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A B S T R A C T

A submerged floating tunnel (SFT) is a structure that has been proposed as an innovative solution for waterway
crossings around the world. However, to this day, no SFT has been constructed yet. One of the main reasons
is that there is an insufficient insight into the structural reliability of the SFT. Here, a method to assess the
expected structural response of an SFT under traffic loads and a reliability assessment of the results is presented.
To do this, traffic models and structural response and reliability are coupled. The methodology presented herein
proposes an innovative way to combine copula-based models and structural models to obtain more a more
realistic structural response of the SFT. The focus will be on one failure mechanism, leakage caused by bending
failure of the SFT in the longitudinal direction. The method utilizes a copula-based model to characterize the
traffic loads and simulate traffic loads on the SFT (axle weight, inter-axle distance, and inter-vehicle distance).
Next, a structural model is used to assess the structural response and derive stresses. Using a probabilistic
analysis, the design of the cross-section can be adapted so that it meets the requirements for leakage caused
by bending moments. For the case study is demonstrated that for a buoyancy weight ratio (BWR) of 1.1 an
optimal design can be achieved based on a probabilistic method. This methodology could be extended to other
failure modes of an SFT or to other structures.
. Introduction

A submerged floating tunnel (SFT) or also known as Archimedes’
ridge is a tubular structure submerged in water at a fixed depth, which
xploits the bearing capability offered by the Archimedes buoyancy [1].
ethered SFTs are stabilized on their position by anchorage systems
ade of cables attached to the seabed, while pontoon SFTs use floating
ontoons on the free water surface [2] (Fig. 1). First proposals appeared
n the early decades of 1900 in Norway, however, just in the last
ears several preliminary designs and feasibility studies have been
roposed [2]. Nevertheless, no SFT has been constructed yet. One of
he reasons for this is the lack of experience and research regarding
ossible SFT’s structural responses to different load actions and there
s no insight in its safety or structural reliability. Since an SFT is situated
n a marine environment, the loads on an SFT can be divided into
nvironmental loads, permanent loads, operational loads, deformation
oads, and accidental loads [3].

The effect of the aforementioned loads on the structure can be
ery complex [3]. Generally, the reliability assessment of structures
s carried out by applying variables as deterministic values. Moreover,

∗ Corresponding author at: Civil Engineering and Geosciences, Delft University of Technology, The Netherlands.
E-mail address: c.m.p.thart@tudelft.nl (C.M.P. ’t Hart).

insight is required in the structural reliability and risk levels associated
with a certain design and loading conditions. An SFT is similar to an
immersed tunnel (IMT). For example, both depend on gravity-induced
vertical loads such as dead weight, vehicle weight, the self-weight of
the structure and its buoyancy. However, an IMT is supported on the
seabed, while an SFT is floating. This makes an SFT a structure in a dy-
namic hydraulic environment and will thus be differently (externally)
loaded than an IMT. An IMT is usually covered with a protection layer
of soil and continuously supported by soil bedding. An SFT structure is
floating during its lifetime and relies on the balance between the up and
down-ward vertical forces and is discretely supported along the align-
ment by pontoons or tethers. The response of an SFT is more sensitive to
loading than an IMT because Flooding of an IMT will introduce a larger
vertical downward force. This is a severe situation that could lead to
loss of the tunnel due to the disrupted balance between the weights
and the buoyancy and may lead to undesired settlements. Additionally,
flooding of the hinterland might be a consequence if the hinterland’s
elevation is lower than the tunnel’s entrance [4]. Flooding of an IMT
causes considerable damage, but it might still be possible to repair
vailable online 19 August 2022
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Nomenclature

[𝑅𝐵𝑊𝑅] Matrix of results due to the BWR
[𝑅𝑒] Matrix of enveloped results
[𝑅𝑡] Matrix of results due to BWR and traffic

loads
𝜎𝑓 Stress in fiber
𝐹𝑡 Vector of a sub-train of axle loads
𝑎 Lever arm
𝐶𝜃𝑋 Auto-correlation model of order 1 for the

time series of interest
𝐹𝑡 Matrix of all sub-trains of axle loads
𝐺1(𝑥1), 𝐺2(𝑥2) Marginal distributions
ℎ Cross-section thickness - Eurocode defini-

tion
𝐻𝑋1𝑌2 Joint distribution
𝑖 Discrete time indices of the variable of

interest (Not calendar time) [h].
𝐼𝑧 Second moment of area
𝑀 Total bending moment.
𝑀𝐵𝑊𝑅 Bending moment due to BWR load
𝑀𝑐𝑎𝑝 Bending moment capacity
𝑀𝑚𝑎𝑥,𝑚𝑖𝑛 Maximum or minimum bending moment

from envelope
𝑀𝑝𝑡 Bending moment due to asymmetric post

tensioning
𝑀𝑡𝑟,𝑐𝑎𝑝 Bending moment capacity related to traffic
𝑀𝑡𝑟 Bending moment due to traffic load
𝑁𝑎𝑠,𝑝𝑡 Asymmetric post tensioning
𝑁𝑎𝑥,𝑝𝑡 Axial post tensioning
𝑅𝑖 Inner radius of tubular section
𝑅𝑜 Outer radius of section
𝑅𝑢 Matrix of results for each unit load
𝑆𝑖−1 Vehicle’s speed at time 𝑡 − 1 [km/h]
𝑡𝑠 Thickness of the tubular shape
𝑤𝑓 Section modulus for fiber location
𝑥𝑓𝑖 Location of fiber in the cross-section
𝑥𝑓 Vertical location of fiber
𝑥𝑖 Inter-vehicle distance at discrete time 𝑡

[km]
ecdf Empirical cumulative distribution function.

after pumping out the water, cleaning the tunnel and repair of the
tunnel installations. When an SFT is flooded, it could also lead to loss
of the structure [5]. A tether-type SFT [6] is particularly vulnerable to
total destruction by flooding. However, according to Grantz (2010) [6],
pontoon-type SFT structures are also vulnerable to total destruction by
flooding.

An SFT will be subject to several different loads over time, such as
wind and wave loads, collisions risk, tidal loads, and internal loads.
Together with these loads, also other failure mechanisms can be con-
sidered. The method presented in this paper is based on a hypothetical
single tube tunnel with an outer radius of 5 m, a wall thickness of 1 m,
and spans of equal size of 200 m. The focus is on the relation between
traffic load over time and the resistance to leaking due to cross-
sectional failure. Although intentions to build an SFT exist for decades
already an SFT have never been built yet, but a first design guide for
SFT structures was published recently [7]. This guide describes several
other design and loading situations than the one considered in this
2

paper. The method here presented focuses on failure due to bending
caused by traffic, other loads and failure mechanisms are beyond the
scope of this paper.

In this paper, a pontoon-type SFT (Fig. 1) is presented as a case
study. This SFT is tested for traffic loads and its structural response
is investigated to assess its reliability. The traffic load is defined as a
fluctuating load both in magnitude as in occurrence and position over
the structure. A traffic model based on WIM (Weight in motion) data
of heavy vehicles (heavier than 3.5 tons) is used to represent traffic
at the tunnel. In a pontoon-type SFT, the weight loads are larger than
the buoyancy load of the structure and the traffic loads act in the same
vertical downward direction as the resulting forces of the permanent
loads. Thus, the traffic loads will add to the resulting forces caused
by the permanent and buoyancy loads. An SFT must have sufficient
reserve capacity to be able to carry the traffic load [8]. On the other
hand, in a tethered-type SFT, the permanent loads act in the opposite
direction. The traffic loads and resulting forces of the permanent loads
compensate each other.

The methodology presented in this paper is based on probabilistic
modeling (copula-based models) of the input parameters, mathematical
calculation methods, and structural design principles. Our approach
results in a more realistic approximation of the structural response of
the SFT. The SFT is tested for one failure mechanism: leakage failure
due to longitudinal bending of the SFT tube. Roughly, this methodology
consist of (i) simulating the traffic passing through the SFT using a
copula-based model where WIM data is the input, (ii) computing the
resulting bending moments, shear forces and displacements of the SFT
through a finite element method (FEM) model, and (iii) performing a
reliability analysis on the bending moments obtained in the previous
step. More details of this methodology are presented in the next section.

Traditionally, the requirements on structures are based on the target
reliability which is related to the consequences. The target reliability
requirements increase if the consequences become larger. The discus-
sion about the target reliability on structures is diverse and for SFT
structures, Several standards define a target reliability for different
types of structures based on the consequences, for example [9,10].
These standards use a semi-probabilistic approach using a Load Resis-
tance Factor Method (LRFM). Other, more sophisticated and complex,
are used to calibrate the LRFM. A calibration of LRFM for tunnels
sections has been conducted in [11,12]. Different approaches for risk
and reliability, semi-probabilistic, reliability based and risk informed,
are described in [13,14]. SFT structures have not been built yet and
the discussion about the required target reliability for SFT is ongoing.
Both [15,16] contribute to this discussion. This paper presents a design
adaption related to uncertainty and less predictable loading over time
that is independent to the required target reliability. The relation of this
method to other reliability methods is beyond the scope of this paper,
such is described in [13,14]. The method presented in this paper results
in a reliability in terms of return period for a design. If the reliability
requirement is not met, the design need to be adapted.

A similar approach as the one presented here was used for investi-
gating bridges under traffic and earthquake loads in [17], where only
heavy vehicles are investigated. The methodology presented in [18]
uses empirical copulas to characterize WIM data to assess the load
effect of heavy trucks on bridges. Copula models have been used in
the past in transportation studies. Spissu et al. (2009) [19] proposed
a copula-based model to study the relationship between vehicle type
choice and usage (miles traveled). While in [20] the effects on travel
behavior are analyzed by studying the dependence between residential
neighborhood choice and daily household vehicle miles per travel
(VMT). In relation to traffic variables, Zou & Zhang (2016) [21] used
a copula-based model to characterize the dependence between vehicle
speed, headway and length.

Other variables such as corrosion growth have been characterized
using copulas for the assessment of steel girder bridges [22]. Modeling
of environmental loads are also a topic of interest for the assessment of

structures, for example, in [23], a copula-model is used to characterize
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Fig. 1. Pontoon-type SFT.
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he joint distribution of wind speed and rain intensity to perform a
ailure analysis of a transmission line. In [24], wind speed and air
emperature are characterized using copulas for the assessment of
ong span bridges. Another example of an application of copula-based
odels and reliability analysis was presented in [25] to investigating

he failure of a dike by overflow.
Engineers, researchers and decision-makers can benefit from this

tudy to better understand the SFT response to traffic loads. The flexi-
ility of this methodology also allows to study different configurations
f SFT (tethered or supported by underwater piers). Moreover, this
ethodology can be applied to other variables of interest that may

ffect the structure under investigation, such as metocean loads (waves
nd currents), among others. Finally, this work can be used as a refer-
nce when data is scarce since copula models can produce simulations
hat retain the probabilistic dependence between the variables.

This paper starts by describing the methodology to perform the
oad simulation, structural model, and reliability analysis. Next, a brief
escription of the data-set is presented. After the data description, the
pplication of the model to the case study is presented. Finally, a
iscussion, conclusions, and recommendations for future research are
resented.

. Modeling approach

.1. General overview

In this section, the methodology to perform a reliability analysis
f an SFT using a combination of copula-based models and structural
EM models is presented. The reliability analysis is conducted by the
efinition of the Limit State Function. An SFT structure is a buoyant
tructure where leakage will cause unbalance of the structure and could
nitiate a progressive collapse. In this paper, the limit state function is
ased on leakage caused by bending moments as a result of traffic loads.
FT structures can be affected by different types of loads and leakage
ue to bending failure is just one of the many failure modes. However,
ther failure modes or the influence of other loading variables are
onsidered beyond the scope of this research. The modeling approach
mployed in this paper consists of the following steps (Fig. 2):

• First, simulation of traffic passing through the SFT is carried out
by using a copula-based model that characterizes the distance
between vehicles (also known as inter-vehicle distance).

• Simulation of traffic is carried out for a determined ‘‘period of
time’’ based on an average number of vehicles per unit time
(i.e. one year). The result is a ‘‘train’’ of vehicles that will in-
clude, number of axles, axle weights, inter-axle distances, and
inter-vehicle distances.

• Then, the resulting time series of traffic are used as input in
a FEM model, based on the Direct Stiffness Method (DSM) and
the Differential Equation Method (DEM), to test its effect on the
structure of the SFT in terms of cross-section results, like bending
moments, shear forces, and displacements.
3

• From the bending moments, a stress distribution can be derived
in order to validate the compression zone of the section.

• Finally, a reliability assessment is performed on the limit state
(leakage failure mechanism due to bending moments in the longi-
tudinal direction). Findings on the assessment can lead to adjust-
ment or optimization of the water-tightness of the SFT section.

2.2. Copulas for inter-vehicle distance

The traffic load passing through the tunnel is defined by four
main variables (Fig. 3), (i) Axle weight (𝐴𝑋1, 𝐴𝑋2), (ii) inter-axle
distance (𝐷𝑇𝐹1, 𝐷𝑇 12, 𝐷𝑇𝐿𝐴𝐸), (iii) inter-vehicle distance (𝑋𝑡), and
(iv) number of axles per vehicle. In this paper, a copula-based model
is used to characterize the inter-vehicle distance by estimating the
auto-correlation of this variable. This allows us to create a more re-
alistic modeling of the traffic passing through the SFT. Distinction
between inside and outside congestion hours are also considered for
this analysis.

A bi-variate copula, or simply a copula for the purposes of this
paper, is a joint distribution with uniform margins in [0,1]. Sklar’s
theorem [26] states that any multivariate joint distribution can be
written in terms of the uni-variate marginal distribution functions and
a copula that describes the dependence between the random variables.
For the bi-variate case:

𝐻(𝑥1, 𝑥2) = 𝐶{𝐺1(𝑥1), 𝐺2(𝑥2)} (1)

Here, 𝐻
(

𝑥1, 𝑥2
)

is the joint distribution of the two continuous ran-
om variables (𝑋1, 𝑋2) with marginal distribution 𝐺𝑋1

(𝑥1) and 𝐺𝑋2
(𝑥2)

n the interval [0, 1] and a copula taking values from the unit square
2 = ([0, 1] × [0, 1]), such that for all (𝑥1, 𝑥2) Eq. (1) is satisfied. If 𝐺𝑋1
nd 𝐺𝑋2

are continuous, then 𝐶 is unique. For a complete treatment of
opula modeling the reader is referred to [27] and references therein.

In order to estimate the parameters, select the model and simulate
he bi-variate copula models, the VineCopula package [28] is used.
his tool is developed in R, a free software environment for statistical
omputing and graphics [29]. The package includes copulas such as
aussian, Gumbel, Clayton, t, Joe, BB1, BB6, BB7, BB8, as well as their

otated versions. The parameters are estimated by pseudo maximum
ikelihood and the copula families were selected based on Akaike’s
nformation criterion (AIC).

Let 𝑋 denote a random variable (i.e. the inter-vehicle distance) with
istribution 𝐺𝑋 . The time series of interest is {𝑋𝑡}, 𝑡 ∈ N. The transition
istribution is given by Eq. (2).

(𝑥𝑡|𝑥𝑡−𝑙) = 𝑃 (𝑋𝑡 ≤ 𝑥𝑡|𝑋𝑡−1 = 𝑥𝑡−1) = 𝐶𝜃𝑋

(

𝐺(𝑥𝑡)|𝐺(𝑥𝑡−1)
)

(2)

here 𝐶𝜃𝑋 (𝑢|𝑣) is the conditional copula. Notice that the parameter 𝜃𝑋
ould model auto-correlation of order 1 for the time series of interest.

n this study, for a sequence of inter-vehicular distance, the formulation
n Eq. (2) is used to simulate values for the distance between vehicles.

The graphical representation of this process is presented in Fig. 4.
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Fig. 2. Modeling overview flowchart.
Fig. 3. Traffic variables.
Fig. 4. Graphical representation of the process for inter-vehicle distance.
This model has been proposed before in [30,31] for traffic loads
odeling in bridge reliability and for modeling time series of hydro-

ogical variables in [25].

.3. Simulating traffic

An algorithm was developed to simulate traffic through the SFT.
he main goal of this algorithm is to capture the daily characteristics
f different traffic scenarios while maintaining the proportion of vehicle
er traffic scenario and category.

The simulation consists of 4 main steps, (i) simulating the number of
ehicles (per day, lane, traffic scenario and vehicle category), (ii) sim-
lation of inter-vehicle distances (𝑋𝑡) using a copula-based model (per

traffic scenario), (iii) random sampling of axle weights and respective
inter-axle distances from a vehicle data base (VH) and, (iv) combining
the results from the previous steps to form a ‘‘train’’ of vehicles.

The algorithm starts by loading the required variables and the
fitted copulas corresponding to each traffic scenario. The simulation
is performed daily, where the number of vehicles per lane is randomly
sampled from its corresponding empirical cumulative distribution func-
tion (ecdf). Then, the number of vehicles per traffic scenario and
category is obtained by multiplying the total number of vehicles per
lane by its corresponding vehicle proportion. This operation is carried
out until the desired number of days to simulate is reached.

Next, for each traffic type, the simulation of inter-vehicle distances
is executed from its corresponding fitted copula. And, since the vehicle
category proportion per traffic type is known, the random extraction
of axle-weights and inter-axle distances from the VH data-set is carried
out.

Finally, the inter-vehicle distances (𝑋𝑡), axle-weights and inter-axle
distances are put together in a vector to form a ‘‘train’’ of vehicles
(Fig. 3) that is used as input for the structural model. A simpli-
fied flowchart of the traffic simulation algorithm can be found in
Appendix A.
4

2.4. Structural model

In this paper, the structural system of the SFT is characterized
by beams supported by pontoons. The methodology for the structural
model is based on the Direct Stiffness Method (DSM) and the Differ-
ential Equation Method (DEM). This methodology is used to analyze
the structure and to determine the structural response in terms of
cross-section results, such as bending moments. The application of
these methods is focused on computational efficiency. The selected
structural system of beams which suffices for this analysis. However
if the structure is loaded by 3 dimensional and dynamic loading, like
wave loads, impact load and others, a different modeling approach is
required, using shell or solid models.

With this slender implementation, the same geometrical model can
be used for multiple load cases with arbitrarily located discrete loads
without the need to split the model into many elements. In this way, a
performance penalty is avoided.

2.5. SFT structure

In this section, a brief description of the SFT’s structure, its dimen-
sions, loading representation and structural response is presented. The
SFT model has spans of equal size (200 m) and the tethers’ stiffness
is the same for all pontoon connections. The pontoons by themselves
are considered as hinged supports. A graphical representation of this
model is presented in Fig. 5. The model is simplified by considering
only 2 full spans and 2 half side spans with symmetry supports (fixed
rotations, free vertical translations). The system has a total length of
600 m and is contemplated as a monolithic structure without flexible
joints or hinges. In total, the structural system is built up out of 8 nodes
and 7 beams.

The system is loaded with traffic loads representing the axle weights

of vehicles driving through the SFT. These traffic loads are the result
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Fig. 5. From top to bottom: (a) SFT scheme, (b) Structural system, (c) Bending moments due to a unit force load, (d) Bending moments due to buoyancy weight ratio (BWR)
load.
of the methodology presented in Section 2.2. The loading is defined as
axles with an intermediate distance (inter-vehicle distance). Further de-
tails about the characterization of the loading is addressed in Sections 3
and 4.

Since the load represents the axles of moving vehicles, the single
axle load can therefore be positioned anywhere on the structure. For
this reason, a grid is defined throughout the structure with a grid size of
1 m, resulting in a total of 600 individual positions along the structure.
For each of the 600 individual positions an unified axle load can be
used to calculate the individual influence on the system cross-sections
results (bending moments, shear forces) as presented in Fig. 5b and c.

Commonly, in global design analyses, linear structural behavior is
used to find the global response of the structure. Non-linear effects
such as cracking or plasticity are considered in local cross-sectional
analyses to design reinforcement or validation of the section. In this
paper, leakage of the SFT is considered as the limit state function. For
simplicity, un-factored loads are considered. Partial load factors could
be applied, but they will differ for different standards and different
scenarios.

Due to the assumption of elastic response of the global structure,
the superposition principle can be used. Therefore, a discrete unit load
is applied on each grid point along the structure to gather the results
5

of a single point load, resulting in 600 individual unit load cases.
These cross-section results and displacements of each unit load case are
gathered in matrix 𝑅𝑢 representing a point load in each point on the
grid along the SFT model. Then, this resulting matrix is multiplied by
each vector sub-train of vehicles 𝐹𝑡 using the superposition principle,
which contains the factors related to the axle weight.

In this way, the axle loads can be acting in any of the 600 grid points
and if for each situation a FEM analysis was conducted the analysis time
would increase significantly. For each situation the unit loads are the
multiplied by factors based on the axle weights and can be considered
as the axle loads. The sum of all axle loads for the situation leads to
the cross-sectional results for the situation.

The structural response due to each situation is obtained and added
to the response caused by the BWR (𝑅𝐵𝑊𝑅), as presented in Eq. (3).
By applying the sub-train vector 𝐹𝑡, the loads on the end-fields are
excluded from the vector 𝐹𝑡 due to symmetry. This symmetry acts as
a mirror for the loads over the support condition. A single load on an
end-field will then be considered as a double load but mirrored over the
support condition. The envelope of all situations including the results
from the BWR will present the maximum cross-sectional forces.

For the case of a pontoon-SFT, the total bending moments are
the result of the upward buoyancy force and the permanent loads
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Fig. 6. Envelope of bending moments.
acting on the structure (self-weight and dead weight). The relationship
between the permanent loads and the buoyancy load is described as
the Buoyancy Weight Ratio (BWR) and can be influenced by changing
the ballast of the structure. The resulting distributed force (BWR load)
has a downward direction that coincides with the traffic loading. For
simplicity, the BWR is considered constant over the length of the
system. For example, for a BWR of 1.1, the permanent load acting
on the structure is 10% higher than the upward buoyancy force. The
bending moments caused by the BWR are presented in Fig. 5d.

The axle loads (or axle weights) and their corresponding inter-
vehicle distance are treated as a long train of axle loads. Each axle load
has a different magnitude. ‘‘Sub-trains’’ (situations, smaller portions of
the train of axle loads) can be derived by moving the 600 m model
over the train of vehicles. All the ‘‘sub-trains’’ of loads are combined in
a matrix 𝐹𝑡 on a grid position. However, the amount of sub-trains (𝐹𝑡)
is substantial and using the DSM and DEM for each sub-train leads to
a large time-consuming process.

[𝑅𝑡] = [𝑅𝑢] ⋅ 𝐹𝑡 + [𝑅𝐵𝑊𝑅] (3)

From the cross-section results and displacements for each sub-
train in (𝑅𝑡), the envelope of the results (𝑅𝑒) is found. Minimum and
maximum values of the results, like bending moments and shear forces,
can be distinguished along the structure. The resulting envelopes of the
bending moments and shear forces are presented in Figs. 6 and 7. If the
traffic model (Section 2.2) generates a longer data-set, then different
distributions for 𝑅𝑒 are found. For each data-set generated by the traffic
model, a different 𝑅𝑒 is found.

2.6. Limit state

The cross-section of an SFT can be of different shapes, in this paper,
a tubular cross-section is used (Fig. 8). This cross-section could be
(asymmetrically) post-tensioned if needed. One of the main threats of
an SFT is large ingress of water (leakage). This could lead to changes
in the BWR. Should this be the case, the loads acting on the structure
will be larger i.e., the structure becomes heavier due to the presence of
water. As a consequence, the distributed load (𝑞𝐵𝑊𝑅) and 𝑅𝐵𝑊𝑅 will
increase significantly. Consequently, the design might fail to meet the
requirements in terms of bending moments, forces and displacements.
In a worst-case scenario, this may even cause a progressive collapse of
the SFT, because leakage can lead to the appearance of other failure
mechanisms (whose investigation are out of the scope of this paper).

Concrete is considered to be watertight when it is in compression,
thus, tensile stresses could lead to cracking that could facilitate leakage.
If concrete is in compression, leakage will not occur. In Eurocode
1992 [32], there are requirements for liquid retaining and containing
6

structures which are based on liquid passing through cracks. Differ-
ent classes are defined for liquid tightness. In class 2 and 3 (which
are the highest requirements), it is required that cracks should not
reach the full thickness of the structure. The requirement is set as
a minimum compression zone in a section. For the SFT, this is the
thickness of the tubular cross-section. If part of the thickness remains
in compression (the compression zone), liquid tightness is assured. The
minimum required value of this compression zone is the maximum of
50 mm or 0.2ℎ, where ℎ is the section thickness. In other words, it
is considered failure if the compression zone at the SFT’s thickness
of the tubular cross-section (𝑡𝑠) is smaller than 0.2ℎ. The location of
the compression zone in the full cross-section is presented in Eqs. (4),
(5) and (6). If this water-tightness requirement is applied to the SFT
structure (Section 4.1), the minimum compression zone of the section
is defined by 𝑥𝑐 , while the location of the fiber in the cross section
(𝑥𝑓𝑖) is defined by the inner radius (𝑅𝑖) and the compression zone. The
sectional modulus (𝑤𝑓 ) can be found by dividing the second moment
of area (𝐼𝑧) by the vertical location of the fiber (𝑥𝑓 ). See Fig. 9.

𝑥𝑐 = 0.2𝑡𝑠 (4)

𝑥𝑓𝑖 = 𝑅𝑖 + 𝑥𝑐 (5)

𝑤𝑓 =
𝐼𝑧
𝑥𝑓

(6)

The pontoon-SFT is loaded with the BWR load and the traffic loads
resulting in cross-sectional forces and moments as found in the resulting
envelope (𝑅𝑒). With these sectional forces and moments, the stress-
distribution over the section can be derived. The post-tensioning will
introduce a normal force (𝑁𝑎𝑥,𝑝𝑡) which is found by multiplying the
post-tension stress times the area of the symmetric post-tension cables.
If the post-tensioning at a section is applied asymmetrically (purple
dots in Fig. 8), an additional bending moment (𝑀𝑝𝑡) is introduced as
𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎. Where 𝑁𝑎𝑠,𝑝𝑡 is the post-tension stress multiplied by the area
of the asymmetric post-tension cables and 𝑎 is the lever arm defined
as the location of the resultant of the asymmetric post-tension force
(𝑁𝑎𝑠,𝑝𝑡). When a superposition principle is used, the stress state (𝜎𝑓 ) in
the specific fiber can be derived with Eq. (7) for the maximum bending
moment from the envelope.

𝜎𝑓 =
𝑀 +𝑀𝑝𝑡

𝑤𝑓
+

𝑁𝑎𝑥,𝑝𝑡 +𝑁𝑎𝑠,𝑝𝑡

𝐴𝑐
(7)

where:

• 𝜎 : Stress at fiber
𝑓
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Fig. 7. Envelope of shear forces.
Fig. 8. Tubular section with post-tensioning and regular reinforcement (green - axial post tensioning; magenta - asymmetric post tensioning; red - regular reinforcement).
• 𝑀 : Total bending moment 𝑀 = 𝑀𝑡𝑟 +𝑀𝐵𝑊𝑅
• 𝑀𝑡𝑟 : Bending moment due to traffic load envelope at the consid-

ered section
• 𝑀𝐵𝑊𝑅 : Bending moment due to BWR load at the considered

section
• 𝑀𝑝𝑡 : Bending moment due to asymmetric post tensioning defined

as 𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎
• 𝑁𝑎𝑥,𝑝𝑡 : Axial post tensioning
• 𝑁𝑎𝑠,𝑝𝑡 : Asymmetric post tensioning
• 𝑎 : Lever arm
• 𝐴𝑐 : Section area

Analog to Eq. (3), due to the superposition principle, 𝑀𝑡𝑟 can be
derived from 𝑀 because 𝑀𝐵𝑊𝑅 is a constant value for any cross-section
in the model. In the limit state function, the sign conventions should be
respected. Thus, 𝑀 , 𝑀𝐵𝑊𝑅 and 𝑀𝑡𝑟 will act in the opposite direction
as 𝑀𝑝𝑡. The structure fails if 𝜎𝑓 > 0 as shown in Fig. 9 and the SFT will
suffer leakage.

Here, 𝜎𝑓 = 0 is considered as the limit value for the total bending
moment 𝑀 . Thus, the capacity for bending is defined by Eq. (8). The
structure fails if 𝑀 (total bending moment) is larger than 𝑀𝑐𝑎𝑝, defined
as a limit for the bending moment. Thus, the probability of failure
is defined as 𝑃𝐹 (𝑀 > 𝑀𝑐𝑎𝑝). Since 𝑀𝐵𝑊𝑅 is constant for any cross-
section in the model, the limit state function for the maximum bending
7

moment caused by traffic is Eq. (9). In that case, the structure fails if
𝑀𝑡𝑟 is larger than 𝑀𝑡𝑟,𝑐𝑎𝑝 and the probability of failure is defined as
𝑃𝐹 (𝑀𝑡𝑟 > 𝑀𝑡𝑟,𝑐𝑎𝑝).

𝑀𝑐𝑎𝑝 = −𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎 −
(𝑁𝑎𝑥,𝑝𝑡 +𝑁𝑎𝑠,𝑝𝑡) ⋅𝑤𝑓

𝐴𝑐
(8)

𝑀𝑡𝑟,𝑐𝑎𝑝 = −𝑀𝐵𝑊𝑅 −𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎 −
(𝑁𝑎𝑥,𝑝𝑡 +𝑁𝑎𝑠,𝑝𝑡) ⋅𝑤𝑓

𝐴𝑐
(9)

3. Traffic data and simulation

Traffic data is formed by two data-sets, namely WIM and VH.
The WIM (Weight in Motion) data-set, consists of measurements of
heavy vehicles at the National Highway A12 (km 42) in Woerden (The
Netherlands) for two lanes (RW-12-L-2 and RW-12-L-3) [33]. These
measurements include, time of measurement, vehicle category, lane,
speed, the total length of the vehicle, the total weight of the vehicle,
axle weight, and inter-axle distance. This data is available for 27 days in
the month of April 2013 (from the 3rd to 30th) with a total of 157.000
vehicles approximately divided in 26 vehicle categories (Appendix B).
All categories were considered for analysis and for traffic simulation
according to their proportion within the data set. For details regarding
the accuracy of the data, the reader is referred to [33]. In this data-set,
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Fig. 9. Longitudinal section with respect to the limit state.

congestion was filtered automatically. In other words, measurements
were neglected if the traffic had a velocity lower than 40 [km/h].
This specific WIM data-set was chosen because is used as an input for
the model developed by [34] from where the second data-set (VH) is
obtained (Fig. 10)

The second data-set (VH) is the result of a Bayesian Network-
based (BN) model developed by [34]. The data-set is a collection of
approximately 300.000 vehicles with their corresponding axle weights
and inter-axle distances (that consequently define the number of axles
per vehicle) that were randomly generated using the BN model. This
data-set is further discussed in the next section.

For the purpose of this paper, WIM data is defined by four variables,
(i) Axle weight, (ii) inter-axle distance (iii) inter-vehicle distance and,
(iv) number of axles per vehicle (Fig. 3). The aim of the traffic copula-
based model is the characterization of the inter-vehicle distance. In
Fig. 3, 𝑋𝑡 refers to the inter-vehicle distance (in kilometers). 𝐴𝑋1, 𝐴𝑋2
are the weights of axle 1 and 2 [KN]. 𝐷𝑇𝐹1, 𝐷𝑇 12, and 𝐷𝑇𝐿𝐴𝐸 are
the distances between axles (in meters).

In this paper, the traffic model is focused on the characterization of
the inter-vehicle distance (See Figs. 4 and 3). Nevertheless, both data-
sets are used as the baseline to simulate the traffic variables that define
the traffic load passing through the SFT.

3.1. Data processing

Before simulating traffic, several variables from both data-sets (WIM
and VH) are combined. Moreover, there is a link between both data-sets
and the copula-based model. Such a link is depicted in Fig. 10 and is
discussed in the following paragraphs.

For WIM data, weekends and national holidays were excluded from
the analysis. The remaining days are considered as ‘‘regular’’ days and
were analyzed in three different time scales, hourly, daily, and monthly.

3.1.1. Hourly analysis
To study the data-set in an hourly time scale, the data-set was

visualized using histograms. This allows identifying the congestion
hours (hours with bigger affluence of vehicles) and free flow hours
(when the number of vehicles is lower). An example is presented in
Fig. 11 (April 4th), the data was classified in 3 different groups, (i)
free flow before congestion hour (Free Flow A), (ii) congestion hour,
and (iii) free flow after congestion hour (Free Flow B). Resulting in
six different traffic scenarios: 3 groups for 2 lanes, namely, C_L2, C_L3,
F_L2_A, F_L2_B, F_L3_A, and F_L3_B. Table 1 shows the meaning of this
nomenclature.
8

Table 1
Nomenclature for hourly classification of traffic.

Nomenclature Traffic type and lane

C_L2 Congestion lane 2
C_L3 Congestion lane 3
F_L2_A Free flow A lane 2
F_L2_B Free flow B lane 2
F_L3_A Free flow A lane 3
F_L3_B Free flow B lane 3

For these six traffic scenarios, the corresponding inter-vehicle dis-
tances {𝑋𝑡} are obtained as shown in Eq. (10) [33].

𝑋𝑡 = 𝑆𝑡−1 ∗ (𝑖𝑡 − 𝑖𝑡−1) (10)

where,

• 𝑋𝑡: Inter-vehicle distance at discrete time 𝑡 [km].
• 𝑆𝑡−1: Vehicle’s speed at time 𝑡 − 1 [km/h]. It is assumed that the

vehicle travels at constant speed.
• 𝑖: Discrete time indices of the variable of interest (Not calendar

time) [h].

3.1.2. Daily analysis
On a daily scale, two variables are analyzed, (i) the daily distribu-

tion of vehicles per lane, and (ii) the daily proportion of vehicles per
traffic scenario. Empirical cumulative distribution functions (ecdfs) are
constructed to characterize the daily number of vehicles throughout the
month at lane 2 and 3. This is to have insight into how the daily number
of vehicles (on normal-condition days) varies. These ecdfs were not
fitted to parametric distribution functions since the number of normal-
conditions days is small. Consequently, the fitting would not be reliable.
Fig. 11 shows that the number of vehicles in lane 2 is much smaller than
in lane 3 at any time of the day. The average daily number of vehicles
for lanes 2 and 3 is approximately 460 and 5150 vehicles respectively.

Regarding the daily proportion of vehicles per traffic scenario, one
single day was chosen to represent the entire month. This was the
result of comparing the data of every normal-condition day against
each other. The criteria for choosing one day over another takes into
account the daily number of vehicles and the presence of errors in
the measurements. In other words, the day with the most amount of
vehicles and with the least number of errors in the measurements is
chosen. As a result, the 10th of April was selected as the day that
will characterize this variable. Thus, the proportion of vehicles per
traffic scenario was obtained from the selected day (See Appendix C).
The selected proportion is used to estimate the number of vehicles per
category and traffic scenario given a daily number of vehicles. The
definitions of the vehicle categories are presented in Appendix B.

3.1.3. Monthly analysis
In this section, the number of vehicles per category and its corre-

sponding proportion (%) relative to the monthly amount of vehicles
was computed. The monthly proportion of vehicles is very similar to the
daily proportion. This classification was applied to the entire data-set
with no distinction between lanes.

The monthly proportion (Appendix D) is used as input for the
BN model developed by [34] (Fig. 10). This model generates a data-
set (VH) of vehicle characteristics according to its category while
maintaining the same vehicle proportion as the input. In other words,
the BN model provides the number of axles, axle weights, and inter-
axle distances of the vehicles according to its category. For a complete
overview of the BN model, the reader is referred to [34]. For this paper,
the VH data-set contains 300.000 passing vehicles characterized by the
category proportion presented in Appendix D.
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Fig. 11. Hourly classification of traffic of WIM data [33]. April 4th, 2013.

.1.4. Creating the ‘‘ideal’’ day
An ideal day is defined by combining (i) the daily proportion per

ategory and traffic type and, (ii) the fitted copulas characterizing 𝑋𝑡
per traffic type. This ideal day is a representation of the entire month
and is the basis of the traffic simulation algorithm.

As mentioned previously, the daily proportion (%) per category
and traffic type is represented by data from the 10𝑡ℎ of April of 2013
(Fig. 11). The inter-vehicle distances (𝑋𝑡) of all traffic scenarios (of
every normal-condition day) were fitted to bi-variate copulas. This
process characterizes the dependence of the inter-vehicle distance and
its lagged version (𝑋𝑡, 𝑋𝑡+1). As a result, the auto-correlation of this
variable is obtained.

Following a similar approach as for vehicle proportion, the copula
that characterizes the ideal day was selected by comparing the fitted
copulas (and its parameters) of every normal-condition day among the
6 traffic scenarios. The criteria for choosing an appropriate copula
includes:

• The selected copula is the best fit for most of the normal-condition
days of a given traffic scenario.

• The correlation value obtained from the simulated data (gener-
ated by the fitted copula) is similar to the correlation of the
observations.

As a result, each traffic scenario is characterized by different cop-
ulas, each one of them belonging to different days of the month
(Section 4.1).
9

Table 2
Selection of copula and corresponding parameters for each scenario.

Scenario Copula Day Parameter 1 Parameter 2

C_L2 Gaussian 25 0.148 –
C_L3 Frank 10 −0.304 –
F_L2_A Joe 17 1.519 –
F_L2_B BB8 17 1.717 0.900
F_L3_A Gumbel 17 1.137 –
F_L3_B Joe 11 1.160 –

4. Results

4.1. Copula-based model for inter-vehicle distances

As mentioned in Section 3.1, traffic is characterized by six different
traffic scenarios (Table 1). By combining the fitted copulas of each
traffic scenario with the selected daily proportion of vehicles, an ‘‘ideal-
day’’ data-set is formed. This data-set is the basis for the simulation of
traffic through the SFT.

Table 2 presents the copulas that were selected for each scenario
and its corresponding parameters (See Table 1 for nomenclature). Note
that copulas from different days characterize each one of the traffic
scenarios. The VineCopula package (in R), developed by [28] was used
to fit the copulas to the data-sets (Section 2.2). The parameters were
estimated by pseudo maximum likelihood and the copula families were
selected based on Akaike’s Information Criterion (AIC).

Table 3 shows the Spearman’s correlation value for the observations
(𝑋𝑡, 𝑋𝑡+1). Note that the correlation values are relatively low, especially
or C_L2 and C_L3. Nevertheless, the selected copulas are able to capture
ell the characteristics of the inter-vehicle distance for the simulation
f traffic.

For the case of C_L3, the correlation value is negative. This means
hat the inter-vehicle distance at time 𝑡 increases the inter-vehicle
istance at time 𝑡 + 1 decreases or vice versa. Physically, this means
hat when a vehicle gets closer to the one in front of it, it gets further
way from the vehicle behind. Similarly, a positive correlation means
hat the inter-vehicle distance behind a vehicle increases as the distance
ehind it also increases.

Fig. 12 shows the simulated inter-vehicle distances together with
he observations for each traffic type. The data is presented as standard
ormal. The plots from both simulations and observations are very
imilar. Notice that the observations for congestion traffic scenarios
Figs. 12(a)–12(b)) are clustered mostly in the center with their shape
esembling a circle. Although the plots for the free flow scenarios
Figs. 12(c)–12(f)) are clustered in the center, they present a slight
symmetry in the upper right corner of the plots. Nevertheless, the
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Fig. 12. Observations and simulations for inter-vehicle distances (𝑋𝑖, 𝑋𝑖+1) for all traffic scenarios from (a) Gaussian Copula, (b) Frank Copula, (c) Joe Copula, (d) BB8 Copula,
(e) Gumbel Copula and (f) Joe Copula; parameters are estimated via maximum likelihood. The data is presented in standard normal units.
Table 3
Spearman’s Rho correlation value for observations of traffic scenarios.

Correlation

C_L2 0.103
C_L3 −0.093
F_L2_A 0.414
F_L3_A 0.289
F_L2_B 0.054
F_L3_B 0.10

dependence structure of these copulas does not present great asymme-
try and the correlation values of the observations and simulations are
very similar despite of being relatively small. This is confirmed by the
results presented in Appendix E. The resulting simulated traffic series
has an extent of 1 year (365 days) and it represents traffic under normal
conditions since weekends and national holidays were ignored in the
analysis. This time series is used as input for the structural model.
10
4.2. Structural model

In order to derive the structural response of the SFT, a model
that combines the Direct Stiffness Method (DSM) and the Differential
Equation Method (DEM) is proposed. The structural model is based on
an arbitrary design of a pontoon-SFT structure that contains the basic
elements for a design calculation of a single tube tunnel layout. From
this structure, two spans with two half adjacent spans are modeled. The
tubular section has an outer radius 𝑅𝑜 = 5 m, a wall thickness of 𝑡𝑠 =
1 m, and a BWR of 1.1 is assumed. When the structure is loaded by a
BWR of 1.1, the resulting bending moments (𝑀𝐵𝑊𝑅) at the tethers and
center of the span are 84 MNm and −42 MNm respectively. To ensure
water tightness, 200 mm of the section needs to be in compression.
For the middle section, a minimum axial compression force (𝐹𝑎𝑥,𝑝𝑡,𝑐𝑒𝑛𝑡𝑒𝑟)
equal to 17.2 MN is needed to ensure water tightness. For the section
at the tethers, the force 𝐹𝑎𝑥,𝑝𝑡,𝑡𝑒𝑡ℎ𝑒𝑟 needs to be at least 34.4 MN. Both of
these forces can be accommodated by regular axial post-tensioning with
equally distributed post-tension tendon around the circumferential. For
tendon of 15 strands with an area of 150 mm2 and a post-tension stress
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Fig. 13. Bending moments related to the required normal force and number of tendons.
Fig. 14. Different tendon layout for 60, 120 and 180 degrees spread (purple).
Table 4
Distribution Fitting for bending moments and shear forces.

BWR 𝑀𝑚𝑎𝑥 𝑀𝑚𝑖𝑛 𝑉𝑚𝑎𝑥 𝑉𝑚𝑖𝑛
[MNm] [MNm] [MN] [MN]

0 Gamma G.E.V.a Lognormal Birn-Sb

1.1 G.E.V. G.E.V. G.E.V. G.E.V.
1.2 G.E.V. G.E.V. G.E.V. G.E.V.
1.3 G.E.V. G.E.V. G.E.V. G.E.V.
1.4 G.E.V. G.E.V. G.E.V. G.E.V.
1.5 G.E.V. G.E.V. G.E.V. G.E.V.

aBirnbaum–Saunders.
bGeneralized Extreme Value Distribution.

of 950 N∕mm2, a post-tensioning force of 2.14 MN is found. Either 9
and 17 post-tension tendons will suffice for either of the both positions.
In Fig. 8, the green dots represent 17 tendons that are distributed
symmetrically over the circumference.

The bending moments will increase due to the action of the traffic
loads as presented in Fig. 6. The design challenge is to provide post-
tensioning to meet the reliability requirement of the system regarding
11
leakage and the minimum compression zone. If the requirement is
not met, additional post-tension can be applied. If additional tendons
are applied asymmetrically (presented in Fig. 8 in purple), a counter
balancing bending moment is introduced. This is beneficial to the
capacity of the particular axial section. The amount of asymmetry
can be found in the lever arm (𝑎) of the resultant force and moment
of the post-tensioning. If the lever arm (Fig. 14) is increased, the
counterbalancing bending moment will be larger. Therefore, a larger
lever arm will supply a larger counterbalancing bending moment with
the same amount of post-tension tendons (Fig. 14) . However, the
lever arm is limited by geometrical requirements such as the physical
section, shape, and the minimum distance between two tendon heads.
The center to center (ctc) distance between asymmetric tendons is
estimated on 1 m, however, optimizing this distance to a smaller
distance could improve the design but is beyond the scope for this
paper. The relationship between bending moments and normal forces
due to post tensioning and the number of tendons for different lever
arms is presented in Fig. 13.

With the number of tendons, the normal force due to post-tensioning
is found, and the bending moment is obtained by multiplying the total
normal force due to post-tension by the lever arm. For simplicity, the
same post-tension tendons were used in this analysis.
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Fig. 15. Frequency curves for (a) 𝑀𝑀𝑎𝑥 [MNm] and (b) 𝑉𝑀𝑎𝑥 [MN] for a 1.1 BWR.
Table 5
Parameters of the fitted distributions.

BWR 𝑀𝑚𝑎𝑥 [MNm] 𝑀𝑚𝑖𝑛 [MNm] 𝑉𝑚𝑎𝑥 [MN] 𝑉𝑚𝑖𝑛 [MN]

Shape Scale Location Shape Scale Location Shape Scale Location Shape Scale Location

0 25.88 0.95 – −0.04 5.39 22.81 −0.15a 0.22a – 0.22 0.87
1.1 −0.17 4.50 106.60 −0.05 5.63 63.74 −0.09 0.17 3.32 −0.06 0.11 2.75
1.2 −0.17 4.50 176.64 −0.05 5.62 98.62 −0.09 0.17 5.42 −0.06 0.11 4.85
1.3 −0.17 4.50 235.91 −0.05 5.62 128.19 −0.09 0.17 7.20 −0.06 0.11 6.63
1.4 −0.17 4.50 286.71 −0.05 5.61 153.56 −0.09 0.17 8.72 −0.06 0.11 8.15
1.5 −0.17 4.50 330.74 −0.05 5.61 175.56 −0.09 0.17 10.05 −0.06 0.11 9.47

aFor the Lognormal distribution, the parameters are: mean and standard deviation.
The geometry of the cross-section is determined by many factors,
such as the traffic envelope in combination with the BWR. Additionally,
in an SFT, the hydrodynamic loads are directly related to the cross-
section’s geometry. For example, if the cross-section is enlarged, then
the capacity of the SFT will be increased but the effect of these loads
will also be larger. Thus, adjusting the cross-section geometry is not a
straight forward solution as it might be for traditional structures, like
bridges or buildings. However, to increase the structural strength, ad-
ditional post-tensioning can be added. By varying the physical location
12
of the tendons in the cross-section, the lever arm can be changed. With
a larger lever arm the bending capacity will increase.

In Figs. 13 and 14 different tendon layouts and spread angles are
presented for the same amount of tendons. By varying the spread
angle, different lever arms can be obtained. The most efficient position
of asymmetric post-tensioning is as close as possible to the outer
fiber. However, post-tension tendons also have to meet construction
requirements, such as the intermediate distances between tendons and
the ability to actually post-tension. These requirements might conflict
with the most efficient location of the tendons. For this case study, a
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Fig. 16. Layout of the post-tensioning for the cross-section at the center of the spans (left) and at the tether locations (right).
Table 6
Extreme values for 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥 , 𝑉𝑐𝑎𝑝,𝑚𝑎𝑥, 𝑀𝑐𝑎𝑝,𝑚𝑖𝑛 , 𝑉𝑐𝑎𝑝,𝑚𝑖𝑛 for different return periods and
a BWRs.

BWR Variable Return Period & 𝑃𝐹

5 10 20 50 100 200 500
0.2 0.1 0.05 0.02 0.01 0.005 0.002

0

𝑀𝑐𝑎𝑝,𝑚𝑎𝑥

43 43 44 44 44 44 44
1.1 128 130 132 134 136 140 142
1.2 198 200 201 204 205 207 208
1.3 257 259 261 262 264 265 266
1.4 308 310 312 313 314 316 319
1.5 352 354 356 358 359 360 364

0

𝑀𝑐𝑎𝑝,𝑚𝑖𝑛

55 58 61 66 68 73 76
1.1 97 100 103 106 108 109 111
1.2 133 135 137 140 140 143 147
1.3 161 164 167 169 172 175 178
1.4 187 190 192 195 197 199 204
1.5 209 212 215 217 219 221 223

0

𝑉𝑐𝑎𝑝,𝑚𝑎𝑥

2 2 2 2 2 2 2
1.1 4 4 4 4 4 5 5
1.2 6 6 7 7 7 7 7
1.3 8 8 8 8 8 8 8
1.4 10 10 10 10 10 10 10
1.5 11 11 11 11 11 11 11

0

𝑉𝑐𝑎𝑝,𝑚𝑖𝑛

2 2 2 2 2 2 2
1.1 3 3 3 3 3 3 3
1.2 5 5 6 6 6 6 6
1.3 7 7 7 7 7 7 7
1.4 9 9 9 9 9 9 9
1.5 10 10 10 10 10 10 10

minimum distance of 1 m from the center to the tendons is considered.
Any optimization that can be derived by changing this distance to a
minimum value is out of the scope of this paper.

4.3. Reliability analysis

The probability of failure (𝑃𝐹 ) of the SFT was tested for bending
failure of the SFT tube in the longitudinal direction. Its corresponding
limit state is defined by Eq. (7) when 𝜎𝑓 > 0, from which the bending
moments due to traffic (𝑀𝑡𝑟,𝑐𝑎𝑝) are derived (Section 2.6).

The probability of failure of the SFT under this particular failure
mode is defined as 𝑃𝐹 = 𝑃 (𝑀𝑚𝑎𝑥 > 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥) or 𝑃𝐹 = 𝑃 (𝑀𝑡𝑟,𝑚𝑎𝑥 >
𝑀𝑡𝑟,𝑐𝑎𝑝,𝑚𝑎𝑥) or equivalent for the minimal moments 𝑃𝐹 = 𝑃 (𝑀𝑚𝑖𝑛 >
𝑀𝑐𝑎𝑝,𝑚𝑖𝑛) or 𝑃𝐹 = 𝑃 (𝑀𝑡𝑟 < 𝑀𝑡𝑟,𝑐𝑎𝑝,𝑚𝑖𝑛) (Section 2.6). The limit state
function is defined in Eq. (11).

𝑍 = 𝑃 (𝑀 > 𝑀 ) (11)
13

𝑚𝑎𝑥 𝑐𝑎𝑝,𝑚𝑎𝑥
Table 7
Post tension specification and capacity.

Item Center of span Tether location

# Axial tendons 9 17
# Asymmetric tendons 5 4
Spread angle [degrees] 125 94
𝑁𝑎𝑥,𝑝𝑡 [MN] −19.2 −36.3
𝑁𝑎𝑠,𝑝𝑡 [MN] −10.7 −8.6
𝑎 [m] 3.31 −3.75
𝑀𝑝𝑡 [MNm] −35.4 32.1

𝑀𝑐𝑎𝑝,𝑚𝑎𝑥∕𝑚𝑖𝑛 = 𝑀𝐵𝑊𝑅 + 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥∕𝑚𝑖𝑛 [MNm] 108.4 −141.6
𝑀𝐵𝑊𝑅 [MNm] 42.0 −84.0
𝑀𝑡𝑟,𝑐𝑎𝑝,𝑚𝑎𝑥∕𝑚𝑖𝑛 [MNm] 66.4 −57.6
𝑀𝑚𝑎𝑥∕𝑚𝑖𝑛 return period [year] 139 439

𝑀𝑚𝑎𝑥 and 𝑀𝑚𝑖𝑛 are respectively, the maximum allowable capacity
of the SFT at the center of the span and at the tether location (Fig. 6).
In other words, it is considered failure when the maximum bending
moment exceeds the moment capacity 𝑀𝑐𝑎𝑝. These limit values are
directly depending on the asymmetric post-tensioning.

The reliability analysis is divided into two parts. First, the resulting
daily bending moments and shear forces obtained from the structural
model are fitted to probability distribution functions. From which their
corresponding annual maximum frequency curves are derived. The
second part is defined by the design of the post-tensioning. For a given
SFT design, the limit bending moments are found. Consequently, the
probabilities of exceeding these limit values are found through the
annual maximum frequency curves.

The structural analysis was performed for different buoyancy-
weight ratio (BWR) values ranging from 1.1 to 1.5. In this paper, the
authors are focused on a BWR = 1.1 and the corresponding 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥
and 𝑀𝑐𝑎𝑝,𝑚𝑖𝑛 to determine the probability of failure of the SFT. From
a design point view a BWR close to 1.0 is most economical. The BWR
ratio results in a distributed load. By application of a lower BWR, the
spans used in the structure can be larger. If larger spans can be used,
less supporting pontoons are needed. The authors realize that other
elements, such as loading or stability requirements, might cause the
need for a larger BWR, but these are considered to be beyond the scope
of this paper. Nevertheless, the results for other BWR values as well as
their associated 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥, 𝑀𝑐𝑎𝑝,𝑚𝑖𝑛, 𝑉𝑐𝑎𝑝,𝑚𝑎𝑥 and 𝑉𝑐𝑎𝑝,𝑚𝑖𝑛 are also shown.

4.3.1. Frequency curves
The resulting daily values of bending moments (𝑀𝑐𝑎𝑝,𝑚𝑎𝑥&𝑀𝑐𝑎𝑝,𝑚𝑖𝑛)

and shear forces (𝑉𝑐𝑎𝑝,𝑚𝑎𝑥&𝑉𝑐𝑎𝑝,𝑚𝑖𝑛) obtained from the structural model
(Section 4.2) were fitted to probability distribution functions. The
results are shown in Table 4.
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Table B.1
Vehicle categories of WIM observations.

Item Class Code

1 B2 B11 B2
2 B3 B111 B12 B3
3 O3 O3
4 O4 O4
5 O5 O5
6 O6 O6
7 O8 O8
8 O9 O9
9 O10 O=
10 O11 O>
11 R5 R11111 R1112 R1211 R122

12 R6 R111111 R11112 R11121 R1113 R11211 R1122 R12111
R1212 R123 R1311 R132

13 R7

R1111111 R111112 R111121 R11113 R111211 R11122 R112111
R124 R13111 R133 R2221 R223 R11311 R1123
R1132 R115 R121111 R12112 R1213 R12211 R1222
R11212 R11221

14 R8

R11111111 R1111112 R1111121 R111113 R111122 R1112111 R111212 R111221 R11123 R1121111 R112112 R112121
R11213 R112211 R11222 R1124 R113111 R11312 R11321 R1133 R1211111 R121112 R121121 R12113
R121211 R12122 R1214 R122111 R12212 R12221 R1223 R12311 R1232 R125 R131111 R1313
R13211 R1322 R134 R2123 R2213 R2222 R224

15 R9

R1112121 R1112211 R11124 R1121121 R112113 R1122111 R112221 R11223 R1125 R1134 R12111111 R1211112
R1211121 R121113 R1212111 R121212 R121221 R12123 R1221111 R122112 R122121 R12213 R1224 R123111
R12321 R1233 R126 R1314 R132111 R13221 R1323 R1332 R1341 R135 R1413 R144
R2214 R2223 R225 R234 R3312 R54

16 T3 T11O1
17 T4 T111O1 T11O11 T11O2 T12O1 T21O1 T2O2

18 T5 T111O11 T111O2 T11O111 T11O12 T11O21 T11O3
T12O11 T12O2 T21O11 T21O2 T2O21 T2O3 T3O2

19 T6 T111O111 T111O12 T111O21 T111O3 T11O1111 T11O112 T11O121 T11O13 T11O211 T11O22 T11O31 T11O4
T12O111 T12O12 T12O21 T12O3 T21O111 T21O12 T21O21 T21O3 T2O22 T2O4 T3O3

20 T7 T111O112 T111O121 T111O13 T111O22 T111O31 T111O4 T12O1111 T12O112 T12O121 T12O13 T12O211 T12O22
T12O31 T12O4 T21O211 T21O22 T21O4 T3O4

21 V2 V11
22 V3 V111 V11A1 V12 V21 V3
23 V4 V1111 V112 V11A11 V11A2 V121 V13 V211 V22 V4
24 V5 V111A11 V111A2 V11A111 V11A12 V12A11 V12A2 V21A11 V21A2

25 V6 V1111A11 V1111A2 V111A111 V111A12 V112A11 V112A2 V121A11 V12A111 V12A12 V12A21 V12A3 V13A11
V13A2 V211A11 V211A2 V21A12 V22A11 V22A2

26 V7 V1111A111 V1111A12 V1111A3 V112A111 V112A12 V112A21 V112A3 V121A111 V121A12 V121A3 V13A111 V13A12
V13A21 V13A3 V211A12 V211A3 V22A111 V22A12 V22A21 V22A3 V4A12
The criteria for selecting an appropriate probability distribution
unction was made based on maximum likelihood estimation (MLE)
nd by visual inspection. Table 5 presents the parameters of the fitted
istributions.

The corresponding annual maxima frequency curves for both the
ending moments and shear forces for a BWR of 1.1 are shown in
ig. 15. From these plots is possible to determine the return period (or
robability of exceedance) of particular values for bending moments
nd shear forces. The corresponding 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥, 𝑀𝑐𝑎𝑝,𝑚𝑖𝑛, 𝑉𝑐𝑎𝑝,𝑚𝑎𝑥, and

𝑉𝑐𝑎𝑝,𝑚𝑖𝑛 values for different return periods (or probability of exceedance)
and BWR magnitudes are depicted in Table 6. The results appear to be
sensitive to the choice of BWR. As the BWR increases, the values for
both the maximum bending moments and maximum shear forces also
increases. This highlights the importance of the choice of BWR when
designing an SFT.

4.3.2. Post-tensioning design
Post-tensioning is expensive in monetary terms. Thus, an economi-

cal design should limit the amount of post-tensioning. With the method-
ology presented in this paper, the maximum moment due to traffic
(𝑀 ) can be found more accurately and the design can therefore
14

𝑡𝑟,𝑚𝑎𝑥,𝑚𝑖𝑛
be economically optimized. The probability of occurrence associated
with the resulting 𝑀𝑐𝑎𝑝,𝑚𝑖𝑛,𝑚𝑎𝑥 is obtained from the frequency curves
derived from Section 4.3.1. Thus, the probability of exceeding the limit
values is translated as the probability of failure of the SFT.

In Fig. 16 the location of post-tension tendons is presented for both
the section at the center of the span and at the tether location. The
proposed design layout is presented in Table 7 and the capacity for
the maximum moment due to traffic is derived. According to Fig. 15(a)
and Table 6, the resulting 𝑀𝑐𝑎𝑝 at the center of span and at the tether
location have a return period of 139 (𝑃𝐹 = 0.01) and 439 (𝑃𝐹 = 0.005)
years respectively.

The post-tensioning design can be modified to fit any probability of
exceedance (or return period), specified by the target reliability index,
presented in Fig. 15(a) and Table 6. In this paper, the presented layout
is used as an example to show the application of the methodology.

5. Discussion

The inter-vehicle model methodology presented in this paper com-
bines uni-variate and multi-variate models (copulas). This not only
allows the simulation of the inter-vehicle distance but also models the
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Fig. B.1. WIM Vehicle indexing [33].
number of vehicles per lane per day and their classification according
to the different vehicle categories (Appendix B). Each vehicle category
is defined by their axle weight and inter-axle distance. The selection of
each one of the passing vehicles is random. In this way, it is possible
to obtain a ‘‘train’’ of vehicles that is closer to reality. One of the
main advantages of this model is its flexibility. The model can be
used for any number of vehicle categories, lanes and traffic scenarios.
In this case study, the model was developed on basis of one single
‘‘ideal day’’, nevertheless, the inter-vehicle model can be extended
to encompass specific daily conditions (weekends and holidays) or
seasonal conditions.
15
In the setup presented in this article, the geometry of the cross-
section and the span length are arbitrary choices. Larger BWR values
lead to higher bending moments and shear forces as shown in Table 6.
This can influence other design decisions such as shorter spans or larger
tether sections that could affect the stability of the system. In this
paper, the resulting bending moments and shear forces were computed
for different BWR values. However, a BWR of 1.1 was chosen for
further analysis. In any case, a design should be optimized for different
circumstances. Possibilities to consider are (but not limited to):

• Using larger BWR values. This will lead to larger bending mo-

ments and shear forces. Consequently, other requirements for
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Table C.1
Daily proportion of vehicles’ categories. 10th April 2013.

Vehicle category C_L2 F_L2_A F_L2_B C_L3 F_L3_A F_L3_B

B2 0.61 5.56 1.65 0.69 0.58 0.39
B3 1.83 0.00 3.31 0.61 0.17 0.33
O3 3.05 1.85 2.13 0.69 0.42 1.11
O4 15.24 3.70 4.96 4.59 1.83 2.66
O5 0.61 1.85 0.71 0.61 0.58 0.20
O8 0.00 0.00 0.00 0.17 0.25 0.09
O9 0.00 0.00 0.00 0.00 0.08 0.00
OT10 0.00 0.00 0.00 0.00 0.00 0.02
OT11 0.00 0.00 0.00 0.00 0.00 0.00
R5 0.00 0.00 0.00 0.00 0.00 0.07
R6 0.00 0.00 0.00 0.17 0.83 0.11
R7 0.00 0.00 0.24 0.26 0.42 0.30
R8 0.00 0.00 0.00 0.26 0.17 0.41
R9 0.00 0.00 0.00 0.09 0.08 0.07
T3 1.83 3.70 2.60 5.37 4.33 4.22
T4 10.98 16.67 14.89 15.34 19.83 18.35
T5 26.83 33.33 37.12 29.29 38.25 36.04
T6 2.44 7.41 2.60 6.07 6.25 6.81
T7 0.61 0.00 0.00 0.26 0.33 0.33
V2 14.63 9.26 15.37 14.99 9.92 12.80
V3 3.66 1.85 1.65 4.51 1.92 4.16
V4 14.02 5.56 5.91 8.23 6.67 6.03
V5 1.83 5.56 4.73 5.37 5.33 3.53
V6 1.22 3.70 1.89 1.65 1.67 1.61
V7 0.61 0.00 0.24 0.61 0.08 0.37

Table D.2
Monthly proportion of vehicles’ categories. April 2013.

Vehicle category Proportion [%]

B2 1.014
B3 0.779
O3 1.295
O4 3.116
O5 0.400
O8 0.128
O9 0.026
OT10 0.012
OT11 0.006
R5 0.047
R6 0.216
R7 0.264
R8 0.317
R9 0.054
T3 3.851
T4 17.795
T5 35.481
T6 5.871
T7 0.277
V2 12.801
V3 3.582
V4 6.902
V5 4.005
V6 1.445
V7 0.297

pontoons, tether systems and foundations will be affected. How-
ever, a higher BWR could contribute to the stability of the sys-
tem. Moreover, a longitudinal variation of the BWR might be
applicable depending on local situations or specific design.

• In this paper, a monolithic structure is considered. However, a
more flexible structure with longitudinal rotational springs could
be of interest depending on local circumstances such as the action
of hydrodynamic loads. This will help avoid local peak stresses
or cross-section results. Yet, leakage at a flexible joint can be
challenging from a design point of view.

• If tendons with larger diameter are used in combination with a
smaller spread angle, mixed diameters of post-tensioning tendons
for both axial and asymmetric layout can be beneficial for the
lever arm.
16
Table E.1
Copula fit for inter-vehicle distances per traffic type. April 2013.

Day C_L2 C_L3 F_L2_A F_L3_A F_L2_B F_L3_B

4 Joe Frank Joe BB8 Joe BB8
5 Gaussian Gaussian Clayton Frank Joe Joe
6 t Frank Joe t Joe Joe
7 Frank Frank Joe Frank Joe BB7
8 Joe Clayton Clayton Clayton Gaussian Gumbel
10 Gumbel Frank Joe BB8 Joe BB7
11 Gaussian Frank Joe BB8 Joe Joe
12 Gaussian Joe Joe t Joe Joe
13 Clayton Frank t BB8 Joe Joe
14 t Frank Joe Gaussian Joe Joe
15 t Frank Gaussian Clayton Joe Joe
17 Gaussian Gaussian Joe BB8 Gumbel BB8
18 Gumbel Frank Joe Frank Joe BB8
19 Frank Frank t Clayton Joe Joe
20 Gaussian Frank Joe t Joe Joe
21 BB7 Frank BB7 Frank Joe BB8
22 t Clayton Clayton Gaussian Joe Joe
24 Gaussian Gaussian t BB8 Joe Joe
25 Gaussian Clayton Joe BB8 Joe BB8
26 Joe t Gaussian BB8 Joe BB8
27 t Frank Gumbel BB8 Joe BB8
28 Joe Frank Joe BB8 Joe BB8
29 Gaussian Clayton Gaussian Frank Joe BB7

• In this paper, the tendons are considered to be straight. It is a
possibility to apply curved tendons in the longitudinal direction
to benefit from the counterbalancing force provided by this cur-
vature. However, curved tendons will generate an additional load
in the radial direction.

• Although the SFT design presented in this paper consists of a
single tubular tube, the proposed methodology is applicable to
different designs of SFT (double tubes or different cross-section
geometries as presented in [35]).

6. Conclusions

In this paper, a methodology to study the reliability of a pontoon-
type SFT is presented. Considering that this structure has not been built
yet, it is important that the variables of interest are characterized as
close to reality as possible. For the purpose of this paper, traffic loading
is the variable of interest. The methodology is divided into two main
parts, (i) simulation of traffic using a copula-based model, and (ii) a
structural model to test the SFT for a given failure mechanism (leakage
due to bending of the SFT tube in the longitudinal direction). Finally,
the reliability of the structure is investigated under the aforementioned
failure mechanism.

From the original data set (WIM), several characteristics were ex-
tracted. Namely, (i) the inter-vehicle distance, (ii) the daily proportion
of vehicles per lane, per category and per traffic type, and (iii) the
monthly proportion of vehicles. The first is used as input for the copula-
based model, the second is used to create and ‘‘ideal’’ traffic day, and
the third is used to create a large data set of vehicles per category. All
of these were combined to finally simulate traffic flowing through the
SFT.

The results from the copula-model showed that the selected copulas
can to capture the inter-vehicle distance. Although the correlation of
the inter-vehicle distance from the WIM data set is relatively small, the
probabilistic model provides a great advantage since with just over a
month of measurements it was possible to simulate a total of 1 year of
data. However, longer data sets can be produced. The combination of
the inter-vehicle copula-model and random sampling from the VH data
set (which provides the vehicle’s characteristics) resulted in one vector
that characterizes daily traffic at the SFT. This vector was used as input
for the structural model.
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Table E.2
Spearman’s correlation coefficient for observations and simulations for inter-vehicle distance. April 2013.
Day C_L2 C_L3 F_L2_A F_L3_A F_L2_B F_L3_B

Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim.

4 0.213 0.091 −0.039 −0.088 0.477 0.584 0.218 0.300 0.149 0.177 0.088 0.113
5 0.084 0.259 −0.010 −0.017 0.535 0.563 0.177 0.170 0.109 0.129 0.097 0.140
6 0.068 −0.014 −0.103 −0.088 0.153 0.312 0.157 0.156 0.140 0.208 0.089 0.186
7 −0.045 0.004 −0.121 −0.160 0.508 0.163 0.265 0.240 0.152 0.186 0.136 0.173
8 0.099 0.231 0.033 −0.022 0.500 0.350 0.116 0.172 0.210 0.060 0.179 0.177
10 0.114 0.048 −0.050 −0.038 0.154 0.857 0.281 0.256 0.131 0.188 0.117 0.171
11 −0.003 −0.037 −0.023 0.007 0.106 0.367 0.245 0.242 0.162 0.218 0.102 0.112
12 −0.021 −0.142 0.004 −0.031 0.486 0.097 0.222 0.177 0.054 0.069 0.090 0.150
13 0.036 0.040 −0.029 −0.046 0.202 0.398 0.245 0.313 0.112 0.294 0.104 0.110
14 0.124 0.303 −0.035 0.023 0.414 0.419 0.190 0.227 0.147 0.226 0.118 0.147
15 −0.333 −0.103 0.065 0.003 0.300 0.400 0.115 0.176 0.154 0.078 0.119 0.165
17 0.133 0.170 −0.019 −0.043 0.365 0.351 0.289 0.290 0.156 0.132 0.099 0.138
18 0.154 0.100 −0.054 −0.068 0.388 −0.159 0.177 0.129 0.086 0.165 0.085 0.114
19 0.259 0.184 −0.086 −0.116 0.060 0.414 0.216 0.222 0.211 0.323 0.086 0.096
20 −0.001 −0.008 −0.009 0.017 0.566 0.712 0.165 0.100 0.121 0.152 0.101 0.136
21 0.148 0.262 −0.093 −0.088 0.307 0.384 0.231 0.256 0.204 0.270 0.086 0.122
22 −0.355 −0.346 0.036 0.079 0.164 0.291 0.059 0.112 0.197 0.067 0.112 0.152
24 0.103 0.107 0.001 −0.045 0.102 −0.278 0.168 0.176 0.106 0.146 0.067 0.123
25 0.115 0.125 0.007 0.059 0.389 0.218 0.139 0.068 0.217 0.296 0.122 0.155
26 0.088 0.007 −0.044 −0.067 0.470 0.517 0.256 0.277 0.161 0.228 0.091 0.150
27 −0.049 −0.147 −0.006 0.013 0.535 0.348 0.284 0.288 0.105 0.220 0.113 0.148
28 0.002 −0.108 −0.055 −0.025 0.558 0.593 0.222 0.240 0.066 0.120 0.092 0.155
29 −0.257 −0.388 0.023 0.047 0.543 0.257 0.053 0.100 0.274 0.325 0.158 0.125
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To simulate the structure’s response over long periods of time,
he proposed structural modeling approach needs to be as efficient as
ossible. Thus, by defining the global DSM (Direct Stiffness method)
pproach with long beams and a dedicated DEM approach for interme-
iate loading, the FEM model became as efficient as possible to avoid
ag in the analysis. The analysis time was further reduced by applying
he superposition principle.

Results from the structural model provided the maximum and min-
mum bending moments and shear forces under the traffic loading for
ifferent BWR values. From these results, the annual distribution of
hese variables was obtained and, consequently, their extreme values
or several return periods.

Finally, the values of 𝑀𝑐𝑎𝑝 at the center of the span and at the tether
ocation were obtained. These values define the limit state function
or failure due to bending of the tube in the longitudinal direction
Section 4.3). In other words, failure could only occur if the resulting
ending moments are larger than 𝑀𝑐𝑎𝑝. The return periods for both
𝑐𝑎𝑝 of 108.4 MNm and −141.6 MNm, are 139 and 439 years at the

enter of the span and tether location respectively. Their corresponding
robabilities of failure are 0.01 and 0.005. These probabilities can
e considered as very high when compared to international safety
tandards. For example, a structure with a RC3 reliability level (𝛽 = 4.3)
as an estimated probability of failure equal to 8.5e−06 [9] assuming
hat the lifetime of the structure is 50 years. For the case of an SFT,
he consequences of failure are much more severe compared to regular
uildings. For this reason, 𝑀𝑐𝑎𝑝 with larger return periods are needed.
n such case, changing the number and location of the tendons or using
different BWR (Section 5) could be appropriate.

Due to the lack of data regarding the structural response of an
FT, the combination of probabilistic modeling with structural analysis
ffers the possibility to study the design choices of this structure.
his paper shows an effective way to combine probabilistic model-

ng through copulas and structural analysis to simulate the traffic
oads passing through the SFT and their effect on the structure. This
ethodology offers great flexibility because it can be used to test the

eliability of the SFT considering other loading variables. For example,
xternal environmental variables such as waves, currents, and their
imultaneous action on an SFT. Moreover, this methodology is not
estricted to be used only on an SFT. It can be applied to other civil
tructures where the data is scarce.
17
. Recommendations

The results showed to be sensitive to the choice of BWR, therefore,
his choice should be handled with caution when designing an SFT.
ther limit states should be considered to assess the reliability of an
FT. For example, failure of the tethers, at the foundation or the cross-
ection. These failure modes could be considered as stand-alone limit
tates or in combination with each other. Assessment of combined
ailure modes could be executed through Bayesian networks.
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Appendix B. Vehicle categories

See Table B.1 and Fig. B.1.

Appendix C. Daily proportion of vehicles’ categories

See Table C.1.

Appendix D. Monthly proportion of vehicles’ categories. April
2013.

See Table D.2.

Appendix E. Copula results—april 2013

See Tables E.1 and E.2.
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