longitudinal reinforcement 
fck characteristic concrete cylinder compressive strength 
fcm average concrete compressive strength determined on core 

samples 
fcm,cylinder average concrete cylinder compressive strength 
ftm mean tensile strength of steel 
fyd design yield strength of steel 
fyk characteristic yield strength of steel 
fym mean yield strength of steel 
k size effect factor 
mEd design bending moment per meter width under factored 

load combination 
mE mean bending moment per meter width under load 

combination applied in test 
mRd,c design bending moment capacity 
mR,c mean bending moment capacity 
my mean yielding moment of the cross-section determined by 

yielding of the tension steel 
mu mean ultimate bending moment capacity determined by 

crushing of the concrete 

vEd design shear stress under factored load combination 
vEd,x design longitudinal shear stress under factored load 

combation 
vE mean shear stress under load combination applied in test 
vmin lower bound of the design shear capacity 
vRd,c design shear capacity 
vR,c mean shear capacity 
As area of reinforcement steel 
CRd,c factor to determine shear capacity 
E factored load effect 
Pbending maximum load in test that is expected to cause a bending 

moment failure 
Pshear maximum load in test that is expected to cause a shear 

failure 
Pyielding maximum load in test that is expected to cause yielding of 

the reinforcement steel 
R factored resistance 
UCbending Unity Check for bending moment 
UCshear Unity Check for shear 
γc material factor for concrete 
γDC load factor for selfweight 
γDW load factor for superimposed dead load 
γLL load factor for live load 
ρly longitudinal reinforcement percentage  

Table 1 
Overview of failure tests on concrete bridges from the literature.  

Reference Bridge name Bridge type Failure mode 

[26] Barr Creek reinforced concrete slab 
bridge 

Bending 
moment 

[27,28] Niobrara River reinforced concrete slab 
bridge 

Bending 
moment 

[29,30] Batavia bridge reinforced concrete slab 
bridge 

Punching 

[31] ND-18 reinforced concrete slab 
bridge 

Bending 
moment 

[32] LIC-310–0396 box girder bridge Bending 
moment 

[33–35] Kiruna bridge prestressed girder bridge Punching +
shear 

[36–40] Örnsköldsvik 
bridge 

through girder bridge 
(strengthened) 

Shear 

[41] East Meng Jiang 
Nu 

prestressed hollow core 
slabs 

Bending 
moment 

[42–44] Nanping tub girder bridge Bending 
moment 

[45] Stony Creek concrete deck on steel 
girders 

Yielding of steel 
girders 

[46] Huning 
Expressway 

box girder bridge Bending 
moment 

[15] Rosmosevej open T-beams Bending 
moment 

[10,47–53] Ruytenschildt 
Bridge 

reinforced concrete slab 
bridge 

Bending 
moment 

[9,54] Vechtbridge prestressed girder bridge Shear +
punching 

[55–58] Hammelburg 
Bridge 

prestressed girder bridge 
(with saw cut) 

Shear  

Fig. 1. Principle of Levels of Approximation. Figure reused from [59] with 
permission from Wiley. 
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2. Proposed multi-level assessment and decision-making 
procedures 

For failure tests, extensive preparations are recommended (also 
pointed out by Bagge [8]). The preparations [70] are necessary to 
evaluate the failure mode, and to define the goals and verify if the 
proposed test and test methods can be used to meet these goals. Failure 
tests are expensive and time-consuming, so that a thorough preparation 
is key. This paper proposes a multi-level methodology that can be fol-
lowed when evaluating the feasibility of a failure test. The proposed 
procedures are illustrated for the case of the Nieuwklap bridge, a rein-
forced concrete slab bridge in the province of Groningen in the 
Netherlands. 

Fig. 2 shows the presented method in the form of a flowchart. The 
first step in the procedure is to clearly define the goals of the collapse 
test, and to evaluate if the available information is sufficient. If all 
required information is available or has been collected or measured, a 
double approach is followed. 

On one hand, a multi-level assessment procedure is carried out (see 
Fig. 3), to carry out the assessment of the bridge according to the code 
regulations at multiple levels. All calculations use load and resistance 
factors. The results of this part of the analysis are the Unity Checks and 
the failure mode according to assessment procedures. The Unity Check is 
defined as the ratio of the factored load effect to the design capacity, UC 
= E/R. If the Unity Check UC ≤ 1, the considered cross-section fulfils the 
code requirements for the considered safety level. Note that in the 
Netherlands for existing structures, different safety levels with different 
associated reliability indices are defined in the code NEN 8700:2011 
[71] and the guidelines for the assessment of bridges “Richtlijnen 
Beoordeling Kunstwerken” (RBK) [72], see Table 2. 

The multi-level assessment method focuses in detail on the failure 
mode, as Bagge [8] noted that in a number of reported collapse tests, the 
failure mode in the field did not correspond with the predicted failure 
mode. In particular, information about the failure mode can lead to the 
step of “structure may not be interesting for testing”. Flexural capacity is 
rather straightforward to determine, so bridges that are identified as 
flexure-critical may not be interesting for a collapse test. Other reasons 
to identify that the bridge may not be interesting for testing are, for 
example, a structurally determinate system without the ability to 
redistribute load, so that limited information about the system behavior 
can be obtained. 

Parts of the steps in this procedure may already be available in the 
documentation of the bridge. The reader should note that a preliminary 
assessment may be available, and such a preliminary assessment may 
have resulted in the interest of the bridge owner in testing the bridge. 
Depending on the level of detail involved in the preliminary assessment, 
(part of) this information may be used for the multi-level assessment 
procedure. However, for the preparation of the test, it is good practice to 
develop at least a linear finite element model. When a non-linear finite 
element model is used, a safety format should be chosen and applied, or 
several safety formats can be compared [73–75]. 

On the other hand, a multi-level prediction procedure is carried out 
(see Fig. 4). All calculations use mean material properties and all load 
and resistance factors are taken as equal to one. The applied load during 
the test replaces the live load model. The results of this part of the 
analysis are the maximum load that is expected to cause failure, and the 
expected failure mode, which can change as different positions for the 
test load or different test load configurations are explored. The nonlinear 
finite element models here have as their goal to predict the behaviour of 
the bridge during the test as accurately as possible. When there are 
uncertainties regarding parameters, the effect of varying these param-
eters on the expected outcome during the test can be evaluated. Note 
that the capacity models from the code may be overly conservative, such 
as for the case of the shear capacity of reinforced concrete slab bridges 
[77] or post-tensioned girders with low amounts of stirrups [78]. In such 
cases, Level of Approximation III may be necessary to get a better 

estimate of the capacity and failure mode, or simplified calculation 
methods proposed in the literature may be used to replace the capacity 
expressions recommended by the governing codes. 

The flowcharts in Fig. 3 and Fig. 4 show the application of the con-
cepts to a case of a bridge where the goal of the test is to cause a shear 
failure. As such, checks to see if shear failure would occur before flexural 
failure are included in the decision-making strategy. If the test is pre-
pared for a different objective, the user should check the specified 
objective in those steps. 

With the information from the multi-level assessment and prediction 
calculations, the goals of the test have to be evaluated. The test goal can 
follow from an initial assessment, which may indicate insufficient 
resistance in bending, shear, or another failure mode, or it can follow 
from a specific goal as defined by the bridge owner. If the considered 
bridge cannot be used to meet the goals of the test, it is not recom-
mended to pursue a test on the bridge. If the considered bridge is a good 
candidate to meet the goals, the test engineers can proceed with the 
practicalities of the test. The load positions, loading protocols, and 
maximum load are determined together with the sensor plan. After 
taking these decisions, the test engineers and safety engineers need to 
evaluate if it is possible to carry out all activities on site safely. If there 
are concerns regarding the safety of the personnel involved and/or the 
traveling public, then it is not recommended to pursue a test on the 
bridge, as shown as well in Fig. 2. 

Since collapse tests, as well as proof load tests, are costly and time- 
consuming, a careful preparation is necessary. A bridge owner may 
want to select immediately the most refined calculation method to 
prepare a test, but our approach here shows that this choice may not 
always be the wisest for two reasons: 1) a faster and lower level 
approach may already sufficiently answer the questions about whether 
the test would be able to meet the objectives or not, so that more costly 
calculation procedures become unnecessary, and 2) the lower level 
calculations can be used to explore the effect of different test choices, 
such as different loading positions, which can serve to prepare for the 
higher level calculations, and so that the number of higher level calcu-
lations necessary can be optimized. 

3. Description of the Nieuwklap bridge 

3.1. History and general information 

The Nieuwklap Bridge, see Fig. 5, is a reinforced concrete slab bridge 
with 7 spans, designed in 1937 and built in 1941. The original design 
drawings and calculations considered the option of a bridge with five 
spans and the option of a bridge with seven spans. The documentation of 
the option of a bridge with five spans is complete with all drawings and 
the original hand calculations, whereas not all information about the 
option with seven spans is available in the archives. The soil profiles 
resulting from sampling from 1937 are also available, which was 
important for the assessment of the substructure, as well as the risk of 
substructure failure when a high magnitude load is applied to the bridge. 

The Nieuwklap Bridge is part of the Friesestraatweg road between 
Aduarderzijl and Leegkerk and crosses the river Aduarderdiep. The 
Friesestraatweg connects Groningen and Leeuwarden. In 2014 the 
owner decided to demolish the Nieuwklap Bridge in September 2018. 

The most recent inspection is from October 5th 2015 [79]. Corrosion 
is observed on the guide rails, handrails, sheet piles, steel supports, and 
sidewalk. The bottom of the superstructure slab shows damage, see 
Fig. 6. Similar damage is observed at the supports and on the piers. 

3.2. Geometry 

The Nieuwklap Bridge is a seven-span reinforced concrete slab 
bridge of 101 m length in total. The end spans are 11.20 m long and the 
central spans are 14.14 m long. The skewness of the bridge is 8◦. Fig. 7 
shows the numbering of the spans and supports and the longitudinal 
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Fig. 2. Proposed multi-level assessment and decision-making approach for preparation stage of field tests.  
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view of the bridge. The total width is 14.31 m. The width of the car-
riageway is 7.25 m, the width of the sidewalk and edge beam is 1.00 m, 
and the width of the bike lane is 2.53 m. Fig. 8 shows the cross-section of 
the Nieuwklap Bridge. 

3.3. Material properties 

For the superstructure, a concrete with 400 kg cement per m3 was 

used. In spans 1, 2, 6, and 7 core samples are taken. The samples from 
spans 6 and 7 are taken from the carriageway, whereas the samples from 
spans 1 and 2 from the bike lane. The samples from spans 6 and 7 are 
used to determine the concrete compressive strength, and the samples 
from spans 1 and 2 are used to determine the tensile strength of the 
concrete. The average compressive strength of the cores is fcm = 83.29 
MPa with a standard deviation of 7.79 MPa and a coefficient of variation 
of 9.3% determined from 7 cores. The corresponding average cylinder 

Fig. 3. Detail of multi-level assessment from Fig. 2.  
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compressive strength is then fcm,cylinder = 68.30 MPa using the conversion 
factors recommended in the Netherlands [80] and the characteristic 
compressive strength is fck = 60.30 MPa. The average spilling tensile 

strength of the concrete is 5.15 MPa (standard deviation = 0.61 MPa, 
coefficient of variation = 11.9% based on 7 cores). The relation between 
tensile and compressive strength of the concrete is as expected. In some 
existing bridges, low tensile strengths are found [81], which raises 
concerns for the shear capacity. For the Nieuwklap Bridge, that is not the 
case. 

The maximum size of the aggregates was about 31.5 mm. In some 
historical bridges, even larger sizes of coarse aggregates were used, but 
the observations on the core samples show that this is not the case for the 
Nieuwklap Bridge. 

No information is available about the reinforcement steel, and no 
samples of the reinforcement steel have been tested yet. Given the time 
period of construction, it is expected that either QR22 or QR24 steel was 

Table 2 
Considered safety levels governing in the Netherlands [72,76].  

Safety level β Ref period γDC γDW γLL 

Eurocode Ultimate Limit State  4.3 100 years  1.25  1.35  1.50 
RBK Design  4.3 100 years  1.25  1.25  1.50 
RBK Reconstruction  3.6 30 years  1.15  1.15  1.30 
RBK Usage  3.3 30 years  1.15  1.15  1.25 
RBK Disapproval  3.1 15 years  1.10  1.10  1.25 
Eurocode Serviceability Limit State  1.5 50 years  1.00  1.00  1.00  

Fig. 4. Detail of multi-level prediction approach from Fig. 2.  
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used. The properties of these steel types are given in Table 3. For the 
calculations, QR22 is assumed, and for a few cases, QR24 is studied as a 
variation. The properties of historic steel qualities are prescribed in the 
Dutch Guidelines for the Assessment of Bridges (RBK – Richtlijnen 
Beoordeling Kunstwerken [82]). A top view of the reinforcement in 
spans 1 and 2 is shown in Fig. 9, with the section at midspan in Fig. 10, 
the section over the support in Fig. 11, and a section in the longitudinal 
direction showing the detailing of the bars in Fig. 12. The bottom 
reinforcement in span 1 consists of following layers: 30 ϕ 25 mm, 14 ϕ 
25 mm, 32 ϕ 25 mm, and 16 ϕ 25 mm. The resulting reinforcement area 
is 6229 mm2/m and the reinforcement ratio is 1.06%. In span 2, the 
bottom reinforcement consists of 30 ϕ 25 mm, 32 ϕ 25 mm, and 30 ϕ 25 
mm, so that the area is 6229 mm2/m and the reinforcement ratio 1.08%. 
The top reinforcement over the support consists of the following layers 
of steel: 34 ϕ 25 mm, 34 ϕ 25 mm, 30 ϕ 25 mm, and 36 ϕ 25 mm. The 
resulting reinforcement area is 9073 mm2/m and he reinforcement ratio 
is 1.5%. Further details of the plans can be found in the report of this 
study [83]. 

3.4. Test objectives 

The Nieuwklap bridge is a reinforced concrete slab bridge which 
became available for a possible collapse test, as the bridge was sched-
uled for replacement. Many reinforced concrete slab bridges in the 
Netherlands are found to be shear-critical upon assessment [84]. Past 
laboratory research [77,85] focused on identifying the sources of addi-
tional capacity in slabs failing in shear under concentrated loads as 
compared to beams. However, the findings had not yet been confirmed 
with a failure test of an actual reinforced concrete slab bridge in shear. 

As such, a collapse test in shear on the Nieuwklap bridge was interesting 
from a research perspective, and to improve the methods of assessment 
of the shear-critical reinforced concrete slab bridges in the Netherlands. 
In addition, all laboratory tests in the past were carried out on straight 
slabs, and there were some concerns with regard to the shear capacity of 
skewed slabs. In skewed slabs, stresses are concentrated in the obtuse 
corner and the transverse distribution found in straight slabs may not be 
valid anymore. 

4. Numerical model 

For the Level of Approximation II calculations (assessment and pre-
diction), a linear finite element model is developed in Scia Engineer 17 
[86]. The variable thickness (see Fig. 9c and d) is simplified to a constant 
thickness of 650 mm. Ideal support conditions are assumed. Fig. 13 
shows an overview of the model. The element size is 200 mm, so that the 
resulting mesh contains 16,300 nodes and 15,925 2D elements. The 
element type is Mindlin element, which includes the shear force defor-
mation, and is the standard element for plates in Scia Engineer. 

The carriageway width is 7.25 m, which results in 2 notional lanes of 
3 m wide and a remaining area. The loads in the model are the self- 
weight (determined directly by the model), the superimposed dead 
load from the asphalt (assuming a layer of 12 cm), and the live loads. 
The first lane with the heavier loads is assumed in the obtuse corner 
[87,88], which is the critical situation for shear. 

For the assessment calculations, the live loads of NEN-EN 
1991–2:2003 [89] Load Model 1 are used. This Load Model consist of 
a uniformly distributed load of 9 kN/m2 in the first lane, a uniformly 
distributed load of 2.5 kN/m2 in the second lane, a pedestrian load of 5 
kN/m2, a distributed load on the remaining area of 2.5 kN/m2, a tandem 
with two axles of 300 kN in the first lane, and a tandem with two axles of 
200 kN in the second lane. The wheel prints of the tandem are 400 mm 
× 400 mm, which is distributed under 45◦ vertically to the centerline of 
the slab because a linear finite element model is used. Therefore, a wheel 
print of 1050 mm × 1050 mm is used in the model. All details of the 
calculations are given in the background report [83]. 

For the prediction calculations, the live load is replaced by a single 
proof load tandem for which the maximum load is sought. The position 
of the proof load tandem is taken as the position of the first design 
tandem in the configuration of the design tandem that results in the 
largest load effect (i.e., the largest bending moment). The load factors 
are taken as equal to 1. The maximum load on the proof load tandem is 
determined for which the sectional moment reaches the bending 
moment capacity, and for which the sectional shear reaches the shear 
capacity. 

Fig. 5. Google Maps view of Nieuwklap Bridge.  

Fig. 6. Damage to the bottom of the reinforced concrete slab.  
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5. Multi-level assessment of the Nieuwklap bridge 

5.1. Level of Approximation I 

The multi-level assessment and prediction models are used to study if 
a collapse test for shear can be carried out in spans 1 and/or 2 of the 
Nieuwklap bridge. These spans are selected, as they are not over water, 
which would make instrumentation more practical. For Level of 

Fig. 7. Geometry of Nieuwklap Bridge: (a) top view with numbering of spans and supports, (b) longitudinal view of symmetric half of bridge, (c) detail of longi-
tudinal view for span 1, (d) detail of longitudinal view of span 2. Units: mm. 

Fig. 8. Cross-sectional view of the Nieuwklap Bridge. Units: mm.  

Table 3 
Properties of QR22 and QR24 steel.   

QR22 QR24 

fyd (MPa) 191 209 
fyk (MPa) 220 240 
fym (MPa) 242 264 
ftm (MPa) 330 360  
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Approximation I, hand calculations or simple spreadsheets are used for 
the assessment of reinforced concrete slab bridges [90]. An example of 
such a simple spreadsheet approach is the Quick Scan [91], which was 
used in the Netherlands for the shear assessment of reinforced concrete 
slabs until 2017. Since for the preparation of field tests on bridges [92], 
linear finite element models are recommended, only the Unity Check for 
shear is determined for LoA I with the existing Quick Scan sheet. 

To determine the maximum sectional shear, the critical position is 
taken by placing the first design tandem at a face-to-face distance to the 

support of 2.5 dl, with dl the effective depth to the longitudinal rein-
forcement [17], which for the geometry of the Nieuwklap Bridge be-
comes av = 1.5 m. The second design tandem is placed in such a way that 
the effective width just reaches the edge of the slab, av = 1.975 m. Note 
that this critical position was derived for straight slabs with a constant 
thickness and constant reinforcement. For the Nieuwklap Bridge, bent- 
up bars are used in the shear-critical region, which may alter the crit-
ical position of the load as these bars may increase the shear capacity. 
From Fig. 12, the shape of these bent-up bars can be seen. These bent-up 

Fig. 9. Top view of longitudinal reinforcement for spans 1, 2, and half of span 3. Dimensions in cm, except for bar diameters in mm.  

Fig. 10. Cross-section in span. Dimensions in cm, except for bar diameters in mm.  

Fig. 11. Cross-section over the support. Dimensions in cm, except for bar diameters in mm.  

Fig. 12. Longitudinal view of reinforcement showing hooks at the end of the longitudinal bars. Dimensions in cm, except for bar diameters in mm.  
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bars differ from the regular bent-up bars between the top and bottom 
reinforcement. Here, they are large hooks, which are not anchored to the 
other layer of reinforcement, so that their efficiency as shear rein-
forcement can be subject to discussion. 

To find the maximum sectional shear, vertical load distribution of the 
wheel prints under 45◦to the center of the cross-section is assumed. In 
addition, to find the maximum sectional shear at the face of the support, 
a 45-degree horizontal load distribution is assumed from the far side of 
each axle of the design tandem to the face of the support. This horizontal 
load distribution determines the effective width in shear, over which the 
applied concentrated load (axles of the design tandem) is distributed 
[93,94]. 

The shear capacity is determined with vRd,c according to NEN-EN 
1992–1-1:2005 [19] and vmin as recommended by Walraven [95]: 

vRd,c = CRd,ck
(
100ρlyfck

)1/3⩾vmin =
1.08k3/2f 1/2

ck

f 1/2
yk

(1) 

The factor CRd,c equals 0.18/γc with γc = 1.5. The material properties 
are determined with fck the concrete cylinder compressive strength and 
fyk the characteristic yield strength of the steel. The size effect factor k is 
determined as: 

k = 1+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
200mm

dl

√

⩽2 (2) 

The reinforcement ratio is determined as: 

ρly =
As

bdl
(3) 

with As the area of the longitudinal reinforcement steel, b the width 
of the cross-section, and dl the effective depth to the longitudinal rein-
forcement. For span 1, As = 6229 mm2/m and dl = 586 mm. For span 2, 
As = 6229 mm2/m and dl = 575 mm. For the initial assessment, fck = 45 
MPa [96] is assumed and QR 22 steel is assumed. The shear capacity is 
then 571 kN/m in span 1 and 563 kN/m in span 2. 

5.2. Level of Approximation II 

To determine the maximum sectional moment, the critical position 
of the design tandems is sought by moving the tandems in their 
respective lanes. For span 1, the critical position for bending moment is 
found with the face of the tandem at 4.148 m from support 1, and for 
span 2 at 17.748 m from support 1. The sectional moment is averaged 
over a width of 3 m [97]. The bending moment capacity is determined 
by using a rectangular stress block, conservatively assuming fcd = 30 
MPa [96] and QR 22 steel. At support 2, As = 9073 mm2/m and dl = 605 
mm. For span 1, mRd,c = 671 kNm/m. For span 2, mRd,c = 658 kNm/m. 
Over support 2, mRd,c = 986 kNm/m. Table 4 and Table 5 show the Unity 

Checks for bending moment in span 1 and span 2, respectively. Since the 
results of RBK Disapproval and RBK Usage are very similar, only RBK 
Usage is included in Table 5. From these results, it can be seen that for 
the RBK Design load combination in span 2, the UC is slightly larger than 
1. 

For the shear assessment, the same critical positions and the same 
shear capacity are used as for LoA I. The peak shear stress is averaged 
over a distance 4 dl in the transverse direction [98]. The results are given 
in Table 6 and Table 7 for spans 1 and 2 respectively. Comparing the 
results of the Unity Checks for bending moment and shear (Table 4 with 
Table 6 for span 1, and Table 5 with Table 7 for span 2) shows that the 
Nieuwklap Bridge is not shear-critical. Comparing the results for Levels 
of Approximation I and II in Table 6 and Table 7 shows that LoA I is more 
conservative (larger UC) than LoA II, as expected. From these assessment 
results, it can be concluded that the Nieuwklap Bridge is not represen-
tative of the shear-critical reinforced concrete slab bridges in the 
Netherlands. However, the second step in the multi-level decision- 

Fig. 13. Overview of linear finite element model.  

Table 4 
Resulting Unity Checks for different Levels of Approximation for bending 
moment, span 1.   

LoA II  
mEd (kNm/m) mRd,c (kNm/m) UC 

RBK Disapproval  564.10  671.41  0.84 
RBK Usage  572.31  671.41  0.85 
RBK Reconstruction  587.65  671.41  0.88 
RBK Design  655.44  671.41  0.98  

Table 5 
Resulting Unity Checks for different Levels of Approximation for bending 
moment, span 2.   

LoA II  
mEd (kNm/m) mRd,c (kNm/m) UC 

RBK Usage  582.49  658.58  0.88 
RBK Reconstruction  598.23  658.58  0.91 
RBK Design  677.61  658.58  1.03  

Table 6 
Resulting Unity Checks for different Levels of Approximation for shear, span 1.   

LoA I LoA II  
vEd,x (kN/ 
m) 

vRd,c (kN/ 
m) 

UC vEd,x (kN/ 
m) 

UC 

RBK Usage  258.08  570.73  0.45  243.14  0.43 
RBK 

Reconstruction  
264.87  570.73  0.46  249.15  0.44 

RBK Design  299.70  570.73  0.53  281.28  0.49  
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making strategy is still necessary: looking at the predictions for an on- 
site test. 

6. Multi-level prediction of behavior during field test of 
Nieuwklap bridge 

For the multi-level prediction of the expected behavior in the 
experiment, all load and resistance factors are taken as equal to 1. Since 
the capacity using levels 1 and 2 is the same, and a linear finite element 
model is recommended for the preparation of field tests [4,5], this 
analysis focuses on the use of the linear finite element model to predict 
the behavior during the field test. The analyses explore the effect of 
using different material properties for the steel (as the type of steel in the 
bridge is unknown), and explore if the bridge would be a good candidate 
for collapse testing if the asphalt layer is removed. 

The resulting bending moment capacity for span 1 is mu = 864.76 
kNm/m and for span 2 mu = 848.17 kNm/m when fcm = 70 MPa is used. 
To analyze if shear failure occurs before yielding of the reinforcement 
steel, the yielding moment is calculated. This value is my = 777.69 kNm/ 
m for span 1 and 762.42 kNm/m for span 2. To determine the mean 
shear capacity, mean material parameters are used in Eq. and CRd,c =

0.15 is used [21], which results in vR,c = 678.70 kN/m for span 1 and vR, 

c = 669.47 kN/m for span 2. 
To find the maximum load that is expected to cause failure during the 

test, the load on the design tandem is determined for which the load 
effect equals the capacity at the section with the largest load effect. 
Table 8 gives an overview of the results from these calculations. The 
results identified with “bending moment” and “yielding” are loads for 
the tandem at the flexure-critical position, where “bending moment” 
indicates that the ultimate moment is reached in the cross-section, and 
“yielding” indicates that the yield moment is reached. The results 
identified with “shear”, “bending moment at 2.5 dl”, and “yielding at 2.5 
dl” are determined for the tandem at 2.5 dl from the face of the support. 
For this position, the maximum load for bending moment and the 
yielding moment is determined to see if shear failure occurs before 
yielding of the steel or before flexural failure. For span 1, the results 
indicate that flexural failure occurs before shear failure. For span 2, 
shear failure can occur before yielding of the reinforcement steel when 
the tandem is placed at 2.5 dl from the face of support 2 (for QR22 steel, 

we expect shear failure for a load of 2490 kN, which is lower than the 
load that would cause yielding of the cross-section at that position, 2972 
kN and then a bending moment failure at 3330 kN). 

For span 2, however, the effect of the bent-up bars should be taken 
into account, see Fig. 12. These bars work as shear reinforcement, and 
are expected to increase the shear capacity significantly. Therefore, the 
analysis is also carried out with the tandem outside of the region in 
which bent-up bars are present, or at 3.5 m from support 2 (14.7 m from 
support 1). This position reflects the behavior of typical reinforced 
concrete slab bridges without shear reinforcement. The results from 
Table 8 show that for this position, flexural failure is expected to occur 
before shear failure. 

The results in Table 8 explore the influence of the reinforcement 
grade (QR22 or QR24). The maximum load required to cause failure will 
increase if QR24 steel is present in the bridge, but the steel grade has no 
influence on the failure mode. The reason why it is important to evaluate 
the effect of a different reinforcement grade is that the effect of the yield 
strength of the steel is different for the flexural capacity and the shear 
capacity. An increase in yield strength of the steel results in an increase 
in the flexural capacity. For shear, the effect is different, and Eq. shows 
that the lower bound of the shear capacity is inversely proportional to 
the yield strength of the steel, so that for higher values of the yield 
strength of the steel a shear failure mode can govern over the flexural 
failure mode. For the Nieuwklap bridge, the calculations show that the 
steel grade does not change the failure mode. 

Moreover, the effect of removing the asphalt layer is studied. Since 
the asphalt layer is a distributed load, removing the asphalt layer will 
require more concentrated load on the tandem to cause failure, which 
could potentially change the failure mode. The results in Table 8 show 
that removing the asphalt layer does not make the bridge more shear- 
critical. 

The linear finite element model can be used to find the load effects 
that are required input for the Extended Strip Model [99,100], a 
plasticity-based model that considers the interaction between one-way 
shear and two-way flexure in slabs under concentrated loads. The 
experience from the failure testing of the Ruytenschildt Bridge teaches 
us that this model gives a good prediction of the maximum load required 
to cause failure [101], with about 20% conservativism. With the 
Extended Strip Model, the value for the maximum load on span 1 be-
comes 4459 kN and 5390 kN for span 2. Taking into account the 20% 
conservativism results in a required load of 6468 kN. Applying such 
large loads in a field test complicates the execution of the test and may 
endanger the safety of the executing personnel. The reason why these 
loads are significantly larger than the loads predicted in Table 8 is 
because the redistribution capacity of reinforced concrete slabs is large, 
which results in higher capacities than predicted with a Level II 
approach. However, the Level II approach is suitable for evaluating if the 
Nieuwklap bridge is a suitable candidate for a collapse test in shear. Both 
the results of the multi-level assessment and the multi-level prediction 
approach show that the Nieuwklap bridge is a flexure-critical structure 
and that a collapse test will not give insight in the shear behavior of 
reinforced concrete slab bridges. 

7. Discussion 

Comparing the results of the two Levels of Approximation shows that 
for both approaches (multi-level assessment and multi-level prediction 
of behaviour), the linear finite element model gives a more accurate 
assessment and predicted. This observation is reflected by the lower 
Unity Checks when using the linear finite element model approach. Both 
approaches also indicated that the Nieuwklap bridge is not shear-critical 
and that the objectives of the test could not be met. 

Since both Levels of Approximation I and II already clearly showed 
that the test objectives could not be met, the third and final Level of 
Approximation was not used. For structures of which the behaviour is 
not captured well by typical design expressions, such as shear-critical 

Table 7 
Resulting Unity Checks for different Levels of Approximation for shear, span 2.   

LoA I LoA II  
vEd,x (kN/ 
m) 

vRd,c (kN/ 
m) 

UC vEd,x (kN/ 
m) 

UC 

RBK Usage  363.90  562.97  0.65  290.13  0.52 
RBK 

Reconstruction  
372.51  562.97  0.66  296.89  0.53 

RBK Design  419.87  562.97  0.75  334.46  0.59  

Table 8 
Overview of results for maximum load that is expected to cause failure in the 
test. All values in kN.   

Case QR22 QR24 no asphalt, QR22 

span 1 Bending moment 1969 2179 2033 
Yielding 1727 1936 1791 
Shear 3547 3376 3617 
Bending moment at 2.5 dl 2276 2518 2348 
Yielding at 2.5 dl 1998 2238 2070 

span 2 Bending moment 1844 2042 1906 
Yielding 1614 1809 1677 
Shear 2490 2362 2564 
Bending moment at 2.5 dl 3330 3640 3362 
Yielding at 2.5 dl 2972 3276 3003 
Shear at 14.7 m 3400 3323 3479 
Bending moment at 14.7 m 2105 2326 2167 
Yielding at 14.7 m 1850 2066 1912  
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reinforced concrete slabs which can exhibit large amounts of transverse 
redistribution, as well as for slab bridges with a large skew angle, 3D 
NLFEA can be recommended to predict the required load in a field test 
and to predict the failure mode. Such analyses have been carried out 
successfully in the past [38,62,102]. However, 3D NLFEA are time- 
consuming and complex. Therefore, it is recommended to combine 
these calculations with simpler linear elastic finite element models and 
hand calculations, and to first evaluate if the simpler approaches can 
already give sufficient insight in the feasibility of the test. 

The novelty of the proposed decision-making strategy is that it shows 
that two paths of calculations are necessary for the preparation of a field 
test: the assessment calculations, as well as prediction calculations. 
Assessment calculations may be available, and may be the initial driving 
factor to decide to load test a bridge. However, the prediction calcula-
tions are necessary as well. The assessment calculations are based on the 
live load model that is used in the code, consisting of a distributed lane 
load and (for the Eurocode) a tandem of concentrated loads in each lane. 
For proof and collapse load tests, this complex load model is often 
simplified into a single tandem load. The result is that the concentration 
of the loads increases, which may favor shear failure modes over flexural 
failure modes. Therefore, the prediction calculations, that focus on 
finding the maximum tandem load to cause failure, should be added to 
the preparation stages of proof and collapse load tests. 

The proposed framework in this article describes the preparation of a 
test that serves one specific goal. If the test would serve multiple ob-
jectives, then the flowchart of Fig. 2 and its associated charts in Fig. 3 
and Fig. 4 should be extended in such a way that all objectives of the test 
are addressed and evaluated. If different test objectives would result in 
conflicting recommendations in terms of the cost-benefit or execution of 
the test, a consensus should be reached with the bridge owner in a 
discussion on the feasibility of the test and its various objectives. 

The case of the Nieuwklap bridge presents a few interesting vintage 
details, as the bridge was designed in the 1930 s. The hooks on the 
reinforcement makes that this bridge has a higher shear resistance than 
the typical shear-critical slab bridges from the 1960 s that are present in 
the Netherlands [17,70]. For the analysis of the Nieuwklap bridge, we 
focused on the reinforced concrete slab. The sidewalk, which had a 
larger stiffness because of its cross-section, and which included stirrups 
in the edge beam, results in larger transverse redistribution. The original 
plan for the collapse test would have been to provide a saw cut between 
the slab and the sidewalk, to eliminate the beneficial effect of the side-
walk. However, analyzing only the slab indicated that the structure was 
not shear-critical. 

The Nieuwklap bridge has a skew angle of 8◦. From the linear finite 
element analyses, it is clear that this small skew angle does not have a 
significant effect on the overall behavior. For reinforced concrete slab 
bridges with skew angles of 15◦ and larger, the skew results in a con-
centration of stresses in the obtuse corner [103,104] as well as a redis-
tribution of bending moment between the longitudinal and transverse 
reinforcement [105]. 

Some uncertainties on the proposed approach relate to the model for 
shear capacity used currently for assessment. Topics that require further 
study to improve the shear capacity expressions are the influence of the 
size effect in shear [24,106–109] and the effect of plain bars on the shear 
resistance [110–112]. These topics are currently being addressed with 
experimental studies, which will improve our understanding of shear 
capacity and will allow us to propose improved formulations for the 
shear capacity that then can be embedded in this multi-level decision 
strategy. 

Drawing from the experience of previous collapse testing in the 
Netherlands [14,54], we identified that a careful preparation of a po-
tential collapse test on the Nieuwklap bridge was necessary. From the 
collapse test on the Ruytenschildt bridge, we learned that achieving a 
shear failure on a reinforced concrete slab bridge may be difficult on site, 
and that the failure mode should be carefully studied prior to the test. In 
an analysis of the bridge after the test, we found that, taking into account 

the considerations discussed in this article, a shear failure would not 
have been likely [49,50]. From the collapse test on the Vecht Bridge 
[54], we learned that sufficient time on site for carrying out all prepared 
experiments may be a limiting factor, and that a careful planning of the 
on-site activities is key to a smooth execution in the field. For this case 
study, we carried out preliminary calculations on the capacity and 
failure mode that are in line with what is described in this article, but in 
a more succinct manner because of the lack of time. These lessons 
learned inspired the initial feasibility study for a potential collapse test 
on the Nieuwklap bridge, and resulted in an informed decision to not 
load test the bridge. 

8. Recommendations for practice 

Previous work on bridge load testing has emphasized the importance 
of a good preparation of the load test to properly evaluate if the test 
objectives can be met [1,4]. However, guidance on how to carry out the 
preparations for a proof load test or a collapse test is often not detailed in 
terms of which preparatory calculations should be carried out. This 
study proposes a multi-level assessment and prediction strategy that can 
be used in the decision-making process for a load test, as shown in the 
flowcharts Fig. 2, Fig. 3, and Fig. 4. This standardized approach can be 
followed to evaluate if a field test can meet the identified goals, and if 
the test engineers should proceed with planning and preparing the test. 
For general load tests, this approach can be used to evaluate if a load test 
is recommended for the evaluation of a given bridge. All levels of 
assessment and predictions may be recommended for the preparation of 
proof load tests when the uncertainties on the expected behavior are 
large. For failure tests, this approach can be used to evaluate if the 
failure test can meet the goals stipulated for the test, and to determine if 
the bridge under study is a good candidate for a failure test. Moreover, 
the decision-making approach includes as well guidance on which steps 
follow in the preparation after the calculation steps, and puts emphasis 
on evaluating safety during the experiment and the site conditions. 

Based on the flowchart in Fig. 2, we can recommend the following 
steps for the preparation of load tests: 

- Gather all required information about the bridge: design calcula-
tions, design and as-built plans, results of material testing, reports 
about changes to the bridge (if any), inspection reports, assessment 
reports.  

- Carry out a multi-level assessment of the structure to find the Unity 
Checks, see Fig. 3. 

- Carry out a multi-level prediction of the maximum load on the tan-
dem during the test to find the governing failure mode and, in case of 
a collapse test, lower bound of the required load to cause collapse, 
see Fig. 4.  

- Evaluate the assessment and prediction calculations to see if the field 
test can meet the stipulated goals.  

- Determine the load application method and loading protocol, as well 
as the sensor plan. 

- Evaluate if the prepared load application method and loading pro-
tocol, as well as the sensor plan are possible under the site conditions.  

- Evaluate if there are no major risks to the personnel and/or travelling 
public.  

- Develop the planning of the on-site activities. 

9. Summary and conclusions 

Careful preparations are essential for load tests. For proof load tests 
and failure tests, the large magnitudes of loads involved in the test make 
this even more important. In this paper, we present a multi-level deci-
sion-making approach for load tests, especially proof and collapse load 
tests. The goal of the multi-level decision-making approach is to identify 
if the objectives of the proposed test can be met. The novelty of the 
proposed method lies in a combination of the assessment calculations 
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that are typically carried out with prediction calculations that aim at 
better understanding the actual conditions during the load test. Both 
approaches are proposed as several Levels of Approximation. 

The proposed decision strategy was applied to the case of the 
Nieuwklap bridge, which was available for a collapse test prior to its 
demolition and replacement. The objective of the test was to cause a 
shear failure in span 1 and/or span 2. Following the multi-level decision- 
making strategy, it was found that this bridge from the 1930 s is not 
representative of the typical shear-critical slab bridges in the 
Netherlands and that the test objective could not be met. As such, using 
the multi-level decision-making strategy resulted in an informed deci-
sion to not continue with the preparation of the test, as the benefit of this 
test and information that could be obtained from the test would not 
justify its cost. 
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