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Chapter 1 Introduction

The accurate estimation of site-specific lifetime extreme traffic load effects is an
important element in the cost-effective assessment of bridges and can also be used
in the calibration of design codes. In recent years, the improved quality and
increasing use of weigh-in-motion (WIM) technology has meant that more
accurate measurements of vehicle weights are now available for periods covering
many months or even years of traffic at selected locations. For this research, WIM
measurements for approximately three million trucks were obtained from sites in
five European countries — the Netherlands, Slovakia, the Czech Republic,
Slovenia and Poland. The collected WIM measurements were used as the basis for
building and calibrating a Monte Carlo simulation model for bridge loading. The
computer program written to implement this model generates simulated traffic in
two lanes — either in the same direction or bidirectional — and calculates load
effects (bending moment and shear) for bridges of various spans. The model
focuses on free-flowing traffic on short to medium-span bridges (up to 45m
long). Dynamic effects are not calculated — static loading only is considered.

1.1 Structure of the document

The document consists of four papers which have been submitted to
internationally recognized peer-reviewed journals. These papers are in Chapters 2
through 5, one paper per chapter. The first paper, in Chapter 2, has been published
as a technical note (short paper) in the ASCE Journal of Bridge Engineering, and
the other three have been submitted for review as full-length papers to Structural
Safety. For each paper, there is an appendix (A through D) which contains
supporting material, with tables of additional results, graphs, and more in-depth
explanations of key ideas. The papers are presented here as submitted to the
journals, with some minor formatting changes and with cross-references added to

link the material to the relevant sections in the appendices.
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permitted gross weight is much more effective. However, the reduction in bridge
loading is not proportional to the reduction in maximum weight as multi-truck
loading events become more important as the maximum permitted weight is
reduced. It is difficult to devise simple policies aimed at managing the types of
vehicles for which permits are issued although it may be possible, with further
work, to suggest rules for acceptable configurations of groups of heavily loaded

and closely spaced axles.

Throughout this work, only static loading has been considered, without any
consideration of the dynamic loading caused by bridge-vehicle interaction. The
extreme loading events identified by the simulation model here have been used by
other researchers as inputs to a model which considers both static and dynamic
loading, and the results indicate that the dynamic amplification is significantly

lower for these events than is specified in bridge design codes.

The smoothed bootstrap method using traffic scenarios currently models two
same-direction lanes with free-flowing traffic. There may be scope to extend this
to three or more lanes, and to congested traffic, although WIM data for these types

of traffic is currently difficult to obtain.
1.3 Authorship of papers

The authors of the paper in Chapter 2 are Eugene J. OBrien, Bernard Enright and
Abraham Getachew. As discussed above, the idea of fitting the tail of a Normal
distribution to the upper tail of the GVW distribution was originally proposed, in a
conference paper, by A. Getachew. The current author explored the issue of the
selection of a suitable GVW threshold in greater detail — by analyzing the
reliability of the histogram bin counts (Section 2.4), and by studying the
behaviour of extreme value plots of the GVW distribution (Sections 2.5 and A.2).

The work of both authors was done under the supervision of Prof. O’Brien.

B. Enright completed the work in all other papers (Chapters 3-5), and in all

appendices, without collaboration, under the supervision of Prof. O’Brien.
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Chapter 2 Importance of the Tail in Truck Weight Modelling for

Bridge Assessment

2.1 Abstract

To predict characteristic extreme traffic load effects, simulations are sometimes
performed of bridge loading events. To generalize the truck weight data, statistical
distributions are fitted to histograms of weight measurements. This paper is based
on extensive WIM measurements from two European sites and shows the
sensitivity of the characteristic traffic load effects to the fitting process. A semi-
parametric fitting procedure is proposed: direct use of the measured histogram
where there are sufficient data for this to be reliable and parametric fitting to a
statistical distribution in the tail region where there are less data. Calculated
characteristic load effects are shown to be highly sensitive to the fit in the tail

region of the histogram.

2.2 Introduction

The accurate estimation of the characteristic site-specific lifetime maximum
loading for existing highway bridges can result in significant cost savings in
bridge maintenance and repair. The application of full design or assessment code
loadings is, in many cases, unduly conservative (Bailey 1996). One method of
estimating the characteristic loading is to fit statistical distributions to load effects
(such as bending moments) calculated from measured traffic, and to use these
distributions directly to predict the lifetime maximum loading (Nowak 1993;
Nowak 1994). An alternative method, which is used in this study, is to run Monte
Carlo simulation models for traffic which are representative of measured vehicle
data for the site (Bruls et al. 1996, O'Connor and O'Brien 2005, Caprani et al.

2008). Measured traffic data include such parameters as Gross Vehicle Weight




Chapter 2

(GVW), number of axles, axle spacing, distribution of GVW between axles, and

inter-vehicle spacing.

To perform Monte Carlo simulation, it is necessary to fit statistical distributions to
histograms of measured data. The quality of these fits is important and has a
significant influence on the accuracy of the results. GVW is used to illustrate the
problem as it has a particularly strong influence on the load effects of interest.
Data are analyzed from weigh-in-motion (WIM) systems at two European sites:
650 000 trucks weighed over a 20-week period in 2005 at Woerden in the
Netherlands, and 750 000 trucks weighed over 19 months in 2005 and 2006 at
Branisko in Slovakia. A notable feature is the significant number of extremely
heavy vehicles, particularly in the Netherlands where 892 vehicles weighed over
70 t [154 Kips], with a maximum recorded weight of 165 t [364 kips]. In Slovakia,
there were 78 trucks over 70t and a recorded maximum of 117 t [258 Kips].
Further details on the WIM data are given in Section B.1.

2.3 Modelling GVW

A critical bridge loading event may be caused by a single very heavy truck, or by
a combination of trucks of different weights crossing the bridge at the same time.
It is important, therefore, to model accurately the complete range of GVWSs. Three
different methods of modelling GVW are considered. All are based on histograms

of the observed GVWs using a bin size of 1 t.
2.3.1 Parametric fitting

Perhaps the most widely used approach (O'Connor and O'Brien 2005) is to fit the
“measured” histogram to a multimodal Normal (Gaussian) distribution, i.e., to a
linear combination of a number of Normal distributions. This is similar to the
approach used in reliability studies where heavy trucks (in this case the mode at
40 t in Figure 2-1) are modeled with a Normal distribution (Kennedy et al. 1992).
Maximum likelihood estimation is used here to estimate the parameters for a

trimodal Normal distribution. As can be seen in Figure 2-1, this gives a
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moderately good fit for most of the GVW range, but significantly underestimates

the probabilities in the critical upper tail.
2.3.2 Non-parametric

Non-parametric fitting uses the measured histogram directly as the basis for
simulating GVW. A uniformly distributed random variable is generated in the
range [0, X=fi] where f; is the measured frequency for interval (bin) i. The
corresponding GVW is used in the simulation. This is a reasonable method for the
range of commonly observed GVWSs, but the method presents problems in the
upper regions of the histogram where observations are few and there are gaps with
no measured data (Figure 2-1). If a particular GVW is not in the set of measured
data, it will not appear in the simulation and, most significantly, this method will

never simulate a GVW heavier than the maximum measured value.

Semi-parametric
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Threshold for Semi-parametric
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Figure 2-1 GVW Histograms for Lane 3, Branisko, Slovakia with parametric and

semi-parametric fits (close ups of tail region inset)
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2.3.3 Semi-parametric fitting

A third method, proposed here, is to use the measured histogram in the lower
GVW range where there are sufficient data, and to model the upper tail with a
parametric fit. This ensures much greater accuracy of the probabilities in the tail
region (Figure 2-1), allows for interpolation between sparse data points and
provides a non-zero probability of GVWSs above the highest observed value. The
curve chosen here is the tail of a Normal distribution which is asymptotic towards
zero probability and has been found by the authors to fit well to extreme truck

weight data.

To apply the semi-parametric method, a threshold value for GVW must be
selected. Below this threshold, the measured histogram is used, while above it, the
parametric curve is used. The threshold must not be too large — it is necessary to
have sufficient data to the left of it for the bin counts to be “reliable”, i.e., there
should be sufficient data in each GVW bin for it to be repeatable, and for the
histogram to be smooth. It is also important that the threshold not be too small to

ensure that there is a good fit to the histogram in the important tail region.
2.4 Reliability of bin counts

Assuming that all observed data are drawn from the same distribution, this
“parent” distribution (whether known or not) will give the expected value for the
count in any bin for a given sample size. For each value observed there is a

probability p that it will fall into a particular bin and (1— p) that it will not — a

Binomial trial. The total number of values observed is N, and the expected (mean)
number of values in the bin is Np. When N is large and p <0.05, which it
typically is for 1t GVW bins and certainly is in the upper tail, then the Poisson
distribution gives a good approximation to the distribution of the number of
values observed in the bin (Scott 1992). The probability of k observed values in

the bin is:

11
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“« (Np)*
pk)=e T (2-1)

The variance is o> = Np and the coefficient of variation is :

o2 1
COV=—=—+ (2-2)

Np  /Np
This gives a measure of how reliable a particular bin count is. For GVWs, the
parent distribution is unknown, and hence p is unknown. The maximum
likelihood estimate for Np is the mean observed number in the bin. As this is a
single observation, the observed number is used as the best estimate available.

To illustrate this, the theoretical COV based on the Poisson distribution is plotted

in Figure 2-2 for a simple Normal distribution — Ng,,, with 20 000 values binned

using a bin size of 1. As can be seen, the COV is relatively low for the bulk of the

distribution, but rises rapidly in the tail regions.
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Figure 2-2 Coefficient of Variation for a Normal distribution - N,

The threshold value for GVW should be below the point where the COV gets

excessively large, such as the 25% level indicated.
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distributions up to 4 seconds are modelled using quadratic curves for different

flow rates, and a negative exponential distribution is used for larger gaps.
4.4 Two-lane traffic

The traffic modelled here is bidirectional, with one lane in each direction, and
independent streams of traffic are generated for each direction. In simulation,
many millions of loading events are analysed, and for efficiency of computation it
is necessary to use a reasonably simple model for transverse load distribution on
two-lane bridges. This is achieved here by calculating load effects for each
vehicle based on a simple beam, and multiplying these load effects by a lane
factor to account for transverse distribution. The lane factors used are based on
finite element analyses which were performed on bridges with different spans
(from 12 to 45 m), and different construction methods (solid slab for shorter
spans, and beam-and-slab for longer spans). One lane is identified as the
“primary” lane and the lane factor for vehicles in this lane is always taken as
unity. When a vehicle is also present in the other “secondary” lane, the location of
maximum stress is identified in the finite element model, and the relative
contributions of each truck is calculated. In some cases the maximum stress
occurs in a central beam, and the contribution from each truck is similar, giving a
lane factor close to 1.0 for the secondary lane. In other cases, the maximum stress
occurs in a beam under the primary lane, and the lane factor for the secondary
lane is significantly reduced. In the case of shear stress at the supports of a simply
supported bridge, the maximum occurs when each truck is close to the support,
and the lateral distribution is very much less than for mid-span bending moment.
As a result of this analysis, two sets of lane factors are used in the simulation runs,
one at either end of the calculated ranges — “low” and “high”. The factors used are
shown in Table 4-2, together with the three types of load effect that are examined

in all simulation runs. See Section C.2 for more details on lane factors.
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maximum load effect is identified for each year of the simulation period. This
classification of different event types has been found to improve the convergence
of the results to the Generalized Extreme Value distribution [12], although using

annual rather than daily maxima also greatly improves this convergence.

The WIM measurements for all sites show that trucks in excess of 50 t are often
either crane-type vehicles with all axles closely spaced, or low-loaders which are
characterised by having two groups of closely-spaced axles and a large spacing
(of approximately 10 m) between the two groups. At the central European sites,
very few vehicles weigh in excess of 100 t, and the measurements from the
Netherlands are used as a template for extremely heavy simulated vehicles at all
sites. In the Netherlands crane-type vehicles become rare when the GVW exceeds
120t, and above this weight almost all vehicles are low-loaders. Both vehicle
types are significant in bridge loading — the crane-type vehicle represents a
concentrated load which gives relatively high bending moments and shear forces
in simply supported spans, while the low loaders can produce high hogging
moments over central supports in multi-span continuous bridges. These effects are
most noticeable for bridge lengths in the range from 20 m to 40 m. For longer
bridges, GVW is more important than variations in wheelbase, whereas for short
bridges (below 20 m), the weights of individual axles and of groups of axles tend
to be more significant [4]. For the purposes of classification, some simple rules
have been adopted here. A crane-type vehicle is defined as one where the largest
axle spacing is less than 4.5 m, and the average axle spacing is less than 2.5 m. A
low loader is one where the largest spacing is 7.5 m or more. All other vehicles

(and all 2-axle vehicles) are classified as “standard”.
4.7 Using 1000-year simulations to estimate lifetime maximum loading

Due to the randomness inherent in the process, successive 1000-year simulation
runs do not produce identical results, and the variation between runs becomes
more pronounced in the upper tail. Running simulations for much longer periods —

10 000 years or more — is one way of reducing the variation at 1000 years to close
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Modelling same-direction two-lane traffic for bridge loading
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employed drastic simplifications. In their model, convolution is used to combine

load effect distributions for traffic in multiple lanes.

This study is based on WIM data collected at two European sites, in the
Netherlands and the Czech Republic. A detailed analysis of the data reveals that
for groups of adjacent vehicles in both lanes, there are patterns of correlation and
interdependence between vehicle weights, speeds and inter-vehicle gaps. A Monte
Carlo simulation model has been developed for evaluating bridge loading due to
traffic in two same-direction lanes. This simulation seeks to reproduce the
sometimes subtle patterns of correlation that are evident in measured traffic while
also adding an element of randomness so as to vary the loading. The methodology
presented here is site-specific and, unlike bridge design and assessment codes,
does not incorporate factors such as model uncertainty and variability between
sites. This study focuses on short to medium span bridges, up to 45 m long, where
free-flowing traffic with dynamics is taken to govern [8,12].

5.3 WIM Data

The WIM data used as the basis for this study were collected at two sites — at
Woerden in the Netherlands, and at Sedlice in the Czech Republic. The data were
filtered to identify unreliable values and photographic evidence from the
Netherlands was used to support this data cleaning. Table 5-1 summarises the
WIM data sets used.

As can be seen from the GVW distributions for each lane in the Netherlands in
Figure 5-1, there are significant differences between the two lanes, with a much
higher proportion of light vehicles in the fast lane (Figure 5-1(a)) and the same is
true in the Czech data. In the Netherlands, there is a much higher proportion of
extremely heavy vehicles in the slow lane (Figure 5-1(b)) which is important for
bridge loading.
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Table 5-1. Summary of WIM data

Netherlands (NL) Czech Republic (C2)

Time period Feb 2005 to May 2007 to

June 2005 May 2008
No. of valid days® 77 148
Time stamp resolution (s) 0.01 0.1

Slow Fast Slow Fast

lane lane lane lane
Total trucks 596568 49980 684 345 45 584
ADTT® 6 545 557 4 490 261
Maximum GVW (t) 166 75 129 128
No. over 60 t 1680 36 322 54
No. over 100 t 238 0 10 2
Notes:

# Valid days are weekdays with no interruptions in the measurement record
® Average daily truck traffic per lane on valid days
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Figure 5-1 GVW distributions
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the patterns and then to run the simulation for a sufficiently long time period to

avoid the problems associated with extrapolation.

There are well-established ways of modelling dependence between variables in
Monte Carlo simulation. The correlation matrix for a set of variables can be
estimated from the measured data, and using the technique described by Iman and
Conover [15], random values can be generated for each variable so that both the
marginal distribution of each variable and the correlation structure are reproduced
in the simulation. A limitation of this is that the correlation between any two
variables is assumed to be fixed for all values. A more complex correlation
structure can be modeled using copula functions [16] and these are widely used in
financial markets. In the field of bridge loading, copulas have been used by
Sriramula et al. [17] and Srinivas et al. [18] to model dependence between axle

weights and spacings on vehicles.

The spatial layout of vehicles on a two-lane bridge can be described by three gap
distributions — in-lane gaps for each of the two lanes and inter-lane gaps. The
standard approach to simulating random variables is to generate values from the
required distributions. In this case, the three gap distributions cannot be simulated
independently — for example generating random values from the two in-lane gap
distributions will position vehicles in each lane, and this automatically determines
the inter-lane gap distribution. For bridge loading, it might be reasonable to
assume that the slow-lane and inter-lane gaps are more important than the fast-
lane gaps. On this basis the slow-lane and inter-lane gaps can be simulated
directly from the distributions, and a good match between observed and simulated
gaps can be obtained. However, the simulation of the fast-lane gaps is completely
wrong, with the platooning effect in that lane being lost in the simulation (see
Section D.4).

In order to build a conventional simulation model for two same-direction lanes, all
significant patterns in the measured data must be identified and quantified in some

way that can be incorporated into the simulation. It is possible to build a
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Appendix A Importance of the Tail in Truck Weight Modelling

for Bridge Assessment

A.1 GVW distributions

Details of the WIM data used in this work are given in Section B.1. The gross
vehicle weight (GVW) distributions at all five sites are shown in Figure A-1 for
GVWs up to 60 t, and in Figure A-2 for GVWs in excess of that.
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Figure A-1 GVW distributions up to 60 t
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The study of GVW tail modelling in Chapter 2 is based on the data from the

Netherlands and Slovakia, but its application to the other sites is also described in

this appendix. As can be seen in Figure A-2, the volume and extent of the tails of

the GVVW distributions are different for each lane and site.
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A.2 Tail fitting
A.2.1 Truncated maximum likelihood

Standard maximum likelihood estimation (MLE) cannot be used directly when
fitting the tail of a distribution to measured data above a selected threshold value
(i.e. to a censored sample). The assumption in standard MLE is that the set of
measured data is uncensored, and is representative of the entire population. The
result of using standard MLE to fit a Normal distribution to tail data is shown in

the example in Figure A-3.

w
1

Standard MLE

Frequency
N
|

70 80 90 100 110 120 130
GVW (f)

Figure A-3 Standard MLE applied to GVWs above 70 t, Poland, slow lane

For this study, a form of truncated MLE is used. This uses constrained
optimisation, and the constraint chosen is that the proportion of data in the tail of
the fitted distribution should be the same as the proportion of data in the tail of the

measured data. For a particular lane at a given site, n observations of GVW values

are available, and these can be sorted in ascending order, denoted by g,,...,9, .
The set of values greater than or equal to the chosen threshold g, is used to

calculate the likelihood function given by:
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Appendix B Monte Carlo Simulation of extreme traffic loading

on short and medium span bridges
B.1 WIM Data
B.1.1 Introduction

Collections of WIM data from five European motorway sites have been used as
the basis for this work, and an overview of the data is given in Table B-1 and
Table B-2. Data from each country became available at different times, and work
began in November 2005 on the analysis of the data from the Netherlands, which
has been supplied by DVS, the Dutch Ministry of Transport and Navigation. The
WIM Site in the Netherlands was equipped with cameras which photographed
unusual or extreme vehicles, including any vehicle which exceeded the legal
weight limit. Selected photographs were supplied in October 2006, and these

proved extremely useful in the development of rules for cleaning the data.

Data from the other four sites were supplied by different partners in the European
6" Framework project, ARCHES. Analysis of the data from Slovakia began in
August 2007, and the work in Chapter 2 and Chapter 3 is based on the data from
the Netherlands and Slovakia. Analysis of the remaining three sites began in
August 2008, and all five sites are used in Chapter 4. While bidirectional traffic
(with one lane in each direction) is modelled in Chapter 3 and Chapter 4, traffic in
two same-direction lanes is modelled in Chapter 5, and the data from the

Netherlands and the Czech Republic were used for this.

The WIM technology used at four of the sites consists of piezo-quartz sensors
embedded in the pavement, whereas the site at VVransko in Slovenia uses Bridge
WIM. Typical weigh stations in the Netherlands are shown in Figure B-1 and
Figure B-2.
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Table B-1 Overview of WIM data

Czech

Country Netherlands Slovakia Republic Slovenia  Poland

(NL) (SK) (C2Z) (SI) (PL)
Site location Woerden Branisko Sedlice Vransko  Wroclaw

Al2 D1 D1 Al A4
Road number

(E25/E30) (E50) (E50/E65) (E57) (E40)

No. of measured Lanes 2 2 2 2 2
Total nu_mbe_r of lanes 3 9 9 9 9
in one direction
Directions 1 2 1 1 1
Total trucks (cleaned) 646 548 748 338 729 929 147 752 429680
Start date 07/02/05 01/06/05  23/05/07 25/09/06 01/01/08
End date 26/06/05 31/12/06  10/05/08 21/11/06 05/06/08
Time span in weeks 20 83 51 8 22
No. of days with any 129 451 235 58 124
data
No. of OK Days
(weekdays with full 77 290 148 39 87
record)
Maximum number of 13 11 11 122 9
axles
Time stamp resolution 0.01 0.1 0.1 0.001 1.0

(sec)

Note: * In Slovenia, just one 12-axle vehicle was recorded, and no 11-axle

vehicles.
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Table B-2 WIM Data — statistics per lane at each site

Czech

Country Netherlands Slovakia Republic Slovenia Poland

(NL) (SK) (C2) (sn (PL)
Statistics for Lane 1
Total trucks (cleaned) 596 568 349606 684345 142131 398044
Trucks per day 6 545 1031 4490 3158 3708
on OK Days
Peak average hourly flow 503 57 242 187 224
on OK Days
Maximum GVW (t) 165.6 117.1 129.0 131.3 105.9
Average GVW (t) 22.0 19.5 20.9 25.2 13.7
No. over 60 t 1680 249 322 15 584
No. over 70 t 885 50 149 3 35
No. over 80 t 609 25 61 3 15
No. over 100 t 238 5 10 1 1
Average speed (km/h) 85.1 53.7 88.2 83.8 76.4
Statistics for Lane 2
Total trucks (cleaned) 49 980 398732 45584 5621 31636
Trucks per day
on OK Days 557 1168 261 135 314
Peak average hourly flow
on OK Days 82 75 16 12 32
Maximum GVW (t) 75.2 108.6 128.0 58.4 69.9
Average GVW (t) 19.3 20.2 17.5 23.5 10.2
No. over 60 t 36 307 54 0 3
No. over 70 t 7 28 20 0 0
No. over 80 t 0 12 5 0 0
No. over 100 t 3 2 0 0
Average speed (km/h) 89.8 56.2 95.4 89.2 87.5
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Figure B-1 Computer-generated image of weigh station in the Netherlands
(supplied by DVS)
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Figure B-2 WIM station near Woerden, the Netherlands (supplied by DVS)

118



Appendix B

B.1.2 WIM Data files

The data from each site were delivered in various formats, as described in

Table B-3, and all vehicle records were extracted from the data files and loaded

into Microsoft Access® databases, with one database per site.

Table B-3 WIM data file formats

Site

Data format

Netherlands

Slovakia

Czech Republic

Slovenia

Poland

One text file per day, in comma-separated format, with one

record per vehicle

Time stamps to the nearest 0.01 s were contained in separate
log files. These were extracted and matched with the vehicle
data

One binary file per day, with one record per vehicle. Software
from the supplier of the data logging equipment, Golden River,
was used to translate the binary data to text in fixed column
width and fixed record length format.

Over 26,000 binary files, with an average of 25 vehicles per
file. As in Slovakia, Golden River software was used to

translate the binary data.

A single text file containing all vehicles was supplied. The
data were in fixed column width format, but with variable

record lengths, depending on the number of axles.

One text file per day, in fixed column width and fixed record
length format.
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The data recorded per vehicle are typically:

Vehicle number (unique identifier)

= Date

= Time when leading axle passes sensor.

= Speed

= Lane

= Category (type of truck)

= Total vehicle length (measured by inductive loop detectors)
= Gross vehicle weight (GVW)

= |ndividual Axle loads, the sum of which is the GVW.
=  Wheelbase

= Axle spacings, the sum of which is the wheelbase

The vehicle number is not usually needed, but was essential for the Netherlands

data in linking the vehicle data to the log files containing accurate time stamps.

As can be seen in Table B-1, the accuracy, or resolution, of the time stamps varies
from 0.001 s in Slovenia up to 1s in Poland. Although an accuracy of 0.01 s or
better is preferable for gap modelling, reasonable results can still be obtained with
0.1s. For the Polish data, where times are recorded to the nearest second, it is
difficult to model gaps properly, and the effect of this will be seen later in the

discussion of results in Section B.3 (see Figure B-55).

Each site uses different vehicle classification systems. The system used in the
Netherlands, shown in Figure B-3, is the most comprehensive of all sites studied,

and proved useful in the data cleaning process. The classification at the site in
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Slovenia is somewhat similar and is based on a simple rule — for example, a
category of “113” represents a vehicle where the first and second axles are not
part of a group, and the rearmost three axles are in a group, where a group is
defined as two or more axles at spacings of less than 1.75 m. The other sites use a
fairly limited numerical classification (from 1 to 6 in Slovakia and Poland, and 1
to 13 in the Czech Republic)

The overall vehicle length is a useful measure in the data cleaning process,
helping to identify vehicles which have been incorrectly split into two vehicles,
and in identifying “ghost” axles (see Section B.1.3.8 for more details on this). The
length should normally be greater than the wheelbase, with the difference
representing the combined overhang at the front and rear of the vehicle. The WIM
equipment cannot provide separate measurements for the front and rear which
would enable bumper to bumper gaps to be identified. At two of the sites, accurate
vehicle lengths are not available. At the site in the Czech Republic, the maximum
overhang recorded is 255 cm, with 97% of all vehicles having this value, and in

the data from Slovenia, the vehicle length is not supplied.

At two of the sites — Slovakia and the Czech Republic — there is a limitation in the
data file format which allows details to be stored for a maximum of nine axles on
any vehicle. However, the GVW and wheelbase figures include any additional
axles which made it possible to estimate the missing information. For those
vehicles with more than nine axles it was evident that in most cases, one
additional axle was needed because the additional wheelbase was less than 2 m,
and the additional weight was less than 12 t. In a smaller number of cases, it
appeared likely that two additional axles were needed. In Slovakia, there is a total
of 81 vehicles with more than nine axles, and in the Czech Republic there are 207.
Although there is some subjectivity involved in deciding the number of extra
axles, these vehicles tend to be heavy and are important in bridge loading, and it is

important not to introduce bias into the data by excluding them.
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Figure B-3 Vehicle classification system — the Netherlands (source: DVS)
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B.1.3 WIM data cleaning — the Netherlands
B.1.3.1 Initial data cleaning

Data quality issues were identified in consultation with DVS, and the original list

of trucks was reduced by eliminating unreliable readings. The criteria used were:

= The time stamp for the truck should be also recorded in the log file so that the
more accurate time stamps (to 0.01 s) are available. For various operational
reasons log files were not available on certain days and data for these days,

with a total of 61,554 trucks, were excluded from the analysis.

»= The recorded speed should be between 60 and 120 km/h inclusive. Axle
weights for trucks travelling at speeds outside this range are not considered to

be reliable. This resulted in the exclusion of a further 15 839 trucks.

* The number of axles should be two or more. Some “zero-axle” and “single-
axle” trucks were mistakenly registered by the WIM sensors. This resulted in

the exclusion of a further 79 trucks.

= The GVW should be 3.5 t or greater. 200 trucks in the original list were
mistakenly registered by the WIM sensors as having zero GVW, but all of

these had already been excluded by applying the first three conditions above.

The number of trucks was thus reduced from 725 897 to 648 425. For
convenience, these 648 425 trucks are referred to as “Clean(1)” vehicles. Further

analysis of these revealed some unusual aspects which warranted investigation.
B.1.3.2 Gaps

By combining the time stamp of the leading axle with the wheelbase and speed of
each truck, and comparing this with the time stamp of the leading axle of the
following truck, it is possible to estimate the gap in seconds between the rear
wheel of each truck and the front wheel of the following truck. A histogram of
this “wheel gap” is shown in Figure B-4 for gaps below 0.7 s for Clean(1) trucks.
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At a typical speed of 80 km/h, a gap of 0.2 s corresponds to a distance of 4.4 m.
The peak in the histogram between 0.0 and 0.1 s seems physically impossible, and
subsequent investigations confirmed that this peak is due to trailers being
incorrectly identified by the WIM system as separate vehicles (see Section B.1.3.6

for more details on these “split vehicles™).
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Figure B-4 Gap distribution below 0.7 s — slow lane, NL
B.1.3.3 Vehicle length vs. wheelbase

The wheelbase is calculated by summing the measured inter-axle spacings, and
the overall vehicle length is measured by inductive loop detectors. The total
overhang can be calculated by subtracting the wheelbase from the overall vehicle
length. Normally the vehicle length would be expected to be greater than the
wheelbase, but in some cases, a negative value for overhang is obtained. In most
of these cases there is a relatively small negative value for overhang (up to 4 m)
and while this is usually caused by the loop detectors not detecting a part of the
truck body, it can also be an indication of a likely split vehicle (see
Section B.1.3.6). Cases where there is a larger negative overhang are mostly due
to “ghost” axles, where the WIM equipment mistakenly records weights for non-

existent axles. Typically, the rear tridem is repeated (see Section B.1.3.8 for more
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details on this). An initial analysis of the Clean(1) vehicles with negative

overhangs is given in Table B-4:

Table B-4 Analysis of vehicle overhang

Negative Number of

overhang vehicles

0t03.99m 16 101

4t09.99m 952
>10m 181

B.1.3.4 Other unusual aspects / extreme values

Various other aspects of the data which have a potentially significant effect on

bridge loading were identified:

GVW over 100t

Individual axle loads over 20 t

Wheelbase over 30 m

Individual inter-axle spacing over 20 m
B.1.3.5 Photographic evidence

The WIM equipment at Woerden includes cameras which record images of
certain vehicles. An image is recorded and saved for any vehicle with a GVW
over the standard legal limit of 50 t, or with a leading axle weight of more than
10t, or which is not identified as belonging to one of the standard vehicle
categories shown in Figure B-3, and is given a category of “Other”. During 2006,
work was done at DVS to link these images with the database of recorded vehicles
to make it possible to retrieve images based on any selection criteria. A list of
vehicles was compiled by the author based on gaps, negative overhangs and the

other unusual aspects described above. At the end of October 2006, DVS supplied
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electronic images for a total of 965 vehicles of interest. Analysis of these images
in consultation with DVS enabled a second cleaning process to be applied to all
Clean(1) vehicles. The conclusions drawn from this analysis may be summarised

as follows:

= Some vehicles with trailers are incorrectly split by the WIM system into two
vehicles. As part of the second cleaning process, 1655 incorrectly split trucks

were merged into single vehicles.

= There are some common features which can be used to identify ghost axles.
As part of the second cleaning process, ghost axles were removed from 886
trucks.

= Almost all trucks over 100 t appear to be genuine. Photographs were obtained
for 216 out of a total of 241 Clean(1) trucks over 100 t, and only 5 of these
were removed as part of the second cleaning process.

= Some 15 trucks with individual axle loads over 20 t were removed as part of

the second cleaning process, but the majority (43) were retained as correct.

= Most cases of wheelbases over 30 m are caused by ghost axles. Of the 135
Clean(1) trucks with wheelbases over 30 m, 95 have ghost axles. A further 14
were removed manually due to axle spacings which are considered highly
unlikely. After the second cleaning process, just 26 trucks remain with

wheelbases over 30 m, and most are only slightly longer than 30 m.

= 111 vehicles had a maximum individual inter-axle spacing of more than 20 m.
Of these, 50 were due to ghost axles. A further 32 were removed manually due
to axle spacings which are considered highly unlikely. The most common
reason for removal was that the axle spacing between the first and second
axles was over 20 m which is considered particularly unlikely. After the
second cleaning process, just 29 trucks remain with individual inter-axle

spacings over 20 m.
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= In a small number of cases (34), vehicles were removed based on the fact that
the spacings and axle count on the photograph does not agree with the
measured data. Of these, 7 were straddling two lanes which is a known source
of error. Some are possible split vehicles, and some have axle spacings and
loads which are considered highly unlikely.

B.1.3.6 Split vehicles

A typical example of an incorrectly split 5-axle truck is shown in the images in

Figure B-5 and Figure B-6.
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Figure B-5 Photograph of complete vehicle, with measured data for leading

“vehicle”
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B WIM Woerden Data
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Figure B-6 Measured data for following “vehicle” (trailer)

As can be seen, this 5-axle truck has been split into a 4-axle truck followed by a
2-axle truck. This is true in most cases; the front axle of the trailer is counted
twice — as part of both the leading and following vehicle. This is referred to here
as a split with a common wheel. In these cases, the wheel gap is very small (less
than 0.1 s), and the leading vehicle has a negative overhang of up to 4 m. This
negative overhang is caused by the fact that the loop detectors correctly measure
the length of the leading vehicle, and the inclusion of the front axle of the trailer
makes the wheelbase of the leading vehicle too long.

In a smaller number of cases, the front axle of the trailer is not counted twice. This
can be identified in the data as vehicles with a very small gap (less than 0.2 s), but
with the leading vehicle having a positive overhang. It is difficult to select the
correct value for the gap (0.2 s) which separates cases of split vehicles from
genuine cases of two vehicles travelling extremely close together. For gaps
between 0.2's and 0.25 s, with the leading vehicle having a positive overhang,
additional checks were performed before merging the vehicles. These checks were
based on photographic evidence, and on an analysis of pairs of vehicle categories.
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Although some of the rules are somewhat arbitrary, they are based on a judgement
of the absolute minimum physically possible gap. This minimum is judged to be
0.2 s (i.e. 4.4 m at 80 km/h). This minimum, and the distribution of gaps up to 2 s

is extremely important for bridge loading.
The tests applied to identify pairs of likely split vehicles are as follows:
1. Negative overhang of leading vehicle between 0 m and 4 m
1.1. Gaplessthan0.1s
1.1.1. Supported by photographic evidence [45 cases]
Action: Merge leading and following vehicle with common wheel
1.1.2. No photographic evidence [850]
Action: Merge leading and following vehicle with common wheel
1.2. Gap between 0.1sand 0.25 s

1.2.1. Combination of vehicle categories makes split more likely (see
Section B.1.3.7) [36]

Action: Merge leading and following vehicle but with no common

wheel

1.2.2. Combination of vehicle categories does not make split more likely
(see Section B.1.3.7) [2]

Action: Remove both leading and following vehicles - contradictory

evidence - likely to be a split with common wheel, but gap too big
2. Positive overhang of leading vehicle between 0 m and 10 m

2.1. Gap less than 0.05 s [33]

129



Appendix B

Action: Remove both leading and following vehicles - contradictory

evidence — very small gap, but positive overhang.
2.2. Gap between 0.05 s and 0.20 s [63]
Action: Merge leading and following vehicle but with no common wheel
2.3. Gap between 0.20sand 0.25 s
2.3.1. Photographic evidence of split [4]

Action: Merge leading and following vehicle but with no common

wheel

2.3.2. Combination of vehicle categories makes split more likely (see
Section B.1.3.7) [134]

Action: Merge leading and following vehicle but with no common

wheel
2.3.3. Other [11]
Action: Accept as separate vehicles
2.4. Gap greater than 0.25 s, with photographic evidence of split [5]
Action: Merge leading and following vehicle but with no common wheel

All gaps referred to are wheel gaps - gaps in seconds between the rear axle of the

leading vehicle and the first axle of the following vehicle

= The numbers in [brackets] refer to the number of pairs identified in the

Clean(1) data under each rule

= The hierarchical numbered categories are inclusive — e.g. the 4 vehicles in

category 2.3.1 above are trucks with a positive overhang (category 2), a gap
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between 0.20 s and 0.25 s (category 2.3) and with photographic evidence of
split (category 2.3.1)

= Total number of pairs merged: 1137
=  Trucks removed based on contradictory evidence: 70 (i.e. 35 pairs)
» Trucks removed because other truck in split pair is not in Clean(1) data: 49

Another type of split was also identified where conventional 5 and 6-axle trucks
are split with the tridem at the rear being split from the front axles. These are
identified as a V11 or a V12 vehicle being followed by a V111 which has all the
characteristics of a tridem. These characteristics are: 3 equally spaced wheels,
with inter-axle spacings of between 1.8 and 2.0 m, very similar loads on each of
the three axles, and a small gap in front — less than 11 m. (about 0.5 s). The lead
and following vehicles tend to have a GVW in the range 20 to 30 t. These criteria
exclude 3-axle cranes which tend to have one axle spacing longer than the other,
and a more uneven load distribution between the axles. This analysis identified a

further 518 such pairs, and these were merged into 5- and 6-axle trucks.
B.1.3.7 Combinations of vehicle categories

For the marginal cases of split vehicles described above (B.1.3.6) where the gap
and overhang data are not conclusive, the categories of leading and following
vehicles are used as additional evidence (refer to Figure B-3 for a list of vehicle
categories). For split pairs of vehicles with a common wheel (negative overhang
of up to 4 m and gaps less than 0.1 s), an analysis of the pairs of categories present
shows, for example, that the combination of a T1101 followed by a V11 occurs in
38.9% of split pairs, but in only 1.2% of the general population. In marginal cases
where there is a negative overhang but where the gap is bigger — between 0.1 s
and 0.25 s - if the pair of vehicle categories is among the list of likely category
pairs, then it is assumed that this is a split vehicle, but with no common wheel

because of the bigger gap. The combinations of categories used are:
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= Negative overhang (leading vehicle) or gap less than 0.05 s :

o Leading vehicle any one of: T1101, T1201, V121, V11A1, 01111, 01121
= Positive overhang or gap more than 0.05 s:

o Leading vehicle any one of: V11, V12, V111, V112
* In both cases, the following vehicle must be one of: V11, V111, V12, O*
B.1.3.8 Ghost Axles

A typical case of ghost axles is shown in Figure B-7. It exhibits most of the

features of ghost axles:

= A large negative overhang (in this case 10.23 m, but it can be anything bigger
than 4 m)

= One very light axle (axle 6 = 0.5 t) which corresponds with the first axle

where the cumulative axle spacings become greater than the vehicle length.

= Three axles - 7, 8 and 9 - where the axle weights and spacings are similar (but
not exactly equal) to axles 3, 4 and 5. Note that the axle spacings match more

closely than the axle loads.

In this case, axles 6, 7, 8 and 9 are not correct and should be removed.
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Figure B-7 Example of ghost axles

There are, however, many variations. In many cases, there is one very long inter-
axle spacing after the “real” wheels. In some cases there are a number of very
light axles in sequence after the real wheels. It is not always the tridem that is
ghosted - in some cases, 2 or 4 axles are ghosted. In all identified cases, there is a
large negative overhang (over 4 m), and the ghost axles are the last axles on the

vehicle.

A total of 886 otherwise valid vehicles were identified as having ghost axles and

were fixed by simply deleting the ghost axles.
The rules used to identify ghost axles are:
1. Select vehicles with negative overhang of more than 4 m

2. Locate the first very light axle, if any. This is defined here as an axle load less
than 20% of the average of all axle loads excluding the lightest axle on the

vehicle.

3. Locate the first axle where the cumulative axle spacing is greater than the
estimated wheelbase. The estimated wheelbase is taken as the vehicle length
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less 3 m because the average overhang on a typical truck is between 3 and

4 m.

4. Try matching the rear four, three or two axles with earlier axles (if the vehicle
has sufficient axles), starting with the second axle. Only try matching three if
no matching set of four is found, and only try matching two if no matching set
of three is found — i.e. match the largest number of axles possible. An

approximate matching technique is used, as described below.

5. If a matching set is found, identify the first ghost axle to be removed using the

following rules:
5.1. As aninitial estimate, select the axle number from step 3

5.2. Select the first axle in the matching set of rear axles from step 4 as the

new estimate if it is greater than the initial estimate.

5.3. If the first very light axle from step 2 is in front of the current estimate,
and if all the axles between both are also very light, select the first very

light axle from step 2 as the new estimate.
B.1.3.9 Approximate matching technique

To illustrate the matching technique, the truck pictured above is used as an
example. Its axle loads and spacings are given in Table B-5:
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Table B-5 Data for ghost axles example

Spacing
Axle Load in front of axle

Axle (t) (m)

1 6.0 -

2 6.9 3.83

3 3.4 6.47

4 3.4 1.32

5 2.6 1.32

6 0.5 2.52

7 3.0 6.47

8 3.1 1.31 ;

9 3.1 131 €

First, axles 6-7-8-9 are compared with axles 2-3-4-5, and do not match because
axles 2 and 6 are very different.

Next, axles 7-8-9 are compared with 2-3-4, then with 3-4-5 and then with 4-5-6.
The percentage differences between the real and the possible ghost axle loads and

spacings are calculated for each axle in the set as:

Real —Ghost
Ghost

Difference = (B-1)

The average % difference for the set of axles is calculated for both loads and
spacings. These two average figures are then multiplied to give a combined
difference. The combination of axles which gives the lowest combined difference
is identified. In this case, it is axles 3-4-5 vs. 7-8-9 which give the lowest value
(0.1%). If this combined difference is less than 1%, then this combination of axles
is assumed to be a matching set of real and ghost axles. The results of the

calculations for this example are shown in the Table B-6.
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Table B-6 Identification of ghost axles — sample calculations

Percentage Differences

Vehicle Data 2-3-4vs.7-8-9  3-4-5vs.7-8-9  4-5-6vs. 7-8-9
Spacing

Axle in front of

Load axle
Axle (1) (m) Load Spacing Load Spacing Load Spacing
1 6.0 -
2 6.9 3.83 130%  41%
3 3.4 6.47 10% 394% 13%  0.0%
4 3.4 1.32 10% 08% 10% 08% 13% 80%
5 2.6 1.32 16% 08% 16%  0.8%
6 0.5 2.52 84% 92%
7 3.0 6.47
8 3.1 1.31
9 3.1 1.31
Average % difference 50%  145%  13% 1% 38% 58%
Combined % difference 72% 0.1% 22%

Using the steps described above, axle 6 is identified as the first ghost axle to be

removed because a match has been found between 3-4-5 and 7-8-9, and axle 6 is

very light. The average axle load excluding axle 6 is 3.9 t, and load on axle 6 is

12.7% of this average
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B.1.3.10 Summary of data cleaning

A summary of the data cleaning process is given in Table B-7:

Table B-7 Summary of results for data cleaning — the Netherlands

Total in Extra Trucks
Category category  exclusions  remaining
Total trucks recorded 7.Feb - 26.Jun 2005 725 897
Trucks not recorded in log files 61 554 61 554 664 343
Speed outside range 60 to 120 km/h (inclusive) 17 817 15 839 648 504
Zero or only one axle 272 79 648 425
Zero GVW 200 0 648 425
Above are "Clean(1)"
Excluded based on direct photographic evidence 194 34 648 391
Excluded based on indirect photographic evidence (e.g.
very small gap, but only one truck in photograph) 8 ! 648 384
1st Axle spacing >20 m 54
Of which, Clean(1) 24
Rear part of split (accepted) 1
Rejected, photo 1
Rejected, no photo 22 22 648 362
1st Axle spacing < 20m, but highly unlikely spacing / 40 648 322
loads / overhang / speed combinations
Additional trucks removed as part of split analysis 119 648 203
Trucks merged as part of split 1655 646 548
Total valid trucks 646 548
Total trucks removed 79 349
Analysis of vehicles with ghost axles
Identified as having ghost axles 908
Of which, Clean(1) 899
Already excluded based on photo/other evidence 10
Rear part of split, with ghost axles, included 1
Rear part of split, with ghost axles, excluded because 5
leading part not clean
Ghosts to be fixed and retained (and not part of splits) 886

Summary analysis of total valid trucks
Clean, not part of split and no ghost axles 643 985

Ghosts fixed 886
Split pairs merged 1655
Split trucks accepted as separate vehicles 22

Total valid trucks 646 548
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B.3 Results from simulation runs

A complete set of results is included in Figures B-47 to B-56 which compare daily
maximum load effects calculated for measured WIM data with 2000 simulated
daily maxima at each site. The results are for five sites, listed in Table B-24, four
bridge lengths — 15, 25, 35 and 45 m — and three load effects, listed in Table B-25.

Table B-24 Sites used in simulation

Abbreviation Site Country Directions
recorded in
WIM data

NL Woerden Netherlands 1

SK Branisko Slovakia 2

Cz Sedlice Czech Republic 1

Sl Vransko Slovenia 1

PL Wroclaw Poland 1

Table B-25 Load effects

Abbreviation Load effect
LE1 Mid-span bending moment, simply supported bridge
LE2 Shear force at support, at entrance to bridge in primary lane,

simply supported bridge

LE3 Hogging moment over central support of two-span continuous
bridge (only calculated for 35 and 45 m bridges)

One of the lanes is designated as the primary lane. In same-direction traffic, this is
the slow lane which contains the bulk of the truck traffic. This designation
becomes more significant when lane factors are being used to model lateral
distribution of loading — the reduction factors are applied to traffic in the

secondary lane. In the initial comparison of measured with simulated traffic, the
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Figure B-47 Observed vs. simulated daily maxima — The Netherlands (1)
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Maximum lifetime traffic loading scenarios on short and medium

span bridges
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Appendix C Maximum lifetime traffic loading scenarios on short

and medium span bridges

C.1 Return period
If the probability of exceeding a value z in any one year is p, then the return
period in years of z is defined as (Ang and Tang 1975):
1
R(z) = (C-1)

This is the mean recurrence time of z.

The characteristic value Z is defined as the value with a probability « of being
exceeded in N years — e.g. 5% in 50 years in the Eurocode (EC1 2003). Assume
the probability of Z being exceeded in 1 year is p, which by definition is:

1
p _ﬁ (C-2)
The probability of Z not being exceeded in N years is:
1 N
1-p) =|1-—— C-3
- p) [ R(Z)j (C-3)
and
1) =
1-—— | ~e R® (C-4)
R(Z)
h : <<1 d N<R(2)
when R(Z) an
Therefore the probability of Z being exceeded in N years is:
1Y
=1-(1-p)" =1-|1-——| =~1-e "® C-5
a=1-(1-p) ( R(Z)j (C-5)
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Modelling same-direction two-lane traffic for bridge loading
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Figure D-1 Simulated and, in the case of Slovakia, observed multiple presence
statistics — bidirectional traffic

(NL=Netherlands, CZ=Czech Republic, SI=Slovenia, PL=Poland, SK=Slovakia)
(continued from previous page)

Multiple presence statistics for two same-direction lanes are shown in Figure D-2
for the measured traffic at the four same-direction sites. In Figure D-2, observed
data are shown as solid curves, and results from simulation for the Netherlands
and the Czech Republic are shown as dotted curves. The number of occurrences
of each type of event is expressed as a percentage of the total number of trucks in
both lanes. The definitions of the different event types are taken from Sivakumar
et al. (2008):

= Single: Only one truck is present on the bridge in any lane.

= Following: Two trucks in the same lane, with varying headway distances

with a gap less than the span length.

= Side-by-Side: Two trucks in adjacent lanes with an overlap of more than
one-half the truck length of the first truck.

= Staggered: Two trucks in adjacent lanes with an overlap of less than one-

half the truck length of the first truck and a gap less than the span length

= Multiple: Simultaneous presence of trucks in adjacent lanes and in same

lane
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correlation) denotes the correlation of a random variable with a time-shifted
version of itself. A typical time series contains observations of a random variable
X at equally spaced time intervals. The value of the random variable at each time
t, X;, is compared with the value of the variable at time t —s, X, where s is some
time lag. The coefficient of correlation is then calculated as a function of the time

lag s, and this is referred to as the autocorrelation function:

p(S)z E[(Xt _/utXXt—s — His )]

010

(D-7)

A series of truck GVWSs can be considered as a time series at randomly spaced
time intervals. In this study, the autocorrelation function is calculated using the
variable “number of trucks apart” instead of a time lag. The coefficients of
correlation are calculated between the weight of each truck (the leading truck) and
the truck following it, between the leading truck and the second truck behind it,
between the leading truck and the third truck behind it and so on. The results of
this are shown for slow-lane trucks in Figure D-6 and for fast-lane trucks in
Figure D-8.

D.4 Gap simulation

The problems associated with simulating inter-lane gaps are discussed in
Section 5.5, and are illustrated in Figure D-10. In the uncorrelated model, the
slow-lane gaps are simulated using curves fitted to the measured distributions for
different flow rates. A fast-lane truck is generated for a percentage of slow-lane
trucks (the percentage is taken from the measured traffic volumes in each lane),
and the inter-lane gaps are simulated directly from the empirical distribution. The
resulting simulated slow-lane and inter-lane gaps match the observed distributions
quite well (Figure D-10 (a) and (c)), but the fast-lane gaps are not simulated well
(Figure D-10 (e)). Similarly, a model could easily be constructed which would

model the slow-lane and fast-lane gaps well, but this would mean that the inter-
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Table D-16. Top 20 loading scenarios in 1,000 years — LE3 — hogging moment

Char Average
Load Average % of events Contribution
Span Effect Truck Type Truck Type  Combined involving2  from Fast Lane
(m) Site (kNm) Slow Lane Fast Lane GVW (1) trucks in 2-truck events
High lane factors
NL 3,152 Low-L Any 223.0 100% 24%
% ¢z 2581 LowL Std / Any 182.2 60% 26%
NL 4,419 Low-L Any 231.8 95% 19%
4 ¢z 3610 Lowl Std / Any 190.4 90% 16%
Low lane factors
NL 2,845 Low-L Std 218.1 60% %
B cz 248 LowL std 171.9 10% 9%
NL 4,116 Low-L Std 224.4 40% 5%
4 cz 3443 LowL std 179.3 5% 7%
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Comparison of sites with Eurocode
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characteristic values for these are shown in Table D-11, Table D-12 and
Table D-13. The corresponding figures for bidirectional traffic are also shown. It
can be seen that the only significant difference in loading between bidirectional
and same-direction traffic at these two sites arises for bending moment on bridges
with high lateral distribution. In these cases, the characteristic loading for two
same-direction lanes is up to 10% lower than for bidirectional traffic. When
lateral distribution is low, the characteristic load effects are dominated by single
truck loading in one lane, and this means that there is little or no difference

between the bidirectional and same-direction cases.

As noted in Section 4.4, the traffic flows in the Netherlands are unrealistically
high for a two-lane bridge with bidirectional traffic, and as a result these
characteristic load effects may be somewhat conservative. However, this does not
apply in the case of two same-direction lanes, as these results are based on traffic

which was measured in two same-direction lanes.
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Figure E-3 Comparison of characteristic loads with Eurocode Load Model 1, for
bidirectional and two same-direction lanes of traffic.
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E.2 Load Model 3

Eurocode Load Model 3 (“LM3”) provides for a set of standardised models

representing special vehicles (e.g. for industrial transport) which can travel on

routes permitted for abnormal loads and is intended to be limited to particular

cases. The specifications for the application of the models depend on whether they

are assumed to be travelling at low speed or at normal speeds (70 km/h). The load

model used here assumes the special vehicles are travelling at normal speeds,

which is the case in the measured traffic. The Eurocode specifies that in this case,

on a 2-lane bridge, a pair of special vehicles should be used with one in each lane.

It also provides for a dynamic amplification factor to be applied, but throughout

this work, static loadings only are used (i.e. a dynamic factor of 1.0). The

standardised models of interest here are shown schematically in Figure E-4.

INNREEERNNN,

LM3: 600

INEEANN,

adSES00E

ud SEEICONE

LM3: 900

LM3: 1500 /200

INNESENNARS

adSSE3CANN

LM3: 1200

INESEEN

ndiSEICEA

ndSOECRINEN

LM3: 1200 /200

LM3: 1800 /200

(@) Eurocode LM3 — 600 to 1200 kN

(a) Eurocode LM3 — 1500 to 1800 kN

Figure E-4 Eurocode Load Model 3 —standardised models

Note:
e.g. “61 —4”.

For each vehicle, the gross weight in tonnes and the number of axles is shown as
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The load models have 150 kN axles, except those denoted by “/200” which have
200 kN axles. The “1500/200” model has 1 x 100 kN and 7 x 200 kN axles. The
total weight of the vehicle, in kN, is given by the load model identifier — e.g.
“1200” denotes an 8-axle 1200 kN (122.3 t) vehicle. In all cases, axle spacings are
1.5m.

For each site and bridge span, the characteristic load effects estimated from the
simulations are compared with the load effects produced by each of the
standardised models of LM3, and the model with the minimum gross weight that
produces a load effect greater than or equal to the characteristic value for all spans
is selected as the “required LM3”. The results of this analysis are summarised by
individual load effect in Table E-2 for bidirectional traffic and in Table E-3 for
same-direction traffic. The minimum amount by which the load effect produced
by the required LM3 exceeds the characteristic load effect for all spans considered
is shown as the “LM3 Excess”. Table E-4 shows the required LM3 to envelope all
load effects. As can be seen, the load model required is typically determined by

shear.

Table E-2 Minimum LM3 model required for each site and load effect —
bidirectional traffic.

LE1: Mid-span LE2: Shear at LE3: Hogging
moment support moment
Lane LM3 LM3 LM3 LM3 LM3 LM3
Site Factors Required Excess Required Excess Required Excess
High 1200 14% 1200/200 0% 1200/200 2%
Netherlands
Low 1200 0% 1800/200 4% 1500/200 3%
Czech High 900 20% 1200 17% 1200 25%
Republic Low 1200 24% 1500 3% 12001200 2%
] High 900 23% 1200 21% 900 1%
Slovenia
Low 900 2% 1500 2% 1200/200 0%
High 900 26% 900 3% 900 11%
Poland
Low 900 8% 1200/200 1% 1200 8%
) High 900 32% 900 % 900 18%
Slovakia
Low 900 11% 1200 0% 1200 9%
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Table E-3 Minimum LM3 model required for each site and load effect — two

same-direction lanes.

LEL1: Mid-span LE2: Shear at LE3: Hogging
moment support moment
Lane LM3 LM3 LM3 LM3 LM3 LM3
Site Factors Required Excess Required Excess Required Excess
High 900 2% 1200/200 2% 1200 5%
Netherlands
Low 1200 2% 1800/200 4% 1500/200 4%
Czech High 900 22% 1200 19% 900 2%
Republic | ow 1200 26% 1500 4% 1200/200 3%

Note: Underlined values are lower than the corresponding values for bidirectional traffic.

Table E-4 Minimum LM3 model required for each site for all load effects —

bidirectional and same-direction traffic

LM3 Required

Site Lane Factors Bidirectional Same-direction
High 1200/200 1200/200
Netherlands
Low 1800/200 1800/200
High 1200 1200
Czech Republic
Low 1500 1500
High 1200
Slovenia
Low 1500
High 900
Poland
Low 1200/200
High 900
Slovakia
Low 1200/200
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