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Abstract

Bridges are instrumented with joints to facilitate free thermal expansion of separate structural elements
and prevent development of internal stresses due to differential settlements of the supports. In the
past, mostly between the years 1960 and 1970, joints were frequently designed as half-joints, which
were easy to construct and automatically maintained a level-running surface on the bridge. Additionally,
half-joints can be implemented outside of the supports, which minimises the magnitude of the sagging
bending moment caused by traffic loads. However, half-joints quickly started displaying signs of degra-
dation, caused by development of a crack in one of the re-entrant corners in combination with water
leakage into the joint. This crack, often buried deep inside the joint, is difficult to inspect, causing the
exact state of the half-joints to often remain unknown. Another way of assessing the structural integrity
of the half-joints of a bridge, is to monitor it using a structural health monitoring (SHM) system.

In this research, the measurement data of the SHM system on the Naardertrekvaart bridge is used to
to evaluate its current state and serve as an early warning system for detecting damage. The SHM sys-
tem, which has been collecting measurement data since 2022, includes inclinometers, displacement
sensors, and temperature sensors. The research consists of an extensive data analysis procedure on
two datasets of the SHM system. The first dataset contains two years of measurement data, obtained at
a low measurement frequency. The second dataset contains one day of high-frequency measurement
data. Next, the structural integrity of the half-joints is inferred from the measurement data using multiple
custom-built FEM models in combination with manual calculations. Based on the outcome of this re-
search, recommendations are provided on SHM systems on other half-joint bridges and improvements
of the SHM system of the Naardertrekvaart bridge are proposed.

Analysis of the deformation of the bridge revealed a distinct dependence on seasonal temperature
changes, presumably caused by hindered thermal contraction of the half-joints. Analysis of high-
frequency measurement data showed that traffic loads significantly affect bridge deformation, with a
substantial portion of rotations occurring from the support platforms’ movement. Differences in rota-
tional behaviour can be observed along the width of the bridge and a stiffness parameter is used to
identify potential damage. A significant variation in stiffness can be observed at specific support loca-
tions, particularly on the east and west sides of support 6. The study highlights difficulties in using the
SHM system to determine the bridge’s state, suggesting improvements such as understanding traffic
load magnitudes, modelling damage effects, and increasing measurement frequency. These adapta-
tions may require cloud storage solutions. Oscillatory measurement approaches on half-joint bridges
can reduce thermal influence sensitivity, mitigate the need for development of a digital twin, and enable
broader monitoring with fewer sensors.
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1
Introduction

1.1. Research Context
The Naardertrekvaart bridge is a bridge on the A1 highway, located near Naarden. As visible in Figure
1.1, the A1 forms an important link in the transportation network of the Netherlands, connecting Ams-
terdam to Enschede, through Amersfoort, Apeldoorn and Deventer [1]. The Naardertrekvaart bridge
was constructed in 1969 and uses spans consisting of longitudinal girders with a compression layer,
which are connected to the supports using half-joints.

Figure 1.1: A1 highway, with the location of the Naardertrekvaart bridge [1]

The half-joint was first introduced by Heinrich Gottfried Gerber, a German engineer, which is why it is
regularly referred to as a Gerber saddle or a Gerber joint [2, 3]. This type of joint uses a nib on the
abutments to support the nib of the spanning beams. A schematisation of a half-joint in a bridge can
be seen in Figure 1.2. The application of half-joints in bridges gained a lot of popularity, mainly in Italy,
because of several advantages [4]. Firstly, a half-joint forms a hinge connection between the support
and the bridge deck. Implementation of a hinge into the structure prevents the development of internal
stresses resulting from differential settlement of the supports [4]. Also, the implementation of a hinge
reduces the size of the structural elements, benefiting prefabrication of longitudinal members, which
helps to improve their quality while reducing construction costs and time [5, 6]. Secondly, the use of
half-joints automatically causes a level-running surface on top of the bridge [2, 6]. Between 1960 and
1990, the half-joint construction system was applied in many bridges in Europe [3, 6]. Currently, over
100 of the bridges in possession of Rijkswaterstaat contain half-joints.

1



1.1. Research Context 2

Figure 1.2: Half-joint principle for reinforced concrete bridges, edited [6]

In the first years of construction of half-joint bridges, engineers had no code provisions to rely on. As a
result, the reinforcement near half-joints was generally detailed similarly to corbels, despite significant
differences in load transfer mechanism, as visible in Figure 1.3. The first investigations on the rein-
forcement detailing of half-joints in literature indicating these differences and showing the importance
of proper reinforcement detailing, date back to the 1970s [7, 8, 9, 10]. These studies mainly indicated
the importance of sufficient anchorage of the longitudinal reinforcement and the need for sufficient
hanger reinforcement (Figure 1.4b) [6]. Research also showed the effectiveness of the application of
diagonal reinforcement bars close to the re-entrant corner (Figure 1.4a) in reducing crack width open-
ing [6]. Although the effectiveness of these types of reinforcement were only documented in literature
after 1970, multiple examples of half-joint bridges from before 1970 can be found where hanger rein-
forcement and diagonal reinforcement was applied [11, 12], indicating that the importance of proper
reinforcement detailing in half-joints was already recognised. Nevertheless, the provided reinforce-
ment in half-joints often turned out to be insufficient. Research performed after 2000 even showed that
the reinforcement detailing prescribed by NEN 6720 until 2004 in the Netherlands provided insufficient
resistance [13, 14, 15, 16].

(a) (b)

Figure 1.3: Load transfer in a (a) half-joint and a (b) corbel [17]

As a result of insufficient reinforcement detailing, crack widths at the location of the re-entrant corner
of the half-joins exceed their design value, causing the reinforcement to be more prone to corrosion.
In addition, the expansion joints, installed at the top of the connection to prevent leakage of fluids into
the half-joints, as visible in Figure 1.2, often showed premature breakage. As a result of this, seepage
of rainwater stimulated corrosion of concrete reinforcement even more, mainly at the lower nib of the
half-joint.

The phenomena mentioned above caused many bridges to show signs of premature degradation. [18,
19]. However, the exact level of degradation of the half-joint often remained unknown, as the inside of
the joint is difficult to inspect and maintain due to its shape. As a result of this lack of maintainability,
several collapses of half-joint bridges have occurred, causing multiple casualties [11, 12].
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(a) (b)

Figure 1.4: Different reinforcement layout approaches for the design of half-joints, edited [6]

In the case of the Naardertrekvaart bridge, damage as a result of water leakage in the joint was first
observed in 1988. From this point on, multiple inspections and repairs have been performed on the
half-joints of the bridge. However, as the spaces in the half-joints are difficult to inspect, there is a lot
of uncertainty about the condition of the concrete and its reinforcement at the location of the joints. To
gain more insight into the structural integrity of the half-joints, in 2021 several types of sensors were
placed at different locations on two of the supports of the bridge. The goal of placing these sensors
was two-fold. Firstly, sensor observations would serve to detect the occurrence of failure mechanisms
right at the time of occurrence. Secondly, as more and more half-joint bridges are at the end of their life
time, findings from the analysis of the sensor data would be used to determine the optimal placement
of sensors on other bridges in the future.

1.2. Research Problem
The monitoring data of the Naardertrekvaart bridge that has been gathered between 2022 and 2024
shows some unexpected behaviour. Many speculations have arisen from multiple stakeholders to ex-
plain the periodic influences and fluctuations, but these speculations can not be confirmed by solely
inspecting the measurement data. Additionally, there is uncertainty of the measurement system’s abil-
ity to detect occurring damage. The early warning system that is active at this moment is mostly data-
based, and uses limited knowledge of the behaviour of the bridge. As a result, this system is not
suspected to function optimally. Therefore, the measurement data of the bridge is in need of interpre-
tation by means of a digital twin. Additional insight into the behaviour of the Naardertrekvaart bridge
can not only boost the effectiveness of its own early warning system, but can also assist the design of
similar systems on other half-joint bridges.

Multiple examples of structural health monitoring systems on half-joint bridges can be found in literature.
Only some of the researches explain to some extent how the measurement data from the SHM setup is
used to develop an early warning system that detects signs of structural degradation. These researches
can be found in Table 1.1. Of these researches, only one describes a complete approach on the use
of measurement data to establish an early warning system, and contains an extensively documented
investigation of the structural mechanisms that occur in half-joint bridges due to different influences in
combination with traffic loads. The limited amount of studies in the field of SHM systems on half-joint
systems in combination with an early warning system reveals a clear research gap.
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Table 1.1: Research Gap Table

Ref Bridge
name/
location

Structure
type

Measured
variables

Sensor locations Data
analysis
approach

Main conclusions

[20] Three-
span
highway
bridge in
Australia

Concrete
girder
bridge,
central
span
supported
on
half-joints

Strain,
acceleration,
video

Strain gauges at
bottom of flanges of
longitudinal girders
in the middle of the
central span. Strain
gauges on the
vertical
strengthening tie
rods.
Accelerometers at
the bottom of some
longitudinal girders.

Data-
driven

Promising parameters to
indicate structural damage in
strain/acceleration SHM are
the maximum strain
response distribution under
specific loading, as well as
neutral axis location. To
estimate the location and
degree of degradation, a
finite element model is
needed.

[21] Six-span
bridge in
Northern
Italy

Concrete
girder
bridge,
partly
simply
supported
and partly
supported
with
half-joints

Inclination,
acceleration

Inclinometers and
accelerometers on
both sides of the
bridge, on several
locations across the
spans as well as on
the piers.

Short-term
data-
driven,
long-term
hybrid

The standard deviation of
the acceleration data is
continuously checked for
anomalies, based on
thresholds determined by
commonly occurring values
over the first three months of
data. Moreover, a long term
analysis of natural
frequencies and modal
shapes is performed through
investigation of power
spectral densities in
combination with a FEM
model. A clear seasonal
influence was detected in the
natural frequencies and
eigenmodes, suspectedly
caused by joint expansion or
contraction due to thermal
expansion of the bridge
deck.

[22] GAD
bridge in
Northern
Italy

Concrete
deck
bridge
using
half-joints

Inclination,
crack
opening, ac-
celerometers

Inclinometers on
the bottom of both
sides of a half-joint.
Crackmeters at the
location of
significant visible
cracks on the sides
of the half-joint.

Initially
data-
driven,
eventually
more
hybrid

Continuous data are
connected to an automatic
notification system,
triggering necessary
protocols. No data analysis
results are documented in
available literature. The book
section by Alovisi et al. [23]
possibly contains more
information, but is
unavailable.

[24] Merone
bridge in
Italy

Concrete
girder
bridge
using
half-joints

Inclination,
displacement,
temperature

Inclinometers on
upper nibs of
half-joints on both
sides of the bridge,
and on piers and
abutments.
Displacement
sensors in the
middle of the spans
and on both upper
and lower nibs of
half-joints.

Data-
driven

The monitoring data of a
limited sized dataset of 30
days indicated significant
correlation between
temperature and
displacement measurements.
No early warning system
was installed.
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1.3. Research Aim and Objectives
This research aims to explain the structural phenomena that seem to govern the measurement data
of the SHM system on the Naardertrekvaart bridge. This knowledge can then be used to provide
recommendations on the early warning system, raising an alarm in occurrence of damage. Furthermore,
the findings can be used to provide recommendations on SHM systems on other half-joint bridges. To
do this, the research will combine the development of multiple numerical models and the application of
data analysis techniques. As part of the aim of this research, several objectives can be defined.

1. Capture hypothesised behaviour of the real structure in one or more numerical FEM models.
2. Estimate their significance through comparison of their effect on the deformation of the bridge

with the measurement data.
3. Estimate the degree of damage of the support platform.
4. Provide a review of the SHM system.
5. Provide recommendations on early warning systems on other half-joint bridges.

1.4. Research Scope
This research aims to explain the measurements of the Naardertrekvaart bridge using multiple tools,
which, due to its distinct shape, might not explain the behaviour of other half-joint bridges. The tools
developed to assess the structural integrity of the half-joints might not be directly applicable on other
half-joint bridges.

The knowledge gained from this investigation is used to provide recommendations on the monitoring
approach and early warning system of the bridge. The results of this case study are used to provide a
general recommendation on the possible SHM approach on other half-joint bridges. This recommen-
dation is purely based on the experiences of this research.

1.5. Research Questions
Main research question:

How can measurements from the active SHM system on the Naardertrekvaart bridge be
used as an indication for the occurrence of degradation?

Subquestions:

1. What are common failure modes of half-joint bridges?
2. What are the causes of occurrence of half-joint bridge failure?
3. Which degradation mechanisms are occurring in the Naardertrekvaart bridge?
4. What other properties of the Naardertrekvaart bridge might differ from its design?
5. How can the differences between the Naardertrekvaart bridge as designed and the bridge in

reality be incorporated by one or more linear-elastic FEM models?
6. How does the Naardertrekvaart bridge as it was designed respond to regular loading?
7. How does the Naardertrekvaart bridge as it is now respond to regular loading?
8. How can the current measurement system be used to raise a warning at the onset of damage?
9. What is the best approach to set up an SHM system on other half-joint bridges?



2
Literature Review

This chapter contains the literature review performed for this research. Section 2.1 contains a review
of literature regarding the degradation of half-joint bridges. Section 2.2 contains a review of existing
literature regarding the loads on concrete bridges. Section 2.3 contains a review of existing literature
regarding structural health monitoring of bridges.

2.1. Degradation of Half-joint Bridges
The half-joint systemmanages to implement a hinge in the bridge deck while maintaining a level-running
surface [2, 6]. This internal hinge prevents the occurrence of internal stressed due to differential settle-
ment of the supports [4]. However, half-joint bridges exhibit significant cracking at the location of the
half-joint, which in some cases can lead to global failure. Section 2.1.1 describes the different possible
failure modes of half-joints. Section 2.1.2 describes the factors that can cause the formation of cracks
at the location of the half-joint. Section 2.1.3 describes the structural degradation mechanisms that can
accelerate the occurrence of failure.

2.1.1. Failure Modes of Half-joints
The load that is exerted on the bridge deck of a half-joint bridge, is transferred to the supports through
the half-joint. When looking far away from the half-joint, the structure can be accurately modelled as
an undisturbed region. However, close to the half-joint, the structure should be considered a disturbed
region, as stress trajectories follow a discontinuous pattern [6, 25]. This can be seen in Figure 2.1. The
stress trajectories show the tensile stresses close to the re-entrant corner, indicating a weak point for
concrete cracking [17].

This weak point can lead to several crack patterns, which can ultimately lead to a failure mode. The
different possible failure modes can be found in Figure 2.2 and Table 2.1. Which failure mode occurs
depends on different factors like dimensions of the half-joint, material properties and reinforcement
detailing [17]. Failure mode 3 and 4 occur most commonly [6].

Figure 2.1: Stress trajectories of uncracked concrete half-joint [17]
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2.1. Degradation of Half-joint Bridges 7

Figure 2.2: Failure modes of concrete half-joints [17]

Table 2.1: Potential failure modes with corresponding mechanisms [17]

Failure mode Failure mechanism
1. Diagonal crack in nib Concrete compressive or tensile strength is

exceeded
2. Direct shear crack Rupture of horizontal rebar in nib
3. Diagonal crack in re-entrant corner Rupture of horizontal rebar,

hanger-reinforcement and/or diagonal rebar
4. Diagonal crack over full depth Rupture of hanger-reinforcement or

inadequate detailing of reinforcement

2.1.2. Underlying Causes of Structural Degradation of Half-joints
The eventual occurrence of one of the half-joint failure modes described above can be caused by multi-
ple degradation mechanisms. At the root of these degradation mechanisms often lies an accumulation
of underlying problems. The most common underlying problems with half-joints, accelerating the oc-
currence of degradation mechanisms, are described in the following sections.

Improper Vertical Reinforcement Detailing
Improper shear reinforcement detailing can reduce the bearing capacity of the half-joint nibs, causing
the formation of large shear cracks, generally starting at the location of a re-entrant corner [5]. To pre-
vent this, vertical reinforcement must be placed sufficiently close to the re-entrant corner [13, 14, 15, 16].
This vertical reinforcement could be provided as stirrups, or as so-called hanger-reinforcement, con-
necting the top and bottom longitudinal reinforcement. To provide the best support for the compression
strut at the location of the support reaction, this hanger reinforcement should be bent into the nib, form-
ing a Z-bar. Formation of a diagonal crack starting from the re-entrant corner can also be prevented
or reduced by diagonal reinforcement close to the re-entrant corner [6, 26]. Vertical and diagonal rein-
forcement should be combined for optimal performance.

Improper Longitudinal Reinforcement Detailing
As mentioned in Section 2.1.1, parts of the structure that lie close to the location of the half-joint should
be regarded as a disturbed region, and therefore the reinforcement should be detailed accordingly
in both sides of a half-joint. In this design, proper anchorage is extremely important [10]. However,
most of the half-joints constructed in the last century had no code provisions to rely on regarding the
reinforcement design of disturbed regions [11]. As a result, anchoring of the longitudinal reinforcement
was often insufficient, consisting of solely straight rebars running to the edge of the half-joint. This was
also the case for the La Concorde overpass, visible in Figure 2.3.

Deviation from Design Reinforcement
Following from the importance of proper reinforcement detailing close to the nibs of the half-joint, devi-
ation from this design can hinder its ability to minimise crack formation at the location of the re-entrant
corner. In several investigations of collapsed half-joint bridges, forensic analysis showed that the con-
structed reinforcement differed from the designed reinforcement [11, 27].
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Figure 2.3: Design reinforcement of the La Concorde overpass [11].

Insufficient Inspection and Maintenance
Due to water accumulation at the location of the re-entrant corner of lower nibs of half-joints, these nibs
suffer the most from deterioration. Due to the small gap inside the joints, sometimes even filled with
filling material, inspection of the lower nib is very difficult. As a result, the exact degree of deterioration
of the half-joints often remained unknown during their lifetime, causing insufficient maintenance to be
carried out [2, 3, 4, 5, 28].

Filling Material in Half-joint Gap
In some cases, the gap inside a half-joint is filled with a filling material, meant to reduce intrusion of
water or other substances. This material not only negatively affects the ability to perform inspections
inside the half joint, but might also affect the behaviour and rotational capacity of the joint [3], possibly
speeding deterioration mechanisms.

Breakage of Expansion Joint
To prevent intrusion of water or other material into the half-joint gap, they are usually instrumented
with expansion joints. Breakage of these joints can occur due to dynamic traffic loads [11, 17, 28, 29].
Additionally, bituminous expansion joints can exhibit breakage due to their increased stiffness during
periods of low temperatures, when the joints need to facilitate thermal contraction of the structural
elements. Breakage of the expansion joints can facilitate intrusion of water into the half-joint, favouring
degradation mechanisms.

2.1.3. Structural Degradation Mechanisms in Half-joint Bridges
In half-joint bridges, several degradation mechanisms can, in combination with the crack formation
mechanisms described above, lead to structural failure. These degradation mechanisms are described
below.

Corrosion of Reinforcement Steel
Corrosion of reinforcement steel is the result of an electromechanical process, which uses iron, water
and oxygen. Initially, the reinforcement bars in concrete are protected against corrosion by a passive
layer, formed due to the high alkalinity of concrete pore water. This layer can be broken either by
carbonation or due to presence of chloride. Carbonation generally causes a very widespread form
of corrosion, resulting in early cracking of concrete and spalling, further exposing the concrete and
favouring the corrosion process. Chloride induced corrosion generally causes a very local attack on the
reinforcement (pitting corrosion), resulting in a very local, significant reduction of effective reinforcement
cross section [30]. As a result, corrosion of reinforcement bars has a significant negative effect on the
strength of a reinforced concrete element [31].

Research shows that corrosion of the hangup and diagonal reinforcement bars close to the re-entrant
corner of the half-joint has great impact on half-joint capacity [5]. This re-entrant corner is also the
location where cracks often initiate due to the localisation of tensile stresses, favouring water and
oxygen ingress.
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Freeze-thaw Deterioration
Another cause of structural deterioration are freeze-thaw cycles. In this process, freezing of capillary
water increases capillary pressure, causing exceedance of tensile strength of the concrete and forma-
tion of cracks [32, 33]. Moreover, half-joints in bridges generally have to endure seepage of water
dissolved with de-icing salts. Although the presence of dissolved de-icing salts mitigates the deteriora-
tion due to freezing of the capillary water by lowering the freezing point of water, it does cause crack
formation due to generation of crystallisation pressure [34].

2.2. Loads on Concrete Bridges
Bridges on highways have to enduremultiple loads, consisting of permanent and variable loads. Perma-
nent loads are the self-weight of the bridge and installations, which are briefly described in Section 2.2.1.
Variable loads on bridges are predominantly caused by traffic and temperature, and are described in
Section 2.2.2 and 2.2.3 respectively.

2.2.1. Self-weight
The self-weight of the bridge members and installations can greatly influence the behaviour of a bridge.
Initially, the self-weight causes deformations in an unloaded state. Moreover, an increasing self-weight
reduces the natural frequencies of a structure, affecting the dynamic behaviour of the bridge [35]. The
self-weight of the bridge should be determined based on construction drawings along with material
properties.

2.2.2. Traffic Loads
Vertical loads of road traffic in the Netherlands can be estimated using weigh-in-motion (WIM) mea-
surements. These measurements are gathered by WIM-stations, implemented into the pavement of
highways, continuously measuring the weight of heavy vehicles. Measurements of a WIM-station lo-
cated in Woerden in the Netherlands, measured an average gross vehicle weight of approximately 20
tons over a time span of 20 weeks in 2005 [36].

The force exerted on a surface by a moving vehicle does not only have a static component, equal
to its self-weight, but also has a dynamic component. This dynamic component causes a fluctuating
magnitude of the exerted force over time. The dynamic component causes the maximum force exerted
by the vehicle to be larger than its self-weight. The dynamic component of the vehicle load can be
caused by multiple phenomena like road surface irregularities, horizontal acceleration, or unbalanced
loading [37]. When estimating traffic loads, a dynamic amplification factor (DAF) should be used to
take into account the additional dynamic component of the vehicle load. Eurocode 1 [38] prescribes
the use of a DAF of almost 1.40, which is a conservative value. Studies show that the actual magnitude
of the DAF depends on the gross vehicle weight, and can take values of close to 1.05 for heavyweight
vehicles [39].

2.2.3. Thermal Loads
Solar radiation and ambient temperature can cause significant variations in average temperature and
temperature gradients along a concrete bridge, especially along the depth of the bridge deck. This
effect is highly non-linear, due to factors like material type, bridge orientation and shading [40]. The
average material temperature is mostly dependent on annual temperature cycles, while temperature
gradient shows similar dependence on both diurnal and annual temperature cycles [41]. Temperature
gradient can impose significant bearing displacement on a bridge [42] and can induce longitudinal
strains larger than those induced by traffic loads [43].

Thermal loads can also influence the dynamic behaviour of bridges, through the shift of natural frequen-
cies. This shift can reach from 0% to 15%, affecting the natural frequencies corresponding to bending
modes more than those corresponding to torsional modes [40]. This frequency shift can be partly ac-
credited to the reduction of elastic modulus of concrete with increasing temperature, which influences
the stiffness of a structure [44]. Another cause of frequency shift could be bridge joint expansion due
to thermal expansion of the bridge deck [21].
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2.3. Structural Health Monitoring of Bridges
With many bridges all over the world reaching the end of their service life, road operators are faced with
the challenge of assessment of their structural safety. This assessment can be performed instantly in
a non-destructive manner, for instance by visual inspections, or in a destructive manner, for instance
by lab-testing of part of the structure. As a non-destructive method, the application of Structural Health
Monitoring (SHM) could be considered, which gives more insight into the behaviour of structures over
time. This method can be particularly useful when visual inspections are difficult to perform. However,
SHM systems are generally expensive to install and maintain, which is why road operators often only
install them on bridges that have a high priority [45].

SHM systems are specifically interesting for half-joint bridges, as visual inspection inside of the half-
joint is immensely difficult. Therefore, SHM systems can provide valuable insights into the behaviour
of the bridge, mitigating the need for destructive measures to assess the condition of the joint.

When a road operator decides that a SHM system will be installed, also decisions should be made
regarding the types of sensors, their location and how to analyse the measured data. Section 2.3.1
describes the options regarding sensor placement. Section 2.3.2 describes the different data analysis
approaches that can be used to interpret the data and devise an early warning system.

2.3.1. Sensor Type and Placement
Upon acknowledging the need for placement of a SHM system on a bridge, there are multiple choices
regarding the types of sensors to place. These sensor types can be placed alongside each other
to create an extensive SHM system that can capture multiple structural phenomena and can provide
redundancy, which enables the assessment of sensor accuracy. The most used SHM sensors can be
divided into three categories [46]:

• Kinematic sensors

– Acceleration
– Velocity
– Displacement

• Mechanical sensors

– Material fatigue
– Local forcing
– Strain
– Corrosion
– Crack detection

• Ambiental sensors

– Wind
– Temperature

The types of sensors to be placed in an SHM system and their locations are highly dependent on the
structural system that needs to be analysed and the structural phenomena that need to be investigated.
As part of a large monitoring andmaintenance initiative, a flow-chart to guide decision making regarding
the safety assessment of transportation infrastructure was developed, for which the lessons of multiple
SHM systems were used [45, 47]. After decision of placement of a SHM system, the flow-chart advises
placement of sensors across the whole structural system in case of a complex structural scheme, and
placement of local sensors on key components in case of a simple structural scheme.

2.3.2. Data Analysis Approaches
The measurement data acquired by the SHM system can be analysed in two ways: using a data-
driven approach or a model-driven approach. A data-driven method involves the use of data analysis
techniques to find patterns in the measurement data, for instance by applying data-mining, clustering or
artificial intelligence. Contrarily, a model-driven method uses a digital twin in the form of a FEM model



2.3. Structural Health Monitoring of Bridges 11

to simulate the behaviour of the structure that drove the measured data [22]. A third approach is a
so-called hybrid approach, combining a data-driven with a model-driven approach [48]. Different data
analysis approaches can be rated on how much insight they offer into the degradation process of the
structural system. This can be done following the Rytter’s hierarchy, visible in Table 2.2.

Table 2.2: Rytter’s hierarchy, describing the level of damage diagnosis of a model [49]

Level Description
Level 1: Detection The method gives a qualitative indication that damage might be present

in the structure.
Level 2: Localization The method gives information about the probable position of the dam-

age.
Level 3: Assessment The method gives an estimate of the extent of the damage.
Level 4: Prediction The method offers information about the safety of the structure, e.g. es-

timates a residual life.

Data-driven Approach
The data-driven approach makes use of statistical models, identifying damage purely based upon the
measurement data. This identification can be done through either statistical pattern recognition or
machine learning. Statistical pattern recognition can be conducted in a supervised manner, where
the dataset contains measurement data of both the undamaged and the damaged structure, or in an
unsupervised manner, where the dataset contains only data of the undamaged structure. Generally,
unsupervised pattern recognition methods are restricted to providing a level 1 damage diagnosis.

Machine learning can deliver damage detection in an unsupervised learning approach, using tech-
niques like outlier analysis and control chart methods. In a supervised learning approach, techniques
using artificial neural networks, support vector machines and kernel discriminant analysis can be ap-
plied.

The data-driven approach offers a lot of functionality in damage detection, theoretically being able to
simulate the behaviour of structures of any complexity, as long as it has enough trainable features.
Moreover, this approach automatically takes into account uncertainties. However, as data of the inves-
tigated structure in a damaged state are often unavailable, machine learning is generally performed
in an unsupervised manner. This method limits the ability of the model to predict the behaviour of the
structure in its damaged state. Moreover, as the number of trainable parameters in a machine learning
model increases, so does the amount of training data needed for proper training of the model. Lastly,
the use of a data-driven approach generally involves the creation of a (partly) ”black box model”. This
type of model does not take into account any physical laws, but aims to simulate the output data based
on the input in a purely mathematical manner. As a result, a black box model offers limited insight into
the physical behaviour of the structure under investigation [48].

Model-driven Approach
The model-driven approach generally involves the development of a FEM model that represents the
structural system. The model parameters, like mass, stiffness and damping coefficients, are calibrated
using the measurement data by means of model updating methods, in order for it to be able to replicate
the behaviour of the actual structure. When a sufficiently representative model has been developed,
model updating is performed using incoming data, in order to detect, locate and quantify any occurring
damage. This approach can be described as solving an inverse problem.

The model-driven approach offers much functionality in describing the behaviour of the investigated
structure when data of the damaged structure are unavailable, delivering up to a level 4 damage di-
agnosis. A drawback of this approach is its inability to account for uncertainties. Also, this approach
might not be able to exactly simulate the actual behaviour of the investigated structure, due to inevitable
simplifications implemented into the model in order to minimise the need for computation power [48].

Hybrid Approach
The data-driven and model-driven approaches can also be combined into a hybrid approach, which can
complement each other. This approach generally involves the development of a FEM model, similar
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to the model-driven approach. When this model is unable to completely explain the measurement
data, due to any implemented modelling simplifications, a data-driven approach is used to explain the
residuals between the FEM model output and the measurement data.

This approach, making use of the qualities of both approaches and mitigating most of the drawbacks,
can be a very effective approach to SHM data analysis [48]. However, combining both approaches also
involves the development of both a FEM model and a statistical model, complicating the researching
methodology.

2.3.3. Structural Health Monitoring of Half-joint Bridges
Due to the difficulty of inspecting the condition of the concrete inside a half-joint, SHM systems can
prove a helpful tool to assess structural safety. Several examples of SHM systems on half-joint bridges
can be found in literature. Four of these publications give a clear description of the sensor placement
and describe to some extent how the measurement data are used to interpret the behaviour of the
structure. The corresponding SHM systems are described below.

Three-span Bridge, Australia
In western Australia, a three-span bridge was constructed following the half-joint system. In this bridge,
eight longitudinal girders are supported by eight longitudinal cantilevers by a half-joint. The half-joints
were strengthened externally after construction in longitudinal connection by a horizontal bar running
through the joint, as well as in vertical direction by a diagonal bar running close to the re-entrant corner
[50]. A schematic figure of the bridge, along with a cross section of the half joint can be found in Figure
2.4. An SHM system was installed in 2014, measuring horizontal strain at the bottom and the top of the
centre of the girders, measuring acceleration at the bottom of the outer girders, and measuring strain
of the diagonal external strengthening rods at one of the half-joints, on the outer two girders [50].

The measurement data were analysed following the data-driven method. The system was instructed
to record data in a time-window of two minutes, only when exceedance of a predefined threshold was
recorded. In that case, all data between one minute before and one minute after the exceedance would
be recorded, including images taken from a fixed elevated camera to show the vehicle that caused the
exceedance [50]. The data were analysed to investigate what measurable parameters could be used
to indicate structural damage. The maximum strain response under certain specific vehicle types with
the same loading, travelling in the same lane, was estimated to be a reliable parameter [20]. A change
of this response over time would indicate structural damage. Another reliable parameter would be the
neutral axis locations of the girder beams, as they show no dependence on vehicle type and travelling
lane [20, 51, 52].

(a) (b)

Figure 2.4: Schematic arrangement of the central span of the three-span bridge with (a) a top-view and (b) a cross section of
the half-joint [50].

Six-span Bridge, Italy
This bridge, consisting of six spans of 15 to 20 meters, was constructed in the late 1960’s in Northern
Italy. It is a concrete girder bridge with five longitudinal girders and three transversal beams per span.
A top and side view of the bridge is visible in Figure 2.6. Span C1 is simply supported on the north
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Figure 2.5: Locations of the sensors on the three-span bridge in Australia [50].

abutment and the first pier, while span C3 and C5 are supported on their neighbouring bridge decks
using half-joints. In 2019, the bridge was instrumented with 72 bi-axial inclinometers and 42 tri-axial
accelerometers, all equipped with humidity and temperature sensors. The SHM system setup can be
found in Figure 2.6 [21].

The inclinometers gather data at a measuring frequency of 208 Hz, where once per second statistical
parameters like mean value, standard deviation, maximum and minimum rotation, internal temperature
and relative humidity are stored. The accelerometers gather data at a measuring frequency of 25.6 kHz,
which is filtered and down-sampled at the microcontroller level to store data with a sampling frequency
of 100 Hz. To save memory of the cloud storage, the gateway only uploads data at time intervals that
contain significant vibrational response.

The analysis of the measurement data is split into two parts. The first part consists of real-time anomaly
detection based on the standard deviation of the acceleration data. This system proved to be useful in
detecting and localising damage to the bridge, as previous indications of damage were confirmed by
visual inspections and were followed up by appropriate maintenance interventions, which reduced the
standard deviation back to normal values. This process can be seen in Figure 2.7.

The second part consists of a long-term diagnostic analysis of the modal response of the structure.
Natural frequencies of the structure are found through analysis of the power spectral density diagram
of the accelerometers. The outcome is used to calibrate a FEM model, which gives insight into the
modal shapes. The analysis showed that the dynamic configuration changed between summer and
winter time. In summer time, the structure displayed stiff behaviour with only one lateral mode and one
flexural mode. In winter time, the structure displayed less stiff behaviour, with two lateral modes and
one flexural mode. The two modes that occur in summer time seem to correspond to two of the modes
that occur in winter time, while exhibiting a slight, but significant, frequency. The additional lateral
mode that occurs in winter time, disappears during summer time. The difference in natural frequencies
between the seasons, along with the increased stiffness of the structure during summer time, indicates
closure of the joints during summer due to thermal expansion of the bridge decks.

GAD Bridge, Italy
The GAD bridge is a prestressed reinforced concrete plate bridge in northern Italy constructed in 1983,
which uses the half-joint system. It was constructed in 1983 and it facilitates highway traffic. As the
half-joints showed insufficient resistance to shear, due to insufficient shear reinforcement, the half-joint
was strengthened using prestressed transversal bars [47]. To monitor the behaviour of the half-joints
until scheduled deck replacement, an SHM system was installed in 2019. As part of the SHM system,
multiple half-joints were equipped with clinometers, measuring the rotation at each side of the half-joint,
crack meters, measuring the crack opening of of the visible cracks, and temperature sensors. The
SHM system can be found in Figure 2.8. The measured data are continuously analysed by algorithms
measuring sudden variations exceeding predefined thresholds, which have been pre-defined based
on regular variations of the measured variables. Thereby, this system is mostly data-driven. If no
anomalies are found, the data are uploaded to the cloud to be used for long-term data analysis [22].
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(a)

(b)

Figure 2.6: Schematic of the six-span bridge and the location of the sensors with (a) a top-view and (b) a side-view [21]

Figure 2.7: Timeline of the standard deviation values of a single accelerometer [21]

Merone Bridge, Italy
The Merone bridge, built in 1969 in Merone, is a viaduct with nine spans with lengths of 26 to 29 meters.
The spans are supported by cantilever beams using half-joints, and are composed of seven longitudinal
prefabricated prestressed concrete I-beams and several transversal stiffening beams [24]. A schematic
top-view and deck cross section of the bridge can be found in Figure 2.9. After the inspection of localised
damage, including at the location of the half-joints, an SHM system was installed in 2018. The system
consists of tiltmeters and displacement meters along the width of the bridge, in span S1 and span S5,
along with a weather station measuring the ambient temperature [24, 53].

Until now, the data were analysed following a data-driven approach, looking for correlation of displace-
ment measurements with temperature. From analysis of a limited sized dataset spanning 30 days,
there appeared to be significant correlation between temperature and displacement measurements
[24].
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(a) (b)

Figure 2.8: SHM system on the GAD bridge with (a) a deck view of the overpass and (b) the installed tiltmeters and
crackmeters [22].

(a)

(b)

Figure 2.9: Schematic of the Merone bridge with (a) a top-view and (b) a cross section of the deck [24].



3
Naardertrekvaart Bridge

In this chapter, the relevant characteristics of the Naardertrekvaart bridge are described. In section
3.1, the structure of the Naardertrekvaart bridge is described. In section 3.2, the current state of the
Naardertrekvaart bridge is described. In section 3.3, the SHM system of the Naardertrekvaart bridge
is explained.

3.1. Structure of the Bridge
The Naardertrekvaart bridge consists of two separate bridges, a northern and a southern bridge, both
containing 11 supports and 10 spans, of which 9 standard spans and 1 divergent span between support
3 and 4. The bridge is slightly slanted along its width to account for the curvature of the road. A top
view of the bridge can be found in Figure 3.1. The relevant design drawings of the bridge can be found
in Appendix A.

Figure 3.1: Top view of the Naardertrekvaart bridge

Each spanning bridge deck consists of 11 prefabricated, prestressed longitudinal girders with a T-
shaped cross section, connected to a concrete compression layer that spans the full width of the bridge.
While the standard spans use HIP girders, which are inverted T-beams of reinforced concrete, the diver-
gent span has a longer span and uses Preflex girders, which have a composite cross section consisting
of a steel HEB1000 profile surrounded by a reinforced concrete cross section. Supports 1 and 11 are
abutment supports, while supports 2 to 10 are concrete platforms supported by concrete columns, often
called bearing tables. Figure 3.2 shows a street view image of support 5 of the southern bridge. Figure
3.3 shows the composition of the standard spans and that of the divergent span.

The longitudinal girders are supported by supports 2 to 10 using half-joints. The longitudinal girders
are connected to each other at both ends using in-situ casted transversal beams. In addition, some
transversal connection beams are present between the longitudinal girders, which serve to keep the
girders at constant spacing and do not play a significant role in load transfer. The web of the longitudinal
girders is supported on the nib of the support platform by rubber bearing plates, at locations where the

16
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Figure 3.2: Street view image of support 5 of the southern Naardertrekvaart bridge (Google Maps)

(a) Cross section of a standard span of the Naardertrekvaart bridge

(b) Cross section of the divergent span between support 3 and 4 of the Naardertrekvaart bridge

(c) Composition of the HIP girder with compression layer. Dimensions
in cm.

(d) Composition of the Preflex girder with compression layer.
Dimensions in cm.

Figure 3.3: Composition of the spans of the Naardertrekvaart bridge
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lower nib has a reduced thickness. A schematic side view of the half-joint of a regular span can be found
in Figure 3.4. The reinforcement of the platform varies slightly across its width, due to the reduction
in the thickness of the nib at the location of the supports of the longitudinal girders. The two types of
design reinforcement of the support platforms next to a standard span can be found in Figure 3.5. This
figure also contains the annotations of the different reinforcement bars that will be used in the rest of
this thesis.

(a) Half-joint of a regular span (b) Half-joint of the divergent span

Figure 3.4: Side view of the half-joints of the Naardertrekvaart bridge

(a) Reinforcement at the location of a longitudinal girder (b) Reinforcement between the longitudinal girders

Figure 3.5: Reinforcement of the support platform of a standard span of the Naardertrekvaart bridge

The dimensions of the supports of the Naardertrekvaart bridge differ along its length due to the slope,
slant, and curve of the road. Resulting from its curve, the support platforms of the bridge are longer on
the southern side of the bridge than they are on the northern side.

The rubber bearing plates of the standard spans have dimensions 356×256×46 mm, while the bearing
plates of the divergent span have dimensions 206×306×46 mm, with two plates supporting one longitu-
dinal girder. The bearing plates are comprised of steel plates alternated with rubber layers. The exact
composition of the bearing plates is not visible in the design drawings, but based on the dimensions
they are expected to have been manufactured by Vredestein, having the composition shown in Figure
3.6.

3.2. Current State of the Bridge
During its lifetime, the Naardertrekvaart bridge exhibited several different types of damage. Conse-
quently, multiple restoration procedures were carried out. A complete overview of damage inspections
and restoration procedures can be found in Appendix B. As some of the damages and restorations,
specifically at the location of the half-joints, could influence the behaviour of the bridge, the state of
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Figure 3.6: Composition of the bearing plates of the Naardertrekvaart bridge. Dimensions in millimetres.

several key components of the bridge are described in the following sections.

3.2.1. Current State of the Reinforced Concrete Elements
At multiple of the inspections performed at several stages in the lifetime of the bridge, leakage of the
expansion joints was observed. These expansion joints, intended to prevent the seepage of water into
the half-joints, tend to exhibit premature breakage, as described in Section 2.1.2. Moreover, insufficient
reinforcement close to the re-entrant corner possibly led to the formation of a diagonal crack in the
lower nib of the half-joint, originating from the re-entrant corner. As a result, water could seep into the
diagonal crack and reach the reinforcement bars, possibly causing corrosion. This hypothesis is in line
with the observation of concrete spalling at multiple locations on the support platform close to the half-
joint, possibly caused by reinforcement corrosion. Furthermore, in 2015 and 2019, at several locations
close to the half-joint, the electric potential of the support platform reinforcement bars was measured to
detect the occurrence of corrosion. These investigations were carried out only at four locations along
the bridge, three of them being on the northern bridge. Some of the measured electric potential values
indicated the occurrence of corrosion, but the results were inconclusive.

Inspections in 2015 and 2017 showed that in some cases the reinforcement of the support platforms
differs from the design reinforcement. At several locations for instance, stirrup 89 seemed to lay un-
derneath the diagonal reinforcement bars 99, 100 and 101, reducing their effectiveness in transferring
vertical forces to the top of the element. Inspections also indicated a large variation in the concrete
cover, reaching values as low as 19 millimetres with a design concrete cover of 30 millimetres.

As the inspections did not establish a direct relation between water ingress or divergent reinforcement
and the occurrence of corrosion, the exact state of the reinforcement bars of the support platforms
remains unknown.

3.2.2. Current State of the Joint Gaps
During inspections, the presence of Expanded Polystyrene (EPS) inside of the half-joint gaps was
confirmed, which was originally used as formwork for the in-situ casted transversal end beams and
compression layer. EPS should be removed after hardening of the concrete, but is regularly left inside
of the structure [3]. This material in the half-joint gaps not only complicates inspection of the half-joint,
but might also affect the behaviour of the structure. Although this material is generally assumed to
have a negligible stiffness in practice, with a maximum stiffness of around 5 MPa [54, 55, 56], it could
exert a significant stress when compressed. The total resisting force could reach significant values
as the thickness of the gap reduces. It is unknown if the EPS material fills the gap completely, as the
size of the bridge deck and girder is influenced by creep and relaxation along with thermal expansion.
Therefore, it is unknown at which instance the stress development of the EPS initiates.

Inspection of the connection between the lower half-joint nib and the transversal beam reveals no clear
gap between the elements, which would serve to allow free horizontal expansion of the half-joints. As
a result, significant horizontal stress could develop due to hindered thermal expansion or contraction
of the structural elements. Furthermore, during inspection in 2015, a bituminous seal was discovered
in some locations between the transversal end beams and the support platforms, presumably intended
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to increase the concrete cover. This seal could increase the stiffness of the connection even more.

Following from these remarks, it can be concluded that the fully isostatic behaviour of the bridge, which
a healthy half-joint should facilitate, can not be guaranteed.

3.2.3. Current State of the Expansion Joints
The expansion joints, intended to facilitate a smooth transition for crossing traffic while allowing free
expansion of the bridge components, initially consisted of simple steel grills. There is no sign that they
were also instrumented with gutters to provide rainwater drainage. As a result, presumably the initial
expansion joint fully enabled the seepage of rainwater into the joints. Following the discovery of water
damage in 1988, the vertical surfaces of the half-joint gap were conserved using Latexfalt and the
expansion joints were replaced by a bituminous joint in 1994. The bituminous expansion joints were
replaced in 2007 and 2016 after the joints were again found to be leaking. In addition, between 2018
and 2019 the bituminous expansion joints have been repaired with a bituminous seal.

Bituminous expansion joints have a significant variation in stiffness depending on their temperature. At
high temperatures, they facilitate a relatively free expansion of the joints, but with a decreasing tempera-
ture, their stiffness increases exponentially and the thermal contraction of the bridge deck components
could be hindered. In extreme winter, the adhesive layer between the bituminous material and asphalt
and concrete can break, once again facilitating the seepage of water into the half-joint gap. A broken
bituminous expansion joint can be resealed with a bituminous seal between the joint and the asphalt
layer, but this repairing measure often proves to be insufficiently effective. Therefore, it is reasonable to
assume that some of issues with the repaired expansion joints in the Naardertrekvaart have recurred.

3.2.4. Current State of the Bearing Plates
The steel plates of the rubber bearing plates, which are the most prone to degradation, are shielded by
the outer layers of rubber. As a result, the degradation of the bearing plates is expected to be negligible
and should not have an effect on their stiffness.

3.3. SHM System
As described above, the expected damage of the half-joints, reinforcement corrosion caused by forma-
tion of a crack in combination with water ingress, occurs deep inside the half-joints. This location is
very difficult to inspect. In case of the Naardertrekvaart bridge, support 5 and 6 of the southern bridge
showed the most signs of water damage, indicating being prone to structural degradation. To gain
insight into the structural integrity of the half-joints of these supports without the need for inspection
inside the half-joint gap, it was instrumented with an SHM system at the end of 2021. This system
was installed to measure the deformation of the lower nib of the half-joint, and should thereby detect
the initiation of a failure mode of this nib. The fibre-optic SHM system consists of 44 inclinometers, 16
displacement sensors, and 24 thermometers, located at support 5 and 6 of the southern bridge. All
sensors are located at the bottom of the lower nibs of the half-joints, below the longitudinal girders. The
exact locations of the sensors can be found in Figure 3.7.

Figure 3.8 shows the placement of the measurement sensors at a location where all three sensor types
are present. As can be seen, the inclinometers are mounted directly to the concrete surface at the
location of the nib. The displacement sensors are mounted onto a steel rod that extends to the column.
In order to account for the temperature effects that might affect the displacement data as a result of
thermal expansion of the mounting construction, temperature sensors have been installed on the steel
rods. The temperature sensors located below the outer longitudinal girders, where no displacement
sensors were installed, are installed directly on the concrete. The sensor layout on supports 5 and 6 of
the southern Naardertrekvaart bridge, together with their annotations, can be found in Figure 3.9. The
estimated accuracy of the measurement sensors can be found in Table 3.1.

The SHM system takes measurements at a frequency of 10Hz, which are temporarily stored. For every
30s of data, the measurements are averaged before uploading to the cloud to reduce memory usage
andmitigate the effects of traffic loads on themeasurement data. This results in ameasurement storage
frequency of 1

30Hz. With such a low frequency, the data that are stored in the cloud captures mostly
the static behaviour of the bridge.
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Figure 3.7: Sensor locations of the SHM system on the southern bridge

Figure 3.8: Sensor placement of the SHM system [57] Figure 3.9: Layout and annotation of the SHM system of the
Naardertrekvaart

Table 3.1: Estimated accuracy of the measurement data

Sensor Accuracy
Inclinometer 0.035 mrad
Displacement sensor 0.15 mm
Thermometer 0.5 ◦C
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Analysis of the response of the inclinometers to manual excitation has revealed no natural frequency,
indicating that the inclinometers on the bridge can be classified as overdamped.

Based on analysis of the measurement data of the individual inclinometers, an early warning system
was implemented, which scans the data that are uploaded to the cloud. This system is intended to
capture the occurrence of damage in the lower nib of the half-joint, and is based on the results of a
nonlinear plane stress model of a cross section of a support platform. The early warning system has
two components.

1. A dynamic component, which checks the data of the inclinometers for deviation from a running
average of 10 minutes, with a value of more than 0.087mrad. After an initial exceedance, the
deviation is again checked at a 30 second delay and at a 30 minute delay. If all deviations exceed
the deviation threshold, an alarm is raised. This component should indicate the increase in crack
opening width of a diagonal crack at the location of the re-entrant corner.

2. A static component, which checks the data of both the inclinometers and displacement sensors
for values outside of their previously measured measuring range.

In the following chapter, over two years of measurement data captured by the SHM system are analysed
with the goal of inferring the state of the half-joints.



4
Analysis of the Long-Term

Measurement Data

Before the start of this research, the SHM system on the Naardertrekvaart bridge has been gather-
ing measurement data for two years. Due to set-up of this measurement system, which only stores
30s-averages of the measurements, the system captures only the quasi-static behaviour of the bridge.
Analysis of this behaviour could indicate the effect could reveal local occurrence of damage. In this
chapter, the long-term measurement data is analysed. Additionally, an inference of the structural in-
tegrity of the half-joints is performed using numerical modelling and manual calculation, comparing the
observed behaviour of the half-joints with predicted behaviour.

4.1. Analysis of Measurement Data
The long-term measurement data of the SHM system on the Naardertrekvaart bridge is prepared for
analysis using the preparation procedure described in Appendix C.1.

4.1.1. Analysis of Measurement Data of Individual Sensors
Figure 4.1 shows the behaviour of the measurement sensors at the eastern and western nib of supports
5 and 6. It shows high variability of behaviour between different inclinometers and displacement sensors
located on the same nib. The inclinometer data indicates a notable dependence of the rotation of the
nibs on a seasonal cycle, measuring larger rotation of the nibs during summer and lower values during
winter.

Analysis of the measurement data of the inclinometers and displacement sensors reveals the presence
of a significant linear trend in multiple sensors. The magnitude and direction of the trends is depicted
in Figure 4.2 for the measurement sensors at different locations along the support platforms.

The variance of the measurement data of the different sensors can be quantified using box plots of
the sensors’ deviation from their linear trend. Figure 4.3 shows box plots of all measurement sensors,
showing the locations of the quantiles of individual sensors. This figure confirms the significant vari-
ability in behaviour of individual sensors at different locations along the support platforms. Additionally,
sensors that experience a large variation, indicated by a large distance between quantiles depicted in
Figure 4.3, tend to exhibit a relatively large downward linear trend. Remarkably, sensor Ti404 seems
experiences little variance, while exhibiting a significant downward linear trend. Also, it can be noted
that the outer temperature sensors, which are mounted directly onto the concrete, exhibit fewer outliers
than the sensors that are mounted on the steel bars and the KNMI temperature sensor. This obser-
vation indicates that the sensors mounted on steel bars are more dependent on outside temperature
than the sensors mounted on concrete.

23
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Figure 4.1: Behaviour of the measurement sensors per support side

Figure 4.2: Linear trend observed by the measurement sensors, plotted on different locations along the support platforms. The
linear trends are calculated using a least squared estimate of a straight line between 01-04-2022 and 01-04-2024.
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(a) Box plots of inclinometers’ deviation from their linear trend

(b) Box plots of displacement sensors’ deviation from
their linear trend

(c) Box plots of temperature sensors

Figure 4.3: Box plots of the measurement sensors

The dependence of the measurement data on periodic influences can be analysed with the power
spectral density (PSD). Analysis of the PSD of the different types of sensors, shown in Figure 4.4,
reveals a clear dependence on periodic influences. The most significant peak lies at a frequency of
approximately 3 · 10−8Hz, which corresponds to a period of around 365 days. This peak indicates a
considerable dependence of the measurement data on seasonal variations, presumably caused by an
annual temperature cycle. A second peak can be observed in the measurement data of the displace-
ment sensors and temperature sensors at a frequency of 1.2 ·10−5Hz, which corresponds to a period of
around 24 hours. This peak indicates the dependence of the measurements on a daily cycle, possibly
caused by the daily traffic cycle or the daily temperature cycle.

Following from the presence of daily cyclic influences on the measurement data, daily fluctuations of
the measurement data are analysed. Figure 4.5 shows the mean of the daily behaviour of the mea-
surement sensors per nib. The shape of the minimum-maximum range as plotted in this figure, shows
great variance of time and direction of peaks in typical daily measurements of the inclinometers and dis-
placement sensors. The measured fluctuations in rotation and displacement are, at least partly, caused
by a combination of daily meteorological cycles and the daily traffic intensity fluctuations. Due to the
complexity of the bridge’s behaviour under this combined influence, and the unknown effect of damage
on this behaviour, daily fluctuations of the deformation measurements are not further investigated.

As described in Section 3.3, an early warning system was implemented in the SHM system, which
checks the measurement data for threshold exceedances on multiple levels. The dynamic compo-
nent of this system gives a warning when the measurement data from an inclinometer contains an
exceptional deviation from its running average for multiple measurements in a row. This component
is released on the long-term measurement data, with a threshold value of 0.07mrad, to find excep-
tional events that occurred in the past. Figure 4.6 shows all exceedances in the full dataset, with the
corresponding temperature and displacement measurements. Analysis of the threshold exceedances
reveals most of the sudden rotation changes of the support platform to be associated with a sudden
temperature decrease. In most cases, this sudden temperature decrease is only visible in the bridge’s
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Figure 4.4: Average power spectral density of the different sensor types. Peaks are indicated with red marks.

Figure 4.5: Behaviour of the measurement sensors per support side
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temperature sensor data, while KNMI measurements remain constant, indicating that the sudden tem-
perature decrease is caused by a local rain shower. One of the threshold exceedances, shown in
Figure 4.7, shows no simultaneous temperature change. It occurred on a Tuesday afternoon, close to
rush hour, at a temperature close to 0◦C. The sawtooth pattern observed in the measurement data of
multiple sensors could be attributed to the propagation of damage. The location of this possible dam-
age is difficult to determine, as the threshold exceedances occur in inclinometers installed on different
nibs and at different locations along the width of the bridge.

Figure 4.6: Dynamic threshold exceedances in historic data. Times of exceedance are depicted with a red dotted line, and the
sensors corresponding to the exceedances are marked with a red cross.

4.1.2. Analysis of Collective Behaviour of the Measurement System
Inter-sensor behaviour is characterised by their correlation. The correlation coefficient indicates the
magnitude and sign of the correlation between the measurements of two sensors. It reaches a value
close to 1 when sensors seem to behave similarly, reaches a value close to −1 when sensors exhibit
inverted behaviour, and is close to 0 when sensors exhibit neither of these characteristics. The correla-
tion coefficients between the measurement sensors on the Naardertrekvaart bridge can be visualised
using a correlation matrix. The correlation matrix of the inclinometers is shown in Figure 4.8. Appendix
C.4 shows the same correlation matrix for all measurement sensors. The dominantly positive correla-
tion between the inclinometers proves that all instrumented nibs show similar behaviour when analysed
globally. Sensors Ti108, Ti201 and Ti305 show exceptional behaviour, having inverse correlation with
most other sensors. This odd behaviour can not be explained through data analysis. The structural
phenomena causing the seasonal fluctuations, which are discussed in Section 4.2
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Figure 4.7: Threshold exceedance on 09-01-24. Times of exceedance are depicted with a red dotted line, and the sensors
corresponding to the exceedances are marked with a red cross.

Figure 4.8: Correlation matrix of the inclinometers, showing the calculated values for the Pearson correlation coefficient of the
long-term measurement data
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4.2. Inference of the State of the Half-joints from the Measurement
Data

To infer the structural integrity of the half-joints from the measurement data, the structural behaviour
causing the measured deformation needs to be determined. The following sections introduce a pos-
sible cause for the measured deformation of the Naardertrekvaart bridge. For each hypothesis, its
estimated effect on the deformation of the bridge is compared to the deformation measured by the
measurement sensors of the SHM system. This comparison gives an indication of the significance of
the hypothesised behaviour in the physical structure. If the hypothesised behaviour seems to be able
to explain the measured deformation, the effect of damage to the half-joint on the deformation of the
bridge is investigated. By comparison with the observed deformation of the bridge, this last step could
offer an indication of the structural integrity of the half-joints.

4.2.1. Bending of the Support Columns due to Gap Congestion in combination
with Thermal Expansion

Despite the tendency of joint implementation to cause isostatic behaviour of the spans, congestion of
the half-joint gaps is known to cause linked behaviour of the spans [21]. In case of the Naardertrekvaart
bridge, a differing degree of gap congestion between the different half-joints could cause the support
columns to bend under a horizontal load. This phenomenon is depicted in Figure 4.9. The magnitude
of this effect increases as multiple half-joint gaps in a row are congested, but decreases when the
horizontal load can be countered by an opposing force from the other side. As a result, the effect is
most extreme when gap congestion occurs in one side of the bridge, while the other side allows free
expansion of the spans.

(a) No gap congestion

(b) Gap congestion in two half-joints

(c) Gap congestion in four half-joints

(d) Gap congestion in all half-joints

Figure 4.9: Effect of asymmetric half-joint gap congestion on bridge response to thermal expansion of the structural elements

The linked behaviour of the spans of the Naardertrekvaart bridge is analysed through a numerical model
of the full bridge, using 2D plane stress elements, shown in Figure 4.10. Appendix D.2 contains a full
description of this numerical model. The model, in its standard condition, has EPS in the top half of the
half-joint gaps. In steps, the elastic modulus of the material in the half-joint gaps is increased from the
western side of the bridge to the east to a value ten times larger than EPS, while the rest of thematerial in
the half-joint gaps is kept at a standard stiffness. Through this simulation, the stiffness configuration that
causes the most extreme bending of the support columns is found. The most extreme bending of the
support columns, the ”worst-case scenario”, occurs when all half-joints between the western abutment
and support 7 are congested, while the half-joints between support 7 and the eastern abutment contain
standard EPS stiffness.

By iteratively increasing the stiffness values of the congested joints of the worst-case scenario, the
magnitude of the effect of asymmetric half-joint gap congestion can be found. The expected effect of
asymmetric joint gap congestion on the measurement data of the inclinometers, based on the results
of the numerical model, can be found in Figure 4.11. The actual measurement data, averaged over the

Figure 4.10: 2D plane stress model of the full Naardertrekvaart bridge
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width of the bridge, is also shown. Comparison of the simulated and measured rotational data shows
that bending of the support column causes realistic rotations at the locations of the inclinometers on one
side of support 5 and 6, but does not capture the rotational behaviour on the other side simultaneously.
As a result, bending of the support columns does not seem to be a significant cause of the seasonal
variations that are visible in the data.

Figure 4.11: Effect of asymmetric joint gap congestion on the rotation of the lower half-joint nib at different elastic modulus
values for the joint gap material

4.2.2. Bending of the Support Platforms due to Gap Congestion in combination
with Thermal Expansion

Analysis of the seasonal behaviour of inclinometers installed on opposite sides of the support columns
reveals that their responses are mainly antithetical, measuring upward rotation of the nibs during peri-
ods of high temperatures and downward rotation during periods of lower temperatures. This observa-
tion is supported by an analysis of the correlation between the sensors, which shows a mostly positive
correlation between all inclinometers.

As inspections indicated the presence of EPS and possibly other materials inside the half-joint gaps,
upward bending of the support platforms during periods of higher temperatures could be caused by
an eccentric normal force due to hindered thermal expansion inside of the structure. During periods
of high temperatures, the compression layers, longitudinal girders, and support platforms are subject
to thermal expansion. As EPS is only present in the top half of the half-joint, being used as formwork
for the transversal beams, thermal expansion is mostly hindered in the top half of the half-joint. This
causes an eccentricity of the resisting force and an upward bending moment inside of the support
platform. This phenomenon is depicted in Figure 4.12.
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Figure 4.12: Bending of the support platform as a result of thermal expansion

To obtain a reliable estimate of the effect of the eccentric thermal expansion force on the upward bending
of the support platforms, a FEM calculation is performed using a numerical model of half a standard
span. This model is shown in Figure 4.14. An extensive description of this numerical model can be
found in Appendix D.1. Iterating through different values for the elastic modulus of the material present
in the half-joint gap yields a better understanding of the behaviour of the bridge under thermal expansion.
The magnitude of upward bending of the support is larger when the resultant force of thermal expansion
has a higher eccentricity. This eccentricity increases when the gap congestion is more extreme in the
top of the half-joint gap than it is in the bottom. To simulate this behaviour, an additional FEM calculation
is performed where only the stiffness of the upper half of the half-joint gap is increased. The rotation at
the location of the inclinometer due to a temperature difference of 20 °C is shown in Figure 4.13. The
results show that congestion occurring only in the top of the half-joint gap has a much larger effect on
the rotation at the location of the inclinometers. However, comparison with the measured rotations by
the inclinometers in Figure 4.15 shows that upward bending of the support platforms is insufficient to
fully explain the seasonal variations of the rotations.

Figure 4.13: Effect of E-modulus of the joint gap material on
rotation of at the location of the inclinometer due to upward
bending of the support platform, at a temperature increase of

20 °C.

Figure 4.14: 2D model of half a standard span of the
Naardertrekvaart bridge

4.2.3. Opening of Cracks in the Re-entrant Corner of the Support Platforms due
to Thermal Contraction in combination with Friction Development

Due to thermal contraction of the structural elements of the Naardertrekvaart, the half-joints of the
structure have a tendency to expand. In the structure as it was designed, the bearing plates should allow
expansion and contraction of the joints without significant resistance. However, in the physical structure,
expansion of the half-joints could be significantly hindered by the development of friction forces between
the transversal beams and the lower half-joint nibs. In combination with the occurrence of diagonal
cracks originating from the re-entrant corner of the support platforms, these stresses could cause the
lower half-joint nibs to exhibit a serious drop, as depicted in Figure 4.16. In case of the Naardertrekvaart
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Figure 4.15: Effect of upward bending of the support platforms on the rotation of the lower half-joint nib due to gap congestion,
at different values for the stiffness the joint gap material in the top of the upper half-joint gap.

bridge, inspections have indicated corrosion in the reinforcement bars close to the re-entrant corner
at several locations along the bridge, presumably caused by exposure of the reinforcement bars due
to the occurrence of a crack. Corrosion of the reinforcement bars can reduce their effective diameter,
increasing the crack width and further stimulating the drop of the lower half-joint nib. This phenomenon
could be the cause of the antithetical behaviour of the sensors installed on opposite sides of the support
columns.

The magnitude of nib rotation as a result of a horizontal load due to thermal contraction of the structural
elements depends on two main factors. Firstly, it depends on the magnitude of the friction force that
can develop between the top face of the lower half-joint nib and the bottom face of the transversal beam.
This friction force is influenced by the roughness of the two faces in combination with the perpendicular,
vertical stress between them. Secondly, the magnitude of nib rotation depends on the stiffness of the
connection between the half-joint nib and the support platform.

The rotational stiffness of the connection between the lower half-joint nib and the platform can be
estimated based on a previously performed non-linear FEM calculation by Ingenieursbureau Kok &
Van den Heuvel [58]. This calculation investigated the effect of reduction of cross section area of the
diagonal reinforcement bars on the deformation of the nib based on a plane stress model of a cross
section of the platform. It should be noted that this model takes a very simplified approach to model
reality by disregarding any force redistribution ability of the platform over its width. A verification of the
model’s results has not been achieved. Consequently, the model’s results can only be used to give an
indication of the magnitude of the friction effect.
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By assuming that the cross-section of the FEM model by Ingenieursbureau Kok & Van den Heuvel
[58] suffers from formation of a diagonal crack originating from the re-entrant corner and assuming the
rotation centre to be at the location depicted in Figure 4.16, the rotational stiffness of the connection
can be estimated with Equation 4.1.

Krot,section =
M

φ
=

F · eload
wmax

emax

(4.1)

where:

Krot,section : the rotational stiffness of the nib-platform connection [Nmm/rad],

M : the bending moment around the rotation centre [Nmm],

φ : the nib’s rotation around the rotation centre [rad],

F : the vertical load exerted on the bearing plate of the numerical model [N],

eload : the eccentricity of the vertical load [mm],

wmax : the resulting vertical displacement at the outer edge of the nib [mm],

emax : the eccentricity of the outer edge of the nib [mm].

Figure 4.16: Schematic of nib rotation as a result of thermal contraction of the structural elements

The calculated rotational stiffness is valid for a cross section of the platform. The rotational stiffness
over the full width of the bridge is necessary for further calculation, and can be obtained with Equation
4.2.

Krot,full = Krot,section · Wfull

Wc/c
(4.2)

where:

Wfull : the full width of the bridge (20000mm) ,

Wc/c : the centre-to-centre distance of the reinforcement (204mm) .

The numerical calculations by Ingenieursbureau Kok & Van den Heuvel [58] determine the response
of the platform at three different stages of reinforcement corrosion. The effect of corrosion of these
reinforcement bars is taken into account by adapting the cross-section area of the embedded bars.
The calculated values for the rotational stiffness of the connection between the nib and the support
platform for different diameters of the reinforcement bars can be found in Table 4.1.
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Table 4.1: Rotational stiffness of the connection between the nib and the support platform at different diameters of the
reinforcement bars

ø Krot,section

[mm] [Nmm/rad]

25 8.420 · 109
20 5.734 · 109
16 3.944 · 109

The horizontal friction force that develops between the transversal beam and the lower half-joint nib
can be calculated based on horizontal equilibrium. When calculated over the full width of the bridge,
elongation of the span and platform can be calculated with Equations 4.3 and 4.4.

∆Li = ϵtot,i · Li (4.3)

ϵtot,i = ϵT + ϵresist,i = αc∆T +
Ffriction

AiEc
(4.4)

where:

∆Li : the elongation of the element [mm],

ϵtot,i : the strain of the element [−],

Li : the length of the element [mm],

αc : the thermal expansion coefficient of concrete [K−1],

∆T : the temperature difference [K],

Ffriction : the developed frictional force between the horizontal faces [N],

Ai : the cross-sectional area of the element [mm2],

Ec : the elastic modulus of concrete [N/mm2].

The joint expansion can then be calculated with Equation 4.5.

∆u = −∆Lspan −∆Lplatform (4.5)

Assuming there is no slip between the contact faces between the lower half-joint nib and the transversal
beams, the joint expansion ∆u causes a rotation of ∆u

e in the connection between the nib and the
platform. The resisting moment of this connection can then be calculated with Equation 4.6.

Mrot = Krot,full ·
∆u

e
(4.6)

Substituting Equation 4.3-4.5 in Equation 4.6 and calculating moment equilibrium around the rotation
centre of the lower half-joint nib, Equation 4.7 is obtained.

Krot,full

(
−
(
αc∆T +

Ffriction

AspanEc

)
Lspan −

(
αc∆T +

Ffriction

AplatformEc

)
Lplatform

)
e

= Ffriction · e (4.7)

Solving Equation 4.7 for Ffriction, the horizontal friction force is equal to Equation 4.8.

Ffriction = − Krot,fullαc∆T (Lspan + Lplatform)AspanEcAplatform

AspanEcAplatforme2 +AspanKrot,fullLplatform +Krot,fullLspanAplatform
(4.8)
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The friction resistance between the two faces can be estimated based on the static friction coefficient
µ between the two faces and the self-weight load of the span Fnormal. The maximum friction force can
be calculated with Equation 4.9.

Ffriction,R = µ · Fnormal (4.9)

Eurocode 2 [59] prescribes the assumption of a friction coefficient of 0.60 for a smooth contact surface,
while experimental data estimate values closer to 0.80 [60]. This coefficient can rise to values up to
2.00 for roughened surfaces. Comparing the developed friction force over the temperature decrease of
the structure, the plot in Figure 4.17 is obtained. The figure shows that the developed friction force in
the structure exceeds the friction resistance of the structure at quite low temperature decreases, even
with a high friction coefficient in combination with a low reinforcement diameter.

Figure 4.17: Development of friction force due to a temperature decrease at different reinforcement bar diameters

When the horizontal friction force exceeds the maximum friction resistance between the two faces, the
faces slip. In case of slip over the full width of the bridge, this slip would cause a sudden jump in the
rotation of the lower half-joint nib, in opposite direction of the local trend. Such a jump is not observed
in the measurement data of the inclinometers. However, due to local variation of the vertical force and
friction between the two surfaces, slip could occur locally and gradually over time. This type of slip
would exhibit multiple jumps in the rotation of the nibs that are less significant. Figure 4.18 shows the
expected effect of the friction force between the two faces, in case no slip would occur. The used values
for every parameter is included in the caption.

The plots in Figure 4.18 indicate that friction between the horizontal faces without slip generates forces
that are capable of causing seasonal fluctuations of the nib rotation that exceed the observed rotation.
The plots also show that the reduction of cross section area of the reinforcement has little effect on the
magnitude of the rotation of the lower half-joint nib. Local and gradual slip would have a diminishing
effect on the magnitude of nib rotation, but the magnitude of this reduction depends on many factors
and is yet unknown. Possibly, in combination with this local and gradual slip, friction development is
able to cause the observed seasonal fluctuations of the nib rotation. However, this phenomenon is not
able to explain the divergent behaviour of sensors Ti108, Ti201 and Ti305 described in Section 4.1.2.

As this phenomenon is likely to be one of the causes of the seasonal fluctuations of the rotation of
the nibs, it provides an opportunity of inferring the structural integrity of the half-joints. Assuming that
this phenomenon is the only cause of the yearly fluctuations in the measured rotation, an estimation
of the resulting crack width of a diagonal crack originating from the re-entrant corner can be made at
different locations along the width. In this estimation, rotation at the location of the nib is assumed to
occur only due to crack opening, and the effect of bending of the support platform is neglected. As-
suming the crack in the platform at the location of an inclinometer to be closed during summer when
the highest measurement is taken, the maximum rotation taken up by the crack is equal to the incli-
nometers’ largest difference in rotation measurement. Figure 4.19 shows the calculated values for the
crack width opening at the location of the re-entrant corner, at the location of each inclinometer. Some
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Figure 4.18: Effect of a developed friction force between the contact faces of the transversal beams and the lower half-joint
nibs, under the assumption of no friction slip. Used parameters: αc = 1 · 10−5K−1, Lspan = 14000mm,

Aspan = 9599236mm2, Lplatform = 2200mm, Aplatform = 27400000mm2, Ec = 35000MPa, e = 277.5mm.

sensors experienced their maximum downward rotation under a relative temperature increase. As the
proposed hypothesis can not explain this behaviour, the crack opening estimation is not accurate, and
the corresponding bars are excluded from the figure.

The predicted crack width opening takes extremely large values, exceeding not only the maximum
allowed crack width in the Netherlands of 0.2mm [61], but reaching values at which the reinforcement
steel would have already fractured. Additionally, friction development is not able to explain the seasonal
fluctuations of the measurements of multiple inclinometers. It can be concluded that the analysis of
the long-term measurement data does not provide reliable indicators of the structural integrity of the
half-joints, caused by the dependence of the data on many unknowns. Analysis of high-frequency
measurement data enables the inspection of the oscillatory behaviour of the bridge caused by traffic
loads. This behaviour could be more affected by damage to the half-joints, giving more insight into their
structural integrity.
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Figure 4.19: Estimated crack width opening due to friction development



5
Analysis of High-Frequency

Measurement Data

In the previous chapter, the long-term measurement data of the SHM system on the Naardertrekvaart
bridge were analysed and used to make an estimation of the structural integrity of the bridge’s half-
joints. As this investigation provided unreliable predictions of the state of the joints, in this chapter
an investigation on one day of high-frequency measurement data of the SHM system is described.
In section 5.1, an extensive analysis of the high-frequency measurement data is described. Next, in
Section 5.2, the response of the bridge to traffic loads is used to infer the structural integrity of the
half-joints.

5.1. Analysis of Measurement Data
Before analysis, the high-frequency measurement data of the SHM system are prepared for analysis
using the preparation procedure described in Appendix C.1. First, the measurement data of individual
sensors are analysed as described in Section 5.1.1. Next, in Sections 5.1.2 and 5.1.3, the two separate
phenomena causing the observed rotation are extracted from the data.

5.1.1. Analysis of Measurement Data of Individual Sensors
Analysis of the high-frequency measurement data reveals behaviour of the bridge that was averaged
out in the long-term measurement data. Figure 5.1 shows the measurement data of sensor Ti101 in
both datasets. The figure shows that the measurement range of the high-frequency dataset is much
larger than the measurement range of the long-term dataset. Comparison of the standard deviation of
the high-frequency measurement data with the measurement range visible in Figure 5.1, shows that the
dataset contains many outliers. Analysis of the histograms of the two datasets for every inclinometer,
attached in Appendix C.2, confirms that, although the high-frequencymeasurement dataset has a larger
measurement range, its standard deviation is much smaller for most inclinometers.

The power spectral density (PSD) of the high-frequency measurement data is analysed to detect dom-
inant frequencies in the measured vibrations. All PSD plots of the inclinometers exhibit a peak around
2.2Hz, which is also visible in the average PSD of all inclinometers, depicted in Figure 5.2. Appendix
C.3 contains the PSD plots of all individual inclinometers. Repetitive traffic loading at a constant fre-
quency could cause a peak in the power spectral density, but with a maximum intensity of a maximum
of 5000, this would not be able to cause a significant peak above 1.4Hz. Therefore, it must originate
from vibrations in a natural frequency. The origin of this natural frequency is further investigated in the
following sections.

Analysis of the inclinometer correlation of the high-frequency measurement data reveals a similar pat-
tern as the inclinometer correlation of the long-term data. The correlation matrix, visualised in Figure
5.3, shows positive correlation between inclinometers located on the same half-joint nib, indicating col-
lective rotation of these sensors. In addition, the correlation matrix shows negative correlation between
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Figure 5.1: Comparison of the measurement data of sensor Ti101 in the long-term dataset and the high-frequency dataset

Figure 5.2: Average power spectral density of all inclinometers

inclinometers located on the western and eastern side of a support, indicating that downward rotation
of one nib generally corresponds to a simultaneous upward rotation of the nib on the other side of the
support. The latter indicates that a significant portion of the measured rotation is caused by rotation of
the support platform.

The observed rotation at the location of the nib can arise from the deformation of multiple components
of the support, as shown in Figure 5.4. Firstly, the support platforms can rotate entirely under external
loads, caused by elastic rotation of the foundation of the platform in combination with bending of the
support column. Secondly, external loading can cause torsional rotation of the support platforms around
their width axis. Lastly, the inclinometers, located below the lower half-joint nibs, can rotate relative to
the support platform, caused by a combination of bending of the support platform and opening of a
possible crack in the re-entrant corner. An indication of the structural integrity of the half-joint can only
be found in the latter component of the rotation measurements. In pursuit of this indication, the following
sections make an estimation of the magnitude of the two components of the measured rotation.

5.1.2. Estimation of Support Platform Rotation
As described above, part of the measured rotation is caused by rotation of the entire support platform
in combination with torsional rotation of the support platform. The magnitude of this combined effect is
estimated as follows. The average rotation of opposing sensors gives an indication of the local rotation
of the support platform. However, this indication is highly dependent on the behaviour of individual
sensors. Analysis of this local rotation over the width of the support platform reveals a fairly linear
shape over the width of the bridge. Following from this, the local rotation of the support platform is
approximated using a least squared estimate of a linear line through the local rotation of the support
platform data points. This least squared estimate contains two variables, both containing different
information about the origin of the rotation.
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Figure 5.3: Correlation matrix of the inclinometers, showing the calculated values for the Pearson correlation coefficient of the
high-frequency measurement data

Figure 5.4: Schematic of the effect of deformation of different components of the support on the measurement data of the
inclinometers
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φplatform ≈ ax+ b (5.1)

where:

φplatform: the local rotation of the support platform [rad],
x: the distance of the sensor from the centre of the bridge [m],
b: the rotation of the support platform at the centre of the bridge [rad],
a: the additional local torsional rotation of the support platform [rad/m],
x: the distance of the sensor from the centre of the bridge [m].

Analysis of the PSD of both variables shown in Figure 5.5 reveals that vibrations in the previously
observed natural frequency, originate mainly from the rotation of the entire support platform.

Figure 5.5: Power spectral density of the two components of support platform rotation: rotation at the base of the platform and
additional torsional rotation of the platform

5.1.3. Estimation of Rotation of the Nib relative to the Support Platform
Vertical traffic loads exerted on the spanning elements are transferred to the foundation through the half-
joints. In undamaged state, the resulting rotation of the lower half-joint nib relative to the support column
is solely caused by downward bending of the support platform. The formation of a diagonal crack at
the connection between the lower half-joint nib and the support platform, which could have occurred
during the lifetime of the bridge, causes additional rotation due to the reduced rotational stiffness of
the connection. The magnitude of this rotation could be amplified by reduction of the reinforcement
cross section and reduction of bond strength between the reinforcement and the concrete, resulting
from corrosion.

Figure 5.6: Schematic of nib rotation relative to the support column resulting from traffic loads
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Figure 5.7: Box plots of the rotation of the lower half-joint nib relative to the support platform

By subtracting the estimated effect of rotation of the support platform from the measurement data, an
estimation of the rotation of the nib relative to the support platform remains. Figure 5.7 contains box
plots of the rotation of the nib by the inclinometers. The box plots show a significant amount of outliers
within the measurement data, which can take a variable magnitude across the width of the bridge.

5.2. Inference of the Structural Integrity of the Half-joints from the
Measurement Data

The observed high-frequency vibrations of the structure are unaffected by the low-frequency fluctua-
tions of temperature. As a result, analysis of the observed vibrations mitigates the need to quantify
the complex effect of thermal expansion or contraction on the measurement data. This simplifies the
inference of structural integrity of the half-joints from the measurement data.

The most straightforward approach to estimate the structural integrity of the half-joints of the bridge
would be to compare the observed behaviour of the support platform with the behaviour of a numerical
model. A non-linear FEM model of a support could be developed, recording the effect of reinforce-
ment corrosion and other degradation mechanisms on the behaviour of the lower half-joint nibs. Due
to the complex nature of the support platforms, their behaviour under the progress of damage can
only be accurately simulated by a finite element model using solid elements combined with embedded
reinforcement. The development of such a model lies outside of the scope of this research. As a re-
sult, the effect of progressing damage on the behaviour of the nibs in unknown. This complicates the
assessment of the structural integrity of the half-joints.

An indication of the state of the half-joints is achieved with two different methods. The first method
uses the response of the nib to daily traffic to generate a stiffness parameter, which could serve as
an indicator of the degree of damage. The second method uses the observed response of the nibs to
extreme traffic loads to quantify the degree of damage in the structure.

5.2.1. Response of the Nibs to Daily Traffic
The measurement data at different locations across the bridge can be related to each other to find local
reductions of stiffness. The local behaviour of the nibs can be characterised by the amplitude of the
vibrations (φ̂) measured by nearby inclinometers. A stiffness indication can be achieved by relating the
amplitude of vibrations to the estimated exerted load. The stiffness parameterK is defined as equation
5.2.

K =
F

φ̂
(5.2)

where:

K : the stiffness parameter [N/rad],
F : the estimated load on the nib [N],
φ̂ : the average amplitude of measured vibrations [rad].
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The amplitudes of the rotational vibrations are extracted from the measurement data by subtracting the
rotation due to bending of the support columns, and finding peaks in the measurements’ deviation from
a rolling average of 10 seconds.

The exact loads that are exerted on the bridge are unknown, as the bridge is part of a functioning
highway and the weight of passing vehicles is unknown. Hence, an estimation of the load on the lower
half-joint nib is estimated using a simulation of a day of traffic. This simulation uses the average traffic
intensities per hour of working days in 2023 on the route that crosses the Naardertrekvaart bridge,
measured by Rijkswaterstaat. These traffic intensities are split up per vehicle class, and give separate
measurements for the main lanes and the exit lane. These intensities are summed to find the estimated
total intensity on the bridge, which is depicted in Figure 5.8. The class and their corresponding weight
can be found in Table 5.1.

Figure 5.8: Estimated total traffic intensity on the
Naardertrekvaart bridge

Table 5.1: Vehicle classes of the traffic intensity
measurements

Vehicle class Weight
C1 Lightweight
C2 Medium-weight
C3 Heavyweight

To estimate the loads that have been exerted on the lower half-joint nib of a span at the time of ac-
quisition of the 10Hz measurement data, a traffic simulation is performed. The Bridge WIM system on
the Moerdijkbrug is used to obtain realistic estimations of the characteristics of passing vehicles, like
number of axles, axle weight, axle distance and speed. Unrealistic values are filtered from the WIM
measurements using the method described in Appendix C.1. Ideally, the vehicles on the Moerdijkbrug
would be classified using the same principle as the vehicles on the Naardertrekvaart bridge. However,
the traffic intensity estimations by Rijkswaterstaat give no clear description of the classification method.
Therefore, the vehicles of the Moerdijkbrug are classified based on the distance between their outer
axles, where class C1 has an outer axle distance below 3.5m, class C2 has an outer axle distance
between 3.5m and 7.5m, and class C3 has an outer axle distance above 7.5m.

For every hour, for every class, an amount of vehicles equal to the corresponding estimated traffic
intensity is sampled from the BridgeWIMmeasurements. All of these vehicles are given an x-coordinate
on the road, which determines its location along the road relative to the middle of a span. The x-
coordinates are randomly sampled from a uniform distribution with a lower bound equal to −3600 times
the minimum vehicle speed of the corresponding vehicle class in the corresponding hour (in m/s, and
an upper bound of 0. This sampling method ensures that all vehicles pass the investigated span within
a time span of one hour. Then, the vehicle locations are translated to point loads based on their axle
loads and axle distances.

A simulation pushes the point loads over an influence line in time steps of 0.1s, which is used to de-
termine which portion of the load goes to one half-joint. This influence is equal to one at the western
of end of the span and reduces linearly to zero towards the eastern end of the span, while being zero
everywhere else. The influence line is depicted in Figure 5.9.

The relation between the estimated vertical load on the lower half-joint nib and the normalised amplitude
of the rotational vibrations of the nib is a measure of the local stiffness of the platform. A locally reduced
value for this stiffness parameter is an indicator for damage to the platform. Hourly averaged values of
the estimated vertical load and the average amplitude of the rotational vibrations can be plotted against
each other to find the relationship between the two parameters. This graph can be found in Appendix
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Figure 5.9: Influence line of traffic loads on the vertical load that is exerted on the lower half-joint nib

C.5 for every sensor location. The stiffness parameter is calculated using a least-squares estimate of
the slope of a linear line through the data points. Through spatial interpolation of the resulting values
for the stiffness parameter over the width of the bridge, the estimated stiffness values along the lower
half-joint nibs can be found in Figure 5.10.

Figure 5.10: Values of the estimated stiffness values of the platform. The blue planes represent the location and degree of
reparations that have been done to the concrete of the platform. A locally reduced stiffness is an indication for occurred

damage to the platform.

5.2.2. Response of the Nibs to Exceptional Traffic Loads
The structural integrity of the half-joints can also be determined based on the response of the half-joint
nibs to exceptional traffic loads. Analysis of the weight data of the WIM system on the Moerdijkbrug
shows that on a typical highway in the Netherlands, vehicles with a gross vehicle weight of approx-
imately 50t pass multiple times a day. About 80% of these heavyweight vehicles drive on the right
lane.

Multiple exceptional events can be found in the measurement data of the inclinometers. These events
caused extreme measured rotations of the nib relative to the support platform, in many different incli-
nometers. Figures 5.11 to 5.13 show the rotation of the nibs relative to the support platform during
three exceptional events. The event displayed on Figure 5.11 was verified to be caused by the passing
of a heavyweight dump truck using inspection of the footage of a nearby traffic camera. Consequently,
for the purpose of this investigation, it is assumed that the events for which no camera footage was
recorded were also caused by the passing of a heavyweight dump truck. This type of vehicle frequently
travels on Dutch highways weighing up to 50t. The red boxes in the figures indicate the estimated time
and location of the passing vehicle. In this estimation, the vehicle was assumed to be travelling at a
speed of 23m/s in the right lane. The distance between its outer axles was estimated to be 8m, which
is typical for dump trucks.
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The measurement data show that the passing of a heavyweight vehicle excites vibrations in the nib.
As the different events show significantly different behaviour of the half-joint nib, this behaviour seems
to be greatly influenced by amplification through resonance by individual axle loads or other vehicles.

Figure 5.11: The effect of an extreme event at 12:23 on the estimated rotation of the nib relative to the support platform. The
red box indicates the estimated time and location of the passing vehicle at each nib.

The rotation of the nibs due to extreme traffic loads indicates that the western nib of support 6 responds
more excessively to the same loads, indicating a lower stiffness of the connection between the lower
half-joint nib and the platform and thereby a higher degree of damage. Additionally, it can be noted that
inclinometer Ti109, located on the eastern side of support 6, observes vibrations with great amplitude,
even when neighbouring sensors do not. This vibration sensitivity could indicate local damage of the
lower half-joint nib, but could also be caused by inaccurate measurements due to measurement insta-
bility of the inclinometer. There is no displacement sensor at the location of this inclinometer to verify
the local intensity of vibrations of the nib.

From the extreme events described above, it can be concluded that the passing of heavyweight vehicles
of about 50t, occurring multiple times a day, can be associated with a rotation of the nib relative to the
support platform of approximately 1mrad. This is a measure for the remaining stiffness of the half-joint
nibs. Comparison of this stiffness to the stiffness of an undamaged support platform gives an indication
of the structural integrity of the half-joints.

A numerical model of one support is used to simulate the undamaged behaviour of the support platform.
The model is shown in Figure 5.14. An extensive description of the numerical model can be found in
Appendix D.3. As can be seen in Figure 5.14, the support is subjected to a vertical force on the lower
half-joint nib, at the location of the bearing plate that lies right below the centre of the right traffic lane.
A linear analysis is run, recording the rotation at the bottom of the nib right below the vertical load, as
well as at the base of the support platform.

The magnitude of the vertical force that a heavyweight vehicle can generate, is determined by multiply-
ing its self-weight with a dynamic amplification factor (DAF). Studies show that for vehicles weighing
50t, a realistic value for the DAF is 1.05. This results in a vertical force of 515kN.
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Figure 5.12: The effect of an extreme event at 16:31 on the estimated rotation of the nib relative to the support platform. The
red box indicates the estimated time and location of the passing vehicle at each nib.

Figure 5.15 shows the rotation of the half-joint nib relative to the support platform under a progressive
vertical load. The figure shows that the measured downward rotation of the lower half-joint nibs is much
larger than the simulated rotation. This seemingly lower stiffness could be caused by the existence of a
diagonal crack originating from the re-entrant corner of the support platform. However, it could also be
caused by multiple other factors. Firstly, the downward force on the nib could be higher than estimated
due to resonance caused by individual axle loads or other vehicles. Secondly, by approximation of
the torsional rotation of the support platform over the width with a linear line, the rotation of the nib
relative to the support platform could be overestimated. Assuming the additional rotation to be fully
caused by opening of a crack originating from the re-entrant corner, the maximum width of this crack
would be approximately equal to 0.4mm. This crack width would exceed the maximum allowed crack
width in the Netherlands of 0.2mm [61]. As the estimation of the crack width of 0.4mm is likely to be an
overestimation, it should be considered as an upper bound estimation of the additional crack width due
to traffic loads. However, it should be noted that the total width of a possible crack consists not only
of the additional crack width due to traffic loads, but also the crack width of a preexisting crack due to
static loads, which can not be measured by the current SHM system.

Due to the significant exceedance of the observed rotation of the nib to the predicted rotation by the
numerical model, it is reasonable to assume that damage has occurred to the lower half-joint nib at the
location of the right lane. The estimated stiffness values shown in Figure 5.10 confirm this conclusion,
and indicate that damage could be more severe at locations lying further away from the centre of the
bridge.
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Figure 5.13: The effect of an extreme event at 20:31 on the estimated rotation of the nib relative to the support platform. The
red box indicates the estimated time and location of the passing vehicle at each nib.

Figure 5.14: 3D solid element model of one support Figure 5.15: Comparison of the measured downward rotation
of the nib relative to the support platform with the simulated

behaviour



6
Review of the Naardertrekvaart Bridge

Monitoring System

This chapter contains a review of the sensor configuration and early warning system that is currently
active on the Naardertrekvaart bridge, based on the findings of this research. Section 6.1 gives recom-
mendations on the application of structural health monitoring systems on other half-joint bridges, and
Section 6.2 contains a review of the current SHM system and give recommendations on its improve-
ment opportunities.

6.1. Recommendations for SHM Systems on Half-joint Bridges
In this research, the difficulty in identifying the state of half-joint bridges using a structural health moni-
toring system is indicated. This difficulty evolves from the complex effect of damage on the behaviour
of the half-joint nib, along with the strong effect of thermal influences on the deformation behaviour
of the bridge. In case of a bridge that contains discontinuous half-joint nibs, the effect of damage on
the half-joint’s behaviour should prove to be more easily predictable, causing measurement systems
based on deformation to be more promising.

Monitoring systems can, however, accurately identify changes in the state of half-joint bridges using
changes in oscillatory response. Damage to a structural element can change its natural frequency and
magnify the oscillatory amplitudes. This approach needs little understanding of the exact behaviour of
the structure and canmitigate the need for development of a digital twin, but is unable to indicate historic
occurrence of damage as the oscillatory response of the undamaged structure is difficult to estimate.
Changes in the natural frequency of a structure seem to be a good indicator for the occurrence of
damage, while for localising this damage, multiple measurement sensors need to be placed at the
location of expected damage. Additionally, an increase of oscillatory amplitudes seems to serve well
in identifying damage in half-joint bridges, as shown by this research. The measurement of vibrations
can be done using many different types of sensors, of which accelerometers are the most conventional.
The sensors need to take measurements at a sufficiently high frequency to capture the vibrations of
the structure. By using inclinometer sensors to measure the relative rotation of the half-joint nib, the
measurement system is not only able to capture changes in oscillatory response, but can also give an
indication of the crack width of a possible crack occurring in the re-entrant corner.

Measurements of the oscillatory response of half-joint bridges is well-suited for a data-driven data anal-
ysis approach. As a data-driven approach makes the development of a digital twin of the investigated
structure unnecessary, it significantly enhances the repeatability of the measurement approach in other
half-joint bridges.
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Measuring at higher frequencies increases the amount of storage space needed for cloud storage. This
problem could be tackled by only periodically storing statistical parameters over a set amount of time,
like the mean, standard deviation, minimum and maximum and power spectral density. In addition,
the measurement system could store all measurements during a period within which an exceptional
measurement was recorded. The measurement data of such an exceptional event could be coupled
with a simultaneous image of the road to obtain information on the traffic situation.

6.2. Review of the SHM System of the Naardertrekvaart Bridge
The current monitoring system of the Naardertrekvaart, consisting of inclinometers, displacement sen-
sors and temperature sensors, captures the combined effect of all loads exerted on the bridge. Although
the temperature sensors enable estimation of the magnitude of the loads caused by thermal expansion
of the structural elements of the bridge, the magnitude of other loads remains unknown. Damage to the
half-joint is most easily diagnosed by a local reduction of stiffness, and this stiffness requires a reliable
estimation of the exerted load. As a result, the lack of knowledge about the magnitude of individual
loads exerted on the bridge complicates the identification of damage. As traffic is the main source
of the loads exerted on the bridge, the measurement system would benefit greatly from simultaneous
measurements that give a direct indication of the magnitude of traffic loads on the bridge. This could
be achieved by installation of a weigh in motion system, or through installation of a camera capturing
the highway crossing the bridge. With further investigation, the current sensor configuration might have
functionality as a weigh-in-motion system itself.

Damage to the connection between the lower half-joint nib and the support platform is characterised by
the rotation of this nib relative to the support. The current set-up of inclinometers captures not only this
relative rotation, but also the rotation of the support and the torsional rotation of the support platform
along its width. This research displayed the significance of the effect of these additional rotations on
the measurement data of the inclinometers, and the difficulty of accurately filtering them out. As a
result, the estimated rotation of the lower half-joint nib relative to the support platform remains highly
uncertain, causing great uncertainty in the indication of damage. The SHM systemwould benefit greatly
from additional inclinometers at the base of the support platform of the monitored supports at multiple
locations across their width, which accurately capture the rotation of the platforms.

The displacement sensors that are part of the monitoring system need to be mounted to a fixed point on
the bridge. In case of the Naardertrekvaart bridge, the displacement sensors below the lower half-joint
nibs are installed on a metal rod that mounts to the support in two locations. This method of installa-
tion presumably caused the extreme dependence on thermal effects along with the large behavioural
differences between the sensors. Consequently, the deformation sensors have been disregarded in
most parts of this research.

The data acquisition method, which averages the 10Hz data into one data point per 30s, could be able to
identify a sudden drop of the half-joint nib due to the occurrence of damage to the connection between
the nib and the support platform. However, at the time of this research, the effect of damage to this
connection on the deformation of the nib is unknown, as it is influenced by complex behavioural factors
like the interaction between steel and concrete under possible corrosion and transversal redistribution
of forces at the onset of plastic behaviour. As a result, it is unclear whether the occurrence of damage
to the support platform has an effect on the acquired measurement data that is distinguishable from
the effect of other phenomena.

The early warning system that is active on the monitoring system of the Naardertrekvaart contains a
static and a dynamic component, which are described in Section 3.3. This system functions well in
finding anomalies in the measurement data. However, after an alarm has been raised, it is difficult
to use the measurement data to deduce whether damage has occurred. As sudden deformation of
the nibs is often caused by a simultaneous temperature change, warnings could be attributed with a
likeliness to be caused by thermal influences, based on the temperature jump that occurred in the past
hour.
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In addition to the dynamic component of the presently active early warning system, it could be adapted
to monitor not only the mean of the rotation measurements, but also other statistical properties like
standard deviation and maximum and minimum. To increase accuracy of these statistical properties,
the measurement system might benefit from a higher measurement frequency. Due to the fibre-optic
nature of the SHM system, enhancement of the measurement frequency only requires adaptation of
the interrogation setup. Additionally, the system could store high-frequency measurement data of a
time period within which an extreme measurement has been captured.
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Conclusions

This research aimed to use the structural health monitoring (SHM) system on the Naardertrekvaart
bridge to assess the structural integrity of its half-joints, and use it as an early warning system, capturing
the occurrence of damage before it becomes critical. This study took a hybrid approach, combining
data analysis with the inference of damage using numerical models. The SHM system consists of 44
inclinometers, 16 displacement sensors, and 24 temperature sensors, taking measurement below the
lower half-joint nibs of four half-joints in the southern bridge.

A review of existing literature revealed that degradation of the half-joints often occurs in the re-entrant
corner of the lower half-joint nib. This degradation consists of the formation of a diagonal crack, which,
in combination with seepage of water into the half-joint gap, can cause corrosion of the reinforcement
steel. Multiple inspections of the half-joints of the Naardertrekvaart bridge indicated water leakage,
indicating that the same degradation mechanism is occurring. The measurement data of the SHM
system were analysed to quantify this damage.

Analysis of two years of low-frequency measurement data established the presence of a downward
linear trend in most of the inclinometers. Additionally, a dependence of the deformation of the lower
half-joint nibs on a yearly cycle was found, rotating upwards during periods of high temperature and
downwards during periods of low temperature. Analysis of the correlation between sensors indicated
some measurement sensors to behave in an inversed manner. Several hypothesised causes of this
behaviour were proposed, and their effect on the behaviour of the lower half-joint nibs was predicted
using several custom-built numerical models or manual calculations. The investigations revealed that
the yearly fluctuations of the deformation of the lower half-joint nibs are likely caused by friction force
development between the nib and the transversal beams, preventing free thermal contraction. Analysis
of the low-frequency measurement data provided insufficient possibility to accurately assess the state
of the half-joints.

Analysis of 24 hours of high-frequency, 10Hz, measurement data of the bridge revealed the clear effect
of traffic loads on bridge deformation. A significant portion of the rotation of the nibs under traffic loads
originates from rotation of the platforms of the supports as a whole, which could be caused by the
combined effect of bending of the support column and rotational elasticity of the underlying foundation.
Another portion of the nib rotation originates from torsional rotation of the support platforms, causing
a variable rotation of the platform over its width. The remaining portion of the rotation of the nib is
its rotation relative to the support platform, which is the portion of the measurement data that gives
information about the structural integrity of the connection between the nib and the support platform.
The rotation of the lower half-joint nib relative to the support platform of one day of high-frequency
measurement data was analysed to find behavioural differences at different locations along the width
of the bridge. A first analysis consisted of combining the amplitudes of the rotational vibrations of the
nib with the estimated magnitude of the traffic loads, which enabled calculation of a stiffness parameter
at different locations along the width. Reduced stiffness could be an indicator of local occurrence
of damage. A compelling variation of this stiffness parameter was observed at different locations on
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the platforms of the measured supports. The stiffness parameter indicates varying stiffness of the
monitored nibs along their width, with a significantly and consistently low value on the southern side
of the eastern nib of support 6. A second analysis consisted of comparing the observed response
of the lower half-joint nib due to extreme traffic loads with its undamaged behaviour, predicted with a
numerical model of a support. This analysis indicated that a crack is likely to exist in the connection
between the lower half-joint nibs and the support platforms. An estimation of the width of this crack is
highly uncertain, but should be smaller than 0.4mm.

This research demonstrated the difficulty of using the current structural health monitoring system on the
Naardertrekvaart bridge to identify the structural integrity of its half-joints, due to the complex impact
of damage on half-joint nib behaviour and the significant influence of thermal effects on deformation..
This difficulty could be diminished with knowledge of the magnitude of traffic loads on the bridge, or
through estimation of the effect of damage on the behaviour of the bridge using a comprehensive solid
element model of the support platform. Additionally, it would benefit from accurate measurement of
the rotation of the lower half-joint nib relative to the support platform, which contains most information
about the state of the connection between the nib and the platform. The monitoring system could also
be adapted to takemeasurements at a higher frequency, which enables analysis of oscillatory behaviour
like amplitudes or frequency response. This adaptation does raise the need for cloud storage saving
techniques, such as periodic storage of statistical parameters, possibly in combination with occasional
storage of the measurement data in the case of an exceptional event.

Monitoring systems on other half-joint bridges could monitor changes in oscillatory response, such as
shifts in natural frequency and increased oscillation amplitudes. This approach provides a practical
way to detect damage without needing detailed structural understanding or a digital twin. The SHM
system could contain multiple sensors at the locations of expected damage. The use of inclinometers
provides additional insight into the magnitude of the width of a possible crack. A data-driven approach
regarding analysis of the data, improves repeatability of the measurement approach across bridges.
The challenge of high-frequency data storage can be addressed by selectively storing key statistical
data and exceptional event records, potentially linked to traffic conditions.



8
Discussion and Recommendations

This research aimed to explain the measurement data of the SHM system on the Naardertrekvaart
bridge using multiple tools, such as manual calculations, numerical models and traffic simulations. With
a very limited amount of publications about the assessment of concrete half-joints using sensor data,
this study can be regarded as a preliminary study into an uncharted subject. It gave insight into the
behaviour of half-joint bridges due to the seasonal meteorological cycle, as well as the response of
half-joint bridges to traffic loads. Moreover, the tools that were developed to give estimations of the
damage to the half-joint can provide guidance into the decision making regarding monitoring of other
half-joint bridges.

The outcome of this study was a clear indication that damage has occurred to the half-joints in the form
of a crack close to the re-entrant corner. The developed tools raised the need for multiple assumptions,
causing the results of the analyses to serve only as indications of the cause of the actual behaviour
of the bridge. Might there be a need for gaining certainty on the physical behaviour of the bridge that
causes the observed deformation behaviour of the bridge, the indications should be followed up with
additional measurements of the bridge. To obtain certainty of the accuracy of the proposed indicator
of damage to the half-joint nib, damage predictions could be verified using destructive tests at multiple
locations along the monitored part of the bridge, intended to find the local degree of damage. Another
approach could be to monitor the deformation behaviour of the bridge when subjected to loads of a
known magnitude.
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A
Relevant Design Drawings of the

Naardertrekvaart Bridge

This appendix contains the design drawings of the Naardertrekvaart bridge that have been consulted
for this research. Table A.1 gives a description of these drawings.

Table A.1: Description and page of the design drawings consulted for this research

Description Page
Overview of the northern and southern bridge 61
Dimensions of support 6 of the southern bridge 62
Dimensions of the plates welded to the flanges of the IPE profile of the Preflex girders 63
Dimensions of the plates welded to the webs of the IPE profile of the Preflex girders 64

59











B
Overview of Previously Conducted

Inspections and Reparations

Table B.1 gives an overview of previously conducted inspections and reparations to the Naardertrek-
vaart bridge.

Table B.1: Overview of the previously conducted inspections and reparations to the Naardertrekvaart bridge

Year Description
1969 Completion of construction.
1988 First observation of damage resulting from leakage of the expansion joints.
1994 Metal grids above the half-joint gaps replaced by bituminous expansion joints. Ver-

tical surfaces of the concrete inside the half-joint gaps instrumented with a Latexfalt
layer, with the goal of conservation.

1998 Additional damage as a result of leakage of the expansion joints was observed.
? Addition of concrete to the support platform, with the goal of increasing the concrete

cover. Concrete instrumented with a protective coating at multiple locations.
2007 Concrete compression layer covered with a strengthening layer of HSC.
2014/2015 Leakage of the expansion joints was observed in the northern bridge, but there

were no signs of leakage of the southern bridge.
2015 Replacement of all bituminous expansion joints.
2016 Inspection indicated no leakage of the expansion joints, but did indicate inadequate

precipitation drainage capability.
2017/2018 Inspection indicated new complications inside of the half-joints.
2019 Measurements of reinforcement bar potential indicated a high variance of possi-

bility of corrosion along the bridge, with several bars exhibiting a high chance of
corrosion.

2020/2021 Removal and replacement of a large area of loosened concrete of the lower half-
joint nibs of multiple supports.

2022 Installation and activation of the structural health monitoring system.
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C
Supplementary Information about the

Data Analysis

C.1. Data Preparation
This section contains the steps taken to prepare the different types of measurement data for analysis.

C.1.1. Preparation of the Historical Data of the Naardertrekvaart Bridge Monitor-
ing System

The preparation of the historical data of the monitoring system on the Naardertrekvaart bridge consisted
of the following steps.

1. Converting the optical reflection measurements to measurements of the physical parameters us-
ing predefined formulas and constants.

2. Removing measurements before the last correction to the sensor setup.
3. Downcasting the dataset to save memory.
4. Dropping the measurement data from sensor T107, measuring the outside temperature, as it

takes unrealistic measurements.
5. Adding temperature measurements by the KNMI (Dutch Meteorological Institute) at the meteoro-

logical station in De Bilt.

C.1.2. Preparation of the High-Frequency Data of the Naardertrekvaart Bridge
Monitoring System

The preparation of the high-frequency data of the monitoring system of the Naardertrekvaart bridge
consisted of the following steps.

1. Converting the optical reflection measurements to measurements of the physical parameters us-
ing predefined formulas and constants.

2. Applying an offset to shift the measurement data of the inclinometers and displacement sensors.
The offset value is taken as the mean measured value between 3:00 and 4:00 on 26-07-2024.

3. Downcasting the dataset to save memory.
4. Dropping the measurement data from sensor T107, measuring the outside temperature, as it

takes unrealistic measurements.
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C.1.3. Preparation of the Measurement Data of the Bridge WIM System on the
Moerdijkbrug

The preparation of the measurement data of the Bridge WIM system on the Moerdijkbrug consisted of
the following steps.

1. Removing observed vehicles of which no license plate could be registered.
2. Removing observed vehicles with a gross vehicle weight of 0kN.
3. Removing observed vehicles with an axle weight below 6kN.
4. Removing observed vehicles with an axle-to-axle distance greater than 7m.

The significant effect of this filtering method is visible in a scatter plot of the outer axle distance of the
vehicles and their gross vehicle weight, which is shown in Figure C.1.

Figure C.1: Scatter plot of the vehicle outer axle distance and the gross vehicle weight, for the original and filtered data.

C.2. Histograms of Historical and High-Frequency Measurement
Data

Figure C.2 contains histograms of the historical and high-frequency measurement data of every incli-
nometer, highlighting the behavioural differences between the datasets.

C.3. Power Spectral Density Plots
Figure C.3 contains PSD plots of all inclinometers.

C.4. Correlation Matrices
This section contains the full correlation matrices used for the analysis of bridge behaviour. Figure C.4
shows the correlation matrix of the sensors’ full dataset, while Figure C.5 shows the correlation matrix
of the 10Hz data of the sensors.

C.5. Estimated Load versus Normalised Amplitude Plots
Figure C.6 contains the plots of the relationship between the estimated vertical load on the lower half-
joint nib and the amplitude of the rotation measurements.
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Figure C.2: Histograms of the historical and high-frequency measurement data of every inclinometer
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Figure C.3: Power spectral density plots of all inclinometers
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Figure C.4: Correlation matrix, a visualisation of the degree of correlation between the sensors
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Figure C.5: Correlation matrix of the sensors’ deviation from a rolling average
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Figure C.6: Plots of the relationship between the estimated vertical load on the lower half-joint nib and the amplitude of the
rotation measurements



D
Numerical Models

Three numerical models are used to investigate the effect of local stiffness variation on the behaviour
of the Naardertrekvaart bridge. This chapter describes the numerical models used for this investigation.
Considering the relative nature of the measurements performed by the sensors, all computational mod-
els exclude the influence of the self-weight of the structural elements, as its impact on the observed
deformation is deemed negligible.

D.1. 2D Plane Stress Model of Half a Standard Span
A 2D plane stress model of half a standard span of the Naardertrekvaart bridge is developed to inves-
tigate the local effect of thermal expansion. The magnitude of this effect depends on the stiffness of
the material in the half-joint gap. The model is shown in Figure D.1. The geometrical components of
the model are discussed in Section D.1.1, its supports in Section D.1.2, and its mesh in Section D.1.3.
The ability of the model to simulate the behaviour of the physical structure, and thereby the validity of
the assumptions taken in the model, is confirmed in Appendix E.1.

Figure D.1: 2D model of half a standard span of the Naardertrekvaart bridge

D.1.1. Geometrical Components
The numerical model consists only of plane stress elements that represent the entire width of the bridge.
Consequently, the thickness of the longitudinal girder components is adapted to account for all eleven
girders along the width of the bridge. This modelling decision presumes that the girders act together
as a unified member. Additionally, modelling of the bridge with 2D plane stress elements neglects
the additional stiffness that is generated through restrained transverse expansion resulting from the
Poisson effect.
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The thickness of several elements of the support column and the HIP girder varies with their height. In
the numerical model, these elements are modelled by their average thickness.

The bearing plate is modelled with a plane stress element, rigidly connected to the lower half-joint nib
and connected to the span using an interface element. The plane stress element keeps the distance
between the girder and the lower half-joint nib present in the physical structure, while the interface
element simulates the elastic behaviour of the bearing plates under vertical and horizontal loading. The
elastic stiffness used for the interface element is calculated using approximation formula’s developed
by a dutch collaboration of civil engineering companies [62]. The prescribed equations can be rewritten
in a horizontal and vertical stiffness equation,Kh andKv respectively, as can be found in Equation D.1
and D.2. The resulting values for the horizontal and vertical stiffnesses can be found in Table D.2

Kh =
A′ ·G∑

i ti
(D.1)

Kv =
∑
i

ti
A′

(
1

5GS2
+

1

2000

)
(D.2)

ti : thickness of rubber layer i [mm],
G : shear modulus of rubber, taken as 1N/mm2 according to PVENO [62]

S : correction factor, calculated with A′

2(a′ + b′) · ti
[-],

a′, b′ : width and height of the steel plates [mm2].

The dimensions of the geometrical components of the model can be found in Figure D.2. The properties
of the geometrical components of the model can be found in Table D.1.

D.1.2. Supports
The supports of the model restrict displacement of the model at the base of the columns in y-direction
(vertical), and at the location of the symmetry lines in x-direction (horizontal). The location and direction
of the supports are visible in Figure D.1.

D.1.3. Mesh
The mesh of the model uses small elements near possible stress concentration locations and larger
elements at locations where the model is expected to behave undisturbed. The mesh of the spanning
elements is achieved with a mesh seeding method based on element size, with a desired element size
of 1m and a size transition smoothness of 0.06. The mesh of the platform and transition elements is
achieved with the same seeding method, but with a desired element size of 200mm and a size transition
smoothness of 0.5. No desired element size was specified for the column of the support column. The
resulting mesh can be found in Figure D.3.

D.2. 2D Plane Stress Model of the Full Bridge
To investigate the effect of thermal expansion of the entire bridge, a 2D plane stress model of the full
bridge is developed. The model is shown in Figure D.4.

D.2.1. Geometrical Components
Similar to the 2D plane stressmodel of half a span of the bridge, the elements in this model represent the
full width of the bridge, and the thickness of the elements is adapted to account for this. As a result, the
longitudinal girder elements have a thickness that is 11 times higher than their actual thickness, which
assumes full composite action between the longitudinal girders. Furthermore, the additional stiffness
resulting from restrained transverse expansion is neglected by the use of plane stress elements.
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(a) Dimensions of the half-span model

(b) Detail A with component names

(c) Detail A with dimensions

Figure D.2: Dimensions of the geometrical components of the 2D model of half a standard span
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Table D.1: Element properties of the 2D model of half a span. E-modulus values have been extracted from [63].

Member Type E G ν α t
[N/mm2] [N/mm2] [-] [K−1] [mm]

Support
Column Plane stress 25788 - 0.15 1e-5 3343
Transition element 1 Plane stress 25788 - 0.15 1e-5 10093
Transition element 2 Plane stress 25788 - 0.15 1e-5 16000
Support platform Plane stress 25788 - 0.15 1e-5 20000
HSC layer Plane stress 37452 - 0.15 1e-5 20000

Span
HIP girder flange part 1 Plane stress 32971 - 0.15 1e-5 12980

(11x1180)
HIP girder flange part 2 Plane stress 32971 - 0.15 1e-5 9592

(11x872)
HIP girder flange part 3 Plane stress 32971 - 0.15 1e-5 4752

(11x432)
HIP girder web Plane stress 32971 - 0.15 1e-5 3300

(11x300)
Interlayer Plane stress 25788 - 0.15 1e-5 3300

(11x300)
Compression layer Plane stress 25788 - 0.15 1e-5 20000
HSC layer Plane stress 37452 - 0.15 1e-5 20000
Transversal beam Plane stress 25788 - 0.15 1e-5 20000
EPS plate Plane stress 5.5 3 0.05 - 20000
Bearing plate (stiff element) Plane stress 200000 - 0.30 - 2816

(11x256)

Table D.2: Properties of the bearing plate interface element of the 2D model of half a span

Member σy/uy (normal) σx/ux (shear) t
[N/mm3] [N/mm3] [mm]

Bearing plate interface 4.536 0.02941 2816
(11x256)
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Figure D.3: Mesh of the 2D model of half a standard span

To facilitate the support of the columns through a rotational spring, a beam with high relative stiffness
is located at the bottom of every column. This is further explained in Section D.2.3.

The dimensions of the components of the 2D model of the full bridge can be found in Figure D.5. As
the model uses mainly elements with the same dimensions as the 2D model of half a standard span,
the half-joint detail belonging to a standard span can be found in Figures D.2c and D.2b. The elements
of the standard spans have the same properties as the elements of the 2D plane stress model of half
a standard span, and can be found in Table D.1. The properties of the elements of the divergent span
between support 3 and 4 can be found in Table D.3.

For simplicity, the bearing plates of the 2D model of the full bridge uses the same bearing plate stiffness
as the 2D model of half a standard span. The properties of the interface elements of bearing plates are
depicted in D.4.

D.2.2. Supports
To simulate the abutments of the bridge, the EPS elements at both ends of the bridge are constrained
in x-direction, and the bottom edge of the corresponding bearing plate elements are constrained in both
x- and y-direction.

The supports of the bridge are anchored using pile foundations. These pile foundations are considered
to have high resistance against translation, but have finite stiffness against rotation. A design drawing
of the foundation of a regular support is shown in Figure D.6.

The stiffness of the foundation can be estimated using a manual calculation based on the schematic in
Figure D.7. The normal stiffness of a pile can be calculated using equation D.3.

KN,i =
EA

Li
(D.3)

As a result of a rotation in the foundation plate dα, the normal force in the foundation piles can be
calculated using equation D.4.

Fi = KN,i · dui =
EA

Li
· dα · ei (D.4)
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(a) Full model

(b) Standard span (c) Span between support 3 and 4

(d) Span between a support and abutment

Figure D.4: 2D plane stress model of the full Naardertrekvaart bridge

Thus, the rotational stiffness of the support foundation can be calculated with equation D.5.

Krot =
M

dα
=

∑
i Fi · ei
dα

= EA ·
∑
i

e2i
Li

(D.5)

where:

E = 35000 N/mm2,

A = 400 · 400 = 160000 mm2.

The longest foundation pile has a length of 12.5m. The resulting minimal rotational stiffness is equal
to 5.91 · 1013 Nmm/rad. This rotational stiffness is applied to the structure in the middle of the column
support beam, in combination with a constraint of displacement in both x- and y-direction.

D.2.3. Mesh
The mesh of the first 2.5 spans of the model contains all information about the mesh of the complete
model, containing a span connecting to the abutment, a standard span, and a divergent span. The
remaining portion of the bridge is meshed using the same mesh settings, which are the same settings
described in Section D.1.3. The mesh of the first 2.5 spans is shown in Figure D.8. The model uses a
finer mesh at locations near connections between elements and a coarser mesh where the structure
is expected to behave undisturbed.

D.3. 3D Solid Element Model of One Support
To investigate the behaviour of the support in both the transversal and longitudinal directions, a 3D
model of a single support is developed. The model is shown in Figure D.9. Section D.3.1 describes the
geometrical components of the model, Section D.3.2 describes the supports of the model, and Section
D.3.3 describes the mesh of the model.

D.3.1. Geometrical Components
The dimensions of the 3D model of one support are based on the same design drawing of support
6 on which the other models are based, which can be found in Appendix A. The model consists of a
column, two transition elements, the platform, and a high-strength concrete layer. The dimensions of
the elements can be found in Figure D.10. The shape of the platform element at the location of the
half-joint is the same as in the previously developed models and can be found in Figure D.2c. The
properties of the geometrical components can be found in Table D.5.
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(a) Dimensions of the two column types of the model

(b) Dimensions of the longitudinal girders of the model. From top to bottom: the HIP girder, the steel profile of the Preflex girder,
and the concrete part of the Preflex girder.

(c) Detail of a half-joint of a divergent span with component names
(d) Detail of a half-joint of a divergent span with dimensions.

The internal HEB1000 is shown with a dotted line.

Figure D.5: Dimensions of the geometrical components of the 2D model of the full bridge
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Table D.3: Element properties of the divergent span of the 2D model of the full bridge. E-modulus values have been extracted
from [64].

Member Type E G ν α t
[N/mm2] [N/mm2] [-] [K−1] [mm]

Preflex girder concrete flange Plane stress 34429 - 0.15 1e-5 13200
(11x1200)

Preflex girder concrete web Plane stress 25788 - 0.15 1e-5 1991
(11x181)

Preflex girder concrete inter-
layer

Plane stress 25788 - 0.15 1e-5 4009.5
(11x364.5)

Preflex girder concrete inter-
web

Plane stress 25788 - 0.15 1e-5 4741
(11x431)

Preflex girder concrete wide
web

Plane stress 25788 - 0.15 1e-5 7491
(11x681)

Preflex girder steel bottom
welded plate

Plane stress 210000 - 0.3 1e-5 6050
(11x550)

Preflex girder steel lower
flange

Plane stress 210000 - 0.3 1e-5 3300
(11x300)

Preflex girder steel web Plane stress 210000 - 0.3 1e-5 209
(11x19)

Preflex girder steel upper
flange

Plane stress 210000 - 0.3 1e-5 3300
(11x300)

Preflex girder steel top welded
plate

Plane stress 210000 - 0.3 1e-5 6050
(11x550)

Preflex girder steel joint
welded plate

Plane stress 210000 - 0.3 1e-5 6600
(11x600)

Compression layer Plane stress 25788 - 0.15 1e-5 20000
HSC layer Plane stress 37452 - 0.15 1e-5 20000
Transversal beam Plane stress 25788 - 0.15 1e-5 20000
EPS plate Plane stress 5.5 3 0.05 - 20000
Bearing plate (stiff element) Plane stress 200000 - 0.30 - 6732

(22x306)
Column support beam C-III beam 25788 - 0.15 1e-5 H=10000

W=10000

D.3.2. Supports
The bottom face of the support column is constrained in x-, y- and z-direction. No additional constraints
are given to the model.

D.3.3. Mesh
The mesh of the 3D solid element model of one support is shown in Figure D.11. This mesh is achieved
with the default mesher type of Diana 10.8 using a seeding method based on element size, with a
desired size of 200mm and a size transition smoothness of 0.15. While running the model, Diana gives
seven warnings about elements at several locations in the support with internal angles less than 10
°. These small angles could cause inaccuracy in the finite element calculation. To ensure that these
elements do not have a significant influence on the results of the calculation, a mesh sensitivity analysis
is performed in Appendix E.2.
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(a)

(b)

Figure D.6: Drawings of the foundation of a regular support

Figure D.7: Schematic of the calculation of the rotational stiffness of the support foundation

Table D.4: Properties of the bearing plate interface element of the 2D model of the full bridge

Member σy/uy (normal) σx/ux (shear) t
[N/mm3] [N/mm3] [mm]

Bearing plate interface
standard span

4.536 0.02941 2816
(11x256)

Bearing plate interface
divergent span

4.536 0.02941 6732
(22x306)

Figure D.8: Relevant portion of the mesh of the 2D model of the full bridge

Table D.5: Element properties of the 3D solid model of one support. E-modulus values have been extracted from [63].

Member Type E ν
[N/mm2] [-]

Column Structural solid 25788 0.15
Transition element 1 Structural solid 25788 0.15
Transition element 2 Structural solid 25788 0.15
Support platform Structural solid 25788 0.15
HSC layer Structural solid 37452 0.15
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Figure D.9: 3D solid element model of one support

Figure D.10: Dimensions of the geometrical components of the 3D solid element model of one support

Figure D.11: Mesh of the 3D solid element model of one support



E
Verification of the Numerical Models

This chapter contains the verification of the numerical model. Based on manual calculations, the ability
of the numerical models to simulate the physical behaviour of the bridge is confirmed. Section E.1
contains a verification of the behaviour of the support columns and the spans of the 2D plane stress
models of the Naardertrekvaart bridge, and Section E.2 contains a verification of the mesh insensitivity
of the 3D solid element model of the Naardertrekvaart bridge.

E.1. Verification of the 2D Plane Stress Models
The 2D models of the Naardertrekvaart bridge make use of elements with the same geometry. As a
result, the verifications in this section hold for both of the models.

E.1.1. Verification of the Bending Stiffness of the Support Column
The bending stiffness of the support columns can be verified with a solid element model of the support.
The horizontal displacement resulting from a horizontal distributed load is compared to that of the 2D
plane stressmodel. The solid elementmodel and its displacement resulting from a horizontal distributed
load of 50000 N/m at the location of the centre line of the bearing plates is shown in Figure E.1.

(a) Solid element model. The foundation support constrains the bottom
face of the column in both x, y and z direction. The vertical face of the
elements are constrained in y direction to simulate symmetry in the y-z

plane.

(b) Result of the linear static analysis resulting from distributed load of
50, 000N/m exerted at the location of the bearing plates. The

deformation scaling factor is equal to 500.

Figure E.1: Verification of the bending stiffness of the support columns
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Table E.1: Comparison of Estimated EIy Values of the Support Column

ux,solidmodel ux,framemodel Difference
−4.93mm −4.82mm 2.2%

E.1.2. Verification of the Bending Stiffness of the Spans
The 2D plane stress models of the Naardertrekvaart bridge are composed of two types of spans. The
behaviour of these spans can be verified by comparing a hand calculation of the bending stiffness of
the span with the bending stiffness resulting from a numerical calculation of the response of a 2D plane
stress model of the spans to a certain load. The bending stiffness can be estimated with Equation E.1.

EI =

n∑
i=1

Ei ·
(

1

12
bih

3
i +Aid

2
i

)
(E.1)

The bending stiffness of the span in the models is obtained by exerting a vertical distributed load of
50000N/m to the span, as depicted in Figure E.2a, and extracting its rotation around the y-axis φy at
the location of the support. Following from the formula for φ from the forget-me-not depicted in Figure
E.2b, the rotational stiffness EIy can be calculated with equation E.3.

φ =
1

24

ql3

EI
(E.2)

EIy =
1

24

ql3

φy
(E.3)

(a) Loading of the span (b) Forget-me-not

Figure E.2: Verification of the bending stiffness of the span

The comparison of bending stiffness according to the manual calculation and the numerical model can
be found in Table E.2.

Table E.2: Comparison of Hand Calculated and Model Estimated EIy Values of the Spans

EIy,hand EIy,model Difference
Standard span 7.328 · 1015Nmm2 6.821 · 1015Nmm2 6.9%

Divergent span (3-4) 9.811 · 1015Nmm2 11.094 · 1015Nmm2 13%

E.2. Verification of the 3D solid element model of one support
To ensure that the results of the 3D solid element model of one support are insensitive to changes in
mesh size, the mesh size reduced by 50% and the results are compared. The rotations on the bottom
of the lower half-joint nib, below the bearing plates, due to a vertical load on the corresponding bearing
plate are shown in Table E.3 for each mesh size. This concerns the rotation relative to the centre of
the platform. The maximum difference in rotation between the two mesh sizes is equal to 4.0%, which
is estimated to be sufficiently small for the investigations carried out with this model.
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Table E.3: Comparison of the rotation results relative to the centre of the platform of the 3D solid element model for different
sizes

Y-coordinate Rotations [mrad] Difference
[m] s = 200mm s = 100mm

9.20 −0.0392 −0.0404 2.9%
7.36 −0.0290 −0.0297 2.5%
5.52 −0.0249 −0.0255 2.6%
3.68 −0.0217 −0.0226 4.0%
1.84 −0.0198 −0.0205 3.5%
0.00 −0.0188 −0.0195 3.8%
−1.84 −0.0198 −0.0204 3.3%
−3.68 −0.0219 −0.0226 3.3%
−5.52 −0.0251 −0.0255 1.9%
−7.36 −0.0291 −0.0295 1.4%
−9.20 −0.0392 −0.0403 2.8%

Max 4.0%
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