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12.1 Introduction The design of reinforced and prestressed concrete has been increasingly codified during the past 40 years. Before the Second World War, recommendations for design had been published in the UK in a Code of Practice prepared by the Department of Scientific and Industrial Research, which was issued in 1934,1 and in the Building By-laws of the London County Council of 1938.2 After the war, the DSIR Code was revised and became the British Standard Code of Practice, CP 114, in 1948.3 The Institution of Structural Engineers published its First Report on Prestressed Concrete in 1951,4 which gave design procedures for prestressed construction. This report was subsequently revised and issued as BS Code of Practice, CP 115, in 1959.5 The BS Code of Practice for the Design of Precast Concrete, CP 116,6 appeared in 1965 and supplemented the two earlier BS codes. By this time, a number of codes dealing with specialized forms of concrete construction were being prepared. Codes of Practice 114, 115 and 116 have been updated from time to time and are currently adopted as deemed-to-satisfy documents in the Building Regulations. An important innovation took place in 1972 when a unified BS code, CP 110, for the structural use of concrete7 was published. This code, which it was intended should supersede Codes 114, 115 and 116, introduced a new feature in design, namely limit state design in which account was taken directly of the possibility of failure or unserviceability occurring during the life of the structure being designed. The particular factors considered included the risks resulting from variability of the materials, inaccuracy in design assumptions and construction, variability of loading and the incidence of accidental damage. Whilst the approach to design was modified, many existing methods of analysis and calculation were retained. Provision was made for the incorporation of new data on loading and materials, and on structural performance and methods of construction as they became available. The basis for this approach had been developed by the European Committee for Concrete assisted by the International Federation for Prestressing who published a jointly prepared code8 in 1978 having previously issued separate codes. This code was used in the production of a code for the European Economic Community.9 Code of Practice 110 did not replace the earlier Codes 114, 115 and 116, which still remain in force, but it has now been revised as BS 8110.10 The approach adopted in CP 110 has been retained and the content has been brought up to date. In addition, a manual" has been prepared by the Institution of Structural Engineers conforming with its recommendations but presented in simpler form and dealing with a more limited range of construction. The guidance given in this chapter is related directly to the contents of BS 8110. Whilst these developments were taking place in the UK, somewhat similar changes were occurring elsewhere. Some idea of the differences between the recommendations adopted in the UK and elsewhere are given in Table 12.1, which makes some comparisons between BS 8110, the American Building Code, ACI 318-8312 and the EEC Code. 12.1.1 Definitions This chapter is concerned with the basic approach to design of reinforced and prestressed concrete. It deals with both cast-inplace and precast concrete whether reinforced or prestressed. It includes information on the use of plain or deformed steel reinforcing bars and with tendons which may be either pretensioned or post-tensioned. In this context some definitions and an indication of limitations may be useful. (1) Reinforcement which is used to provide the tensile compo-



nent of internal forces in reinforced concrete, generally consists of one of three types of material: plain round mildsteel bar produced by hot-rolling; plain square or plain chamfered square twisted mild-steel bar which has had its yield stress raised by cold-working; ribbed bars, which may be hot-rolled from steel with high yield stress or coldworked by twisting from hot-rolled mild-steel. Since steel reinforcement can only develop an effective tensile force by extension of the concrete by cracking, there is a limit on the maximum strength of steel that can be used. In general the yield stress should not exceed 500N/mm2 although higher strength steels may be used if particular care is taken to avoid excessive cracking or deflection. (2) Tendons are used to impart a prestress to concrete before service loads are applied which offsets the tensile stresses which will later result from the application of these loads. Tendons are usually comprised of plain, indented or deformed cold-drawn carbon steel wire, of seven-wire or nineteen-wire strand spun from one or two layers respectively of cold-drawn carbon steel wire around a core wire, or of high-tensile alloy steel bar. The strength of steel used must be high enough for it to be extended sufficiently to avoid excessive loss of tension due to elastic contraction, creep and shrinkage of the concrete. In general it is not of lower tensile strength than about 1000N/mm2. (3) In prestressed concrete, prestressing may be effected by pretensioning or post-tensioning the tendons. Pretensioned tendons are stressed before the concrete is cast. They are stretched either between temporary anchorages placed sufficiently far apart for a number of moulds to be assembled in line around the tendons, i.e. the 'long-line' method, or between the ends of specially strong moulds, i.e. the 'individual' mould method; in each case, concrete is then cast and allowed to harden before the tendons are released from their temporary anchorages. The methods are best-suited to mass production in the factory and usually use wire or the smaller sizes of strand as tendons. With post-tensioning, however, the tendons are stressed after the concrete has hardened and are usually accommodated in ducts within the concrete being held at their ends by anchorages, of which there are various proprietary types. Subsequently the ducts are grouted with cement grout to protect the tendons from corrosion. This method is mostly applied to site construction and tends to use tendons of relatively large size.



12.2 Behaviour of structural concrete The characteristics of concrete that have conditioned its development as a structural material are its high compressive strength and relatively low tensile strength. In consequence its use for flexural members did not become practicable until it was discovered that steel reinforcement could be cast in the concrete to carry the bending tensile stresses whilst relying on the concrete to carry the bending compressive stresses. Experiment showed that mild steel, when present in the tension zone in relatively small amounts, provided a material with characteristics for deformation and strength which complemented those for concrete and provided a practical form of construction. Early research workers concluded that the presence of the steel increased the extensibility of the concrete. Later experiments showed, however, that this was not so. It then became clear that as the tensile stress in the steel of a beam increased beyond a small amount, which is appreciably less than that developed under service loading, cracks developed in the concrete. These cracks were controlled in width and numbers by the position of the reinforcement relative to the concrete surface and by the size



Table 12.1 Notes on different Codes of Practice (British, American and EEC) (A) BS 8110 - Structural use of concrete10 (B) ACI 318 - Building code requirements for reinforced concrete12



(C) Eurocode No. 2 - 'Common unified rules for concrete structures'9



Status (A) This national code was prepared by the British Standards Institution, an organization with some direct support from Government, and accepted as providing conformity with British Building Regulations, but not in itself mandatory, other authenticated design procedures may be acceptable.



(B) This national code was prepared by the American Concrete Institute; it is used extensively in State regulations for building control. It is widely recognized internationally and is adopted in part or wholly in the codes of a number of other countries.



(6) The code has been prepared by the Commission of the European Community for use in member countries, and is one of a number now being produced to deal with all common materials and forms of construction. It is likely to be adopted for building control in those countries and will be recognized as satisfying the requirements of national regulations. The code has drawn on the work of international organizations, which are supported worldwide, and hence it is likely to have an important influence on the formulation and revision of codes in other countries outside as well as inside the Community.



(B) The objectives of the ACI Code are similar to those of (A) but the means of achieving them are different. Design requires consideration of ultimate strength but a single factor is defined for relating strength to the loads to be supported instead of adopting the combined effects of partial safety factors for both loading and strengths of materials, as in (A). The principles for calculating the strength of sections are otherwise similar in requiring compatibility between stress and strain. For flexure, the strength of concrete is defined in terms of 85% of the cylinder strength reducing as strength increases instead of 67% of the cube strength irrespective of strength, as in (A) and there are slight differences in the shape and extent of the stress-strain curve assumed; precautions are introduced to avoid brittle compression failures. Serviceability with respect to deflection is ensured either by limiting span : depth ratios or by checking that the long-term deflections do not exceed defined limiting values. Cracking is controlled by limitation of calculated crack width and provision of reinforcement for both reinforced and prestressed concrete. In (A), on the other hand, cracking of prestressed concrete may be controlled by limitation of tensile stress, the nominal tensile stress being related to amount and distribution of secondary reinforcement. The ACI Code has an appendix which gives an alternative method of design for reinforced concrete which is based on permissible stresses in the materials.



(C) Since the developments of the BS code and of the EEC code have drawn on a common source, the two codes, as already noted, have a common basis. However, the former was drafted by a committee with a British background in design and in the development of codes, whereas the latter has incorporated multi-national European experience and there are therefore a number of differences. Also in Britain, codes are generally regarded as advisory whereas in Europe they are mandatory. The main differences between the two codes are, however', in detail, the EEC Code tending to be more precise. Thus, the definition of limit states, the loads to be considered, and the strengths to be adopted with their relevant partial safety factors are closely similar. The EEC code is, however, based on cylinder strengths of concrete which gives rise to some differences when compared with the BS code. The simplified assumptions for calculation of flexural strength for each code, for example, show an apparent ratio of cylinder strength to cube strength of 0.89, which is appreciably higher than for most experimental data.



Design procedure (A) Limit state procedures (described in this chapter) are adopted following closely the 1964 Recommendations of the European Committee for Concrete, which were used subsequently in developing the EEC Code; the basic approach in the two codes is therefore very similar. The ultimate limit states include strength and stability under dead and imposed loads, wind loads, and earth and water pressure for which partial safety factors are defined depending on load groupings, and the effects of accidental loading and damage. Durability and fire resistance are not treated as limit states but are included in the design process, the former being given more emphasis than in previous codes. As far as possible the analysis of structures is based on ultimate behaviour but, where methods have not been developed, elastic analysis is accepted. The strength of sections is based on the strength of the materials, as reduced by partial safety factors, and compatibility between stress and strain using idealized stress-strain relationships. Simplifying assumptions relating to these stress-strain relationships are allowable for many types of construction. The serviceability limit states include deflection and cracking under dead, imposed and wind loads, appropriate partial safety factors for combinations of loading being given with limitations on deflection and crack width. Where necessary, allowance is required for the effects of shrinkage and creep and of temperature change. For common types of construction, limits on deflections are imposed by placing limits on span : depth



Table 12.1 Notes on different Codes of Practice (British, American and EEC)—continued (A) BS 8110 - Structural use of concrete™ (B) ACI 318 - Building code requirements for reinforced concrete12



(C) Eurocode No. 2 - 'Common unified rules for concrete structures'9



ratios, and cracking may be controlled for reinforced concrete by defining the form that the reinforcement should take. Since many practical engineers have pressed for the retention of permissible stress methods of design, the previous code applicable for reinforced concrete3 has been retained in use. It seems likely, however, that it will be withdrawn in the longer term. Concluding comment: Of necessity, these comparisons are very limited and superficial in character but should serve to show that developments in codes proceeding currently in different countries have much in common. This trend is likely to increase through the medium of the extensive international collaboration that now takes place.
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of bars used. Thus with closely spaced bars near the surface, a large number of small cracks would develop, but with large widely spaced bars, the cracks would be fewer in number and much larger for the same stress in the steel. If the stress in the steel were increased the size of the cracks increased and their size was little influenced by the surface roughness of the steel, although at one time it was thought that roughening of the surface resulted in appreciably smaller cracks of larger numbers. It was eventually established that the main benefit of using bars with a roughened surface was in developing good end-anchorage. Because steel needs to extend to develop stress and hence causes cracking and deformation of the concrete, there is a limit to the strength of steel that can be used efficiently for reinforcement, since unsightly cracking, which could lead to severe corrosion in adverse conditions and unacceptable deflections, must be avoided. The use of steel in prestressed concrete, where the stress in the steel is imposed before the concrete member is subjected to external load, avoids this problem, since the initial tensile force is developed without extending the concrete, and so no upper limit is imposed on the strength of steel that can be employed. This was not, however, appreciated in the early development of prestressed concrete. Then, steel of relatively low strength was used with a small initial tension. The experimenters found that, although this was effective at the start, the initial prestress disappeared with time. Eventually, however, it was established that this nonelastic behaviour was limited in extent and that if a sufficiently large elastic extension was imparted to the steel, the nonelastic effects of creep and shrinkage of the concrete did no more than reduce the prestress by an acceptable amount. Although for a time there was a tendency to underestimate the losses of prestress due to contraction of the concrete and to ignore creep in the steel tendons, research has now, however, clearly set the limits on what needs to be considered in design. The performance of reinforced concrete and prestressed concrete beams under increasing load is characteristically different since cracking develops in different ways in each form of construction. This is illustrated by the results of tests on beams in each form of construction as illustrated in Figures 12.1 and 12.2. Examined in more detail the deformation of the reinforced concrete beam under load is linear until cracking occurs; thereafter it approximates to a linear relationship until the steel yields as cracking becomes more extensive for beams of normal design. Subsequent deformation leads to the development of a hinge with continued yielding of the steel accompanied by damage to the concrete. This deformation continues at approximately constant moment until a stage is reached where the resistance reduces. The occurrence of this stage is influenced by the amount of transverse shear reinforcement in the section.
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Central deflection Figure 12.2 Relationship between applied load and deflection for a prestressed concrete beam showing recovery and reloading The prestressed concrete beam, however, remains uncracked usually until the service load is exceeded, and in this range its deformation is elastic. Once cracking has occurred deformation increases disproportionately rapidly with increasing load as cracks widen until the maximum load is reached. Subsequently there is a rapid reduction in resistance. Since the prestressed concrete beam is usually uncracked under service conditions its stiffness is greater than that of reinforced concrete beams of the same overall depth. In continuous construction subjected to applied loads of short duration, deformation of both reinforced concrete and prestressed concrete members is elastic or effectively elastic until service loads are exceeded. With further loading, as the applied moment at any section approaches the resistance moment at that section, there is a tendency for the moment to be relaxed and redistributed to sections that are less seriously stressed. Thus a loaded beam, built in at each end, may reach its



maximum resistance moment at mid-span before the maximum resistance moments at the supports are attained; a hinge then forms at midspan with the applied moment there remaining sensibly constant whilst the applied moments at the supports increase until hinges form at the supports. The beam has then reached its maximum carrying capacity. The capability of reinforced and prestressed concrete beams for rotation at hinges is limited, however, and restrictions therefore need to be placed on allowances in design for redistribution of moment. These allowances are smaller for prestressed concrete sections than for reinforced concrete sections since their rotational capacities are smaller. Under long-term loading, the deflection of reinforced concrete beams increases usually to about 2 or 3 times the initial deflection. Although the initial deflection is primarily influenced by the amount of steel in the section and its stress, fhe subsequent deflection is largely the result of creep of the concrete, breakdown of bond between the steel and the concrete in the tension zone between cracks which initially stiffens the beam, and the effect of the reinforcement in restraining the shrinkage of the concrete. Since prestressed concrete is usually uncracked under longterm load the initial deflection is mainly due to the deformation of the concrete. The subsequent deflection results mainly from creep of the concrete and depends on the combined effects of the prestress and the stresses due to applied load. The former tend to deform the member in the opposite direction to the latter. In consequence, a loaded prestressed concrete member may initially have an upward deflection which can continue to develop upwards or downwards depending on how heavily it is loaded. Under cyclic loading, reinforced concrete members usually fail in fatigue by fracture or yield of the reinforcement. The properties of most reinforcing steels, provided that they are free from welded connections, are, however, such that the ranges of stress experienced under service loading determined for static conditions are usually within the fatigue range. Cyclic loading leads to some increase in deflection of reinforced concrete members partly due to deformation of the concrete and partly due to breakdown of bond between cracks. Since prestressed concrete is uncracked under normal static service load conditions, the fluctuations of stress in the steel under cyclic loading are small. Fatigue failure of the steel only occurs when substantial cracks have developed and deflections are generally unacceptable. The effect of cyclic loading on prestressed concrete is to increase deflection by a small amount, i.e. 20 to 30% largely as a result of creep of the concrete. Large numbers of repetitions within the normal range of service loading do not reduce the ultimate strength of prestressed or reinforced concrete. Because of its freedom from cracking, prestressed concrete behaves better than reinforced concrete under severe cyclic loading and has therefore been used extensively for railway sleepers. Resistance of beams to impact is indicated by the energy absorbed in deforming which is given by the area of the load deflection curves. Referring again to Figures 12.1 and 12.2, the deformation of prestressed and reinforced concrete beams has been defined in three stages. In stage I, deformation is elastic and largely recoverable; in stage II, deformation is in part elastic but accompanied by cracking and is partly recoverable; whilst in stage IH, deformation is mainly due to permanent damage to the materials. Since stages I and II represent the largest amounts of absorbed energy for prestressed concrete, this material has a considerable capacity for recovery after impact. For reinforced concrete, the energy absorbed in stage HI is substantially greater than in the other two stages. Thus, reinforced concrete does not show much recovery after impact but has a high ultimate impact resistance which is appreciably higher than that for prestressed beams designed for the same static loads. Prestressed concrete



beams are, however, better in resisting repetitions of relatively light impacts with little residual damage. So far, performance has been considered mainly in terms of bending conditions, but conditions of direct stress in compression exist in columns and walls. In such construction, unless high bending moments are also likely to occur, prestressed concrete would be unsuitable and reinforced concrete should be used with the steel acting in compression. For columns, transverse steel in the form of links is essential to contain the longitudinal steel and ensure ultimate resistance to strains in excess of those causing failure of plain concrete. Evidence from long-term tests also shows that the effect of creep of the concrete in a column under load is to raise the stress in the longitudinal steel to its yield stress and hence there is a need to retain it in its correct alignment. Walls when lightly reinforced are slightly weaker than walls without reinforcement and they can therefore only be treated as reinforced when the longitudinal reinforcement exceeds a specific minimum. Other aspects of behaviour which are of importance are shear and torsion. In each case if these cause failure, the mode of failure tends to be brittle and less ductile than bending failures. Hence in design, the procedure is to avoid such failure by the inclusion of sufficient transverse reinforcement to ensure bending or compression failure in the event of severe overloading. Members subjected solely to tension are relatively rare. If they are of reinforced concrete, then the role of the concrete is to protect the reinforcement which is designed to take the whole tensile force. In prestressed members, however, the precompressed concrete can sustain the tension until the load exceeds the cracking loading when the behaviour reverts to that of reinforced concrete with the steel carrying the whole of the tension, stiffened to some extent between cracks by the concrete. For most building structures, the Building Regulations define fire resistance requirements, which are expressed in terms of a required endurance under service load when components are subjected to a standard heating regime. Both reinforced concrete and prestressed concrete are primarily influenced in their behaviour in fire by the behaviour of the steel at high temperature; as its temperature is raised its strength and yield characteristics are reduced. For reinforcing steels the rate of reduction in strength is lower than for steels used in tendons and hence greater amounts of protection are needed for prestressed concrete. This may take the form of concrete cover and the optional addition of insulating material. It is often easier, however, to provide the greater thicknesses of cover needed for tendons without loss of efficiency than that needed for reinforcement, since the positioning of tendons is governed by different requirements. The need to provide adequate durability also affects the amount of cover required to the reinforcement or tendons. As concrete ages, carbon dioxide in the air causes carbonation of the concrete which, as it progresses, reduces its capacity for inhibiting rusting of the steel. For dense concrete the rate of progress is very low but, since defects exist, experience has shown that a greater thickness of concrete is required to prevent spalling of the concrete caused by expansion of the corrosion products on rusting. Cover requirements also affect the width of cracks that are likely to occur and hence need attention in dealing with serviceability. These characteristics of the behaviour of both reinforced and prestressed concrete are considered in more detail in presenting design procedures.



12.3 Philosophy of design The early developments of the design of reinforced concrete were crystallized in this country by the issue in 1934 of Recom-



mendations for a Code of Practice1 prepared by a committee set up by the Department of Scientific and Industrial Research. It was based on the premise that the stresses in the steel and concrete should not exceed certain permissible values, related to the strengths of the materials by safety factors, when the structure was subjected to the maximum loads that it would need to carry in service. The materials were assumed to behave elastically and compatability of strains between steel and concrete was ensured by assigning a value for the ratio of their moduli of elasticity. Some account was taken of the inelastic effects of creep of concrete by adopting a low value for the modulus of elasticity of concrete in determining the modular ratio for use in the design calculations. No account was taken of the effects of shrinkage and no estimate was made of the ultimate strength of the structure. When the British Standards Institution issued its first Code for Reinforced Concrete, CP 114,3 in 1948, it followed the same general approach. In the revision in 1957, however, there was an alternative method for design in flexure which limited the stresses to the same permissible values as for elastic design but assumed that they were distributed as at failure and avoided the use of the modular ratio; this was therefore a form of ultimate strength design. Limitations on the permissible stresses in the steel and on span :depth ratios were imposed to guard against excessive deflection or cracking. Thus it could be argued that CP 114 provided for safety against failure and for the avoidance of unserviceability. The earliest formal presentation of a design procedure for prestressed concrete was contained in the First Report on Prestressed Concrete4 published by the Institution of Structural Engineers in 1951. Many of the recommendations in that report found their way into the British Standard Code of Practice for Prestressed Concrete, CP 115,5 issued in 1959. It conformed with CP 114 in the sense that it was based primarily on the limitation of stresses to permissible values related to the strengths of the materials with the object of preventing cracking and avoiding excessive deflection. It also provided for the calculation of ultimate strength and introduced separate requirements for minimum load factors for the dead and imposed loads. Thus, when the drafting of CP 1107 commenced in 1964 it had already been demonstrated that there were a number of limiting conditions or limit states which had to be considered by the designer in the overall conception of structural safety and adequacy. These were primarily limits of collapse, deformation and cracking, but other matters such as the effects of vibration, of fatigue, of deterioration with time or as a result of fire, needed attention in the design process. A further major change in the content of structural codes first introduced in CP 110 in 1972 was the move towards considering the coordinated design of the structure as a whole for safety and serviceability rather than the separate design of its component parts with only limited appreciation of their interaction. This development has become necessary partly as a result of the evolution of design philosophy and partly because the utilization of the materials has become more onerous following the general increase in the levels of stress in both concrete and steel under service conditions.



12.3.1 Criteria for limit state design The aim in limit state design is to codify the procedures normally adopted by engineers in the design of structures to provide safe, serviceable and economic construction with a reasonable degree of certainty, and to do this with a better appreciation of the margins of safety and of ignorance involved. As far as possible, it takes into account the variations likely to occur in the loads on the structure and in the strength of the



materials of which it is comprised; it can allow for inadequacies of construction and methods of analysis, and should lead to design being more closely related to the risk of occurrence of specific conditions of failure and unserviceability. For the purposes of design, both loads and strengths are expressed in terms of characteristic values. For loads, these are defined loads with a small but acceptable risk that they will be exceeded in service; they are given in the British Standard loadings for buildings,13 in BS 54OO for highway bridges and in other standards for other construction. To meet the needs of limit state design, there has been a move in recent years away from specifying loads as maximum values and towards expressing them in terms of their likelihood of occurrence where possible determined from observations of their imposition on structures (see Chapter 19). The characteristic values of loads allow for normally expected variations in loading but not for: (1) unforeseen loading effects; (2) lack of precision in design calculations; (3) inadequacies in the methods of analysis; and (4) dimensional errors in construction which alter the assumed positions or directions of loads and their effects, e.g. incorrect positioning of reinforcement and inaccurate alignment of columns in successive storeys. The values for loads used in design are therefore increased by partial safety factors to cater for these effects and to provide the margin of safety appropriate to the need for ensuring that a particular limit state is not reached. Thus, for conditions of failure, higher values are used than for those of serviceability. Where a combination of loads is assumed to be acting, the partial safety factors for each source of loading are smaller since the simultaneous occurrence of high values for each load is less likely. The loads for use in the design are therefore the sums of the products of the appropriate characteristic loads and their partial safety factors for the limit states and combination of loads being considered. For simplicity, the structural code for concrete, BS 8110,10 reduces the number of situations needing consideration to a minimum, as will be seen later. Characteristic values for the strengths of materials are usually given in the relevant standard or code. Research on materials shows that their strengths conform reasonably closely to a normal distribution, and their characteristic strengths can therefore be stated as follows: Characteristic strength = mean strength — fc, x standard deviation or: /k=/m-^x^f



(12.1)



k} is usually given a value of 1.64, which ensures for a normal distribution that not more than 5% of strengths are less than the characteristic strength. This definition of strength has been adopted in British Standards for both steel and concrete. The magnitude of the loads used in design is therefore increased by factors, partial safety factors for loads, to cater for these effects and to provide a margin of safety appropriate to the need for ensuring that any particular limit state is not reached. Thus, when envisaging conditions of failure, higher values for the factors are adopted than when considering serviceability. The strengths of the materials used in the design calculations are those defined in the specification for the structure, which are checked by physical tests. The strengths of the materials as they exist in the structure, however, are likely to differ from those determined from test specimens and some allowance is also required for changes or deterioration with time. Partial safety factors for the materials are therefore introduced and the strengths taken for design are the characteristic strengths divided by a partial safety factor, ym, which has a value depending on the limit state being considered and the nature of the material, being less for steel than for concrete.



An idealized and simplified situation for a homogeneous material is illustrated in Figure 12.3. The provisions for safety outlined so far then require:
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