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Foreword



FOREWORD The Leonardo da Vinci Project CZ/08/LLP-LdV/TOI/134020 “Transfer of Innovations Provided in Eurocodes, addresses the urgent need to implement the new system of European documents related to design and construction work and products. These documents, called Eurocodes, are systematically based on the recently developed Council Directive 89/106/EEC “The Construction Product Directive” and its Interpretative Documents ID 1 and ID 2. Implementation of Eurocodes in each Member State is a demanding task as each country has its own long-term tradition in design and construction. The project should enable an effective implementation and application of the new methods for designing and verification of buildings and civil engineering works in all the partner countries (CZ, DE, ES, IT, NL) and in other Member States. The need to explain and effectively use the latest principles specified in Eurocodes standards is apparent from enterprises, undertakings and public national authorities involved in construction industry and also from university and colleges. Training materials, manuals and software programmes for education are urgently required. The submitted Guidebook 2 completes the set of two guidebooks intended to provide required manuals and software products for training, education and effective implementation of Eurocodes: Guidebook 1: Load Effects on Buildings Guidebook 2: Design of bridges. It is expected that the Guidebooks will address the following intents in further harmonization o f European construction industry: -



reliability improvement and unification of the process of design, development of a single market for product and for construction services, improvement of the competitiveness of the European industries in the global world market; new opportunities for trained primary target groups in the labour market.



The Guidebook 2 is focused on determining load effects on road, railway and pedestrian bridges and special civil structures. The following main topics are discussed in particular: -



basic requirements on bridges, basis of structural design, traffic loads for static and fatigue assessment and climatic actions, accidental actions, combination rules for bridges, examples and case studies.



Annex A to Guidebook 2 concerns new traffic trends in European countries and their consequences on load models and on assessment of existing bridges; Annex B provides basic information about action and combination rules for special structures, like cranes, masts, towers and pipelines.
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Foreword



The Guidebook 2 is written in a user-friendly way employing only basic mathematical tools, supplemented by examples and case studies developed in detail. A wide range of potential users of the Guidebooks and other training materials includes practising engineers, designers, technicians, experts of public authorities, young people – high school and university students. The target groups come from all territorial regions of the partner countries. However, the dissemination of the project results is foreseen to be spread into all Member States of CEN and other interested countries.



Pisa 2010
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CHAPTER 1: BASIC REQUIREMENTS Angel Arteaga1, and Ana de Diego1 1



E. Torroja Institute of Construction Sciences, CSIC. Madrid. Spain



Summary The Eurocode system establishes a series of basic requirements that must be met by all structures to ensure their suitability for their intended use and durability. Those requirements, based on European Commission Directives and other construction standards in place, are reviewed and explained in Chapter 1 of Guidebook 1. This first chapter of Guidebook 2 describes the specific requirements applicable to bridges.
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INTRODUCTION



1.1



Background documents All the essential requirements to be met by any construction work, bridges included, are laid down in Eurocode EN 1990 [1]. The serviceability limits specifically applicable to bridges, in which user safety and comfort are the prime concerns, are set out in EN 1990/A1 (EN 1990 Annex 2) [2]. That standard also specifies the combinations of actions to be considered when verifying ultimate and serviceability limit states in bridges.



1.2



General principles Chapter 1 of Guidebook 1 on buildings [3] provides a detailed account of the requirements that, pursuant to the Construction Products Directive (CPD) [4], must be met by construction products for their free circulation on the European construction products market. The provisions of the CPD are applicable not only to buildings, but to construction works in general. The definition of construction works contained in Interpretative document No 1: Mechanical resistance and stability [5], expressly includes bridges. Hence, the entire content of that Chapter 1 is relevant to bridges. Readers who wish to consult the general requirements for bridges are referred to the aforementioned chapter of Guidebook 1: the present chapter of Guidebook 2 is limited to questions exclusively pertinent to bridges. In its Annex I [4], the CPD lists six essential requirements that must be met by all construction products and works, as follows: 1. 2. 3. 4. 5. 6.



Mechanical resistance and stability Safety in case of fire Hygiene, health and the environment Safety in use Protection against noise Energy economy and heat retention



Of these, only the first two are generally related to structural behaviour and consequently only they are covered by structural Eurocodes.
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The provisions of essential requirement 2, safety in case of fire, include a number of structural behaviour-related issues. Indeed, while Part 1.2 of all the Eurocodes, from EN 1991 on actions in general to EN 1992 to EN 1999 on structural materials, deal with structural behaviour in the event of fire, this question was not addressed in Guidebook 1 nor is it included in this Guidebook 2. Consequently, the present publication and specifically this chapter cover only the first of the essential requirements, mechanical resistance and stability. Inasmuch as the third through the sixth requirements do not involve structural behaviour, compliance therewith cannot, generally speaking, be ensured under the provisions of the structural Eurocodes. For that reason, they are not considered in either Guidebook 1 [3] or the present text. That notwithstanding, Annex 2 of EN 1990 [2] lists user safety and comfort requirements that bridges must meet in connection with the fourth essential requirement, safety in use. Since [2] relates these requirements to structural response, they are dealt with in this Guidebook as part of the discussion on serviceability criteria.
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BASIC REQUIREMENTS



2.1



General The scope of EN 1990 Annex A2 [2] and EN 1991 Part 2 [6 ] covers road, rail and foot bridges. By contrast, certain special kinds of bridges, such as moveable bridges, aqueducts and combination road and railway bridges are excluded. EN 1990 Annex A2 [2] also lists criteria for the combination of actions to be applied to verify ultimate limit states (ULS), serviceability limit states (SLS), partial factors (γ values) and combination coefficients (ψ values). These issues are addressed in detail in Chapter 6 hereunder. Annex A2 also lays down procedures and methods for verifying SLS when such limit states are not related to the structural materials. 2.2



Permanent design situation requirements All the provisions of [3] on ULS and SLS requirements are applicable to bridges and nothing more is needed to say. Only to highlight that, in fact, the indication on the Guidebook 1 on the greater influence, today, of SLS than ULS requirements is particularly pertinent to bridges, whose longer spans and stronger and lighter materials intensify their susceptibility to deformation and vibrations. As a result, serviceability limit states may be more quickly reached in such structures. In addition to that technological challenge, designers are faced with an aesthetic issue: in bridges, beauty is essentially a result of the structure itself, which means that possible flaws cannot be cloaked for want of a superstructure. 2.3



Transient situation requirements In general, the load conditions affecting bridges during construction (see figure 1) can vary in an important way from the conditions prevailing during normal use. The structural strength scheme may also differ. Piers and decks that are designed to form portal frames in the finished structure, for instance, may work like cantilevered beams with wholly different stress distributions during construction. Therefore construction stage conditions must be specially taken into account and the construction phases planned with particular care. One condition, whose verification is normally very important in bridges, but much less so in buildings, is the static equilibrium during construction. In certain stages of the construction, actions or limit states may be of greater influence than in the finished structure. The EQU limit states in these transient situations are often relevant and meticulous planning
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is required to prevent EQU failure. In such cases, the possible position and values of selfweight and loads at different construction times must be taken into consideration, in the full understanding that the values of characteristic actions, partial factors and combination coefficients may differ from the permanent situation values. In this phase, the weight of concrete cast on decks, for instance, is regarded to be not a permanent action as in the finished structure, but a variable action. As a result, the γ-factor applicable will be γQ equal to 1.5 rather than γG equal to 1.35. The values of these parameters applicable to transient situations are given in Eurocode EN 1991-1-6: Actions during execution [7].



Figure 1. Bridge under construction 2.4



Accidental situation requirements Of the accidental actions listed in EN 1991-1-7 [8], only impacts and gross errors are generally applicable to bridges. Impact may be the result of collision either under or on the bridge. These situations are dealt with separately in the Eurocodes: the former in [8] and the latter in [6] as traffic loads. In bridges, clearly, other strategies besides design can be implemented to protect the structure from major impact damage. Such alternative strategies include: - the use of low sensitivity, highly robust structural typologies, such as redundancies - the use of structural systems that warn of collapse i.e., ductile members - the prevention or reduction of possible hazards by providing suitable clearance, ample distance between lane centrelines and bridge members liable to be impacted (bollards...) and so on. The effect of impact on lightweight structures, such as some footbridges, is not covered by [7]. In these cases, the aforementioned alternative strategies would be ever more relevant. Accidental actions affecting bridges are discussed in depth in Chapter 5 hereunder.
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SERVICEABILITY REQUIREMENTS



3.1



General As specified in [3], most serviceability criteria defined in terms of structural materials are equally applicable to bridges and buildings.
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In addition to general serviceability criteria, however, certain specific criteria are in place for bridges in connection with user safety and comfort, more specifically to avoid excessive deck vibration or deformation. 3.2



Serviceability criteria for road bridges Table 1 gives the design values for the combinations of actions to be considered in SLS verification. While the Eurocode recommends partial factors, γ, equal to 1,0 when calculating the design values for actions from their characteristic values, this criterion may be modified in national annexes.



Table 1. Design values for use in combinations of actions Combination Permanent actions Gd Prestress Unfavourable Favourable Characteristic Gkj,sup Gkj,inf P



Variable actions Qd Leading Others Qk,1 ψ0,i Qk,i



Frequent



Gkj,sup



Gkj,inf



P



ψ1,1 Qk,1



ψ2,i Qk,i



Quasi-permanent



Gkj,sup



Gkj,inf



P



ψ2,1 Qk,1



ψ2,i Qk,i



Generally speaking, EN 1990 [1] recommends the use of characteristic and frequent combinations for irreversible and reversible SLS, respectively, and the quasi-permanent combination for long-term effects and structural aesthetics. Certain specific SLS for road bridges address durability or user comfort and safety. Damage to structural load bearings before the end of their design working life must be prevented by limiting the amplitude of deck vibration over the supports. Another solution is to adopt for these elements, if replaceable, a shorter service life than for other members: 15-25 years, instead of the 100 years normally established for bridges. There are SLS directly related to user comfort and safety, such as uplift of the deck in the supports (and, which would be, as noted, also cause damage to the bearings). Since these limit states are related to human safety may be demanding higher safety levels than other SLS. Wind- or traffic-induced deck vibrations may also have to be limited to ensure user comfort. 3.3



Serviceability criteria for footbridges The pursuit of ever lighter weight and more engaging bridge designs has led to some well-known cases of footbridges subject to excessive vibrations, causing extreme user discomfort and forcing to take important measures to improve its conditions. Depending of the different situations, Annex 2 [2] recommends considering different load values: -



-
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for persistent design situations, the presence of a group of about 8 to 15 people (depending on the deck area) walking at a normal pace for other traffic categories, depending on the design situations: permanent, transient or accidental, or the deck area or part of it in consideration, specific load cases should be considered, when relevant: presence of streams of pedestrians (significantly more than 15 persons), or occasional festive or choreographic events EN 1990 Annex 2 [3] recommends the following maximum deck acceleration values: 0.7 m/s2 for vertical vibrations
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0.2 m/s2 for horizontal vibrations due to normal use 0.4 m/s2 for exceptional crowd conditions. Such verifications are generally necessary only in footbridges with low natural frequencies, i.e., under 5 Hz for vertical and under 2.5 Hz for horizontal (lateral) and torsional vibrations. These low natural frequencies often occur in light footbridges. 3.4



Serviceability criteria for railway bridges As in road bridges, the SLS for railway bridges are related to durability and user comfort or safety, all in the context of excessive deck deformation or vibration and ultimately of bridge stiffness. Traffic may be compromised by excessive bridge deformation, which generates unacceptably large vertical and horizontal variations in track geometry and vibrations in bridge members. Such excessive vibrations may also cause ballast instability, inadmissible reductions in wheel-rail contact forces or rail fatigue, not to mention passenger discomfort. Given that user safety is highly sensitive to track conditions, the following checks should be performed: -



vertical acceleration in the deck, to prevent ballast instability; vertical deflection in the deck throughout each span; unrestrained uplift at the bearings, to avoid premature bearing failure; twist of the deck measured along the centre line of each track on the approaches to and passage over bridges to minimise the risk of train derailment; - horizontal transverse deflection; - limits to the first natural frequency of lateral span vibration, to prevent resonance between the bridge and the lateral motion of vehicles on their suspension.



Some of the above phenomena also affect passenger comfort due to excessive vertical or horizontal acceleration. To determine the effect of the actions on the bridge could be necessary to perform a dynamic analysis, the EN 1991-2 [6] gives the conditions when this analysis is needed. In general is needed in bridges serving lines with Maximum Line Speed in site bigger than 200 km/h, with no simple structure, spanning more than 40 m and with first natural torsional frequency more than 1,2 times the first natural bending frequency. That document indicates also the way to perform a dynamic analysis, but this is out of the scope of this Guidebook. If this dynamic analysis is not needed, static load effects are enhanced by a dynamic factor Φ. This factor assume the value Φ2 or Φ3 depending on the track conditions, it results 1,44 Φ2 = + 0.82 1.00 ≤ Φ2 ≤ 1.67 (1) LΦ − 0.2 for carefully maintained track and 2,16 Φ3 = + 0.73 1.00 ≤ Φ3 ≤ 2.0, (2) LΦ − 0.2



being LΦ the determinant length (length associated withΦ), which is given in EN 1991-2 [6] paragraph 6.4.5.3 depending on kind and dimensions of the elements. EN 1991/A1 [2] gives the criteria regarding the traffic safety limiting vertical acceleration in deck, deck twist and vertical deformation of the deck: - Vertical acceleration in deck: acceleration is limited to prevent track instability and thereby ensure traffic safety. The maximum design values specified for frequencies of
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up to 3.5 Hz or 1.5 times the frequency of the fundamental mode of vibration of the member considered are 3.5 m/s2 in ballasted track or 5 m/s2 for decks in which the elements supporting the track are secured directly. - Deck twist: maximum track twist must be limited. For tracks with gauge s [m] of 1.435 m, t [mm/3m] measured over a length of 3 m (see figure 2) should not exceed the values given in Table 2.



Figure 2 – Definition of deck twist Table 2. Recommended maximum values for deck twist Speed range V (km/h) V ≤ 120 120 < V ≤ 200 V > 200



Maximum twist t (mm/3m) t ≤ 4,5 t ≤ 3,0 t ≤ 1,5



- Vertical deformation of the deck: Passenger comfort depends on vertical acceleration inside the coach during travel on, approach to, passage over and departure from the bridge. Vertical acceleration must be limited, therefore, to ensure acceptable comfort levels, according to Table 3. Table 3. Recommended comfort levels Comfort level Vertical acceleration bv (m/s2) Very high 1.0 High 1.3 Acceptable 2.0
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DESIGN WORKING LIFE AND RELIABILITY MANAGEMENT



One of the first things a designer must know when designing a structure is its projected working life. The indicative design working life categories listed in Eurocode EN 1990 [2] and given in Table 4 below may be modified in the national annexes. In bridges, as noted earlier, not all members need be designed to the same working life: some of them, which are more or less readily replaceable, like bearings, may be classified under category 2 and designed for shorter working lives than the main members. In Table 4 bridges are included under category 5, with a design working life of 100 years. These values are indicative only, and in each specific case subject to an agreement between the owner (usually the authorities) and the designer, in which bridge characteristics play a significant role: traffic density, accessibility, existence of alternative routes and so on. For instance, for a bridge in a main road the 100 years design working life appears adequate, but for a minor bridge serving an area with little traffic with alternative paths a 25 or 50 years would be more adequate design working life.
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Table 4. Design working life. Indicative values Design working Indicative design Examples life category working life (years) 1 10 Temporary structures (1) 2 10-25 Replaceable structural parts, e.g. gantry girders, bearings 3 15-30 Agricultural and similar structures 4 50 Building structures and other common structures 5 100 Monumental building structures, bridges, and other civil engineering structures (1) Structures or parts of structures that can be dismantled with a view to being re-used should not be considered as temporary. Closely reliability level and its attainment are associated with design working life. In the Eurocodes, partial factors and characteristic values are based on a design working life of 50 years and a reliability index of β = 3,8, assuming normal consequences. In bridges, the β value and consequently the partial factors and characteristic values listed in the Eurocodes derived from there would seemingly have to be revised to adapt them to a 100-year design working life and potentially sizeable economic consequences. This option shall be necessary in works of major importance. In most common bridges, however, this approach to raising the reliability index is not always justified. Rather, greater reliability should be attained via suitable quality control during construction and satisfactory inspection and maintenance policies throughout the working life. The aim of this approach is to reduce the dispersion of material strength values, lower the probability of gross errors and raise the likelihood of detecting minor flaws. These requirements are more commonly met and more readily assumed in bridges than buildings.
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DURABILITY



Durability is a major issue in bridges. They normally have a fairly long design working life (100 years) and are directly exposed to environmental conditions, for they have not protective superstructure. Furthermore, in cold climates de-icing salts, which cause aggressive corrosion in steel, are frequently strewn over bridges. In any event, the presence of water always intensifies durability problems in any material. The requirements for long durability can be summarised as follows: - appropriate choice of materials, in keeping with the environmental conditions - careful design from the standpoint of durability: speedy evacuation of rainwater, for instance - quality control measures - inspection and maintenance programme tailored to the prevailing conditions.
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CHAPTER 2: BASIS OF DESIGN – METHODOLOGICAL ASPECTS Milan Holický1 and Dimitris Diamantidis2 1



Klokner Institute, Czech Technical University in Prague, Czech Republic 2 University of Applied Sciences, Regensburg, Germany



Summary Uncertainties affecting structural performance can never be entirely eliminated and must be taken into account when designing any construction work. Various design methods and operational techniques for verification of structural reliability have been developed and worldwide accepted in the past. The most advanced operational method of partial factors is based on probabilistic concepts of structural reliability and risk assessment. General principles of structural reliability and risk assessment can be used to specify and further calibrate partial factors and other reliability elements. Moreover, developed calculation procedures and convenient software products can be used directly for verification of structural reliability using probabilistic concepts and available experimental data.
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INTRODUCTION



1.1



Background materials Basic concepts of structural reliability are codified in a number of national standards, in the new European document EN 1990 [1] and the International Standard ISO 2394 [2]. Additional information may be found in the background document developed by JCSS [3] and in recently published handbook to EN 1990 [4]. Guidance for application of probabilistic methods of structural reliability may be found in working materials provided by JCSS [5] and in relevant literature listed in [4] and [5]. 1.2



General principles General principles of structural reliability are described in both the international documents EN 1990 [1] and ISO 2394 [2]. Basic requirements on structures are specified in Section 2 of EN 1990 [2]: a structure shall be designed and executed in such a way that it will, during its intended life, with appropriate degrees of reliability and in an economic way - sustain all actions and influences likely to occur during execution and use; - remain fit for the use for which it is required. It should be noted that two aspects are explicitly mentioned: reliability and economy (see also Guidebook 1 [6]). However, this Guidebook shall be primarily concerned with reliability of bridge structures, which include - structural resistance; - serviceability; - durability.
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Additional requirements may concern fire safety of structures (see Handbook 5) or other accidental design situations. In particular it is required by EN 1990 [1] that in the case of fire, the structural resistance shall be adequate for the required period of time. To verify all the aspects of structural reliability implied by the above-mentioned basic requirements, an appropriate design lifetime, design situations and limit states should be considered. Note that the basic lifetime for a common building is 50 years and that, in general, four design situations are identified: permanent, transient, accidental and seismic. Two types of limit states are normally verified: ultimate limit states and serviceability limit states.
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UNCERTAINTIES



2.1



Classification of uncertainties It is well recognised that construction works including bridges are complicated technical systems suffering from a number of significant uncertainties in all stages of execution and use. Depending on the nature of a structure, environmental conditions and applied actions, various types of uncertainties become more significant than the others. The following types of uncertainties can be identified in general: - natural randomness of actions, material properties and geometric data; - statistical uncertainties due to a limited size of available data; - uncertainties of the resistance and load effect models due to simplifications of actual conditions; - vagueness due to inaccurate definitions of performance requirements; - gross errors in design, during execution and use; - lack of knowledge concerning behaviour of new materials and actions in actual conditions. The order of the listed uncertainties corresponds approximately to the decreasing level of current knowledge and available theoretical tools for their description and consideration in design (see following sections). It should be emphasized that most of the above listed uncertainties (randomness, statistical and model uncertainties) can never be eliminated absolutely and must be taken into account when designing any construction work. 2.2



Available tools to describe uncertainties Natural randomness and statistical uncertainties may be relatively well described by available methods provided by the theory of probability and mathematical statistics. In fact the EN 1990 [1] gives some guidance on available techniques. However, lack of credible experimental data (e.g. for new materials, some actions including environmental influences and also for some geometrical properties) causes significant problems. In some cases the available data are inhomogeneous, obtained under different conditions (e.g. for material resistance, imposed loads, environmental influences, for inner dimensions of reinforced concrete cross-sections). Then it may be difficult, if not impossible, to analyse and use them in design. The uncertainties of computational models may be to a certain extent assessed on the basis of theoretical and experimental research. EN 1990 [1] and materials of JCSS [5] provide some guidance. The vagueness caused by inaccurate definitions (in particular of serviceability and other performance requirements) may be partially described by the means of the theory of fuzzy sets. However, these methods have a little practical significance, as suitable experimental data are rarely available. The knowledge of the behaviour of new materials and



16



Chapter 2: Basis of design – methodological aspects



structures may be gradually increased through theoretical analyses verified by experimental research. The lack of available theoretical tools is obvious in the case of gross errors and lack of knowledge, which are nevertheless often the decisive causes of structural failures. To limit gross errors due to human activity, a quality management system including the methods of statistical inspection and control may be effectively applied. Various design methods and operational techniques, which take these uncertainties into account, have been developed and worldwide used. The theory of structural reliability provides background concept techniques and theoretical bases for description and analysis of the above-mentioned uncertainties concerning structural reliability.
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RELIABILITY



3.1



General The term "reliability" is often used very vaguely and deserves some clarification. Often the concept of reliability is conceived in an absolute (black and white) way – the structure either is or isn’t reliable. In accordance with this approach the positive statement is understood in the sense that “a failure of the structure will never occur“. This interpretation is unfortunately an oversimplification. Although it may be unpleasant and for many people perhaps unacceptable, the hypothetical area of “absolute reliability” for most structures (apart from exceptional cases) simply does not exist. Generally speaking, any structure may fail (although with a small or negligible probability) even when it is declared as reliable. The interpretation of the complementary (negative) statement is usually understood more correctly: failures are accepted as a part of the real world and the probability or frequency of their occurrence is then discussed. In fact in the design it is necessary to admit a certain small probability that a failure may occur within the intended life of the structure. Otherwise designing of civil structures would not be possible at all. What is then the correct interpretation of the keyword “reliability” and what sense does the generally used statement “the structure is reliable or safe” have? Several bridge failures have been occurred in the past. Frequent causes of bridge failures are floods, collisions and fatigue problems. Figure 1 shows the failure of the bridge over the Mississippi River in central Minneapolis, which collapsed in 2007. The bridge had an age of 40 years, not many compared to the 100 years desired lifetime of bridge. Therefore the reliability of a bridge should be focussed through all phases i.e. design, construction, operation, maintenance and upgrading. Under this basic consideration it appears even more important to implement reliability concepts from the very initial design stage and consequently to use modern reliability based design elements. Therefore a scientific definition of reliability and an associated derivation of the reliability based design elements are necessary. Such steps have been implemented in the Eurocodes and are explained and illustrated next. 3.2



Definition of reliability A number of definitions of the term “reliability” are used in literature and in national and international documents. ISO 2394 [2] provides a definition of reliability, which is similar to the approach of national standards used in some European countries: reliability is the ability of a structure to comply with given requirements under specified conditions during the intended life, for which it was designed. In quantitative sense reliability may be defined as the complement of the probability of failure.
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Figure 1. Failure of the Mississippi River bridge in Minneapolis, August 2007. Note that the above definition of reliability includes four important elements: -



given (performance) requirements – definition of the structural failure, time period – assessment of the required service-life T, reliability level – assessment of the probability of failure Pf, conditions of use – limiting input uncertainties.



An accurate determination of performance requirements and thus an accurate specification of the term failure are of uttermost importance. In many cases, when considering the requirements for stability and collapse of a structure, the specification of the failure is not very complicated. In many other cases, in particular when dealing with various requirements of occupants’ comfort, appearance and characteristics of the environment, the appropriate definitions of failure are dependent on several vaguenesses and inaccuracies. The transformation of these occupants' requirements into appropriate technical quantities and precise criteria is very hard and often leads to considerably different conditions. In the following the term failure is being used in a very general sense denoting simply any undesirable state of a structure (e.g. collapse or excessive deformation), which is unambiguously given by structural conditions. The same definition as in ISO 2394 is provided. In Eurocode EN 1990 [1] including note that the reliability covers the load-bearing capacity, serviceability as well as the durability of a structure. Fundamental requirements include the statement (as already mentioned) that ”a structure shall be designed and executed in such a way that it will, during its intended life with appropriate degrees of reliability and in an economic way sustain all actions and influences likely to occur during execution and use, and remain fit for the use for which it is required”. Generally a different level of reliability for load-bearing capacity and for serviceability may be accepted for a structure or its parts. In the documents [1] and [2] the
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probability of failure Pf (and reliability index β) are indicated with regard to failure consequences (see Guidebook 1 [6]). 3.3



Probability of failure The most important term used above (and in the theory of structural reliability) is evidently the probability of failure Pf. In order to defined Pf properly it is assumed that structural behaviour may be described by a set of basic variables X = [X1, X2, ... , Xn] characterizing actions, mechanical properties, geometrical data and model uncertainties. Furthermore it is assumed that the limit state (ultimate, serviceability, durability or fatigue) of a structure is defined by the limit state function (or the performance function), usually written in an implicit form as Z(X) = 0



(1)



The limit state function Z(X) should be defined in such a way that for a favourable (safe) state of a structure the function is positive, Z(X) ≥ 0, and for a unfavourable state (failure) of the structure the limit state function is negative, Z(X) < 0 (a more detailed explanation is given in the following Chapters of this Guidebook 2). For most limit states (ultimate, serviceability, durability and fatigue) the probability of failure can be expressed as Pf = P{Z(X) < 0}



(2)



The failure probability Pf can be assessed if basic variables X = [X1, X2, ... , Xn] are described by appropriate probabilistic (numerical or analytical) models. Assuming that the basic variables X = [X1, X2, ... , Xn] are described by time independent joint probability density function ϕX(x) then the probability Pf can be determined using the integral Pf =



∫ ϕ X ( x )dx



(3)



Z( X ) < 0



More complicated procedures need to be used when some of the basic variables are time-dependent. Some details concerning theoretical models for time-dependent quantities (mainly actions) and their use for the structural reliability analysis are given in other Chapters of this Guidebook 2. However, in many cases the problem may be transformed to a timeindependent one, for example by considering in equation (2) or (3) a minimum of the function Z(X) over the reference period T. Note that a number of different methods [2] and software products [8, 9, 11] are available to calculate failure probability Pf defined by equation (2) or (3). 3.4



Reliability index An equivalent term to the failure probability is the reliability index β, formally defined as a negative value of a standardized normal variable corresponding to the probability of failure Pf. Thus, the following relationship may be considered as a definition



β = −ΦU−1 ( Pf )



(4)



Here Φu−1 ( p f ) denotes the inverse standardised normal distribution function. At present the reliability index β defined by equation (4) is a commonly used measure of structural reliability in several international documents [1], [2], [5]. It should be emphasized that the failure probability Pf and the reliability index β represent fully equivalent reliability measures with one to one mutual correspondence given by equation (4) and numerically illustrated in Table 1.
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In EN 1990 [1] and ISO 2394 [2] the basic recommendation concerning required reliability level is often formulated in terms of the reliability index β related to a certain design working life. Table 1. Relationship between the failure probability Pf and the reliability index β. Pf 10−1 10−2 10−3 10−4 10−5 10−6 10−7 1.3 2.3 3.1 3.7 4.2 4.7 5.2 β 3.5



Time variance of failure probability When the vector of basic variables X = X1, X2, ... , Xm is time variant, then the failure probability p is also time variant and should be always related to a certain reference period T, which may be generally different from the design working life Td. Considering a structure of a given reliability level, the design failure probability pd = pn related to a general reference period Tn = n T1 can be approximately assessed as pd ~ n p1 corresponding to the period T1 where T1 denotes the basic period, for example 1 year.



4



RELIABILITY TARGETS



4.1



General on risk acceptance Risk acceptance criteria are introduced in the EN 1990 [1] in terms of target and acceptable (i.e. design) failure probabilities and associated reliability indices. They are used in order to obtain safety factors for design purposes. The values have been derived through long studies by combining the various approaches reviewed in the previous paragraph. The values reflect the possible failure consequences, the reference time period and are valid for component failures. Special attention must be given to global failure conditions and to target reliability criteria for existing structures. 4.2



Reliability classes Design failure probabilities pd are usually indicated in relation to the expected social and economical consequences in order to reflect the aforementioned risk acceptance criteria. Table 2 shows classification of target reliability levels provided in EN 1990 [1]. Reliability indexes β are given for two reference periods T (1 year and 50 years) only, without any explicit link to the design working life Td. The values are based on calibration and optimization and reflect results from several studies. It is noted that similar β-values as in Table 1 are given in other national and international guidelines (see for example [2], [3]). It should be underlined that a couple of β values (βa and βd) specified in Table 2 for each reliability class (for 1 year and 50 years) corresponds to the same reliability level. Practical application of these values depends on the time period Ta considered in the verification, which may be connected with available statistical information concerning time variant actions (wind, earthquake, etc.) and the related vector of basic variables X = X1, X2, ..., Xn. By considering for example a 50 years design working period then the reliability index βd = 4.3 should be used in the verification of structural reliability. The same reliability level corresponding to class 3 is achieved when the time period Ta = 1 year and βa = 5.2 is used, again in case of limit states dominated by time varying actions. If the working life is 100 years as it usual for bridges then in case of time dependent actions the lifetime target reliability index (i.e. for T= 100years) can be obtained from the formulae discussed in §3.3 of Guidebook 1 [6] and results approximately as βd = 4,1 (for T = 100 years)
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Table 2. Reliability classification in accordance with EN [1] Reliability Consequences for Reliability index β classes loss of human life, βa for Ta= βd for Td= economical, social 1 year 50 years and environmental consequences RC3 – high High 5.2 4.3 RC2 – normal



Medium



4.7



3.8



RC1 – low



Low



4.2



3.3



Examples of buildings and civil engineering works



Important bridges, public buildings Residential and office buildings Agricultural buildings, greenhouses



Important bridges are in general important structures with considerable consequences of failure and should be in general RC3 (reliability class 3) structures. However bridges can be also classified in the three categories of Table 2 according to the consequences of failure. A small bridge in a rural area with limited traffic can be for example associated to RC1. The target reliability can be obtained also on the basis of an optimisation procedure as illustrated in Appendix A of this chapter. 4.3



Global failure – robustness Structures are composed of various elements such as columns, beams, plates etc. The aforementioned target reliability values are valid for components, since structural design is based on design of components. The global reliability i.e. the reliability against collapse of the entire bridge system or a major part of it is a function of the reliability of all the elements against local failure but also of the system response to local failure. The assumption that a consistent level of reliability of a structural system is reached by an adequate reliability of its members is not generally valid. Especially for bridges structures subjected to extreme environmental loads such as earthquake or wind or accidental loads such as explosion or impact is not sufficient. Therefore structural codes have additional requirements regarding global failure or progressive failure of the structure. The associated requirements in the Eurocodes are discussed in Chapter 5 of Guidebook 1 [6].



5



DESIGN METHODS IN PRACTICE



5.1



General During their historical development the design methods have been closely linked to the available empirical, experimental as well as theoretical knowledge of mechanics and the theory of probability. The development of various empirical methods for structural design gradually crystallized in the twentieth century in three generally used methods, which are, in various modifications, still applied in standards for structural design until today: the permissible stresses method, the global factor and partial factor methods. All these methods are often discussed and sometimes reviewed or updated. The following short review of historical development illustrates general formats of above mentioned design methods and indicates relevant measures that are applied to take into account various uncertainties of basic variables and to control resulting structural reliability. In addition a short description of probabilistic methods of structural reliability and their role
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in further development of design procedures is provided. Detailed description of probabilistic methods of structural reliability is given in Chapter 2, Chapter 3 and in Annex B of Guidebook 1 [6]. 5.2



Permissible stresses The first of the worldwide-accepted design methods for structural design is the method of permissible stresses that is based on linear elasticity theory. The basic design condition of this method can be written in the form



σmax < σper, where σper = σcrit / k



(6)



The coefficient k (greater than 1) is the only explicit measure supposed to take into account all types of uncertainties (some implicit measures may be hidden). Moreover, only a local effect (a stress) σmax is compared with the permissible stress σper and, therefore, a local (elastic) behaviour of a structure is used to guarantee its reliability. No proper way is provided for treating geometric non-linearity, stress distribution and ductility of structural materials and members. For that reasons the permissible stress method leads usually to conservative and uneconomical design. However, the main insufficiency of the permissible stress method is lack of possibility to consider uncertainties of individual basic variables and computational models used to assess load effects and structural resistances. Consequently, reliability level of structures exposed to different actions and made of different material may be not only conservative (uneconomical) but also considerably different. 5.3



Global safety factor The second widespread method of structural design is the method of global safety factor. Essentially it is based on a condition relating the standard or nominal values of the structural resistance R and load effect E. It may be written as s = R / E > s0.



(7)



Thus the calculated safety factor must be greater than its specified value s0 (for example s0=1,9 is commonly required for bending resistance of reinforced concrete members). The global safety factor method attempts to take into account realistic assumptions concerning structural behaviour of members and their cross-sections, geometric non-linearity, stress distribution and ductility; in particular through the resulting quantities of structural resistance R and action effect E. However, as in the case of the permissible stresses method the main insufficiency of this method remains a lack of possibility to consider the uncertainties of particular basic quantities and theoretical models. The probability of failure can, again, be controlled by one explicit quantity only, by the global safety factor s. Obviously, harmonisation of reliability degree of different structural members made of different materials is limited. 5.4



Partial factor method At present, the most advanced operational method of structural design [1, 2] accepts the partial factor format (sometimes incorrectly called the limit states method) usually applied in conjunction with the concept of limit states (ultimate, serviceability or fatigue). This method can be generally characterised by the inequality Ed (Fd, fd, ad, θd) < Rd (Fd, fd, ad, θd)



(8)



where the design values of action effect Ed and structural resistance Rd are assessed considering the design values of basic variables describing the actions Fd = ψ γF Fk, material
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properties fd = fk /γm, dimensions ad + ∆a and model uncertainties θd. The design values of these quantities are determined (taking into account various uncertainties) using their characteristic values (Fk, fk, ak, θk), partial factors γ, reduction factors ψ and other measures of reliability [1, 2, 3, 4], Thus the whole system of partial factors and other reliability elements may be used to control the level of structural reliability. Detailed description of the partial factor methods used in Eurocodes method is provided in Guidebook 1. Compared with previous design methods the partial factor format obviously offers the greatest possibility to harmonise reliability of various types of structures made of different materials. Note, however, that in any of the above listed design methods the failure probability is not applied directly. Consequently, the failure probability of different structures made of different materials may still considerably vary even though sophisticated calibration procedures were applied. Further desired calibrations of reliability elements on probabilistic bases are needed; it can be done using the guidance provided in the International standard ISO 2394 [2] and European document EN 1990 [1]. 5.5



Probabilistic methods The probabilistic design methods introduced in the International Standard [2] are based on a requirement that during the service life of a structure T the probability of failure Pf does not exceed the design value pd or the reliability index β is greater than its design value βd Pf ≤ Pd or β > βd



(9)



In EN 1990 [1] the basic recommended reliability index for ultimate limit states βd = 3.8 corresponds to the design failure probability Pd = 7.2 × 10-5, for serviceability limit states βd = 1.5 corresponds to Pd = 6.7 × 10-2. These values are related to the design working life of 50 years that is considered for building structures and common structures. In general greater β - values should be used when a short reference period (one or five years) will be used for verification of structural reliability. It should be mentioned that probabilistic methods are not yet commonly used in design praxis. However, the developed calculation procedures and software products (for example [8, 9] and [11]) already enable the direct verification of structural reliability using probabilistic concepts and available experimental data. Recently developed software product CalCode [11] is primarily intended for calibration of codes based on the partial factor method. 5.6



Risk assessment The risk assessment of a system consists of the use of all available information to estimate the risk to individuals or populations, property or the environment, from identified hazards. The risk assessment further includes risk evaluation (acceptance or treatment). The whole procedure of risk assessment is typically an iterative process as indicated in Figure 2. The first step in the risk analysis involves the context (scope) definition related to the system and the subsequent identification of hazards. The system is understood as a bounded group of interrelated, interdependent or interacting elements forming an entity that achieves in its environment a defined objective through the interaction of its parts. In the case of technological hazards related to civil engineering works, a system is normally formed from a physical subsystem, a human subsystem, their management, and the environment. Note that the risk analysis of civil engineering systems (similar to the analysis of most systems) usually involves several interdependent components (for example human life, injuries, and economic loss). Any technical system may be exposed to a multitude of possible hazard situations. In the case of civil engineering facilities, hazard situations may include both environmental effects (wind, temperature, snow, avalanches, rock falls, ground effects, water and ground
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water, chemical or physical attacks, etc.) and human activities (usage, chemical or physical attacks, fire, explosion, etc.). As a rule, hazard situations due to human errors are more significant than hazards due to environmental effects. S tart



Probability analysis



Conse que nce a na lysis



Ris k es tima tion



Risk assessment



Ha za rd ide ntifica tion



Risk analysis



Definition of the system



R isk e va lua tion



No R is k tre a tm e nt



Acce pta ble risk? Yes S top



Figure 2. Flowchart of iterative procedure for risk assessment.



6



CONCLUDING REMARKS



The basic concepts of the probabilistic theory of structural reliability are characterized by two equivalent terms, the probability of failure Pf and the reliability index β. Although they provide limited information on the actual frequency of failures, they remain the most important and commonly used measures of structural reliability. Using these measures the theory of structural reliability may be effectively applied for further harmonisation of reliability elements and for extensions of the general methodology for new, innovative structures and materials. Historical review of the design methods worldwide accepted for verification of structural members indicates different approaches to considering uncertainties of basic variables and computational models. The permissible stresses method proves to be rather conservative (and uneconomical). The global safety factor and partial factor methods lead to similar results. Obviously, the partial factor method, accepted in the recent EN documents, represents the most advanced design format leading to a suitable reliability level that is
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relatively close to the level recommended in EN 1990 (β = 3.8). The most important advantage of the partial factor method is the possibility to take into account uncertainty of individual basic variables by adjusting (calibrating) the relevant partial factors and other reliability elements. Various reliability measures (characteristic values, partial and reduction factors) in the new structural design codes using the partial factor format are partly based on probabilistic methods of structural reliability, partly (to a great extent) on past empirical experiences. Obviously the past experience depends on local conditions concerning climatic actions and traditionally used construction materials. These aspects may be considerably different in different countries. That is why a number of reliability elements and parameters in the present suite of European standards are open for national choice. It appears that further harmonisation of current design methods will be based on calibration procedures, optimisation methods and other rational approaches including the use of methods of the theory of probability, mathematical statistics and the theory of reliability and risk assessment. The probabilistic methods of structural reliability provide the most important tool for gradual improvement and harmonisation of the partial factor method for various structures from different materials. Moreover, developed software products enable direct application of reliability methods for verification of structures using probabilistic concepts and available data. Design of a structure assisted by risk assessment may be effectively used when there is a need to consider failure consequences of a system containing the structure and costs of safety measures. Probabilistic optimisation of the system utility may provide valuable information concerning the optimum target reliability level. Finally it should be mentioned that many famous structures have been designed according to the Eurocodes [12], and a typical case is the famous bridge in Millau, France, which is illustrated in Figure 3.



Figure 3. Millau bridge in France
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Appendix A to Chapter 2 – Principles of probabilistic optimization



A.1



General principles



Principles of probabilistic optimization are illustrated considering the objective function in a basic form of the total cost Ctot(x,q,n) as n



Ctot(x,q,n) = Cf ∑ Pf ( x,i ) Q(q,i ) + C0 + x C1



(A.1)



i =1



Here x is a decision parameter of the optimization (a parameter of structure resistance), q is annual discount rate (e.g. 0.03, an average long run value of the real discount rate in European countries), n the number of years of a considered design working life (e.g. 50, 100), Pf(x,i) failure probability at the year i, Cf malfunctioning costs (due to loss of structural utility), Q(q,i) discount factor dependent on the annual discount rate q and number of years i, C0 initial cost independent of decision parameter x, and C1 cost per unit of the decision parameter x. Note that the design working life is considered here as a given determistic quantity. In reality the working life for a given design is a random quantity depending on social and physical factors. The design itself may aim at some optimum. This, option, however, is neglected in this appendix. Assuming independence, the annual probability of failure Pf(x,i) at the year i is given by the geometric sequence Pf(x,i) = p(x) (1 − p(x))i−1



(A.2)



where p(x) denotes the initial probability of failure that is dependent on the decisive parameter of structural resistance x. Then the failure probability Pfn(x) during n years can be estimated by the sum of the sequence Pf(x,i) given as Pfn(x) = 1 – (1 – p(x))n ≈ n p(x)



(A.3)



Where the approximation indicated in equation (A.3) is acceptable for small probability p(x) < 10−3. The discount factor of the expected future costs at the year i is considered in a usual form as Q(q,i) = 1/ (1+q)i



(A.4)



Here q denotes discount rate. Thus, the cost of malfunctioning Cf is discounted by the factor Q(q,i) depending on the discount rate q and the point in time (number of year i) when the loss of structural utility occurs. The necessary conditions for the minimum of the total cost follow from equation (A.1) as n ∂C tot ( x, q, n) ∂P ( x, i ) (A.5) = C f ∑ Q ( q, i ) f + C1 = 0 ∂x ∂x i =1 thus n ∂P ( x, i ) C (A.6) Q (q, i ) f =− 1 ∑ ∂x Cf i =1 Equation (A.6) represents a general form of the necessary condition for the minimum of total cost Ctot(x,q,n) and the optimum value xopt of the parameter x. It generates also the
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optimum (target) probability of failure and corresponding target value of the reliability index β. Considering equation (2) and (4) the total costs Ctot(x,q,n) described by equation (A.1) may be written as n



 (1 − p( x))  1−  (1 + q)  Ctot(x,q,n) = Cf p( x)  + C 0 + x C1 (1 − p( x)) 1− (1 + q)



(A.7)



Note that the total sum of expected malfunction costs during the period of n years is dependent on the product of the one-time malfunction Cf , initial probability p(x) and a sum of the geometric sequence having the quotient (1− p(x)/(1+ q). Thus the total malfunction cost Ctot(x,q,n) depends on the annual probability of failure p(x), discount rate q and on number of years n. For small probabilities of failure p(x), the cost given by equation (A.7) may be well approximated as Ctot(x,q,n) ≈ Cf p(x) PQ(x,q,n) + C0 + x C1



(A.8)



where the time factor PQ(x,q,n) depends primarily on the number of years n and discount rate q. It is almost independent of the structural parameter x and, for small probability p(x) may be approximate as n



n



 (1 − p( x))   1  1−  1−   (1 + q)  (1 + q)    = PQ(q,n) PQ (x,q,n) = ≈ (1 − p( x)) 1 1− 1− (1 + q) (1 + q)



(A.9)



For given q and n the simplified time factor PQ(q,n) is independent of x; for q = 0.03 and n = 50, the simplified time factor PQ(q,n) ~ 26.5, for q = 0.03 and n = 100 PQ(q,n) ~ 32,5. If the discount rate is small, q ~ 0, then the simplified time factor converts to number of years n, PQ(q,n) ~ n. The necessary condition for the minimum of the total costs then follows from equations (A.8) and (A.9) as dp( x) C1 =− (A.10) dx C f PQ(q, n) Equation (A.10) can be used for assessing the target (optimum) value pt(x) of the initial annual probability p(x).



A.2



A special case



A special case concerns structures when a failure is dominated by a load like wind with an exponential distribution. Then the failure probability p(x) may be expressed as p(x) = exp{-x/a } (A.11) where a is an appropriate statistical parameter. Then the target (optimum) probability pt(q,n) follows from equation (A.10) as a C1 (A.12) pt ( q , x ) = Cf PQ ( q, n)
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The corresponding optimum structural parameter xopt(q,n) may be then written in an explicit form as a C1 (A.13) xopt ( q, n) = −a ln Cf PQ ( q, n) Note that the simplified time factor PQ(q,n) is independent of x. Obviously the optimum structural parameter xopt(q,n) and the target probability pt(q,n) depends on the cost ratio C1/ C, number of years n and discount rate q. Given the optimum value for x we may find the optimum value for the annual failure probability as: aC1 p( x) opt = (A.14) C f PQ(q, n) The optimum probability for the total design working life Td = n years is then: Pfn ( x) opt ≈ np ( x) opt =



aC1 n PQ(q, n) C f



(A.15)



The value of n/PQ(q,n) runs for q = 0.03 from 1.1 for n = 1 to 3.0 for n=100. Note that for small discount rates q ~ 0, the value n/PQ(q,n) = 1. This means that the optimum failure probability is almost independent of n and, thus, of the design working life. Consider for instance the case that for q = 0.03 and a certain value of aC1/Cf, the optimum failure probability for a design life time of 50 years is 7.2 10-5, which corresponds to β = 3.8. If the design life time is 100 years, the optimum failure probability decreases to 10-4, or β = 3.7; if the design life time is 10 years, the optimum β increases to 3.9. The difference between 3.7 and 3.9 is small enough to be neglected in practical design.



A.3



An example



The following example illustrates the general principles and special case of probabilistic optimization described above. To simplify the analysis the total costs Ctot(x,q,n) given by equation (A.1) is transformed to the standardized form κtot(x,q,n) as



κtot(x,q,n) =



Ctot ( x, q, n) − C0 = p( x) PQ( x, q, n) +x C1/ Cf Cf



(A.16)



Obviously, both costs Ctot(x,q,n) and κtot(x,q,n) achieve the minimum for the same parameter xopt. The exponential expression for the probability p(x) in equation (A.11) is simplified assuming a = 1. Further it is considered that the discount rate q = 0.03 and the total period of time is n = 50 years. Under this assumptions Figure A.1 shows variation of the total standardized costs κtot(x,q,n) (given by equation (A.14)), and the reliability index β corresponding to the probability Pfn(x) (given by equation (A.3)), with structural parameter x for selected costs ratio C1/Cf. The optimum values xopt(q,n) of the structural parameter x are indicated by the dotted vertical lines. Figure A.2 shows variation of the optimum structural parameter xopt(q,n) with the costs ratio C1/Cf , again for q =0.03, n =50. The optimum parameter xopt(q,n) may be obtained from general condition (A.6) or from simplified expression (A.13) for the simplified time factor Q(q,n) ~ 26.5.
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Figure A.1. Variation of the total standardized costs κtot(x,q,n) and the reliability index β with structural parameter x for q =0.03, n = 50 and selected costs ratios C1/Cf. xopt(q,n) for q =0.03, n =50 16 14 12 10 8
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Figure A.2. Variation of the optimum structural parameter xopt obtained from equation (4) or (13) with the costs ratio C1/Cf for q =0.03, n =50. The optimum reliability index βopt is generally a function of a number of basic variables. In the fundamental case considered above, the optimum reliability index βopt = βopt(q,n,C1/Cf) depends particularly on the discount rate q, design working life n and the cost ratio C1/Cf. However, the index βopt is primarily dependent on the cost ratio C1/Cf and its dependence on the discount rate q and the design working life n seems to be insignificant. This is well illustrated by Figure A.3 that shows variation of the optimum reliability index βopt with the cost ratio C1/Cf for selected design working life n = 10, 50, 100, and the discount rate q = 0.03. It follows from Figure A.3 that with increasing working life n (and increasing discount rate q) the optimum reliability index βopt slightly decreases. For very small discount rate q ∼ 0, the value n/PQ(q,n) = 1 and the index βopt is independent of n.
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Figure A.3. Variation of the optimum reliability index βopt with the cost ratio C1/Cf for selected design working life n = 10, 50, 100, and the discount rate q = 0.03.



A.4



Concluding remarks



Probabilistic optimization may provide valuable background information concerning reliability differentiation by assessing the target (optimum) probability of failure or the reliability index. It appears that the target reliability index and corresponding resistance parameter depends on - the ratio of cost per unit of structural parameter and cost of structural failure (malfunctioning costs), - the statistical parameter of failure probability, - discount rate and design working life. Results obtained from analyzed example indicate more specific conclusions, validity of which should be conditioned by the accepted assumptions concerning the objective function and annual failure probability. It appears that with increasing malfunctioning cost, the target reliability index and the optimum structural resistance increase (Figure A.1 and A.2). The design working life seems to have a very limited influence on the optimum life time reliability, particularly for small discount rates (Figure 3). For practical purposes the optimum target reliability index and the corresponding structural parameter can be well assessed considering reasonable lower bounds for the design working life (say 50 years) and the discount rate (say 0.02). Available experience indicates that applications of the optimization approach in practice should be primarily based on properly formulated objective functions, and on credible estimates for the cost per unit of structural parameter and cost of structural failure (malfunctioning costs).



31



Chapter 2: Basis of design – methodological aspects



32
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CHAPTER 3: STATIC LOADS DUE TO TRAFFIC Pietro Croce1 1



Department of Civil Engineering, Structural Division - University of Pisa



Summary In contemporary codes for bridges, load traffic models for static verification aim to reproduce the real values of the effects induced in the bridges by the real traffic, i.e. the effects having specified return periods; therefore they are artificial models, generally not representing real vehicles. Static traffic load models of EN1991-2 are illustrated and their origin is discussed.
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INTRODUCTION



Whilst in traditional bridge codes static loads were represented by real vehicles, in modern codes, static verifications are performed through artificial models, resulting in the same values of the effects induced in the bridges by the real traffic. Static traffic load models for road, pedestrian and railway bridges of the new Eurocode EN 1991-2 [1] are illustrated, stressing the background philosophy and the applied methodological criteria. Calibration of traffic models for road bridges was based on real traffic data recorded in two experimental campaign performed in Europe between 1980 and 1994 and mainly on the traffic recorded in may 1986 in Auxerre (F) on the motorway Paris- Lyon. The Auxerre traffic was identified, on the basis of the available data, as the most representative European continental traffic in terms of composition and severity, also taking into account the expected traffic trends. This conclusion was confirmed by more recent studies [2]. The calibration is discussed in much more detail in Appendix A to the present chapter.
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THE EN 1991-2 LOAD TRAFFIC MODELS FOR ROAD BRIDGES



The static load model for road bridges of the EN 1991-2 is illustrated in the following. As the load model is calibrated for road bridges having carriageway width smaller than 42 m and span length up to 200 m, it cannot be used, in principle, outside the above mentioned field. Anyhow, it results generally safe-sided for bigger spans. 2.1



Division of the carriageway and numbering of notional lanes The carriageway is defined as the part of the roadway surface sustained by a single structure (deck, pier etc.). It includes all the physical lanes (marked on the roadway surface), the hard shoulders, the hard strips and the marker strips. Its width w should be measured between the kerbs, if their height is greater than 100 mm, or between the inner limits of the safety barriers, in all other cases. The carriageway width does not include, in general, the distance between fixed safety barriers or kerbs of a central reservation nor the widths of these barriers.
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The carriageway is divided in notional lanes, generally 3 m wide, and in the remaining area, according to Table 1, as reported, for example, in figure 1. If the carriageway is physically divided in two parts by a central reservation, then: -



each part, including all hard shoulder or strips, should be separately divided in notional lanes, if the parts are separated by a fixed safety barrier; the whole carriageway, central reservation included, should be divided in notional lanes, if the parts are separated by demountable safety barriers or another road restraint system.



Table 1. Subdivision of the carriageway in notional lanes Carriageway width w



Number of notional lanes nl



Width of a notional lane



Width of the remaining area



w0.5 m ad hoc studies are necessary



3.6 m (it is recommended adoption of Φ3)



Note: For cases 1.1 to 4.6 inclusive LΦ cannot exceed the determinant length of the main girders
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Table 8.c. Determinant length LΦ Case Main girders



Structural element



Determinant length LΦ



5.1



Simply supported girders and slabs (including steel beams embedded in concrete)



Span in the main girder direction



5.2



Girders and slabs continuous over n spans with Lm=(L1+ L2+....+ Ln)/n



LΦ=min[(1+0.1⋅n)⋅Lm; Li,max]



5.3



Portal frames and closed frames or boxes: - single span



-



spanning in longitudinal direction



5.4



Consider as three span continuous beam (use expression in 5.2 with horizontal and vertical lengths of members of frame or box) Consider as multi span continuous beam (use expression in 5.2 with lengths of end vertical members and members) Half span of the bridge



5.5



Single arch, arch rib, stiffened girder of bowstring



5.6



Series of arches with solid spandrels retaining fills



Twice the clear opening



4 times the longitudinal spacing of suspension bars



Suspension bars (in conjunction with stiffening girders) Structural supports 6



Columns, trestles, bearings, uplift bearings, tension anchors and for calculation of contact pressure under bearings



Determinant length of the supported member



Application of traffic loads on railway bridges In designing a railway bridge, the number and the position of the loaded tracks should determined first, according to the relevant influence surfaces. In each verification the greatest number of tracks geometrically and structurally possible should be considered in the less favourable position, irrespective of the effective positions of the intended tracks, according to the given minimum spacing between centre-lines of adjacent tracks. Actions of different nature should be combined considering traffic loads and forces placed in the most unfavourable positions. For the determination of the most adverse load effects, the following rules apply: when LM 71 is considered,



4.4.



-



any number of uniformly distributed loads qvk should be applied on the track and up to four concentrated loads Qvk should be applied once per track,
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-



for elements carrying two tracks, Load Model 71 shall be applied to either track or both tracks, for bridges carrying three or more tracks, LM 71 should be applied if loaded tracks are less than three, while 0.75 times LM71 should be applied for three or more loaded tracks;



when LM SW/0 is considered, -



-



the loading SW/0 should be applied once to a track; for elements carrying two tracks, LM SW/0 should be applied to either track or both tracks; for bridges carrying three or more tracks, LM SW/0 should be applied if loaded tracks are less than three, while 0.75 times LM SW/0 should be applied for three or more loaded tracks; continuous beam bridges designed for LM71 must be checked for LM SW/0 too;



finally, when LMSW/2 is considered, -



the loading SW/2 shall be applied once to a track, for elements carrying more than one track, LM SW/2 shall be applied to any one track only, with LM71 or LMSW/0 applied to the other tracks, in accordance with the specific application rules.



When relevant, the following rules apply for the Load Model “unloaded train”: -



the Load Model “unloaded train” shall only be considered in the design of structures carrying one track. any number of lengths of the uniformly distributed load qvk shall be applied to a track.



For serviceability assessments concerning deformations, LM 71 and, if relevant, Load Models SW/0 and SW/2 increased by the dynamic factor Φ should be applied. For vibrations or resonance assessments, the above mentioned Load Models for High Speed trains (HSLM) or Real Trains (RT) should be also taken into account. The number of loaded tracks to be loaded when checking the limits of deflections and vibration is given in table 9.



4.5



Horizontal forces - characteristic values



4.5.1 Centrifugal forces When the track is curved over the whole or part of the length of the bridge, the centrifugal force and the track cant should be considered. The centrifugal forces act outwards in a horizontal direction and are applied 1.80 m above the running surface, considering the Maximum Line Speed V allowed on the bridge, except for Load Model SW/2, for which a maximum speed of 80 km/h may be assumed. Said Qvk and qvk the characteristic values of the vertical load components of the railway load models, LM 71, SW/0, SW/2 and “unloaded train”, any enhancement for dynamic effects is disregarded, the characteristic values Qtk, qtk of the corresponding centrifugal forces are given by
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Qtk =



v2 V2 ( f Qvk ) = ( f Qvk ) [kN] gr 127 ⋅ r (13)



qtk =



2



2



v V ( f qvk ) = ( f qvk ) [kN/m], gr 127 ⋅ r



being f a reduction factor, given in the following.



Table 9. Number of tracks to be loaded for checking limits of deflection and vibration Limit States Checks and associated acceptance criteria Traffic Safety Checks:



1



2



≥3 1 or 2 or 3 or more *) 1 or 2 or 3 or more *) 1 or 2 or 3 or more *)



–



Deck twist (EN 1990 Annex 2 A2.4.4.2.2)



1



1 or 2 *)



–



Deformation of the deck (EN 1990 Annex 2 A2.4.4.2.3)



1



1 or 2 *)



–



Horizontal deflection of the deck (EN 1990 Annex 2 A2.4.4.2.4) Combined response of structure and track to variable actions including limits to vertical and longitudinal displacement of the end of a deck ( 6.5.4) Vertical acceleration of the deck (EN1991-2 6.4.6 and EN 1990 Annex 2 A2.4.4.2.1)



1



1 or 2 *)



1



1 or 2 *)



1 or 2 *)



1



1



1



1



1



1



1



1 or 2 *)



1 or 2 or 3 or more *)



–



–



–



– *)



Number of tracks



SLS Checks: Passenger comfort criteria (EN 1990 Annex 2 A2.4.4.3) ULS Checks Avoidance of unrestrained uplift at bearings



whichever is critical (see multi-component actions in §4.6)



In equations (13), v in m/s and V in km/h are the maximum line speed, g is the gravity acceleration and r is the radius of curvature in m. In case of varying radius, r could suitably set to its mean value. Centrifugal forces should be combined with the pertinent vertical traffic load. The centrifugal force shall not be multiplied by the dynamic factor Φ2 or Φ3. The factor f takes into account the reduced mass of higher speed trains, therefore, as for short loaded lengths the magnitude of centrifugal forces is dictated by faster light vehicles, for Load Model 71 (and where significant Load Model SW/0) the cases considered in table 10 shall be considered, depending on the line speed V and on the adjustment factor α. For Load Model 71 (and LM SW/0, if relevant) the reduction factor f is given by:



 V − 120  814 2.88    ≤1.0, f = 1 − + 1 . 75 1 −   1000  V L f    



(14)



where V is the maximum line speed in km/h and Lf is the influence length in m of the loaded part of curved track on the bridge, which is most unfavourable for the design of the structural element
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under consideration. For Load Model 71 (and where significant Load Model SW/0) and V>120 km/h, two cases should be taken into account: -



-



case a: in this case Load Model 71 (and where relevant Load Model SW/0) is taken into account with its dynamic factor and the centrifugal force is evaluated according to equations (13) setting V=120 km/h, so that the latter is not reduced (f = 1); case b: in this case Load Model 71 (and where relevant Load Model SW/0) is taken into account with its dynamic factor and the centrifugal force is evaluated according to equations (13) considering the maximum speed V=120 km/h and the related reduction factor f, evaluated according (14).



Table 10. Load cases for centrifugal force evaluation Value of α



α120



Centrifugal force based on V [km/h]



α



f



V



1



f



1⋅f⋅(LM71”+”SW/0)



Associated vertical traffic based on



Φ⋅α⋅1⋅(LM71”+”SW/0) or Φ⋅α⋅0.5⋅(LM71”+”SW/0) when vertical traffic actions are favourable



≤120



α =1



>120



≤120



α >1



>120*)



≤120



α



1



α⋅1 (LM71”+”SW/0)



0



---



---



---



V



α



1



α⋅1 (LM71”+”SW/0)



0



---



---



---



V



1



f



1⋅f⋅(LM71”+”SW/0)



Φ⋅1⋅1⋅(LM71”+”SW/0) orΦ⋅1⋅0.5⋅(LM71”+”SW/0) when vertical traffic actions are favourable



120



1



1



1⋅1 (LM71”+”SW/0)



0



---



---



---



V



1



1



1⋅1 (LM71”+”SW/0)



Φ⋅1⋅1⋅(LM71”+”SW/0) orΦ⋅1⋅0.5⋅(LM71”+”SW/0) when vertical traffic actions are favourable



0



---



---



---



V



1



f



1⋅f⋅(LM71”+”SW/0)



Φ⋅1⋅1⋅(LM71”+”SW/0) orΦ⋅1⋅0.5⋅(LM71”+”SW/0) when vertical traffic actions are favourable



120



α



1



α⋅1 (LM71”+”SW/0)



0



---



---



---



Φ⋅α⋅1⋅(LM71”+”SW/0) or Φ⋅α⋅0.5⋅(LM71”+”SW/0)



V



α



1



α⋅1 (LM71”+”SW/0)



0 ------* valid only if maximum speed of heavy freight traffic limited to 120 km/h )
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Φ⋅α⋅1⋅(LM71”+”SW/0) or Φ⋅α⋅0.5⋅(LM71”+”SW/0)



120



when vertical traffic actions are favourable



when vertical traffic actions are favourable
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When the line speed V is bigger than 300 km/h and the influence length Lf is bigger than 2.88 m a lower bound exists for f, f (V=300 km/h). For Load Models SW2 and unloaded train f=1.0. 4.5.2 Nosing force The nosing force Qsk, to be always combined with the vertical traffic load, is represented by a concentrated force acting horizontally, applied at the top of the rails, normally to the centre-line of track, on both straight and curved track. For rail traffic with maximum axle load of 250 kN, the characteristic value should be taken as Qsk=100 kN and it should be multiplied by the dynamic magnification factor Qsk. Nosing force should by multiplied by the adjustment factor α only when α>1. 4.5.3 Actions due to traction and braking Traction and braking forces are commonly considered as uniformly distributed over the corresponding influence length La,b for traction and braking effects related to the structural element considered. Traction force is indicated with Qlak and braking force is indicated with Qlbk. Traction and braking forces, applied the top of the rails in the longitudinal direction of the track, should be determine according to the following expressions, which are applicable to all types of track construction, e.g. continuous welded rails or jointed rails, with or without expansion devices, being La,b in m: Traction force:



Qlak = 33 La,b [kN]≤1000 [kN] for Load Models 71, SW/0, SW/2, “unloaded train” and HSLM;



Braking force:



Qlbk = 20 La,b [kN]≤6000 [kN] for Load Models 71, SW/0 and Load Model HSLM Qlbk = 35 La,b [kN] for Load Model SW/2 Qlbk = 2.5 La,b [kN] for Load Model “unloaded train”.



(15)



(16)



In some special case, like for lines carrying special traffic (restricted to high speed passenger traffic for example) the traction and braking forces may be taken as equal to 25% of the sum of the axle-loads of the Real Train acting on the influence length of the action effect of the structural element considered, with an upper limits of 1000 kN for Qlak and 6000 kN for Qlbk.



4.6



Multicomponent traffic actions



4.6.1 Characteristic values of multicomponent actions The simultaneity of the above mentioned traffic loadings may be taken into account by considering the mutually exclusive groups of loads given in EN 1991-2 and reported in table 11. Each groups of loads reported in the table defines a single variable characteristic action, that should be taken into account for combination with non-traffic loads and should be considered as a single variable traffic action. The number of group loads is high; therefore it implies a considerable increase of the number of the load combinations to be considered in the analyses. Anyhow, the number of the load groups can be considerably reduced, making some little safe-sided simplification, so that only four relevant group of loads need to be taken in account, according to table 12.
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Table 11. Groups of traffic loads (characteristic values of multicomponent actions) Groups of loads Reference EN 1991-2



n= 1



2



≥ 3



Number of tracks



Horizontal forces 6.5.1 6.5.2 Centrifugal Nosing force(1) force



1



11



T1



1



1 (5)



0.5 (5)



0.5 (5)



1



12



T1



1



0.5 (5)



1 (5)



1 (5)



1



13



T1



1 (4)



1



0.5 (5)



0.5 (5)



1 1



14 15



T1 T1



1 (4)



0.5 (5) 0.5 (5)



1 1 (5)



1 1 (5



1 1 2



16 17 21



T1 T1 T1 T2



1 1



1 (5) 0.5 (5) 1 (5) 1 (5)



0.5 (5) 1 (5) 0.5 (5) 0.5 (5)



0.5 (5) 1 (5) 0.5 (5) 0.5 (5)



2



22



T1 T2



1 1



0.5 (5) 0.5 (5)



1 (5) 1 (5)



1 (5) 1 (5)



2



23



2



24



1 (4) 1 (4) 1 (4) 1 (4)



2



26



T1 T2 T1 T2 T1 T2 T1 T2 Ti



1 1 0.5 (5) 0.5 (5) 1 (5) 1 (5) 0.5 (5) 0.5 (5) 0.75 (5)



0.5 (5) 0.5 (5) 1 1 0.5 (5) 0.5 (5) 1 (5) 1 (5) 0.75 (5)



0.5 (5) 0.5 (5) 1 1 0.5 (5) 0.,5 (5) 1 (5) 1 (5) 0.75 (5)



2 ≥3



(1) (2) (3) (4) (5) (6) (7)



Vertical forces



6.3.2/6.3.3 6.3.3 6.3.4 6.5.3 (1) Load Loaded LM 71 SW/2 Unload Traction, group track SW/0 (1), (2) (1),(3) ed train Braking(1) HSLM(6)(7)



27 31



1



1 1



1 1 1 1 0.75



Comment



Max. vertical 1 with max. longitudinal Max. vertical 2 with max. transverse Max. longitudinal Max. lateral Lateral stability with “unloaded train” SW/2 SW/2 Max. vertical 1 with max longitudinal Max. vertical 2 with max. transverse Max. longitudinal Max. lateral SW/2 SW/2 Additional load case



All relevant factors (α, Φ, f, ...) shall be taken into account. SW/0 shall only be taken into account for continuous span bridges. SW/2 needs to be taken into account only if it is stipulated for the line. Factor may be reduced to 0.5 if favourable effect, it cannot be zero. In favourable cases these non dominant values shall be taken equal to zero. HSLM and Real Trains where required in accordance with 6.4.4 and 6.4.6.1.1. of EN 1991-2 If a dynamic analysis is required in accordance with 6.4.4 of EN 1991-2 also see 6.4.6.5(3) of EN 1991-2. Leading component action as appropriate to be considered in designing a structure supporting one track (Load Groups 11-17) to be considered in designing a structure supporting two tracks (Load Groups 11-27 except 15). Each of the two tracks shall be considered as either T1 (Track one) or T2 (Track 2) to be considered in designing a structure supporting three or more tracks; (Load Groups 11 to 31 except 15. Any one track shall be taken as T1, any other track as T2 with all other tracks unloaded. In addition the Load Group 31 has to be considered as an additional load case where all unfavourable lengths of track Ti are loaded.



60



Chapter 3: Static loads due to traffic



Table 12. Assessment of simplified groups of traffic loads Load type



Vertical load



Horizontal load



Notes



Group of loads



Vertical load (1)



Unloaded train (1)



Traction Braking



Centrifugal force



Nosing force



Group 1 (2)



1.00



----



0.5 (0)



1.00 (0)



1.00 (0)



Maximum vertical and lateral action



Group 2 (2)



----



1.00



0



1.00 (0)



1.00 (0)



Lateral stability



Group 3 (2)



1.00 (0.5)



----



1.00



0.5 (0)



0.5 (0)



Maximum longitudinal action



Group 4 (3)



0.8 (0.6, 0.4)



0.8 (0.6, 0.4)



0.8 (0.6, 0.4)



0.8 (0.6, 0.4)



Concrete cracking



Leading action



(1) (2) (3)



Including all his coefficients φ, α and so on Simultaneity of several actions with their characteristic values, even if improbable, is considered for groups 1, 2 and 3, considering that the consequences of this assumptions are not relevant Group 4 should be considered only for concrete cracking (values in parentheses are to be considered when more than 1 track is loaded: 0.6 for two loaded tracks and 0.4 for three or more loaded tracks.



4.6.2 Other representative values of the multicomponent actions The frequent values of multicomponent actions can be determined using the same rules given above: for each group of loads, instead of characteristic values, the factors given in table 11 affect the frequent values of the relevant actions considered. When the reduced number of groups of loads is considered, according to table 12, only group 4 should be taken into account. Quasi-permanent traffic actions shall be taken as zero.
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CONCLUDING REMARKS



In recent years, bridge codes have considerably evolved. This evolution is the result of the positive interaction of several factors, namely -



recent progresses of the probabilistic theory of structural reliability; improved knowledge of the statistical parameters governing the extreme value distributions of climatic actions; and, finally, availability of large databases regarding in situ traffic measurements all around the world.



The most evident outcome of the modern code development is the “artificial” nature of traffic load models. Since they aim to reproduce to real traffic effects characterised by specified return period or by given probability to be exceed in the design working life of the bridge, traffic load models can differ considerably by real vehicles, in terms of silhouette and axle’s arrangement as well as in terms of axle and vehicle weights. 61
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Amongst the contemporary codes for bridge design, Eurocode emerges for its primary importance, profiting of out to date background and ad hoc studies. It must be highlighted that Eurocode has been widely checked and it is successfully applied in current design practice in Europe. In the present chapter the static traffic load models for road, pedestrian and railway bridges of EN 1991-2 have been discussed, highlighting the application rules and the group of traffic loads to be considered in combination with non-traffic actions. When relevant, particular attention has been devoted to background information, also aiming to suggest safe-sided simplified assumptions. In the appendix A to this chapter, calibration study of the traffic load models for road bridges are illustrated in details, while in the Annex A to the present Guidebook, the future traffic trends of the lorry traffic in European road network is discussed and their consequences on EN 1991-2 load models are analysed. Non traffic actions are illustrated in chapter 5 and load combinations in chapter 7. The practical application of the load models for road bridges is better detailed in chapters 8, 9 and 10, where three case studies are developed.



7



REFERENCES



[1] EN1991-2, Eurocode 1: Actions on structures - Part 2: Traffic loads on bridges. CEN, Brussels, 2003. [2] O’Connor, A.J. et al., Effects of traffic loads on road bridges – Preliminary studies for the re-assessment of the Eurocode 1, Part 3. Proceedings of the 2nd European Conference on Weigh-in-motion of road vehicles. Lisbon, 1998 [3] EN1990-A2, Eurocode: Basis of structural design – Annex A2: Applications for bridges. CEN, Brussels, 2005 [4] Croce, P. & Sanpaolesi, L., Design of bridges. Pisa: TEP, 2004. [5] O’Brien, E.J. et al., Bridge applications of weigh-in-motion. Paris: Laboratoire Central des Ponts et Chaussées, 1998. [6] Bruls, A et al., ENV1991 Part 3: The main model of traffic loads on road bridges. Background studies. Proceedings of IABSE Colloquium on Basis of Design and Actions on Structures. Background and Application of Eurocode 1. Delft, 1996. [7] Croce, P. & Salvatore, W., Stochastic model for multilane traffic effects on bridges. Journal of Bridge Engineering, ASCE, 6(2): 136-143, 2001 [8] Tschemmernegg, F. & al, Verbreiterung und Sanierung von Stahlbrücken. Stahlbau n. 9, 1989. [9] Sedlacek, G. & al. 1991. Eurocode 1 - Part 12. Traffic loads on road bridges. Definition of dynamic impact factors. Report of subgroup 5.



62



Chapter 3: Static loads due to traffic



Appendix A to Chapter 3 – Development of static load traffic models for road bridges of EN 1991-2



A.1



General principles



Static load models for road bridges of EN 1991-2 have been developed considering that an up to date structural code should -



-



be easy to use; be applicable independently on the static scheme and on the span length of the bridge; reproduce as accurately as possible the real load effects induced on the bridge by all possible flowing and jammed traffic scenarios, that can occur on the bridge during its design working life; the real load effects are characterised by a specified return period or by a given probability to be exceeded during the design working life; include the dynamic magnification due to the road-vehicle and to the bridgevehicle interactions in load values; allow combinations of local and global effects of actions; be unambiguous, covering all the cases that could occur in the design practice.



Obviously, as load models are to be defined and calibrated referring to traffic effects having specified return periods, pre-normative studies had to deal with complicated theoretical and methodological problems. Among these, especially significant were those concerned with the extrapolation to very long time periods of effects due to flowing traffics, recorded on the slow lane for few days or few weeks, taking into account the most severe flowing and/or congested traffic scenarios that could happen on one or on several lanes.



A.2



Static load model philosophy



As a rule, the evaluation of real traffic effects and the subsequent drafting and calibration of the load model can be carried out by analytical and numerical methodologies consisting of: -



identification of the most significant real traffic records; choice of the static schemes and spans of the relevant bridges; specification of the influence surfaces the most significant effects; elaboration of the traffic data and their manipulation to obtain jammed, slowed down and flowing traffic types; determination of the histograms of the extreme values of the effects induced by the transit of the different traffic typologies on the influence surfaces; simulation of extreme scenarios for multilane traffic; elaboration and extrapolation of the histograms of the extreme values of the effects to evaluate the reference values, characterized by specified return period; correction of the reference values to take into account the dynamic effects due to road-vehicle and to vehicle-structure interactions; drafting and calibration of the load model; applicative trials;
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-



A.3



model refinement.



Statistical analysis of European traffic data



As said, the first phase of the study was devoted to statistic analysis of European traffic data, in order to select the most representative traffics, in terms of the expected flow and composition. Available European traffic’s data were mainly the result of two large measurement campaigns performed, respectively, within 1977 and 1982 on bridges situated in France, Germany, Great Britain, Italy and Holland and within 1984 and 1988 on several roads all around the Europe. Recorded daily flows on the slow lane were varying between 1000 and 8000 lorries on motorways, and between 600 and 1500 lorries on main roads, while fast lane daily flows on motorway and slow lane daily flows on secondary roads resulted drastically reduce to 100-200 lorries. [4, 5]. Statistical analyses, that allowed to know the distributions of the most significant traffic parameters, like traffic composition, inter-vehicle distances, axle’s spacing, weight, length and speed of each lorry, essentially was limited to data recorded in Italy, France and Germany; in fact, UK data appeared poorly representative of the continental situation, while Spanish and Dutch data seemed excessively influenced by the respective road systems peculiarities. Significant data, derived from long distance motorway traffics (Auxerre (F), Garonor (F), Brohltal (D), Fiano Romano (I), Sasso Marconi (I) and Piacenza (I)), are summarized in tables A.1÷A.5. Table A.1 shows the daily flows of cars and lorries per lane and the percentage of inter-vehicular distances smaller than 100 meters; table A.2 illustrates the traffic compositions in terms of standardized lorries, while table A.3 illustrates the composition of the entire fleets of circulating commercial vehicles in the three above mentioned Countries. Finally, daily flows of axles heavier than 10 kN and lorries, together with the respective values of statistical parameters are shown in table A.4 and A.5, respectively. Generally, the analysis of the European traffic data shows that -



mean values of axle-loads and total weight of heavy vehicles strongly depend on the traffic typology, i.e. on the road classification; they are usually very scattered: the statistical distribution of the axle-load is generally unimodal, with the mode around 60 kN, while the statistical distribution of the total weight is bimodal with the first mode around 150 kN and the second mode around 400 kN;



Table A.1. Daily traffic flows per lane Cars



Lorries



% intervehicle distance2 Axles) 1.6



Articulated lorries (%) 40.2



Lorries with trailer (%) 41.6



Garonor (F - 1982)



38.6



2.6



47.6



11.2



Garonor (F - 1984)



47.5



2.2



44.3



6.0



Auxerre (slow lane) (F)



22.7



1.3



65.2



10.8



Auxerre (fast lane) (F)



27.6



3.5



58.4



10.5



Fiano R. (I)



41.4



7.0



29.0



22.6



Piacenza (I)



35.3



7.5



35.8



21.4



Sasso M. (I)



40.1



10.0



30.2



19.7



Brohltal (D)



Table A.3. Composition of the circulating lorry fleets Germany



France



Italy



2 axles



17.0



32.0



38.67



3 axles



5.0



5.8



9.0



4 axles



25.0



25.0



10.0



5 axles



52.0



33.2



33.0



6 axles



1.0



4.0



8.0



> 6 axles



--



--



1.33



Table A.4. Daily flows and statistical parameters of axles heavier than 10 kN and lorries ALL AXLES Flow Pmean σ [kN] [kN]



TANDEM AXLES Pmax [kN]



TRIDEM AXLES



σ Pmax Flow Pmean Flow Pmean [kN] [kN] [kN] [kN]



σ [kN]



Pmax [kN]



Brohltal (D)



19970 59.0 28.4 165.0 1977 116.5 54.6 260.0 1035



60.0



230.0 355.0



Garonor (F) 1982



8470



126.3 49.3 340.0 303



90.0



200.0 295.0



Garonor (F) 1984



11593 59.3 30.0 195.0 1016 132.1 58.1 290.0 489



90.0



200.0 320.0



57.6 27.6 180.0



712



Auxerre (F) 10442 82.5 35.2 195.0 slow lane



844



165.6 54.0 305.0 961



130.0 250.0 390.0



Auxerre (F) fast lane



47



141.2 63.9 275.0



120.0 250.0 390.0



581



73.1 41.2 200.0



51



Fiano R. (I) 15000 56.8 32.9 142.0 2000 115.2 45.5 245.0 900 Piacenza (I)



80.0



260.0 360.0



20000 61.8 31.0 135.0 2500 127.0 44.1 260.0 1500 100.0 220.0 365.0



Sasso M. (I) 13000 61.9 30.8 135.0 1600 136.4 49.5 260.0 800



110.0 250.0 375.0
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Table A.5. Daily flow and total weights of commercial vehicles Pmean σ Pmax Flow [kN]



[kN]



[kN]



Brohltal (D)



4793



245.8



127.3



650.0



Garonor (F) 1982



2570



189.8



107.5



550.0



Garonor (F) 1984



3686



186.5



118.0



560.0



Auxerre (F) slow lane



2630



326.7



144.9



630.0



Auxerre (F) fast lane



153



277.2



163.6



670.0



Fiano R. (I)



4000



204.5



130.3



590.0



Piacenza (I)



5000



235.2



140.0



630.0



Sasso M. (I)



3500



224.9



149.0



620.0



-



-



-



-



-



on the contrary, daily maxima are much less sensitive to traffic composition and they vary between 130 and 210 kN for single axles, between 240 and 340 kN for two axles in tandem, between 220 and 390 kN for three axles in tridem, and between 400 and 650 kN for the total lorry weight; daily maxima of axle-loads and of total weight of the vehicle largely exceed the legal values; in consequence of industrial choices of lorry manufacturers, vehicle geometries have remained practically unchanged since the 1980’s: the inter-axle distance distribution strongly results trimodal: the first mode, a little scattered, is located around 1.30 m, corresponding to the usual axle’s spacing for tandem and tridem arrangements of axles, the second mode, also characterized by low scattering, is located around 3.20 m, a typical value for tractors of articulated lorries, while the third one, located around 5.40 m, is much more dispersed; long distance continental Europe traffic data are sufficiently homogeneous; the heavy traffic composition evolved in a very straightforward way during the 1980’s: the percentage of articulated lorries stepped up despite a strong reduction in the less commercially profitable trailer trucks, in conjunction with a contraction of the number of single lorries, whose use is increasingly limited to local routes; in consequence of a better and more rational management of the lorry fleets, the number of empty lorry passages has been strongly reduced and often limited to the sole tractor unit in case of articulated lorries, , so raising the mean vehicle loads; long distance traffics are much more aggressive than local traffics; generally lorry flows tend to increase, even if the absolute maximum flow was recorded in 1980 in Germany on the Limburger Bahn (8600 lorries per day on the slow lane).



On the basis of the above mentioned considerations, the studies for calibration of EN 1991-2 load models for road bridges were based on the traffic recorded in Auxerre (France), on the motorway A6 Paris-Lyon. The Auxerre traffic is very severe and summarizes effectively the main characteristics of the long distance European traffic, especially in terms of composition. Other traffic data have been used only for checking the reliability of the results obtained with Auxerre data. The most relevant parameters of the slow lane Auxerre traffic are summarized in figures A.1÷A.6. More precisely, in figures A.1, A.2 and A.3 are shown the histograms of
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vehicle speeds, inter-vehicle distances and axle loads, respectively, referring to the total vehicle’s flow (lorries plus cars), while in figures A.4, A.5 and A.6 are reported the analogous histograms referring only to the lorry flow. The statistical analyses allow to conclude that speed and length of vehicles are poorly correlated and, from the probabilistic point of view, practically independent on the axle-loads and on the total weight of the vehicles. It must be stressed, finally, that European traffics exist which are more aggressive than the Auxerre traffic, like the one recorded in Paris on the Boulevard Périférique. Such traffics, nevertheless, are not very significant, since they depend on local situations and are hard to generalize. 0.08 0.07
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Figure A.1. Histogram of the vehicle speed frequency – Auxerre – total flow
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Figure A.2. Histogram of the inter-vehicle distance frequency – Auxerre – total flow
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Figure A.3. Histogram of the axle load frequency – Auxerre – total flow
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Figure A.4. Histogram of the vehicle speed frequency – Auxerre – lorries



A.4



Traffic scenarios



The evaluation of the reference values of the real traffic effects induced on the bridge by the recorded traffic is not trivial. Traffic records generally refer to normal flowing situations; they are often inadequate to represent the most severe situations, which can happen in disturbed traffic scenarios. For this reason, in order to consider extreme traffic situations as well, traffic data have been opportunely manipulated, considering deterministic traffic scenarios being representative of some relevant real situation [6], [7]. Concerning the single lane, four different types of traffic models have been developed as follow: flowing, slowed down, and congested with/or without cars. 68
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Figure A.5. Histogram of the inter-vehicle distance frequency – Auxerre – lorries
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Figure A.6. Histogram of the axle load frequency – Auxerre – lorries The flowing traffic is represented by the traffic as recorded. Flowing traffic, to which a suitable dynamic coefficient must be associated, is particularly important for bridges spanning up to 30 to 40 m, when characteristic values are sought. If frequent values are wanted, flowing traffic is relevant in a much wider span range. Slowed down traffic is significant when infrequent loads are sought. It can be easily obtained considering the vehicles in the recorded order and reducing the distance among adjacent axles of two consecutive vehicles to a suitable minimum value to simulate vehicle convoys in braking phase. The minimum distance can be generally set to 20 m. The congested traffic, which is relevant when the bridge span is greater than 50 m, can be finally extracted from the recorded traffic reducing to 5 m the distance between the adjacent axles of two consecutive vehicles, so reproducing a traffic column in slow (stop and go) motion.
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The traffic scenarios are particularly influenced by the driver behaviours, therefore, among the congested traffic configurations, it is particularly meaningful that one characterized by the presence on the slow lane of lorries only. In fact, when the traffic slows down, the drivers of lighter and faster vehicles tend to change lane to overtake heaviest vehicles. This effect is very well represented in classical photos, like that reported by Tschemmenerg & al. [8], relative to traffic jams on the Europa bridge (figure A.7). Obviously, the congested traffic without cars can be simply obtained disregarding light vehicles, below 35 kN.



Figure A.7. Traffic jam on the Europa Bridge (from [8]) In defining the target values of traffic effects, extreme situations characterised by flowing or jammed traffic on one or several lanes have been modelled considering several deterministic traffic scenarios, as synthesized below, considering Auxerre traffic. Flowing multilane traffics were obtained considering the following effects: -
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for the most loaded lane, the first lane, the extrapolated effect induced by the slow lane traffic as recorded; for the second lane, the daily maximum effect (not extrapolated), induced by the slow lane traffic as recorded; for the third lane, the mean daily effect induced by the slow lane traffic as recorded;
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-



for the fourth lane, the mean daily effect induced by the fast lane traffic as recorded.



Jammed traffic scenarios took into account: -



for the most loaded lane, the first lane, the extrapolated effect induced by the congested traffic without cars, deduced from the slow lane traffic; for the second lane, the daily maximum effect induced by the congested traffic with cars, deduced from the slow lane traffic; for the third lane, the daily maximum effect induced by the slow lane traffic as recorded; for the fourth lane, the mean daily effect induced by the slow lane traffic as recorded.



Target values have then been evaluated referring to a considerable number of bridge spans and influence surfaces. In particular, nine cylindrical influence surfaces have been considered for simply supported as well as continuous bridges, spanning between 5 and 200 m.



A.5



Extrapolation methods



As mentioned above, the choice of the main load model and its calibration requires the preliminary knowledge of the reference values, which are the relevant values of the effects characteristic, infrequent, frequent, and quasi-permanent - to be reproduced through the load model itself. Obviously, even considering deterministic traffic scenarios, the methodology to evaluate the reference values cannot be taken for granted, so that suitable numerical procedures, based on appropriate extrapolation methods of the histograms of the traffic induced effects must be set-up. The relationship between the return period and the distribution fractile can be easily determined, assuming a uniform flow of lorries on the bridge. Under this hypothesis the distance amongst two vehicles can be considered as equivalent to unit time interval, so that the vehicles are described by a stationary time series X1, X2.…, Xi,…,Xn, being Xi the weight of the i-th vehicle entering the bridge at time i. If the weights Xi are independent and distributed according to the same cumulative distribution function F(x), the return period Rx of the x value of Xi, which is defined as R x = E [N x ] , where N x = inf {n | X 1 < x, X 2 < x,...., X n−1 < x, X n ≥ x},



(A.1)



can be derived from R x = [1 − F ( x)] . −1



(A.2)



If the time series is replaced by a stationary stochastic process {Xt, t>0}, then R x = E [Tx ], where Tx = inf {t | X t ≥ x ∧ X u < x, ∀u < t}.



(A.3)



If YN is the maximum value of Xi and N is the total number of vehicles crossing the bridge during Rx, then it is YN = max{X i ,0 < i ≤ N }.



(A.4)
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As the Xi are independent and identically distributed, the cumulative distribution function F[YN] of YN itself is given by F [YN ] = [F (x )] .



(A.5)



n



In conclusion, said yp the upper p-fractile of YN, p is



( )



p = 1− F yp ,



(A.6)



and, for N→∞ and T→∞, R results



( )



R = R yp = −



T T ≅ , where 0 < p 
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