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ABSTRACT

Live load models prescribed by codes for the design and assessment of highway bridges 

have traditionally been based on conservative subjective assumptions regarding maximum 

lifetime load. Modem bridge design codes have attempted to move towards a more 

rational statistical approach in deriving their loading models. The original studies 

performed for Eurocode 1, Part 3, Traffic loads on bridges, in the late 1980’s concentrated 

on realistic traffic flow simulation scenarios constructed from measured traffic data. In the 

years since these original studies, considerable advances have been made in the 

technology of weighing vehicles in motion and confidence in the accuracy of recorded 

data has increased significantly. After five years as an ENV, ECl Part 3 is currently being 

prepared for conversion to EN (European Norm) status. To allow for any changes in the 

European traffic during the last ten years, and in order to reassess, and if necessary update, 

the target load effect values, it was decided to perform new calculations on a large scale. 

This re-calibration study was carried out by the author and forms part o f this thesis. The 

thesis also addresses questions concerning flow scenarios, extrapolation techniques, 

dynamic amplification factors etc. which had remained since the preliminary background 

studies, or were raised in the studies performed by member states when producing their 

national application documents. In addition details of studies performed for the 

preparation of the Irish national application document are included in the appendices.

The results of comparative studies performed to assess the error in characteristic extreme 

prediction between theoretical simulations generated using Monte Carlo techniques and 

real traffic simulations synthesised from recorded Weigh-in-Motion (WIM) data, are 

presented. Recommendations for modelling the statistical parameters governing 

theoretical models are made in an attempt to minimise this error. Simulations performed 

by the Monte Carlo technique for large duration theoretical traffic files permits assessment 

o f the realism of extremes predicted by extrapolation from short duration WIM files. The 

use of the technique also permits studies to be performed with respect to the implications 

of the accuracy of WIM data on predicted characteristic load effects and to assess the 

influence of traffic growth on the predicted extremes.
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A stochastic flow model to determine the characteristic load effect values to be used for 

the calibration of highway bridge design and assessment codes is presented. Analytical 

convolution of the flow process, gross weight distribution and the influence surface leads 

to an analytic expression for the characteristic load effect on a given span length and for a 

specified number of lanes which is in reasonable agreement with that predicted by direct 

simulation. The model provides a practical alternative to the requirement to perform large- 

scale simulations to determine characteristic load effects for code calibration and site- 

specific bridge assessment.
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In t r o d u c t io n

CHAPTER 1 - INTRODUCTION

1.1 PROBABILISTIC LIVE LOAD MODELLING

Structural design decisions are made on the basis of information of various types, where 

fundamentally this information is composed of a set of elementary propositions. 

Unfortunately the reliability, dependability or accuracy of these propositions varies a great 

deal. It is obviously important that their associated uncertainty is understood and, if 

possible estimated in some way. In the hierarchy of hypotheses on which structural 

engineering is based there are two main aspects, analysis and design. There are three 

stages in the analysis of any structure, analysis of (a) loads, (b) of the response of the 

structure to those loads, and (c) of the safety of the structure. It is important to note that 

whilst there are many hypotheses dealing with the analysis of structural response 

behaviour, there has, in the past, been a lack of high level hypotheses concerning loads 

and safety.

In this thesis it is proposed to concentrate on the analysis and prediction of the loads to 

which a highway bridge will be subjected during its design lifetime. Of the loads to be 

modelled, by far the most variable are those termed, imposed loads, i.e. those induced by 

single vehicles and combinations of same, which traverse the structure. The expected 

variability of these loads is reflected in the relatively high partial safety factors specified 

by design codes for ultimate and serviceability limit state design.

Traditionally live load models have been based on conservative empirical assumptions, 

which have attempted to represent the maximum loading scenario expected during the 

design lifetime of the structure. Table 1.1 presents some early suggestions from the UK 

Royal Engineers Corp as to appropriate magnitudes of these loads (Usbome 1912). In the 

past engineers have selected conservative loading models in order to design structures 

such that a certain degree of safety against exceedence of a limiting state during its 

lifetime was attained. In so doing they were attempting to avoid the damage which might 

result from failure to provide adequate structural resistance at an extreme load case. An 

example of structural failure under an extreme load is illustrated in Figure 1.1 (Blockley 

1980).
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In t r o d u c t io n

Table 1.1 - Road bridge live loads (Usbome 1912).

T a b l e  o f  E o ad  B m d g e  L iv e  L oads.

VeWcle. Length 
0. A.

Width 
0 . A.

Wheel
Bwe, Track.

Total Weight
Back
Axle.

Width of Tyre. 

Front. Back.

Diam. of 
"Whwl. 

Front. Back.
RemarVit.

Steam Boiler .
Ft. Ins. 
21 0

Ft. Ini.
9 0

Ft. In». 
12 7

F t. IM. 
8 6

Tong.
20

Toni.
13i

F t  Ins. 
5 4

rtlns. 
2 0

Ft. Tns.
4 6

Ft. Ins. 
6 9 J .  Fowler & Co.

Plougiiing Engine
20 0 8 0 12 0 7 6 18 12 4 8 1 8 4 6 5 6 •.
23 0 10 0 15 0 9 7 22 16 1 4 2 2 4 11 6 6

Eoad 18 4 7 8 10 2 7 2 19 14i
12J

0 9 1 4 4 6 7 0
A.veling & Porter.>» •

atone Waggon
20 0 8 6 11 6 8 0 16i 0 9 1 6 4 0 7 0
— (> 8 9 0 — 16 8 — — _ — Government of India.

Boiler ,, 
Wagou loaded

12 0 8 0 » 0 7 10 32 Hi 1 8 1 8 3 0 3 0 L.C.C,, London.
21 3 — 10 2 6 4 13-25 70 0 9 0 9 3 4 4 0 Allows for load of 9*25 tons

Commercial Lorry . 
Trailer to Lorry, loaded .

__ _ 14 C 7 5 10-33 6-85 _ _ _ _ waggon.
Commercial Cars, Ltd.

— — 10 6 — 4-S 2-36 --- — — — t t  t*

Iraincars, L.O.O., bogie. 33 1 7 1 14 6 4 8 i 18-5 5-14 --- — 2 8 2 8 L.C.C., 2 bogies, centres 10' i
double deck.

Tramcars, single deck, 35 0 7 0 17 0 5 0 15 6
apart.

Indian.
bogie.

Tramcars, double deck . 35 0 7 0 16 0 6 0 17-75 6-5 _ _ _
4-7 gun on trav. carriage 
E le g an ts , loaded .

— 6 7 10 2 6 2 6-1 4-3 -- — — —
11 0 9 0 6 6 — 3-6 2-2 — — • — —

I leg

Modem bridge codes and the Eurocode (CEN 1994) and Ontario (OHBDC 1991) codes in 

particular, have attempted to move towards a more rational statistical approach in the 

prediction of lifetime maximum imposed loads. They recognised that the characteristics of 

vehicles vary widely with respect to their gross weight, axle spacing, distribution of load 

to axles, location in lane, velocity and in the likelihood of multiple presence of vehicles on 

the structure both longitudinally and transversely. They concluded that probabilistic 

models would give a superior account of the statistical uncertainties and also would make 

possible the calculation of mean values, standard deviations, fractiles, level crossing 

probabilities, extreme value distributions and of the probability o f failure. Coupled with 

statistical models to describe structural resistance this approach facilitated the 

development of design codes, which provide minimum but not uniform levels of safety for 

all highway structures.

One factor, however, was common to all of this previous work; a lack of reliable multi

lane, multi-directional data against which the theoretical assumptions made in calibration 

and assessment could be checked. At the outset of this thesis, the problem of the 

availability of reliable data was being overcome thanks to advances which were being 

made in the technology of weighing vehicles in motion (WIM). Reliable data could now 

be obtained from a number of sites of varying traffic intensity with multiple lanes and
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In t r o d u c t io n

flow directions. It was within this environment that the objectives of this project were 

established.

Figure 1.1 -  An overloaded bridge (Blockley 1980)

1.2 OBJECTIVES AND SCOPE

This thesis is concerned with refining and improving the procedures employed in 

probabilistic live load modelling for the design and assessment of highway bridges. In this 

regard the following objectives were established at the outset of this work;
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1. Using modem WIM data to perform a re-calibration of the normal load model of 

Eurocode 1, Part 3, to determine if changes in traffic intensity in the 10 years since its 

original calibration required an increase in the intensity of prescribed load. Given the 

ambiguities which had surrounded the original work, it was required that the results of 

simulation and extrapolation be fully reproducible. Consequently, the process had to 

be transparent, with details of all assumptions described. Overall, it was required to 

provide recommendations for the use of WIM data for code calibration given the new

found abundance of such data. One of the benefits of this exercise would be the 

establishment of a large database of characteristic extreme load effect values for a 

wide range of structural configurations and simulation scenarios. It was with this in 

mind that the remaining objectives of this project were established.

2. To investigate the ability of available theoretical traffic flow models to accurately 

reproduce, in flow simulation, the characteristic extreme load effects determined from 

WIM data. This issue is clearly of importance where such effects may subsequently be 

employed for code calibration and site-specific bridge assessment.

3. To determine the influence of inaccuracy in recorded data and of traffic growth on the 

accuracy of predicted extremes

4. To determine if an alternative process could be employed for the prediction of 

characteristic extreme load effects which would take account of prior knowledge of 

structural form and of traffic characteristics obtained from site specific WIM data files.

1.3 ORGANISATION OF THE THESIS

The thesis is organised in seven chapters and six related appendices. Chapter 1 provides a 

general introduction to the problem and the objectives and scope of the current work.

Chapter 2 presents the probabilistic and statistical concepts adopted in this thesis. The 

concept of random variables is discussed, along with the probability distributions used to 

model them. Methods for estimation of the parameters of these distributions are outlined. 

In addition the functional relations between random variables have been developed. The 

procedures employed in assessing model imperfection are discussed, with particular 

emphasis on the problems of estimation in the tail region. Finally, the asymptotic theory of 

extremes is presented along with the commonly employed asymptotic forms. The

13
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In t r o d u c t i o n

principle of tail equivalence is presented along with methods for determination of the 

appropriate asymptotic distribution.

Chapter 3 details the variety of techniques which have been employed by researchers in 

attempting to accurately model vehicle loading in the determination of lifetime design 

load effects (i.e. bending moments and shear forces etc.) and in the calibration of the 

loading models of national and international bridge design and assessment codes. Initially 

various international codes of practice are presented, including the history of their 

development. This is followed by a detailed discussion of the theoretical mathematical and 

probabilistic methods, which have been employed in the calibration of bridge loading 

codes. Emphasis is placed on specific problems and critical issues which have faced 

researchers in the field.

Significant emphasis in this thesis has been placed on the procedures and assumptions that 

are required when performing traffic flow simulations using Weigh-in-Motion data for 

code calibration. To this end. Chapter 4 presents the result of some new studies performed 

by the author to validate the adequacy of the normal load model, proposed by the draft 

Eurocode (CEN 1994), for the design of highway bridges with spans of up to 200m. The 

normal load model, hereafter termed LMl prescribed by the code, was first calibrated in 

studies performed in the late 1980’s. The author’s re-calibration studies involved the 

calculation of a set of target values, that is, characteristic load effect values, for a variety 

of bridge configurations. These values were calculated in traffic simulations performed 

using Weigh-in-Motion traffic data that was considered typical of heavy European traffic. 

The simulations were performed for both fr e e ’ and ‘congested’ flow conditions with 

subsequent extrapolation, and dynamic amplification where appropriate, o f the calculated 

load effect distributions to yield the maximum expected value of a given load effect during 

the lifetime of the structure. It was these lifetime maxima which were used as target values 

for the normal load model. A critical review of the procedures employed in the re

calibration is presented along with suggestions for fiiture research.

Chapter 5 investigates the suitability of mathematical models used in traffic flow 

simulation by the Monte Carlo method. In addition, some of the factors influencing the 

accuracy of the characteristic extremes predicted by such models are determined. Monte
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Carlo simulation is the process by which vehicles are randomly generated using known or 

assumed statistical distributions for vehicle and axle weight, speed and spacing etc. within 

assumed vehicle classes. Comparison is made between the results of these simulations and 

those performed using real traffic recorded by WIM. The availability of WIM data permits 

sensitivity studies to be performed with respect to the statistical parameters governing the 

models employed in theoretical simulation, thereby achieving more realistic Monte Carlo 

simulation. In return simulations performed by the Monte Carlo technique for large 

duration theoretical traffic files permits assessment of the accuracy of extremes predicted 

by extrapolation from short duration WIM files. The use of the Monte Carlo technique 

also permits studies to be performed with respect to the implications of the accuracy of 

WIM data on predicted characteristic load effects and to assess the influence of growth on 

the predicted extremes.

Chapter 6 details the development of a stochastic flow model to determine the 

characteristic load effect values to be used for the calibration of highway bridge design 

codes. The load effect values calculated using the model are compared to those determined 

from direct simulation and extrapolation using WIM data. In the derivation of the 

stochastic flow model, trucks are considered rather than axles, with arrival on the bridge 

assumed to follow a modified Poisson process, in accordance with the assumed 

exponential density of inter-vehicle distances, but taking into account the minimum inter

vehicle distance. This assumption is investigated. The analytical convolution of the flow 

process and gross weight distribution with modification to allow for the shape of the 

influence surface leads to an analytic expression for the characteristic load effect on a 

given span length and for a specified number of lanes. The results are found to be in 

reasonable agreement with those predicted by direct simulation. Thus, a suitable 

alternative to the requirement to perform large-scale simulations to determine 

characteristic load effects for code calibration is demonstrated.

A summary of the work undertaken during the current research programme is presented in 

Chapter 7. This is followed by a series of conclusions and recommendations for future 

work in the area of probabilistic live load modelling for the design of highway structures.

15
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CHAPTER 2

PROBABILISTIC & STATISTICAL THEORY
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P r o b a b i l i s t i c  A n d  S t a t i s t i c a l  T h e o r y  

CHAPTER 2 -  PROBABILISTIC AND STATISTICAL THEORY

2.1 INTRODUCTION

Engineering problems, by virtue of their origin, entail a degree of uncertainty. This 

uncertainty is virtually unavoidable due to the variation inherent in nature and to a lack of 

comprehensive understanding of the causes and effects of physical systems coupled with 

the inability to precisely measure them. The engineer must, therefore, not attempt to 

predict certain events but rather their probability of occurrence. The uncertainty must 

therefore be incorporated into the analysis. This is achieved through the Theory o f  

Probability, a branch of mathematics dealing with uncertainty.

2.2 THEORY OF PROBABILITY

To define the theory of probability the concepts of set theory are employed (Benjamin and 

Cornell 1970). Consider the sample space S  consisting of a set of sample points, where 

each point corresponds to a unique outcome of an experiment and the space contains all 

possible outcomes. The theory of probability assigns a numerical value to each possible 

outcome, which is a measure of the relative likelihood (i.e. relative frequency) of the 

event. The theory of probability is based upon certain fundamental assumptions, or 

axioms. The axioms o f probability provide rigorous mathematical rules for the 

consideration of individual experimental outcomes and their possible combination. Once 

obeyed these rules ensure the mathematical validity of any derived results. Further 

discussion of these Axioms may be obtained from any standard statistical text (e.g. Ang 

and Tang 1975, Benjamin and Cornell 1970, Cramer 1946);

2.3 PROBABILISTIC DESCRIPTION OF RANDOM VARIABLES

Probability theory is applied in modem engineering practice through the description of 

Random Variables. Random variables are used to express engineering uncertainties in 

terms of numerical values, where the random variables themselves may be considered to 

vary in an uncertain random way. There is a numerical value of the random variable 

associated with every simple event defined on the sample space. Different events may

17
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have the same associated value of the random variable. The outcome of an experiment 

may be defined hy X  = a, ox X  <h, ox a < X  < b .

2.3.1 Mathematical Description of Random Variables

The mathematical description of random variables is provided through the definition of 

probability distributions. The mathematical validity of these distributions is achieved by 

adherence to the aforementioned axioms of probability. They must represent a non

negative function of x ,  where the summation of the individual probabilities of all 

mutually exclusive events must sum to 1.0

The probability distribution of the random variable X  is typically described by its 

cumulative distribution function (CDF). The value of this function, F^{x), is simply the 

probability that, in an event, the value of the random variable X  will be equal to or less 

than the argument, i.e.:

(x) = P{X < x) for all x Equation 2.1

If X  is discrete only certain values of x have positive probabilities. Alternatively, if  X  

is a continuous random variable, then probability measures are defined for any value o f x . 

The probability density function (PDF) of the continuous random variable X , termed 

(x) is a measure of this density or intensity of the probability at the point and is defined 

by the first derivative of the CDF:

Equation 2.2
J X ~ 3dx

f ^  (x) is not in itself a probability, but the area described by f^ ( x )  dx is the probability 

that the value of the random variable X  will be in the interval (x, x + £&), i.e. 

fj^{x)dx = P { x < X < x  + dx). Thus the probability of X  in any interval \a , is:

b

P{a < X  <b)= ^ f ^{x)dx
a Equation 2.3

18
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However, any attempt to evaluate the integral for specific value of x  is zero. The 

corresponding function for a discrete random variable is the probability mass fimction 

(PMF), which describes the probability that the value of the random variable is equal to a 

value X,, i.e. Pxi^i) = P{X  = x,).

From Equation 2.1, the cumulative distribution function describing the continuous random 

variable X  is given as:

FAx)=P(X<x)=]fMdi  _ _
Equation 2.4

(where ^ is substituted as the dummy variable of integration to avoid confusion with the 

limits of integration). Normalising Equation 2.4 such that the result of the evaluated 

integral is 1.0 ensures adherence to the axioms of probability.

2.3.2 Probability Distributions of Random Variables

In modelling random variables a number of typical probabilistic distributions are 

consistently apparent. The reason is that these models tend to reflect the underlying 

physical mechanism responsible for the generation of the random variables. The 

distributions are formulated using the underlying requirements of probability theory and 

the mathematics of probability. In the following the probability distribution functions of 

greatest significance to this thesis are discussed with reference to their suitability for 

traffic flow modelling.

The Normal (Gaussian) Distribution N {ju,(t )

Formally, the normal distribution is derived from the probability distribution of the sum of 

identically distributed variates. Further, in a physical system composed of a number of 

variables, where no single variable is found to dominate and where the variables are not 

dependent to a large degree, the distribution of their sum is well modelled by the normal 

distribution. The probability density function is given as:

f x { x ) =  ^ e x p
n

-l̂ x
\ 2

- 0 0  <  X <  00

F.niiatinn 2.5
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where ju^ and cr  ̂ are the parameters of the distribution, which are also the mean and 

standard deviation, respectively of the variate. The distribution is completely described by 

these parameters, thus the notation A^(//,cr) is typically used to indicate the normal 

distribution. The shape of the PDF is symmetric and unbounded in the upper and lower 

tails. Figure 2.1 indicates how the normal distribution may be employed to model yield 

force data for reinforcing steel bars. Figures (2.1a) and (2.1b) illustrate the suitability of 

the normal PDF and CDF to the empirical data.
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Yield Force IkNJ Yield Force IkNJ

(a) (b)

Figure 2.1 -  Normal (a) PDF and (b) CDF for bar yield force data
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The Binomial Distribution B{n, p)

Independent repeatable trials are termed Bernoulli trials. Such trials are defined by cases 

where the results may be either success or failure, i.e. only two (mutually exclusive, 

collectively exhaustive) events are possible outcomes e.g. the success or failure of a 

structural column designed to carry a specific design load. Problems of this type are 

discrete and can be modelled by a Bernoulli sequence, whose PMF is described as:

[1 p  X -  0 Equation 2.6

where p  is the probability of success. The random variable has as its descriptors, the 

mean , or expected value £ [z ]  = p  and variance Far[x] = (l .

If the probability of occurrence of an event in each trial is p  (and, consequently, the 

probability of non-occurrence is \ — p  then the probability of exactly x  occurrences 

among n trials is a Bernoulli sequence and is given by the binomial PMF as:
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P(X = x)= p ’̂ p )” X = 0, 1, 2 , «

where binomial coejficent n !
\ {n -  x)\

Equation 2.7

where n and p  are parameters of the distribution. The notation B{n,p) is used to 

describe the distribution. The shape of the distribution is wholly governed by these 

parameters as seen in Figure 2.2. It is clear that the parameter n must be integer and the 

parameter p  must be 0 < p  < 1. In Equation 2.7 the probability of x successful events in

a sequence of Bernoulli trials is given as (l -  ^ , while represents the number

of possible permutations of the x successes in a sequence of n trials.
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Figure 2.2 -  Binomial distributions B{n,p) = 5(4,0.l), 5(4,0.5), 5(l0,0.33)& 5(10,0.66)

Sequences modelled by the binomial distribution are characterised by the requirement that 

individual trials should be discrete (Smith 1986). In spite of this requirement, however, 

continuous problems may be approximately modelled as a Bernoulli sequence by 

discretising time (or space) into finite intervals and admitting two possibilities within each
21
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interval. Thus what happens in each time (or space) interval then constitutes a trial, and in 

the series of intervals a Bernoulli sequence.

The Poisson Distribution P(v)

Engineering problems are often concemed with the possible occurrences of events at any 

point in space/time. Division of time or space into small intervals such that an event may 

be expected or not (i.e. success or failure) within a given interval permits modelling of 

such processes by a Bernoulli sequence (Benjamin and Cornell 1970). Looking, for 

example, at the total number of events occurring in a fixed interval of time t seconds long. 

If the probability of occurrence in any given second is a small number p , and the 

probability of two or more events in any one-second is negligible, then the total number of 

events X  in the n = t (assumed) independent trials is binomial, B{n,p). Reducing the 

time interval taken, increases the number of trials, n , while reducing the probability of 

success (or failure), p , in any interval. However, the expected number o f events in the 

total interval must remain constant at p n . This constant, represents the average number of 

events in time t , and is denoted, v . In the limit as n ^  co; p  ^ 0 ; n p  ^ v  , substituting in

Equation 2.7 for P = and rearranging as n tends to infinity yields the equation of the

PMF for the Poisson distribution:

Pxi^) = X = 0,1, 2 , . . .0 0

 ̂• Equation 2.8

for which E [x \ = v  & Var\x\ = v.

The Poisson distribution is more typically described by the mean occurrence rate, A , i.e. 

the average number of occurrences of an event per unit space (or time) interval. Therefore;

.X Ut Ye - ^ '
P x W ^  —  ,----- x = 0 ,1, 2, . . . , 0 0

Equation 2.9

for which E \ X ] = At & Far[^] = At .
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Figure 2.3 -  Poisson distributions P{v) = P{0.5), P{2.5) & P{5)

Formally, the Poisson process is based upon the following assumptions (Benjamin and 

Cornell 1970):

Stationarity: The probability of an incident in a short interval of time t to t + h is 

approximately Ah, for any t .

Non-multiplicity: The probability of two or more events in a short interval of time 

is negligible compared to Xh (i.e. of smaller order than Ah).

Independence: The number of incidents in any interval of time is independent of 

the number in any other (non-overlapping) interval of time.

The basic mechanism from which the Poisson process arises, namely, independent 

incidents occurring along a continuous (time or space) axis with a constant average rate of 

occurrence, suggests why it is often referred to as the ‘model of random events’ (or 

random arrivals). It has been successfully employed to describe the occurrences of storms, 

major floods, overloads on structures etc. The Poisson process can be used to model the 

flow of vehicles past a point when the traffic is freely flowing and not dense (Haight 

1963).

The Exponential distribution

If events occur according to a Poisson process, then the time T̂  until the first occurrence 

of the event, such as truck arrival on a bridge, has an exponential distribution. Therefore, 

T^> t , implies that no event has occurred in time t . Thus from Equation 2.8:

Pij^ > 0  ~ = O) == Equation 2.10

r, is the first occurrence time in a Poisson process. However, since the occurrences of an 

event in non-overlapping time intervals in a Poisson process are statistically independent,

TJ is also the recurrence time or the expected time between two consecutive occurrences
23
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of the event. The exponential distribution function of 7̂ , therefore defines the interarrival 

times of a Poisson process as:

{t) = p{r^ <t) = \ - e ~ ^ ‘ Equation 2.11

and the density function is; 

fT{t)= —  ^ X e - ^ ‘ t>0
Equation 2.12

The PDF and CDF of a typical exponential distribution are illustrated in Figure 2.4. The 

density function is seen to start from the origin ^=0. However, due to the memoryless 

nature (Benjamin and Cornell 1970) of the Poisson process (i.e. future behaviour is 

independent of its present or past behaviour), the PDF of an exponential distribution may 

start at any value. In such a case the resulting distribution may be termed a shifted 

exponential distribution. The corresponding PDF is given as:

/7’|[T>to](0~^  ̂  ̂—̂0

The mean recurrence time or average time between arrivals for a simple 

is yx  while its variance is l//l^. Recall that for the Poisson distribution 

be the average number of events per unit time, while for the exponential 

is defined as the average time between arrivals.

1.0

F(t)

0 2 4 6

Figure 2.4 -  PDF and CDF of the exponential distribution

Equation 2.13

Poisson process 

X was found to 

distribution \jX
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The Gamma distribution G{k, X)

The gamma probability distribution may be employed to model the time to the k ‘̂  

arrival of a Poisson process, where is the sum 7̂  -{-T̂  + ... + Tĵ . The times between 

arrivals in a Poisson process are independent and are exponentially distributed with 

common parameter X . The time to the k"' arrival, for any k = \ ,2 , . . . ,  is gamma 

distributed with parameters k and A . Its PDF is given as:

f y  j =  —  /  \-------  ^ ^  0‘ Equation 2.14

where k  is integer valued. This distribution is sometimes referred to as the Erlang 

distribution or Pearson Type-III (Ang and Tang 1975, Benjamin and Cornell 1970). Thus

the mean time until the occurrence of the k ‘'" event is £'(r^ ) - ^ x   ̂ with variance

vaAr,)-- 2 _  k/
.2

The distribution may be generalised to allow for non-integer values of k ,  where the 

gamma distribution is written:

^  N A(AxY''e-^ n  ^
f x \ ^ )~  — ----  jc>0 A>0 k> 0

Equation 2.15

The generalisation of the factorial to non-integer numbers is defined by a definite integral

termed the gamma function:
00

F(A:)=
0 Equation 2.16

The integral arises as a constant needed to normalise the fimction to a proper density 

function. The gamma function is tabulated as the incomplete gamma function, given in 

Equation 2.17. The function is monotonic, as demonstrated in Figure 2.5, and (for k > \ )  

rises from ‘near zero’ to ‘near unity’ in a range of xcentred on about k - \  (Press et al 

1992).
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f(A :,x )=  je  “m*
Equation 2.170

r(k,x)
1 - k=0.5

k=l
k=3
k=5
k=10

0.8 -  

0.6 ' I 
0.4 - 
0.2 -

0 1 X

0 3 6 9 12 15

Figure 2.5- Incomplete gamma function

The incomplete gamma function can be used to evaluate the cumulative distribution 

fiinction:

The shape of the gamma distribution is illustrated in Figure 2.6 and Figure 2.7 for varying 

values of its distribution parameters. The distribution function is defined over the positive 

real line where A and k are two positive constants, analogous to scaling and shape 

parameters of the distribution respectively. Similar to observed data from many physical 

phenomena, e.g. inter-vehicle times of arrival, the distribution begins at the origin, goes up 

to a maximum before skewing to the right and finally is asymptotic to the axis.

2.3.3 Moments of Random Variables

Comprehensive probabilistic description of a random variable is only possible where the 

exact form of its probability distribution or law is available. However, often due to 

insufficient information it is impossible to attain such a complete description of the 

variable. Rather than using the PDF or CDF to describe the variation of a basic variable, it

Equation 2.18
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is often convenient to use the ordinary moments, where the w* moment of the PDF of a 

variable X about the origin is defined as;

fx(x)
1.5 -1

0.5

4 531 20

Figure 2.6 -  Influence of scaling parameter, 1 on F distribution

k=0.5
k=l
k=3
k=5
k=10

10 12 14 16

Figure 2.7 - Influence of shape parameter, A: on F distribution

00

m, = £ [ z ”]= dx
Equation 2.19

The first moment, « = 1, representing the centroidal distance, is a measure of the distance 

of the PDF from the origin, it is the centre of gravity of the PDF, and is called the

population mean, denoted The sample mean,A", which may also be defined as a
27
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random variable, will converge on the population mean of the imderlying random variable 

with an increasing number of observations. The influence of increasing the number of 

observations, n , on the variation of the sample mean may be calculated from Equation 

2.20 and seen in Figure 2.8. Clearly, for increasing n,  confidence in the sample means 

ability to approximate the population mean is increased.

V ar[x]= -a
Equation 2.20

n=l
n=4
n=16

m

Figure 2.8 -  Distribution of X  for « = 1,4,16

Moments may be taken about any point, but typically are taken with respect to the mean. 

Such moments termed central moments are calculated from Equation 2.21. Obviously the 

first central moment is always zero.
00

m " = e [x " ] = ■ f^{x) dx
Equation 2.21

The mean describes the central tendency of the variable, but gives no indication of its 

uncertainty or randomness. A measure of the ‘scatter’ or ‘dispersion’ from the mean is

provided by the variance^ a / , defined as the weighted average of the squared deviations

from the mean. It is calculated from Equation 2.21 taking n = 2. The variance is thus

analogous to the central moment of inertia o f a bar of variable density in that it deals with 
the squares of the distances from the centre o f gravity.
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The positive square root of the sample variance of the data is termed the sample 

standard deviation. It is analogous to the radius of gyration of a structural cross section in 

that they are both shape - rather than size-dependent parameters. Thus the addition of a 

constant to all observed values would alter the sample mean but leave the sample standard 

deviation unchanged. Figure 2.8 demonstrates how, for smaller values of the sample 

standard deviation, the distribution is more tightly clustered about the mean. 

Consequently, for smaller standard deviation, the probability of large deviations from the 

average value is reduced.

2.3.4 Functions of Random Variables

Many engineering problems involve derivation of complex functional relations between a 

dependent variable and one or more basic independent random variables. The probability 

distribution of the dependent variable, as well as its moments, will be fimctionally related 

to and may be derived from those of the basic random variables and, therefore, may be 

derived as functions of the moments of the basic variates (Ang and Tang 1975).

Expectation, like differentiation or integration, is a linear operation. The ability to work 

with expectation without specifying the PDF permits one to determine relationships 

between the moments of two functionally related variables, X  and F = g (x ) ,  before 

specifying or even without knowledge of the PDF of X . For linear transformation of a 

variable, X,  given by Y = a + b ■ X , where a and b are constants, the mean and variance 

of 7  are given by:

Equation 2.23 indicates that a constant has no variance, thus the standard deviation of a 

linear function of  X ,  a + bX,  is just \b\a^. Further if F = &, X, + b̂  X ^, where b, and b, 

are constants, then;

E( Y) =a + b-E{x) Equation 2.22

Var(Y) = b^ ■ Var(x) Equation 2.23

£(}") = A + Equation 2.24
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i.e., the expected value of a sum is the sum of the expected values. The corresponding 

variance is:

Var(y) = Var(Z,) + Z>/ Var[X^)+2 b, Cov(X,, ) Equation 2.25

Where if  and X j  are statistically independent, Cov(X^, X j) = 0 .

This linearity property can be employed to derive some general results for the important 

case where the linear relationship between two or more jointly distributed random 

variables is involved. Interest lies in the variable Y where;

(=1 Equation 2.26

The expectation of 7  is;

e {y ) = e
i = I

= ^arE(X, )
i= i Equation 2.27

This result is valid whether or not the random variables, X.  are independent. In other

words, ‘the mean of the sum is the sum of the means’. An analogous statement does not 

hold for variances unless the random variables are all uncorrelated.

Var(y) = E  ) + i  Z  ■ “j  ' Cov(x, , X , ]
/=1 i* j  i * j  Equation 2.28

If the basic variables, X^ , are statistically independent, Cov[X^, = 0 , and the second

term on the right hand side of Equation 2.28 disappears to give:

Var(r) Var(X,)
/=1

Finally, if Y is the product of n statistically independent basic variables, X^ then;

Equation 2.30

and the mean and variance of Y are given as;
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E{Y) = t \ E { x )
 ̂ ’ i f  Equation 2.31

Var(Y) = t \E[x^\-E(x;f
i = \  Equation 2.32

2.4 PARAMETER ESTIMATION

When recorded data is available, a suitable probabilistic model must be selected and its 

parameters estimated. However, care must be taken in this respect to ensure that the model 

accurately reflects the underlying behaviour of the random variable. Even with a large 

amount of data, a number of sources of uncertainty are present (Der Kiureghian 1989, 

Bailey 1996).

Inherent variability, often termed randomness, exists in the characteristics of the variable 

itself (e.g. yield strength of reinforcing steel). Errors due to inherent variability are 

intrinsic in nature.

Estimation error arises from incompleteness of statistical data and an inability to 

accurately estimate the parameters of probability models and to describe the inherent 

variabilities. The error may be reduced through the accumulation of more data and 

consequently, through more accurate determination of the statistical parameters governing 

the underlying physical process.

The parameters of the distribution may be calculated as point or interval estimates. For a 

set of sample values, there are different methods for estimating the parameters; among 

these are the method o f  moments and the method o f maximum likelihood.

2.4.1 The Method of Moments

The mean and variance are the most readily calculable statistical parameters of a given 

data set. These values may be the parameters of the distribution, as is the case of the 

Normal distribution, or they may be related to the parameters of the distribution, as in the 

case of the Gamma distribution. Where the relationship between the parameters of the
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distribution and the mean and variance of the random variable is known and understood, 

the parameters may be determined by first estimating the mean and variance. This 

procedure is known as the method of moments.

2.4.2 The Maximum Likelihood Method

The maximum likelihood method considers a random variable, X , with probability 

density function fx{x’, O), in which 0 is the characteristic parameter of the distribution, 

e.g., the mean A in an exponential distribution. On the basis of the sample values 

X , , ..., x„the procedure determines the most likely value of 6 which could produced the 

set of observations x ,,..., x„. The likelihood of obtaining a particular sample value is 

assumed to be proportional to the value of the probability density function evaluated at 

x, (Ang and Tang 1975). Then, assuming random sampling, the likelihood of obtaining n

independent observations x,,.. . ,  is:

x „ ;  d) = /(xp e) /(xj, e) ... /(x„, e) Equation 2.33

The maximum likelihood estimator 6 is then the value of 0 which maximises the 

likelihood function i (x , , ..., x„; 0) , i.e., the value for which:

gZ(xp . . . ,  x„; O) _  Q Equation 2.34
de

due to the multiplicative nature of the likelihood function, it is frequently more convenient 

to maximise the logarithm of the likelihood function (Benjamin and Cornell 1970);

aiogi:(xi,...,x„;^) ^ Q Equation 2.35
36

where the solution in both cases should be the same. For density functions with two or 

more parameters, the likelihood function becomes:
« n

X ,. 1 0 )
Equation 2.36

Z(xi,...,x„;6»i,...,6>J = ]J/(x ,;6> ,,...,0^) = ] ^ / (
'■ = ' ;=1

32



P ro b ab ilistic  A nd S t a t is t ic a l  T h eory  

where @ -  {0^,02,...,9^}is the vector of dimension (^x l) whose parameters are to be
I  A A •

estimated. The maximisation requires choosing estimators 0  = to maximise

the Hkelihood:

S ^ l o g [ / ( ^ / | 0 ) ]  = O j  = l,2,-..,r
i=i Equation 2.37

The solution may be subject to certain constraints, e.g., in the case of traffic flows through

a point, i  > 0. A closed form solution to the system of equations is not always possible 

and frequently, in complex problems, optimisation search routines are employed to find 

the likelihood estimators. The maximum likelihood estimate [MLE) of a parameter 

possesses many desirable properties of an estimator. In particular, for large sample size, 

n , the maximum likelihood estimator is often considered the best estimate, in that it has 

the minimum asymptotic variance (Benjamin and Cornell 1970).

2.4.3 Interval Estimation

Given the random nature of the sample mean, it is often preferable to calculate an interval 

rather than a point estimate of the parameter. This interval is calculated such that one may 

specify to a prescribed probability level, the physical limits within which the population 

mean lies. The interval is termed the confidence interval (Benjamin and Cornell 1970).

If the estimator of X  is Gaussian and the population variance is known then the sample

mean X  may be described by the Normal distribution N where /yand a  are

the mean and standard deviation. If the specified confidence level is denoted as(l -  a )  and 

+ are the values of the standard normal variate with cumulative probability levels a /2

and ( l - a /2 )  then;

I' V ^
- j r  < ̂  tL < k'^ajl ^  I r  «/2  a/  yjn

= \ -  a
Equation 2.38

Substituting for the observed sample mean x ;
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P
V In ' /  v «

=  l  -  a
Equation 2.39

It may be concluded that there is a confidence o f  ( l - a )  that the estimated interval 

contains the unknown population mean ju . This interval is called the (l -  a )  confidence 

interval for the population mean / / ,  and is given by:

 ̂  ̂ Equation 2.40
M h - a  =

Confidence intervals so obtained are exact for Normal populations with known standard 

deviations. For non-Normal populations, the confidence interval is only approximate. The 

accuracy o f  the approximation will however increase with the sample size, n . When n  is 

large (i.e. >20) the sample variance is a good estimator o f the population variance cr^. 

On the other hand confidence intervals thus obtained will be very approximate i f  n  is 

small.

It is important to note that the calculation o f confidence interval estimates o f  the mean 

does not mean that the probability that ju lies between x ± crky j 4 n  is (l -  a ) , but rather

the (l -  or)  100 percent confidence limits on m  are x ± o k y ^ j 4 n  .

Where the population variance is not known priori, an exact confidence interval for // can 

still be determined if  the underlying population is Gaussian. In this case the probability 

distribution o f [ x - 4 n )  is required (where the sample standard deviation 5  is 

substituted for the population standard deviation cr). The probability statement for the 

random variable, { x  -  is given as:

=  1 - a
Equation 2.41
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where  ̂  ̂ denotes the percentile value of the t distribution with {n - 1) degrees of 

freedom. In general t , is the value of the variate T at the cumulative probability
/I'J

(l -  ^ ) -  The exact confidence interval for the mean, therefore, is;

A - a  = Equation 2.42

where x  and s are the sample mean and standard deviation, n is the sample size, and 

(l -  a)  is the specified confidence level.

2.4.4 Model Imperfection

Model imperfection arises from the use of idealised mathematical models to describe 

complex physical phenomena. It has two components; one due to a lack of understanding 

of the phenomenon itself, which is denoted ignorance; and the other due to the use of 

simplified models, denoted error of simplification. Imperfections in both deterministic 

models (e.g. a numerical model describing the strength of a reinforced concrete beam) and 

probabilistic models (e.g. in the choice of a parameterised distribution model) may give 

rise to this kind of uncertainty.

The errors of model imperfection may be reduced through selection of an appropriate 

mathematical model to fit the recorded data of the random variable. In attempting to select 

an appropriate model, one may select from a number of convenient mathematical forms 

the one which best fits the data. To do this a sample statistic, D ,  is required, which will 

measure the deviation of the observed data from the model prediction. This criterion may 

take the form of a null hypothesis test where the chosen mathematical model is accepted as 

being representative of the underlying physical phenomena on the basis of the value of D:

Accept H q i f  D < c  
Accept H^{reject H q) i f  D > c

where if under //„ , the distribution of the statistic D is known, then the value of c may 

be specified to any desired significance level, a  .
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Methods of testing this hypothesis are termed goodness o f f i t  tests. The principal tests 

employed in this thesis are the Chi-square and Kolmogorov-Smimov tests.

Chi square test, x \

The Chi-square test measures the observed histogram’s deviation from the model 

predicted values. For a sample of n observed values of a random variable, the Chi-square 

goodness of fit test compares the observed frequencies of ^ values (or k

intervals) of the variate with the corresponding frequencies e^,e-^,...e^ from an assumed

theoretical distribution. The basis for appraising the goodness of this comparison is the 

distribution quantity;

/=i e, ' Equation 2.43

which approaches the Chi-square distribution with ( /  = A: - 1) degrees o f freedom as 

n ^  CO (Hoel 1962). If the parameters of the theoretical model are not known, the degree 

of freedom is reduced by one for every unknovm parameter to be estimated. The 

significance level c^_^j represents the value of the appropriate x^f distribution at the 

cumulative probability (l -  a ) .  If the statistic D < c , then the null hypothesis is accepted 

and the assumed theoretical distribution is considered acceptable, at the significance level, 

a  . Otherwise the assumed distribution is not substantiated at the a  significance level.

Kolmogorov-Smirnov test (K-S)

The K-S test involves a comparison between the experimental cumulative frequency and 

the assumed theoretical distribution function. If the discrepancy is large with respect to 

that normally expected from a given sample size, the theoretical model is rejected. The test 

statistic is given as: 

n
D =max[\F*(x^''>)-F^(x^‘̂ ]]

i = \ ^   ̂^Equation 2.44
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The statistic D represents the largest of the absolute values of the n differences between 

the hypothesised CDF, the observed cumulative histogram (i.e. the empirical

CDF), F*{x), evaluated at the n sample points. The distribution of this sample statistic is 

independent of the hypothesised distribution of X  (Benjamin and Cornell 1970). Its only 

parameter is n , the sample size. The distribution is obtained using the Kolmogorov 

approximation, for large n as:

j Equation 2.45

whereby the null hypothesis, / / q is accepted if (Papoulis 1991):

ID <  In—
\ 2n 2 Equation 2.46

The advantage of the K-S test over the ^ s t is that it is not necessary to divide the data 

into intervals. Hence the problems associated with the Chi-square approximation for small 

frequencies and/or small numbers of intervals k would not appear in the K-S test. 

However, the test is strictly valid only for continuous distributions and only when the 

model is hypothesised wholly independently of the data. Nevertheless, the test is often 

used for discrete distribution tests, when it is conservative, and for the case in which the 

parameters have been estimated from the same data, when it is not known quantitatively 

how to adjust the distribution in a manner analogous to subtracting degrees o f freedom in 

the test.

The K-S test may be conducted graphically as illustrated in Figure 2.9. In this figure the 

empirical CDF for link yield data is plotted on Normal probability paper using the 

standard and Gringorton plotting position formulae (Castillo 1991), and a hypothesised 

CDF is fitted to the data by the least squares minimisation technique. This test is used to 

assess the suitability of the proposed statistical distribution to model the underlying 

physical phenomenon. In executing the test, additional curves are plotted, offset by an 

amount equal to the critical value of the D  statistic at the specified a  significance level. 

It is noted that none of the points on the empirical or hypothesised CDF fall outside the 

curves plotted at the a  = 5% significance level. As such the model is accepted at this
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level. As the significance level increases, the curves tighten around the hypothesised CDF. 

It is clear, however, that the model is acceptable at all of the calculated levels. The wide 

flare in the tails of the distribution represents the uncertainty surroimding tail areas of 

distributions, owing to the small likelihood associated with values of the random variable 

occurring in these regions (Benjamin and Cornell 1970). Therefore, very large deviations 

of the larger and smaller values of the sample must occur before they can be considered 

unlikely to have occurred given this model. In this regard use of the K-S test in assessing 

the appropriateness of a distribution fitted only to the tail of experimental data should be 

considered carefully. These tail distributions are discussed in the following section.

« (I+0.44)/(N-0.12) 

I/(N)

N(n,a) 

-»-N0i,a)±0.30; a=5% 

* - N ( h,ct)±0.24; a=20% 

^  N(h,ct)±0.14; a=90%

190 120 140

- 2 -

Figure 2.9 -  Link yield force data: Kolmogorov-Smimov test

2.5 STATISTICS OF EXTREMES

In engineering problems it is often the ‘largest’ and/or ^smallest’ values of the random 

variables, which are of interest. For example, in determining the reliability of a structure it 

is the maximum loads and minimum structural resistances, which are o f significance. 

However, the maximum and minimum values in a sample o f size n are themselves 

random variables whose probability distributions may be derived from that of the initial 

variate X . The following discussion will concentrate on the maximum values of the 
random variable.
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is defined as the largest of the sample random variables (X̂ , X 2 , X „ ) .  If Y„ is less 

than some value y , then all other sample random variables must necessarily also be less 

than y . Thus the cumulative and probability distribution functions of are given as 

(Ang and Tang 1982);

F,. ( y ) ^ P i Y , < y ) ^ P { X , < y , X , < y , . . . , X , i y ) =  [F, (y)]  Equation 2.47

f y . ( y h ^  = n [ F M r ' f M  ,  ,  ,,,dy Equation 2.48

Equation 2.47 and Equation 2.48 demonstrate the inverse relationship between probability, 

\F ^ { y ^ , and the sample number, n for a given y . Figure 2.10 (b) demonstrates this 

effect for a Gaussian initial distribution, iV(0,l). Figure 2.10 (a) illustrates how the 

distributions become increasingly asymmetrical and concentrated with increasing n. 

Equation 2.47 and Equation 2.48 represent the exact probability distributions of the 

extremes from sample size n  taken from a population X . Clearly, these distributions 

depend on the initial distribution (x) of the population and also upon the sample size 

n . In engineering applications the distribution of is often difficult to obtain or derive in 

the analytic form.

The asymptotic theory o f statistical extremes (Fisher and Tippett 1928) studies the limiting 

or asymptotic forms of Fy^{y) and, as « - > o o ,  thereby investigating if, as

CO, Fy^ (y) and/or (y) converge to a particular functional form. The existence of

the asymptotic forms of the distribution of extremes is based upon the premise that the 

form of the probability distribution is invariant under linear transformation (Ang and Tang 

1975). Thus the distribution of the largest value of an initial variate X  may be expressed 

as a linear function of X ; that is,

\F^ (x)]"  =  F^ {a„x +  ) Equation 2.49
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(a) (b)
Figure 2.10 -  Exact and asymptotic (a) PDF and (b) CDF of the largest value from a

Gaussian initial distribution, N(0,1)

where and are functions of n . This equation is termed the stability postulate and its 

solution yields all possible limiting forms of (jc) as « oo . Depending on the values 

of and b„ that will satisfy the above equation, different limiting forms of the function 

Fx{x) will result. Three such forms were derived by Fisher and Tippett (1928) that 

Gumbel (1958) subsequently has classified as the:

• Type I double exponential form

• Type II exponential form

• Type III exponential form with a finite upper bound

The asymptotic form of the extremal distribution does not depend on the exact form of the 

initial distribution; rather, it depends largely on the tail behaviour of the initial distribution 

in the direction of the extreme. The central portion of the initial distribution has little 

influence on the asymptotic form of the extremal distribution; the extremal parameters 

however, will depend on the form of the initial distribution.

The extreme value from an initial distribution with an exponentially decaying tail (in the 

direction of the extreme) will converge asymptotically to the Type I limiting form, given 
by Equation 2.50:

F W = exp -exp
Equation 2.50
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where and a„, are the location and scale parameters respectively, representing the

characteristic largest value of the initial variate X  (i.e. the particular value of X  such that 

in a sample of size n from the initial population X , the expected number of samples 

larger than is 1.0) and an inverse measure of the dispersion of respectively.

Figure 2.10 illustrates how the extreme values from a Gaussian distribution converge 

asymptotically to the Type I limiting form with increasing sample size. The difference 

between the exact and asymptotic distributions is unnoticeable for n > 100 .

Figure 2.11 demonstrates the variation in and a„ with sample size, n , for the Gaussian 

distribution, iV(0,l). As expected the characteristic value , increases with increasing n . 

The dispersion is found to be inversely proportional to n , i.e. the standard deviation of the 

largest values is seen to reduce. Consequently, as n increases, the density of probability at 

the mode increases and the distance from the mode to the median and to the mean 

diminish (Gumbel 1958).

3.5  -

Mean

Median1.5

Std. Deviation a.
0.5  -

10 100 1000 10000
Log(Sample Size (n))

Figure 2.11 -  Variation in parameters of Normal variate, N(0,1) with sample size

Extreme values for an initial variate that decays with a polynomial tail (in the direction of 

the appropriate extreme), known as Cauchy / Pareto type, will converge asymptotically, in
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distribution, to the Type II asymptotic form (Gumbel 1958). For the largest value, the 

Type II asymptotic CDF is:

where v„ and k are the characteristic largest value of the initial variate X  and the shape 

parameter respectively.

Both the Type I and II asymptotic distributions describe the limiting forms of the 

distribution of extreme values from initial distributions that are unlimited in the direction 

of the relevant extremes. In contrast, the Type III asymptotic form represents the limiting 

distribution of the extreme values from initial distributions that have a finite upper-bound 

value. That is, («) = 1.0, in the case of the largest value. For the largest value, the Type 

III asymptotic CDF is (Gumbel 1958):

where , co and k are the characteristic largest value of the initial variate X , the finite

upper bound value and the shape parameter respectively. The Type III asymptotic 

distribution is termed the Weibull distribution (Weibull 1951).

Typically, the asymptotic distributions are employed in the determination of characteristic 

values of a random variable (i.e. values with a specified probability of exceedence) 

through extrapolation from extreme values. In so doing, the appropriate asymptotic 

distribution models only the tail region of the actual CDF, as the rest o f the CDF 

information is not needed. Figure 2.12 illustrates how two CDF’s with the same right hand 

tail (i.e. x > ) and different values in the interval x < have exactly the same limit

distribution. They will consequently, extrapolate to the same extreme for a fractile value 

> F(xp).  Mathematically this may be proven through the principle of tail equivalence, 

whereby (Castillo 1991);

Fy^{y) =  Qxp -  — Equation 2.51

Equation 2.52
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F(x)

Same
TailF(x)

G(x)

XX.p

Figure 2.12 -  Two parent CDF’s with the same extreme value distribution for maxima

Two distribution functions F ( x )  and G ( x )  are said to be right tail equivalent if, and only 

if co{f ) =  o}{g ) and lim ----------- = 1. Resnick (1971) showed that if  two distributions
x ^ m ( F )  1 _

are tail equivalent and one belongs to some domain o f attraction, the other must also 

belong to the same domain o f attraction, i.e. the CDF F ( x )  is said to belong to or lie in the 

domain o f attraction for maxima o f a given CDF //(x )  when it satisfies 

/im H „(a„+b„x)= /im  +b^x) = /l(x ) for a sequence [a ]  and > 0 } . Thus if

F ( x )  and G ( x )  are said to be tail equivalent distribution functions then 

lim F„ {a„ + b„x) = H { x) and lim G„ («„ + b^x) = H { x ) for all x. In addition it is noted that
»oo n~¥cc

the sequence of normalising constants must coincide. This has very important practical 

implications, because the distribution F ( x )  can be replaced by a tail equivalent 

distribution G ( x )  without altering either the domain o f attraction or the set o f  admissible

constants. In other words, one may fit an asymptotic distribution to the tail o f  a given 

distribution and use it for extreme value purposes.

Determination o f the appropriate asymptotic form may be achieved through the use o f a 

minus-log exceedance function plot (Maes 1995) as illustrated in Figure 2.13, where the 

minus-log exceedence function I  = - ln ( l - F ( x ) )  is plotted as a fimction o f x . In an
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{ L , x )  plot, the exponential tail is represented by a straight line, and is assigned a tail 

heaviness index value, h [x )̂, of zero, where:

Z"
Equation 2.53« k ) = - r’ 2

It is clear from Equation 2.53 that the tail heaviness index is proportional to the negative 

of the curvature Z. (x) at any point xin Figure 2.13. Consequently, a convex plot has a 

negative //-value ( / /<0) ,  indicating a tail, which is lighter than exponential with a 

probable existence of an upper bound, i.e., Weibull. On the other hand, a concave plot has 

a positive //-value ( / />0 ) ,  indicating a heavier than exponential tail, i.e., Pareto. It 

should be noted that the use of Gumbel probability paper is equally effective as, for small 

exceedence values, the (l,x ) and Gumbel plot are asymptotically equivalent (Castillo 

1992).

L(x)

uue weibull

exponential
sa
§ H=0

light
pareto

H>0
heavy

Figure 2.13 - (l,x ) plot of different types of tail behaviour

2.6 CONCLUSIONS

This chapter introduces the probabilistic and statistical concepts applied in this thesis. The 

theory of probability has been presented in detail, with the mathematical concepts used in
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modelling uncertainty. The methods for estimation of the parameters of probability 

distributions are outlined. In addition the functional relations between random variables 

have been developed. The procedures employed in assessing model imperfection have also 

been discussed, with particular emphasis on the problems of estimation in the tail region. 

Finally, the asymptotic theory of extreme value statistics is presented along with the 

commonly employed asymptotic forms. The principle of tail equivalence is presented 

along with methods for determination of the appropriate asymptotic distribution.

Is

i
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CHAPTER 3

LITERATURE REVIEW
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CHAPTER 3 -  LITERATURE REVIEW 

3.1 INTRODUCTION

This chapter presents a review of the relevant literature in the area of code calibration and 

traffic flow modelling for the prediction of characteristic extreme load effects. Initially the 

varying imposed loading models prescribed by current codes of practice are presented, 

along with the history of their development and the reasons for the selection of their 

particular form. Comparisons are made between the various models and conclusions 

drawn as to their appropriateness. Following presentation of the models, the theoretical 

basis behind their derivation is presented. In this regard the evolution of traffic modelling 

for code calibration is presented and the methods contrasted. Finally the concept of 

acceptable risk is discussed.

3.2 BRIDGE LOADING CODES OF PRACTICE

Various national and intemational authorities have the responsibility for drafting design 

codes to be employed by engineers in designing structures. In this section a variety of 

these codes are presented to illustrate the different approaches adopted and, consequently, 

the variation in prescribed load models provided.

3.2.1 United Kingdom Bridge Design Codes

The original load model specified in the UK was that proposed by Jenkins in 1875 and 

consisted of a uniformly distributed load together with an axle load. Unwin in the 20‘*' 

Century proposed a four-wheeled vehicle loading which was later revised to a distributed 

load (Henderson 1954). The first modem loading model, based on a standard load train, 

was introduced by the Ministry of Transport (MOT) in 1922 and consisted of a tractor and 

four trailers and occupied a lane of width 3.05 m as illustrated in Figure 3.1(a).

In 1931 the MOT Standard Loading Curve was introduced and this model was widely 

used until 1958. It consisted of a knife edge load (KEL) and a uniformly distributed load 

(UDL) whose intensity varied with span length as shown in Figure 3.1(c). Both models 

incorporated a dynamic amplification factor (DAF) of 50% to allow for the effects of

47

i



L it e r a t u r e  R e v ie w

dynamic interaction between the vehicle and the structure it traversed. However, for the 

1931 model, this value only applied to spans less than 22.9 m with a reduction to 15% at 

122 m and to zero for 762 m. The load intensity was also reduced for spans in excess of 

762 m, for shorter spans the model included a single wheel load that increased the 

equivalent distributed load for shorter spans.

The concept of subdividing traffic into normal and abnormal loading trains was first 

introduced in the revised 1958 edition of BS 153. The normal load was based upon trains 

of four-axle trucks, with axle spacings of 1.22, 3.05 and 1.22 m, in lanes of width 3.05 -  

3.66 m.

366

(a)

7x305m = 213m

(2 Tons)
(b)

896 
Axl« loads (KN)

!20

K»
90

3S153(l0fl)eam)60
BSS3

MOT MOT
20

00 300 500

L4adMi«n#W

fOOiit

(a) and (b) (c)
Figure 3.1 -  Load Models of MOT: (a) 1922; (b) 1923 BS153 Unit Loading Train; (c)

1931 (O’Cormor and Shaw 2000)

The spacing of successive vehicles between axles was 2.13 m (thus each vehicle occupied 

7.62 m). Various combinations of these vehicles were specified for various loaded lengths. 

The equivalent distributed loads (including DAF) are shown in Figure 3.1(c). For a lane 

length of 22.9 m and width of 3.05 m, the load per unit area is equal to that prescribed by 

the MOT load, but for longer lengths the specified distributed load is much smaller. The 

specified KEL was 120kN, which was the same as the MOT loading for a 3.05 m lane. 

Figure 3.2(b) shows the Abnormal Unit Loading Train. For main roads, 30 units of this 

loading could be specified.
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The specified loads were quite heavy, compared with some other countries. Henderson 

(1954) pointed out that the effects of the AASHTO loading model were equivalent to 

about two thirds of the British loading over the whole range of spans. Referring to the UK 

intensity of loading, Chettoe and Adams (1933) jokingly suggested that ‘the average 

intensity of traffic in Great Britain is heavier than any other country in the world’.

The concept of Limit States Design was first introduced to British Bridge Design Codes 

with the publication of BS 5400 in 1978 which, like BS 153, prescribed a normal and 

abnormal traffic, now identified as HA and HB loading. The HA consists of 120kN KEL 

and a uniform loading, UDL, (w) which varied as a function of span length according to 

Equation 3.1. For loaded lengths (L) up to 30 m, w = 30kNlm,  but for L > 30 m:

but not less than 9 kN/m (L > 380 m).

The HA loading of BS 5400 (1978) did not differ greatly from that of the older BS 153, 

for example, for L = 30.5 m, w == 29.8kN/m compared with 29.2kN/m. The major 

difference was the upper and lower limits on w for long and short spans. However, this 

cut-off is apparent rather than real as all bridges carrying public highways were designed 

to carry 25 units of HB loading.

The HB loading is essentially similar to that shown in Figure 3.2(b), except that the central 

axle spacing were permitted to vary as 6, 11, 16, 21 or 26 m, to produce the most severe 

effect and with a specified load of lOkN per axle per unit of load. The transverse spacing 

was increased to 1 m as opposed to 3 feet (or .91 m). A concentrated wheel load was also 

specified for local effects. The number of traffic lanes may be found (for carriageway 

widths in excess of 4.6 m) by dividing by 3.8 m and rounding up. Thus a 4.6 m wide 

carriageway was to be divided into two 2.3 m lanes. For multi-lane bridges, the full 

specified HA loading is applied to two traffic lanes, with one third of the standard load 

applied concurrently to the other lanes. This is akin to the lane loading specified by 

BD37/88 in Figure 3.2(a), which will be discussed later.

Equation 3.1
m
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Figure 3.2 -  UK load models (a) HA and HB load combination, (b) BS 153:1958 

abnormal loading train, (c) BD 37/88 distributed load
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The HA loading was chosen to represent the effect of closely spaced 235kN vehicles in 

each of two traffic lanes, for lengths up to 30 m, with additional 98kN and 49kN vehicles 

in the longer lengths. A DAF of 25% ‘on one axle or pair of adjacent wheels’ was deemed 

to be included in the loading.

In an attempt at harmonisation in 1986, a review of design codes made the decision to 

adopt uniform rules for legal weights and dimensions throughout the European Economic 

Community (EEC). This meant an increase in Britain in the maximum vehicle mass from 

38 to 40 tonnes (Chatterjee 1991). A review of the design loads followed with proposals 

for a new HA loading. In 1988 the British Department of Transport required the use of this 

loading for the design of all their highway bridges and issued a departmental standard BD 

37/88 ‘Loads for Highway Bridges’. The revised HA loading continues the form of the 

previous loading, with a KEL per lane of 120kN and a distributed load illustrated in 

Figure 3.2(c) and given by:

W = 3 3 6 r° "  kN/m , for L < 50m

W = 3 6 r “ ' kNIm, for 50 < L < 1600w Equation 3.2

The provision of two equations for W, marks the transition between free flowing traffic 

with dynamic effects and congested traffic which is more onerous for spans beyond 

approximately 40 m (Flint 1997). The length, L, is ‘the full base length of the adverse 

area’; and in cases where a number of separate positions are loaded simultaneously to 

produce the worst effect, L is the sum of their length. The specification gives some 

guidance for the selection of L in cases with ‘highly cusped’ influence lines, e.g. cross 

members in a deck. It also requires that bridges on motorways and trunk roads be capable 

of carrying 45 units of the 1978 HB vehicle, on principle roads 37.5 units and on all other 

public roads 30 units.

The code refers to the standard lane width of 3.65 m, but permits the use of narrower 

lanes; e.g., carriageways of 5 to 7.5 m are designed to carry two notional lanes, as in the 

previous version of the code. However, the code also provides for reduced loads on 

narrow lanes for bridges with Z < 40 m, e.g., for Z < 20 m, where a factor of 0.274 x Lane 

Width is applied to both the first and second lane loading. For longer spans the factors are
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typically 1.0 for lanes 1 and 2 and 0.6 for additional lanes. Dynamic effects are included 

within the loading as before.

In the period before fmalisation of the Eurocode, ECl, BD 37/88 continues in use as the 

defining document for the design of UK highway bridges.

3.2.2 Ontario and Canadian Highway Bridge Design Codes

The Ontario Highway Bridge Design Codes (OHBDC 1979) pioneered the use of the limit 

state design philosophy for bridges (Dorton and Csagoly 1977). A key feature of the code 

was the way in which the design load was linked to the legal limit weight of trucks in 

Ontario.

The most important concept in the new code was that is should be presented in the limit 

states design format (Allen 1975). The code aimed to encourage the use of advanced 

concepts and techniques rather than empirical rules, ‘whenever this is economical or 

otherwise appropriate’. To assist in formulation of the code, a study of the structural 

effects caused by highway traffic was undertaken at The University of Western Ontario 

(Harman and Davenport 1979b).

The original recommendations made by Dorton and Csagoly suggested that the final live 

load model must have the ability to model two principal aspects; (a) a single heavy vehicle 

and (b) the multiple presence of several vehicles. There are two components to multiple 

presence. First the presence of more than one vehicle in a lane, and second the presence of 

vehicles in more than one lane. The first component applies to bridges above the short 

span range, and most continuous structures. The second component affects all multi lane 

structures.

The code provided a formula to determine the allowable gross weight, axle weights or 

combination of axles, termed the Ontario Bridge Formula (OBF). The Ontario code also 

defined an equivalent base length, as an '‘imaginary finite length on which the total 

weight o f  a given sequential set o f concentrated loads is uniformly distributed such that
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this UDL would cause force effects in the supporting structure not deviating unreasonable 

from those caused by the sequence itself (Harman 1985);

j _____
N bN

^Pi^i
_j_____

N

Z/; Equation 3.3

thwhere: P, = the i axle load of the sequence

Xi= distance between Pi and the axle closest to the centre of gravity of the 

sequence

b = distance between outside axles

N  = number of axles in sequence

The ‘sequential set of concentrated loads’ could be taken either as a complete vehicle, or 

as any subset of adjacent loads. Each subset has a weight W and an equivalent base length, 

Bm- These are plotted in (W, Bm) space in Figure 3.3(a). Generally it is only the upper 

bound of these points which is important, and this is referred to as the equivalent base 

length signature of the vehicle. Figure 3.3(a) shows the result of the 1967 census in which 

6763 vehicles were statically weighted. The curve shown in the figure has the equation;

W [ytÂ ] = 89 + 305„ -  0.345^ [5„ in metres] Equation 3.4

later revised to

W [yt//] = 98.1 + 29AB„ -  0.3195^

The upper bound curve on the survey data was termed the Ontario Bridge Formula (OBF). 

It could only act as the basis for a design code if actual weights never exceeded legal 

weights, which implies perfect enforcement with no tolerance. A subsequent 1971 static 

survey of 7292 vehicles, was used to establish a virtual upper bound to vehicles in Ontario 

termed the Maximum Observed Load (MOL):

W [ îV] = 9.806(20 + 3.05„ -  0.03255^) Equation 3.5

A further static survey in 1975 of 9846 pre-selected heavy trucks (Agarwal and 

Wolkowicz 1976) plotted on Figure 3.3(b) found that the MOL was still an upper bound 

but the percentage of vehicles exceeding the legal weight curve, or falling between the 

OBF and MOL had increased since 1972.
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Figure 3.3 -  Maximum observed load - MOL in (W, B m)  space (a) 1967 survey 

(b) 1976 survey (Dorton and Csagoly 1977)

The OBF was used to define vehicle weight limits in Ontario, while the MOL curve 

became the basis of the Ontario Highway Bridge Design (OHBD) Truck shown in Figure 

3.4(a). There was also an OHBD Lane Load, Figure 3.4(a), that consisted of 70% of the 

OHBD truck with a distributed load of \OkNlm for Class A highways. Both occupied a 

lane width of 3.0 m. The dynamic load allowance varied with the first natural frequency of 

vibration ( / )  in hertz (Hz), being 1.3 for /  < \Hz,  1.55 (max) for 2.5 < /  < 4.5 and 1.3 

for /  > 6Hz,  with linear transition over the ranges 1.0 - 2.5Hz, and 4.5 - 6.0Hz (Dorton 

and Csagoly 1977). The maximum value of 1.55 for 2.5 < /  <4.5 was chosen because 

the pitch and bounce frequencies of most vehicles in Ontario at this time were foimd to fall 

within this band.

The OHBDC code recognised that two or more trucks on a bridge were unlikely to be 

dynamically identical and in-phase. Consequently, it was concluded that the maximum 

dynamic effects due to one truck would be greater than the maximum effect per truck 

where more than one truck was present. For this reason modification factors, listed in
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Table 3.1, were applied to ULS cases of more than 1 truck, reducing the values of 

dynamic load allowance accordingly (Dorton and Csagoly 1977).

OHBD T ru c k

140 kN 140 kN 160 kN

60kN 1 1♦ II \ 160 kN AxtoiOMSS

3.6 m il.2i 6.0 m

OHBD L ane  L M d

98 kN 96kN
2kN I I

 ̂ f 10 kN/m 1 f

3.6 m J .2 i 6.0 m

Q2b m
TypiCt'fy 0 9  m

(a) (b)

Figure 3.4 -OHBDC (a) 1977 truck and lane load, (b)1991 Truck

Table 3.1 -  Modification factors for the dynamic amplification factor (DAF)

> 1 truck 0.7

>2 0.6

>4 0.5

The second edition of the Ontario code issued in 1983 made no change in the primary 

design loads (Dorton and Bakht 1984), but modified the dynamic load allowances to 1.2, 

1.45 and 1.25 for the frequency ranges quoted above. The third edition in 1991 reviewed 

the loads again (Nowak 1994, Nowak and Grouni 1994) and slightly increased axle loads 

2 and 3 to 160kN from the earlier 140kN as shown in Figure 3.4(b). The lane load again 

consisted of 70% of this truck, together with a distributed load of \OkN/m.  The 

specification for dynamic load allowance was also changed, to depend upon the number of 

axles considered in the design lane, to 1.40 for one axle, 1.3 for two, and 1.25 for three or 

more, with a value of 1.1 for the uniformly distributed portion of the lane load.

The need for a unified Canadian bridge design code became clear in reference to Figure 

3.5(a) which demonstrates the differing requirements of the various provinces (Agarwal 

and Cheung 1987), The code CSA-S6, Design o f Highway Bridges of the Canadian
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Standards Association, used in its earlier forms loading models based upon the AASHTO 

HS20 truck semi-trailer combination, as illustrated in Figure 3.6. By 1978 the levels of the 

nominal axle load had been increased from the AASHTO 35.6, 142 and 142kN to 50, 200 

and 200kN in the Canadian MS250 loading (Agarwal and Cheung 1987). The essential 

difference between the CSA loadings and those of Ontario was that the former was 

derived from legal weight limits agreed by all provinces whereas the latter was based upon 

the MOL in Ontario. In 1988 the Memorandum of Understanding on Vehicle Weights and 

Dimensions (MOU) was signed by all provinces, and this led to the CS-W loading, where 

W represents the total vehicle weight in kN; a value of 600kN was recommended for the 

design of bridges on Inter-Provincial trucking routes across Canada. Figure 3.5(b) shows 

this loading.
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Figure 3.5 -  (a) Provincial design moments , (b) CS-W loading model

The 1988 MOU was revised in 1991 and used as the basis of a new Canadian Highway 

Bridge Design Code (CHBDC), due for issue in November 2000, with the CS-600 slightly 

increased to CS-625. An important feature of this code is the removal of the 150 m upper 

bound limit for span length. The CS-625 Lane Load consists of a CS-625 vehicle reduced 

to 80% of its original value plus a UDL o f  9 k N i m  on a lane that is 3.0 m wide. The new
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code bases its findings on earlier work by Buckland and others (Buckland et al 1980, 

Buckland 1982, Buckland and Sexsmith 1981).

3.2.3 Standard Specification for American Highway Bridges

The first publication of the American Association of State Highway Officials (AASHO) 

Standard Specification for American Highway Bridges was in 1931. In 1973 AASHO 

became AASHTO (American Association of State Highway and Transportation Officials). 

They have for many years included in their loading the HS20 truck and semi-trailer 

combination shown in Figure 3.6.

3S.6 142 Axie loads kN
43  m _ 4.3 - 9 0  m

.

80.5 kN rof bonding moments
I 116 kN tor shear 934  kN/m

rfTrrnnTrr^lT'm
HS20 Lane Loading

HS20 (H20-S16) TrucK

l ^ i a a j  |_06lm

Figure 3.6 -  AASHO HS20-44 loading

The total roadway width is used to determine the number, N, of design traffic lanes where 

each loading corresponds to a lane width of 3.05 m. Fractional lane widths are not used 

but the design loading of width 3.05 m may be moved transversely anywhere within its 

design lane to achieve maximum effect. Two lanes are assumed to carry their full design 

loads concurrently; with three lanes, all are loaded but with a reduction factor of 0.9 

applied to all; and with four lanes the reduction factor is 0.75. Only one truck may be 

applied within any one lane, over the whole length of the bridge. Dynamic effects are 

incorporated where all loads are multiplied by a DAF of (7+/) where:

15.24

{L + 38.l) Equation 3.6

with L is the loaded length in metres and I  is not to exceed 0.3
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The 1973 edition of the AASHO code was based upon allowable stress design. Buckland 

performed a review of design loads for American bridges in 1981 (Buckland 1981; 1982; 

Buckland 1980 et al.). No change in the basic traffic loads for short span bridges (< 152 

m) was recommended, but for bridges of longer span he recommended a UDL, U, to be 

used with a concentrated load, P, where both are loads per lane as shown in Figure 3.7. 

The recommendations were based upon observations of trucks using the Second 

Vancouver Narrows bridge. Of these, 7.4% were classed as heavy vehicles (>5.4 tonnes).

Three other additional cases were considered:

• 2.4 % heavy vehicles (with masses up to 18.1 t)

• 7.4% heavy vehicles (with masses up to 54.41)

• 29.6% heavy vehicles (with masses up to 54.41)

The actual loading with only 2.4% heavy vehicles produces the lowest equivalent loads. 

The new Canadian lane loading (CSA-S6 2000) corresponds in its effects closely to the 

ASCE (29.6%) load being about 4% conservative at a 2000 m loaded length. However, the 

ASCE (29.6%) loading is in itself believed to be conservative, ‘by an unknown amount 

not exceeding 50%’ (Buckland 1982).

As demonstrated in Figure 3.7, the KEL, P increases linearly from 0 at 15.2 m to 747kN 

for a loaded length of 1950 m. The UDL depends on the percentage of heavy vehicles and 

varies as shown in Figure 3.7. Again, the loaded length may be broken into parts of the 

deck, so as to produce the maximum effect, but U is determined from the total length. 

Only one point load was to be applied, and this within the area covered by the distributed 

load. Zero impact was to be added. For multiple lanes, the full load was to be applied in 

one lane, plus 0.7 of this in the second lane, plus 0.4 in succeeding lanes.

A further review was commissioned by AASHTO in 1986. Performed by Nowak this 

review lead to the first edition in 1994 of their load and resistance factor design (LRFD) 

bridge design specifications (Moses 1979, Ghosn and Moses 1986, Nowak 1997b, Nowak 

1995b, Nowak and Hong 1991, Nowak et al. 1991, Tabsh and Nowak 1991, Laman and 

Nowak 1997). The new approach adopted for the first time a limit states design format.
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Figure 3.7 -  ASCE loading for long-span highway bridges (Buckland et al. 1981)

The new model consisted of a design truck or tandem, coincident with a design lane load. 

The design truck was effectively the old HS20 truck semi-trailer combination adjusted to 

SI units, with the old axle loads of 35.6, 142 and 142kN becoming 35, 145 and 145kN. 

The axle spacings of 4.3 and 4.3 -  9.1 m became 4.3, 4.3 -  9.0 m. The design tandem, 

which could be used instead of the truck semi-trailer, consists of two llOkN-axle loads, 

spaced 1.2 m apart.

The design lane load became 9.3kN/m (previously 9.34 kN/m) applied in conjunction with 

a KEL of 80.5kN for bending moments or 116kN for shear. The new design total truck 

load became 325kN and the tandem load became 220kN. The new loading occupied a lane 

width of 3.6 m although this could be reduced to 3.0 m for a two-lane roadway width of 

6.0 m. For a span of 5 m, the increase in bending moment was in the order of 10 %, 

growing to approximately 70 % at a span of 45 m. The increases in design shear are a little 

less, from about 0 % at 5 m to 50 % at 30 m.

The new 1994 AASHTO dynamic load allowance, 1+1, is the same for all spans, being 

1.15 for fatigue and fracture and 1.33 for all other limit states. However a factor of 1.75 is 

specified for the design of deck joints.
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Further discussion of the caUbration exercise which lead to these changes is presented in 

section 3.3.1.

3.2.4 Eurocode for Highway Bridges

In Europe a similar need was recognised to that by the Canadian Federal government for a 

national code to be used in the design of highway bridge structures. In 1980 an OECD 

study drew attention to the modem spread of European road transport across national 

boundaries (OECD 1980):

‘There is an urgent need for more active and closer co-operation between Member 

countries on the problem o f  evaluating load carrying capacity o f existing bridges. Co

operation is needed in the field  o f transport policies and regulations... existing codes in 

most member countries need further improvement. ’

One outcome of this was the production of Eurocode 1 by the European Committee for 

Standardisation (CEN). The relevant parts of this document to this thesis are, ENV-1991-1 

(1994) Part l.Basis o f Design, and ENV-1991-3 (1995) Part 3: Traffic Actions on 

Bridges, hereafter referred to as EC 1.3. These document’s are European Prenorms issued 

for provisional application, with the intention to be reviewed after 3 years. In addition, 

each member state of the European Union will qualify clauses of the Eurocode by issuing 

its own National Application Documents.

The loading code EC 1.3 specifies two load models for normal highway traffic. Load 

Model 1 (LMl), illustrated in Figure 3.8, consists of a tandem axle system, together with a 

UDL, and is intended to cover most of the effects of the traffic of lorries and cars. It is 

necessary, first, to identify notional lanes.

The normal lane width is 3 m, with the exception that carriageways of width 5.4 to 6 m are 

assumed to carry two notional lanes. Generally, a carriageway is divided into an integer 

number of 3 m wide notional lanes, which may be located transversely so as to achieve the 

worst effect. Of these lanes, the one causing the most unfavourable effect is termed Lane 

1, with the second most unfavourable Lane 2, etc. These lanes need not correspond to the
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intended lane markings on the bridge; indeed a demountable central safety barrier is 

ignored in locating them. Space not occupied by lanes is termed remaining area.
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Figure 3.8 -EC1.3 normal load model - LM l

Lane 1 is loaded with the 300kN tandem system shown in Figure 3.8, together with a UDL 

of 9kN/m^  (or 27 kN/m  for a lane of width 3 m). Lane 2 is loaded with a 200kN tandem 

system and 2.5 kN j rn^, and lane 3 with a lOOkN tandem system and 2.5 kN I  . The 

remaining area is loaded with 2. 5k N j . Only one tandem is used per lane, and the 

distributed loads are applied only in the unfavourable areas. For general effects the tandem 

systems are assumed to travel along the axes of the notional lanes, but for local effects 

these may be varied.

An additional load model, Load Model 2, is specified for local analysis. This model 

consists o f a single axle load intended to cover the static plus dynamic effects of normal 

traffic on very short structural elements. The total load on the axle is 400kN, or 200kN per 

wheel.

The two load models are intended to represent the most severe traffic, now or expected, on 

the main routes o f European countries. The code permits national authorities to calibrate 

for national conditions by recommending the use o f a modification factor to be applied to 

the normal load model. This is intended to benefit peripheral nations with traffic intensity 

less than that used for the code calibration. However, it is suggested that the modification 

factor should not be less than 0.8. Dynamic amplification is included in the specified loads
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(for road bridges). The code also specifies a Load Model 3, which is an assembly of axle 

loads used to represent abnormal vehicles, permitted to travel only on specified routes.

The document EC 1.3 suggests a design working life of 100 years for bridges compared to 

50 years for building structures. Annex A (informative) suggests a target reliability index, 

P, of 3.8 for Ultimate Limit State within the life of the structure, but goes on to emphasise 

that this value is intended primarily as a tool for developing consistent design rules, rather 

that giving a description of the structural failure frequency.

3.2.5 Comparison of National Codes for Highway Bridges

In the following discussion it is important to bear in mind that the comparison between the 

magnitudes of load effects prescribed by various codes of practice is not a reflection of 

their inherent safety. In this regard Figure 3.9(a) shows the successive British MOT 

loadings: MOT 1931, BS 153 1958, BS 5400: 1978, and BD 37/88, together with the 

proposed Eurocode ENV 1991-3 of 1995. The main graph plots the bending moments for 

spans from 10 to 150 m while the inset shows spans from 0 to 15 m, at an increased scale 

(O’Connor and Shaw 2000).

Considering the larger spans first, when these graphs are compared with those for other 

countries it is evident that the MOT 1931 was a relatively heavy load. For much of the 

range of spans, BS 153 (1958) is much lighter, with the BS 5400 (1978) HA loading about 

the same; but the later BD 37/88 has brought loads back approximately to the 1931 level. 

Two curves are shown for Eurocode 1. The upper curve, which lies above the other curves 

in the major plot, is for the first loaded lane, while the second, which is much lower, is for 

the second loaded lane. It is clear that the Eurocode load model is severe for one lane 

structures while for two or more lanes the multi-lane reduction is significantly greater than 

for the other codes. It is important therefore to stress that depending on the form of 

structure it is a mean of the Eurocode curves, which may prove significant.

The inset graphs (0-15 m) are somewhat more confused. In the range 6 -  15 m, the lower 

curves are for MOT 1931 and for BS 153 (1958), which is coincident with the BS 5400 

(1978) HA loading. The MOT 1931 curve extends down to 3 m, with a continuation of
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different shape for lower spans. In the case of BS 153 (1958), a different and higher curve 

branches off at 6 m. The BD 37/88 HA Loading and Eurocode Lane 1 and Lane 2 

Loadings are also shown.
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Figure 3.9 -  (a) Comparison of British and Eurocode highway bridge design loadings, (b) 

American and Canadian (O’Connor and Shaw 2000)

Figure 3.9(b) compares the loads used for the United States and Canada. In the main graph 

the two lower curves are for the 1944 and 1994 AASHO and AASHTO HS20 loadings, 

with the transition from truck to lane loadings at about 35 -  45 m, while the upper three 

are for OHBD 1979 and 1991 trucks and the CSA-S6 Canadian Code. In the inset, the 

CSA-S6 loading is relatively low. The upper curves are for the OHBD loading, with the 

1994 AASHTO loading in between. A Comparative study between the Eurocode and 

OHBC load model is performed in Chapter 3.

Overall, it is clear that the British loading models represents a good example of the use of

a simplified equivalent loading -  here a UDL + KEL. However, the danger in the use of

such a load model lies in its inability to model local load effects. In contrast the AASHTO

truck illustrated seeks to model a particular vehicle, which may prove useful for unusual

structural forms or determination of local effects. However, although relatively simple for
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manual calculations, the variable back axle spacing poses problems in computer 

computation -  one may need to consider a large number of vehicles travelling across the 

deck, each with a specific back axle spacing, where these spacings may spread across the 

specified range.

Modelling loads on adjacent lanes, which have a reasonable probability o f occurrence, is a 

difficult task, which will be discussed in more detail later. Most loads provide for equal 

loads on a second lane, but Eurocode 1 is an example of one that does not, with the 

consequent effect illustrated in Figure 3.9(a).

In addition Load Model 1 of the Eurocode consists of a distributed load and a tandem axle 

group, where only one of these tandem axle loads may be applied in each lane. Certain 

load effects in continuous structures may require the positioning of loads on successive 

spans, for example, the AASHO and AASHTO Lane Loadings allow for two-concentrated 

loads, one in each span, to cater for this effect. In using Eurocode 1, one could separate the 

axle groups in the two lanes, with one group in one span and the second group on another. 

These groups correspond to the major axles groups of separate vehicles and it is difficult 

to see that the joint probability of occurrence is changed by placement of these vehicles on 

separate lanes. In some structures the issue may not be important, for there may be an 

adequate transverse distribution of these loads. In other cases, the transverse location of 

loads in adjoining spans may change the magnitude of primary structural actions.

It is evident that there has been a trend towards an increase in design loads in most 

countries over the years. The only notable exception is the MOT 1931, which was clearly 

a heavy load for its time.

The examples chosen represent a great variety in the form of design loads. There is 

however, a tendency for the use of a constant UDL to model a sequence of minor vehicles, 

together with one or two specified major axle groups. It is important to recognise that 

these local axle groups perform two functions; (a) they apply a major local load which, in 

conjunction with the distributed load, provides a reasonable estimate of a variety of 

primary load effects, and of their variation with span and (b) they should correctly model
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local effects. It is important that care is taken to ensure that the second of these objectives 

is always properly fulfilled.

3.3 CODE CALIBRATION

The main emphasis in this thesis is on code calibration and the development of live load 

models such as those presented in section 3.2. Thus far, the discussion has concentrated on 

the form of the various load models. It is clear that differing views exist amongst 

researchers as to the form of model required to reproduce in design the extreme live load 

effects predicted for the lifetime of a structure. To further understand the reasons for these 

differences the following section presents a discussion of the studies, which were 

performed to yield the characteristic values of load effect, against which these models 

were calibrated.

The major tool in the development of a new code is the reliability analysis procedure 

(Madsen et al. 1986, Melchers 1999, Nowak and Lind 1979, Ang and Cornell 1972, Thoft- 

Christensen and Baker 1982, Ravindra et al. 1974, Chryssanthopoulos et al. 1997). The 

development of the reliability based Load and Resistance Factor Design (LFRD) 

methodologies requires load and resistance to be assessed. The main concept is that 

similar structures should have essentially the same reliability against exceeding a limit 

state (Galambos 1978, Grouni and Nowak 1984). Connection with the experience of the 

past strives to ensure that the reliability of the expanded set of structures in the new code 

is the same as that o f the set of structures designed by the old code.

One approach to code calibration is to design each structural component to a target risk 

value. However, this is computationally expensive. A better procedure is to introduce the 

benefits of reliability analysis by deriving the nominal load models and the corresponding 

load and resistance factors to produce on average uniform reliability (Ghosn and Moses 

1986, Dorton and Csagoly 1977). In addition to the standard steps of selection of a target P 

value, the bridge design model must recognise that highway truck loads will probably 

increase with time and strengths may decrease with time due to lack of maintenance funds. 

In the load capacity evaluation of bridge structures, it is recognised that the
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randomness/uncertainty associated with the Hve load effects are by far the greatest and 

therefore deserves closer scrutiny (Liu et al 1988).

The modelling of traffic effects can historically be divided into three groups: (1) methods 

based on theoretical models, including the theory of stochastic processes and the 

convolution or integration approach; (2) methods based on simulation of static traffic 

configurations; (3) methods based on simulation of real traffic flow.

Within the first group, several models have been proposed (Tung 1967, Ditlevsen 1973). 

Markov renewal models assume that trucks arrive on the bridge following a Markov 

renewal process and that the bridge acts as a filter represented by its influence line, and 

consequently that the bridge response is a filtered Markov renewal process (Goshn and 

Moses 1985). The theory then provides a set of equations, which can be solved to 

calculate the characteristic function of the response. The characteristic function can then 

be inverted to calculate the probability density function of the stationary bridge response. 

The mean upcrossing rate is then calculated according to Rice’s formula, with the 

distribution of the lifetime maxima calculated from the mean upcrossing rates assuming a 

Poisson arrival of the peaks. Good agreement between the median of the maximum 

response for the Markov model and simulation were found.

The methods which simulate static traffic configurations analyse two traffic situations; 

congested and free (Bez 1989, Nowak 1993). The method uses available traffic data to 

describe the basic variables (i.e., vehicle length and weight, probabilities o f location and 

correlation between those possible locations), and to define the number of free and 

congested situations for the bridge service life. The results from the basic situations are 

combined and extrapolated to give the maximum effects for a specified service life. The 

fact that they are based upon the observation of the probabilities of multiple-presence of 

vehicles over the structure makes them valid only for the analysis of short span bridges, 

where only a few possible combinations of multiple presence are feasible. In addition the 

natural correlations found in actual records of traffic flow, e.g., correlation between the 

types of vehicle in one lane, between different lanes, correlation between traffic conditions 

and the day of the week, are not well represented. The implications of which will become 

evident in Chapter 5. Calibration of the OHBDC and AASHTO Highway Bridge Design
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Code have employed methods similar to these and so they will be discussed in detail in the 

following sections. In addition section 3.3.2 presents a comparison between the static 

traffic configuration and convolution approaches to calibration.

The third group of methods for modelling traffic effects involves the simulation of real 

traffic flows over bridges (Eymard and Jacob 1989, O’Connor et al 1998, Crespo- 

Minguillon and Casas 1996, Bailey 1996). All characteristics of the vehicles and the 

instant of their entrance to the bridge are taken from the records of real data and Monte 

Carlo generation is employed to generate sequences of random loads, which obey the 

statistical laws of the governing random variables. The method is especially useful for 

obtaining means and variances, but many trials are required to obtain small probability 

values with a high degree of confidence. These real flow simulation algorithms are the 

most complete models. They allow the carrying out of both fatigue and ultimate member 

capacity analysis. However, the correlation between truck types in one lane and between 

different lanes, is not perfect. The calibration of the Eurocode normal load model, amongst 

others, employed procedures such as these, as will be discussed in the next chapter.

3.3.1 Simulation of Static Traffic Configurations

The 1979 OHBD Code was a pioneering step in the introduction of the limit states 

concept, with a probabilistic basis to bridge design. The calibration of successive editions 

of this code followed the form of simulation of static traffic configurations discussed 

above (Dorton and Csagoly 1977, Harman and Davenport 1979, Nowak and Lind 1979, 

Harman 1985, Nowak 1994, Nowak and Grouni 1994). The methods employed by Nowak 

in the calibration of this and the AASHTO LRFD code will be discussed later in this 

section.

In order to perform simulations to determine traffic load effects, it is necessary first to 

obtain a suitable description of the major primary loads. Nowak used truck survey data 

obtained in Ontario in 1975 for 9250 regular permit vehicles. The results of a 1988 study 

including over 2000 trucks were also included to study any significant changes in the 

traffic load patterns over the years. These data were recorded in manual surveys with 

vehicles chosen on the basis that they appeared to be heavily loaded (Agarwal and
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Wolkowicz 1976, Harman 1982, Harman and Davenport 1979, Nowak 1993). The survey 

was performed from March to December 1975 and was distributed among various stations 

in similar proportions. Figure 3.10 illustrates the variation in histograms of gross vehicle 

weight (GVW) recorded in two Ontario surveys (Agarwal and Wolkowicz 1976). It is 

significant to note the multi-modal nature of these distributions.
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Figure 3.10 -  Histograms of GVW data recorded in (a) 1971, (b) 1975

The question of multiple presence was addressed in great detail in the development of the 

Ontario code and numerous studies were performed to attempt to model it correctly 

(Harman 1985, Bakht and Jaeger 1988). During 5 days in 1981, traffic was monitored on 

Highway 69, a two-lane highway north of Parry sound (Harman 1985). Approximately 30 

trucks/h, 20% of traffic volume, used the highway and travelled between 50 and 90 kph. 

For 4 days in 1982, traffic was monitored southbound on Keele St. at the Hwy 401 

overpass. Approximately, 75 trucks/h, 5% of traffic volume, used the highway and 

travelled on the three lanes. The traffic was found to be frequently congested and 

occasionally stopped.

In the study vehicles were classified and speed and headway (i.e. distance between front 

axles of consecutive vehicles) recorded. On ten lane lengths, truck presence was counted 

in single and multiple lane groups: (1) for moving traffic, and (2) for simulated congested
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traffic. Congestion was simulated by reducing the space between vehicles (bumper to 

bumper) to 2 m.

As observed in the previous chapter the arrival of vehicles on a bridge is idealised as a 

Poisson process (Ditlevsen 1973). In sparse traffic, this idealisation is applicable because 

arrivals occur at separate, independent, random times and usually the mean arrival rate -  

the number per day -  is approximately constant. Thus the possibility of n vehicles arriving 

during an instant of time are calculated by a Poisson distribution. The probability of no 

trucks being present may be omitted as only a minor contribution to bridge loading. It is 

rational to calculate the probabilities of multiple truck presence conditional on one truck 

being in a fixed location (i.e. at the maximum influence ordinate).

Using this assumption, Harman (1985) determined that the probability of m trucks being 

present on a highway segment of length, I, conditional on one truck being in a fixed 

location, is given as (Harman 1985, Harman and Davenport 1979):

where x is the mean headway distance between trucks. Also, in accordance with the 

Poisson assumption, the headway distance between trucks, distance x, has the probability 

density:

However, in congested traffic, the Poisson idealisation is questionable for two reasons; (a) 

truck arrivals are not independent, as vehicles move in groups, (b) each truck occupies an 

appreciable lane length; therefore truck length relative to lane length, /, is an important 

ratio, not considered in a basic Poisson idealisation.

truck presence which gives an exact zero probability to impossible events is clearly of

f I
Equation 3.7

Equation 3.8

Given the large number of loading events in a bridge’s lifetime, an idealisation of multiple

significance, i.e., events with more trucks present than would completely fill the specified 

highway length. Therefore the basic Poisson distribution is modified, because it would
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give small but finite probabilities to large numbers of trucks in multiple presence events. 

The adjusted free length denoted, Im is given by:

L = l l
> 0 Equation 3.9

where d  is the mean length occupied by a truck and y is a length parameter, y >0. Thus 

as y increases, the adjusted free length decreases as does the probability of multiple 

presence, while when /  -  0 the distribution in Equation 3.9 reverts to the Poisson 

distribution.

The probability of: (1) w or more trucks being on length /, (2) m or more trucks of zero 

length being on the adjusted free highway length, Im, denoted p*̂  (Harman 1985) is:

;?,’ =1.0, /?* = 1 .0 - e x p |- | IS

= 1 .0 - e x p |- ^m-1
m-1

1.0 +  2 ( L J -
, . 2  (” - l )

Equation 3.10

The modified Poisson probability of exactly m trucks being present on length, I 

conditional on a truck being at a fixed location is given by:

n -  n - n  Equation 3.11
F m  ~  F m  F m + \

thereby giving an exactly zero probability to events which indicate more trucks present 

than the total number which would completely fill the highway length.

The concept of the modified Poisson distribution is further employed in Chapter 6 in 

convolution with the GVW distribution and the influence surface to provide an analytic 

expression for the characteristic extreme load effect.

Figure 3.11 illustrates the histograms of multiple truck presence, in moving and simulated 

congested traffic. To each of these for single lane multiple presence, a modified Poisson 

distribution was fitted using an optimisation procedure, demonstrated in Figure 3.11(a) 

and (b) by the asterix’s superimposed on the histograms. In five lanes of moving traffic, 

the mean truck headway distances were found to be between 1250 and 2530 m. However,
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in simulated congested traffic, the mean truck headway distance, with only 5% trucks, 

decreased to between 113 and 303 m.
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Figure 3.11 -  Histograms of multiple truck presence on Keele St. (a) east lane in moving 

traffic, (b) simulated congested east lane, (c) east and centre lanes in moving traffic, (d) 

east and centre lanes in simulated congested traffic (Harman 1985)

The independence of two and three lanes was found to be questionable, as vehicles change 

from one lane to another. If the lanes of traffic were independent and the Poisson 

idealisation of traffic flow were accurate, multiple presence in two or more lanes could be 

calculated using a Poisson distribution with the arrival rate equal to the sum of the arrivals 

for the individual lanes. This relationship follows from the regenerative characteristics of 

the Poisson distribution. The arrival rates were taken as the effective mean truck headway 

distances obtained by fitting distributions to the data illustrated in Figure 3.11(c) and (d). 

The arrival rates were added and a ‘combined mean truck headway distance’ was 

calculated as the reciprocal of the sum. It was found that the calculated value was fairly
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close to the fitted value for the simulated congested traffic data, but the calculated value 

always overestimated the fitted value for the case of moving traffic. Thus, in moving 

traffic, multiple truck presence is more common than the modified Poisson distribution 

would indicate if the combined mean truck headway distance were used as a parameter of 

the distribution. One possible explanation for this is that multiple truck presence in 

adjacent lanes had a positive dependence.

Nowak performed considerable work in attempting to model multiple longitudinal and 

transverse presence in the calibration of both the 1991 OHBDC and 1994 AASHTO code. 

He concentrated on a more heuristic approach however, basing the analysis of multiple 

presence on the 1975 Ontario truck survey.

For multiple presence in a single lane, it was considered that a single or two (or more) 

trucks following behind each other would induce the maximum effect (moment or shear), 

where the parameters of significance were the headway distance and the degree of 

correlation between vehicle weights. Three cases were considered for multiple 

longitudinal presence of trucks T1 and T2 (Nowak 1994):

1. No correlation between T1 and T2, /y=0. Every 50* truck T1 (or maximum 1 year 

truck) was assumed to be followed by an uncorrelated truck T2 (average truck) at a 

headway distance of less than 30 m. This corresponds to z = 4.42, where

is the cumulative distribution function of X  and O ' is the 

inverse of the standard normal distribution function.

2. Partial correlation between T1 and 72, p=O.S. Every 250**’ truck T1 (or maximum 2- 

month truck) was assumed to be followed by a truck that was partially correlated T2 

(maximum in 1-day truck) in terms of its weight. This corresponds to z = 3.09.

3. Every 500*̂  truck was found to be followed by a ‘fully correlated’ truck, p=\.Q. The 

parameters o f T1 and T2 were taken for the 1-month truck. This corresponds to z = 

3.89.

The truck geometries were taken to be the same as the HS20 truck. The results of Nowak’s

calculations are presented in Figure 3.12(a) and (b) for moments and shears respectively.

Two headway distances were considered, 4.5 and 9 m. It was concluded that a single truck

governs for spans of up to about 30 — 40 m, for moment and up to about 27 m for shear.
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For longer spans, depending on headway distance, two fully correlated trucks govern. This 

study gave some support to the use of a single design vehicle for bridges of moderate 

span. However, the range of spans considered was not large enough to allow significant 

conclusions to be drawn about long span bridges.
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Figure 3.12 -  Load effects for a single truck and two trucks with various degrees of 

correlation and variable headway distance: (a) moments; (b) shears (Nowak 1995b)

The technique used to study the multiple presence vehicles in parallel lanes (Nowak 1994, 

Nowak and Hong 1994) was similar to that described for single lanes. The maximum 

moment effects were calculated as the largest of: (a) one lane fully loaded and the other 

unloaded, (b) both lanes loaded, with again three conditions o f correlation considered. It 

was observed that, on average, about every 10'*’ truck is on the bridge simultaneously with 

another truck (side by side). For each such simultaneous occurrence it was assumed that 

every 10‘̂  time the trucks are partially correlated and every 50**’ time they are fully 

correlated (with regard to weight). It was also conservatively assumed that the transverse 

distance between two side-by-side trucks is 1.2 m (wheel centre to centre). Simulation
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studies were used to show that the governing case was for two side-by-side trucks with 

full correlation, where this event occurred for every 500*'’ truck, corresponding to a return 

interval of 1.8 months, and an inverse normal probability of z = 3.89.

For both longitudinal and transverse multiple presence studies, the calculated load effects 

were scaled against the HS20-44 standard truck or lane loading, or the 1976 alternate 

military tandem loading (two 106.8 kN axle loads), for spans from 9 to 60 m. The 

calculated load effects were the maximum bending moments and shear in simply 

supported spans and maximum negative moments for a girder with two equal spans. For 

spans of 30 - 40 m, one truck per lane was found to govern. On the other hand, for longer 

spans, two trucks following behind one another provided the largest load effect. For two 

lanes, two fully correlated trucks govern. These trucks were assimied to represent two 

weeks of traffic. The results of simulations were plotted against cumulative frequency of 

occurrence on Normal probability paper as illustrated in Figure 3.13 (Nowak 1994).
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Figure 3.13 -  Load effect ratios on normal probability paper (a) moment, (b) shear

The construction and use of the normal probability paper is explained in the fundamental

textbooks on probability theory (Benjamin and Cornell 1970). These plots were judged to
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be sufficiently linear to justify the assumption that they were Normally distributed. The 

maximum 50-year traffic load was determined by exponential extrapolation of the extreme 

values obtained in the survey.

The ratio of the extrapolated 50 year effect to that induced by the 1983 OHBDC design 

live load for one lane bending moment (shear) were 1.2 (1.08) for a 9 m span, 1.15 (1.01) 

for a 30 m span and 0.93 (0.95) for a 60 m span. The slope of the curves represents their 

standard deviation. Estimates of the corresponding coefficients of variation given, 

typically lie in the range 10 to 20%, although it is important to remember that this is for 

the selected vehicles.

Uncertainties involved in the analysis are due to limitations and biases in the survey data. 

Even though the number of trucks was considered large, it is small when compared to the 

actual number of heavy vehicles to which the structure will be exposed during its design 

lifetime. O f the trucks passing the weigh station, only those trucks which appeared heavily 

loaded were stopped and weighed. In sparse traffic, approximately one out of three trucks 

was selected; in dense traffic approximately one out of ten was selected (Harman and 

Davenport 1979). Thus, while the sample may be representative of loaded trucks in 

Ontario, it does not represent the whole population because unloaded and partially loaded 

trucks were not included. It is also reasonable to expect that some extremely heavy trucks 

purposefully avoided the weighing stations in fear o f prosecution for overloading. In 

addition, a considerable degree of uncertainty is caused by the unpredictability of future 

trends with regard to configuration and axle weights. These factors are further discussed in 

a reassessment of the code performed in Chapter 4.

The committee for the calibration of the first LRFD code for the United States recognised 

that the development of a new code involves the following steps:

1. Selection of representative bridges. The structures must cover: materials, types, and 

spans, which are characteristic of the region. Emphasis must be placed on current and 

future trends, instead of on very old bridges. For each selected bridge, load effects are 

calculated for the various components.

2. Establishment of a statistical database o f load and resistance parameters.

3. Development of load and resistance models.
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4. Development of a reliability analysis procedure.

5. Selection of a target reliability index, to provide a consistent and uniform safety 

margin for all structures.

6. Calculation of load and resistance partial safety factors

Calibration of the code was again performed by Nowak (1995b), using the heuristic 

procedure for development of live load models previously discussed for the OHBDC. In 

the United States the average lifetime for bridges is taken as 75 years. This was therefore 

the time period used for calculation of the loads. Figure 3.14 illustrates the bias factors 

(i.e. ratio of mean maximum 75-year moment (shear) and HS20 design moment (shear)) 

for the old and new load models.
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Figure 3.14 -  Bias factor for moments and shears: (a) AASHTO (b) proposed LRFD code

3.3.2 Comparison of Simulation Based on Statistical Convolution and 

Static Traffic Configurations

The author performed a comparison of the results for a statistical convolution approach 

and the simulation of static traffic configurations using data recorded in a Slovenian 

survey of their national bridge stock. The results of this comparison are presented in the 

following sections.
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In 1993 a Bridge WIM system was put into operation in Slovenia to provide the data 

necessary for a database of traffic and vehicle characteristics. The system was found to be 

reasonably accurate (Znidaric 1996, Moses and Verma 1987) and was used on eight 

Slovenian sites. These sites were selected for the different traffic patterns and volumes eind 

the various types of bridge structure. In all, the study recorded approximately 19,500 

vehicles, providing a basis for current and future statistical analyses of Slovenian traffic 

patterns. For this comparison, one site referred to as VA 048, was selected on the basis 

that it had the longest duration of measurement (approximately 5 days, from 11̂ '’ to 16̂ ’’ 

May, 1994). The bridge, built in 1986, is constructed of 10 parallel reinforced concrete 

girders and has three simply supported spans each of length 10.28 m.

To perform a site-specific extreme value analysis of vehicle loads or load effects, 

characteristic statistical distributions for the various traffic parameters were first 

determined. When large quantities of traffic statistics are available from a WIM system, 

histograms can be computed for a particular bridge site and probability density functions 

fitted to the measured data. The PDF for gross vehicle weight has been found in general to 

be multi-modal Gaussian (Jacob et al 1989b). Normally two modes are seen to describe 

the distribution for a specific vehicle class. The bi-modal distribution is in effect a simple 

combination of two Normal distributions, one corresponding to fully loaded large trucks 

and one corresponding to both fully loaded small trucks and empty large trucks. It is, 

therefore, of the form:

Equatioii 3.12

where a  + A  = 1 and •

The distribution parameters, P\ and P i , reflect the characteristics of the two modes and 

the corresponding population proportions. The best-fit bi-modal Gaussian functions were 

determined for the VA 048 bridge using a Goodness of Fit algorithm, with initial 

estimates made directly from the histograms. The result is illustrated in Figure 3.15.
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Figure 3.15 -  Bi-modal Gaussian approximation to GVW distribution for traffic on

VA048 highway in Slovenia

In order to obtain more information about the distribution of the extreme truck load, the 

asymptotic distribution of extremes was applied. The Extreme Value Type I distribution 

was selected as an appropriate distribution for maxima of random variables in compliance 

with the Normal distribution (Castillo 1991, Gumbel 1958). The method employed 

assumes an infinite number of loading cases and that the truck weight PDF decreases as a 

Gaussian, i.e., exponentially. If it is assumed that the second mode of the Gross Weight 

distribution governs the maximum gross weight of N  independent vehicles, this maximum, 

denoted Y„, has the distribution of the largest of  n = N  x  p 2 independent Gaussian 

variables with mean and standard deviation, m2 and 0 2 . For large n, the asymptotic 

distribution of these maxima is the well known Gumbel function (Gumbel 1958):

/V„ {y) = exp(exp(-a„ i y - u „)))

where

(ln(ln( n)) + ln( An ))
 ̂ Equation 3.13

2yjlln(n)
J

Using the method of moments to determine the asymptotic distribution parameters, the 

first moments of Y„ are given as:
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Y„=u„ +Yl a„  

and

a{Y„) = 7t I yf6a„

Equation 3.14

where Euler’s constant, y  = 0.5772. The characteristic truck weight x„(a) for a period T,

is that value with a probability, a , o f exceedance during the period T. The a-fractile o f Y„, 

is given as;

X n ( a )  «  F y n ^ i '^ - a ) Equation 3.15

Statistical analysis of the results of WIM measurement at the site of the Slovenian study 

determined that 38% of the distribution was attributable to the fully loaded large trucks of 

the second mode, i.e.:

P2= 0.38, 

iV=820

Taking a 5% fractile {a-S% ), gave the truck weights for various time periods presented in 

Table 3.2. From this table, a site-specific maximum vehicle weight may be determined for 

this site for any of the given reference time periods.

Table 3.2 -  Characteristic truck weights for bridge VA 048

Period ■ n=p2N K m o{ Yn) (kN) X n(a) (kN)
1 day 312 618 26.9 668

6 months S.Sk IO"* 714 19.4 750
1 year 1.2x10^ 725 18.9 760

5 years 5.8x10^ 749 17.7 782
50 years 5.8x10^ 780 16.3 811
100 years 5.8x10® 837 14.3 863

For the derivation o f the Ontario code (OHBDC 1991), as discussed, multi-lane flow was

modelled by superposition o f individual lane parameters, as the model assumes

independence between lanes (Nowak 1994), i.e. that the random truck weights are

independent and identically distributed (IID). As only combined statistics for both lanes
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were available, statistics for the overtaking lane were conservatively assumed to equal 

those for the driving lane.

The extreme loading on a bridge structure of this span can be assumed to be caused by not 

more than two side-by-side extreme vehicles, determined for a given time period. The 

design moments were calculated as the larger of two cases, (a) only one lane loaded with a 

50 year vehicle (81 IkN) and (b) both lanes loaded with a combination of vehicles based 

on Turkstra’s rule as outlined below.

In reality, for multiple lane short-span bridges, such as the one used in this study, the 

extreme load effects for a given retum period are found to be due, not to a single lane 

loading with the 50 year extreme vehicle, but by a combination of vehicles of lesser gross 

weight with consequently smaller retum periods, which cause loading of each traffic lane 

simultaneously. The required multi-lane combinations may be determined by analysis of 

the traffic statistics, where it may be observed that every n‘̂  vehicle is alongside another, 

with three possible weight correlations; (a) no correlation, (b) partial correlation, (c) full 

correlation as outlined previously.

In the derivation of the Ontario code (Nowak 1994), it was assumed that, for 10% of 

simultaneous occurrences, the truck weights were partially correlated and that, for 2% of 

such occurrences, the weights were fully correlated. Sufficient statistics to determine 

degrees of correlation are not available for the Slovenian site. However, by Turkstra’s 

rule, the maximum effect, for a given retum period, will be a combination of a fully 

loaded 50-year 5% fractile extreme vehicle and an average one (Nowak 1989). The a  

upper fractiles, x„(a), representing the vehicle weights with a 5% probability of 

exceedance for a variety of retum periods are given in Table 3.2. The mean of the vehicle 

weights (excluding cars and buses) have been calculated for the five days o f WIM site 

data and Turkstra’s combination rule has been employed to determine the combined gross 

weight of two vehicles. The results, for a number of time periods, are presented in Table 
3.3.
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Table 3.3 -  Turkstra Prediction of Gross Weight of Two Vehicles (kN)

Eetttiii Period
■; S'  ■

^  w l^ t S^?V^icles (Si)**
1 day 950
1 year 1042

2 years 1052
50 years 1093

The effects o f  these loads were determined using a vehicle of the type illustrated in Figure 

3.16. This configuration was chosen as it is considered to be representative o f typical 

Slovenian traffic conditions. Results of analysis for the load effects indicated that the 

maximum mid-span moment and support shear of the 10.28 m simple span were due to the 

50-year Turkstra combination. The maximum moment (1,330 kNm), was 4% greater than 

that induced by the 2-year combination (1,280 kNm), and 35% greater than that o f the 50- 

year vehicle alone (987 kNm). Similar variation was noted from the maximum support 

shear of 503 kN.

1,3 ijT 5.3 m 3,5
V  1 ' T ' ' V

3x19%  26%  17%

Figure 3.16 -  Typical Slovenian heavy truck configuration and axle load distribution

Clearly the assumptions made regarding Turkstra’s rule are an oversimplification, and 

provide only an approximate solution (Murzewski 1996). The model assumes the extreme 

vehicle in combination with the ‘average vehicle weight’. However the combination of 

two smaller vehicles, which occur with frequency n, may induce larger effects. Such an 

event was found to be critical in the case o f the Ontario code, where the occurrence side- 

by-side o f two fully correlated vehicles, with a return period of one month, was found to 

govern (Nowak 1994). Indeed, in this case, if  two fully correlated vehicles with a return 

period o f 1 month are taken side-by-side, then the PDF’s for mid-span moment and
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support shear increase by about 25% on the Turkstra 50-year maximum. Further data is 

needed to accurately determine correlation coefficients for this and other sites.

The simplified convolution method (Moses and Verma 1987, Znidaric and Znidaric 1994) 

was used to determine the maximum load effect on the bridge. It assumes that the highest 

load effect is achieved when two vehicles are placed side by side on a structure. Such an 

approach can be justified by the fact that the length of span is only 10.28 m and hence, the 

possibility of having more then two vehicles on the bridge simultaneously is very low. 

Moses also reports (Moses and Verma 1987) that the load effects obtained by this method 

are consistent with those found by other methods.

The maximum load effect, , over a period of time, T, is governed by four types of

random variable (Znidaric and Znidaric 1994): (1) analysis variables including load and 

load effect conversion, a, and a component load distribution, g, (2) individual vehicle 

variables including gross vehicle weight, W, and axle effect, m; (3) traffic variables 

including superposition effect of multiple vehicle presence, H, and a potential growth 

factor, Gr, and (4) dynamic amplification (1 +7), i.e.:

Zmax(r) = WHĜ  (l + / )  Equation 3.16

Each of these variables is random with associated uncertainty. Truck load and traffic data 

are obtained from actual experiments. For code application, the GVW variable was 

replaced by the 95-percentile characteristic weight, W95. The effect of W95 being exceeded 

was lumped together with the effect of the multiple presence random variable, H. The 

latter variable, H, depends upon truck traffic data, e.g., headway distance, lane occupancy, 

free flow vs. congested traffic.

The distribution of all possible combinations of vehicle weights for the event (N) can be 

written as (Znidaric and Znidaric 1994);

/e  = Z  ) X P{W2 = ) Equation 3.17
i

where;
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P(W]=Wn) - the probability o f the weight from the GVW histogram in lane 1 

equalling

P(W2 =Wfn) - the probability of the weight from the GVW histogram in lane 2 

equalling

The cumulative distribution Fe(N) is raised to the power of the number o f  events N  to 

obtain a new distribution from which the maximum load effect can be estimated:

The expected maximum load effect for a specified number o f events N  is defined as the 

median value o f the function G e(N). The number of expected events in a given time period 

has been calculated using headway histograms and the following assumptions (Znidaric 

andZnidaric 1994):

1. Maximum bending moment occurs when the centre of gravity o f both vehicles 

participating in the event lie within 20% of the span length from mid-span. The time 

interval when two vehicles are present in the critical part of the span is a function of 

the span length and:

• in the case o f opposing traffic, the sum of the average speeds in both lanes or

• in the case o f traffic in the same direction, the mean speed o f all vehicles (both 

lanes).

2. The number o f heavy vehicles in a specified time interval has been estimated from 

the Average Annual Daily Traffic (AADT) data provided from the annual counting 

station reports.

Using this procedure, the expected number o f events N  for Site VA 048 for the 50-year 

period was found to be 890,600. Hence, the convolution method gives the expected 

maximum traffic load as }^=l,173kN  with standard deviation, = 16.2kN. The 

corresponding results are illustrated in Figure 3.17. A two-vehicle loading scheme with 

the axle spacings and weight distribution illustrated in Figure 3.17 and combined axle 

weights equalling gives a maximum bending moment in the centre o f the span of

l,461kNm (5% fractile) and a maximum shear force at the abutment is 553kN.
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Figure 3.17 -  Derived probability density function for combined gross weight of two 

vehicles in adjacent lanes (O’Connor et al 1996)

When truck weights in two-truck events are assumed to be independent, the results from 

the convolution method are about 10% higher than those found using the Ontario 

approach. However, if the correlation assumptions are used in the latter, these figures 

increase and exceed those found using convolution. The approach adopted clearly has a 

significant implication for the result. In addition, assumptions regarding the correlation of 

weights in two-truck events are clearly very important. It is clearly essential that statistics 

on correlation be collected in order for sensible conclusions to be arrived at.

3.3.3 Simulation Based on Real Traffic Flow

The simulation process which is based on real traffic flow, determines characteristics of 

the vehicles and the instant of their entrance to the bridge fi’om records of real data. Monte 

Carlo generation is then employed to generate sequences of random loads, which obey the 

statistical laws of the governing random variables. The principal example described here is 

that of the original calibration of Eurocode 1, Part 3, Traffic Loads on Bridges. Before this 

discussion, the calibration of two other European national codes are presented.
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Vrouwenvelder and Waarts (1992, 1993) derived a traffic model for the Netherlands in the 

early 1990’s based upon measurements made in 1978 in Rheden and in 1985 from 

Moerdijk. In total 16,000 vehicles were recorded yielding 16 types of lorry configuration 

as shown in Figure 3.18(a).
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Figure 3.18 -  (a) Vehicle classification, (b) bimodal weight distribution Vrouwenvelder

and Waarts (1992)

Within each classification, the distribution of weight was generally found to be bimodal as 

shown in Figure 3.18(b). This shape of distribution is explained, as before, by assuming 

sub-populations of loaded and unloaded vehicles. The unloaded vehicles were modelled 

using a truncated normal distribution. The loaded part was modelled by a truncated normal 

distribution for analysis of the fatigue limit-state and by a truncated Weibull distribution 

for the other limit states.

In simulation the traffic was generated using a long term model to describe the daily and 

hourly intensities and the duration of the type of traffic considered, which could be: free, 

congested or full stop. A short-term model was employed to describe in a probabilistic 

way the velocities and distances of individual cars, given hourly averages. The static 

elastic behaviour of the bridge was characterised by means of two-dimensional influence 

surfaces. After calculation of a load effect, the corresponding equivalent uniformly 

distributed load (EUDL) was calculated and written as:
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Equation 3.19

where the coefficients C j are dependent upon the type o f influence line and Q i represent 

the applied traffic loads.

The design value for a single lorry was directly based upon the available data for vehicular 

loads. Given the 16 lorry types, with each having an individual distribution function, 

Fwi ( ^ ) ’ distribution function for the arbitrary lorry weight was described as:

Fw  = E ( ^ )  Equation 3.20

where /?, was taken as the probability of an arbitrary vehicle to be o f type i. Using the 

moments o f each individual vehicle class, and taking the Weibull model for the loaded 

parts, the curves presented in Figure 3.19 were found. The results o f simulation and 

observation (Rheden, 1978) were also plotted for comparison in Figure 3.19(a).
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Under the assumption o f complete ergodicity (i.e. not time-invariant), the ULS design 

value W d  o f a single lorry was estimated as:

I - F ^ ( f V ^ ) =  o ( - a ^ j 0 ) / N j  E quation 3.21

where: p = target reliability index (= 3.6)
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Us = probabilistic influence factor for the load (determined from full reliability

analysis, assumed as 0.7 (ISO 2394)

(D = standard normal distribution function

Nd = number of lorries in 100 years

Similarly, a distribution and design value for individual axle, tandem and tridem loads, 

presented in Figure 3.19(b), were obtained.

In determining the distributed lane load, traffic conditions were reduced to free and 

congested where two cars were considered as a lorry with zero weight. Congested flow 

was assumed to concern 5% of all vehicles. The distance, d, between the front of two 

lorries was taken as 18 m during congestion and 32 m during free traffic. A basic event 

was defined by the presence of a single (non-zero) lorry at the centre section of the span. 

Bayes’s theorem was employed to determine the probability of a non-zero lorry being 

present in one of the other sections. In order to determine a relationship between the 

uniformly distributed lane load q and the corresponding return period Tq, initially a value 

of p  was chosen. For any arbitrary basic event, during both free and congested traffic,

> p] = was evaluated, with Wj, distributed according to

P{!¥, > w} = (w)}. In this expression, p {l \̂L̂ } was the probability of having

a lorry present in a designated section on the structure (event L,) given a lorry on the 

midspan section of the lane (event Lj). Thus for an arbitrary lorry (c = congested,/ =  free),

> p] = > p]+0.95P^{q > p]. The return period, Tq, corresponding to q then

follows. The calculated q-T  diagrams are illustrated in Figure 3.20, with simulation results 

from the full model (i.e. no simplifications) included for comparison.

Similar analysis was performed for the fast lane and for multiple lanes. All results were for 

the central moment of a simply supported beam. Figure 3.20(d), gives the multiplication 

factors for the other types of influence line, based upon 1 -day simulations. Clearly, for the 

M-shaped influence line a constant reduction factor of 0.7 may be employed. However, for 

a constant influence line, the reduction depends upon the span, L.
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Figure 3.20 -  (a), (b), (c) Lane loads q as a function of return period T for varying lane 

lengths; dots indicate simulation results, (d) results for constant, triangular and M-^haped 

influence lines (Vrouwenvelder and Waarts 1993)

The results o f this study, compared with the Eurocode are reported in Table 3.4. The main 

difference is for long spans (>100 m) where this study was more optimistic, while for 

shorter spans (<20 m) it was more pessimistic. The results are also compared with the 

1963 Dutch regulations (VOSB 1963). It is demonstrated that these regulations were 

conservative in all cases except for the maximum vehicle load.

It is important to realise that the outcome of these calculations is dependent upon the 

realism of the models, and upon the input data. In this respect, the age of the data should 

be borne in mind along with the fact that data is too scarce to make well founded 

estimations o f present trends in vehicle and traffic characteristics. Further, traffic models 

were simplified to quite some extent. Some parameters were estimated based upon
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primitive information. Furthermore, the traffic depends heavily upon location. The authors 

concluded that more extensive measurements were required to solve these problems.

Table 3.4 -  Comparison with Eurocode studies and present Dutch Code (VSOB 1963) for 

the slow lane

Load L
' \ V

:  ̂ ,
Waarts 1993 

T=1000 years

p^roHwenveider

Waarts

1993 i
■:

VSOB 1963

Axle - 260 kN 290 kN 290 kN 300 kN

Tandem - 410 440 440 600

Tridem - 580 530 620 -

Lorry - 940 925 980 900

UDL 20 m 62 kN/m 47 -  56 kN/m 66 kN/m 86 kN/m

UDL 50 m 36 3 8 - 4 3 38 45

UDL 100 m 28 3 3 - 3 8 - -

UDL 200 m 20 2 5 - 3 6 21 20

Crespo-Minguillon and Casas (1996) derived a traffic model for the global analysis of 

traffic actions on roadway bridges, in the framework of a reliability based methodology 

for the definition of the limit state of decompression in prestressed concrete bridges.

In generating fictitious records of traffic, weekly traffic recorded in Spain was converted 

into specific traffics for every day by employing deterministic coefficients derived from 

existing traffic data. An additional set of coefficients, illustrated in Figure 3.21(a), were 

then employed to divide daily traffics into hourly intensities.

Sampling of a binomial distribution was employed to determine the traffic conditions 

during each hour, i.e. free or congested, with subsequent subdivision of traffic between 

adjacent lanes. From a knowledge of the traffic intensity of the simulated hour and the 

traffic condition, the density of vehicles per unit length of road lane, illustrated in Figure 

3.21(b) was computed using a numerical expression taken from theoretical traffic studies.
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Figure 3.21 -  (a) Coefficients for subdivision of records to hourly intensity, (b) density of 

vehicles per unit length of road lane (Crespo-Minguillon and Casas 1996)

A similar vehicle classification to that seen in the Dutch system in Figure 3.18(a), was 

defined for the Spanish network. A Markovian process was employed to define the 

category for the next vehicle arriving on the structure, knowing the type of the precedent. 

The transition matrix of this process was computed from real traffic records. The CDF of 

time intervals between arrivals (sec) were modelled by a non-dimensional random 

variable: ‘actual time intervals between vehicles divided by the average interval between 

vehicles’.

From Figure 3.22(b) it is apparent that, with different numbers of vehicles arriving at the 

registration point, uniform trends for each carriageway are evident, a trend not apparent 

for the dimensional form of this variable illustrated in Figure 3.22(a). Several functions for 

the non-dimensional time interval between vehicles were employed to account for the 

possible difference between light and heavy vehicle behaviour, low and high densities, and 

slow and fast lanes. In addition a similar procedure was adopted for sampling vehicle 

velocities.

One week was assumed as the basic interval of time for traffic simulation. After the 

simulation process, the maximum internal force for a determined set of weeks was known. 

Given that the weekly period has been shown to be representative for a traffic simulation 

(Jacob 1989b), these maxima are a set of realisations of an independent random variable: 

‘maximum effect in a one-week period’. On the other hand it is commonly accepted that
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the maximum internal force in a structure over a long period, is a variable that follows a 

type I extreme value distribution. In reference to literature (Benjamin and Cornell 1970, 

Castillo and Sarabia 1992) it was suggested that the variable ‘weekly maximum’ lies in 

the domain of attraction of an extreme distribution. Thus the variable: ‘exceedance of the 

maximum effect over a certain threshold, I f  has a generalised Pareto distribution (GPD) 

form.
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Figure 3.22 -  (a) Actual time intervals between vehicles, (b) actual time intervals 

between vehicles divided by the average interval between vehicles (Crespo-Minguillon

and Casas 1996)

The methodology adopted by Crespo-Minguillon and Casas in setting the threshold and 

calculating the parameters of the GPD were adapted from Maes (1995), based upon the 

minimisation of the weighted sum of square errors:

SWSE = Equation 3.22
ie T

where the function l {x , \u , 4,(t )  refers to the value of the minus logarithm of the 

probability of exceedance of x ,, given a chosen threshold, u, and the parameters of the 

generalised Pareto distribution, ^  and <r. Depending upon the objectives of the tail 

evaluation, Maes proposed different optimal choices for the weights, w,. Figure 3.23 

illustrates an example of fitting a GPD to a determined set of values, corresponding to an 

analysed structure.
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Figure 3.23 -  Generalised pareto distribution fitting

Using the derived model, structural analysis and assessment were performed for a variety 

of examples. On important point was the sources of uncertainty in the model, due to 

possible future increases in the maximum allowable truck loads, the future changes in 

traffic pattern and site to site truck weight variability, similar to those encountered in the 

Dutch study. The policy adopted to account for these factors consisted of increasing the 

COV obtained fi'om pure numerical simulation, which thus may then be taken into account 

in full reliability analysis of the structure.

The re-calibration of the normal load model of Eurocode 1, Part 3, is discussed in great 

detail in the next chapter. In this section it is considered important to discuss the original 

calibration studies (Calgaro 1997, Bruls et al 1996a, Bruls et al 1996b, Jacob 1991, Prat 

1991), which looked in detail at a variety of extrapolation methods for single vehicle 

loads, and at the variety of vehicle flow simulation options for code calibration.

The first choice that was considered in the original Eurocode calibration was the type of

traffic (Bruls et al 1996a, Bruls et al 1996b). The flowing cases were not arbitrary, as real

vehicles and distances were employed in simulation. It was also clear, that, over some

lengths, congested cases had also to be considered. Studies performed for the calibration

of the AASHTO LFRD code (Nowak 1995b) had demonstrated that the maximum load

effects on a long span structure were for bumper to bumper traffic. As soon as the traffic

started to move, the distances between vehicles increases and the loading intensity is

reduced, even allowing for impact. For the maximum loading condition on long spans,
92

»

(f

u
h—

p C!P D
— Ret l

i'gG
rib.

T

A — — Moe* oproxtm.

— Hoaki ng and Walli»

0 1000 2000 3000 4000
THRESHOLD EXCESS (kN -m ) 

(T hreshold=  10976  kN-m)



Literature Review

therefore, the traffic was stationary with no allowance made for impact (Buckland et al. 

1980). The result was found to be almost deterministic, because the standard deviation of 

the effect distribution decreased as 4 n , where n is the number of vehicles involved. 

This is further discussed in Chapter 6. Thus the asymptotic extreme value is not very 

different from the extreme value, which was obtained immediately (for flowing traffics, 

this asymptotic value is calculated probabilistically).

According to these considerations it was proposed to use the maximum value, at any 

length o f  the following two considerations:

1. Flowing case, extrapolated to the structure design life

2. Congested case calculated for 1 week. A distance of 5 m between axles of successive 

vehicles was assumed. Of all the European traffics recorded, it was proposed to use the 

values obtained for the A6 motorway at Auxerre, which was considered amongst the 

most severe as illustrated in Figure 3.24.

Two methods for extrapolation of the 1-week histograms were proposed. For each of 

these, two inferences were drawn:

1. The extrapolation factors (i.e. 50-years/l-week) were found to be relatively 

independent of the influence area shape. More precisely, the scattering due to shape 

variations (at a given length) was not bigger than the scattering due to method 

instability, from one length to another (for a given shape)

2. The extrapolation factors (for any shape) could be assumed to be independent of 

length. They are smaller for 1 lane (about 1.4) than for several (about 1.6), mainly 

because the total number of vehicles involved for multiple lanes is more scattered.

In simulation, nine typical surfaces were considered at various lengths from 10 to 200 m. 

It proved difficult to extract from the results a simple way to take into account the 

influence of shape on the obtained values. Roughly, the sharper the area, the higher the 
total effect.
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Figure 3.24 -  Comparison of axle loads of European traffics (Calgaro 1997)

This 'majoration factor', as it was termed, due to shape (i.e. compared with the total load, 

whose area has a constant unit value) clearly, decreases with length:

• At very short length, the total effect is proportional to an absolute z(x, y) value

• At very long lengths, the shape does not matter; the total effect is proportional to the 

total volume, V = ^^z[x,y)dxdy of the influence area.

The influence of this majoration factor is further discussed in Chapter 6.

The objective of calibration was to compute the probability distribution function (PDF), 

mean value, standard deviation and the single, double and triple axle loads, gross weights 

and weights per unit length with a given return period (Flint and Jacob 1996, Jacob et al. 

1991).

In this regard a variety of methods were proposed:

1 • The half normal distribution

2. The multimodal Gumbel or Gaussian distribution

3. The method of asymptotic extreme distributions

The results from the various methods demonstrated consistent trends for prediction of

single, double, triple axle and gross vehicle weight for return periods of 20 weeks, 20

years and 2000 years, although differences of up to 20% appeared in some cases. The

biggest difference between the predictions however, appeared not to be due to the
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methods, but rather to the parameters of the distributions used to match the tails of the data 

histograms.

The objective of the second set of analyses was to predict the maximum of the total load 

(or the UDL) on a lane length for various lengths from 5 to 200 m, for a return period, R. 

The traffic used was the slow lane of Auxerre. Different cases were considered as (Jacob 

et al. 1991):

• The ‘natural’ free traffic, with the measured inter-vehicle spacings

• Congested traffic including cars, with a constant inter-vehicle spacing of do between 

extreme axles {2m<dg <5m)

• Congested traffic with lorries only and spacing, do

For these, five main methods were proposed (Flint and Jacob 1996, Jacob et al. 1991):

1. Method of the half-normal distribution

2. Monte Carlo simulation

3. Analytical modified Poisson model

4. Simulation and extrapolation of real traffics

5. Jam simulation program

The 50-year return period maxima for different traffic scenarios calculated by the above 

methods are illustrated in Figure 3.25.

The results obtained by the different extrapolation methods were generally in reasonably 

close agreement. Bearing in mind that the return periods for the characteristic values of the 

loads and load effects are far in excess of the period of records used, it was concluded that 

any of the methods could be applied. It was evident that the congested traffic scenarios 

dominate the maxima for loaded lengths in excess of 50 m, with discrepancies between 

these for the various methods mainly due to differences in assumptions concerning vehicle 

length and spacing and in jam frequency. Significantly, in the subsequent development of 

the loading model, dynamic multipliers were applied to the flowing traffic effects for the 

lower lengths and this was seen to alter the transition.
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It was decided that the final load model should be composed of a local load and a 

distributed load. The distributed load was to be defined in accordance with the following 

data:

1. Linear load of lorries. For a very long bridge the mean value could be taken into 

account and in most other traffic cases, a calculation could be performed by a 

simulation program

2. The inter vehicle disteince distribution; flowing traffic or jam

3. Percentage of cars in traffic

4. Percentage of heavily loaded lorries

where these values must be different for each lane and for each limit state.
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Figure 3.25 -  Comparison of extrapolation methods for flowing and congested traffic

Calibration of the main loading model was progressively carried out, starting from lane 

number 1 (the main lane), then by successively adding lane number 2, and simultaneously 

lanes no. 3 and 4.

The calibration of the model for lane number 1 showed that: (a) the introduction of more 

than two concentrated loads was not necessary because it did not really improve the 

precision of the result and (b) a constant value of uniformly distributed load, compared 

With a decreasing function of the loaded length, reduced the precision of the results.
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However, the benefits o f such a model in terms o f simplicity o f use were felt to outweigh 

these concerns.

The analysis performed for two loaded lanes led to the following conclusions:

1. Concentrated Loads: the calibration study confirmed that it was not necessary to 

consider more than two concentrated loads on the main lane. Moreover concentrated 

loads located on the second lane that are geometrically similar to the loads located on 

the main lane (but of lower magnitude) led for both lanes to more accurate results than 

those resulting from load calibration from the first lane only.

2. Uniformly Distributed Load: the study confirmed that a law that is simply decreasing 

with the loaded length is adequate for the second, as well as the first lane.

3. The second lane did not change much the calibration results for the model in the main 

lane

Similar results were noted for more lanes.

The precision of the ‘target’ values of the actions for the final model was slightly 

decreased to ensure that the model was very simple to use and applicable in practice 

without ambiguity. A cornerstone of this required ‘simplicity’ was the choice of a load 

density with an intensity independent of the loaded length. Thus, the final load model is as 

indicated in Figure 3.8.

3.4 BRIDGE LIFE AND ACCEPTABLE RISK

Eurocode ENV 1991-1 (1994) suggests a target bridge life of 100 years with a target 

reliability index, p, of 3.8. The calibration procedures of 1994 AASHTO chose a value of 

P = 3.5, and implicitly a bridge life of 75 years. The corresponding annual risks of failure 

are 0.724x10”̂  and 3.1x10"* respectively (O’Connor and Shaw 2000). The AASHTO 

values were based upon the desire to keep the risk of failure of bridges designed with the 

new code about the same as those from the preceding code, but making the risk more 

consistent.

It is considered that this method of code calibration is entirely appropriate. However, to 

determine an acceptable risk in cases involving possible loss of human life is difficult.
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Menzies (1997) refers to the fatal accident rate (FAR) as the risk of death from 100 

million hours exposure to some activity, where the basic value of FAR from 'home risks ’ 

is about 1. He states that in the UK there are ‘about 4000 deaths on the roads each year, in 

a population of 56 million which equates to a FAR of about 20’. This implies an exposure 

to road death of 1 hour per person per day.

A FAR of 20 implies a risk of deaths in 100 x 10* hours o f individual exposure, equivalent 

to 0.274x 10* years. For a population of 56x 10* individuals, one would therefore expect 

20 deaths in years, or 4088 per year. He subdivides the causes of these 4088

road deaths by quoting the relative figures in Table 3.5 for various modes of travel;

Table 3.5 -  Deaths by mode of travel

of Travel Proportion of T otal 9

Motor cycle 300

Pedal Cycle 60

Walking 20

Travel by Car 15

Travel by Bus 1

For 100,000 highway bridges in the UK, he quotes a bridge failure rate of about 1 in every 

1 to 2 years from a variety of causes. If factors such as scour and flooding are disregarded, 

a possible collapse rate ‘due to structural deficiency or overloading’ is about 1 in every 5 

years with a loss of life of about 1 in every 10 years. There is some uncertainty in 

estimating the corresponding exposure time. If it were taken as 1 hour per day (as before) 

then the corresponding value of the FAR is much less than 1 (actually about 0.5x10“̂ ). 

Menzies suggests that the historical failure rate has been acceptable. Accordingly he 

quotes the following failure rate per bridge in Table 3.6 as being acceptable.

In conclusion he states:

To the bridge engineer all serious failures are inadmissible, particularly those which

endanger human life; yet there can never be a failure rate of zero. Rational thought about

safety necessitates the admission of the finite probability of disaster, and the successful
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bridge engineer must combine this intellectual admission with the utmost determination to 

avoid all accidents absolutely. Nor is this anomaly psychologically difficult to maintain, or 

such that a properly informed public could properly accept it. The public is not a neurotic 

fool. Confidence and fi-ankness between the public and engineering profession are in the 

long run to the benefit of both.’

Table 3.6 -  Comparison of failure rates

Annual risk of accidental death due to 

structural bridge failure 1 in 10̂

Annual risk of structural bridge failure 1 in 0.5e®

Risk of structural collapse in a 100 year 

bridge life 1 in 5000

3.5 CONCLUSIONS

The aim of this chapter was to provide details of the techniques employed by researchers 

to model vehicle loading in the determination of lifetime design load effects. To this end 

the chapter began with a comparison of the main normal loading models presented to 

bridge designers internationally. Some discussion of the relative magnitudes of prescribed 

design load effects and of international opinion on the most appropriate form of load 

model was also presented. Following the load models themselves, the variety of 

simulation techniques employed in their calibration was presented in some detail. It was 

demonstrated that the modelling of traffic effects has been historically divided into 

methods based on theoretical models, on simulation of static traffic configurations or on 

simulation of real traffic flow. It is suggested that with the increased availability of 

reliable unbiased vehicle records, direct simulation of real traffic flow with some 

modification for varying traffic scenarios, while not perfect, is the most desirable method.
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CHAPTER 4 -  USE OF WIM DATA FOR CODE CALIBRATION 

4.1 INTRODUCTION

This chapter outlines the procedures and assumptions that are required when performing 

traffic flow simulations using Weigh-in-Motion data for code calibration. To this end, the 

result of some new studies performed by the author to validate the adequacy of the normal 

load model, LMl, proposed by the draft Eurocode ENV 1991-3, Traffic Loads on Bridges 

(CEN 1994) are presented. As described in Chapter 3, the normal load model prescribed 

by the code, was developed in the late 1980’s (Prat 1991). The original studies involved 

the calculation of a set of target values, i.e. characteristic load effect values (e.g. bending 

moments and shear forces) for a variety of bridge configurations. These values were 

calculated in traffic simulations performed using Weigh-in-Motion traffic data recorded in 

four EC member states (Jacob et al 1989a) in parallel with theoretical models (Jacob et al 

1989b, Flint and Jacob 1996). The Weigh-in-Motion data selected was considered 

representative of ‘European’ traffic. As described in Chapter 3, the simulations were 

performed for both ‘fr e e ’ and ‘congested’ flow conditions. Results were subsequently 

extrapolated (and dynamic amplification applied where appropriate) to yield the maximum 

expected value of a given load effect during the lifetime of the structure. It was these 

lifetime maxima which were used as target values for the normal load model.

The draft Eurocode (CEN 1994) is currently being prepared for conversion from ENV to 

EN status. In the 10 years since the calibration of the original normal load model, 

considerable advances have been made in Weigh-in-Motion technology and consequently 

in data accuracy (COST323, 1997) leading to increased availability of accurate and 

reliable unbiased traffic data. In addition questions were raised concerning the possibility 

of traffic growth in the intervening period. In response to these and other developments 

(O’Brien and O’Connor 1997, Crespo-Minguillon and Casas 1996) it was proposed, in 

advance of the conversion of the code to Euronorm, to perform some new studies to 

validate the adequacy of the Eurocode load model. These studies were performed by the 

author at Trinity College Dublin, in co-operation with the French Ministry of Roads and 

Bridges, Laboratoire Central des Fonts et Chausees, Paris. They reflect the current state of 

the art in traffic simulation procedures for code calibration. In this regard, the procedures
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developed were employed in a case study to assess the adequacy of the current OHBD 

Code using modem WIM data recorded at two sites in the province of Ontario.

4.2 ADVANTAGE OF USING WEIGH-IN-MOTION DATA FOR 

CODE CALIBRATION

Weigh-in-Motion (WIM) is the process of weighing trucks while they are travelling at full 

highway speeds (Dempsey 1997). There are three principal means by which trucks can be 

weighed while in motion:

(i) sensors based on piezoceramic or electrical capacitance sensors can be embedded in a 

groove in the road,

(ii) a steel plate (about 2mx Im) encased in a frame can be embedded in a pit excavated in 

the pavement or,

(iii) strain gauges attached to the soffit of an existing road bridge can be used to measure 

the flexure in the bridge and hence the weight of the truck on it.

The advantages of using WIM data for code calibration may be appreciated when viewed 

from the perspective of codes calibrated without such data. Traditionally, imposed load 

models for design of highway structures were prescribed based upon subjective 

assumptions of the maximum expected axle, vehicle or combination of vehicles 

(longitudinally and/or transversely) during the lifetime of the structure. Not surprisingly, 

these assumptions lead to conservative and/or inconsistent design load effects and 

consequently, structures. In the late 1960’s and early 1970’s the evolution of the Load and 

Resistance Factor Design (LRFD) philosophy led to more progressive design codes which 

attempted to introduce a probabilistic framework in the description of traffic loads on 

bridges. To this end, successive Ontario and Canadian Bridge Design Codes attempted to 

derive their live loading models based upon simulations performed using actual traffic 

statistics collected in manual surveys conducted across the province and country. 

However, uncertainties in these live loading models arose from limitations and biases in 

the surveyed data (Nowak 1993,1994).

The 1991 Ontario highway bridge design code (OHBDC 1991) live load model, was 

derived from traffic flow simulations performed using data recorded in manual truck
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surveys conducted in Ontario in the mid 1970’s and late 1980’s (Harman 1982, Agarwal 

and Wolkowicz 1976, Dorton and Csagoly 1977). However, the database consisted mainly 

of truck records from 1975. Approximately 10,000 trucks were recorded at a number of 

manual weigh stations across the province, during that year. Only trucks which appeared 

to be heavily loaded were stopped and weighed. This related to approximately every 3"̂*̂ 

truck being weighed in sparse traffic and every 10‘*’ truck in dense traffic (Harman and 

Davenport 1979).

The distribution of gross vehicle weights was therefore biased towards trucks travelling at, 

or close to their legal weight limit. It is reasonable to assume that heavily overloaded 

trucks deliberately avoided these easily identifiable weigh stations. Consequently, trucks 

which could be expected to induce the maximum global or local load effects on the shorter 

span bridges, were not recorded in the survey.

Removing vehicles from the traffic flow to record their weights and axle spacings implies 

that the random variables governing the maximum loading events for short to medium 

span bridges, i.e. headway; longitudinal and transverse weight correlation; proportion and 

volume etc., must all be estimated. As will be demonstrated in Chapter 5, even the most 

advanced of theoretical traffic flow models rely upon such assumptions and, consequently, 

such models will never be as accurate as those constructed from records of real traffic 

flow.

Another significant limitation of the manually recorded Ontario survey data was that it 

was not continuous but was spread over a period of time. This has important implications 

for the extrapolated load and load effect characteristic values. Extrapolation from a fixed 

set requires information on the period over which the data was recorded. To determine the 

characteristic value of a random variable X, with a specified return period, R (in years), 

from a sample of N random variables recorded over a period of say, 1 week, the maximum 

of the random variable of (52*N*R) must be estimated. This estimate requires accurate 

knowledge of the recording period for the random variable. In the derivation of the 1991 

OHBDC load model an estimate of the recording period was made (Nowak 1994), thereby 

increasing the statistical uncertainty in the extrapolated characteristic values of the 

variables.
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The issue of growth is also of concern in the use of the 1975 data. Account must be taken 

of evolution in the traffic, both in volume and with respect to the random variables of the 

vehicles themselves i.e. gross weights, axle weights, axle spacings etc. whose governing 

statistical parameters (i.e. mean and standard deviations) may have changed over the years 

since the surveys were conducted.

Data recorded in surveys performed in Ontario between July 12* and August 6* 1980 

were used in the derivation of the Canadian live load model (Agarwal and Cheung 1987) 

for highway bridge design. For this survey, the traffic was free moving, travelling at 

highway speeds. The bridge WIM technique, where an instrumented bridge acts as a 

weighing scales (Moses 1979), was employed to record selected vehicles. However 

although the selection of trucks was not biased with respect to configuration or weight, the 

database was limited due to technical considerations (Harman 1982).

Clearly, the experience of successive Canadian and Ontario codes emphasised the need for 

a fully automated, accurate, reliable, durable, continuous, and discrete method for the 

collection of traffic statistics, and consequently, for unbiased, probabilistic code 

calibration.

The normal live load model, LM l, prescribed by the draft Eurocode EC 1.3 (CEN 1994), 

illustrated in Figure 4.1, was derived from simulations using traffic data recorded using 

Weigh-in-Motion (WIM) technology from four EC countries (Bruls et al 1996a). One of 

the main advantages of WIM data is that statistical bias is reduced as there is no pre

selection of vehicles. A complete picture of the traffic is recorded for a continuous 

measurement time period, thereby reducing extrapolation errors. The parameters 

governing traffic flow may be accurately modelled and realistic simulations can be 

performed in which multiple transverse and longitudinal presence modelled as they occur, 

resulting in more realistic estimates of the governing load effects (O’Brien and Jacob 

1996).

It was predicted that the characteristic load effects calculated in simulations using 

representative’ mainland European traffic would prove conservative for peripheral 

member states, such as Ireland, where maximum vehicle loads and flow volumes were
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expected to be less. The code therefore permitted re-calibration by European member 

states to reflect their national traffic conditions. It is for this reason that the load model 

incorporates ‘Alpha’ modification factors that may be applied to both the concentrated and 

uniformly distributed lane loads to reflect national loading conditions.

Lane 1

Lane 2

Lane 3

□ □
□ ' ' [3

Point loads o f  total 
intensity 600 o c q i

□ □
□ □

Point loads o f  
total intensity

Point loads o f total I 
intensity 200aq3

Uniformly distributed 
r loading o f intensity 9oqi

Uniformly distributed  
loading o f intensit> 2.5aq2

Uniformly distributed 
loading of intensity 2.5aq3

Figure 4.1 - EC1.3 Normal load model*’̂ ’̂ ; plan view of loadings in each lane with 

intensities of uniformly distributed loading (kN/m^) and concentrated load expressed as a 

function of the alpha factors ( are factors which allow for national/regional

variation)

' Axle length 2m, axle spacing 1,2m 

 ̂Notional Lane width taken as 3 m

>3 Lanes, Apply only UDL 2.5 kN/m^

4.3 REASSESSMENT OF THE EUROCODE NORMAL LOAD 

MODEL

As previously discussed it was considered important, before conversion from ENV to EN, 

to ensure that the normal load model, LMl, was still satisfactory for representative 

Europeein traffic. The first stage in the reappraisal of the normal load model was a 

reassessment of the past work. This was considered essential, as before attempting to 

perform simulations with new traffics it is imperative that one should be able to reproduce 

the results of the original studies. To this end extensive effort was made at the outset to 

replicate, within reason, the results of the original calibration studies. Having reproduced 

these results, identical simulations were performed using modem data to determine if 

indeed factors such as traffic growth had influenced the adequacy of the normal load 

triodel prescribed by the code.
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4.3.1 Reconstruction of Preliminary Calibration Studies

In attempting to reproduce the results of past work this study has initially concentrated on 

the results of preliminary simulations performed in Paris (Calgaro 1997) using the 

simulation software CASTOR-LCPC (Eymard and Jacob 1989) and the original traffic 

data recorded at Auxerre in 1986 (Jacob 1989a). The simulations were performed using 

the Auxerre data for a range of possible flow scenarios.

Traffic Scenarios

The simulations are performed for both free flowing and hazard (i.e. jammed) scenarios as 

illustrated in Figure 4.2 and Table 4.1 and Table 4.2 respectively. In the figure and tables:

■ VI refers to traffic effects recorded on the slow lane

■ V12 refers to traffic effects simultaneously recorded on both lanes 1 and 2 of the same 

carriageway ( slow and fast lanes)

■ V14 refers to traffic effects recorded on two slow lanes 1 and 4 for traffic going in 

opposite directions

■ V I234 refers to the effects of all traffics simultaneously recorded on two carriageways

V4 V3 V2 VI

Figure 4.2 - Schematic representation of measured lanes

The traffic jam scenarios were simulated by reducing the inter-vehicle spacing for all 

vehicles (between subsequent axles) to a standard 5 m. This was chosen as being 

representative of typical congested or slow-moving traffic conditions in accordance with 

the original studies (Bruls et al. 1996a, Calgaro 1997, Prat 1991).
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Table 4.1 - Type of traffic data used in free flowing simulations

No. of Lanes in Bridge <Scenario Lane No. 2 Lane No. 3 Lane No. 4

1 VI VI

2* V12 VI V2

2^ V14 VI V4

3 V124 VI V2 V4

4 V1234 VI V2 V3 V4

Table 4.2 - Type of traffic data used in jammed flow simulations

No. of Lanes in Bridge , Scenario Lane No. 1 Lane No. 2 h m e N o .3  ■ Lane No. 4
■ . .................., . . , i

1 VI VI

2 V14 VI V4

3 - - -

4 V1234 VI V2 V3 V4

Influence Surfaces

It was decided in the original studies that the imposed traffic loads should be applied to 

‘representative’ influence lines and surfaces, corresponding to:

• longitudinal and transverse bending moments;

• torsion in beams;

• normal and shear forces in beams;

• concentrated effects in transverse cross beams.

The longitudinal influence lines are illustrated in Table 4.3.

The influence lines are exact functions in contrast with the traffic loading, which can only 

be described statistically.

Influence surface A, which is represents axial force, is employed to estimate the total load

on part of the carriageway. Influence surface B corresponds to the bending moment at

mid-span of a simply supported beeim. Influence surface C corresponds to the maximum

bending moment at mid-span of a symmetrical fixed beam with a variable second moment

of area. In order to increase the surface peak, it was assumed that the ratio between the
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moments o f area at mid-span and at the ends was very small. The law of inertia, l{x),  

being taken as:

/(x)
with K  =

Equation 4.1

Table 4.3 - Influence lines used in simulation

m e e t y * | i f e i i c e  su rface  " =

A) Normal Force (16) 

N(x,y) =1 

0<x<L; 0<y<l

B) Bending Moment (11) 

M(x,y) ^x/2  

0<x<L/2; 0<y<l

C) Bending Moment (12)

x ' x ' 
M (x ,y )= ------.  + ^

0<x<L/2; 0<y<l

D) Bending Moment (13)

,  . 3x^ Sx"* 6x^ 
-  L ' -

0<x<L; 0<y<l

vx
E) Shear Force Max(I4,I5) 

V(x,y)=x/L if  0<x<L/2 

V (x,y)=x/L-1 ifL/2<x<L

F) Torsion

T(x,y) = (l-x/L)(y-l/2) 

L/2<x<L; V2<y<\

Thus as X ->  0; 0 ; l[x)  oo i.e. the moment of area at the end o f the cross

section is large relative to the mid-span value. Influence surface D corresponds to the

bending moment at the end o f a fixed beam similar to the above. Influence surface E
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corresponds to the shear force at mid-span of a simply supported span. Influence surface F 

corresponds to the torsion moment at mid-span of a simply supported beam (positive part 

of the surface).

In the simulations, nine span lengths were considered: 5, 10, 20, 30, 50, 75, 100, 150 and 

200 m.

Traffic Simulation and Load Effect Calculation

The simulations were performed using the program CASTOR-LCPC developed at the 

Laboratoire Central des Fonts et Chausees. Loads effects were calculated, for the traffic 

samples described, as the program moved the vehicles along the bridge, lane by lane, 

preserving the axle loads and spacing as well as the vehicle spacing recorded on site or 

simulated, depending upon the simulation scenario. Level crossing histograms were 

calculated in real time during the simulations. The histogram is obtained by counting the 

number of times that the load is recorded exceeding a given threshold value. This is 

repeated for a complete range of threshold values and the results presented in the form of a 

histogram, as illustrated in Figure 4.3. These level crossing histograms are a useful means 

of extrapolating a load effect to a period longer than the recording period. Level crossing 

histograms were compiled in this way by CASTOR-LCPC program for all simulations.

Prediction o f  Extremes

The occurrence of any load or load effect on the bridge may be discretised and described 

by a stationary time series (Xj), for i=l,..,n, where the i* lorry has a gross weight Xj (Flint 

and Jacob 1996). Yn and Yt denote the random maximum load and load effect occurring 

after N events or during the reference time period T, respectively. The return period of any 

value x, Rx is the mean time interval between two exceedances of the value x by the 

stationary time series Xi, i=l,..n, or the mean time elapsed before the first exceedance of x.

Thus it may be shown that if y« is the (1-a) fractile of Yn, for N and T +co, the return 

period is given in Equation 4.2 as (Jacob 1991):

-T
Lri\-a) a

if 0 < or «  1
Equation 4.2
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The relationship is independent of the value of and of the common density of all of the

random variables Xj.

9.E+04
8.E+04
7.E+04

 ̂ 6.E+04
g 5.E+04 s
S” 4.E+04 
 ̂ 3.E+04 

2.E+04 
l.E+04 
O.E+00

Figure 4.3 - Level crossing histogram (DDN)

The characteristic values for extrapolation of the traffic effects, i.e., the values 

corresponding to a specified probability of non-exceedence during a conventional 

reference period, were determined such that the probability of exceedance during the 

design life, T = 100 years, was calculated with a 0.9 fractile. Thus, from Equation 4.2, a 

return period of R = 1000 years is required for prediction of the characteristic extremes.

The return period defined in Equation 4.2 may appear illogical in comparison with the 

design life of a structure. However, it should be remembered that, in itself the return 

period has no physical meaning, it is simply a mathematical tool by which one links a 

specified probability to a reference period. To specify a return period equal to the design 

lifetime of the structure would be to ignore the effects of model and statistical uncertainty 

inherent in a process, which employs measured data recorded over a limited period to 

determine characteristic effects. In addition, specifying a return period greater than the 

reference period entrains a degree of safety into a prediction, which must take some 

account of future traffic growth.

+o +
O
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w
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It is observed that the difference in predicted characteristic extremes attenuates with 

increasing return period. Figure 4.4 illustrates the average % difference in the 

characteristic extreme load effect predicted between consecutively increasing return 

periods. The load effects calculated are for the influence lines illustrated in Table 4.3 

subjected to imposed loads of traffic scenarioVl-fi'ee flow (see Table 4.1). The largest % 

difference is between the predicted extremes from 1 week to 1-year. Significant 

attenuation is noted with increasing return period. In addition, it is found that the 

differences are relatively independent of span length and flow scenario.

100

^  10
0£asu
>

01)o

-♦  - 2500 yrs — 1000 yrs

-o  • 200 yrs -----20 yrs

- -A - 1 yr

A-A'
.•A ,

0 50 100 
Span [m]

150 200

Figure 4.4 - Average % difference in characteristic extremes

Previous studies have demonstrated the relative insensitivity of the predicted extreme to 

the method of prediction (Jacob 1991). For this study, as in the original work. Rice’s 

formula for extrapolation to the characteristic extreme was employed.

Rice’s Formula

Extrapolations of the extreme load effects were performed, under the assumption that the 

load effect behaves as a stationary Gaussian process, X(t). The hypothesis of stationarity is 

necessary as the extrapolation may not take account of any future changes in traffic 

patterns, which might reasonably be only expected to result from human decision and road 

and transport management strategies. The assumption of normality is used to derive the 

theoretical upcrossing distribution, which is asymptotically normal for large values, i.e.
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above a given threshold, (Leadbetter et al. 1983). The level crossing distribution given by 

Rice’s formula is not itself normal but has a normal tail, which governs the extrapolation. 

It is written as:

2,n cj.

x — x

2(J
= A", exp {x - my

Equation 4.3

This distribution is used for the extrapolation of the extreme values. Thus one only has to 

verify that the distribution of the effects has an asymptotically Gaussian decreasing 

behaviour. In order to do so the program CASTOR-LCPC adjusts the normal density 

proposed in the right hand side of Equation 4.3 on the upper part of the level crossing 

histogram computed during the simulation. A typical form is illustrated in Figure 4.3. The 

parameters k, m and a  are calculated at the optimal censoring level (i.e. optimal number of 

class intervals to be used in the fit) determined by the Kolmogorov K-test to a specified 

confidence level (Cremona 1989, 1995, 1998). Then the extrapolation gives the value of 

the effect ‘ a ’ having a specified probability of exceedance during the period T, knowing 

that the duration of the traffic used for the calculation is x ;

/ X  T  Equation 4.4
p[a) = a . -

which gives:

^  Lia = w±(T 2In —  
V

+ if  a > 0 - i f  a < 0
Equation 4.5

It is important to note that a number of alternate mathematical extrapolation techniques 

were employed for comparison, in the background studies to the original model calibration 

(Jacob 1991). However, in spite of differences in these methods the differences between 

the extrapolated values proposed for the same traffic scenarios did not exceed 20 %, which 

while significant is likely to be of the same order of magnitude as the inner model

uncertainties.

112



U s e  O f  W im  D a t a  F o r  C o d e  C a l ib r a t io n

Simulation Assumptions

The results of the simulations outlined in Table 4.1 and Table 4.2 are presented. These 

simulations were performed by the author using the same Auxerre traffic files used in the 

original background studies. The simulation and extrapolation procedures outlined in 

background Eurocode documents have been followed as closely as possible in the new 

simulations. This permits a comparison of the results presented in Annex C of the 

background studies document (Calgaro 1997). However, in some cases details are vague 

and therefore some subjective decisions were required. It is considered important to 

outline the assumptions made at this point:

(a) The return period for extrapolation was chosen as per the original studies as 1000 

years. It was presumed that, in each year, 50 weeks with traffic similar to that 

recorded could be expected (i.e. allowing for national holidays, demonstrations etc). 

As such the 1000 year return period was approximated as 50,000 weeks. It is unclear 

if a similar assumption was made in the original work, and if so what number of 

working weeks were assumed per year. It should be noted however that the sensitivity 

of the extreme to variations in return period decreases with increasing return periods.

(b) In performing simulations using CASTOR-LCPC a ‘PAS’ or sampling rate for 

calculation of load effect is required to be specified in the input. The PAS rate 

determines how frequently load effects are calculated in the time domain, for a vehicle 

train traversing the influence surface and consequently the composition of the level 

crossing histogram. Studies by the author have shown some sensitivity in the level 

crossing histogram to the selected PAS rate. No information was available on the PAS 

rates used in the original studies. In the new studies the rates considered most 

appropriate to the influence surface shape and length were chosen, with values 

ranging from 5-50 ms being generally adopted. Small discrepancies between the 

predicted extremes in the original and new studies may be expected from this in some 

cases.

(c) CASTOR-LCPC requires that the statistical parameters of the Level Crossing 

histogram be entered for each load effect on input (i.e., the frequency bins for the 

distribution). Again studies by the author have demonstrated sensitivity of the 

extrapolated extreme to the selected frequency bins. This sensitivity may be expected 

to cause some small discrepancies between the results of the new and old studies.
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(d) The new simulations were performed using a new Windows based version of the 

software CASTOR-LCPC. In addition the extrapolations, although performed as in 

the original studies by fitting the “Rice ftanction” to the level crossing histogram, 

employed a new optimisation routine developed at the LCPC (Cremona 1998).

Taking these factors into consideration, some deviation between the resuhs o f the new 

simulations and those o f the original work are expected.

Comparison of Results

Figure 4.5 to Figure 4.8 present a comparison of the results of new simulations with those 

performed in the original background studies, for the free and jammed flow scenarios 

listed in Table 4.1 and Table 4.2. For each flow scenario, the % difference between 

characteristic values for the original and new studies were calculated as:

.100CalihoiD
Calib,OLD 1 Equation 4.6

In addition to performing the simulations outlined in Table 4.1 and Table 4.2 using the 

Auxerre 1986 data, the simulations were performed using data recorded on the A31 in 

1997. This data was used as it comes from a modem WIM site close to the site where the 

original data was collected on the A6. The results of all simulations are presented in 

Appendix A. A comparison of the Gross Vehicle Weight (GVW) distributions of the sites 

is presented in Figure 4.9.
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Figure 4.5 - (a) VI, (b) V12 Free Flow
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Figure 4.6 -  (a) V14, (b) V124 Free Flow
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Figure 4.8 -  (a) V I4 Jam, (b) V I234 Jam

From Figure 4.5 to Figure 4.8 and Appendix A it is clear, that in certain cases, differences 

exist between the resuhs o f the original and new simulations. As discussed, some 

deviation was to be expected. However for certain influence surfaces, differences in 

excess o f 10% are recorded. To explain these differences one must consider the following 

factors:
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1. Load Model LM l is not relevant for short spans. It was supplemented by Load Model 

LM2 (single axle model) to correct the local magnification o f the effect due to the axle 

impact on short structural elements. Calibration o f LM2 is not considered here. 

Currently, the value of the cpiocai (Table 4.8) factor has not been conclusively 

established. In addition, the notional problem concerning the appropriate method for 

extrapolation o f an extreme effect due to an independent special vehicle has not yet 

been looked at in detail.

2. Previous reports have shown that influence surface A (total load) characterises the 

global load (relevant for the cumulative effect of the axles on the structure) more than 

a particular effect (i.e., relevant for the magnitude and the location o f the load on the 

bridge)

3. The results for influence surface E (shear force at midspan), depend on the local or 

semi-local application conditions of the load. However, in simulation CASTOR does 

not always ensure that axles are placed at the maximum influence ordinate, 

consequently, maxima/minima may be missed. It is noteworthy that mid-span shear in 

a simply supported beam is rarely a governing design criterion.

4. It is stated in some background documents that some technical smoothing of the 

results o f simulations was required. The mathematical models used are not presented. 

Perhaps if  the same smoothing algorithm were used on the results of the new 

simulations, better agreement might be obtained.

Subject to these considerations, analysis of the results contained in Appendix A would 

suggest that the traffic as simulated is substantially correct, in that for relevant influence 

surfaces reasonable agreement between the results of the original and new simulations is 

recorded.

From Figure 4.9 it is evident that the upper tail of the second mode, is centred around 410 

kN in each case. The distribution demonstrates smaller deviation for the new traffic 

records, perhaps because o f an increase in the accuracy of modem WIM systems. In 

reference to Appendix A, generally for free flowing simulations the modem data provides 

characteristic load effects similar to those for the original data. However, for jammed flow 

scenarios the A31 data provides characteristic effects, which are consistently, less than 

those of the A6 data. A probable explanation for this reduction is that of the increased
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accuracy of modem WIM systems. The results of these simulations for each influence 
surface may be seen in Appendix A.

Density

0.066  '

0.005  «

0.004  «

0.003  «

0 .0 0 2  «

0.001  «

4.3.2 Assessment of LMl Using Modern Data

The second stage of this study involved a re-assessment of the target values specified for 

LMl in the original calibration studies using modern WIM data. Significant advances 

have been made in improving the accuracy of WIM systems in recent years and it was 

decided to assess the effect that these improvements might have on the target values. In 

addition it was desirable to determine if changes in traffic patterns might have been 

experienced in the 10 years since the original calibration studies and, if so, to quantify if 

such changes might influence the original target values. Hence, modem European WIM 

data was collected from a number of representative sites and used in simulations similar to 

those employed in the original calibration studies. In addition, once more an attempt was 

made to replicate the results of the original studies using the Auxerre data. Clearly, 

comparison would only be appropriate if the original results could be reproduced with 

some reasonable degree of confidence. The results of simulations performed with the new 

and the original Auxerre WIM data were then compared with the results from the original 
studies.

Samples and Flow
The traffic samples obtained, outlined in Table 4.4, consisted of WIM recordings made in 

France, on the following motorways and national routes:
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• motorways A1 and A2 from Paris to Lille and Brussels,

• motorway A31 at Bulgneville, between Nancy and Dijon carrying the traffic 

between Benelux and North-West Germany to South-East France, Italy and 

Spain,

• motorway A6 at Chalon from Paris to Lyon, carrying the traffic of the A31 and 

from North-West France and the Paris region to South-East France, Italy and 

Spain,

• main highway RNIO at Trappes, from Paris to Chartres, Tours and Bordeaux. 

For each continuous WIM record, Table 4.4 indicates the number of lanes monitored, n, 

the actual number of lanes at the site, N, the number of measured directions and the total 

number of recorded trucks. The total observed mean truck flows (i.e., vehicles with gross 

weight greater than 35kN) are also given in the table. 1900 to 5000 lorries per day were 

recorded on the slow lanes, while on the fast lane, these figures dropped to between 100 

and 700 vehicles per day, 4 to 8% of the total heavy vehicle flow. In performing 

simulation and extrapolation to extreme values of load effect, the period of recording must 

be sufficient to provide for all possible loading patterns to which the structure might be 

subjected during its design life. Although simulations have been performed for all of the 

modem traffic obtained, results will be presented here only for the data where at least 1 

week was continuously recorded.

Table 4.4 - Traffic data description (N: number of lanes, n: number of lanes monitored)

l | «
■

ICS

M tiw

Measured

period (trucks/

day)
A1 1996 6 4 2 9/9-14/9 6 67482

11935a i 1997 6 4 2 27/1-30/1 4 48938

a i 1997 6 4 2 22/10-28/10 7 86455

A2 1996 4 4 2 9/9-16/9 8 33683 4400

A2 r  1997 4 4 2 27/1-30/1 4 19149

A6 1997 6 4 2 20/10-22/10 3 30837 10280

A31 1997 4 4 2 9/10-22/10 14 57106 4080

RNIO 1997 4 1 1 17/1-24/1 7 8404

1275 

(1 lane)

RNIO 1997 4 1 1 19/9-26/9 8 10584

RNIO 1997 4 1 1 3/12-10/12 8 10300
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Traffic Scenarios

Traffic records only give information on normal traffic. It is clear, however, that the most 

critical situations for long spans appear when the traffic is congested while for short spans 

(i.e. <40 m) the heaviest individual axle (or group) or vehicle is dominant. Therefore, it 

has been necessary to combine realistic free flowing and jammed traffic scenarios 

(arrangements of vehicle, traffic types). It is important for subsequent extrapolation to 

ensure that the duration of each simulated scenario be retained for comparison with its 

expected frequency during the lifetime of the bridge. In the original calibration study, 

several authors independently studied the requirements of the target values and proposed 

various traffic scenarios (Calgaro 1997). The free flowing and mixed scenarios they 

proposed are detailed in Table 4.5 and Table 4.6 respectively. The scenarios modelled in 

these re-calibration studies to determine target values are those which were performed 

originally in Paris, as highlighted in the tables.

It was important in the generation of scenarios to ensure overlapping between successive 

vehicles was avoided. To this end a check was made in the program to ensure a minimum 

spacing of 5 m between successive vehicles in both free and congested flow conditions.

Influence Surfaces

Identical influence surfaces to those employed in the background studies were used in the 

simulations. The main longitudinal influence lines are indicated in Table 4.7. In the 

simulations nine span lengths were considered: 5, 10, 20, 30, 50, 75, 100, 150, 200 m. In 

addition to these theoretical influence lines shown in Table 4.7, although not employed in 

the original calibration studies the influence surface for torsion (see Table 4.3) was 

employed. Also, lateral distribution of load (e.g. in composite structures) was considered 

in simulations which allowed linear transverse variation of the influence surface.

Extrapolation

Extrapolation of the level crossing histograms was performed as discussed in section 4.3.1 

to a return period of 1000 years presuming 50 working weeks per year. All traffic 

scenarios were extrapolated.
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Table 4.5 -  Free flowing scenarios

^ ‘Code J P .a

•

Aachen

1 F I A6 Slow lane 

25%  lorries

A6 recorded 

traffic

Slow lane

A6 recorded traffic A6 Slow lane 100% 

o f lorries

V=60-80kmh

2 F2 2*(A6 Slow 

lane)

25%  lorries

2(A6-V1+V2) 1“* lane;

sam e as form er

2"“ lane

daily m axim um  of 

1®' lane

1*‘ lane 

Sam e as form er 

2"“ lane 

A6 slow lane 

32,2%  of lorries 

V=80kmh

3 F3 1*‘ and 2"“' lanes:

same as form er

3’̂'* lane

A6 daily m axim um  

012"“ lane

4 F4 2(A6-V1+V2) 

10% lorries

1®‘, 2"‘‘ and  3'̂ '* lanes

sam e as form er

4*'' lane

A6 2 " ‘‘ lane daily 

average

1*‘ and 4*'' lanes

A6 slow lane

32,2%  of lorries

2"*̂  and 3'̂ ’' lanes

A6 2"'' lane 9,2%  of 

lorries

V=10kmh
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Table 4.6 -  Congested flowing scenarios

Maximum of: - 

A6 slow lane 

100% of lorries 

d=5m

-A6 traffic jam 

with 25% of 

lorries

100% of lorries

d=5m

A6 Slow lane 

100% of lorries 

d=5m

mi

A6 Slow lane 100% of 

lorries

V=10-20kmh

C2 2*(A6 traffic 

jam)

25% lorries

d=5m

1*‘ lane: 

same as 1*‘ one 

2"'* lane:

FI

r ‘ lane: 

same as 1*‘ one

2"“ lane:

maximum of:

-A6 daily max

-medium traffic 

jam with cars

C3

C4

1’* and 2"'̂  

lanes:

same as the 

former ones

3'̂ “' lane:

F2-F1

1*‘ and 2" lanes:

same as the 

former ones

3'̂ ‘‘ lane:

A6 slow lane 

daily maximum

4*(A6 slow 1", 2"“ and 3’̂“

lane) lanes:

10% of lorries same as the

former onesd=5m

4'” lane:

F2-F1

r\ 2"“ and 3̂ “ 

lanes

same as former

4“’ lane

A6 2"'* lane daily 

average
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Table 4.7 - Influence lines used in simulation

Nuntbw I "Description of the Iniliieiice LW

.‘1. .... . . .

11,12 / \ Maximum bending moment of a simply 

supported and double fixed' span, 

respectively.

13
Maximum bending moment at the 

support of the former double fixed 

beam'.

14,15
Maximum and Minimum shear force at 

midspan of a simply supported beam

16 --------------- Total Load

17,18 / \ A Minimum and maximum bending 

moment at mid-span of the first of two 

spans of a two span continuous beam 

(the critical span only is loaded).

19 Continuous support moment of the 

former two span beam.

with an second moment of area strongly varying between mid-span and the ends

Dynamic Amplification

The dynamic interaction between free flowing vehicles and the structures they traverse 

induces an amplification of load effects. This amplification is accounted for in this study, 

as in the original work, through the application of ‘‘dynamic amplification factors' 

(DAF’s) to the calculated static load effects. Dynamic amplification factors were applied 

to the extrapolated load effects of free flowing simulations as outlined in Table 4.8 and in 

Figure 4.10, with;

Estat the characteristic static effect of the recorded traffic 

Edyn the calculated dynamic effect of the traffic

(Pcaiib the global dynamic amplification factor resulting from numerical simulations
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(Piocai the complementary amplification factor related to local effects

Table 4.8 - Dynamic amplification factors

Typ..fT r.«ic I%i!uainic Effect

Congested 1 All Spans EE _ ŝtat * 1 1 f) 
1.10

2 and 4 All Spans Ep _ * 1 
1.10

Free Flowing All Lanes L> 15m E
Edy„ = (Pcam

All Lanes L < 15m

The factor represents the dynamic amplification of the considered effect and is

dependent upon the span length and the type of influence surface. The factor was 

evaluated in the original studies by comparison with the static effect (Bruls at al 1996b); 

consequently, the maximum dynamic effect does not necessarily correspond to the 

maximum static effect (Calgaro 1997).

It is observed in Table 4.8, that, in addition to multiplying the static load effects by a DAF 

as prescribed in Figure 4.10, the effects are also divided by a factor of 1.1. This reduction 

of the static effect was incorporated as it was considered that the actual traffic records 

included some kind of dynamic effect, which could be characterised by a mean 

magnification factor equal to 1.1.

Dynamic amplification factors reported by Prat (1991), as illustrated in Figure 4.10 have 

been employed. In the case of mixed (congested/free) flow, the amplification factors were 

applied to the influence surface in the free lane. No dynamic amplification of congested 

traffic was performed as, due to the slow progression of vehicles, it is presumed that no 

amplification occurs. However, division of the static load effects induced by jammed 

traffic by the mean magnification factor (i.e. 1.1) was performed, in line with the original 

calibration exercise, to account for inaccuracies in the measured data.
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Figure 4.10 - (a) One loaded lane (b) two and four loaded lanes (c) values of

Comparison o f Results

The following figures present a comparison between:

• the initial target values calculated in the original calibration in 1988 using the Auxerre 

1986 data in the scenarios outlined in Table 4.5 and Table 4.6.

• a re-estimate of those target values using the same data and attempting to re-perform 

the aforementioned scenarios

• an envelope of target values calculated using modem WIM data

• the design values prescribed by LMl

Figure 4.11 -  Figure 4.26 demonstrate the variation that exists between the results of the 

simulations performed in the original calibration using the data of Auxerre 1986 and 

simulations performed by the author, which have attempted to replicate those results. 

Figure 4.27 illustrates the % difference between the envelope of load effects for 1,2, 3 and
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4 lanes of traffic flow constructed from simulations performed by the author in 1998 using 

the original Auxerre 1986 data and the results of the original exercise performed in 1988. 

It is observed that, for the 1-lane case the results of modem simulations using the Auxerre 

86 data are generally higher than the original calibration results while for 2, 3 and 4 lanes 

the results are generally lower. Significant differences exists in the 3 and 4 lane cases for 

the short span (i.e. < 40 m) case. However, bearing in mind factors discussed previously, 

these results are considered acceptable. The results of all of the simulated scenarios are 

detailed in Appendix B.
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It is clear from Figure 4.11 -  Figure 4.26 that LMl provides safe upper bound design load 

effects with respect to the modem WIM load effect envelopes. It is observed that in some 

cases the characteristic load effects of the original calibration study (i.e. target values) are 

in excess of the prescribed design effects. However, these excesses were considered 

acceptable in the original calibration and so there are no grounds to reject them here.

Overall, based upon the results of simulations performed, it is reasonable to conclude that 

the normal load model LMl of ENV 1991-3, Traffic Loads on Bridges, is sufficient for 

modern traffic.
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Figure 4.27 -  % Difference (a) 1 Lane, (b) 2 Lane, (c) 3 Lane and (d) 4 Lane

4.4 DISCUSSION OF RE-CALIBRATION

The re-calibration exercise demonstrated through exhaustive simulation, the adequacy of 

the normal load model, LMl, prescribed by ECl for the design of short and medium span 

highway bridges (i.e. <200m) of varying structural and geometric configuration. The 

final report (O’Cormor 1998) details all of the assumptions made (e.g. flow scenarios, 

return period etc.) as well as the various procedures employed in extrapolation to 

characteristic values, incorporating dynamic interaction etc. Thus, it provides details of a 

repeatable and reproducible process for anyone interested in verifying the results of the 

exercise or in the calibration of their own national code through the use of WIM data.

The uhimate aim of this study was to draw conclusions with respect to the adequacy of 

LMl under current loading conditions, which it does. However, issues such as the 

adequacy of subjective flow scenario assumptions to accurately model current traffic
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trends; critical load combinations; evidence of traffic growth/evolution; the incorporation 

of dynamic amplification factors in the simulation process; the influence of the accuracy 

of WIM data on the predicted extreme etc. require further discussion. The following 

discussion will attempt to address these issues in relation to load effects II and 19. 

Typically, these effects prove critical for a calibrated load model (Prat 1991). As such they 

are of primary interest in the following discussion.

4.4.1 Simulation Assumptions

The determination o f target values against which a traffic load model is calibrated, 

requires subjective decisions to be made concerning the flow scenarios to which the 

structure will be subjected during its design lifetime. Table 4.5 and Table 4.6 detail the 

scenarios selected for the calibration of ECl LMl. Although not the most severe which 

might have been selected, these scenarios are considered sufficiently robust to model the 

loading combinations to which a mainland European highway structure vdll be subjected 

during its design lifetime. Clearly, opinions may differ concerning the appropriateness of 

the selected scenarios as evidenced by the differing suggestions proposed by the research 

centres at Liege, Paris, Pisa and Aachen indicated in the tables. A comparison of the C4 

target values for II and 19 is presented in Figure 4.28(a) and (b) respectively.

- ^ P a r i*
» Pna 
• Aachea 

• Target Mean

-7.00E+04 •

20 600 40 80 100

5.00E-HM -

2000 100 ISO50
Span |m] Span (m|

(a) (b)

Figure 4.28 -  Comparison of C4 (i.e., four lanes of mixed flow) target values from

various centres (a) II, (b) 19

The final target values proposed by the different centres were used to determine '‘agreed’

mean values against which the final load model was calibrated (Prat 1991, Jacob 1991).

Typically these agreed values were similar to the Paris simulation results. It is for this
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reason that these scenarios have been used in this thesis. In the course of the original work 

some questions were raised concerning the quantity of WIM data required to ensure that 

the scenarios are indeed sufficiently robust to model the huge number of loading 

combinations to which the structure will be subjected during its design life. This issue will 

be addressed in a subsequent chapter.

4.4.2 Critical Load Combinations

The critical loading combinations, that is, the arrangement of vehicles on the structure 

which produce the maximum value of a given load effect, are also of interest. It is clear 

from Table 4.5 and Table 4.6 that for one and two lane structures, a combination of free 

and mixed flow produces the envelope of load effect. In general, free flow is found to 

dominate for spans < 40w . In such cases, the loading scenario produced by the free and 

congested flow are similar, that is, one or two heavy vehicles on the span per lane. 

Typically, for two lane structures, the characteristic values are produced by vehicle 

meeting events occurring close to the maximum influence ordinate (O’Connor et al. 1996, 

Grave et al. 2000). Thus, the extrapolated characteristic values from free and mixed flow 

scenarios are similar. However, the magnification of the free flowing effects, to allow for 

the dynamic interaction between the vehicles and the structure, significantly increases the 

magnitude of the characteristic values. Thus, it is the free flowing effects which produce 

the envelope values for load effects on one and two lane bridges with spans < 40w . The 

envelope values for spans > AQm are provided by the mixed flow scenarios. This is to be 

expected due to the increased number of closely spaced heavy vehicles in the congested 

lane and the attenuation of the dynamic amplification factor with increasing span length 

and number of lanes. The envelope effects for three and four lane structures are produced 

by mixed flow.

Table 4.9 -  Table 4.12 detail the composition of the flow trains inducing the maximum 

value of load effect for influence surface II, for four lanes of mixed flow (C4) with spans 

from 50-200m. The scenario C4 is selected for discussion, as other mixed scenarios are a 

derivation from this parent. As indicated in Table 4.6, this scenario is composed of one 

jammed lane, excluding vehicles of gross weight < 35kN and three free flowing lanes. It 

IS clear from Table 4.9 that the jammed lane governs the critical load case, with the free
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flowing lanes providing vehicles in or around the maximum influence ordinate in meeting 

events with the jammed flow.

Table 4.9 -  Lane 1, composition of max scenario C4, II

Span Lane 1
Vehicles G V W (t)-( /^ , <T) l ” and Last Axle Position (m)

50 5x1,5x1,4x1 

Sxl,5xl,5xl,5xl
56,60,48-(55,5.3) 

37,39,47,32-(41,5.3)

39-49,23-34, 7-17 

49-Off,32-44,15-27,Off-10

75 5xl,5xl,5xl,4xl,4xl

Sxl,Sxl,5xl,5xl,5xl
34,57,40,46,39-(44,8.2) 

26,37,39,47,32 -  (38,6.7)

71-Off, 55-66, 50-39,34-23,18-4 

67-Off,50-62,32-45,15-27,Off-10

100 2xl,4xl,2xl,5xl,5xl,4xl,5xl

5xl,5xl,5xl,5xl,Sxl,5xl,5xl

20,52,15,51,49,46,49-

(45,10.7)

42,37,35,36,38,39,31 -  (37,2.3)

94-off,78-89,68-73,53-63, 

38-48,22-33,6-17 

93-Off,76-88,59-71,42-54,25-37, 

9-20,4-Off

150 5xl,5xl,4xl,5xl,5xl,5xl,5xl,4xl, 

2x1,5x1

Sxl,Sxl,Sxl,5xl,Sxl, Sxl,Sxl

,5xl,Sxl,5xl

20,49,48,53,49,51,54,43,16,36 -  

(44,10.5)

14,38,36,42,3 7,35,36,38,39,30 -  

(36,5.4)

138-0ff,123-133,108-l 18,92-103, 

76-87,60-71,44-55,28-39,20-23, 

4-15

146-Off,129-141,112-124, 

94-107,77-89,60-72,43-55, 

26-38,10-21,5-Off

200 5x!,2xl,2xl,4xl,4xl,4xl,4xl,5xl,

4xl,5xl,5xl,3xl,4xl,4xl

4xl,5xl,5xl,5xl,5xl,5xl,Sxl, 

5x1,5x1,5x1,2x1,5x1,Sxl

47,4,5,41,26,45,41,35,35,50, 

48,38,13,30-(35,13.2)

27,30,49,32,43,35,39,27,37,40,4 

,38,42-(35,8.6)

192-Off,183-187,175-178, 

160-170,145-155,129-140,

113-124,97-108,82-92,66-77, 

50-61,40-45,21-35,5-16 

191-Off,173-186,154-168,

13 7-149,120-132,103-115,86-98, 

68-81,51-63,33-46,25-28,8-20, 

3-Off

Bold = 1986 A6, Italics = 1997 A31

The tables detail the composition of the flow trains for both the Auxerre 1986 and A31 

1997 data, thereby permitting comparison. The A31 data is chosen as it was recorded at a 

site close to the original recording at Auxerre in 1986 and as such is the most suitable for 

comparison. It is important to note the differences in jam composition in lane 1. Clearly, 

an apparent shift in the proportion of 5 axle vehicles has taken place between 1986 and 

1997 with a large increase in the frequency, as will be further discussed in the next
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section. In addition, the mean and standard deviation of the gross vehicle weight are seen 

to reduce.

Table 4.10 - Lane 2, composition of max scenario C4, II

Span Lane 2

Vehicles GVW (t) 1“ and Last Axle Position (m)

50

- - :
75

- - _

100 5x1 49 67-81
5xl,Sxl,5xl 38,38,34 51-56,33-45,15-28

150 4x1,5x1 48,41 113-124, 71-82
5xl,5xl,5xl 38,38,34 81-93,63-75,42-54

200 5x1,4x1,4x1,5x1,5x1 56,38,42,27,51 168-177,115-126,98-109,85-96,

29-40
5x1 48 129-141

Table 4.11 Lane 3, composition of max scenario C4,11

Span Lane 3

Vehicles GVW (t) 1*‘ and Last Axle Position (m)

50 4x1 54 20-30

5x1,5x1 48,40 25-37,7-19

75 4xl,5xl 52,60 54-65,29-41

5x1,5x1 48,40 35-47,17-29

100 4x1,4x1 36,35 86-97,38-49

150 3xl,5xl 24,39 104-109,49-60

200 - - -
5xl,5xl,5xl,5xl,5xl 39,53,37,45,34 160-170,106-116,89-101,53-65,

15-25

This may point to an increase in the accuracy of modem WIM data, as discussed in section

4.3.1 in reference to Figure 4.9. This apparent increase in WIM accuracy is also evidenced

by Figure 4.29 which indicates the equivalent uniformly distributed load kNlm^ (taken as

the total load on the span which induces max II for scenario C4) as a fimction of span
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length. Clearly, the total load on the span, which induces the maximum value of II for 

scenario C4 has decreased from 1986 to 1997, with a consequent reduction in the 

characteristic load effects found using modem WIM data for all load effects and flow 

scenarios, as evidenced by Figure 4.11 -  Figure 4.26. As seen in Table 4.9 -  Table 4.12 

and discussed in the following section, this reduction may in part due to increases in WIM 

accuracy.

Table 4.12 - Lane 4, composition of max scenario C4, II

Span Lane 4

Vehicles GVW (t) l “ and Last Axle Position (m)

50 5x1 53 18-29

5x1,5x1 48,40 25-37,7-19

75 5x1 53 36-47

5x1,5x1 48,40 35-47,17-29

100 5x1,5x1 41,53 47-59,19-30

5xl,5xl,5xl 34,38,38 72-85,54-66,36-49

150 5x1 46 59-73

5xl,5xl,5xl 34,38,38 102-114,84-96,66-78

200 5x1,5x1 47,56 104-115,53-63

5x1 41 100-112

60

50
—  Aux 1986

E
A 3 1 199740

ECl LM l
0 3 0  - - V -

73 \
. 2 2 0  - T -  - ^
o \
z

10 - V--*
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Figure 4.29 - Notional UDL (kN W )
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4.4.3 Assessment of Traffic Evolution/Growth

One of the reasons for performing the reassessment studies was to determine if changes in 

traffic pattern were evident and consequently, to assess the implications for the 

characteristic values. Figure 4.11 -  Figure 4.26 have demonstrated the reduction in the 

characteristic values produced by modem WIM data. It has been suggested in the 

preceding section that this reduction is due in part to an increase in the accuracy of WIM 

data. Other possible factors responsible for a reduction in the target values are changes in 

traffic patterns, that is, traffic composition and growth or evolution.

Figure 4.30 illustrates the composition of the data recorded at Auxerre in 1986 (A86) and 

on the A31 in 1997. The classification system used to breakdown the traffic may be seen 

in Table 5.1.

It is clear from Figure 4.30 that a change in the proportions of the various vehicle classes 

has taken place in the ten years since 1986. This change is most noticeable in the A112 

and A113 categories, with a large increase in the proportion of A113 vehicles and a 

corresponding decrease in the proportion of A112 vehicles.
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Table 4.13 -Variation in statistical moments for vehicle classes A112 and A113

Vehicle Class A112 Vehicle Class A113

- I  1 1 1 I I  I I I

^2 G2 ^2 02

1986

(A86)

216 62 380 81 224 68 435 67

1997

(A31)

224 65 435 66 229 65 401 39

The significance of this change has been discussed with reference to Table 4.9 -  Table 

4.12. Also included for comparison in Table 4.13 are the statistical moments of the 

bimodal gross vehicle weight distributions of the class A112 and A l l 3 vehicles as 

recorded in 1986 and 1997. It is significant to note again (as per Figure 4.9) that for the 

A ll 2 class, although the mean of the second mode increases, the scatter is reduced, while 

for class A113 both the mean and scatter of the second mode reduce. This reduction in the 

scatter of the second mode again suggests an increase in accuracy of WIM data in the past 

decade.

Additional information concerning changes in traffic volumes may be obtained from the 

distribution of inter-vehicle distances. However, as the modem data files contained no 

hundredth-of-second records and the Auxerre 1986 file provides only average speeds for 

each lane, it is impossible to draw any real conclusions in this regard. However, the 

implications o f these factors will be addressed through a theoretical study in the next 

chapter.

4.4.4 Dynamic Amplification Factors

One of the main issues of contention arising from the re-calibration studies has been the

application of dynamic amplification factors (DAF’s) to calculated static load effects

determined from free and mixed traffic flow simulations. In the re-calibration studies, as

in the original calibration, dynamic amplification factors were applied to the extrapolated

load effects as outlined in Table 4.8 and in Figure 4.10. A number o f issues may be raised
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concerning both the theoretical derivation and actual application of these amplification

factors to extrapolated static load effects.

1. The factor illustrated in Figure 4.10(a) and (b) was theoretically derived as the 

ratio between the dynamic and static values corresponding to the same fractile 

9 c a i =  ^ d y n (x - fr a c ti le )! at al 1996b). Howcvcr, clcarly the maximum 

dynamic effect will not necessarily correspond to the maximum static effect.

2. The factor is presented as a function of the influence surface, the span length and the 

number of lanes on the bridge. The factors take no account of the random variables 

describing either the vehicles themselves (i.e., their gross weight, speed, dynamic 

characteristics etc.) or of the relative dynamic interaction between the vehicles and the 

bridge. A computer program developed by Nowak et al. (1991) was used in previous 

studies to model the variation involved in the major parameters characterising the 

road, bridge and vehicle. Road roughness was modelled by a stochastic process with 

the characteristics based on actual data. The bridge itself was modelled as a prismatic 

beam. Two truck types were considered; a single unit and a semi-trailer, with their 

dynamic characteristics also based on measured data. The dynamic load was measured 

in terms of the static and dynamic deflections, calculated for various realisations of the 

parameters such as road roughness, truck weight, speed and bridge dynamics. 

Examples of the midspan static deflection and dynamic increment on midspan static 

deflection are illustrated on normal probability paper in Figure 4.31. The resulting 

dynamic increment is observed to be almost constant. The dynamic amplification is 

shown to be inversely proportional to the weight o f the vehicle (i.e., as the gross 

vehicle weight increases, the dynamic interaction reduces), as illustrated in Figure 4.32 

(Nowak et al. 1991, Nowak 1993, Nowak 1995, Bailey 1996).

The dynamic amplification factors used in the Eurocode re-calibration take no account

of this attenuation with increasing gross vehicle weight. An important implication

arises for short spans where it is the maximum vehicle or axle group weight, which

provides the maximum load effect (i.e., the 95-percentile value). As discussed, the

DAF’s prescribed by Eurocode workgroup 5 (WG5 1989) for the Eurocode calibration

were determined as the ratio between the dynamic and static values corresponding to

the same fractile, yet not necessarily the same loading event. Consequently, the
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dynamic impact factor applied to the maximum static load effect was probably induced 

by a vehicle of much smaller weight. The findings of the recent DIVINE (Dynamic 

Interaction of Vehicle and Infrastructure Experiment) (OECD 1988) project illustrate 

this point. The maximum dynamic amplification obtained for a single vehicle was 

found to be 2.37 times the static value. However, this was not the extreme static 

vehicle. Clearly, this approach leads to conservative estimates of target values for free 

flowing traffic on short spans.
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Figure 4.31 - Simulated static and dynamic deflections (Hwang and Nowak 1991)
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Figure 4.32 - Dynamic load vs. gross vehicle weight (Nowak et al. 1991)

The conservatism of the approach for multiple lanes is best illustrated in a short 

example: for a two lane, bi-directional, short span structure (<40 m) the critical 

loading case occurs when two vehicles meet on the bridge. The extreme static load
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over a period of one week will occur when two 35 tonne vehicles meet simultaneously 

on the span, resulting in a total load of 70 tonnes. When extrapolated to a larger time 

period, of say 50 years, this may lead to an extreme value 10 - 20% in excess of the 1- 

week value. The code suggests that a dynamic factor of 1.2 be applied to this value. 

This presumes that the vehicles’ dynamics are in phase and that full frequency 

matching (i.e., resonance) with the bridge structure is achieved. Clearly, this suggested 

an unrealistic scenario where a combination of a number of probabilities is performed. 

A more realistic method would take account of the probabilities o f arrival, vehicle 

frequency matching, vehicle - bridge interaction etc.

3. In the determination of target values, the Eurocode has attempted to model the 

scenarios to which a structure may be subjected during its design lifetime. 

Consequently, both free flowing and mixed traffic flows are modelled. In the case of 

congested traffic no amplification factor is applied to the vehicles as they are 

presumed to have low velocities and consequently a static approximation is 

appropriate. However, where free flowing lanes are mixed with congested flow (a 

typical rush hour scenario, with lanes into town jammed with those out of town free) 

dynamic amplification is applied to these free flowing lanes as they cross the bridge. 

This takes no account of the altered dynamic characteristics (i.e. increased stiffness 

due to increased mass) of the bridge due to congestion in a number of lanes. Clearly, 

further research is required to determine appropriate DAF’s for cases of mixed flow.

It is important to stress here, that although this discussion has centred on the approach 

adopted in the original calibration and in the re-calibration of ECl LM l, the above 

comments are true of a significant number of national codes. Further research is required 

to address the questions posed here and those which may arise in the future.

4.5 CASE STUDY -  OHBD CODE

This section assesses the accuracy of the current Ontario Highway Bridge Design Code 

(1991) live load model, illustrated in Figure 3.4(b), for the design of short to medium span 

highway bridges. The assessment is performed by comparison of the design load effects 

prescribed by the model with those calculated in simulations using WIM data recorded in
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Samia, Ontario from 21*' June 1995 to 27* June 1995. The simulations were performed 

for one and two lanes of free flowing traffic .

Vehicle and axle weights

Figure 4.33 illustrates the gross vehicle weight distribution for the 1995 Samia truck 

traffic. The distribution is compared with the corresponding histogram for the data 

recorded in manual surveys in 1975, which was used in by Nowak (1993, 1994) in the 

calibration of the existing load model. The bias, previously discussed, in the original 1975 
traffic data is evident from Figure 4.33.

4.5.1 Traffic Simulations

Free flowing traffic simulations were performed for one and two lane bridges. For one 

lane the recorded driving lane data was used with the recorded vehicle weights and 

spacings. For two opposing lanes, the driving lane data was used in both lanes, where a 

suitable time delay was input to ensure randomness, whilst maintaining temporal 

consistency. This is the most common case for two lane highway bridges. No dynamic 

magnification was applied to the calculated load effects at this stage.

Influence lines and surfaces

It is important that the chosen influence lines be representative of typical highway bridges 

built in Canada, in order to accurately assess the validity of the code. The influence lines 

chosen for the free flowing simulations are illustrated in Table 4.14.

As only free flowing simulations were considered, the range of spans employed were 

limited to that range where free flow governs the characteristic extreme, therefore, in the 

simulations only eight span lengths were considered: 5, 10, 15, 20, 25, 30, 35, 40 m. These 

represent the total bridge lengths.

4.5.2 Simulation Results

Simulations were performed as previously outlined for free flowing traffic in one lane and

two lanes of bi-directional flow using the WIM data recorded in Samia in 1995.
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Figure 4.33 -  Gross weight distribution Samia 1995 and Ontario 1975

Table 4.14 - Influence lines used in simulation

Influence Line 

Number

Representation Description of the Influence Line

1 Total load.

2,3 Maximum bending moment of a 

simply supported and double fixed' 

span, respectively.

4 Maximum bending moment at the 

support of the former double fixed 

beam'.

5,6 W Maximum bending moments at 

mid-span of the first of two spans 

of a two span continuous beam and 

at the continuous support^.

7,8

------------- ---------------

Support Shear o f simply supported 

span and continuous support 

reaction of the former two span 

beam.
with second momait of area strcmgly varying between mid-span and the ends 

with two equal spans
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The results of these simulations are presented in Figure 4.34 - Figure 4.41. In each case 

the maximum load effect calculated from the simulation of 1 weeks worth of traffic is 

presented along with the extrapolated 50 year design load effect (i.e. 1000 year return 

period at a 5% fractile). For the purpose of assessing the adequacy of the current OHBDC 

live load model (1991) the maximum load effect induced by either the truck or lane load, 

illustrated in Figure 3.4(b) is also presented. Finally, the load effect induced by the 

proposed Eurocode main live load model, LMl (CEN 1994) illustrated in Figure 4.1 is 

presented for comparison of the design code effects prescribed in Europe and Ontario.

For one lane bridges, Figure 4.34(a) - Figure 4.41(a) illustrate that the OHBDC design 

load effect is less than the characteristic load effect value predicted for a 5% fractile for a 

50 year bridge design life in all cases for spans less than 40 m. In fact, the design load 

effect is in all cases close to the weekly maximum load effect, computed by simulation. 

This underestimate of the characteristic load effects for one lane bridges may be due to the 

limitations in the manual survey performed in 1975 and outlined in section 4.5.1. The 

critical global or local load effect for short to medium span highway bridges will be 

induced by the single, extreme, overloaded vehicles and axle groups. The absence of such 

vehicles in the simulation has serious consequences for the prediction of the characteristic 

load effects, against which the design traffic load model is calibrated.

The Eurocode design load effect is seen to be considerably larger than that of the OHBDC 

design effect for one loaded lane. This is not unexpected given the heavy bogie and lane 

load, illustrated in Figure 4.1, which the Eurocode prescribes for one loaded lane. As 

discussed in Chapter 3. However, the results suggest that, for one lane bridges, the 

OHBDC (1991) live load model is inadequate, providing design load effects only slightly 

greater than the weekly maximum values. The load model would appear to be too light for 

the one lane case.

For two lane bridges, illustrated in Figure 4.34(b) - Figure 4.41(b), a reduction of 0.9 has 

been applied to the second lane for the OHBDC load model. This is a considerably smaller 

reduction than that which is applied to the Eurocode load model for a second lane, where 

the bogie is reduced by 33% and the lane load by 73%. This conservatism in the loading 

calculation for the second lane reduces the difference in the prescribed design load effects
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between the Eurocode and OHBDC. The magnitude of the reduction is governed by the 

shape of the influence surface.
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Figure 4.34 - Maximum load on span (a) 1 lane (b) 2 lanes
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Figure 4.35 - Simply supported, support shear (a) 1 lane (b) 2 lanes
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Figure 4.36 - Simply supported, midspan moment (a) 1 lane (b) 2 lanes
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Figure 4.37 - Two span continuous, central support shear (a) 1 lane (b) 2 lanes
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Figure 4.38 - Two span continuous, midspan moment (a) 1 lane (b) 2 lanes
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Figure 4.39 - Two span continuous, central support moment (a) 1 lane (b) 2 lanes
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Figure 4.41 - Double fixed beam, midspan moment (a) 1 lane (b) 2 lanes
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The maximum effect for two lane bridges is found to be induced by either a single heavy 

vehicle for short spans (< 5 m) or the occurrence of two vehicles side by side on the 

structure (> 5 m). In the calibration of the OHBDC (1991), for the calculation of the 

characteristic load effect for two lane bridges (Nowak 1994), correlation coefficients were 

used to simulate multiple transverse occurrences on the bridge, where vehicles were 

modelled side by side on the influence surfaces. The gross vehicle weights in each lane 

were estimated based upon subjective assumptions concerning the frequency of multiple 

transverse presence and of the correlation in weights, where such events occurred. The 

OHBDC load model in almost all cases prescribes design load effects which are greater 

than the 50 year characteristic values. Where the OHBDC effect is less than the 

characteristic value, the resulting difference is negligible.
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In assessing the adequacy of the OHBDC live load model it is concluded that, for one lane 

bridges, the model is too light, whilst for two lanes it is too heavy. The inadequacy in the 

model is a result of simulations based upon a biased data set, where subjective 

assumptions were used to model the random variables governing traffic flow. Clearly the 

use of WIM data in simulations for code calibration is preferable. A complete picture of 

the traffic is recorded for a continuous measurement time period. The parameters 

governing traffic flow are modelled accurately in real time simulations, where multiple 

transverse and longitudinal presence’s are modelled as they occur. It is, therefore, 

suggested that a model based on the Eurocode live load model comprising a heavy bogie 

coupled with a large lane load for the one lane case, with considerable reductions in the 

bogie and lane load for subsequent lanes, would provide better agreement between design 

and characteristic values. This model could be calibrated from the results of simulations 

performed using WIM data for the design of highway bridges in Ontario.

No dynamic amplification of the results has been included to allow for bridge vehicle 

interaction. The application of impact factors may be expected to increase the magnitude 

of the load effects and their corresponding characteristic values.

4.6 CONCLUSIONS

This chapter presents details of the use of WIM data for code calibration. The procedures 

and assumptions employed by the author in the re-calibration of the normal load model of 

ENV 1991-3 are presented. The initial phase in the exercise was an attempt to reproduce 

some of the results obtained in the original calibration exercise. This proved a difficult 

task due to the absence of clear and comprehensive documentation as to how the original 

problem was set up and analysed. Consequently, although differences were found between 

the results of the two studies it was concluded that the methodology behind the modem 

studies was appropriate, given the number of variables which had to be approximated for 

the new exercise. Overall, it is concluded that the imposed load model prescribed by the 

Eurocode for highway bridge design provides upper bound design load effects with 

respect to the modem WIM load effect envelopes. This is in contrast to the OHDBC 

imposed load model which is found to require re-calibration on the basis of modem WIM 

data.
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Discussion of some important issues addressed during the re-cahbration exercise is 

presented in the chapter. One such issue is the subjectivity of the selected scenarios. The 

simulation scenarios selected are subjective, however during the original exercise a variety 

of scenarios were employed at various research centres. Although varying values for the 

characteristic extremes were determined, the values calculated using the ^Paris  ̂ scenarios 

were found to provide good approximations to the mean of all the scenarios. It was 

concluded therefore that there was no reason why this finding should not also hold true for 

modem traffic and so although subjective, the chosen scenarios were considered 

appropriate. It was also determined that, although changes in the characteristics of 

representative mainland European traffic had taken place, with a significant downward 

shift in the mode of the most frequent vehicle class, this had not increased the 

characteristic extreme load effects. This is considered to be due to an increased accuracy 

in available data rather than a reduction in the weight of heavy goods vehicles on 

mainland European routes in the last decade. The chapter emphasises the need for fiirther 

research in the field of dynamic interaction between vehicles and the structures they 

traverse. It appears ironic that so much effort is spent on achieving the most appropriate 

simulation scenario and extrapolation technique to determine characteristic extremes when 

the resulting values are factored by a number which bears little relation to their origin. 

Clearly, further research is required.
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CHAPTER 5

MATHEMATICAL TRAFFIC MODELS AND FACTORS 

INFLUENCING THE ACCURACY OF PREDICTED EXTREMES
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CHAPTER 5 -  MATHEMATICAL TRAFFIC MODELS AND 

FACTORS INFLUENCING THE ACCURACY OF PREDICTED
e x t r e m e s

5.1 INTRODUCTION

In contrast with the magnitude of dead load, the magnitude of traffic load on bridges 

fluctuates frequently. The prediction of the largest traffic load during a period is 

important. As traffic load is a random process the largest live load which may occur can 

be predicted only in a statistical manner. For a physical interpretation of the statistical 

parameters, hypothetically one could instrument n identical bridges subjected to the same 

volume of traffic during a specified period. At each bridge the largest value of a specific 

load effect could be recorded. A distribution of the n observed largest values could be 

plotted and their mean value and coefficient of variation (COV) could be calculated. If the 

parameter, n, were increased in the limit, the ‘mean largest effect’ caused by the traffic 

loading and its COV would be obtained. However, such a scenario is practically infeasible 

and so predictions of these parameters must be calculated using probabilistic methods 

based on statistical surveys of highway traffic of limited duration.

This chapter outlines the mathematical models used in traffic flow simulation by the 

Monte Carlo method. Monte Carlo simulation is the process by which vehicles are 

randomly generated using known or assumed statistical distributions for vehicle and axle 

weight, speed and spacing etc. within assumed vehicle classes. Comparison is made 

between the results o f these simulations and those performed using real traffic recorded by 

WIM. The availability of WIM data permits sensitivity studies to be performed with 

respect to the statistical parameters governing the models employed in theoretical 

simulation, thereby achieving more realistic Monte Carlo simulation. In return, 

simulations performed by the Monte Carlo technique for large duration theoretical traffic 

files, permits assessment of the realism of extremes predicted by extrapolation from short 

duration WIM files. The use of the Monte Carlo technique also permits studies to be 

performed with respect to the implications of the accuracy of WIM data on predicted 

characteristic load effects and an assessment of the influence of growth on the predicted 

extremes. Ultimately conclusions with respect to the results o f real and Monte Carlo 

simulation are drawn.
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5.2 MATHEMATICAL TRAFFIC MODELS

The mathematical traffic models employed in this thesis may broadly be broken into two 

distinct groups:

(a) those describing the traffic as a whole, i.e., proportion of vehicles in each lane, 

proportion of vehicles in each vehicle class, vehicle spacing etc.

(b) those describing the vehicles within each class, i.e., gross vehicle weight, axle weight, 

vehicle geometry, speed, etc.

Models of these random variables are required for Monte Carlo generation of theoretical 

traffic records. Many statistical models exist to describe the random variables; those 

employed in this thesis are discussed here.

5.2.1 Traffic Characteristics

Theoretical traffic flow simulations may only be performed where knowledge of the traffic 

characteristics are known. In the past these parameters were estimated through subjective 

decisions or limited surveys of traffic flow. The availability of WIM data permits these 

characteristics to be directly determined from continuous traffic flow measurements.

Vehicle Proportions and Classification

Accurate traffic flow simulation requires determination of the proportions of the total 

vehicle flow in each simulated lane, which are site-specific random variables. Estimation 

of these proportions may be made through traffic counting exercises or from available 

WIM records. Figure 5.1 illustrates a comparison of the proportion of vehicles in each lane 

for two independent four-lane carriageways, A and B, as estimated from their respective 

site-specific WIM files.

In addition to knowledge of the overall vehicle proportion by lane, a vehicle classification 

system is required for Monte Carlo generation of traffic records. Table 5.1 illustrates the 

vehicle classification system adopted for this thesis. This system permits determination of 

the vehicle class proportions in addition to the statistical moments for each class 

describing the distributions of gross weight, individual and group axle weight etc.
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Figure 5.1 -  Traffic proportion by lane

This system was adopted as representative of the vehicle population observed in the traffic 

records collected at a number of sites as outlined in Table 4.4. Figure 5.2 illustrates a 

comparison of the proportion of the various vehicle classes in the overall traffic flow for 

the two traffic sites A and B. Clearly, the proportion of each class within the overall traffic 

file is a site-specific parameter.
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Figure 5.2 -  Individual classification proportions 

Gamma Distribution o f Inter-Vehicle Spacing

In many traffic studies, the distribution of inter-vehicle spacing (i.e. headway) is of 

interest and is modelled by a exponential distribution because traffic flow is idealised as a 

Poisson process (Ditlevsen 1971, Harman and Davenport 1979).
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Table 5.1 -Vehicle classification system (Bailey 1996)

2-Axle

t - t
A ll

3-AxIe

A12

4-A xle

A22

A l l l A112

All-11

5-Axle

A113

6-Axle

A123

A122 A1212

A ll-12

A12-11

However, where the gap under investigation is headway, it is clearly preferable to have a 

density function which passes through the origin, thereby making very small headways 

increasingly improbable. As demonstrated in section 2.3.2, the Gamma distribution is a 

natural generalisation of the exponential distribution, and has this required property. 

Furthermore, by suitable adjustment of the parameters, the Gamma distribution can be 

made to fit a variety o f data. Figure 5.3 demonstrates the applicability of the Gamma 

distribution in modelling headway.
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Figure 5.3 -  Comparison of exponential and gamma models of headway

The parameters of the Gamma distribution illustrated in Figure 5.3 are selected through a 

minimisation of the Kolmogorov-Smirnov statistic using the conjugent gradient technique. 
The shape of the Gamma distribution as a function of the traffic lane and, by implication, 

the volume of flow, is illustrated in Figure 5.4(a). As spacings over a certain threshold are 

clearly of no significance to load effect determination for span lengths <200 m, it was 

decided to determine the influence of performing minimisation of the objective function 
for a variety of upper threshold values on the Gamma distribution. The threshold values 

selected were 2000 m, 1000 m, 750 m and 500 m. The resulting optimal Gamma 

distributions are illustrated in Figure 5.4(b). Figure 5.5(a), (c) and (e) demonstrate the 

relative error in the predicted characteristic extreme load effects for the C4 scenario (i.e. 

mixed flow with one lane jammed) using influence surfaces II, 16 and 19 (i.e. simply 

supported moment, total load and continuous support moment) respectively. Based upon 

these results it was decided to select a cutoff threshold of 2000 m for all Gamma 

distributions used in Monte Carlo simulation.
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Figure 5.4 —Gamma distribution for (a)difFerent lanes, (b)variation in cutoff threshold

Of interest, with respect to the parameters of the Gamma distribution, is the influence on 

the accuracy of the predicted extremes of the frequency with which the distribution 

parameters are generated. Clearly, the parameters of the distribution are a function of the 

volume of flow (Ang 1975, Bailey 1996), where a Gamma distribution generated at 9 am 

will indicate a higher probability of small inter-vehicle spacing that for a distribution 

generated at 3 am. O f interest is how one chooses to define the volume of flow - is it 

considered appropriate to generate the Gamma distribution on an hourly basis or for a 

period of 3 hours covering peak periods, or is a general daily distribution sufficient. Figure 

5.5(b), (d) and (f) demonstrate the sensitivity of the characteristic extreme to the 

parameters of the Gamma distribution determined with respect to statistical moments 

estimated per Ihr, per 3hr, per 6hr and finally per day. The variation in error on the 

predicted extreme appears small, with perhaps a slight improvement of accuracy when the 

Gamma distribution is formulated on an hourly basis.

5.2.2 Vehicle Characteristics

In generating vehicle flow simulations it is important to accurately describe the random 

variables o f gross vehicle weight, axle weight, axle spacing, length, speed etc. The 

availability o f WIM records permits accurate modelling of the controlling distributions 

within each vehicle classification outlined in Table 5.1.

Figure 5.6 demonstrates the bimodal distribution of Gross Vehicle Weight (GVW) for 

class A113. This form of distribution is typical for gross weight, as previously discussed.
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The first mode contains the partially loaded trucks while the second involves the fully 

loaded trucks. The parameters of this distribution are fitted using a Goodness of Fit 

algorithm, with initial estimates made directly from the histograms.
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Figure 5.5 -  Influence on characteristic extreme o f : (a), (c) and (e) variation in gamma 
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generating axle weights and spacing, correlations between the vehicle gross weight and 

the governing axle or axle group are identified. Subsequent correlation between axle
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groups is employed to determine individual axle weights, with the correlation matrices 
determined from recorded data.
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Figure 5.6 - Gross weight distribution class A113
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The process is best understood by reference to Figure 5.7 in which, the correlation 

between gross weights and the weight of the governing axle group is demonstrated. In 

addition it may be seen from Figure 5.8, that the correlation for a known gross weight is 

well described by the normal distribution. Thus for a given GVW, the weight of the 

governing axle group may be estimated using Monte Carlo generation. Similarly, 

correlation between the principal axle group (W3) and axle (W2) may be used to estimate 

its weight etc. It is clear from Figure 5.7 that although strong correlation exists between
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the gross vehicle weight and the weight of the predominant axle group, the degree of 

correlation between the less significant axles and axle groups is weaker.
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Figure 5.8 - Normal approximation to weight correlation between GVW and W3, class

A113

It is observed that no statistically significant correlation exists between gross or axle 

weights and axle spacing, i.e. axle spacing within a given class are relatively constant 

independent of vehicle or axle weight as illustrated in Figure 5.9 for class A l l 3. The 

banding effect evident is a result of the WIM algorithm and variation in the set up of 

vehicles within a given class.

For single direction multiple lane generation, a Bayesian process was employed to model 

correlation, however weak. An example of the apparent lack of correlation between 

driving (W l) and passing lane (W2) is illustrated in Figure 5.10. In the case of two 

directions of flow, independence was assumed between flow directions. Vehicle speed is 

modelled as normally distributed.

The goal of this modelling is to simulate vehicle flow over bridges. Thus some hypothesis 

concerning the stationarity characteristics of the studied phenomena must be drawn to 

shorten the required period of simulation. In this study, it is assumed that traffic actions 

over a period of one year could be taken as a stationary process, and it was considered
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also, that 1 week in time could be taken as the representative period (Jacob and Jiang 

1993). Thus, 1 week was taken as the basic period simulation period.
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Figure 5.10 - Correlation between trucks in adjacent lanes
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5.3 COMPARISON OF SIMULATION RESULTS

Illustrated in Figure 5.11 are the level crossing histograms, discussed in Chapter 4, 

compiled for simulation scenarios C4, C2 and F2 (i.e. four and two lanes of mixed flow 

and two lanes free flow) for recorded WIM data and Monte Carlo regeneration for 

influence surface II. Recall, as described in section 4.3.1, that the prediction of 

characteristic extremes is based upon the fitting of Rice’s distribution to the upper part of 

this level crossing distribution. The parameters of the distribution are calculated at the 

optimal censoring level determined by the Kolmogorov K-test to a specified confidence 

level. Clearly, close agreement between the actual and simulated level crossing 

distributions is essential if Monte Carlo generated scenarios are to accurately mimic the 

characteristic extremes of the recorded WIM data upon which they are based. The figures 

illustrate the level crossing distributions for span lengths ranging from 5 to 200 m as 

defined in the legend. In this regard it is noted that SMC represents the level crossing 

distribution for a 5 m span obtained from simulation using Monte Carlo generated data 

while 5 WIM represents the distribution generated from simulations using actual WIM 

data. It is clear from the figures that good agreement is indeed obtained. It is significant to 

note the reduction in standard deviation of the level crossing histogram as the span length 

increases for the two jammed scenarios while the trend for free flow is less apparent.

Figure 5.12(a) - (f) illustrate the enveloped % difference between WIM and MC generated 

results for simulations performed for two and four lanes of free flowing and congested 

traffic for the load effects II, 16 and 19. Simulations results are presented for two traffics 

of different intensity, here termed traffic A and B. The label C4 A represents the % 

difference in the predicted extremes for four lanes of mixed flow between WIM and MC 

records for traffic A. The label (F2, C2) % represents the % difference in the envelope of 

extremes obtained from simulation of two lanes of mixed (C2) and free (F2) flow.

Table 5.2 catalogues the calculated percentage differences. It is apparent that the largest 

differences exist for short to medium span lengths (<50 m) where a small number of 

vehicles or axles are on the influence surface. With increasing span length the differences 

attenuate. This is to be expected however, as artificial regeneration of traffic records 

cannot reproduce the subtle correlations which exist between vehicles in adjacent lanes in 

real traffic flow.
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Figure 5.11 -  Comparison of level crossing histograms
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These differences are more pronounced for short span lengths than for longer spans. For 

longer spans the characteristic load effects are more deterministic with the standard 

deviation o f the effect distribution decreasing in relation to the number o f vehicles 

involved.
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Figure 5.12 -  Comparison of extremes from WIM and MC Simulation 

(a) II extremes, (b) II ddn, (c) 16 extremes, (d) 16 ddn, (e) 19 extremes, (f) 19 ddn.

Similar conclusions may be drawn with respect to the larger differences obtained for two

lanes of traffic flow, where free flow governs for shorter span lengths. Better agreement is
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obtained for four lanes o f congested flow, with differences generally less than 10%. It is 

also apparent that the percentage difference is also sensitive to the shape o f the influence 

surface.

Table 5.2 -  % Difference between WIM and MC simulations'

Span [m] Uniform Load (16) Simply Supported Moment 

(11)

Fixed-Fixed Moment (19)

A B A B A B

5 3.4 -17.9 3.0 -3.0 -3.1 -15.8 -1.0 2.7 -2.1 -13.9 8.5 -11.5

10 6.7 -2.3 5,3 -14.4 5.1 -4.7 10.9 -11.8 6.2 -3.3 13.7 -8.8

20 -24.8 -1.1 -20.5 15.2 -8.8 2.0 -14.9 -5.0 -6.3 3.7 1.6 -3.5

30 -13.3 11.8 -8.9 11.2 -28.6 -4.1 -19.8 12.1 -12.5 3.9 -13.7 -3.2

50 -1.6 16.5 -5.3 0.2 -22.0 7.0 -21.2 6.0 4.0 6.0 -5.6 -6.4

75 6.4 3.2 -1.0 -3.5 -10.3 10.2 -19.1 2.7 1.6 5.9 -8.6 -5.1

100 1.3 -7.6 2.4 -6.8 -2.2 3.7 -17.7 -3.8 6.2 10.1 -3.9 -5.9

150 10.6 0.5 -5.9 -6.2 6.4 -5.1 -6.9 -5.4

200 8.6 0.5 1.0 -3.0 8.6 -4.4 -3.7 -7.5

Figures in Bold indicate governing free flow condition for 2 lane simulation in first 

column, 2"** column contains results for four lanes.

5.4 CHARACTERISTIC EXTREMES

Extrapolation to determine the characteristic values has thus far been performed as 

outlined in section 4.3.1 using Rice’s formula. For the purpose o f comparison, the extreme 

values of the load effects are modelled here using the Gumbel family of extreme value 

distributions. As discussed in Section 2.5 a Weibull (i.e., extreme type III) distribution 

results when the maximum values are sampled from a parent frequency distribution having 

a finite upper bound (i.e., tail heaviness index, H <Q).  An alternative distribution is the 

extreme type I distribution (Gumbel). In this case, the maximum values are sampled from 

a parent distribution with no upper bound ( / /  = 0) (Gumbel, 1958).

As discussed in Section 2.5, the principle o f tail equivalence (Castillo 1991, Maes 1995) is

employed in determining an appropriate extreme value distribution. The extreme value

^ d  parent distributions, G(x) and F(x) respectively, are considered tail equivalent if:
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= 1
Equation 5.1

where the extreme value distribution G ( x )  is modelled by either the Gumbel or Weibull 

distribution, given by Equation 5.2 and Equation 5.3 respectively.

   I - o o < x < o o  >  0

Equation 5.2
G ( x )  = exp exp

G( x )  = exp - 0 0  < x  < A
Equation 5.3

The parameters of the Gumbel law, G(x), are estimated by the maximum likelihood 

approach (Castillo 1992). In order to allow for censoring to the left, the likelihood 

function considers the (n-ri)*** maximum values of the measured weights of a sample,

where ^ =n—2ln. Censoring to the right is achieved using the upper bound limit r. .̂ The 

likelihood ftmctions for Gumbel and Weibull distributions can then be written as:

A

r . l U
exp  ̂ X

l /=r |+ lV

^X,-X\  •A  j
 L

/  1=̂1 +1

L =
" “ ''2 f  V  -  2

i=r. +l

\p-\
exp

i=r. +1

exp^ -  e x p

•exp
y

r •X - A

r  *•X - A
- r . y Equation 5.4

- p' '

1 -  exp X -A
— >

I  ^  )

n\
r \ r  I M-'2-

where x  x
J

where rj and facilitate selection of the values to be employed in fitting the CDF. The 

maximum likelihood estimates are calculated by the Powell method, with initial estimates

for the Gumbel law, Fy {y)  » ex p [- exp*"’’̂ ”̂"'’ ]̂ being taken as (Gumbel 1958):

_ n )a .  =

■^2ln(n)
Inln(n) +  ln(An )  

2 ^ 1 ln (n )

^  Equation 5.5
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where its two first moments are given by ^  ^  with the

Euler constant y  = 0.5772. An estimation of the asymptotic covariance matrix o f the 

maximum likelihood estimates for the Gumbel I distribution is obtained by inverting the 

local Fisher information matrix (Castillo 1992) evaluated at, (A,S) :

Var (a  ) Cov (A, 
C o v { X , S )  Var {S)  ) - d ^ L

dXdS

dXS5

z l l l _

35 ' (x.s)

Equation 5.6

The parameter L is the logarithm of I  less its constant terms with:

^,=2^
Xj - A

- 2 - exp + exp

1 1 x̂  -  A X: -  A

/ /
— exp 
S \  V

3̂ =7rexp

-  A

V

n+1 - 2

r, exp

+

v.+l
V V\

5’i  _  r,
<=/i+l

dS^

I \

/ / /

2 = ' Z ^ 3 - ^ e x p

V ,+ I

' 1

V )

5
\

- f ,  2 c .

/ /

i=r,+l

dXd5
r, exp

(=r, +1 V V

J _
5^

Equation 5.7

Due to the asymptotic normality o f maximum likelihood estimates, confidence bounds 

may be obtained by means of standard normal tables and the calculated variances. An 

asymptotically normal estimator for the lOOp'*’ percentile for the Gumbel I distribution is:
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Y p -  X-V dUp̂ , where = log(- log(l -  F(x,)))

= S^^Var{X) + u^pVar{S) + 2u^Cov(A,^)jVar

> ■ E q u a tio n  5 .8

The coefficients of the Weibull fisher information matrix may be evaluated as:

O A  /=r,+I O  \

{X-x^ - 2  r, [x-xT
d̂ L
dŜ
(p-iy,fi{A-xy (fi+iy,4A-xY
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A - X '
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log
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d̂ L r  a  ; t y - '  r  ,

« - r2 rt-r,
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+ p { x - x r log
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log

AI .^X - x

5<̂ 5̂
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•-Equation 5 .9

J
Where x = x ^ , ,  & x = x .
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These expressions have been extensively used in this thesis for the prediction of maxima 

with optimal censoring for a suitable extreme value distribution. To this end they were 

incorporated into a FORTRAN program written by the author for the prediction of 

extremes which performed an optimisation of the parameters to achieve a best fit to 

available data. The text of the program is available in Appendix F.

Table 5.3 illustrates the influence of the degree of censoring upon the predicted extreme 

vehicle weight and its variance for the A1 1996 traffic data discussed previously. As the 

degree of censoring increases the estimates of Yp and of the characteristic extreme are 

seen to reduce. However, this reduction must be balanced against an increase in the 

variance of the computed extreme. A rigorous statistical test, such as the Kolmogorov K- 

test, should therefore be employed to determine the optimal degree of censoring. A 

reduction in the predicted characteristic values for single, tandem and tridem axle weights 

was also observed, when these values were compared with the original calibration 

estimates.

Table 5.3 -  Optimised parameter estimates and predicted extremes from the Method of 

Maximum Likelihood for traffic - A1 1996

X 5
\

VaiA) Ccr{X,6) 1
J

Yp Extreme 1 
Value 

lOOOyrs

n 235 110 ^0,85 - 0 , 2 '  

0,2 0,40>
573 205 -

357 27,6 pO,3 11,4̂  
111,4 2 , 6 ,

443 311 839

yfn 362 26,6 '1 47  2 9 , r  

.29,1 6 , 0 .
442 501 834

The suitability of either distribution is assessed by plotting the extreme data on probability 

paper, where linearity indicates the appropriateness of the mathematical model. Figure 

513 illustrates this technique. In the figures, the extreme value data are plotted as points 

With the line through these points representing the extreme value distribution 

approximation to the data with its parameters obtained through maximum likelihood.

168



M a t h e m a tic a l  m o d e l s  And  Accura cy  O f  pr e d ic t e d  e x t r e m e s

Gumbel 1 WeibuU
8
7
6
5
4
3
2
1

0
-1
-2 -2

600 690 700990 790500 -9

(a)

6

9

4

3

2

1
0

-1

.2 J --------------- ‘  ■---------■----------------- ■---------------------------------- ----------------- '

19900 20000 20900 21000 21S00 22000 22900 23000 23900

(c)
9

4

3

2

1

0

-1

(b)
6

-49 -8L8 -ft7 -&6 -&9 -a4  - S 3  -8l2 -8.1

(d)

-2

10.9 -10.8 -10.7 -10.6 -10.9 -10.4 -lO J -lO J -10.1 -10 -9.9 9.8

(e) (f)

(g) (h)

Figure 5.13 -  Gumbel I and Weibull extreme value distribution approximations to II 

extremes for spans of 5 m, (a) and (b); 50 m (c) and (d); and 200 m (e) and (f); Gumbel 

and Weibull approximations for 2 span continuous end support shear (total span 80 m)

(g) and (h)
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In Figure 5.13 the extreme values for simply supported moment in a 5, 50 and 200 m span 

are plotted on Gumbel I and Weibull probability paper, along with the Gumbel I and 

Weibull approximations. For the shortest span length of 5 m it is clear that neither 

distribution is superior, due to the lack of linearity in the extreme.

However, the Weibull distribution is considered more appropriate as it implicitly 

recognises a physical upper limit for the maximum load effect on short spans as a function 

of the maximum possible axle and group of axle load. For a 50 m span clearly either 

distribution is appropriate. However for medium to long span bridges, i.e. > 50 m. Figure 

5.13 illustrates a convex trend in the right hand tail of the Weibull distribution. As the tail 

region is of prime importance in extrapolation, clearly the Gumbel distribution is 

considered more appropriate for such cases.

It is also important to consider the characteristic load effect being determined. As an 

example, Figure 5.13(g) and Figure 5.13(h) shows the probability paper plots for the 

Gumbel and Weibull extreme value distributions respectively, for end support shear in a 

two-span, two-lane, 80 m long bridge.

It is, therefore, concluded that the choice of either extreme value distribution is dependent 

not only upon the span length but also upon the load effect being considered.

5.4.1 Comparison of Method of Prediction of Characteristic Extremes

Figure 5.14 illustrates, in ascending order, the predicted extremes of simply supported 

moment for scenario C4 for span lengths 5, 10, 20, 50, 100 and 200 m. It should be noted 

that the extremes predicted by Rice extrapolation were performed from the simulations 

using real WIM data. On the other hand, those calculated using the Gumbel I and Weibull 

extreme value distributions were from MC simulations. The relative errors, with respect to 

the Rice extrapolations, are listed in Table 5.4. It is apparent, that the characteristic 

extremes predicted by all methods are in reasonable agreement, when the differences 

already noted between direct simulation and MC, listed in Table 5.4 under the heading 

SSM, are taken into account. This finding is in agreement with the results of the subgroup
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which investigated a variety of extrapolation methods for the original calibration of the 
normal load model, LMl of ENV 1991-3 (Jacob 1991).

l.OE+03 A

Rice
Gumbel I

Weibull

l.E+00 l.E+01 l.E+02 l.E+03 l.E+04 l.E+05
Return Period [weeks]

Figure 5.14 -  Comparison of characteristic extreme prediction methods

Table 5.4 - Extrapolation results

Return Period 

Span [m]
1 Year 20 Years 100 Years SSM

5 -11.1 (-14.6) -11.0 (-12.6) -11.1 (-10.7) -5.5

10 10.1 (-1.1) 12.4(1.1) 14.1 (2.9) -18.0

20 -9.1 (-5.9) -9.1 (-3.7) -9.1 (-1.7) -15.7

50 3.5 (6.9) 4.1 (9.1) 4.5 (10.9) -6.4

100 10.1 (13.7) 10.8 (15.9) 11.3 (17.7) 2.6

200 4.4 (10.4) 4.2 (12.2) 4.0 (13.7) 3.3
Bold ; % Difference between Rice’s and Gumbel

0 : % Difference between Rice’s and Weibull
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5.5 SENSITIVITY OF PREDICTED EXTREME TO STATISTICAL 

PARAMETERS

The use of Weigh-in-Motion data to determine characteristic load effects through direct 

and Monte Carlo simulation has been demonstrated. Increasingly of interest are the 

implications of variation in the governing statistical parameters on these predicted 

extremes. In this section, the implications of variation in the accuracy of recorded WIM 

data, analysis for time and seasonal trends and the implications of traffic growth will be 

addressed in an attempt to estimate their implication for the accuracy of predicted 

characteristic extremes.

5.5.1 Implications of WIM Data Accuracy

Although in recent years, there have been great advances in the technology of weighing 

trucks while they are travelling at full highway speeds, many weigh-in-motion sensors still 

give quite an inaccurate estimate of static weights on medium or rough pavements due in 

considerable part to the dynamic motion of trucks and axles. In addition, factors such as 

pavement inclination, sensor inaccuracy and location of weighing station etc. all influence 

the accuracy of the recorded WIM data. A typical example of test results illustrated in 

Figure 5.15 shows a substantial scatter in measured gross weights relative to the 

corresponding static values. A histogram of corresponding results from a bridge WIM 

system in Slovenia is illustrated in Figure 5.16.

In addition Figure 5.17(a) and (b) illustrate the influence of calibration drift and

longitudinal offset on the accuracy of recorded WIM data. Clearly, it is important to

determine the influence of errors in WIM data on the predicted characteristic values

against which the load model is calibrated. In this regard it is important to understand the

statistical concepts employed to assess the accuracy of WIM systems as developed in the

European specification on Weigh in Motion of Road Vehicles (COST 323, 1997).

Therefore Appendix D provides a detailed theoretical description of the statistical

techniques employed by the specification. In summary, the accuracy classification is based

on the width of the interval within which the required percentage of sample results falls. If

the required number of records are within 5% of the static values, the system is classified

as Class A(5). Similarly, systems are classified as Class B(10), C(15), D(25) or E if the
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required number o f records are within 10%, 15%, 25% or more than 25% o f the static 

values respectively.

200% 

^  175% 
I  150% 
=  125% 
^ 100%

I  50%
1  25%
^  0%

Figure 5.15 -  Example of accuracy (Gross Vehicle Weights) from a strip sensor WIM 

system on a rough pavement (O’Brien et al. 1996b)
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Figure 5.16 - Variation in ratios of WIM gross weight to static weight (O’Brien et al.

1996b)
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Figure 5.17 -  Variation in WIM accuracy due to (a) calibration drift (Hallenbeck 

1995a), (b) longitudinal offset (Dempsey and O’Brien 1995)

Influence o f WIM Data Accuracy on Characteristic Extremes

In accordance with the accuracy requirements of the European specification on Weigh in 

Motion of Road Vehicles outlined in Appendix D, Table C.l (COST 323, 1997), a varying 

random error was applied to a WIM data file such that the resulting traffic files were 

classed from A(5) to E. This error was randomly imposed by Monte Carlo simulation. In 

total 50 files were generated from the parent in each class from A(5) to E. Simulations 

were performed for the critical C4 scenario, for influence surfaces II, 16 and 19 with spans 

lengths as per the original calibration. In total 11,200 simulations were performed. The 

average error and standard deviation in the predicted characteristic extreme (i.e. 1000 year 

return period) for load effects II, 16 and 19, as detailed in Table 4.7, are illustrated in 

Figure 5.18 through Figure 5.23 respectively.
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Figure 5.18 - Average error in characteristic extreme, II, (a) MC50, (b) MC5
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Figure 5.19 -  Standard deviation on characteristic extreme, II, (a) MC50, (b) MC5
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Figure 5.20 - Average error in characteristic extreme, 16, (a) MC50, (b) MC5

In the figures it should be noted that MC50 implies the results obtained from the average 

of 50 Monte Carlo generated traffic files while MC5 represents the average from 5 Monte 

Carlo generated files.
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Figure 5.21 -  Standard deviation on characteristic extreme, 16, (a) MC50, (b) MC5
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Figure 5.22 - Average error in characteristic extreme, 19, (a) MC50, (b) MC5
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Figure 5.23 -  Standard deviation on characteristic extreme, 19, (a) MC50, (b) MC5

It is clear that, for short spans, where axle rather than vehicle loads govern the 

characteristic load effect, the accuracy of the WIM data has a significant influence on the 

predicted extreme. However, it is apparent that for longer spans the influence of the 

inaccuracy attenuates in the mean, with corresponding reduction in standard deviation. 

This is caused by compensation in the randomly generated axle error due to the presence 

of multiple vehicles longitudinally and transversely on the influence surface. Also 

apparent, is the sensitivity of the error to the characteristic effect bemg determined.

A degree of sensitivity with respect to the number of data files within a given 

classification is also apparent from Figure 5.18 to Figure 5.23. For total influence surface 

lengths >50 m, the mean and standard deviation appear relatively insensitive to the 

number of data files. As such, a reasonable estimate of the characteristic extreme (± 5%) 

IS obtained from 5 files of classification D(25) for spans >50 m, provided no apparent bias

176



M a t h e m a t ic a l  M o d e l s  A n d  A c c u r a c y  Of  Pr e d ic t e d  E x t r e m e s

with respect to the error exists in the data. However, for total spans < 50 m confidence in 

the predicted extreme is directly related to both the data classification and the number of 

data files employed. As such 5 files of D(25) are no longer sufficient. However, 5 C(15) 

files provide a reasonable estimate (± 5%) once again provided no apparent bias with 

respect to the error exists in the data.

Thus a suitable recommendation for the required accuracy of WIM data to be used in the 

prediction of characteristic extremes might require a minimum class C(15) system for 

spans <50 m, but permitting less accurate data to be used for spans >50 m, whilst 

specifying a minimum number of WIM recording locations on site. Clearly, these results 

also have significance with regard to the specification of reliability indices for First Order 

Reliability Method (FORM) analysis.

5.6 ASSESSMENT OF THE TIME AND SEASONAL TRENDS

The previous section has demonstrated the relative insensitivity of the predicted extremes 

for large spans to limited variation in the accuracy of WIM data. However, it is clear that, 

for short spans, variation in accuracy can have significant effect on the characteristic 

extreme prediction. Thus it is still considered important to strive to eliminate inaccuracy in 

recorded WIM data. To this end this section presents results of an accuracy assessment of 

the recorded data in the time domain and analysis for seasonal trends.

The WIM data is fi:om a large scale test of six WIM systems and four additional sensors 

on an urban roadway in Zurich, Switzerland (Caprez et al. 2001). Gross weights from 

some thousands of statically weighed vehicles were used to determine the levels of 

accuracy for each system, with reference to the European specification on WIM 

(COST323, 1997). The accuracy of axle weights was not tested. The WIM sensors, which 

included one prototype, were tested with the assistance of a recording and processing 

device supplied by the organiser (ETH Zurich). Most systems encountered some 

problems, failures and faults, under the carefully controlled conditions of the 30 month 

test. However, these were generally solved by the suppliers after some delay. Statistics are 

calculated and reported here on overall levels of accuracy and on trends with season and 
time.
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5.6.1 Choice and Description of Test Site

The site selected for the WIM test was at Hagenholz in the suburbs of Zurich in 

Switzerland. The road geometry and pavement make-up and condition at this site meet 

most of the criteria recommended by the COST323 Management Committee (COST323 

1997). About 200 metres beyond the test site lies the entrance to the AWZ incinerator 

factory (City of Ziirich). All vehicles transporting urbein waste to be incinerated at this 

factory are weighed at the entrance on an approved weighing system. Up to 200 vehicles 

are weighed per day by this static weigh-bridge; half of them lorries and half vans or cars. 

The management of the AWZ incinerator factory provided free access to all truck weight 

results for the duration of the test. These favourable circumstances allowed a great number 

of static checks to be carried out on the GVW’s of lorries which had passed over the WIM 

sensors and systems. It was possible to compare WIM measurements to the corresponding 

statically determined gross weights, without police participation and without disturbance 

to the traffic flow.

The test site, where all of the WIM sensors and systems were installed, was 150 m long. 

The road at this point is part of a large left-hand bend (radius 1000 m) with a slope 

transversely o f 1%. A fenced car park was available adjacent to the track for the storage of 

WIM signal processing equipment. On working days the daily traffic flow in the 

measuring direction is 7000 vehicles of which 10% to 15% were lorries. The site is in a 50 

km/h zone and the average speed of all vehicles is 45 to 50 km/h.

The road at the test site was constructed in 1975 with a flexible pavement. The wearing 

course consists of a 40 mm thick bituminous layer (40 mm asphalt concrete with a 

maximum grain size of 16 mm). The base course has a thickness of 200 mm with 

bituminous bound material (200 mm of hot mixed base course) and the sub-base consists 

of a 250 mm gravel layer. The Young’s modulus of the capping layer is 40 MPa. The 

mean deflection measured (Swiss standard SN670 362a) with a Benkelman beam under a 

100 kN axle and a temperature of 4°C was 0.643 mm in January 1994; that corresponds to 

0-83 mm under the specified 130 kN axle, which is a bit more than the accepted limit for 

such a pavement (Table 5.5).
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Table 5.5 - COST 323 specification, site criteria and values in Zurich (average, class III)

Criteria Value Limit (class III)

Longitudinal slope - <2%

Slope in the transverse direction 2% <3%

Radius of curvature 1000 m > 1000 m

Maximum Rutting 12 mm (*) < 10 mm

Mean deflection (flexible pavement) < 0.75 mm

Deflection difference (left/right) < ± 0.15 mm

Evenness (IRI) 3.7 <4

(*) measured with a 4 m beam instead of a 3 m beam; may be considered equivalent to 10 

mm.

The pavement longitudinal evenness at the Hagenholz site was measured at the beginning 

of the test in 1993, with an ARAN to determine the International Roughness Index (IRI). 

The transverse profiles were measured manually. The measured IRI value, at 3.7 mm/m, 

indicated a surface which was relatively rough but which is a realistic representation of the 

conditions encountered on many urban roads. The left and the right side rut depth as well 

as the maximum measured value are given in Table 5.5. According to all criteria, the site 

was deemed to be suitable for WIM measurements, according to the limits of the 

European specification (COST323 1997a) which classifies it as ‘acceptable’ (class III).

5.6.2 WIM System/Sensor Description

For the test, seven complete WIM systems were provided, but only six are described here 

(A1 to A6), because the last one was installed at the end of the test and did not provide 

results. In addition, four manufacturers provided only sensors (B1 to B4) which were 

operated by the staff of ETH. For one of the WIM systems (A6), sensors and electronics 

were supplied by different companies.

Despite the efforts of the test organisers, it was not possible to install all of the WIM 

systems and sensors at the same time. Between the end of June and October 1993, the road
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had to be closed four times for various installations. The air temperature during the 

installations was generally between 15° and 25°C. However, for some of the later systems, 

temperatures lower than 10°C were recorded. The relative humidity during installation 

was between 70 and 95 %.

Six complete WIM systems were provided and tested. They are referred to here as 

Systems A1 to A6.

System A 1 - Marksmann by Golden River

The Golden River system consisted of four capacitive strip sensors and two inductive 

loops.

System A2 - AW ACS by Peek Traffic

The AWACS system is a traffic data collecting system with a weighing option. It consists 

of two piezoceramic bars and one off-scale sensor, combined with an inductive loop.

System A3 - TEL-2CM by Mikros

The South African Mikros System (TEL-2CM) consisted of a capacitive plate and two 

inductive loops.

System A4 - Hestia by ECM

The Hestia system consisted of two piezoceramic weighing sensors (bars) combined with 

an inductive loop. The commercial system incorporates an automatic self-calibration 

algorithm. This is based on a recalibration to a pre-specified target value, after the passage 

of 30 vehicles of the same characteristic class.

System A5 - DAW  100 by PAT

The DAW 100 WIM system consisted of two 1.75 m x 0.5 m bending plates manufactured 

by PAT and two inductive loops.

System A6  -  QEX/A VC 100 by Kistler/PAT

Two QEX sensors manufactured by Kistler, and two inductive loops were installed with 

the AVC 100 system (Automatic Vehicle Classification) from PAT.
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Sensor B1 - Road Trax by Atochem

The EHAG Company (agents of ATOCHEM, USA), provided the test organisers, ETH, 

with a WIM sensor for testing. The Road-Trax-C-003467-00 sensor consisted of a 

piezopolymer strip, coated in a hard rubber profile, and embedded in an aln m in in m  

profile, 1.8 m in length

Sensor B2 - Vibetek by Focas

The Vibetek sensor of FOCAS Ltd. in the United Kingdom was a piezopolymer coaxial 

cable sensor with a diameter of 2.5 mm. The piezoelectric material is a plastic dielectric 

polyvinyl fluoride. The cables were built into an aluminium profile with a quartz sand 

epoxy mixture, and the length of the sensor is the full lane width.

Sensor B3 - Kistler QEX

The new QEX sensor manufactured by Kistler used piezoelectric quartz crystals were used 

to measure the axle loads.

Sensor B4 - Vibracoax by Thermocoax

Vibracoax is a piezoceramic pressure sensor, available from the Thermocoax company, a 

Philips subsidiary company in France. It consisted of a 3 mm diameter copper coaxial wire 

and a compressed ceramic powder used as the piezoelectric material. The Vibracoax cable 

(class I) was built into an aluminium chaimel, 3.2 m long, and installed with a quartz sand 

araldite mixture at the test site.

Calibration

In accordance with the draft European specification (COST 323 1997a, Jacob et al. 1997) 

calibration was performed under conditions of ‘Full Repeatability’. It was considered 

acceptable for this test because only a few types of lorries were to be weighted, most of 

them similar to the calibration vehicle, and because the speed range at the test site was 

relatively small.

Calibration checks

During the test period, 4 to 5 additional calibration checks were carried out with the test 

vehicle in order to survey the calibration factors of the WIM sensors and systems.
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However, no change was made in the system calibration factors, except after the 

replacement or repair o f  a sensor/system.

The results of these calibration checks are presented in Table 5.6. Some of the 

systems/sensors did not register the calibration check runs because they were out of order 

at the time of the check. Sensor Nos. B2 and B4 did not register these runs because they 

were not connected to the electronics during these periods. The number of records, the 

mean and the standard deviation of the relative errors are given. Some of the checks 

constitute ‘Full Repeatability’ conditions (Jacob et al. 1997), i.e., the same vehicle passing 

repeatedly with the same load and at the same speed. Others constitute ‘Extended 

Repeatability’ conditions, i.e., the same vehicle passing repeatedly but with different 

conditions of load and different speeds. It can be seen that some systems have a consistent 

bias in the results and that the variation in results in some is considerably greater than that 

in others.

Table 5.6 - Results of calibration check (IF = Impact Factor, rl = full repeatability, r2 = 

extended repeatability)

Calibration lorry runs

WIM-systems number of 

runs

conditions 

(no of 

days)

IF: mean 

Value

IF: standard 

deviation

System A l 62 r2(2) 1.08 0.06

System A3 45 r2(l) 1.13 0.08

System A4 65 rl (2) 1.06 0.06

System A5 48 r l ( l ) 0.99 0.01

System A6 37 rl (1) 1.00 0.02

Sensor B3 45 r2(l ) 1.00 0.03

5.6.4 System/Sensor Behaviour and Data Collection

The data for the test was gathered in the period, August 1993 to November 1995. In the 

Summer of 1993, Systems Al to A3 were installed and Sensors B1 to B4. The other 

systems were installed later; A4 in October 1993 and A5 and A6 in October 1994. The
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latter three systems took part for less than half of the test period and recorded only about 

one tenth of the total data.

During the main test period (July 1993 - November 1995), there were a total of 86 days of 

measurement (30 days in 1993, 41 days in 1994 and 15 days in 1995). In all, 3422 

vehicles were weighed statically, but not all could be recorded by the systems because of 

failures, the fact that they were not always in operation or because they were not 

connected to the sensors. The maximum number of vehicles recorded by any of the WIM 

systems was 2128, with large differences in the numbers of recorded weights according to 

the periods of successful operation of the systems. Because of the absence of automatic 

recording procedures, the period during which the WIM sensors were being monitored, 

was considerably less. During the period of monitoring, 1471 vehicles were weighed 

statically. The numbers weighed by the individual systems are given in Table 5.7.

Table 5.7 - Summary statistics for ratio of WIM weight to static weight (lorries over 3500 

kg)

Lorries (GW over 3.5 tons)

WIM-systems number of 

vehicles

IF: mean 

Value

IF: standard 

deviation

Golden River 1255 1.02 0.24

Peek Traffic 1265 0.94 0.22

Mikros 1325 1.04 0.09

ECM 1084 0.99 0.16

PAT 155 0.97 0.06

KIAG / PAT 137 1.02 0.10

The measurements only applied to the gross weights of vehicles carrying waste to the 

incinerator nearby. About 65% of the vehicles measured were lorries, the rest being small 

vans. 30% of the lorries were two-axle rigid with typical gross weight in the range 8-15 

tonnes, 40% were three-axle rigid with typical gross weight in the range 13-25 tormes 

while 30% were 4-axle lorries with typical gross weight in the range 16-28 tormes.
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5.6.5 Results - Overall Accuracy Assessment

The static gross weights recorded at the incineration factory were used as the reference 

values for the assessment of system/sensor accuracy. In Figure 5.24 the ratio of recorded 

WIM weight, W j , to static weight, Ws, is plotted against static weight for Systems A3 and 

A4. In the graphs there is a cluster of points centred about a static weight of about 3000 

kg. This corresponds to recorded vans. Some sensor designs are clearly better suited to the 

estimation of static weights that others. Satisfactory results are appeirent from System A3 

which utilises a sensor with a relatively wide base.
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Figure 5.24 -  Recorded WIM gross weight versus static weight for system and sensor (a) 

A3 and (c) A4, recorded impact factor versus static weight (b) A3 and (d) A4

(Caprez et al. 1991)

The accuracy of each of the systems has been classified with reference to the draft

European WIM standard (COST323 1997a, Jacob et al. 1997). As static weights for

individual axles were unavailable, this classification applies only to the gross weights. In

the context of the standard, the test satisfied conditions of ‘full reproducibility’, i.e., the

test sample was large, was taken fi'om the general traffic flow and was representative of it.
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In addition, the test satisfied conditions of ‘full environmental reproducibility’, i.e., it 

spanned a reasonable range of temperature and climatic conditions. For such conditions 

the standard specifies a required minimum level of confidence in the results depending on 

the number of records in the sample. This can be shown to be 90% for about 150 lorries 

(as in the case of Systems A5 and A6) and 92% for 1000 to 1500 lorries (as in the case of 

the other systems).

Table 5.8 gives the sample percentages of results within various centred confidence 

intervals for each system.

Table 5.8- Statistical accuracy of WIM systems relative to static gross weights

Width of the 

confidence 

interval

(centred on the 

static weight)

percentage of results 

in the confidence intervals

Golden

River

Peek

Traffic
Mikros ECM PAT Kistler

/PAT

± 5 % (A) 21.0% 25.1 % 42.7 % 34.8 % 71.0% 37.2 %

± 10 % (B) 37.5 % 45.5 % 73.7 % 61.1 % 86.5 % 67.9 %

± 15 % (C) 52.0 % 59.4 % 87.7 % 75.9 % 93.5 % 89.1 %

± 20 % (D+) 64.8 % 68.9 % 95.3 % 82.7 % 98.7 % 97.8 %

± 25 % (D) 76.6 % 76.0 % 97.9 % 86.3 % 98.7 % 98.5 %

± 30 % 84.4 % 81.8% 99.0 % 90.8 % 100% 99.3 %

± 35 % 87.5 % 87.3 % 99.5 % 94.0 % - 100%

± 40 % 90.2 % 93.0 % 99.8 % 96.0 % - -

± 45 % 92.0 % 96.3 % 100% 97.9 % - -

Accuracy class E(45) E(40) (20) - D E(35) C(15) (2 0 ) /C

The underlined levels o f  confidence are the least values in excess o f  the acceptance thresholds.

The accuracy class in italic is just over the sample results.

After the letter E, the true accuracy classes according to the results are given, even though they are not 

defined in the specification. This has also been applied for class D+(20).
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For System A5, the minimum level of confidence is 90% so the classification is based on 

the width of the confidence interval within which 90% of results fall. As only 86.5% of 

WIM results fall within 10% of the static values, the system cannot be classified as Class 

B(10). As more than 90% of results fall within 15% of the static values, it is classified as 

Class C(15). Only System A5 strictly meets Class C(15). System A6 misses this class by 

1% of results (1 or 2 measurements) and is in what could be called Class D+(20). With 

more measurements, it is possible that System A6 would achieve a Class C(15) rating. 

Both systems only took part in the test for a relatively short period and were, therefore, 

exposed to a lesser range of environmental and temperature conditions than the other 

systems.

In addition to the classes explicitly defined in the European Specification, some other 

classes are used, such as E(35), E(40) and E(45) as relevant according to the test results. 

System A3 meets the class D+(20) requirements. All the other (strip sensor) systems fail 

to meet the Class D(25) requirements and should be placed in Class E. There are, 

however, some clear differences between them, as shown by the levels of confidence 

given in Table 5.8. System A4 is in Class E(35) with a level of confidence of 94%, while 

System A2 is in Class E(40) at 93% confidence and System A1 is in Class E(45) at 92% 

confidence.

These low classifications are to be expected from a site with these characteristics (Class III 

in accordance with the draft specification) even from wide-base sensors. The capacitive 

mat of System A3 was affected by some sensor failures and electronic problems and 

System A4 was partly affected by the inappropriate conditions for its self-calibration, 

which may explain the reduced accuracy. The strip sensors (Systems A l, A2 and A4) are 

more sensitive to dynamic effects resulting from the pavement/vehicle interaction, which 

increases significantly with pavement roughness. However, only the highest 

eigenfrequencies (approximately 15 Hz) of the non-suspended masses, which correspond 

to the shortest wavelengths of the signal on the road (1 m), are smoothed with the wide- 

base sensors; the low eigenfrequencies (from 0.5 to 3 Hz) which correspond to 

wavelengths between 5 and 30 m, are not filtered by any WIM sensor. Therefore, it might 

be expected that less than half of the dynamic increment would be eliminated by the large
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scales, according to extensive studies carried out in the OECD/DIVINE project (Jacob 

1995, Jacob and Dolcemascolo 1997).

System A6 used a Kistler strip sensor combined with electronics provided by PAT. It is 

interesting that the accuracy classification is close to but less than that of System A5, the 

wide-base bending plate provided by PAT. This suggests that the dynamic phenomenon 

(dynamic increment with short wavelength) has an order of magnitude of 5 to 10 % on this 

test site. Such a difference would be critical for Class A(5) or B(10) systems but is clearly 

less important for the lower accuracy classes. It might therefore be expected that, on 

smoother pavements with much smaller dynamic increments, high performance strip 

sensors could provide results similar to those of the wide-based sensors.

5.6.6 Analysis for Time and Seasonal Trends

Data from four WIM systems, A1 to A4, was analysed in greater depth by the author to 

examine the relationship between WIM accuracy and time or season. Two analyses were 

carried out. For the first, accuracy was calculated by month in chronological order. For the 

second analysis, three types of season were identified and accuracy was calculated once 

for each season type.

The purpose of the first analysis was to determine if the WIM system accuracy tended to 

deteriorate with time. The mean by month of the ratio of WIM weight to static weight is 

presented in Figure 5.25 for each of the four systems. For Systems A1 and A2, there is no 

apparent tendency to drift with time. For System A3 on the other hand, there seems to be a 

tendency for the mean ratio to deviate from unity with time. This has significant 

implications for accuracy classification. On the basis of these results, the system 

classification would change from Class B(10) in December 1993 to C(15) in March 1994 

to (20) in May 1994 and to D+(20) in July 1994.

If a self-calibrating WIM system were functioning correctly, it would be reasonable to 

expect no variation in mean accuracy with time or season. For the reasons explained 

above, the self-calibration algorithm for System A4 was deactivated throughout the 

period, January through August 1994. It can be seen from Figure 5.25(d) that there is a
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relatively small drift through that period during which the system accuracy actually 

improves. In 1995, the self-calibration algorithm was reactivated. However, for each of 

the three months for which data is presented, there were no more than two consecutive 

days of recordings which is considered to be insufficient for such a system to function 

properly. The results can be seen to be worst for September 1995 during which there were 

two days of recording separated by one week.
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Figure 5.25 -  Mean ratio of measured WIM weight to static weight by month

A second analysis was performed to determine if there was a consistent variation in 

accuracy with season. Figure 5.26 shows some typical pavement temperatures, as 

recorded by System A4. On the basis of the trend evident in this graph, it was decided to 

define three seasons as follows; ‘cold’ for December, January and February, ‘warm’ for 

June to August and ‘mid-season’ for the other months. Where data for more than one year 

was available, it was combined to give only one value for each season. However, there 

was often insufficient data to achieve this.
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The seasonal means and standard deviations of the ratio of WIM to static weight are 

presented in Table 5.9. It can be seen that there is no apparent trend by season for Systems 

Al, A2 and A4. For System A3 the data only extended over nine months with the result 

that it is not possible to determine whether the drift apparent in Figure 5.26 is due to 
climatic effects or not.
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Figure 5.26 -  Typical pavement temperatures recorded by System A4

Table 5.9 - Results of seasonal analysis

System A l System A2 System A3 System A4

Mean St.

Dev.

Mean St.

Dev.

Mean St.

Dev.

Mean St.

Dev.

Winter 0.99 0.23 0.96 0.21 0.99 0.06 0.94 0.14

M id -

Season

1.09 0.24 0.92 0.19 1.05 0.07 1.03 0.20

Summer 0.97 0.21 0.96 0.26 1.11 0.09 0.99 0.15

Tempreature
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5.7 ASSESSMENT OF THE INFLUENCE OF TRAFFIC GROWTH

A central assumption in the extrapolation to determine characteristic extreme values for 

design load effects is that of stationarity of traffic as previously discussed. Clearly, this 

assumption, although necessary, is questionable when the evidence of Figure 4.30 is taken 

into account. Vehicle traffic is a non-stationary phenomenon with variation in both vehicle 

proportions and weights experienced over time as a function of economic and 

technological developments. As such it is important to determine the sensitivity of 

predicted extreme load effects to changes in the composition of road traffic.

It is evident from Figure 4.30 that, over a period of 10 years, a significant shift in the 

composition of road traffic was experienced on a particularly heavily trafficked route in 

France, with a substantial increase in the number of 5-axle vehicles. Table 5.10 illustrates 

the variation in the relative composition of the traffic over 10 years between measurement. 

The results of simulation have indicated that, although this shift has taken place in the 

composition of traffic, there is little apparent effect on the characteristic extremes as 

variation in composition has been compensated for by increased accuracy in WIM records. 

However, given the current accuracy of WIM systems it is important to consider what 

influence future changes in traffic composition might have on extreme load effects.

Table 5.10 — % Traffic composition by vehicle class of A86, A31, A1 1996 and applied 

variation in A1 composition

A l l A12 A l l l A22 A112 A13 A l l

Oil

A113 A122 A11012 A12011 A123 A1212

A86 22.0 1.3 1.2 O.I 25.4 0.1 6.0 37.0 0.6 4.5 0.8 0,6 0.3

A31 8.1 2.2 0.5 0.1 8.6 0.0 1.2 68.6 4.7 3.1 2.0 0.6 0.2

A1 13.7 0.7 0.8 0.0 16.7 0.0 1.8 57.4 2.7 3.2 1.5 1.2 0.3

Al-5 12.9 0.7 0.7 0.0 15.7 0.0 1.7 59.8 2.6 3.0 1.4 1.1 0.3

Al-10 11.4 0.6 0.6 0.0 13.9 0.0 1.5 64.5 2.3 2.7 1.2 1.0 0.3

AI-25 8.0 0.4 0.4 0.0 9.7 0.0 1.1 75.2 1.6 1.9 0.9 0.7 0.2

AI-50 3.2 0.2 0.2 0.0 3.9 0.0 0.4 90.1 0.6 0.7 0.3 0.3 0,1

Table 5.10 and Figure 5.27 indicate the change in traffic composition for a theoretical 

increase in the proportion of class A113 vehicles by 5, 10, 25 and 50% with corresponding 

reduction in the proportions of the other classes. These increases in the proportion of 5-
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axle vehicles lead to consequent increases in the volume of flow by 0.75, 1.96, 7.3 and 

25.2% respectively. It is important to point out that incremental rather than evolutionary 
growth is modelled here.

In addition to changes in the flow characteristics it is important to assess what influence 

changes in regulatory policy for vehicle weight will have on the predicted characteristic 

extreme. To this end a sensitivity study has been performed where gross vehicle weights 

have been increased by 5, 10 and 25%. The effect of these increases on the statistical 

weight distributions of the single, tandem and tridem axles in the traffic file are illustrated 

in Figure 5.28, with the corresponding statistical moments and modal proportions 

indicated in Table 5.11.

100 
90 
80 

^  70 
e 60 
r  50I 40
^  30 

20 
10 
0

Figure 5.27 -  Variation in traffic composition

■ A1 lA l-S

□ Al-lO DAl-25

<sn

Classification

191



M a t h e m a t ic a l  m o d e l s  a n d  A c c u r a c y  O f  p r e d ic t e d  e x t r e m e s

5%
10%
25%
0%

1.40E-02 •

6.00E-03 • -

4.00E-03 •

2.00E-03 • -

O.OOE-HM

(a)
2.00E-02

1.60E-02 •

p l.OOE-02 ■

6.00E-03 •

4.00E-43 •

2.00E-03

o

A x leW t(k > J

(b)

6.00E-03

5.00E-03 •

^  4.00E-03 ■

ea
2.00E-03 ■ -

O.OOE-HM)

(c)
Figure 5.28 — Influence of variation in GVW on axle and axle group weight 

distributions (a) single axle, (b) tandem and (c) tridem
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Table 5.11 — Statistical moments and distribution proportions for 0 — 25% increase in 

GVW

Single Axles Tandem Axles Tridem Axles
Mean W i '

Mode 1 Mode 2 Mode 1 Mode 2 Mode 1 Mode 2

0% 53.10 109.87 47.31 95.46 126.98 241.21

5% 54.48 113.39 48.78 100.88 129.62 250.70

10% 57.05 119.47 50.88 102.81 136.37 262.40

25% 64.56 134.34 57.88 118.13 155.83 298.57
'

0%

StDev i i
17.68 17.46 13.12 40.46 47.22 29.87

5% 18.11 19.65 14.07 41.79 47.36 34.10

10% 19.27 19.89 14.46 45.19 50.57 34.05

25% 21.35 23.55 16.23 50.65 57.89 37.99

Modal Proportions ilHj
0% 0.72 0.28 0.53 0.47 0.55 0.45

5% 0.70 0.30 0.55 0.45 0.53 0.47

10% 0.71 0.29 0.53 0.47 0.54 0.46

25% 0.70 0.30 0.53 0.47 0.55 0.45

Monte Carlo Simulations were performed for the revised characteristics of vehicle weight 

and flow proportion. Simulations were performed for influence surfaces II, 16 and 19 for 

two and four lanes of traffic flow. As previously, for two lanes of flow, free (F2) and 

congested (C2) simulations were performed resulting in an envelope of characteristic 

extremes. For four lanes, the characteristic extremes were determined for the mixed 

congested free flow scenario (C4). Statistical extrapolations were performed for a period 

of 50 years with an a-fractile of 5%. Comparison of the results of Monte Carlo simulation 

for various combinations of increase in flow proportion and in vehicle weight, with the 

results for 0% growth and 0% change in vehicle weight are illustrated in Figure 5.29 for 

influence surface II using scenario C4. In reference to this figure it should be noted that 

the convention GX-Y implies simulation with a growth in the proportion of class A113 in 

the flow by X%, with a corresponding increase in allowable vehicle weight by Y%.

193



®/o 
Di

fT
. 

fro
m 

GO
-C

 
% 

D
iff

. 
fro

m 
GO

-C
 

% 
D

iff
. 

fro
m 

GO
-C

M a t h e m a t ic a l  M o d e l s  An d  Ac c u r a c y  o f  Pr e d ic t e d  E x t r e m e s

5.0

0.0

-5.0 - •

- 1 0 .0  - -J

- 20.0 ■

-25.0 -

-30.0
50 100 1500 200

Span [ra]

(a) Mean (GO-W%)

5.0

0.0

-15.0 *

-20.0 •

-25.0 •

•30.0
0 50 100 150 200

Span [m]

(c) Mean (G5 -  W%)

5.0

0.0

-5 .0 '

- 10.0 -

-15.0 ■

-20.0 -

•25.0 •

-30.0
0 50 200100 150

Span [n]

(e)Mean (G10-W % )

20.0

15.0-so
sp

i  1 0 .0  - -

Q

5.0 ■ -•

0.0
0 50 100 150 200

Span [m]

(b)St. Dev. (GO-W%)

Span [m]

(d) St. Dev. (G5 -  W%)

Span [m]

(f)St. Dev.(G10-W %)

20.0

15.0 ■6
O
E

10.0 • ;fe*o
5.0 -

0.0
50 1000 150 200

20.0

15.0s0
E1 10.0

Q

5.0

0.0
100 20050 1500

Figure 5.29 -  Mean and standard deviation of % difference from GO-0 for various 

combinations of increased flow and vehicle weight
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Figure 5.29 Contd.— Mean and standard deviation of % difference from GO-0 for various 

combinations of increased flow and vehicle weight

It is clear from Figvire 5.29(a) -  (j) that variation from the predicted extreme is far more 

dependent upon increase in gross vehicle weight that upon increases in the proportion of 

heavy vehicles in the flow. This finding is further emphasised with reference to figures 

5.29(k) -  (n). Figures 5.29(k) and (m) illustrate the influence of growth in the proportion 

of heavy vehicles on the mean characteristic extreme for influence surfaces II and 19 

(midspan bending moment in a simply supported span and mid support continuous 

moment m a two span structure) excluding any increase in allowable gross vehicle weight. 

Figure 5.29(1) and (n) illustrate the corresponding standard deviation. It is clear that a 

growth in the proportion of heavy vehicles in the flow has a small influence of 

approximately 10% (max) for II for spans less than 50 m and that this error attenuates 

with increasing span length. The standard deviation on this error for II is also highest for 

shorter spans again attenuating with increasing span length. The influence of growth for 19 

is seen to be negligible (approx. 5%) for short spans, approaching 0% with increasing span 

length. Also again the standard deviation is seen to be a function of span length.

In conclusion it is noted that the factor which could have major influence on predicted 

extremes in the future is a change in regulatory policy regarding allowable gross vehicle 

Weight. On the other hand, increases of up to 50% in the volume of heavy vehicles in the 

flow have a much less significant effect. This finding is borne out by a US study, in which
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it was found that Changes in traffic volume have less effect on the f5—safety level than 

those in enforcement type ’ (Fu and Hag-Elfasi, 1995).

The implications o f these findings are clear with respect to factors such as seasonal 

variation in traffic flow and calibration drift.

5.8 ASSESSMENT OF THE INFLUENCE OF DURATION OF 
RECORDING

The influence of the duration of recorded traffic in WIM files to be used in determination 

of characteristic values, is clearly of concern with regard to code calibration. As discussed, 

it has been assumed that traffic actions over a period of one year are taken as a stationary 

process. Thus it was considered that 1 week in time could be taken as the representative 

period and, therefore, 1 week was taken as the basic simulation period for calculation of 

extremes. However, some authors have questioned such assumptions claiming that a 

longer recording period within each year (to model seasonal variation) and/or in 

consecutive years is required to fully model the huge range of loading cases to which a 

structure will be subjected during its design lifetime. Comparisons are drawn with the 

determination of maximum wind or flood loading in a region where detailed records of 

maxima for previous decades are employed for extreme value modelling.

Clearly, there is merit in such argument, and ideally continuous records of traffic recorded 

over a range of seasons and for a number of years would be used in code calibration. 

However, unfortunately, in practice continuously recorded, detailed and reliable traffic 

records are unavailable. Therefore a degree of engineering judgement is required to 

determine the optimal time and duration of traffic recording. Although, as previously 

discussed, in the re-calibration of the Eurocode it was considered that 1 week of 

continuously recorded data would provide sufficient loading combinations for 

determination of characteristic extremes, the results of a study into the sensitivity of these 

extremes to the recording period is presented here.

Monte Carlo techniques have been employed to regenerate traffic records for recording 

periods varying from one to four weeks. A continuously recorded WIM file of one week
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provided statistical moments for the resulting load effect values. It is intended to attempt 

only to generate an increased number of load combinations to which the structure will be 

subjected through increasing the physical number of traffic records. In this generation, it is 

assumed that the underlying distributions of weight and spacing are stationary. These 

assumptions are considered reasonable when taken in context of previously presented 

results for studies in data accuracy and variation in traffic characteristics.

A comparison of the mean and standard deviation on the characteristic extreme for 

influence surface II and flow scenario C4 is presented in Figure 5.30 with the percentage 

difference in characteristic extremes for simulated WIM data of duration two, three and 

four weeks, relative to one week in Table 5.12. Results in Figure 5.30 are presented for 

span lengths 5, 10, 20, 50, 100 and 200 m. It is clear from Figure 5.30(a) that increasing 

the number of possible load combinations to which the structure is subjected has 

negligible effect on the characteristic extreme. The load effect values for each span length 

are practically the same, as evidenced by the fact that the mean values for each span length 

are superimposed on each other when plotted. This fact is further evidenced in reference to 

Table 5.12, which demonstrates the largest percentage difference as 6%, with the average 

percentage difference of approximately, 1.4%. Figure 5.30(b) demonstrates no apparent 

link between quantity of records and standard deviation of load effect.

Table 5.12 -  % Difference in characteristic extremes (C4 II) for simulated WIM data 

duration 2, 3 and 4 weeks, relative to 1 week.

RP MC5 MClO MC20 MC50 MCiOO MC200
1-3 1,-4' 1-2 1-3 1-4 . 1-2 1-3 1-4 1-2 1-3 1-4 1-2 1-3 1-4 1-2 1-3 1-4

1 wk 0.6 0.2 0.7 0.0 3.8 3.2 6.2 2.4 2.1 1.7 1.6 2.4 0.5 1.9 2.4 0.8 1.6 0,5

2 wks 0.5 0.2 0.7 0.0 3.6 3.1 6.0 2.4 2.1 1.7 1.6 2.3 0.6 1.9 2.3 0.8 1.5 0,5

3 wks 0.5 0.2 0.7 0.0 3.5 3.0 5.8 2.3 2.1 1.7 1.5 2.2 0.6 1.8 2.2 0.8 1.5 0,5

1 mth 0.3 0.2 0.6 0.1 2.8 2.4 5.1 2.0 1.9 1.7 1.1 1.6 0.6 1.4 1.7 0.8 1,2 0,4

6 mths 0.3 0.2 0.6 0.1 2.7 2.2 4.9 1.9 1.9 1.7 1.1 1.5 0.6 1.3 1.6 0.8 1.2 0,4

ly r 0.1 0.2 0.5 0.0 2.2 1.8 4.4 1.7 1.7 1.7 0.8 1.2 0.6 1.0 1.3 0.7 1,0 0,3

20 yrs 0.1 0.2 0.4 0.0 2.1 1.7 4.3 1.7 1.7 1.6 0.8 1.1 0.6 1.0 1.2 0.7 1,0 0,3

SO yrs 0.0 0.1 0.4 0.0 2.0 1.6 4.1 1.6 1.7 1.6 0.8 1.0 0.6 0.9 1.2 0.7 1,0 0.3

100 yrs 0.0 0.1 0.4 0.0 1.9 1.4 3.9 1.5 1.6 1.6 0.7 0.9 0.6 0.8 1.0 0.7 0,9 0,3
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5.9 CONCLUSIONS

The aim of this chapter was to investigate the suitability of mathematical models used in 

traffic flow simulation by the Monte Carlo method, and to determine the factors 

influencing the accuracy of the characteristic extremes predicted by such models. It is 

clear that, although the models are unable to exactly reproduce the load effects induced by 

actual traffic data, they do provide reasonable estimates of the characteristic extremes, 

with the accuracy of these estimates seen to be dependent upon the load effect. As 

expected, the accuracy of the generated files was seen to increase with increasing span 

length in approximate inverse proportion to the variance in the extreme. Sensitivity studies 

into the Gamma distribution of inter-vehicle distance were employed to determine optimal 

censoring criteria for simulation. A comparison between various extrapolation techniques 

demonstrated the relative insensitivity of the characteristic extreme to the prediction 

method. However, where an extreme value distribution is employed, the choice of the 

distribution was demonstrated to relate to span length and influence surface. The influence 

of the accuracy of recorded WIM data was demonstrated to be a function of span as well 

as of load effect, with accuracy more critical for shorter span lengths while the effects of 

increasing inaccuracy were seen to attenuate with span. The time-dependent and seasonal 

analysis did not provide any clear proof of a seasonal trend and, in some cases, there was 

evidence of an absence of such a trend. In performing an analysis for the effects of future 

growth it was determined that the factor which could have major influence on predicted 

extremes in the future is a change in regulatory policy regarding allowable gross vehicle 

weight. On the other hand, increases of up to 50% in the volume of heavy vehicles in the 

flow have a much less significant effect. Finally the characteristic extremes were found to 

be insensitive to variations in recording period from one to four weeks.
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CHAPTER 6

PREDICTION OF CHARACTERISTIC EXTREMES THROUGH 

STATISTICAL CONVOLUTION
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CHAPTER 6 -  PREDICTION OF CHARACTERISTIC EXTREMES 

THROUGH STATISTICAL CONVOLUTION

6.1 INTRODUCTION

This chapter presents a stochastic flow model, which may be used to determine 

characteristic load effects for bridge design code calibration. The advantage of the method 

lies in its simplicity. Previous chapters have detailed the exhaustive simulations required 

in the calibration of a design load model. The method proposed arrives at reasonable 

approximations to these extremes in seconds. The process requires knowledge only of the 

characteristics of the traffic flow, vehicle weight distribution and of the relationship 

between the influence surfaces for the total load on the span and that of the effect being 

considered. In derivation of the stochastic flow model, trucks are considered rather than 

axles, with arrival on the bridge assumed to follow a modified Poisson density, in 

accordance with the assumed gamma density of inter-vehicle distances, but taking into 

account the minimum vehicle headway. This assumption, discussed in Chapter 3, is 

investigated. The analytical convolution of the flow process, bimodal gross weight 

distribution and the influence surface, leads to an analytic expression for the characteristic 

load effect on a given span length and for a specified number of lanes which is in good 

agreement with that predicted by direct simulation. A reasonable alternative to the 

requirement to perform large-scale simulations to determine characteristic load effects for 

code calibration is therefore demonstrated.

6.2 POISSON PROCESS MODELS

For a free-flowing traffic, a Poisson flow process is proposed and used to calculate 

analytically the extreme value of the total load on a span of length L (Harman and 

Davenport 1979, Jacob et al 1989b). The traffic is assumed to be a stationary process and 

the vehicles independent of each other. Trucks are considered rather than axles with the 

total number of vehicles arriving on the bridge up to time t having a Poisson density:

n! Equation 6.1
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in accordance with the gamma density of inter-vehicle distances discussed in Chapter 5, 

where (p — N jT  represents the traffic flow rate in vehicles/hour, Nt is the total number of 

vehicles on the span and T is the total time period considered. For a bridge of length, L, 

the total number of vehicles at any time may be written as:

p ( x  =n)= =
Equation 6.2

where X = ^ t , t is the time for a vehicle to cross the bridge. Given that t = L j V , then 

X = Lj D is the mean number of vehicles on the span L during T, with D the mean value 

of the distance between vehicles.

In code calibration and assessment the random variable to be considered is:

Y = Max X  Equation 6.3
(o,r)

for a period T close to the expected, or required lifetime of the structure. In order to 

estimate Y and keep the variables X  independent, it is considered that;

r^McaX,  Equation 6.4
i= l

where X ,,... are assumed to be independent Poisson random variables and A: = [7/^]

represents the number of independent observed X^ contributing to Y.

Where multiple lanes of traffic flow are considered, independence is assumed between 

each lane. In the strict sense this assumption is incorrect; studies by the author have 

identified weak correlations between the weights of trucks in adjacent lanes in Irish data. 

However, it is considered a reasonable and necessary assumption in order to arrive at an

analytic solution. Thus, for m lanes:
/w m 1 1

/=i ,=i D ,=i D, Equation 6.5

The PDF and CDF of Y are calculated as:
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f y { n ) = F y { n ) - F y { n - \ )

/,(o) = A (o)

« > 0 

n > 1 Equation 6.6

As previously discussed the Poisson distribution represents a point process, which may be 

used to generate vehicle arrivals on the structure, however the process takes no account of 

the length of vehicles (Harman and Davenport 1979, Jacob and Maillard 1991). The 

standard Poisson density fimction must therefore be modified to avoid overlapping on 

short spans (i.e. < 80 m) by allowing for a minimum space, do, occupied by each vehicle 

on the span. Thus the exponential law of times of arrival is shifted to the right by 

= Jg/F  , where V represents the mean vehicle speed. Hence,

This is compatible with the Gamma law of inter-vehicle distances. Thus, N, the random 

number of trucks present on a length L (one lane) may be written explicitly as:

where -T„,is the distribution function of the Gamma law (n,l), AT  = HeadwayjSpeed, 

where vehicle speeds are assumed constant for small A T , and t = LjV  is the bridge 

crossing time.

In addition the process mean and variance may be estimated as:

Equation 6.7

/ n+ I T "

Equation 6.8

>J,=B{X)= jxf(x)ck = y? ,  (v)
Equation 6.9

For a number of independent lanes, the law for Nm vehicles on the m lanes is a simple 

generalisation of the law for Nj vehicles on 1 lane:
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n

P{N = n, P{N = i ,m -  1).p {N = n - i ,  l)
Equation 6.10

The implications of the model may be demonstrated with reference to the data recorded on 

the Al motorway in 1996 which was found to be the most severe modem European traffic 

used in the Eurocode re-calibration. The parameters describing the traffic flow are; D = 

320 m, V= 85 km/hr, = 300 PL/h . Figure 6.1(a) to (c) illustrate the influence of 

increasing span on the parameters of the truncated and un-truncated Poisson distribution. 

It is clear that without truncation the standard Poisson distribution overestimates the 

maximum feasible number of vehicles on the span.

It is observed that in all cases the distributions are concentrated on two or three Y values 

with probability 95% or greater. It is also observed that when the extrapolation period 

increases from 1 day to 1 year and from 1 year to 50 years that the Y distribution is shifted 

by one or two units each time. That is, the number of vehicles simultaneously on the 

bridge during the critical event increases with the retum period. As illustrated by the 

values in parenthesis in Table 6.1, the mean values of Y increase from 40 to 45% and 73 

to 78% respectively when T increases form 1 day to 1 year and from 1 year to 100 years. 

The corresponding standard deviations are slightly decreasing, when the boundary 

condition concerning maximum number of vehicles on the span is not taken into account.

Clearly, the importance of this boundary condition is apparent for 1 day and shorter spans 

(L < 70), on one lane but not for L > lOOw, and certainly not for two lanes. For T=1 year, 

with L=50 and 70 m, and T=100 years and L=70 m, the boundary condition proves that 

the span is crowded at least once with probability 1 over the period considered. This result 

is clearly different from that predicted without that condition. For T=lyear and L=70 m 

and T=100 years and L=100 m, the condition is slight, but only minor changes are 

provided to the predictions from the natural Poisson model. Overall, it may be concluded 

that for a 100 year lifetime, it is necessary to introduce such a boundary condition for 

spans with length shorter than 100 m.
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Figure 6.1 -  Distribution of the number of vehicles on a span for varying time periods and

number of lanes, based on A1 1996
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Table 6.1 -  Distribution of number of vehicles on span

—

i -  Mean (1 Lam0
Untruncated Truncated

Span[m] 1 Day 1 Year 100 Years 1 Day 1 Year 100 Years

50 3.82 5.43 (42) 6.77 (78) 3.75 4.0 4.0

70 4.15 6.03 (45) 7.26 (75) 4.15 5.93 6.0

100 4.55 6.56 (44) 8.08 (78) 4.54 6.55 7.96

200 5.72 8.18(43) 9.92 (73) 5.72 8.18 9.92

Standard Deviation (I Lane)

Untruncated Truncated

Span [m] 1 Day 1 Year 100 Years 1 Day 1 Year 100 Years
50 0.51 0.52 0.49 0.43 0.00 0.00

70 0.44 0.41 0.46 0.44 0.26 0.00

100 0.58 0.56 0.40 0.58 0.56 0.21

200 0.65 0.53 0.55 0.65 0.53 0.55

Mean and Standard Deviation (2 l.ane

:

...........................

Mean (1 Day) Standard Deviation (1 Day)

Span [m] Untruncated Truncated Untruncated Truncated

50 4.83 4.83 0.56 0.56

70 5.34 5.34 0.55 0.55

100 6.05 6.05 0.61 0.61

200 7.87 7.88 0.75 0.75

Figure 6.2 and Figure 6.3 illustrate the use of Equation 6.10 in determining multi-vehicle 

multi-lane probabilities, i.e. P{lSI = n,m), for two and four lanes of mixed flow 

respectively. The increased variability in the number of vehicles on the span is clear with 

increasing span length for a given vehicle occupancy length (i.e. vehicle length plus 

spacing between consecutive vehicles) of 12.5m. For two lanes of congested flow, 4 

vehicles are present in the extreme with probability 1.0, whereas for 200m the number of 

vehicles on the span is randomly distributed, with a mean value at approximately 21. 

These figures become 8 and 36 respectively for four lanes of congested flow.
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Overall it is concluded that the importance of the use of the truncated Poisson distribution 

is clear from with the number o f vehicles on the span during the critical event becoming 

less deterministic with increasing span length and return period.
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Figure 6.2 -  Two lanes congested
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Figure 6.3 -  Four lanes congested
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6.3 TOTAL LOAD ON A BRIDGE

Trucks passing on the bridge generate load effects such as bending moments, shear forces, 

etc. Each effect is characterised by its influence surface z(x,y), such that at any time t the 

total value o f the effect is obtained through superposition o f the effects o f  each o f the N t  

axles on the bridge at time f.

1=1 Equation 6.11

The total load on a bridge section with length L and width w is a particular load effect 

leading to easy calculation of Equation 6.11, because the influence surface is given by
N

zfx,yj=l for 0 < x < L ,  0 < y < w .  Thus the total load is defined as Q = '^W^  and
;=1

consequently the PDF for total load is given as:

n>o Equation 6.12

where 5^ is the Dirac number at 0 (i.e. at P{N = O)), ffy is the bimodal PDF of vehicle

gross weight with CDF F^y, while represents the convolution of the weight 

distributions of n lorries given as:

fw (^) = 2  -  Pi
/=0

=  im̂  + { n -  i)ni2

(tI  = ia l  + { n -  i)a l  Equation 6.13

Integrating Equation 6.12 from ^ = 0) to + oo, yields the CDF of Q:

=z (> - ft rvi' ? W.U
n>0 i - l

x-m„
Equation 6.14

The maximum load on the span, qextr, during the design life T, is obtained by splitting the 

[0,7] into K  equal intervals, where ^  = [r//]  and thus = MaxiQf.) with Qk being K
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independent variables with density . The a-characteristic value of g  during T, q,^„{a) 

is approximated by;

1 -  Fq (^)) = 1 -  (l -  » cc/K = s  Equation 6.15

Therefore P(total load Q exceeds q̂ xtr during T) -  s. A  numerical technique such as 

Newton-Raphson may be employed to solve this equation.

The Poisson models are only valid for flowing traffics. In order to account for jam 

situations, N  is considered as deterministic on congested lanes;

Span
'd o .

Equation 6.16

Equation 6.14 and Equation 6.15 are still valid where in Equation 6.15, \/K  is now taken 

to represent the probability of a jam. Thus the stochastic process is modelled for both free 

flowing and congested traffic. The FORTRAN code written by the author, which performs 

the convolution operation for multiple lanes of varying flow condition, is included in 

Appendix F.

6.3.1 Results of Convolution

Analysis has been performed by the author to compare the results for free, jammed and 

mixed flow in direct simulation and analytical evaluation of the characteristic total load on 

a span. The chosen return period was 100 years with a 10% fractile, with spans ranging 

from 10 to 200 m for one and two lanes of traffic flow. The comparisons are made in term 

of Equivalent Uniformly Distributed Load, q (kNW ).

^ = — where S =  f [ z{x,y)dxdy i f
^ """" Equation 6.17

where e is the extreme load effect over the period considered. The analysis has been 

performed by the author for the A6 1986, A6 1996, A1 1996, A2 1996 and A31 1997 

traffics, the gross vehicle weight distributions for which are illustrated in Figure 6.4.
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Figure 6.4 -  Comparison of GVW distributions

Clearly these traflfics are quite different, in frequency terms, and as such they provide a 

good test for the robustness of the proposed method. The statistical parameters for each 

traffic are determined with the space between vehicles, required for the non-overlapping 

criterion, taken conservatively as, t/g = 12.5/w.

Figure 6.5 to Figure 6.10 present a comparison of the results obtained by direct simulation 

and analytical convolution of total load on the span (free-flowing conditions or 

jammed/mixed flow conditions without cars). In addition, comparisons with the 

magnitudes of the EUDL prescribed by the normal load models of current loading codes 

are made. In the figures the label Poisson A31 1997 refers to the EUDL determined from 

statistical convolution, while A31 1997 represents the value determined from simulation 

using the actual WIM data. In addition, ECl LMl and 1.2A(L) represent the unfactored 

values prescribed by the Eurocode and French national code respectively.

It is important to note that discontinuities in the results for the analytical convolution are a 

mathematical phenomenon introduced by the presence of additional vehicles on the 

structure for small increments in span length. Figure 6.5 illustrates that the French live 

load model from 1971 is in good agreement with the results obtained for 1 lane of free
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flowing traffic while the values obtained from the ENV 1991-3 are close to the ones 

obtained by the theoretical model for a jammed lane, as illustrated in Figure 6.6.

30

—•— Poisson A6-1986 
Poisson A31-1997 

—0— 1,2A(L)
-  = -  A6-1996

—• — Poisson A6-1996
 EC 1 LM l

A6-1986
A31-199720

-  15

XeeOo
X

Span Length [m]

Figure 6.5 -  One lane free flowing traffic
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0000o so o s
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Figure 6.6 -  One lane congested flow

For two bi-directional free and mixed flowing lanes and four lanes comprising two bi

directional carriageway lanes with congested flow, the Poisson convolution model give 

higher values, when compared with the results from direct simulation, but it should be 

remembered that light vehicles have been neglected in this theoretical model. In the 

calculations by simulation with measured free-flowing traffic, these light vehicles,
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although they are not taken explicitly into account, implicitly limit the number of heavy 

vehicles on a loaded span by truncating the lower values of inter-vehicle distances. To 

account for the influence of these light vehicles, the volume of flow may be reduced. The 

improved agreement between the results of direct simulation and those for the Poisson 

models with Reduced Flow “RF” are clear with reference to Figure 6.7. In addition 

differences may be explained by the fact that the process is not fully stationary as 

assumed, the vehicles are not all independent of each other and adjacent lanes may indeed 

be correlated.

Poisson A6-1996
 ECILMI

A6-1997 
X Poisson A6-1996 "RF*

—*— A31-Poisson 
-^ 1 ,2A (L )

A31-1997 
-  Poiswm A31-1996 "RF"

Span[m]

Figure 6.7 -  Two bi-directional lanes free flow

Figure 6.8 indicated good agreement between the Poisson model prediction for the mixed 

flow condition and the results of direct simulation. The Eurocode is also seen to be in 

agreement with the results of Poisson model and to provide an upper bound to the results 

of direct simulation.

Figure 6.9 also demonstrates that the extrapolated value of the total load is not very 

sensitive to the return period chosen. An increase in R from 10 to 1000 years generates an 

increase o f 10% only in the extrapolated value and a further 3% if R goes to 10000 years.

The results for four lanes of mixed flow are illustrated in Figure 6.10, once again the

Poisson model is seen to provide a conservative estimate o f the total load on the span,
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following the values predicted by the Eurocode for spans greater than 60 m. For shorter 

span lengths the model is clearly conservative, overestimating the total load on the span.

A 1 96
P o i s s o n  A 1 9 6  
A 3 1 9 7  
P o i s s o n  A 3 1 9 7  
A 2 9 6
P o i s s o n  A 2 9 6  
E U D L  E C l

Span  [m ]

Figure 6.8 -  Two bi-directional lanes mixed flow
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S 2 0 ::

w 10::
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Figure 6.9 -  Two lanes mixed flow variation in RP

As discussed in Chapter 3, modem bridge codes take account of the reduced EUDL on a 

number o f loaded lanes through the implicit specification of Lateral Degressivity 

Coefficients, i.e. multiple lane reduction factors. ENV 1991-3 reduces both the magnitude 

of the UDL and concentrated load for multiple lanes, while BD 37/88 specifies no
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reduction for up to two lanes in the DDL and KEL, with their magnitudes reduced to 60% 

for greater than two lanes. The statistical convolution procedure permits the determination 
of lateral degressivity coefficients for any traffic, defined as:

, \ q"^{n lanes)
~  ^ r n a x ( .q \ilane) Equation 6.18

Lateral degressivity coefficients determined through convolution and direct simulation for 

the loading scenarios employed in the re-calibration of ENV 1991-3 are illustrated in 

Figure 6.11 for the Al, A2 and A31 1997 traffic. Significantly, the coefficients are seen to 
be relatively independent of traffic intensity.

A 1 9 6  
P o i s s o n  A 1 9 6  
A 3 1 9 7
P o i s s o n  A 3 1 9 7  
A 2 9 6
P o i s s o n  A 2 9 6  
E U D L  E C l

1
o QOo o o o o

Span [m ]

Figure 6.10 -  Four lanes mixed flow

Finally, Figure 6.12, illustrates that where vehicle occurrences are assumed to follow a 

Poisson process and one or more lanes are free flowing, that the EUDL decreases as

approximately L ^  while the decrease for jammed traffic is slower. This is demonstrated 

where the magnitude of the EUDL is written as a function of L:

q{L)=aL‘’ Equation 6.19

which represents a straight line in log-log co-ordinates as illustrated in Figure 6.12(b), 

with optimised values of a and b listed in Table 6.2.
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Figure 6.11 - Lateral degressivity coefficients
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Figure 6.12 -  Poisson process results (a) EUDL vs. span, (b) log EUDL vs. span

It is clear from the above examples that determination of the total load on a bridge through 

statistical convolution of the Poisson model with the random distribution of loads provides 

a reasonable approximation to values determined through direct simulation. However, as 

demonstrated in Chapter 4, the calibration of a loading code requires characteristic values 

for a variety of load effects, not simply the total load on the span. It is, therefore, 

considered necessary to investigate if some additional procedure could be identified to 

enable the derivation of characteristic values for a range of load effects from the value of 

total load on the span.
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Table 6.2 -  Coefficients of formula q(L) = aL*’ in Figure 6.12(b)
a

FI F2 Cl C2 C4
Al 79.87 62.61 16.69 34.42 51.16

A2 74.69 58.88 19.42 39.22 65.59

A31 81.67 62.99 23.99 31.00 69.54

b
FI F2 Cl C2 C4

Al -0.56 -0.52 -0.14 -0.37 -0.48

A2 -0.56 -0.51 -0.18 -0.41 -0.57

A31 -0.55 -0.51 -0.20 -0.31 -0.57

6.4 CONVOLUTION WITH TOTAL LOAD TO DETERMINE 

INDIVIDUAL LOAD EFFECTS

Figure 6.13 illustrates some of the many influence lines employed in calculating load 

effects. It is required in this section to develop a methodology for determination of 

characteristic values of these load effects from knowledge of the characteristic value of 

total load on the span.
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 D -F F S
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 I8-TM B
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- ■ ■ 16-UNI
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Figure 6.13 -  Influence lines

It is clear that a matrix of multipliers is required which will transform the value for total

load to any load effect. From records of the results of simulations performed in the
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calibration of the Eurocode (as discussed in Chapter 4) it was possible to determine the 

optimum values of the multiplier coefficients through a conjugent gradient square error 

minimisation technique. Figure 6.14 and Figure 6.15 illustrate the results obtained for one 

lane and for span lengths ranging from 5 to 200 m by the curves labelled SSM-OPT, FFM- 

OPT etc.
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Figure 6.14 -  Load effect multipliers 1 lane FI II, 12 and 13
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Figure 6.15 -  Load effect multipliers 1 lane FI 17,18 and 19
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In considering the problem of attempting to derive deterministic values for the multipliers 

it is important to recognise that a simple ratio between the characteristic values for the 

total load on the span (denoted 16 as previously) and the midspan bending moment of a 

simply supported span (II) will provide incorrect coefficients. As any such ratio would 

implicitly assume, incorrectly, that the maximum value of II corresponds to the maximum 

value of 16, which is clearly not the case as demonstrated in Figure 6.14 and Figure 6.15 

by curves labelled SSM-ext, FFM-ext etc. Indeed the convoys inducing maximum load 

effect values for 16 will be significantly different from those for the more 'peaked' 

influence lines such as II and 12. This is evidenced through simulations performed with 

convoys of A113 vehicles of unit gross weight, where the proportion of weight to each 

axle was determined from vehicles in the second mode of the bi-modal distribution of 

gross vehicle weight for this class. The values of the multiplier coefficients, taken as the 

ratio of total load on the span at the time of the maximum value of the load effect 

considered to the value of that effect, are illustrated in Figure 6.14 and Figure 6.15 by 

curves labelled SSM, FFM etc. Clearly, these values are closer to the optimal values of the 

multipliers than those specified by multipliers evaluated by a ratio of extremes. It is clear 

then that the matrix of coefficients must recognise the relative shape of each influence 

line/surface to the influence surface of 16. A reasonable initial estimate of the multipliers 

is taken as the ratio of the area under the influence surface in question to that of 16. The 

values of these coefficients are illustrated in Figure 6.14 and Figure 6.15 by curves 

labelled SSM-IL, FFM-IL etc.

From Figure 6.14 and Figure 6.15 it is evident that the optimum values of the coefficients 

are indeed similar to the ratio of areas. However, some deviation from this ratio is evident. 

This deviation is expected to be due to the ratio of the length of the zone o f  significance 

for each influence line to that for 16. This zone of significance, illustrated in Figure 6.16 

for influence line 12, is defined as the proportion of the total length of the influence 

surface, centred about the maximum ordinate, over which some % of the area is 

distributed. It is governed by the relative peakedness of the influence line.

The concept of this zone of influence permits the selection of a greater intensity EUDL 

than would be attainable if the entire influence length were considered. To determine 

appropriate values for the zone of influence to be employed in determining values for the
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load effect multipliers, studies were carried out using the results o f re-calibration 

simulations performed using the data recorded at the A31.

‘95%

'90%■o

Span [m|

Figure 6.16 -  95 and 90% zone of significance for 12

Figure 6.17 to Figure 6.21 illustrate the percentage difference between characteristic 

extremes predicted for the traffic scenarios employed in the Eurocode re-calibration by 

actual simulation and statistical convolution (with the exception of C3) using traffic A31. 

The influence lines employed are II, 12,13,16,17 and 19 with total span length from 20 to 

200 m and the zone of significance taken for 100, 95 and 90% of the area beneath the 

line/surface.

It is clear that consideration of the “peakedness” of the influence line significantly reduces 

the percentage difference between simulation and convolution although care must be taken 

in selection o f the zone o f influence.

Take for example Figure 6.17 which represents the %  difference in the characteristic 

extreme load effects between actual simulation and the Poisson prediction for influence 

lines II, 12,13,16,17,19 and traffic scenario FI (i.e. one lane free flow). The magnitude of 

the Poisson predicted load effect is calculated as the product o f the total load resulting 

from Poisson convolution modelling with the appropriate optimum load effect multiplier 

(taken as the ratio of areas). The Poisson prediction is made for a modified span length 

which represents that fraction o f the total span length o f the influence surface, centred 

about the maximum ordinate, over which some %  o f  the area is distributed. It is clear from 

this figure that selection o f a zone of influence whose resultant length extends over entire
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span length (i.e. 100% of area) for prediction of the EUDL from Poisson convolution 

leads to an under prediction of the load effect in question in all cases. Whilst, selection of 

the zone of influence with resultant length extending over some fraction of the span 

length, over which 90% of the area is distributed, for prediction of the EUDL from 

Poisson convolution leads to an over-estimation of the load effect in all cases. It is clear 

then that when determining the magnitude of EUDL to be applied to the influence surface, 

taking the total length of the influence line underestimates the significance of the 

peakedness of the line, while taking a fraction of this length over which 90% of the area is 

distributed overestimates its influence. By trial and error it is found that selection of an 

influence line length over which 95% of the total influence line area extends minimises the 

error between direct simulation and convolution for simulation scenario FI.
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Figure 6.17 -%  Difference m characteristic extreme load effect between actual simulation 

and Poisson prediction, for a zone of significance varying from 100 to 90% of IL length
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Figure 6.17 Contd. —% Difference in characteristic extreme load effect between actual 

simulation and Poisson prediction, for a zone of significance varying from 100 to 90% of IL

length

Figure 6.18 to Figure 6.21 present results for the same set of influence lines but for flow 

scenarios, F2, Cl, C2 and C4 respectively. It is apparent that a choice of 95% of the area 

of the influence line consistently provides the best accuracy overall. Generally estimates 

within ±10% of the characteristic extreme are provided. However, in less deterministic 

cases such as free flow, e.g. 13 - the influence surface for midspan moment in an encastre 

beam, larger differences of approximately 20% are apparent. It is interesting to observe 

the absence of a length trend in the results, although the model is expected to demonstrate 

errors for shorter spans, where axle rather than vehicle loads govern, it was expected that 

errors would attenuate with increasing span length. It is important to note that, in an 

attempt to smooth out some of the discontinuities at transitions between span ranges, 

moving averages of the Poisson EUDL values were employed.

Having concluded that the 95-percentile zone of significance was the most appropriate for

definition of the objective function, a combined minimisation of the error between

convolution and simulation was performed using the traffics recorded on the A1 1996 and

A2 1996 in addition to that for A31 1997. As the traffics considered are of varying

intensity, the combined minimisation is expected to yield a robust set of multipliers, which

Jnay be used for any traffic intensity. The optimised values of these multipliers are

illustrated in Figure 6.22 for the scenarios considered in the Eurocode re-calibration. In all

cases, the ratio of areas of influence surfeces is seen to yield a conservative envelope for
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the multipliers as evidenced by curves SSM-IL, FFM-IL etc on each graph in Figure 6.22. 

Generally the multipliers for flow scenarios FI, Cl and C2 are found grouped with values 

close to the ratio of areas, while the values for F2 and C4 are foimd to be less than the 
ratio of areas.
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Figure 6.18 -  % Difference in characteristic extreme load effect between actual simulation

and Poisson prediction, two lanes free flow
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Figure 6.19 -  % Difference in characteristic extreme load effect between actual simulation 

and Poisson prediction, one lane congested flow
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Figure 6.20 -  % Difference in characteristic extreme load effect between actual simulation 

and Poisson prediction, two lanes mixed flow
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Figure 6.21 -  % Difference in characteristic extreme load effect between actual simulation 

and Poisson prediction, four lanes mixed flow

227



Pr e d ic t io n  Of  E x t r e m e s  b y  S t a t is t ic a l  c o n v o l u t io n

30.00
-• -F I  
•  F2 

- * - C l  
-  C2 
- A - C 4

25.00

320.00

SSM-CL
15.00

5.00

0.00
0 50 100 150 200

Span[m)

(a) II

25.00

-F I
F2

-C l
C2
C4

-FFS-IL

2aoo

3 15.00

S  10.00

5.00

0.00
0 50 100 ISO 200

Span (m]

(c)I3

10.00
-•-F I 
•  F2

9.00

8.00

1
I  6.00

5.00

U 4.00

0.00
0 20 40 60 80 100

Span {m]

6.00

F2
- * - C l

C2
C4

5.00

.34.00

•FFM-IL
3.00

1.00

0.00
0 50 100 150 200

Span [m]

(b)I2

- • - F I  
F2 

-* -C l  
■■*<- C2 
- * - C 4  

—  TMA-IL

0 1.00

0.00
0 20 40 60 80 100

Span |m)

(d)I7

5.00

1 4.00
TCM-IL

1.00

0 20 40 60 80 100
Span (m|

(e) 18 (f) 19

Figure 6.22 -  Optimal load effect multipliers

This is to be expected however, given the relative conservatism of the Poisson convolution 

predictions for the total load on the span for these two flow scenarios. The values of 

multipliers for each traffic flow scenario, influence surface and span length are listed in 

Appendix E.
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The relative error in predicted characteristic load effect for the three traffics considered are 

illustrated in Figure 6.23 to Figure 6.27. In the majority of cases the relative error is seen 

to be approximately ±10%.  Once again, larger errors of 20% are evident for free flow^ing 

cases, particularly for F2. However, it is important to consider that F2 will only provide 

characteristic extremes for spans <40 m, as evidenced in Chapter 4. It is concluded that 

these multipliers combined with the results of statistical convolution, as given by Equation 

6.20, provide sufficiently accurate estimates o f characteristic extremes, for a wide 

range of applications.

E, = Equation 6.20

where M(, represents the multiplier for load effect i, span j ,  and k  lanes and Gq {q) is 

given by Equation 6.14.
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Figure 6.23 -  % Difference one lane free flow - FI
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Figure 6.26 -  % Difference two lanes mixed flow - C2
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Figure 6.27 -  % Difference four lanes mixed flow - C4
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6.5 CONCLUSION

A stochastic flow model for the prediction of the characteristic total load on a bridge is 

presented. The method provides reasonable approximations to extremes for any scenario 

for little computational effort. The process requires knowledge only of the characteristics
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of the traffic flow and of the vehicle weight distribution. Trucks are considered rather than 

axles, with arrival on the bridge assumed to follow a modified Poisson density, in 

accordance with the assumed exponential density of inter-vehicle distances, but taking into 

account the minimum vehicle headway. Truncation of the distribution is required for 

shorter span lengths, i.e. less than 70m, to ensure that unreasonable overcrowding of the 

span in the extreme is avoided. The analytical convolution of the flow process, bimodal 

gross weight distribution and the influence surface leads to an analytic expression for the 

characteristic load effect on a given span length and for a specified number of lanes. The 

results are generally within 10 -  15% of those predicted by direct simulation where 

constraints regarding the peakedness of the influence line are taken into account. The 

method significantly reduces the computational effort required to determine characteristic 

load effect values. In addition, provision of an analytic expression for evaluation of the 

characteristic extremes provides a means to study influencing parameters such as growth, 

accuracy etc. without the requirement to perform extensive computation. Clearly the 

procedure will prove beneficial for site specific evaluation where real traffic is 

unavailable, as formulas applicable to other traffics could be adapted for local conditions 

by adjusting the parameters in accordance with known or estimated characteristics of the 

site.
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CHAPTER 7

CONCLUSIONS
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CHAPTER 7 -  CONCLUSIONS

C o n c l u s io n s

7.1 INTRODUCTION

The field of probabilistic live load modelling for the design and assessment of highway 

bridge structures is not new as evidenced by the extensive literature referred to in Chapter 

3. Indeed, significant international expertise exists in the area. It is clear, however, that 

opinions vary regarding the most appropriate form of load model and indeed regarding the 

method of its calibration. One major shortcoming of previous work was the lack of 

reliable multi-site, multi-lane and multi-directional traffic data against which theoretical 

assumptions could be checked and verified. At the outset of this project, the increased 

availability of reliable WIM data was beginning to facilitate such an assessment. Thus, as 

outlined in Chapter 1, the objectives of this project were defined to investigate:

(a) the suitability of the normal load model prescribed by ECl Part 3 for modem 

traffic data

(b) the applicability of available theoretical traffic flow models to accurately 

reproduce, the characteristic extreme load effects determined from actual WIM 

data

(c) to determine the influence of inaccuracy in recorded data and of traffic growth 

on the accuracy of predicted extremes

(d) to investigate alternative processes which might be employed for the prediction 

of characteristic extremes, taking account of apriori knowledge of traffic 

characteristics in a particular area

The main findings of this thesis in these areas are summarised in the following sections.

7.2 EUROCODE 1 AND THE USE OF WIM DATA FOR CODE 

CALIBRATION

In advance of performing the re-calibration exercise, an attempt was made to reproduce

the original results of preliminary studies performed by the original calibration subgroup

using the traffic recorded at Auxerre in 1986. Although differences were found in some

cases, these were concluded to be the result of computational variation and the lack of

information concerning the mathematical smoothing functions employed in the original

analysis. Thus, it was considered that, in general, sufficient agreement was obtained to
237



Co n c l u s io n s

continue with the re-calibration. The re-calibration exercise verified through exhaustive 

simulation and subsequent analysis, the validity of the Normal load model o f Eurocode 1, 

Part 3, for modem mainland European traffic, under the selected flow scenarios.

The original calibration exercise had verified that, although the chosen scenarios were 

subjective, they were a good approximation to the mean o f a wide range of scenarios. As 

such this selection was considered to be reasonable for this thesis.

It was concluded that, in the ten years since the original calibration exercise, a change in 

the characteristics of mainland European traffic had indeed taken place. This change could 

be divided into two parts. First a shift in the mode of class proportions had occurred, with 

a shift from four axle to five axle vehicles. The effect o f this shift was significant when 

viewed from the perspective of the composition of the extreme loading events. Secondly, a 

change in the distribution of vehicle weight had taken place. It was evident that, although 

the mean o f the second mode of the gross vehicle weight distribution was still 

concentrated around 400 kN, a significant reduction in the standard deviation had taken 

place. It is reasonable to conclude that this is due in part to the increased accuracy of 

modem WIM systems, rather than to a change in vehicle weight trends. The result was 

demonstrated to be a reduction in the magnitude of the total load on the span during the 

critical loading events.

The re-calibration study emphasised the need for ftirther research to be conducted on the 

appropriate magnitude of dynamic amplification factors to be applied to critical loading 

events. It was concluded that current values take no account either o f the weight o f the 

vehicle involved in the characteristic loading event, or o f the combination o f probabilities 

involved in multiple loading events.

The differences between various international load models were discussed in Chapter 2. It 

was found that the Eurocode model differed from others in the magnitude o f the load 

applied to the first lane, and in the magnitude of the reduction for the second lane. A study 

of the appropriateness o f the current OHBDC loading model for spans less than 40m, 

concluded that under current traffic conditions in Ontario, the model was too ‘light ’ for a 

single lane structure while being sufficient for two lanes. The simulations were performed
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for the free flowing lanes and without dynamic amplification and as such are considered 

representative. It was concluded, therefore, that some revision of the OHBDC code is 

required.

7.3 MATHEMATICAL TRAFFIC MODELS

The models employed for traffic flow simulations are assessed using the large database of 

available WIM data. It is concluded that the Gamma distribution for inter-vehicle distance 

estimated hourly is the most suitable for free flowing traffic. However, a reasonable 

approximation is obtained where the parameters of the distribution are estimated on the 

basis of a days data.

In reconstructing vehicle and axle weights using the Monte Carlo technique, the 

coefficient of variation of the weight of an axle or group of axles is approximately 

inversely proportional to the axle weight. However, little variation is evident between axle 

spacing and gross vehicle weight, within each vehicle class.

It is concluded that subtle correlations within and between lanes are in some part 

responsible for the differences which exist between the characteristic extremes predicted 

by Monte Carlo regeneration and direct simulation using real WIM records. As Monte 

Carlo generation assumes vehicles are to be independent and identically distributed, it is 

impossible to model such correlation without building some degree of dependency into the 

generation process. The differences are found to be greatest for spans less than 50 m, with 

only slight differences noted for longer spans, for which the characteristic extremes are 

closer to deterministic. The differences are also found to be sensitive to the shape of the 

influence surface and the number of lanes for which the extremes are computed.

The maximum likelihood method is employed to calculate the parameters of the Gumbel 

and Weibull extreme value distributions for calculation of the differences between 

characteristic extremes for alternative methods of extrapolation. Overall, it is concluded 

that differences between the various methods. Rice, Gumbel and Weibull would not 

preclude the use of any one. However, selection of the Gumbel or Weibull distribution 

should be based upon the span length. It is concluded that for short spans, where a clear
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physical limit is imposed on the total number of vehicles on the span, the Weibull 

distribution is more appropriate, whereas for longer spans the Gumbel distribution is more 

appropriate. In addition, care should be taken in the selection of the tail region from which 

extrapolation is performed. The theory of tail equivalence has demonstrated the suitability 

of either distribution to model the tail zone only. However, it is concluded that the 

variance of the predicted extreme is approximately inversely proportional to the nvmiber of 

points selected in the tail. Selection of the appropriate distribution should also be based on 

the effect considered.

7.4 IMPLICATIONS OF ACCURACY OF WIM DATA

The implication of the accuracy of WIM data for predicted extremes is assessed. It is 

concluded that for short spans, where axle rather than vehicle loads govern the 

characteristic load effect, the accuracy of the WIM data has a significant influence on the 

predicted extreme. For longer spans, the influence of the inaccuracy attenuates in the 

mean, with corresponding reduction in standard deviation. This is considered to be due to 

a compensation in the randomly generated axle error due to the presence of multiple 

vehicles longitudinally and transversely on the influence surface. This variation is found to 

be dependent upon the load effect being considered.

It is concluded that for spans greater than 50 m, the mean and standard deviation of the 

error are relatively insensitive to the number of WIM data files available. However, for 

total spans less than 50 m, confidence in the predicted extreme is directly related to both 

the data classification and the number of WIM data files employed.

Conclusions can, therefore, be drawn regarding the required accuracy of WIM data to be 

used in the prediction of characteristic extremes. A minimum class C(15) system is 

recommended for spans less than 50 m, but less accurate data may be used for spans 

greater than 50 m. It is important to note that these conclusions apply to a random error in 

the data and not to the case of bias in the system.
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7.5 POISSON PREDICTION OF CHARACTERISTIC EXTREMES

It is concluded that a stochastic flow model may be employed for the prediction of the 

characteristic extremes. A convolution between the Poisson prediction of the number of 

vehicles on the span and the distribution of gross vehicle weight is employed for the 

prediction of total load. For spans less than 70 m on single lane structures, the Poisson 

model requires modification to ensure there is no overcrowding on the span. This 

modification is less critical, however, for longer spans or an increased number of lanes. 

Prediction of the characteristic load effect from knowledge of the total load on the span is 

made through the incorporation of multiplication factors which take account of the relative 

‘peakedness’ of the influence surface relative to the total load influence surface. It is 

concluded that taking the multiplication factors as a direct ratio of areas provides an upper 

bound to the magnitude of the characteristic extreme for all of the defined flow scenarios. 

Better accuracy is obtained through the definition of a zone of influence, which prescribes 

a length to be used for calculation of the critical total load, taken relative to a percentage 

of area centred on the maximum influence ordinate. This allows for the peakedness of the 

influence line to be accounted for when calculating the extreme. It was concluded that 

taking the zone of influence to extend over 95% of the influence area provides best 

agreement between the Poisson convolution model and actual simulation.

The advantages of this method are clear, both in terms of the computational effort which is 

spared in code calibration and in the provision of an analytic expression to study the 

governing parameters of traffic flow. In addition, it provides a tool for bridge assessment, 

requiring knowledge only of the characteristics of the traffic to predict maximum load 

effects.

7.6 SUGGESTIONS FOR FUTURE WORK

A number of areas investigated during the course of this thesis warrant future study:

1. The determination of flow scenarios through subjective assumption is clearly 

inadequate. Future work should concentrate on probabilistic prediction of flow 

scenarios based on available traffic records. To facilitate this, in the future it will be 

important to record congested and mixed flow in addition to free flow past WIM 

stations.
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2. Significant effort is employed in this thesis in refining accuracy in prediction of 

characteristic extremes against which a final load model must be calibrated, or a 

structure assessed. One area for further research lies in assessing the rationale of the 

predicted values. This could be achieved by analysing the predicted effects in 

conjunction with distributions of extreme vehicle and axle weight, to determine the 

convoy which would be required to induce the characteristic extreme and subsequently 

assessing its likelihood of occurrence.

3. The issue of dynamic amplification of static load effects has been discussed. Future 

research is required to assess appropriate values for these factors in free flow 

simulations given the combinations of probabilities involved. In addition it would be 

desirable to assess appropriate values in mixed flow scenarios, with one lane 

congested and others free flowing. Clearly, the variation in the damping ratio of the 

structure as a function of loading may be expected to be of importance here, a fact not 

currently recognised in code calibration. Ultimately, for bridge assessment, in cases 

where free flow governs the extreme, a procedure should be derived which combines 

the modelling of the critical flow scenarios with probabilistic derivation of the 

dynamic amplification factors.

4. Further development of the stochastic flow model presented in Chapter 6 is required to 

look at full inclusion of the influence surface in the convolution algorithm.

5. The relative magnitudes of live load models prescribed by international design codes 

would appear to suggest that North American traffic loading is less than that 

experienced in mainland Europe. Clearly this is not the case. In addition, the level of 

safety of North American structures is not expected to be any less than that of their 

European equivalent. Further research is required in this area to determine the reasons 

why such differences in the prescribed traffic load model exist.
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267



A p p e n d ix  A

e(< 0)

5 -149 -142 -169 -169 -171 -162 -240 -259

10 -213 -207 -227 -229 -230 -219 -307 -311

20 -178 -190 -298 -298 -312 -207 -328 -320

30 -246 -273 -434 -434 -446 -221 -400 -367

50 -305 -398 -487 -505 -531 -285 -451 -421

75 -390 -498 -595 -588 -630 -388 -568 -579

100 -397 -506 -585 -639 -647 -431 -599 -583

150 -517 -561 -682 -706 -730 -599 -806 -769

200 -577 -593 -715 -759 -766 -665 -797 -826

e(> 0)

5 152 149 219 218 216 160 246 264

10 204 214 232 233 234 212 313 300

20 270 279 328 328 328 259 337 317

30 316 413 406 413 412 303 374 392

50 402 545 576 579 579 383 491 563

75 416 545 607 610 632 464 637 635

100 469 571 688 686 694 549 676 702

150 564 610 799 793 802 647 850 768

200 662 731 841 838 836 827 1066 1109

f(> 0 )
334 4285 1233 408 1203

10 456 503 1627 537 1619

20 540 723 1860 656 2025

30 659 991 2840 780 2442

50 785 1119 3056 1043 3203

75 864 1247 3249 1422 4192

100 919 1389 3493 1719 5255

150 1217 1538 4186 2441 7245

200 1438 1696 4895 3097 9381

g (> 0 )

5

10

15

VI ; Lane n°l (subjected to the heaviest load) 

V 12 : Lane n° 1 + Lane n°2

V I4 : Lane n°l + Lane n°4 (sum of both heaviest lanes on both carriageways of the 

motorway)

V124 : Lane n°l + Lane n°2 + Lane n°4 

V I234 : All lanes o f the motorway

Table A .l (following): Effects of the recorded traffic on the A6 motorway
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A p p e n d ix  B

FREE -FI
k  v | '  -Al 1 A2

1
11

5 971 839.6 632.4 737.6 653.1 695 654.0
10 1603 1677.9 1374.2 1571.8 1416.9 1513 1657.0
20 3256 3908.2 2860.0 3573.1 3129.1 3349 4170.0
30 6637 7537.0 6006.1 7207.9 6718,0 6860 7357.0
50 14028 13921.9 12860.0 13870.8 15817.6 14255 15757.0
75 26096 24616.6 25488.5 23165.0 28795.2 29700 30054.0

100 41062 38586.8 41512.0 35350.6 44065.0 50450 48570.0

150 79002 76584.5 74133.2 64851.2 84568.5 101710 98257.0

200 126868 121263.7 108860.2 106809.9 149775.4 170477 164820.0

12

5 203.2 192.6 169.6 189.8 182.2 185 180.0

10 421.2 455.0 348.3 391.2 368.8 383 482.0

20 1030.0 1111.4 878.0 1022.1 900.1 936 1231.0

30 1565.3 1721.7 1319.1 1641.3 1411.2 1423 2125.0

50 3682.9 3979.0 3153.9 3829.5 3523.8 3348 4326.0

75 6359.6 6658.9 5693.9 6436.8 6716.5 6305 7840.0

100 9374.3 9455.8 9088.2 9026.3 10540.7 10330 12198.0

150 16198.0 16724.2 17282.5 15513.7 19906.3 20970 23447.0

200 23894.0 26204.6 27086.2 23497.1 30091.1 34900 38071.0

13

5 -536.9 -527.0 -394.4 -443.7 -407.6 -489 -497.0

10 -1228.5 -1287.0 -1048.6 -1262.0 -1120.0 -1116 -1373.0

20 -3040.7 -3628.8 -2620.4 -3241.4 -2817.6 -2764 -3410.0

30 -5327.4 -6030.6 -4736.7 -5763.4 -5095.7 -4843 -5959,0

50 -11961.6 -11730.9 -10627.4 -11084.4 -12173.4 -10920 -12660.0

75 -21060.0 -20596.4 -20684.3 -18359.7 -23379.0 -22510 -24066.0
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100 - 31369.0 - 31167.6 - 31730.0 - 26919.0 - 33668.8 -37870 -38844.0
150 - 55321.0 - 55980.7 - 55073.1 - 44463.6 - 58376.5 -79700 -78522.0
200 - 81615.5 - 82275.0 - 72554.4 - 69436.2 - 82422.0 -135900 -131700

Max(I4,I5)
5 251 212 181 194 181 229 245.0
10 267 277 211 224 225 245 298.0
20 310 324 257 276 274 316 349.0
30 358 380 300 319 327 375 389.0
50 434 482 369 470 406 425 461.0
75 510 499 458 455 501 463 548.0
100 574 562 536 456 617 522 633.0
150 682 677 641 552 687 720 803.0
200 772 795 805 653 813 915 973.0

16

5 791.0 788.8 650.3 769.9 703.9 719 735.0
10 963.3 1088.8 807.7 1193.4 907.9 963 870.0

20 1204.8 1102.7 960.7 1122.5 1174.4 1098 1140.0

30 1455.6 1426.2 1455.6 1224.6 1744.9 1494 1410.0

50 1872.0 1999.7 1876.6 1635.0 1918.0 2197 1950.0

75 2306.4 2302.2 2155.7 1986.7 2505.7 3034 2625.0

100 2688.0 3043.0 2348.5 2436.7 2825.5 3851 3300.0

150 3355.2 3744.4 2771.3 3064.2 3396.8 5235 4650.0

200 3942.0 4193.5 3114.1 3461.6 6588 6000.0

17

5 - 164.8 - 183.8 - 144.6 - 163.7 - 149.8 -183 -149.0

10 - 344.5 - 331.2 - 271.4 - 305.8 - 282.2 -313 -364.0

20 - 883.8 - 893.4 - 664.3 - 858.4 - 741.5 -886 -910.0

30 - 1371.7 - 1310.8 - 1080.8 - 1300.6 - 1220.3 -1360 -1622.0

50 - 3328.0 - 2961.3 - 3079.1 - 2864.9 - 3535.2 -3365 -3551.0

75 - 5989.1 - 5802.0 - 5831.5 - 5017.1 - 6107.0 -6734 -6909.0

100 - 9123.4 - 8821.0 - 8914.0 - 7592.0 - 9585.9 -11182 -11323.0

I8
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5 548.8 591.2 444.5 563.5 475.0 498 517.0

10 1137.5 1217.3 1000.4 1207.3 1034.4 1034 1310.0

20 2885.0 3119.1 2337.1 2841.9 2524.3 2647 3285.0

30 4436.3 4699.0 3784.1 4566.1 4027.8 4002 5768.0

50 10608.0 10261.6 9971.7 9854.0 11294.9 9906 12254.0

75 18837.0 17597.3 20054.3 16404.7 21316.0 20408 23211.0

100 28392.0 27432.6 30237.0 25191.3 31922.4 34501 37332.0

19

5 - 382.2 - 394.2 - 273.8 - 311.1 - 286.4 -390 - 341.0

10 - 976.3 - 955.5 - 813.5 - 1065.6 - 857.6 -969 - 897.0

20 - 2652.0 - 2703.0 - 2226.0 -2410 - 2496.0

30 - 4750.2 - 5512.9 - 5692.6 - 4666.7 - 4793.8 -4757 - 4763.0

50 - 10756.2 - 10839.6 - 9502.4 - 9460.1 - 12130.6 -11853 - 11321.0

75 - 19156.5 - 19892.0 - 15948.1 - 18653.6 - 18137.7 -24826 - 23312.0

100 - 28691.0 - 29079.1 - 22321.4 - 26523.6 - 29840.1 -42409 - 39521.0
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A p p e n d ix  B

FREE -F2

11
5 849.7 730.6 742.7 785.8 1037 1058.0
10 2237.2 1920.0 1887.8 2195.4 2081 2631.0
20 5842.5 4947.1 4662.4 4845.6 5562 6425.0
30 10256.6 8182.7 7894.1 8896.4 10060 11081.0
50 18244.5 17375.6 14682.3 16355.0 21736 22981.0
75 28758.6 32662.2 23427.5 30504.0 43699 42707.0
100 42144.1 50708.7 35467.1 44904.8 72764 67825.0

150 77103.6 90336.1 65279.3 78653.9 135249 134231.0

200 124609.0 144580.5 110203.7 121125.0 223864 222200.0

12

5 208.4 207.5 202.9 198.9 232 294.0

10 597.6 507.4 531.8 542.8 590 777.0

20 1428.2 1314.9 1311.1 1380.3 1498 1947.0

30 2612.2 2167.0 2199.3 2309.7 2587 3306.0

50 5260.4 4602.9 4144.4 4738.3 5150 6554.0

75 9072.5 8060.1 6958.8 7811.3 10179 11590.0

100 12870.4 12748.4 10075.3 12115.3 15946 17705.0

150 20767.1 23777.7 17725.3 21815.6 30390 33172.0

200 30409.8 37124.2 28393.5 32808.8 48436 52952.0

13

5 - 691.8 - 621.5 - 612.1 - 571.6 -752 - 803.0

10 - 1925.5 - 1445.7 - 1447.5 - 1361.1 -1718 - 2184.0

20 - 4682.7 - 3809.3 - 3358.1 - 3551.0 -4252 - 5264.0

30 - 8442.7 - 6518.5 - 5574.1 - 5922.2 -7450 - 8987.0

50 - 14077.4 - 15104.8 - 11769.5 - 12997.5 -17694 - 18475.0
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75 - 23758.3 - 26596.9 - 20159.4 - 22640.1 -34645 -34204.0
100 - 33805.6 - 40446.3 - 28176.0 - 33809.7 -56363 -54240.0
150 - 65929.5 - 75514.5 - 52491.7 - 65007.6 -113509 -107246
200 - 99777.0 -114663 -106463 -102881 -188063 -177500

Max(I4,I5)
5 243 235 211 222 302 402.0
10 301 263 220 259 371 483.0
20 340 285 240 260 422 556.0
30 482 446 278 356 472 609.0
50 616 484 355 443 556 704.0
75 663 611 464 576 680 815.0
100 762 735 503 616 797 925.0
150 805 936 606 744 1013 1143.0
200 1019 1059 707 922 1270 1360.0

16

5 1015.5 937.0 912.9 981.4 1027 1172.0

10 1520.4 1451.4 1274.0 1413.3 1348 1345.0

20 1910.3 1516.7 1480.7 1583.9 1909 1690.0

30 1896.3 2055.5 1561.1 1988.9 2428 2035.0

50 2179.5 2487.0 1686.5 2147.8 3357 2725.0

75 2633.6 3110.9 2197.5 2528.2 4403 3587.0

100 3219.8 3475.9 2641.0 3309.4 5374 4450.0

150 3811.6 4542.9 3545.3 3487.5 7181 6175.0

200 4490.9 5197.7 4052.8 8872 7900.0

17

5 - 204.0 - 157.7 - 119.4 - 141.6 -187 -241.0

10 - 430.5 - 348.6 - 318.6 - 350.2 -481 -574.0

20 - 1312.3 - 1160.2 - 1003.1 - 1141.7 -1201 -1385.0

30 - 2220.5 - 1918.4 - 1855.8 - 1805.4 -2085 -2408.0

50 - 3727.3 - 4225.7 - 3020.1 - 3749.3 -4670 -5097.0

75 - 6778.6 - 7547.9 - 5590.5 - 6488.2 -9694 -9670.0

100 - 9922.5 - 11735.3 - 9069.4 - 9813.8 -16167 -15590.0
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18
5 534.9 484.3 535.4 623 838.0
10 1752.9 1336.3 987.5 1253.8 1590 2085.0
20 4604.1 3881.7 3456.1 3912.4 4731 5081.0
30 7967.3 6364.7 6071.7 6230.8 7402 8727.0
50 13995.6 13832.5 11302.5 12671.7 15547 17963.0
75 22242.4 28775.3 18723.5 22268.4 30427 33148.0
100 35002.7 42154.9 28194.6 33126.1 49474 52376.0

19
5 - 563.0 - 425.9 - 444.9 - 467.7 534 -535.0
10 - 1648.3 - 1435.6 - 1293.4 - 1521.4 1365 -1364.0
20 - 3072.8 - 3379.5 - 2500.2 - 3625.5 3664 -3634.0
30 - 5623.5 - 6282.9 - 4164.0 - 5715.4 7419 -6757.0
50 - 11006.9 - 11580.9 - 9107.6 - 10638.5 17109 -15586.0
75 - 19831.9 - 21589.4 - 18189.5 - 16898.8 34488 -31470.0

100 - 28537.9 - 33081.0 - 26257.8 - 26100.6 57580 -52744.0

TORSION

5 349.6 378.7 363.2 338.3

10 588.7 470.9 418.0 491.1

20 715.2 593.7 541.7 621.3

30 820.8 666.7 640.1 673.2

50 1020.9 842.3 906.9 997.4

75 1233.6 1079.7 1049.8 1144.9

100 1293.5 1271.8 958.5 1223.3

150 1357.4 1638.8 1161.6 1473.8

200 1552.0 1813.2 1333.5 1568.7
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Jam -  Cl

11
5 320 498.6 416.4 499.2 396.8 695 654
10 1014 1200.9 998.4 952.6 1004 1513 1657
20 3213 3052.4 2441.2 2442.4 2670.5 3349 4170
30 6313 5686.9 4351.6 4581.6 4930.7 6860 7357
50 14770 14697.5 10757.4 11239.5 11152.7 14255 15757
75 28990 30392.6 22583.7 22909 22932.7 29700 30054
100 46810 52557.8 38528.2 38919.7 39065.2 50450 48570
150 91930 109993.7 79215 82263.6 82621 101710 98257
200 148400 183990.1 134863.7 135854.2 140698.1 170477 164820

12

5 112 127 175.8 202.6 113.7 185 180

10 267 353.7 307.6 379 282.9 383 482

20 733 909.2 722.7 710.2 737.3 936 1231

30 1383 1586.6 1278.9 1246 1271.8 1423 2125

50 3184 3361.2 2710.9 2672.4 2755.3 3348 4326

75 6305 6862.2 5122.1 5140 5260.8 6305 7840

100 10330 11431 8377.5 8342.5 8511.4 10330 12198

150 20970 23927.6 17683.5 17936.9 17670.2 20970 23447

200 34900 40786.2 29344.2 30667.7 29867.1 34900 38071

13

5 -350 - 411.1 - 317.1 - 332.7 - 315.9 -489 -497

10 -804 - 1008.5 - 804.8 - 819.7 - 850.4 -1116 -1373

20 -2306 - 2560.4 - 1869.7 - 2145.9 - 2030.7 -2764 -3410

30 -4517 - 4566.4 - 3367.4 - 3652.1 - 3698.8 -4843 -5959

50 -10920 - 11411.8 - 8556.6 - 8703.9 - 8887.5 -10920 -12660
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75 -22510 - 24415.7 - 17671.7 - 17521.7 -18022 -22510 -24066
100 -37870 - 41199.7 - 30761.2 - 31142.3 - 31688.3 -37870 -38844
150 -79700 - 84627.2 - 62310.5 - 65232.1 - 68082.7 -79700 -78522
200 -135900 -143205 -105000 -113085 -114219 -135900 -131700

Max(I4,I5)
5 144 162 180 207 136 229 245
10 166 219 176 170 178 245 298
20 218 259 202 250 211 316 349
30 265 303 234 278 250 375 389
50 346 383 335 351 318 425 461
75 436 464 355 380 406 463 548
100 519 549 422 449 498 522 633
150 669 647 490 467 689 720 803
200 807 827 612 540 588 915 973

16

5 478 563.2 464.8 474.3 494.6 719 735

10 699 810.6 609 682.6 667.1 963 870

20 1096 1226.8 950.6 1023.1 1101.8 1098 1140

30 1458 1530.9 1190.9 1169.6 1247.3 1494 1410

50 2133 2365.2 1758.6 1713.4 1686.5 2197 1950

75 2922 3411.2 2403.1 2485.8 2435.4 3034 2625

100 3672 4043.3 2956.1 3162.1 3048.1 3851 3300

150 5104 5483.4 4272.2 4192.4 4265 5235 4650

200 6475 6675 5359.2 5476 5375 6588 6000

17

5 -85 - 116.9 - 90.9 - 89.1 - 93.7 -183 -149

10 -233 - 250.6 - 209.3 - 204.1 - 214.1 -313 -364

20 -698 - 685.2 - 512.4 -543 - 545.5 -886 -910

30 -1322 - 1391.4 - 994.7 - 1055.4 - 1090.1 -1360 -1622

50 -2980 - 3505.1 - 2515.7 - 2554.8 -2583 -3365 -3551

75 -5869 - 7317.2 - 5368.8 - 5472.4 - 5482.1 -6734 -6909

100 -9555 - 12206.6 - 9091.7 - 9454.8 - 9364.4 -11182 -11323
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18
5 285 387.2 337.5 392.3 303.3 498 517
10 756 957.7 769.4 769.6 788.7 1034 1310
20 2188 2353.6 1958 2092.4 2074.5 2647 3285
30 4062 4448 3415.1 3554.9 3773.7 4002 5768
50 8958 11483.8 8384.8 8501.2 8580.4 9906 12254
75 17280 23569.7 17241.9 17423.8 17186.5 20408 23211
100 27730 38885.1 29486.6 30017.3 30072.6 34501 37332

19

5 -247 -307 - 211.7 - 238.3 -213 -390 -341

10 -723 - 705.7 - 572.1 - 583.3 - 618.9 -969 -897

20 -2395 - 2440.7 - 1819.4 - 1790.7 - 1880.6 -2410 -2496

30 -4781 - 4820.4 - 3645.2 - 3669.6 - 3683.4 -4757 -4763

50 -11510 - 12519.1 - 9080.1 - 9509.8 - 9396.1 -11853 -11321

75 -23950 - 25968.9 - 19739.8 - 19526.8 - 20391.7 -24826 -23312

100 -40500 - 44048.9 - 33394.5 - 33243.7 -34320 -42409 -39521
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Jam -  C2

11
5 1037.0 795.4 616.8 603.0 612.5 1037 1058.0
10 2081.0 1906.6 1489.8 1539.6 1684.4 2081 2631.0
20 5387.0 4850.8 3676.8 3851.4 4061.4 5562 6425.0
30 10049.0 9020.3 7126.0 7058.0 7203.8 10060 11081.0
50 22536.0 19397.0 16071.3 15345.8 17938.2 21736 22981.0
75 43300.0 38678.6 31574.0 30159.5 35663.2 43699 42707.0

100 69218.0 63865.6 53470.2 48915.4 57240.1 72764 67825.0

150 134870.0 126954.7 110520.3 99308.1 113988.0 135249 134231.0

200 217290.0 218618.0 170330.2 159174.9 187744.3 223864 222200.0

12

5 232.0 214.3 168.5 171.4 187.0 232 294.0

10 590.0 576.6 423.4 448.5 485.1 590 m s s

20 1498.0 1324.5 1061.8 1071.2 1206.0 1498 1947.0

30 2587.0 2343.7 1867.5 1794.3 1854.9 2587 3306.0

50 5150.0 4885.8 3798.9 3819.5 3997.0 5150 6554.0

75 10179.0 9346.0 7286.0 7716.7 7922.7 10179 11590.0

100 15946.0 14924.9 11869.5 11697.4 14172.8 15946 17705.0

150 30390.0 28914.3 24221.2 22328.4 25762.7 30390 33172.0

200 48436.0 47129.4 38631.3 36787.6 42638.5 48436 52952.0

13

5 - 752.0 - 635.4 - 503.0 - 533.1 - 536.1 -752 - 803.0

10 - 1718.0 - 1558.5 - 1272.7 - 1254.7 - 1428.7 -1718 - 2184.0

20 - 4252.0 - 3971.9 - 3126.6 - 3037.6 - 3222.8 -4252 - 5264.0

30 - 7450.0 - 7553.9 - 5705.9 - 5632.8 - 5815.9 -7450 - 8987.0

50 - 17694.0 - 15819.5 - 12488.2 - 12686.6 - 13942.1 -17694 - 18475.0
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75 - 34645.0 - 30756.0 - 26375.5 - 24569.0 - 29060.5 -34645 -34204.0
100 - 56363.0 - 51290.4 - 44788.7 - 39968.8 - 46316.9 -56363 -54240.0
150 -113509 -103787 - 81708.7 - 78036.7 - 90240.2 -113509 -107246
200 -188063 -160510 -137086 -129893 -140554 -188063 -177500

Max(I4,I5)
5 302.0 278.2 201.0 207.6 302 402.0
10 371.0 303.3 281.5 273.5 299.5 371 483.0
20 469.0 382.0 309.5 306.5 328.5 422 556.0
30 542.0 424.0 358.0 350.5 335.8 472 609.0
50 658.0 512.7 398.5 420.9 452.5 556 704.0
75 772.0 630.2 492.4 470.5 496.2 680 815.0
100 869.0 684.5 573.6 527.0 602.0 797 925.0
150 1030.0 846.5 686.9 719.9 707.5 1013 1143.0
200 1318.0 946.8 821.9 733.7 879.6 1270 1360.0

16

5 1027.0 936.7 799.3 801.5 808.5 1027 1172.0

10 1348.0 1354.8 1067.0 1034.6 1102.5 1348 1345.0

20 1909.0 1807.0 1339.6 1390.6 1479.7 1909 1690.0

30 2428.0 2037.2 1894.0 1631.2 2072.9 2428 2035.0

50 3357.0 3228.1 2511.9 2241.6 2672.6 3357 2725.0

75 4403.0 3940.3 3285.1 2999.8 3381.2 4403 3587.0

100 5374.0 4894.8 3915.4 3719.3 4212.1 5374 4450.0

150 7181.0 6928.2 5121.7 4921.2 5701.2 7181 6175.0

200 8872.0 8115.3 6279.5 6325.6 7299.5 8872 7900.0

17

5 - 187.0 - 183.5 - 141.5 - 131.2 - 156.3 -187 -241.0

10 - 481.0 - 410.9 - 328.6 - 318.6 - 351.5 -481 -574.0

20 - 1285.0 - 1175.5 - 895.8 - 903.8 - 899.8 -1201 -1385.0

30 - 2267.0 - 2132.6 - 1593.4 - 1667.0 - 1748.7 -2085 -2408.0

50 - 4654.0 - 4455.1 - 3881.4 - 3539.5 - 4337.7 -4670 -5097.0

75 - 9523.0 - 9411.9 - 7539.2 - 6976.1 - 8346.8 -9694 -9670.0

100 - 15066.0 - 15182.2 - 12498.4 - 11262.0 - 13161.4 -16167 -15590.0
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18
5 623.0 620.7 466.5 462.9 494.4 623 838.0
10 1590.0 1485.3 1186.4 1200.9 1215.2 1590 2085.0
20 4196.0 3783.7 2923.0 2933.7 3066.5 4731 5081.0
30 7332.0 7078.5 5318.8 5328.0 5823.5 7402 8727.0
50 14836.0 14953.3 11845.0 11848.1 12476.4 15547 17963.0
75 28881.0 28964.3 23961.7 22730.0 26550.4 30427 33148.0
100 45063.0 47605.0 41200.3 38397.1 40975.6 49474 52376.0

19
5 - 534.0 - 476.5 - 349.6 - 345.1 - 344.9 534 -535.0
10 - 1365.0 - 1354.7 - 1030.6 - 1095.3 - 1057.9 1365 -1364.0
20 - 3709.0 - 3359.2 - 3249.4 - 2692.4 - 3186.3 3664 -3634.0

30 - 7668.0 - 7238.8 - 5739.2 - 5170.8 - 5675.1 7419 -6757.0

50 - 17448.0 - 15144.1 - 12649.1 - 11910.0 - 13867.1 17109 -15586.0

75 - 34672.0 - 31291.2 - 24615.2 - 23048.7 - 27103.2 34488 -31470.0

100 - 56881.0 - 50526.7 - 38368.0 - 37774.8 - 44195.6 57580 -52744.0

TORSION

5 432.5 336.2 419.0

10 567.3 436.8 405.8 485.0

20 651.8 528.5 491.5 543.4

30 756.1 600.2 590.4 695.7

50 1001.4 754.4 740.7 798.6

75 1150.7 975.5 951.7 1028.2

100 1389.0 1210.8 1115.0 1326.5

150 1910.3 1608.6 1423.0 1643.2

200 2279.3 1958.6 1695.7 2080.3
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Jam -  C3

11

5 1256.0 803.1 760.6 606.4 656.0 1256 1271.0
10 2738.0 2068.8 1809.5 1536.4 1884.1 2738 3165.0
20 7080.0 7364.5 5528.2 5555.5 5401.6 6825 7740.0
30 12933.0 12626.5 10557.8 10268.8 10349.0 11893 13365.0

50 28127.0 26862.1 22254.4 22063.8 22200.5 26925 27765.0

75 52681.0 54278.6 44237.5 38975.6 40986.4 52681 51671.0

100 82681.0 81439.3 68706.4 60650.8 64632.7 83899 82140.0

150 157036.0 157573.1 135306.6 110294.2 128135.4 157036 162765.0

200 248545.0 251287.2 217278.8 175202.4 215272.1 267134 269640.0

12

5 331.0 238.5 207.3 220.0 180.6 331 353.0

10 828.0 628.6 499.6 408.4 498.1 828 934.0

20 2060.0 2070.6 1362.4 1263.5 1418.1 2060 2342.0

30 3510.0 3034.2 2553.7 2531.3 2507.5 3510 3981.0

50 6862.0 7151.5 5451.0 5454.8 5737.5 6862 7902.0

75 12957.0 13482.8 10439.1 10102.4 10198.5 12957 13992.0

100 19845.0 20669.4 16682.3 15821.5 15996.7 19845 21396.0

150 36654.0 37008.4 31794.1 27024.6 29936.7 36654 40144.0

200 57154.0 57730.0 48639.8 42652.6 49720.6 57154 64143.0

13

5 - 950.0 - 680.2 - 557.8 - 477.6 - 544.1 -950 - 964.0

10 - 2329.0 - 1708.4 - 1574.5 - 1383.6 - 1552.9 -2329 - 2627.0

20 - 5875.0 - 5024.5 - 4181.5 - 4156.0 - 4375.9 -5875 - 6340.0

30 - 10197.0 - 9234.9 - 8262.5 - 7676.5 - 8287.1 -10197 - 10838.0

50 - 22772.0 - 20177.5 - 17888.2 - 16636.7 - 18302.2 -22772 - 22320.0
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75 - 42545.0 - 39247.8 - 34979.2 - 30019.3 - 32764.6 -42545 -41382.0
100 - 66836.0 - 61380.5 - 56085.0 - 45875.5 - 53784.5 -66836 -65688.0
150 -128036 -120014 -105210 -89979 -103520 -128036 -130045
200 -204945 -169743 -164834 -138457 -156169 -204945 -215400

Max(I4,I5)
5 376.0 261.7 204.2 192.0 198.9 376 482.0
10 458.0 306.8 270.4 251.9 289.2 458 580.0
20 572.0 367.5 324.1 321.4 335.7 572 669.0
30 656.0 479.4 402.5 333.6 405.3 623 733.0
50 789.0 625.6 552.9 438.5 501.6 710 848.0
75 929.0 724.3 624.5 591.1 624.6 929 984.0
100 1053.0 795.3 760.7 636.9 681.7 912 1117.0
150 1272.0 938.5 887.0 748.7 876.1 1272 1382.0
200 1571.0 1139.1 1075.9 857.9 1074.2 1244 1646.0

16

5 1554.0 1141.8 871.6 797.1 875.5 1554 1410.0

10 1810.0 1661.8 1295.1 1189.2 1361.3 1810 1620.0

20 2355.0 2501.9 1937.6 1782.1 1916.2 2355 2040.0

30 2889.0 2817.3 2544.9 2253.5 2223.2 2889 2460.0

50 3860.0 3727.5 3414.9 3016.8 3473.5 3860 3300.0

75 4968.0 4790.8 3857.5 3338.7 4435.2 4968 4350.0

100 6001.0 5756.7 5147.8 3981.5 4949.5 6001 5400.0

150 7930.0 7353.8 6672.9 5491.0 6755.3 7930 7500.0

200 9743.0 9047.0 7765.6 6408.4 8323.0 9743 9600.0

17

5 - 233.0 - 185.4 - 165.1 - 137.1 - 160.0 -233 -289.0

10 - 660.0 - 464.3 - 418.9 - 407.1 - 409.9 -660 -691.0

20 - 1831.0 - 1554.0 - 1325.4 - 1146.6 - 1258.0 -1650 -1670.0

30 - 3190.0 - 2697.0 - 2325.8 - 2365.0 - 2465.8 -2922 -2907.0

50 - 6208.0 - 5953.6 - 5151.6 - 4570.5 - 4768.1 -6210 -6164.0

75 - 11406.0 - 11117.6 - 10214.5 - 8703.9 - 9705.5 -11406 -11710.0

100 - 16682.0 - 17835.0 - 15439.2 - 13788.2 - 15591.7 -18515 -18896.0
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18

5 829.0 739.5 591.7 495.5 506.5 829 1007.0
10 2197.0 1648.3 1465.9 1210.4 1408.7 2197 2508.0
20 5754.0 5522.5 4165.3 3928.4 4320.3 5754 6120.0
30 9830.0 10283.0 7899.3 7915.5 7963.0 9040 10524.0
50 18972.0 19941.6 17170.6 17104.0 15964.9 19301 21696.0
75 34218.0 36846.1 34031.8 30122.3 31189.4 34218 40094.0

100 50627.0 59783.7 51715.1 44573.4 53484.2 57684 63414.0

19

5 - 669.0 - 609.9 - 463.8 - 392.9 - 424.9 -669 - 644.0

10 - 1792.0 - 1527.5 - 1321.4 - 1167.6 - 1338.5 -1792 - 1644.0

20 - 5207.0 - 4183.1 - 3953.8 - 3362.5 - 3596.3 -4690 - 4391.0

30 - 9767.0 - 8104.6 - 7259.7 - 6323.3 - 7212.7 -9376 - 8176.0

50 - 21436.0 - 18010.4 - 15881.9 - 13547.7 - 16395.3 -20383 - 18891.0

75 - 40963.0 - 35497.4 - 31223.1 - 25744.9 - 30213.5 -40963 - 38186.0

100 - 65227.0 - 57828.8 - 51054.5 - 42147.6 - 50175.5 -65515 - 64043.0
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Jam -  C4

11

5 1474.0 850 746.2 653.8 693.9 1474 1294.1
10 3394.0 2982 2067.5 1699.1 1787.7 3394 3258.0
20 8772.0 7735 5754.3 5434.7 5841.5 8772 8115.3
30 15818.0 14653 11831.5 9349.6 11653.6 14182 14208.3

50 33718.0 33725 28959.7 21165.1 26472.5 30811 30108.8

75 62063.0 62857 56526.6 40951.6 48161.7 58107 56945.0

100 96145.0 95649 80929.6 63864.1 78148.0 92851 91516.5

150 179200.0 181227 157795.7 123092.9 154114.8 168561 183860.3

200 279800.0 278512 287551.0 197566.5 243947.8 272693 307143.0

12

5 431.0 227.0 209.8 195.0 176.8 431 356.6

10 1065.0 771.1 561.0 474.9 472.3 1065 952.8

20 2621.0 1800.0 1450.8 1409.0 1528.1 2621 2417.0

30 4432.0 3556.1 2802.3 2276.5 2595.5 4432 4148.9

50 8574.0 8206.5 6573.0 5144.6 6168.8 8574 8371.1

75 15735.0 15295.7 12741.8 10313.2 11968.5 15735 15047.8

100 23744.0 23251.2 21523.7 15540.8 19363.6 23744 23271.5

150 42918.0 42431.3 36015.4 29423.4 36722.5 42918 44363.7

200 65872.0 64440.0 63180.4 47835.1 60223.0 65872 71643.3

13

5 - 1147.0 - 666.5 - 637.5 - 489.6 - 547.4 -1147 - 997.3

10 - 2940.0 - 1898.5 - 1632.1 - 1308.4 - 1524.2 -2940 - 2708.5

20 - 7498.0 - 5424.7 - 4838.9 - 4106.8 - 4625.3 -7498 - 6643.6

30 - 12943.0 - 9909.1 - 9604.3 - 7575.1 - 9024.9 -12943 - 11515.3

50 - 27850.0 - 21938.0 - 21803.1 - 17723.5 - 20021.3 -27850 - 24197.0
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75 - 50445.0 - 42165.7 - 41045.3 - 32211.4 - 38132.6 -50445 -45602.5
100 - 77309.0 - 66377.5 - 65680.8 - 50502.4 - 62209.0 -77309 -73189.5
150 -142563 -127500 -137413 -99125 -120874 -142563 -146921
200 -221827 -178605 -207904 -155730 -169695 -221827 -245402

Max(I4,I5)
5 426.0 251.4 197.4 210.6 426 486.8
10 563.0 315.4 259.7 246.5 309.5 563 590.0
20 730.0 411.0 349.6 331.8 329.2 730 686.5
30 842.0 535.5 431.1 378.5 415.6 755 760.8
50 966.0 816.0 576.6 510.6 510.2 873 893.6
75 1129.0 833.8 725.6 587.5 653.5 1005 1053.8
100 1284.0 903.0 932.9 646.3 749.6 1148 1209.8

150 1491.0 1018.1 1122.5 819.1 978.9 1404 1521.7

200 1825.0 1316.1 1334.9 984.7 1289.1 1722 1833.5

16

5 2081.0 1183.6 941.9 825.7 904.2 2081 1447.6

10 2272.0 1717.5 1448.1 1204.0 1444.5 2272 1695.1

20 2801.0 2676.7 2046.0 1791.5 2129.1 2801 2190.1

30 3350.0 3101.1 3075.7 2183.7 2673.4 3350 2685.1

50 4364.0 4651.9 4156.1 2855.0 3838.4 4364 3675.1

75 5532.0 5990.2 4877.5 3899.6 5153.7 5532 4912.6

100 6629.0 7112.7 5828.6 4797.5 5597.5 6629 6150.1

150 8680.0 8369.0 8993.5 6260.4 6977.8 8680 8625.1

200 10614.0 10255.6 10625.7 8303.1 8737.1 10614 11100.1

17

5 - 280.0 - 193.2 - 166.1 - 144.8 - 162.0 -280 -295.7

10 - 837.0 - 497.8 - 454.4 - 428.6 - 434.4 -837 -714.7

20 - 2371.0 - 1663.2 - 1432.3 - 1267.5 - 1395.0 -2371 -1764.2

30 - 4104.0 - 2956.3 - 2722.3 - 2361.2 - 2627.3 -3521 -3117.8

50 - 7761.0 - 6378.7 - 6327.1 - 4888.6 - 5768.9 -7154 -6750.7

75 - 13289.0 - 12200.1 - 13513.0 - 9271.7 - 11360.5 -13036 -13027.4

100 - 18299.0 - 19863.2 - 23285.3 - 18797.2 - 18748.3 -19646 -21240.0
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18
5 1033.0 725.2 550.6 467.8 508.3 1033 1023.5
10 2803.0 1733.0 1733.8 1357.7 1454.9 2803 2577.6
20 7348.0 5867.6 4595.3 3993.1 4772.2 7348 6400.8
30 12329.0 11270.4 9191.1 8569.1 9894.7 10986 11156.7
50 23109.0 25211.5 21156.5 16493.8 20920.6 22097 23453.7
75 39554.0 43454.5 41421.0 31450.6 37328.5 40859 44049.5
100 56190.0 67605.1 58195.2 51813.5 56106.0 63740 70446.0

19
5 - 801.0 - 598.2 - 452.4 - 375.4 - 415.3 -801 -670.2
10 - 2220.0 - 1639.6 - 1496.8 - 1312.6 - 1380.4 -2220 -1739.2
20 - 6421.0 - 4442.0 - 4169.5 - 3354.5 - 4051.0 -6421 -4767.8
30 - 11866.0 - 8620.4 - 8085.0 - 6467.7 - 7702.6 -10823 -9020.4

50 - 25424.0 - 19063.3 - 18480.0 - 15145.2 - 17836.4 -23515 -21236.2

75 - 47254.0 - 38376.9 - 39102.5 - 29974.6 - 34966.1 -45565 -43460.7

100 - 73572.0 - 61989.4 - 64362.3 - 50888.2 - 54158.8 -73948 -73417.7

TORSION

5 1162.7 895.2 831.3

10 1497.4 1232.4 1058.2 1323.5

20 1829.5 1612.8 1507.8 1540.5

30 2292.9 1817.4 1979.8 1823.1

50 3020.6 2472.4 2312.7 2405.7

75 3642.7 3258.2 2907.1 3325.8

100 4514.3 3716.9 3415.9 3916.2

150 5834.9 5438.4 4534.0 5084.4

200 7142.6 6202.8 6060.1 6120.0
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EXECUTIVE SUMMARY

The draft Eurocode, EC 1.3 , specifies a common load model, corresponding to British 

Standard HA loading, for the design of road bridges in Europe. Each coimtry has the 

facility to specify in their National Applications Document factors known as 'alpha factors' 

appropriate to local traffic conditions which are multiplied by the load intensities in the 

model. This is the report of a study to assess alpha factors appropriate to National Primary 

roads in Ireland.

The study consisted of the collection and processing of traffic weight statistics from three 

sites; the N1 near Ravensdale (Co. Louth), the M4 near Maynooth, Co. Kildare and the 

N i l  near Delgany, Co. Wicklow. Traffic weight statistics are collected by sensors in the 

road or in a bridge which can determine the weights without the need to stop the vehicles. 

The process is known as weigh-in-motion (WIM). As there was no existing WIM system 

on the N11, a bridge WIM system was developed and tested at Trinity College and used to 

collect data there.

The Eurocode currently has 'ENV (draft) status and is expected to progress to 'EN' 

(Euronorm) status within the coming few years. As a result, updated WIM data from 

throughout Europe is currently being used to reassess the draft code. In addition the 

methods and assumptions used in the process are being reviewed and improved. Trinity 

College is actively participating in this process and continues to do so. The most up-to- 

date methods and assumptions available at the time of writing (December 1997) have been 

used for the Irish alpha factor assessment exercise.

Eleven weeks of data was processed (1 week on N l, 4 weeks in each direction on M4 and 

2 weeks on N i l )  and classified. Summary statistics are presented for axle weight, inter

axle spacing, vehicle length and gross vehicle weight (GVW). The statistical distribution 

of GVW is shown to be distinctly different from that recorded at Auxerre in France, the 

site which was used in the original project to develop the Eurocode load model. While the 

weights of the heaviest trucks are similar in magnitude in Ireland and France, the volume 

of trucks near the legal limit is far greater in France.

A wide range of bridge forms, load effects (bending moment or shear), and spans were 

chosen as representative of Irish bridges. In each case, simulations were carried out to
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determine the load effects at various points that would be generated by the measured 

traffic. Simulations were made of free-flowing and jammed traffic conditions in 

accordance with the guidelines of the Eurocode development committee. Bridges o f 1, 2, 3 

and 4 lanes were considered. For all cases, (bridge forms/load effects/spans/sites/no. 

lanes), the load effects were extrapolated statistically to determine characteristic values. 

Alpha factors were calculated as the ratio of the characteristic load effect to the 

corresponding value as calculated using the Eurocode load model.

Alpha factors in excess of unity were found for a number of short-spsin bridges that are so 

narrow as to accommodate only one lane. This is likely to be explained by excessively 

conservative assumptions in the calibration procedure. Until or unless this can be proven, 

it is recommended that an alpha-factor of 1.3 be applied for 1-lane bridges. Alpha factors 

less than unity were found for all bridges with two and more lanes. However, the values 

were in some cases close to unity and, further, it is felt that growth in Irish traffic and/or 

changes in the legal requirements may lead to an increase in the factors. It is therefore 

suggested that unit values for all factors be adopted for all bridges with two and more 

lanes.

Supplementary studies were carried out on correlation between the weights of trucks 

travelling in the same direction in adjacent lanes and on horizontal loading on bridges. In 

the case of the former, it is shown that the weight of an overtaking truck is correlated with 

the weight of the truck it is overtaking, a surprising finding which has implications for 

bridge assessment. A detailed literature review was carried out on the horizontal loading to 

provide background information on horizontal loading and the basis on which existing 

code clauses have been developed. An alpha factor for horizontal loading is suggested for 

consideration for Irish conditions.
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The error of a WIM measurement not only results from the inherent WIM system 

uncertainty, but also from the effects of vehicle pavement interaction, which leads to 

discrepancies between the weight and the impact forces. The error e,. may be expressed as: 

= (fVd, -Ws , ) = (Wd, -F , )+ (F̂  -Ws,)
measurement error due to
error dynamic effect

for a nm of a axle vehicle across a sensor,

Wd  ̂ is the so called dynamic loads of axle / (l < / < p) recorded by the WIM system, with

the dynamic gross weight, Wd, =
/ = i

Wŝ  (l < / < p )  is the so called static load of axle i {\<i < p),  where the static gross

p

weight, Wŝ
i= \

is the true impact force of the axle i (l < / < p )  when it is on the WIM system, and

p

Fi - ^ F ^  the impact force of the vehicle. These forces are generally not known because
<=i

they are difficult to measure.

In addition to the absolute error, e,, the relative error is defined as:

(wd^-IVs,)
'  WSj

where j  -  i ,g or t for an axle, axle group or gross weight.

Due to the randomness of the pavement/vehicle interaction, of the vehicle characteristics, 

and of the intrinsic system uncertainties, the values of absolute and relative error will be 

random and expressed in terms of confidence interval limits and consequently, their 

accuracy will be statistical. Thus it is only possible to assess some probabilistic 

limitations, such as:

< £•]> (l-o r) or P |x J  < <?]> ( l - a )
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where a  is the accepted risk that an individual measurement will fall outside the

confidence interval [Wŝ  -  s; WSj +e\ for Wd., or [- f ; + e] for , or [- S; + S] for .

These confidence intervals are centered on the static load. A good limitation on the risk is 

obtained if the distribution of Sj is assumed Normal:

S = k^/* O’: WIM measurements unbiased
/ 2

S = m + k , *  (7: WIM measurements biased
/ 2

where is the standard Normal distribution (l -  quartile

CTj is the standard deviation of Xj dependent on repeatability and reproducability 

conditions

m is the relative bias.

Thus for an uncalibrated WIM system or system of unknown calibration (i.e. calibrated a 

long time ago, with suspicion of drift or variance increase) for a measured sample 

(x,,...,x„), the true mean n  and standard deviation of the variable X  are unknown. Of 

interest is the probability II of getting an individual measurement in a confidence interval 

centered on the static load;

Y\ = P \ - 5  < X , < 5 \

where 5  is the relative statistical accuracy.

Thus if <I> is the Normal CDF:

Where, if fj. and a  are unknown, a lower bound of n  is given as
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where m and 5  are the values of M = ~ ^ X -  and S =  ̂- /uf for the
« /=i  ’ n - \ ~ ^  '

considered sample.

For small v (i.e. <60), O may be replaced by 'F (i.e. CDF of Student variable with v 

degrees of freedom) in the above equation.

Typically, the data provided from in-service WIM systems for code calibration, may be 

expected to be biased, (i.e. jU^O).  In such cases the bias ^ may be estimated by m . 

Thus:

n  = 0 (m, ) -  <I)(w2 )

with

provides a safe approximation of the level of confidence of the centered interval for 

individual measurements.

The European specification on Weigh in Motion of Road Vehicles (COST 323, 1997), 

developed to classify of the accuracy of WIM systems proposes a number of accuracy 

classes ranging from A (5) to E as outlined in Table D.l. To accept a WIM system in an 

accuracy class, it must be checked that n is larger than the specified value for the 

corresponding 8  for the specified criteria (i.e. axle weight, axle group, axle of a group, 

gross weight etc.). The specified value is dependent upon repeatability /

reproducability conditions. Table D.2 for example lists values of under conditions of

limited environmental reproducability.
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Table D.l - Width of Accuracy Classes (confidence interval, S in %)

Criteria (type of 

measurement)

Domain of 

Use

Accuracy Classes;

Confidence interval width 5  (%)

A(5) B(7) B(10) C(15) D+(20) D(25) E
1. Gross Weight > 35kN 5 7 10 15 20 25 >25
Axle Load >20kN

2. Grp Axles 7 10 13 18 23 28 >28

3. Single Axle 8 11 15 20 25 30 >30

4. Axle of Grp 10 14 20 25 30 35 >35

Table D.2 - Minimum Level of Confidence, of the Centered Confidence Intervals (%)

-  Case of Test Under <Limited Environmental Reproducability^>

Test Conditions Sample Size

10 20 30 60 ^ 120 00

Full Repeatability 93.3 96.2 97.0 97.8 98.2 98.9

Extended Repeatability 87.5 92.5 93.9 95.3 96.1 97.5

Limited Reproducability 81.9 88.7 90.7 92.7 93.9 96.0

Full Reproducability 76.6 84.9 87.4 90.0 91.5 94.3

^ h e  test time period extends over at least a 24hr time period, or preferably a few days 

within the same week or month, such that temperature, climactic and environmental 

conditions vary during the measurements, but no seasonal effect needs to be considered.
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APPENDIX E

OPTIMUM LOA D EFFECT MULTIPLIERS
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11
Span F1 F2 Cl C2 C4

5 0.78 0.78 0.78 0.78 0.78
10 1.35 1.35 1.35 1.35 1.35
20 2.61 2,45 2.56 2.37 1.94
30 3.63 3.39 3.64 3.49 2.86
50 5.56 4,94 6.28 5.37 4.50
75 8.07 6,65 8.43 8.34 7.06
100 12.10 9.63 11.99 11.79 9.85
150 15.92 12.11 17.16 16.53 14.07
200 23.24 18.72 22.52 22.37 19.66

12

Span F1 F2 Cl C2 C4
5 0.21 0.21 0.21 0.21 0.21

10 0.37 0.37 0.37 0.37 0.37
20 0.74 0.68 0.73 0.67 0.45
30 0.87 0,78 0.85 0.77 0.59

50 1.38 1.32 1.43 1.28 1.04

75 1.88 1.65 2.08 1.79 1.48

100 2.25 1.88 2.55 2.36 2.02

150 3.92 3.24 3.42 3.75 3.22

200 4.53 3.73 4.55 4.39 3.99

13

Span FI F2 Cl C2 C4

5 0.62 0.62 0.62 0.62 0.62

10 1.18 1.18 1,18 1.18 1.18

20 2.18 1.81 2,04 1.90 1.44

30 2.73 2.18 2,52 2.48 1,98

50 3.82 3.45 4,25 3.77 3,05

75 6.32 4.88 6.88 6.62 5.19

100 8.74 6.73 9.94 9.33 7.22

150 11.91 9.08 13.71 12.96 10.54

200 17.12 15.17 17.91 16.98 14.14

17

Span F1 F2 C1 C2 C4

5 0.19 0.19 0.19 0.19 0.19

10 0,30 0.30 0.30 0.30 0.30

20 0.59 0.56 0.54 0.56 0.45

30 0.88 0.79 0.87 0,85 0.69

50 1.39 1.14 1.50 1,31 1.02

75 1.97 1.57 2.08 2,00 1.64

100 2.88 2.34 2.98 2.81 2.46
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18

Span FI F2 Cl C2 C4
5 0.60 0.60 0.60 0.60 0.60

10 1.06 1.06 1.06 1.06 1.06
20 2.02 1.91 2.07 1.84 1.50
30 2.92 2.58 2.88 2.71 2.35
50 4,29 3.74 4.69 3.94 3.23
75 6.24 5.07 6.78 6.46 5.50

100 9.20 7.39 9.02 8.98 7.63

19

Span FI F2 Cl C2 C4

5 0.32 0.32 0.32 0.32 0.32

10 0.63 0.63 0.63 0.63 0.63

20 1.25 1.00 1.21 1.20 0.83

30 2.00 1.32 1.65 1.60 1.23

50 3.18 2.42 2.83 2.92 2.33

75 4.05 3.08 4.04 3.79 3.33

100 5.94 4.42 5.36 5.31 4.83

il Ratio

SPAN SSM-IL FFM-IL FFS-IL TMA-IL TMB-IL TCM-IL

5.00 0.63 0.13 0.50 0.16 0.47 0.31

10.00 1.25 0.25 1.00 0.31 0.94 0.63

20.00 2.50 0.50 2.00 0.63 1.88 1.25

30.00 3.75 0.75 3.00 0.94 2.81 1.88

50.00 6.25 1.25 5.00 1.56 4.69 3.12

75.00 9.38 1.88 7.50 2.34 7.03 4.69

100.00 12.50 2.50 10.00 3.12 9.38 6.25

150.00 18.75 3.75 14.99

200.00 25.00 5.00 20.00
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PROGRAM MAXIMUM LIKELIHOOD FOR GUMBEL DISTRIBUTION
PROGRAM MAXIMUM_LIKELIHOOD GUMBEL 

C TO ESTIMATE THE PARAMETERS OF THE GUMBEL-I EVD.

C USES THE PERCENTILE METHOD TO OBTAIN AN INITIAL ESTIMATE

C OF THE PARAMETERS. OPTIMISES USING POWELLS METHOD,

IMPLICIT NONE 

EXTERNAL ftinc

INTEGER I,J,mwt,S I ,S2.S3,S4,NDIM,ITER,M,NEQN 

PARAMETBR(NDIM=2.MWT=0,NEQN=2)

REALN,RI,R2,X(30000),GRINGORTON(30000),ETA(30000).NETA(30000),

*FUNC,sig( 10),a,b,siga,sigb,Chi2,q,LAMBA_LS,DELTA_LS, 

*LAMBA_MOM,DELTA_MOM,LAMBA_PER,DELTA_PER,ave,adev,sdev,var,

*skew,curt,EULER,PI, AA( 10,10),BB( 10,10),LAMDEL(ND1M), 

*DIRN(NDIM,NDIM),TOLERANCE,FRET,DEL2_LAMBA,DEL2_DELTA,

♦DEL_LAMDEL,LAMBA,DELTA,DELTA_SQR,ALPHA,BETA,R_DELTA,

♦FISHER_A(NEQN,NEQN),FISHER_B(NEQN)

PARAMETER(EULER=0.5772,PI=3.14159)

DATA DIRN/I.0,0.0,0.0,1.0/

OPEN( 1 ,FILE='C :\EXTREMES\span200',STATUS='OLD')

1=1

1 READ(1,10,END=2)X(I)

1= 1+1

GOTO 1

2 REWIND(l)

N=I-1

M=INT(N)

R2=0

R1=0

C R1=AINT(2*SQRT(N))

C R1=ANINT(N-(1/I)*(SQRT(N)))

C write(*,*)n-rl

C RIGHT HAND TAIL

1=1

5 READ(I,10,END=20)X(I)

10 F0RMAT(F11.4)

GRINGORTON(I)=(FLOAT(I)-0.44)/((N)+0.12)

C GRINGORTON(I)=(FLOAT(I)-0.5)/(N)

ETA(1)=X(1)

NETA(I)=-LOG(-LOG(GRINGORTON(I)))

1= 1+1 

GOTO 5 

20 J=INT(N)

C DETERMINE INITIAL ESTIMATES OF LAMBA AND DELTA USING

C LEAST SQUARES AS A MAXIMUM LIKELIHOOD ESTIMATOR WITH
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C GRINGORTONS PLOTTING POSITION FORMULA.

C BY ASSUMING MWT=0, STANDARD DEVIATIONS ARE ASSUMED ZERO

CALL FIT(ETA,NETA,J,sig,mwt,a,b,siga,sigb,Chi2,q)

LAMBA_LS=-A/B

DELTA_LS=((-A+I)/B)-LAMBA_LS

WRITE(*,25)'LEAST-SQUARES',LAMBA_LS,DELTA_LS

25 FORMAT(A30,2FI5.5)

C METHOD OF MOMENTS

CALL moment(X,J,ave,adev,sdev,var,skew,curt) 

DELTA_MOM=SQRT(VAR)*SQRT(6.0)/PI 

LAMBA_MOM=AVE-EULER*DELTA_MOM

WR1TE(*,25)'METH0D OF MOMENTS',LAMBA_MOM,DELTA_MOM

C FULL PERCENTILE METHOD

J=2

C WRITE(*,*)'ENTER TWO SETS OF POINTS, (S1,S2) eg RECORDS 1-15'

C READ(*,*)S1,S2,S3,S4

S l= l

S2=ANINT(N/2)

S3=ANINT(N/2)+l

S4=N

AA(1,1)=S2-S1+1

AA(I,2)=0

AA(2,1)=S4-S3+1

AA(2,2)=0

BB(1,1)=0

BB(2,1)=0

D 0  26I=S1.S2 

BB(1,1)=BB(1,1)+X(I)

AA(2,2)=AA(2,2)-LOG(-LOG( 1 -GRINGORTON(I)))

26 CONTINUE

DO 27 I=S3,S4 

BB(2,1)=BB(2,1)+X(1)

AA( 1,2)=AA( 1,2)-LOG(-LOG( 1 -GRINGORTON(I)))

27 CONTINUE

CALL gaussj(AA,J,10,BB,J,10)

LAMB A_PER=BB( 1,1)

DELTA_PER=BB(2,1)

WRITE(*,25)'PERCENTILEMETHOD^LAMBA_PER,DELTA_PER

LAMDEL( 1 )=LAMBA_PER 

LAMDEL(2)=DELTA_PER 

C WRITE(*,*)LAMDEL(1),LAMDEL(2)

CALL powell(LAMDEL,DIRN,NDIM,NDIM,TOLERANCE,iter,fret)
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W RITE(*,25)'MAXIMUM LIKELIHOOD',LAMDEL(l),LAMDEL(2)

LAMBA=LAMDEL(1)

DELTA=LAMDEL(2)

W RITE(*,*)LAM BA,DELTA

ALPHA=0

BETA=0

DELTA_SQR=0

D 0  30I=R1+1,N -R2

ALPHA=ALPHA+(

♦2*((X(I)-LAMBA)/(DELTA»*3))-

*(2*((X(I)-LAMBA)/(DELTA**3))»EXP(-(X(I)-LAMBA)/DELTA))+

*(((X(I)-LAMBA)/(DELTA**2))**2)*EXP(-(X(I)-LAMBA)/DELTA)

♦)

BETA=BETA+(1/(DELTA**2))+(-1/(DELTA**2))*

*EXP(-(X(I)-LAM BA)/DELTA)+

*((X(I)-LAM BA)/(DELTA**2))*(1/DELTA)*EXP(-(X(I)-LAMBA)/DELTA) 

DELTA_SQR=DELTA_SQR+((1/(DELTA»*2))*EXP(-(X(I)-LAM BA)/DELTA)) 

30 CONTINUE 

R_DELTA=

*(-R 1 *EXP(-(X(R 1+1 )-LAMB A)/DELTA))»

*(-2*(X(R1+1 )-LAMB A)/DELTA* *3)

•+{(X(R 1+1 )-LAMBA)/DELTA* *2)*

*(-R 1 *EXP(-(X(R 1+1 )-LAMB A)/DELTA))*

*((X(R1+1)-LAM BA)/DELTA**2)

DEL2_LAM BA=-DELTA_SQR-

*((R1/(DELTA»»2))*EXP(-(X(R1+1)-LAM BA)/DELTA))

DEL2_DELTA=((N-R 1 )/(DELTA* *2))-ALPH A+R_DELTA

DEL_LAM DEL=BETA-(R1 *EXP(-(X(R 1 +1 )-LAMBA)/DELTA)*(( 1/DELTA* *2) 

*-((X(R 1+1 )-LAM BA)/DELTA* *3)))

FI SHER_A( 1 ,1 )=-DEL2_L AMB A 

FISHER_A(2,2)=-DEL2_DELTA 

FISHER_A( 1 ,2)=-DEL_LAM DEL 

FISHER_A(2, 1 )=-DEL_LAMDEL 

FISH ER_B (I)=0 

FISHER_B(2)=0
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CALL gaussj(FlSHER_A,NEQN,NEQN,FISHER_B,NEQN,NEQN)

WRITE(*,25)'VAR(LAMBA) COV(LAMBA,DELTA)', 

*FISHER_A( 1,1 ),FISHER_A( 1,2)

WRITE(*,25)'COV(LAMBA,DELTA) VAR(DELTA)', 

*F1SHER_A(2,1 ),FISHER_A(2,2)

END

REAL FUNCTION FUNC(P)

IMPLICIT NONE 

INTEGER 1

REAL N,R 1 ,R2,DELTA,LAMB A,SUM,X(20000),P(2),X_STAR,X_DOUBLEST AR

LAMBA=P(1)

DELTA=P(2)

WRITE(*,*)LAMBA,DELTA 

C if((DELTA.LT. 10).OR.(LAMBA.LT. 10))then

C &nc=IOOOO

C goto 50

C else

C endif

REWIND(l)

1=1

5 READ(1,10,END=20)X(I)

10 FORMAT(FlI.4)

1= 1+1 

GOTO 5

20 N=l-1

R2=0

R1=0

C R1=AINT(2*SQRT(N))

C R1=AN1NT(N-(1/I)*(SQRT(N)))

SUM=0

X_STAR=X(R1+1)

X_D0UBLESTAR=X(N-R2)

30 D 0 40I=RI+1,N-R2

SUM=SUM+((X(1)-LAMBA)/DELTA)+

*EXP(-(X(I)-LAMBA)/DELTA)

40 CONTINUE

FUNC=-((R2+Rl-N)*LOG(DELTA)-SUM-

*R2*EXP(-(X_D0UBLESTAR-LAMBA)/DELTA)+

*R 1 *LOG(EXP(-EXP(-(X_STAR-LAMB A)/DELTA))))

50 rewind(l)

END
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SUBROUTINE fit(x,y,ndata,sig,mwt,a,b,siga,sigb,Chi2,q) 

INTEGER mwt,ndata

REAL a,b,Chi2,q,siga,sigb,sig(ndata),x(ndata),y(ndata)

CU USES gammq 

INTEGER i

REAL sigdat,ss,st2,sx,sxoss,sy,t,wt,gammq

sx=0.

sy=0.

st2=0.

b=0.

if(mwt.ne.O) then 

ss=0.

do 11 i=l,ndata 

wt=L/(sig(i)**2) 

ss=ss+wt 

sx=sx+x(i)*wt 

sy=sy+y(i)*wt

11 continue 

else

do 12 i=l,ndata 

sx=sx+x(i) 

sy=sy+y(i)

12 continue 

ss=fIoat(ndata)

endif

sxoss=sx/ss 

if(mwt.ne,0) then 

do 13 i=l,ndata 

t=(x(i)-sxoss)/sig(i) 

st2=st2+t*t 

b=b+t*y(i)/sig(i)

13 continue 

else

do 14 i=l,ndata 

t=x(i)-sxoss 

st2=st2+t*t 

b=b+t*y(i)

14 continue 

endif 

b=b/st2 

a=(sy-sx*b)/ss

siga=sqrt((l.+sx*sx/(ss*st2))/ss) 

sigb=sqrt(l ./st2)

Chi2=0.

if(mwt.eq.O) then 

do 15 i=l,ndata 

Chi2=Chi2+(y(i)-a-b*x(l))**2
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15 continue 

q=l,

sigdat=sqrt(Chi2/(ndata-2))

siga=siga*sigdat

sigb=sigb*sigdat

else

do 16 i=l,ndata

Chi2=Chi2+((y(i)-a-b*x(i))/sig(i))**2

16 continue

q=gammq(0.5 *(ndata-2),0.5 *Chi2) 

endif 

return 

END

FUNCTION gammq(a,x)

REAL a,gammq,x 

CU USES gcf.gser

REAL gammcf,gamser,gln 

if(x.lt.0..or.a.le.0.)pause 'bad arguments in gammq' 

if(x.lt.a+l.)then 

call gser(gamser,a,x,gln) 

gammq=I.-gamser 

else

call gcf(gammcf,a,x,gln) 

gammq=gammcf 

endif 

return 

END

SUBROUTINE gcf(gammcf,a,x,gln)

INTEGER ITMAX

REAL a,gammcf,gln,x,EPS,FPMIN

PARAMETER (ITMAX=100,EPS=3.e-7,FPMIN=l .e-30)

CU USES gammln 

INTEGER i

REAL an,b,c,d,del,h,gammln

gln=gammln(a)

b=x+l.-a

c=l./FPMIN

d=l./b

h=d

do 11 i=l,ITMAX 

an=-i*(i-a) 

b=b+2. 

d=an*d+b

ifl;abs(d).lt.FPMIN)d=FPMIN

c=b+an/c

if(abs(c).lt.FPMIN)c=FPMIN

d=l./d
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del=d*c

h=h*del

if(abs(del-l.).lt.EPS)goto 1 

11 continue

pause 'a too large, ITMAX too small in gcf

I gammcf=exp(-x+a*log(x)-gln)*h 

return

END

FUNCTION gammln(xx)

REAL gammln,xx 

INTEGERj

DOUBLE PRECISION ser,stp,tmp,x,y,cof(6)

SAVE cof,stp

DATAcof,stp/76.18009172947146d0,-86.50532032941677d0,

*24.0140982408309 ldO,-l .231739572450155d0,. 1208650973866179d-2, 

53952393 84953d-5,2.5066282746310005d0/ 

x=xx 

y=x

tmp=x+5.5d0

tmp=(x+0.5 dO) * log(tmp)-tmp 

ser=l.000000000190015d0 

do 11 j= l,6  

y=y+l.d0 

ser=ser+cof(j)/y

II continue 

gammln=tmp+log(stp*ser/x)

return

END

SUBROUTINE gser(gamser,a,x,gln) 

INTEGER ITMAX 

REAL a,gamser,gln,x,EPS 

PARAMETER (ITMAX=100,EPS=3.e-7) 

CU USES gammln 

INTEGER n

REAL ap,del,sum,gammln 

gln=gammln(a) 

ifl;x.le,0,)then 

ifi(x.it.0.)pause 'x < 0 in gser' 

gamser=0. 

return 

endif 

ap=a 

sum=l./a 

del=sum

do 11 n=l,lTMAX
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ap=ap+l.

del=del*x/ap

sum=sum+del

ifl[abs(del).lt.abs(sum)*EPS)goto 1 

11 continue

pause 'a too large, ITMAX too small in gser'

I gamser=sum*exp(-x+a*log(x)-gln)

return

END

SUBROUTINE moment(dat,n,ave,adev,sdev,var,skew,curt) 

INTEGER n

REAL adev,ave,curt,sdev,skew,var,dat(n)

INTEGER j 

REAL p,s,ep

if(n.le. l)pause 'n must be at least 2 in moment' 

s=0.

do 11 j= l,n  

s=s+dat(j)

II continue 

ave=s/n 

adev=0. 

var=0. 

skew=0. 

curt=0. 

ep=0.

do 12j=l,n 

s=dat(j)-ave 

ep=ep+s

adev=adev+abs(s)

p=s*s

var=var+p

p=p*s

skew=skew+p

p=p»s

curt=curt+p 

12 continue 

adev=adev/n 

var=(var-ep* *2/n)/(n-1) 

sdev=sqrt(var) 

if(var.ne,0.)then 

skew=skew/(n*sdev**3) 

curt=curt/(n*var**2)-3. 

else

pause 'no skew or kurtosis when zero variance in moment' 

endif 

return 

END
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SUBROUTINE gaussj(a,n,np,b,m,mp)

INTEGER m,mp,n,np,NMAX 

REAL a(np,np),b(np,mp)

PARAM ETER (NM AX=50)

INTEGER i,icoI,irowJ,k,l,il,indxc(NM AX),indxr(NMAX)Jpiv(NM AX) 

REAL big,dum,pivinv 

do 11 j= l,n  

ipiv(j)=0

11 continue 

do 22 i= l,n

big=0. 

do 13 j= l ,n  

if(ipiv(j).ne.l)then 

do 12 k= l,n  

i f  (ipiv(k).eq.O) then 

if  (abs(a(j,k)).ge.big)then 

big=abs(a(j,k)) 

irow=j 

icol=k 

endif

else i f  (ipiv(k).gt.I) then 

pause 'singular matrix in gaussj' 

endif

12 continue 

endif

13 continue 

ipiv(icol)=ipiv(icol)+1 

i f  (irow.ne.icol) then

do 14 l= l,n  

dum=a(irow,l) 

a(irow,l)=a(icol,l) 

a(icol,l)=dum

14 continue 

do 15 1=1,m

dum=b(irow,l)

b(irow,l)=b(icol,l)

b(icol,l)=dum

15 continue 

endif

indxr(i)=irow

indxc(i)=icol

if(a(icol,icol).eq.O.) pause 'singular matrix in gaussj'

pivinv= 1 ,/a(icol,icol) 

a(icol,icol)=l. 

do 161=1,n 

a(icol,l)=a(icol,l)*pivinv

16 continue
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do 17 1=1,m

b(icol,l)=b(icol,l)*pivinv

17 continue 

do 21 ll= l,n

if(ll.ne.icol)then 

dum=a(ll,icol) 

a(ll,icol)=0. 

do 18 l= l,n

a(ll,l)=a(ll,l)-a(icoI,l)*dum

18 continue 

do 19 l= l,m

b(ll,l)=b(Il,l)-b(icol,l)*dum

19 continue 

endif

21 continue

22 continue

do 24 l= n ,l,-l 

if(indxr(l).ne.indxc(l))then

do 23 k= l,n  

dum=a(k,indxr(l)) 

a(k,indxr(l))=a(k,indxc(l)) 

a(k,indxc(l))=dum

23 continue 

endif

24 continue 

return 

END

SUBROUTINE powell(p,xi,n,np,ftol,iter,fret) 

INTEGER iter,n,np,NM AX,ITM AX 

REAL fTet,ftol,p(np),xi(np,np),fiinc 

EXTERNAL func

PARAM ETER (NM AX=20,ITM AX=200)

CU USES func,linmin 

INTEGER i,ib ig j

REALdeI,fp,fptt,t,pt(NM AX ),ptt(NM AX),xit(NM AX)

fret=func(p)

do 11 j= l,n

pt(j)=pG)

11 continue 

iter=0

1 itet=iter+l 

fp=fret 

ibig=0 

del=0. 

do 13 i= l,n  

d o l2 j= l ,n  

xit(j)=xi(j,i)

12 continue
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fptt=fret

call linmin(p,xit,n,fret) 

ifl[abs(fptt-fret).gt.del)then

del=abs(fptt-fret)

ibig=i

endif

13 continue 

if(2.*abs(fp-fret).Ie.ftol*(abs(fp)+abs(fret)))retum 

if(iter.eq.ITMAX) pause 'powell exceeding maximum iterations' 

do 14 j= l ,n

ptt0)=2.*p(j)-pt(j)

xitO)=pG)-pt(j)

PtG)=P(j)

14 continue 

fptt=func(ptt) 

if(fptt.ge.fp)goto 1

t=2.*(fj3-2.'*fret+fptt)*(fp-fret-del)**2-del*(fp-fptt)**2 

if(t.ge.O.)goto 1 

call linmin(p,xit,n,fret) 

do 1 5 j= l,n  

xi(i,ibig)=xi(j,n)

xi(j,n)=xit(j)

15 continue 

goto 1 

END

SUBROUTINE linmin(p,xi,n,fret)

INTEGER n,NM AX 

REAL fret,p(n),xi(n),TOL 

PARAM ETER (N M A X =50,TO L=l.e-4)

CU USES brent,fidim .m nbrak 

INTEGER j,ncom

REAL ax,bx,fa,fb,fx,xmin,xx,pcom(NM AX),xicom(NM AX),brent

COM M ON /flconV  pcom,xicom,ncom

EXTERNAL fld im

ncom=n

do I I  j= I ,n

pcom(j)=pG) 

xicom (j)=xi(j)

11 continue 

ax=0. 

xx= l.

call m nbrak(ax,xx,bx,fa,fx,fb,fldim ) 

fret=brent(ax,xx,bx,fIdim ,TOL,xm in) 

d o I 2 j= I ,n  

xi(j)=xmin*xi(j)

PO)=PO)+xi(j)
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12 continue 

return 

END

FUNCTIOM brent(ax,bx,cx,f,tol,xmin)

INTEGER ITMAX

REAL brent,ax,bx,cx,tol,xmin,f,CGOLD,ZEPS 

EXTERNAL f

PARAMETER (ITMAX=100,CGOLD=.38I9660,ZEPS=1 Oe-10) 

INTEGER iter

REAL a,b,d,e,etemp,fu,fV,fw,fx,p,q,r,tol 1 ,tol2,u, v,w,x,xm

a=min(ax,cx)

b=max(ax,cx)

v=bx

w=v

x=v

e=0.

fx=fi[x)

fv=fx

fw=fx

do 11 iter=l,ITMAX 

xm=0,5*(a+b) 

toll=tol'*abs(x)+ZEPS 

tol2=2.*toll

if(abs(x-xm),le.(tol2-.5*(b-a))) goto 3

if(abs(e).gt.toll) then 

i=(x-w)’''(fx-fv) 

q=(x-v)*(fx-fw) 

p=(x-v)'''q-(x-w)*r 

q=2.*(q-r) 

if(q.gt.O.) p=-p 

q=abs(q) 

etemp=e 

e=d

if(abs(p).ge,abs(,5*q*etemp).orp.le.q*(a-x).or.p.ge.q*(b-x)) 

*goto 1 

d=p/q 

u=x+d

ifi(u-alt.toI2 or. b-u.lt.toI2) d=sign{toll,xm-x) 

goto 2 

endif

1 if(x.ge.xm) then 

e=a-x

else

e=b-x

endif

d=CGOLD*e

2 ifi(abs(d).ge,toll) then
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u=x+d

else

u=x+sign(toll,d)

endif

fu=f(u)

if(fu.Ie.(x) then 

if(u.ge.x) then 

a=x 

else 

b=x 

endif 

v=w 

fv=fw

fw=fit 

x=u 

fx=fu 

else 

if(u.lt.x) then 

a=u 

else 

b=u 

endif

if(fu.le.fw .or, w.eq.x) then 

v=w 

fv=fw 

w=u

f\v= fli

else if(fti.le.fv .or. v.eq.x .or. v.eq.w) then 

v=u 

fV=fii 

endif 

endif 

11 continue

pause 'brent exceed maximum iterations'

3 xmin=x 

brent=fi( 

return 

END

FUNCTION fldim (x)

INTEGER NMAX 

REAL fldim ,liinc,x 

PARAM ETER (NMAX=50)

CU U SESfunc 

INTEGER j,ncom

REAL pcom(NMAX),xicom(NMAXXxt(NMAX)
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COM M ON /flco m / pcom,xicom,ncom 

do 11 j= l,ncom  

xt(j)=pcom(j)+x*xicom(j)

11 continue 

fldim =fiinc(xt) 

return 

END

SUBROUTINE mnbrak(ax,bx,cx,fa,fb,fc,fiinc)

REAL ax,bx,cx,fa,fb,fc,fiinc,GOLD,GLIMIT,TrNY 

EXTERNAL ftinc

PARAM ETER (GOLD=1.618034, GLIMIT=100., TINY=l.e-20) 

REAL dum,fii,q,r,u,ulim 

fa=func(ax) 

fb=func(bx) 

if(fb.gt.fa)then 

dum=ax 

ax=bx 

bx=dum 

dum=fb 

fb=fa 

fa=dum 

endif

cx=bx+GOLD*(bx-ax)

fc=func(cx)

1 if(fb.ge.fc)then 

i=(bx-ax)*(fb-fc) 

q=(bx-cx)*(fb-fa)

u=bx-((bx-cx)*q-(bx-ax)*r)/(2.*sign(max(abs(q-r),TINY),q-r))

ulim=bx+GLlM IT*(cx-bx) 

if((bx-u)*(u-cx).gt.O.)then 

fii=func(u) 

if(fu.lt.fc)then 

ax=bx 

fa=fb 

bx=u 

fb=fii 

return 

else if(fu.gt.ft>)then 

cx=u 

fc=fii 

return 

endrf

u=cx+GOLD*(cx-bx) 

fii=func(u) 

else if((cx-u)*(u-ulim).gt.O.)then 

fu=func(u) 

ifl[fii.lt.fc)then 

bx=cx
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cx=u

u=cx+GOLD*(cx-bx)

fb=fc

fc=fu

fu=func(u)

endif

else if((u-ulim)*(ulim-cx),ge.O.)then 

u=ulim 

fu=func(u) 

else

u=cx+GOLD*(cx-bx) 

fii=func(u) 

endif 

ax=bx 

bx=cx 

cx=u 

fa=fb 

fb=fc 

fc=fli 

goto 1 

endif 

return 

END

315



A p p e n d ix  F

PROGRAM MAXIMUM LIKELIHOOD FOR WEIBULL DISTRIBUTION
PROGRAM MAXIMUM_LIKELIHOOD WEIBULL 

C TO ESTIMATE THE PARAMETERS OF THE WEIBULL EVD.

C USES THE PERCENTILE METHOD TO OBTAIN AN INITIAL ESTIMATE

C OF THE PARAMETERS. OPTIMISES USING POWELLS METHOD,

IMPLICIT NONE 

EXTERNAL func 

INTEGER I,NDIM,ITER,NEQN 

PARAMETER(NDIM=3,NEQN=3)

REAL N,R 1 ,R2,X(20000),FUNC,LDB(NDIM),DIRN(NDIM,NDIM) 

♦,TOLERANCE,FRET,DEL2_LAMBA,DEL2_DELTA,DEL2_BETA, 

♦DEL_LAMDEL,DEL_LAMBET,DEL_DELBET,LAMBA,DELTA,BETA, 

♦X_DOUBLESTAR,X_STAR,A,B,C,D,E,F,G,H,M,

♦FISHER_A(NEQN,NEQN),FISHER_B(NEQN)

PARAMETER (T0LERANCE=1E4)

DATA DIRN/1.0,0.0,0.0,0.0,1.0,0.0,0.0,0.0,1.0/

OPEN( 1 ,FILE='C;\EXTREMES\span5',STATUS=’0LD')

1=1

1 READ(1,10,END=2)X(I)

10 F0RMAT(FI1,4)

1= 1+1 

GOTO 1

2 REWlND(l)

N=I-1

R2=0

c R1=0

R1=AN1NT(N-(1/1)*(SQRT(N)))

C write(*,*)n-rl

c R1=ANINT(2*SQRT(N))

C RIGHT HAND TAIL

X_STAR=X(R1+1)

X_D0UBLESTAR=X(N-R2)

WRITE(*,*)'ENTER STARTING VALUES'

WRITE(*,*)'LAMBA'

READ(*,*)LDB(1)

WR1TE(*,*)’DELTA'

READ(*,*)LDB(2)

WR1TE(*,*)'BETA'

READ(*,*)LDB(3)

CALL powell(LDB,DlRN,NDIM,NDlM,TOLERANCE,iter,fret)

WR1TE(*,25)'MAXIMUM L1KEL1H00D',LDB(1),LDB(2),LDB(3)

25 FORMAT(A30,3F15.5)

LAMBA=LDB(1)
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DELTA=LDB(2)

BETA=LDB(3)

D 0  301=R1+1,N-R2 

A=(LAMB A-X(I))* *(-2)

B=(LAMBA-X(I))»*(BETA-2)

C=(1/(DELTA**2))

D=(LAMB A-X(I))* *BETA

E=(BETA»((LAMBA-X(I))/DELTA)**(BETA-1))*L0G((LAMBA-X(I))/DELTA)
F=(LAMBA-X(I))**(BETA-1)

G=(LAMBA-X(I))»*(-1)

H=(((LAMBA-X(I))**(BETA-1))/(DELTA**BETA))+

*BETA*(((LAMBA-X(I))**(BETA-1))/(DELTA**BETA))*

♦LOG((LAMBA-X(I))/DELTA)

M=(((LAMBA-X(I))/DELTA)**BETA)*2*L0G((LAMBA-X(1))/DELTA)

30 CONTINUE

DEL2_LAMBA=-(BETA- 1 )* A-

*((BETA*(BETA-1))/(DELTA**BETA))*B-

*R2*((BETA*(BETA-1))/(DELTA*»BETA))*(LAMBA-X_D0UBLESTAR)**(BETA-2)-

*R1*((BETA*(BETA-1))/(DELTA**BETA))*(LAMBA-X_STAR)**(BETA-2)

DEL2_DELTA=(N-R1-R2)*(1/(DELTA**2))+

*(BETA-1)*C-

*((BETA*(BETA+1))/(DELTA**(BETA+2)))*D-

*R2*((BETA*(BETA+1))/(DELTA**(BETA+2)))*

*((LAMBA-X_D0UBLESTAR)**BETA)-

♦R1*((BETA*(BETA+1))/(DELTA**(BETA+2)))*

*((LAMBA-X_STAR)**BETA)

DEL2_BETA=-(N-R1-R2)*(1/(BETA**2))-E-

♦BETA*R2*(((LAMBA-X_D0UBLESTAR)/DELTA)**(BETA-1))*

♦L0G((LAMBA-X_D0UBLESTAR)/DELTA)-

*BETA*R 1 *(((LAMBA-X_STAR)/DELTA)* * (BETA-1 ))* 

♦L0G((LAMBA-X_STAR)/DELTA)

DEL_LAMDEL=(BETA**2)/(DELTA* *(BETA+1 ))*F+

*R2*(BETA**2)/(DELTA*«(BETA+ 1 ))*((LAMB A-X_DOUBLESTAR)**(BETA-1 ))+ 

♦R1*(BETA**2)/(DELTA**(BETA+1))*((LAMBA-X_STAR)**(BETA-1))

DEL_LAMBET=G-H-

*R2*(((LAMBA-X_D0UBLESTAR)*»(BETA-1))/(DELTA**BETA))+

*R2*BETA*(((LAMBA-X_D0UBLESTAR)»*(BETA-1))/(DELTA**BETA))*

»L0G((LAMBA-X_D0UBLESTAR)/DELTA)-

♦R1*(((LAMBA-X_STAR)**(BETA-1))/(DELTA*»BETA))+

*R1*BETA*(((LAMBA-X_STAR)»*(BETA-1))/(DELTA**BETA))*

♦ L0G((LAMB A-X_STAR)/DELTA)

DEL_DELBET=-(N-R 1 -R2)*( 1/DELTA)-M-
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*R2*(((LAMBA-X_D0UBLESTAR)/DELTA)**BETA)*

*2*LOG((LAMBA-X_DOUBLESTAR)/DELTA)-

*R1*(((LAMBA-X_STAR)/DELTA)**BETA)*

♦2*L0G((LAMBA-X_STAR)/DELTA)

FISHER_A( 1,1 )=-DEL2_LAMBA 

F1SHER_A(2,2)=-DEL2_DELTA 

F1SHER_A(3,3)=-DEL2_BETA 

FISHER_A( 1,2)=-DEL_LAMDEL 

FISHER_A( 1,3)=-DEL_LAMBET 

FISHER_A(2,1 )=-DEL_LAMDEL 

FISHER_A(2,3)=-DEL_DELBET 

FISHER_A(3,1)=-DEL_LAMBET 

FISHER_A(3,2)=-DEL_DELBET 

FISHER_B(1)=0 

FISHER_B(2)=0 

FISHER_B(3)=0

CALL gaussj(FISHER_A.NEQN,NEQN,FISHER_B,NEQN,NEQN)

WRITE(*,35)'VAR(L)','COV(L,D)','COV(L,B)'.

*FISHER_A( 1,1),FISHER_A( 1,2),FISHER_A( 1,3) 

WRITE(*,35)'COV(D,L)','VAR(D)','COV(D,B)',

*FISHER_A(2,1 ),FISHER_A(2,2),FISHER_A(2,3)

WRITE(*,35)’COV(B,L)','COV(B,D)','VAR(B)',

♦FISHER_A(3,1),FISHER_A(3.2),FISHER_A(3.3)

35 FORMAT(3A10.3F15.5)

END

REAL FUNCTION FUNC(P)

IMPLICIT NONE

EXTERNAL DEL_LAMBA,DEL_BETA.DEL_DELTA 

INTEGER I
REALN,R1,R2,LAMBA,DELTA,BETA,P(3),DEL_LAMBA,DEL_BETA,DEL_DELTA, 

♦TOLERANCE,A,B,C,X(20000)

PARAMETER (T0LERANCE=1)

LAMBA=P(1)

DELTA=P(2)

BETA=P(3)

REWIND(l)

1=1
5 READ(1,I0,END=20)X(I)

10 F0RMAT(F1I.4)

1= 1+1 

GOTO 5 

CONTINUE

318



A p p e n d ix  F

20 N=I-1

R2=0

c RI=AINT(2*SQRT(N))

c R1=0

R1=ANINT(N-(1/1)*(SQRT(N)))

A=DEL_LAMBA(P,R 1 ,R2)

B=DEL_BETA(P,R 1 ,R2)

C=DEL_DELTA(P,R 1 ,R2)

FUNC=

♦(DELLAMB A(P,R 1 ,R2))* *2 

*+(DEL_BETA(P,Rl ,R2))**2 

•+(DEL_DELTA(P,R 1 ,R2))**2

WRITE(»,*)LAMBA,DELTA,BETA 

END

REAL FUNCTION DEL_LAMBA(P,RI,R2)

IMPLICIT NONE 

INTEGER I

REAL N,R1 ,R2.LAMBA,DELTA,BETA,SUM,SUMB,X(20000).P(3) 

♦,X_STAR,X_DOUBLESTAR

LAMBA=P(1)

DELTA=P(2)

BETA=P(3)

REWIND(I)

1=1
5 READ(I,10,END=20)X(I)

10 F0RMAT(F11.4)

1= 1+1 

GOTO 5

20 N=I-1

IF(LAMBA,LT,X(N))THEN

DEL_LAMBA=1000

GOTO 50

ELSE

ENDIF

SUM=0

SUMB=0

X_STAR=X(R1+1)

X_DOUBLESTAR=X(N-R2)

30 D 0  40I=R1+1,N-R2

SUM=SUM+( 1/(LAMBA-X(1)))
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SUMB=SUMB+(LAMB A-X(I))» * (BETA-1)

40 CONTINUE

DEL_LAMBA=(BETA-1)*SUM-

*(BETA/(DELTA**BETA))*SUMB-

*((R2*BETA)/(DELTA**BETA))*(LAMBA-X_D0UBLESTAR)**(BETA-1)- 

*((R1*BETA)/(DELTA**BETA))*(LAMBA-X_STAR)**(B ETA-1)
50 REWIND(l)

END

REAL FUNCTION DEL_BETA(P,R1,R2)

IMPLICIT NONE 

INTEOERI

REAL N,R1,R2,LAMB A,DELTA,BETA,SUM,SUMB,X(20000),P(3) 

♦,X_STAR,X_DOUBLESTAR

LAMBA=P(1)

DELTA=P(2)

BETA=P(3)

REWIND(l)

1=1

5 READ(1,10,END=20)X(I)

10 F0RMAT(F11.4)

1= 1+1 

GOTO 5

20 N=I-1

IF(LAMBA.LT.X(N))THEN

DEL_BETA=1000

GOTO 50

ELSE

ENDIF

SUM=0

SUMB=0

X_STAR=X(R1 + 1)

X_D0UBLESTAR=X(N-R2)

30 D 0  40I=R1+1,N-R2

SUM=SUM+LOG(LAMBA-X(I))

SUMB=SUMB+(((LAMBA-X(I))/DELTA)**BETA)*LOG((LAMBA-X(I))/DELTA) 

40 CONTINUE
DEL_BETA=(N-Rl-R2)*((l/BETA)-LOG(DELTA))+

♦SUM-SUMB-

*R2*(((LAMBA-X_D0UBLESTAR)/DELTA)*»BETA)*

♦LOG((LAMBA-X_DOUBLESTAR)/DELTA)+

*R1*(-({(LAMBA-X_STAR)/DELTA)**BETA))*

*L0G((LAMB A-X_STAR)/DELT A)

50 REWIND(l)
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END

REAL FUNCTION DEL_DELTA(P,RI,R2)

IMPLICIT NONE 

INTEGER I

REAL N,R1,R2,LAMBA,DELTA,BET A,SUM,SUMB,X(20000),P(3) 

*,X_STAR,X_DOUBLESTAR

LAMBA=P(1)

DELTA=P(2)

BETA=P(3)

REWIND(I)

1=1

5 READ(1,I0,END=20)X(I)

10 F0RM AT(FII.4)

1= 1+1 

GOTO 5

20 N=I-1

IF(LAMBA.LT.X(N))THEN

DEL_DELTA=1000

GOTO 50

ELSE

ENDIF

SUM=0

SUMB=0

X_STAR=X(R1+1)

X_D0UBLESTAR=X(N-R2)

30 D 0 40I=RI+I,N-R2

SUM=SUM+(-l/DELTA)

SUMB=SUMB+(BETA/(DELTA**(BETA+I)))*((LAMBA-X(I))**BETA)

40 CONTINUE

DEL_DELTA=-(N-R1-R2)*(I/DELTA)+(BETA-1)*SUM+SUMB+ 

*(BETA/(DELTA**(BETA+1)))*R2*(LAMBA-X_D0UBLESTAR)**BETA+ 

*(BETA/(DELTA**(BETA+1 )))*R 1 *(LAMBA-X_STAR)* *BETA 

50 REWlND(l)

END

SUBROUTINE fit(x,y,ndata,sig,mwt,a,b,siga,sigb,Chi2.q) 

INTEGER mwt,ndata

REALa,b,Chi2,q,siga,sigb,sig(ndata),x(ndata),y(ndata)
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CU USES gammq 

INTEGER i

REAL sigdat,ss,st2,sx,sxoss,sy,t,wt,gammq

sx=0.

sy=0.

st2=0.

b=0.

if(mwt.ne.O) then

ss-0 .

do 11 i=l,ndata 

wt=l./(sig(i)**2) 

ss=ss+wt 

sx=sx+x(i)*wt 

sy=sy+y(i)*wt

11 continue 

else

do 12 i=l,ndata 

sx=sx+x(i) 

sy=sy+y(i)

12 continue 

ss=float(ndata)

endif

sxoss=sx/ss 

if!(mwt,ne.O) then 

do 13 i=l,ndata 

t=(x(i)-sxoss)/sig(i) 

st2=st2+t*t 

b=b+t*y(i)/sig(i)

13 continue 

else

do 14 i=l,ndata 

t=x(i)-sxoss 

st2=st2+t*t 

b=b+t*y(i)

14 continue 

endif 

b=b/st2 

a=(sy-sx*b)/ss

siga=sqrt((l.+sx*sx/(ss*st2))/ss)

sigb=sqrt(l./st2)

Chi2=0.

ifi[mvrt.eq.O) then 

do 15 i= l,ndata 

Chi2=Chi2+(y(i)-a-b*x(i))**2

15 continue 

q= l.

sigdat=sqrt(Chi2/(ndata-2))

siga=siga*sigdat
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sigb=sigb*sigdat

else

do 16 i=l,ndata

Chi2=Chi2+((y(i)-a-b*x(i))/sig(i))**2 

16 continue

q=gammq(0.5’''(ndata-2),0.5*Chi2)

endif

return

END

FUNCTION gammq(a,x)

REAL a,gammq,x 

CU USES gcf,gser

REAL gammcf,gamser,gln 

if(x.lt.0..or.a.le.0.)pause 'bad arguments in gammq' 

if(x,lt.a+l,)then 

call gser(gamser,a,x,gln) 

gam m q=l.-gam ser 

else

call gcf(gammcf,a,x,gln) 

gam m q=gam m cf 

endif 

return 

END

SUBROUTINE gcf(gammcf,a,x,gln)

INTEGER ITMAX

REAL a,gammcf,gln,x,EPS,FPM IN

PARAM ETER (ITM AX=100,EPS=3.e-7,FPM IN=l.e-30)

CU USES gammln 

INTEGER i

REAL an,b,c,d,del,h,gammln

gln=gammln(a)

b= x+ l.-a

c=l./FPM IN

d = l .^

h=d

do 11 i=l,ITM A X  

an=-i*(i-a) 

b=b+2. 

d=an*d+b

if(abs(d).lt.FPMIN)d=FPMIN

c=b+an/c

if(abs(c).lt.FPMIN)c=FPMIN

d= l./d

del=d’*c

h=h*del

if(abs(del-l.).lt.EPS)goto 1 

11 continue
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pause 'a too large, UM AX too small in gcf

I gammcf=exp(-x+a*log(x)-gln)*h 

return

END

FUNCTION gammln(xx)

REAL gammln.xx 

INTEGERj

DOUBLE PRECISION ser,stp,tmp,x,y,cof(6)

SAVE cof,stp

DATAcof,stp/76.I8009I72947I46d0,-86.50532032941677d0,

♦24.01409824083091dO,-I.231739572450155dO,.I208650973866179d-2,

*-.5395239384953d-5,2.5066282746310OO5d0/

x=xx

y=x

tmp=x+5.5dO

tmp=(x+0.5d0) ♦ log(tmp)-tmp 

set=1.000000000190015d0 

do 11 j= l,6  

y=y+l.dO 

ser=ser+cof(j)/y

II continue 

gammln=tmp+log(stp*ser/x)

return

END

SUBROUTINE gser(gamser,a,x,gln) 

INTEGER UMAX 

REAL a,gamser,gIn,x,EPS 

PARAMETER (ITMAX=I00,EPS=3.e-7) 

CU USES gammln 

INTEGER n

REAL ap,del,sum,gammln 

gln=gammln(a) 

if(x.le.O.)then 

if(x,lt.O.)pause 'x < 0 in gser' 

gamser=0. 

return 

endif 

ap=a 

sum=l./a 

del=sum

do 11 n=l,ITMAX 

ap=ap+l. 

del=del*x/ap 

sum=sum+del

if(abs(del).lt.abs(sum)*EPS)goto 1
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11 continue

pause 'a too large, ITMAX too small in gser’

I gamser=sum*exp(-x+a*log(x)-gln)

return

END

SUBROUTINE moment(dat,n,ave,adev,sdev,var,skew,curt) 

INTEGER n

REAL adev,ave,curt,sdev,skew,var,dat(n)

INTEGER j 

REAL p,s,ep

if(n.le.l)pause 'n must be at least 2 in moment' 

s=0.

do 11 j= l,n  

s=s+dat(j)

II continue 

ave=s/n 

adev=0. 

var=0. 

skew=0. 

curt=0. 

ep=0.

do I2 j= I,n  

s=dat(j)-ave 

ep=ep+s

adev=adev+abs(s)

p=s*s

var=var+p

p=p*s

skew=skew+p

p=p*s

curt=curt+p 

12 continue 

adev=adev/n 

var=(var-ep**2/n)/(n-I) 

sdev=sqrt(var) 

if(var,ne.O.)then 

skew=skew/(n*sdev* *3) 

curt=curt/(n'* var’* *2)-3. 

else

pause 'no skew or kurtosis when zero variance in moment' 

endif 

return 

END

SUBROUTINE gaussj(a,n,np,b,m,mp)

INTEGER m,mp,n,np,NMAX 

REAL a(np,np),b(np,mp)
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PARAM ETER (NMAX=50)

INTEGER i,icol,irowj,k,l,ll,indxc(NMAX),indxr(NM AX),ipiv(NM AX) 

REAL big,dum,pivinv 

do 11 j= l,n  

ipiv(j)=0

11 continue 

do 22 i= l,n

big=0, 

do 1 3 j= l,n  

if(ipiv(j).ne. l)then 

do 12 k= l,n  

if (ipiv(k).eq.O) then 

if  (abs(a(j,k)).ge.big)then 

big=abs(a(j,k)) 

irow=j 

icol=k 

endif

else if (ipiv(k).gt.l) then 

pause 'singular matrix in gaussj' 

endif

12 continue 

endif

13 continue 

ipiv(icol)=ipiv(icol)+1 

if  (irow.ne.icol) then

do 14 1=1,n 

dum=a(irow,l) 

a(irow,l)=a(icoI,l) 

a(icol,l)=dum

14 continue 

d o l5 1 = l,m

dum=b(irow,l)

b(irow,l)=b(icol,l)

b(icol,l)=dum

15 continue 

endif

indxr(i)=irow

indxc(i)=icol

i f  (a(icol,icol).eq.O.) pause 'singular matrix in gaussj'

pivinv=l ./a(icol,icol) 

a(icol,icol)=l. 

do 16 l= l,n  

a(icol,l)=a(icol,l)*pivinv

16 continue 

do 17 1=1,m

b(icol,l)=b(icoi,l)*pivinv

17 continue 

do 21 ll= l,n
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if(ll.ne.icol)then 

dum=a(ll,icol) 

a(ll,icol)=0. 

do 18 1=1,n 

a(ll,l)=a(ll,l)-a(icol,l)*dum

18 continue 

do 19 l= l,m

b(ll,l)=b(ll,l)-b(icol,l)*dum

19 continue 

endif

21 continue

22 continue 

d o 2 4 1 = n ,l,-l

if(indxr(l).ne.indxc(l))then

do 23 k= l,n  

dum=a(k,indxr(l)) 

a(k,indxr(l))=a(k,indxc(l)) 

a(k,indxc(l))=dum

23 continue 

endif

24 continue 

return 

END

SUBROUTINE powell(p,xi,n,np,ftol,iter,fret) 

INTEGER iter,n,np,NM AX,ITM AX 

REAL fret,ftol,p(np),xi(np,np),func 

EXTERNAL fiinc

PARAM ETER (NMAX=20,ITMAX=200)

CU USES ftinc,linmin 

INTEGER i,ibigj

REALdel,fp,fptt,t,pt(NM AX),ptt(NM A X),xit(NM AX) 

fret=fiinc(p) 

do 11 j= l ,n  

pt(j)=pCi)

11 continue 

iter=0

1 iter=iter+l 

fp=fret 

ibig=0 

del=0. 

do 13 i= l,n  

do 1 2 j= l,n  

xit(j)=xi(j,i)

12 continue 

fptt=fret

call linmin(p,xit,n,fret) 

if(abs(fptt-fret).gt.del)then

327



A p p e n d ix  F

del=abs(^tt-fret)

ibig=i

endif

13 continue

if(2. * abs(fp-fret). le. ftol * (abs(fp)+abs(fret)))retum 

if(iter.eq.ITMAX) pause 'powell exceeding maximum iterations' 

do 1 4 j= l,n  

ptt(j)=2.*p(j)-ptG)

x it(j)= p (i)-p tG )

p t(j)= p (i)

14 continue 

fptt=func(ptt) 

if(fptt.ge.fp)goto 1

t=2.’''(fp-2.*fret+fptt)*(fp-fret-del)**2-del*(fp-fptt)**2 

if(t.ge.O.)goto 1 

call linmin(p,xit,n,fret) 

do 15 j= l,n  

xi(j,ibig)=xi(i,n)

xi(j,n)=xit(j)

15 continue 

goto 1 

END

SUBROUTINE linmin(p,xi,n,fret)

INTEGER n,NM AX 

REAL fret,p(n),xi(n),TOL 

PARAM ETER (NM AX=50,TOL=l.e-4)

CU USES brent,fldim ,m nbrak 

INTEGER j,ncom

REAL ax,bx,fa,fb,6c,xmin,xx,pcom(NM AX),xicom(NM AX),brent 

COM M ON /flco m / pcom,xicom,ncom 

EXTERNAL n  dim 

ncom=n 

do 11 j= l ,n  

pcom(j)=p(j) 

xicom(j)=xi(i)

11 continue 

ax=0. 

x x= l.

call m nbrak(ax,xx,bx,fa,fx,fb,fldim ) 

fret=brent(ax,xx,bx,fldim ,TOL,xm in) 

do 1 2 j= l,n  

xi(j)=xmin*xi(j) 

pO)=pO)+xi(j)

12 continue 

return 

END
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FUNCTION brent(ax,bx,cx,f,tol,xmin)

INTEGER ITMAX

REAL brent,ax,bx,cx,tol,xmin,f,CGOLD,ZEPS 

EXTERNAL f

PARAMETER (ITMAX=100,CGOLD=,3 819660,ZEPS= I .Oe-10) 

INTEGER iter

REAL a,b,d,e,etemp,fu,fV,fw,Ix,p,q,r,tol I ,tol2,u,v,w,x,xm

a=min(ax,cx)

b=max(ax,cx)

v=bx

w=v

x=v

e=0.

6c=f(x)

fv=fx

fw=fx

do II iter=l,ITMAX 

xm=0.5*(a+b) 

tolI=tol*abs(x)+ZEPS 

toI2=2.*toII

if(abs(x-xni).le.(tol2-.5*(b-a))) goto 3

if(abs(e).gt.toll) then 

i=(x-w)*(fx-fv) 

q=(x-v)*(fx-fw) 

p=(x-v)*q-(x-w)*r 

q=2.»(q-r) 

ifl[q gt.O.) p=-p 

q=abs(q) 

etemp=e 

e=d

if(abs(p).ge.abs(.5*q*etemp).or.p.Ie.q*(a-x).or.p.ge.q*(b-x)) 

*goto 1 

d=p/q 

u=x+d

if(u-a.lt.tol2 .or. b-u.lt.tol2) d=sign(tolI,xm-x) 

goto 2 

endif

1 if(x.ge.xm) then 

e=a-x

else

e=b-x

endif

d=CGOLD*e

2 ifl[abs(d).ge.toll) then

u=x+d

else

u=x+sign(toll,d)
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e n d if

fu= f(u)

then

if(u .ge.x) then 

a=x 

else 

b=x 

e n d if  

v= w  

fv= fw  

w =x 

fw =fx 

x= u

else 

if(u .lt.x ) then 

a=u 

else 

b=u 

e n d if

if(fu ,le .fw  or. w .eq .x ) then 

v= w  

fv= fw  

w = u

fw =fu

else if(fu.le.iV  .or. v .eq .x  or. v .eq .w ) then  

v=u 

fv= fu  

e n d if  

e n d if  

11 con tinue

p ause  'b ren t exceed m axim um  iterations'

3 xm in= x  

b ren t= ix  

re turn  

E N D

F U N C T IO N  n d im ( x )

IN T E G E R  N M A X  

R E A L  fld im ,fiin c ,x  

P A R A M E T E R  (N M A X =50)

C U  U SE S func 

IN T E G E R  j.n co m

R E A L  pcom (N M A X ),x icom (N M A X ),x t(N M A X ) 

C O M M O N  / f l  co m / p com ,x icom ,ncom  

d o  11 j= l ,n c o m  

x t(j)= pcom (j)+ x*x icom (j)

11 con tinue
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fldim =fim c(xt)

return

END

SUBROUTINE mnbrak(ax,bx,cx,fa,fb,fc,func)

REAL ax,bx,cx,fa,fb,fc,func,GOLD,GLIM IT,TINY 

EXTERNAL func

PARAM ETER (GOLD=L618034, GLIMIT=IOO., TINY=l .e-20) 

REAL dum,fu,q,r,u,ulim  

fa=func(ax) 

fb=ftjnc(bx) 

if(fb.gt.fa)then 

dum=ax 

ax=bx 

bx=dum 

dum=fb 

fb=fa 

fa=dum 

endif

cx=bx+GOLD*(bx-ax)

fc=func(cx)

1 if(fb.ge.fc)then 

r=(bx-ax)*(fb-fc) 

q=(bx-cx)*(fb-fa)

u=bx-((bx-cx)*q-(bx-ax)*r)/(2.*sign(max(abs(q-r),TINY),q-r))

ulim=bx+GLIMIT*(cx-bx) 

if((bx-u)*(u-cx).gt.O.)then 

fu=fiinc(u) 

if(fti.lt.fc)then 

ax=bx 

fa=fb 

bx=u 

fb=fii 

return 

else if(fu.gt.fb)then 

cx=u 

fc=fu 

return 

endif

u=cx+GOLD*(cx-bx) 

fu=flinc(u) 

else if((cx-u)*(u-ulim).gt.O.)then 

fli=func(u) 

if(fii.lt.fc)then 

bx=cx 

cx=u

u=cx+GOLD*(cx-bx)

fb=fc
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fc=ftj

fii=flinc(u)

endif

else if((u-ulim)*(ulim-cx).ge.O.)then 

u=ulim 

fij=func(u) 

else

u=cx+GOLD*(cx-bx) 

fu=ftinc(u) 

endif 

ax=bx 

bx=cx 

cx=u 

fa=fb 

fb=fc 

fc=fu 

goto 1 

end if 

return 

END
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PROGRAM TO DETERMINE CHARACTERTSTir EUDL ON SPAN
PROGRAM MULTIPLE_EUDL 

C THE PURPOSE OF THIS PROGRAM IS TO DETERMINE THE MAXIMUM MULTI-LANE

C LOAD FOR A GIVEN LENGTH OF SPAN. THE PROGRAM ADOPTS A POISSON

C MODEL OF INTERVEHICLE DISTANCE FOR FREE FLOW WITH A BINOMIAL

C DISTRIBUTION FOR JAMMED/CONGESTED FLOW. THESE FLOW MODELS ARE

C USED IN CINJUNCTION WITH A BI-MODAL DISTRIBUTION FOR GROSS

C VEHICLE WEIGHT, WITH CONVOLUTION OF THE DISTRIBUTIONS PERFORMED

C TO DETERMINE THE MAXIMUM LOAD ON A SPAN. THIS LOAD IS SUBSEQUENTLY

C CONVERTED INTO A EUDL FOR FURTHER ANALYSIS.

IMPLICIT NONE

EXTERNAL factrl

REAL factrl

DOUBLE PRECISION DO,SPAN,WIDTH,N,N_VEH(IOO,4),M l,SIG l,M2,SIG2,RH01

*,RHO2,C,CONV,GEN_COORD(200),PROB(200),CONVOL,DY,Ml,SlGI,Sextr,

*G.SUMTION(100),CVOLUTION.FRACTILE,ALPHA,

*INTERVEHICLE_DISTANCE,MEAN_VELOCITY,

*DESIGN_LIFE,D_L,LAMBA,PHI,FLOW_RATE,TAU,K,Ns.

*POISSON(I00),P(100),P_Ns(100),SUM,ETA,MEAN_N,STDEV_N,MEAN_Ns,

♦STDEVNs, VELOCITY,GAMMA( 100),GMA( 100),MU,X(100),SUMMATION, 

♦SUM_P,SUMP_Ns,SUM_G,TAUO,A,B,N_LANES,LANE( 10,10),totalprob( 100), 

♦CONVOLUTION,MULTIPLE_PROB(l 00),JAM,MULT_PROB( 100,3),

*TOTLPROB(IOO,3)

c A686

c PARAMETER (MI=223.1,SIG1=12L4,M2=438.7,SIG2=57.3,RH01=0.5,

c *RHO2=0.5,INTERVEHICLE_DISTANCE=12.5,D0=12.5,VELOCITY=70,

c *D_L=50.FLOW_RATE=200,ALPHA=lE-6,A=100.0,B=l0.0,WIDTH=3.5)

C A697

C PARAMETER (MI=255,SIGI=I05,M2=4I4,SIG2=36,RHOI=0.74,

C *RH02=0.26,INTERVEHICLE_DISTANCE=I2.5,DO=I2.5,VELOCITY=86,

C *D_L=50,FLOW_RATE=350,ALPHA=lE-6,A=100.0,B=I0.0,WIDTH=3.5)

C A3196

C PARAMETER (M1=248,SIG1=104,M2=407,SIG2=40,RH01=0.64,

C *RH02=0.36,INTERVEHICLE_DISTANCE=12.5,DO=12.5,VELOCITY=65,

C ♦D_L=50,FLOW_RATE=200,ALPHA=1E-6,A=100.0,B=10.0,WIDTH=3.5)

PARAMETER (D_L=50, ALPHA= 1 E-6,A= 100.0,8=10.0)

INTEGER I,S,J,U,Q,L

OPEN( I ,FILE='c:\thesis\chapter6\POISSON\OP200',STATUS='OLD’) 

OPEN(2,FILE='c:\thesis\chapter6\POISSON\NORMDIST',STATUS='OLD’)
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0PEN(3 ,FILE='c:\THESIS\CHAPTER6\REQDLTH 1 ',STATUS='old') 

OPEN(4,FILE='c:\THESIS\CHAPTER6\a2c4XTRA',STATUS='OLD')

WRITE(*,*)'IF FLOW IS ONE LANE CONGESTED ENTER 1 ELSE 0' 

READ(*,*)JAM

2 READ(3,6,END=9999)SPAN

6 FORMAT(F8.2)

REWIND(2)

write(*,*)span

IF(SPAN.LT.20)THEN

SPAN=20

ELSE

SPAN=SPAN

ENDIF

FRACTILE=1-ALPHA

N_LANES=4 

C SPAN=20

IF(SPAN.LT.50)THEN

Sextr=500.0*6

ELSE

IF((SPAN.GE.50).AND.(SPAN.LE.130))THEN

Sextr=l 500.0*3

ELSE

Sextr=2500.0*3

ENDIF

ENDIF

C WRITE(*,*)'Sextr ESTIMATE'

C READ(*,*)Sextr

C Sextr=3000

WIDTH=3.5 

c width=width*n_lanes

1=1

1 READ(2,3,END=4)GEN_COORD(I),PROB(I)

3 FORMAT(2F9.5)

1= 1+1

GOTO 1

4 1=1-1 

S=I

C EVALUATION OF PROBABILITY OF MULTIPLE PRESENCE FOR FREE FLOW

C M1=223.1,SIG1=121.4,M2=438.7,SIG2=57.3,RH01=0,5.
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C *RH02=0.5,VELOCITY=70,FLOW_RATE=200,INTERVEHICLE_DISTANCE=12.5,DO=12.5, 
C ARRAY OF LANE PARAMETERS, COLUMN I = LANE I

C A6-1997

C MI

c LANE(1,1)=255

c LANE(1,2)=247

C SIGl

c LANE(2,1)=I05

c LANE(2,2)=108

Cc M2

c LANE(3,1)=414

c LANE(3,2)=424

Cc SIG2

c LANE(4,1)=36

c LANE(4,2)=30

C RHOl

c LANE(5,1)=0.74

c LANE(5,2)=0.81

C RH02

c LANE(6,1)=0.26

c LANE(6,2)=0.19

C VELOCITY km/hr

c LANE(7,1)=1

c LANE(7,2)=25

C FLOW RATE

c LANE(8,1)=100

c LANE(8,2)=100

C AI-1997

C Ml

c LANE(1,1)=226

c LANE(1,2)=226

c LANE(1,3)=226

c LANE(1,4)=226

C SIGl

c LANE(2,1)=100

c LANE(2,2)=100

c LANE(2,3)=100

c LANE(2,4)=100

C M2

c LANE(3,1)=406

c LANE(3,2)=406

c LANE(3,3)=406

c LANE(3,4)=406

Cc S102

c LANE(4,1)=26

c LANE(4,2)=26

c LANE(4,3)=26

c LANE(4,4)=26

C RHOl
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c LANE(5,1)=0.7

c LANE(5,2)=0.7

c LANE(5,3)=0.7

c LANE(5,4)=0.7

C RH02

c LANE(6,1)=0.3

c LANE(6,2)=0.3

c LANE(6,3)=0,3

c LANE(6,4)=0,3

C VELOCITY kirvTir

c LANE(7,1)=10

c LANE(7,2)=340

c LANE(7,3)=340

c LANE(7,4)=340

C FLOW RATE

c LANE(8,1)=108

c LANE(8,2)=132

c LANE(8,3)=132

c LANE(8,4)=106

C A2-1996

C M l

LANE(1,1)=193 

LANE(1,2)=193 

LANE(1,3)=193 

LANE(1,4)=193 

C SIGl

LANE(2,1)=100 

LANE(2,2)=100 

LANE(2,3)=100 

LANE(2,4)=100 

C M2

LANE(3,1)=388 

LANE(3,2)=388 

LANE(3,3)=388 

LANE(3,4)=388 

Cc SIG2

LANE(4,1)=34 

LANE(4,2)=34 

LANE(4,3)=34 

LANE(4,4)=34 

C RHOl

LANE(5,1)=0.67 

LANE(5,2)=0,67 

LANE(5,3)=0.67 

LANE(5,4)=0.67 

C RH02

LANE(6,1)=0.33

LANE(6,2)=0.33

LANE(6,3)=0.33
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LANE(6,4)=0.33 

C VELOCITY km/hr

LANE(7,1)=10 

LANE(7,2)=760 

LANE(7,3)=760 

LANE(7,4)=750 

C FLOW RATE

LANE(8,1)=109 

LANE(8,2)=I29 

LANE(8,3)=128 

LANE(8,4)=116

c A31-1997

c Ml

c LANE(1,1)=248

c LANE(1,2)=256

c LANE(1,3)=248

c LANE(1,4)=248

C SIGI

c LANE(2,1)=104

c LANE(2,2)=104

c LANE(2,3)=104

e LANE(2,4)=104

C M2

c LANE(3,1)=407

c LANE(3,2)=403

c LANE(3,3)=407

c LANE(3,4)=407

Cc SIG2

c LANE(4,I)=40

c LANE(4,2)=28

c LANE(4,3)=28

c LANE(4,4)=28

C RHOl

c LANE(5,1)=0.64

c LANE(5,2)=0.55

c LANE(5,3)=0,55

c LANE(5,4)=0.55

C RH02

cc LANE(6,1)=0.36

c LANE(6,2)=0.45

c LANE(6,3)=0.45

c LANE(6,4)=0.45

C VELOCITY km/hr

c LANE(7,1)=83

c LANE(7,2)=83

c LANE(7,3)=71

c LANE(7,4)=70
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c FLOW RATE

LANE(8,1)=334

LANE(8,2)=335

LANE(8,3)=114

LANE(8,4)=106

INTERVEHICLE_DISTANCE

LANE(9,1)=12.5

LANE(9,2)=12.5

LANE(9,3)=12.5

LANE(9,4)=12.5

dO

c

c

c

c

C

C

LANE(10,1)=12.5

LANE(10,2)=12.5

LANE(10,3)=12.5

LANE(10,4)=12.5

DO 300 U=1,N_LANES

M1=LANE(1,U)

SIG1=LANE(2,U)

M2=LANE(3,U)

SIG2=LANE(4,U)

RH01=LANE(5,U)

RH02=LANE(6,U)

VEL0CITY=LANE(7,U)

FL0W_RATE=LANE(8,U)

INTER VEHICLE_DISTANCE=LANE(9,U) 

D0=LANE(10,U)

IF(SPAN.GT.200)THEN

N=ANINT(SPAN/D0)

ELSE

N=20

ENDIF

Ns=ANINT(SPAN/DO)

MEAN_VEL0CITY=VEL0CITY* 1000/3600

DESIGN_LIFE=D_L*365*24*3600

TAU=SPAN/MEAN_VELOCITY

TAUO=INTERVEHICLE_DISTANCE/MEAN_VELOCITY

PHI=FLOW_RATE/3600

LAMBA=PHI*TAU

K=DESIGN_LIFE/TAU

MU=PHI/( 1 -(PHI«TAU0))

c

c

c

k=76.65e6

lamba=l

span=400
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if((n_lanes.eq. 1).AND.(JAM.EQ. l))then 

DO 201 I=l,Ns-l 

MULTIPLE_PROB(I)=0 

201 CONTINUE

MULTIPLE_PROB(Ns)= 1

goto 15

else

endif

IF(SPAN.LT.100)THEN

GOTO 100

ELSE

ENDIF

DO 1DI=1,INT(N)

SUM=0 

D 0 5J=1,I

SUM=SUM+(LAMBA* ♦ J)/FACTRL(J) 

SUMMATION=SUMMATION+(X(I)**J)/FACTRL(J) 

5 CONTINUE

P0ISS0N(I)=((EXP(-LAMB A))*( 1+SUM))

10 CONTINUE

MEAN_N=0

STDEV_N=0

POISSON(0)=((EXP(-LAMB A)) *{ 1))» » K 

DO 20 J=1,INT(N)

P(J)=P0ISS0N(J)» ♦ K-POISSON(J-1)» * K

MEAN_N=MEAN_N+J*P(J)

STDEV_N=STDEV_N+J»»2*P(J)

20 CONTINUE

Ns=ANINT(SPAN/DO)

C Ns=4

C poisson(0)=0

C poisson(I)=l

ETA= 1 /(POISSON(INT(Ns))» » K)

D 0 30J=l,INT(Ns)

P_Ns(J)=(ETA*(POISSON(J)»*K-POISSON(J-l)**K))

MEAN_Ns=MEAN_Ns+J*P_Ns(J)

STDEV_Ns=STDEV_Ns+J*»2*P_Ns(J)

30 CONTINUE
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IF(SPAN.GT.100)THEN

GOTO 150

ELSE

ENDIF

DO 70 I=1,ANINT(TAU/TAU0)-1 

X(I)=MU*(TAU-(I)*TAU0)

IF(X(I).LT.O)THEN

X(I)=0

ELSE

ENDIF

SUMMAT10N=0 

DO 55 J=0,I

SUMMATION=SUMMATION+(X(I) * ♦ J)/FACTRL(J) 

CONTINUE

GAMMA(I)=((EXP(-X(I)))*(SUMMATION))

CONTINUE

GAMMA(I)=1

DO 80 J=0,I

GMA(J)=GAMMA(J)**K-GAMMA(J-1)**K

CONTINUE

SUM_P=0

SUMP_Ns=0

SUM_G=0

DO 40 J=I,ANINT(NS)+5

IF(P(J).LT.O)THEN

P(J)=0

ELSE

ENDIF

IF(P_Ns(J).LT.O)THEN

P_Ns(J)=0

ELSE

ENDIF

IF(GMA(J).GT.(ANINT(TAU/TAU0)-1))THEN

GMA(J)=0

ELSE

ENDIF

SUM_P=SUM_P+P(J)

SUMP_Ns=SUMP_Ns+P_Ns(J)

SUM_G=SUM_G+GMA(J)

WRITE(*,50)J,P(J),P_Ns(J),GMA(J)

FORMAT(I4,3E15.5)

CONTINUE
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c

c

c60

c

c

c

C

C

C

65

300

C

C

C

C995

95

C

WRITE(*,*)

WRITE(*.60)J,SUM_P,SUMP_Ns,SUM_G

FORMAT(I4,3E15,5)

WRITE(*,*)

WRITE(*,*)MEAN_N,SQRT(STDEV_N-MEAN_N**2)

WRITE(»,*)MEAN_Ns,SQRT(STDEV_Ns-MEAN_Ns»*2)

DO 65 1=1,N

IF(SPAN.LE.100)THEN

N_VEH(I,U)=GMA(I)

ELSE

N_VEH(I,U)=P_Ns(I)

ENDIF

WRITE(*,*)i,u,N_VEH(I,N_LANES)

WRITE(4, ♦)I,N_VEH(I,U)

IF((N_LANES,EQ. 1). AND.(JAM.EQ.O))THEN

MULT1PLE_PR0B(I)=N_VEH(I,U)

WRITE(*,*)I,MULTIPLE_PROB(I)

ELSE

ENDIF

CONTINUE

IF((N_LANES.EQ.I).AND.(JAM.EQ.O))THEN

GOTO 15

ELSE

ENDIF

CONTINUE

WRITE(*,*)N_VEH(1,1)

N_VEH(0,1)=0

IF(N_LANES.EQ.2)THEN 

do 75 i=I,2*N 

TOTALPROB(I)=0

do 95 j=0,i

T0TALPR0B(J)=N_VEH(J,I)*N_VEH(I-J,2)

MULTIPLE_PROB(I)=MULTIPLE_PROB(I)+TOTALPROB(J)

WRITE(4,995)I,J,N_VEH(J,I),I-J,N_VEH(I-J,2),TOTALPROB(J),

♦MULTIPLE_PROB(I)

format(2i5,el5.5,I5,3el5.5)

CONTINUE

WRITE(4,»)
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75 CONTINUE

ELSE

IF(N_LANES.EQ.4)THEN

do 751 1=1,2*N 

C WRITE(4,*)'3&4'

C ASSESS PROBABILITY OF HAVING J VEHICLES ON LANES 3 & 4

do 752 Q=OJ

TOTLPROB(Q,3)=N_VEH(Q,3)»N_VEH(j-Q,4)

MULT_PROB(j,3)=MULT_PROB(j,3)+TOTLPROB(Q,3)

C WRITE(4,755)I,Q,N_VEH(Q,3),J-Q,N_VEH(J-Q,4),TGTLPROB(Q,3),

C *MULT_PR0B(J,3)

C755 format(2i5.eI5.5,I5,3el5.5)

752 continue

751 continue

c WRITE(4,*)'2&(3&4)’

do 757 i=l,2*N

C ASSESS PROBABILITY OF HAVING J VEHICLES ON LANES 2 & (3&4)

j=i
do 753 Q=OJ

TOTLPROB(Q,2)=N_VEH(Q,2)*MULT_PROB(j-Q,3) 

MULT_PROB(j,2)=MULT_PROB(j,2)+TOTLPROB(Q,2) 

c WRITE(4,755)l,Q,N_VEH(Q,2),J-Q,N_VEH(J-Q,3),TOTLPROB(Q,2),

c *MULT_PROB(J,2)

753 continue

757 continue

c WR1TE(4,*)'1&(2&3&4)'

do 758 i=l,2*N

C ASSESS PROBABILITY OF HAVING J VEHICLES ON LANES 1 & (2&3&4)

j^ i

do 754 Q=0 j

TOTLPROB(Q, 1 )=N_VEH(Q, 1 )*MULT_PR0B(j-Q,2)

MULT_PROB(i, I )=MULT_PROB(j, 1)+T0TLPR0B(Q, 1) 

c WRITE(4,755)I,Q,N_VEH(Q, 1 ),J-Q,N_VEH(J-Q,2),T0TLPR0B(Q, 1),

c *MULT_PR0B(J,1)

754 continue

758 continue

c write(4,*)span

do759i= l,2*n

MULTIPLE_PROB(I)=MULT_PROB(1,1) 

c write(4,*)i,MULTlPLE_PROB(I)
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759 continue

do 761 i=l,100 

TOTLPROB(i,3)=0 

TOTLPROB(i,2)=0 

TOTLPROB(i,l)=0 

MULT_PROB(i,3)=0 

MULT_PROB(i,2)=0 

MULT_PROB(i,l)=0 

761 continue

c write(4,*)

ELSE

ENDIF

ENDIF

C do 85 i=l,24

C WRlTE(*,775)'P,N=',i,MULTIPLE_PROB(i)

C775 format(a6,i5,3el5.5)

C85 continue

C DO 105 1=1,N

C WRITE(*,885)'P,N=',i,N_VEH(I,I),N_VEH(I,2)

C885 format(a6,i5,2el5.5)

C l 05 CONTINUE

Q  * * * * * * * * * * * * * * * * * * * : ^ t  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * *

15 CONVOLUTION=0

SUMMATION=0 

C WRITE(*,*)'CONVOLUTION'

U=1

IF(SPAN.LT.100)THEN

N=9

ELSE

ENDIF

1F((SPAN.GT.100).AND.(SPAN.LE.150))THEN

N=15

ELSE

N=15

ENDIF

1F((N_LANES.EQ.4).AND.(SPAN.LT. 100))THEN 

N=5
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ELSE

ENDIF

IF((N_LANES.EQ.4).AND,(SPAN.GT.100).AND.(SPAN.LE.150))THEN
N=8

ELSE

N=8

ENDIF

if((njanes.eq. 1).AND.(JAM.EQ. l))then

n=ns

else

endif

DO 22 J=1,N_LANES*N 

SUMMATION=0.0

DO 25 I=0,INT(J)

C=FACTRL(INT(J))/(FACTRL(I)*FACTRL(INT(J)-I))

CONV=C»LANE(5,U)**(INT(J)-I)«LANE(6,U)**I

MI=I*LANE(1,U)+(INT(J)-1)*LANE(3,U)

SIGI=SQRT(I*LANE(2,U)**2+(INT(J)-I)»LANE(4,U)**2)

WRITE(*,*)J,'SIGI’

G=(Sextr-MI)/SIGI

CALLratint(GEN_COORD,PROB,S,G.CONVOL,dy)

SUMMATION=SUMMATION+(CONV*CONVOL)

CONTINUE

CONVOLUTION=(CONVOLUTION+MULTIPLE_PROB(J)*SUMMATION)

CONTINUE

IF(CONVOLUTION.GE.FRACTILE)THEN

WRITE(*,*)'FINISHED’

WRITE(*,*)CONVOLUTION,Sextr,Sextr/(SPAN*WIDTH*n_LANES)

WRITE(4,450)SPAN,Sextr/(SPAN*WIDTH*n_LANES)

WRITE(4,450)SPAN,Sextr

FORMAT(2F8.2)

ELSE

Sexti=Sextr+5

IF(MOD(Sextr,A).EQ.O)THEN

WRITE(*,*)CONVOLUTION,Sextr

ELSE

ENDIF

IF((MOD(Sextr,B).EQ.O).AND.(CONVOLUTION.GE.O))THEN

WRITE(1,200)CONVOLUTION,Sextr

FORMAT(2F20.I0)
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ELSE 

ENDIF 

GOTO 15 

ENDIF

do 995 i=I,100 

TOTALPROB(I)=0 

MULTIPLE_PROB(I)=0 

995 CONTINUE

GOTO 2

9999 WRITE(».*)'FINISHED'

END

Q  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

FUNCTION factrl(n)

INTEGER n 

REAL factrl 

CU USES gammln 

INTEGER j.ntop

DOUBLE PRECISION a(33),gammln 

SAVE ntop,a 

DATA ntop,a(l)/0,I./ 

if  (n.lt.O) then

pause 'negative factorial in factrl' 

else if(n.le.ntop) then 

factrl=a(n+l) 

else if  (n,le.32) then 

do II j=ntop+I,n

a(j+l)=j*aO )

11 continue 

ntop=n 

factrl=a(n+l) 

else

factrl=exp(gammln(n+1.)) 

endif 

return 

END

FUNCTION gammln(xx)

DOUBLE PRECISION gammln,xx 

INTEGER j

DOUBLE PRECISION ser,stp,tmp,x,y,cof(6)

SAVE cofstp

DATA cof,stp/76.18009172947146d0,-86.50532032941677d0,
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*24.0I409824083091dO.-1.231739572450155dO,.1208650973866179d-2.

*-.5395239384953d-5,2.5O66282746310OO5dO/

x=xx

y=x

tmp=x+5.5dO

tm p=(x+0.5 dO)* log(tmp)-tmp 

ser=1.000000000190015d0 

do 11 j= l,6  

y=y+l.dO 

ser=ser+cof(j)/y 

11 continue

gammln=tmp+log(stp*ser/x)

return

END

SUBROUTINE ratint(xa,ya,n,x,y,dy)

INTEGER n,NM AX

DOUBLE PRECISION dy.x,y,xa(n),ya(n),TINY 

PARAM ETER (NM AX=20,TINY=l.e-25)

INTEGER i,m,ns

DOUBLE PRECISION dd,h,hh,t,w,c(NMAX),d(NMAX) 

ns=I

hh=abs(x-xa(I)) 

do 11 i= l,n  

h=abs(x-xa(i)) 

if  (h.eq.O.)then 

y=ya(i) 

dy=0.0 

return 

else if  (h.lt.hh) then 

ns=i 

hh=h 

endif 

c(i)=ya(i) 

d(i)=ya(i)+TINY 

11 continue 

y=ya(ns) 

ns=ns-l 

do 13 m = l,n -I

do 12 i= l,n-m  

w =c(i+I)-d(i) 

h=xa(i+m)-x 

t=(xa(i)-x)*d(i)/h 

dd= t-c(i+ l)

ifl;dd.eq.O.)pause 'failure in ratint'

dd=w/dd

d(i)=c(i+ l)*dd
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c(i)=t*dd

12 continue

if  (2*ns.lt.n-m)then 

dy=c(ns+ l) 

else

dy=d(ns)

ns=ns-l

endif

y=y+dy

13 continue 

return

END
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