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 Foreword Concrete has good inherent fire-resistant and concrete structures are generally capable of being repaired after a fire, even a severe one. The initial guidance on assessment and repair was published by The Concrete Society in 1978 as Technical Report 15, Assessment of firedamaged concrete structures and repair by gunite(1). In the late 1980s The Society was concerned that the guidance should remain useful and a Working Party was set up to update TR 15 and to include methods of repair other than gunite (sprayed concrete), which by then had its own Code of Practice. This led to the publication in 1990 of Technical Report 33, Assessment and repair of fire-damaged concrete structures(2). In 2007 The Society again reviewed the guidance given in TR 33 and concluded that much of it was still sound and that the Technical Report was widely used. However, there was a need to bring the material in the document into line with current Standards and repair techniques. The emphasis in TR 33 was still on the use of sprayed concrete, with little mention of other repair methods. In addition, assessment techniques, such as petrography, and analytical methods had advanced significantly. A small working party was formed, which prepared the present Technical Report. The emphasis of this report is on methods for assessing a concrete structure following a fire and hence for determining the extent of the required repairs. The design approaches used to assess the strength of repaired elements, illustrated by design examples, are in accordance with the relevant Eurocodes(3, 4, 5). The chapter on repairs is somewhat more limited than in previous versions of the Technical Report as the working party considered that techniques are common to all concrete repairs, irrespective of the cause of the damage, and not simply to the repair of fire-damaged concrete structures. Finally the report includes summaries of a number of case studies of the assessment and repair of structures damaged by fire.
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 1
 
 Introduction
 
 Concrete is inherently fire-resistant and concrete structures are generally capable of being repaired after a fire, even a severe one. In the 1980s, Tovey and Crook(6, 7) summarised the information gathered from over 100 fire-damaged structures. They concluded that, almost without exception, the structures performed well during and after the fire. Most of the structures were repaired and returned to service; when structures were demolished and replaced, it was generally for reasons other than the damage sustained during the fire. Some more recent case studies are given in Appendix A of this Technical Report, which outline the damage caused by the fire and the subsequent investigation. The examples include residential buildings, commercial buildings and bridges. In all but one case the structure was successfully repaired. 1.1
 
 SCOPE
 
 The emphasis of this report is on methods for assessing a concrete structure following a fire and hence for determining the extent of the required repairs. The design approaches used to assess the strength of repaired elements, illustrated by the design examples in Appendix B, are in accordance with the relevant Eurocodes(3, 4, 5). In addition to structural damage, there may be smoke damage to partitions, electrical and mechanical systems etc. Although the associated costs of cleaning or replacing such systems can be significant, they are not considered in this report. The focus of this report is on fires in reinforced concrete buildings, including multi-storey structures, warehouses and factories, but the principles are equally applicable to civil engineering structures, such as bridges. However, tunnels are specifically excluded as an assessment of their performance will require specialised geotechnical input, which is beyond the scope of this report. There is a major difference between designing a structure to withstand a fire, allowing for safe evacuation and fire fighting, and assessing the extent of damage caused by a fire so that repair methodologies can be proposed. While designing structures is predicting performance during a future event, assessing structures is determining its residual strength after such an event. Hence, the focus in the latter case and in this report is on methodologies to measure on site the residual strength and deformations and to obtain evidence of the temperatures reached during the fire. Calculation methodologies are presented that may assist during the evaluation process, but the working party felt that any assessment needs to be based mainly on an on-site evaluation of the fire damaged structure, which is supplemented as necessary by laboratory testing, examination or numerical assessment. In all cases, it is important that the assessment work is carried out by a competent person, who is aware of the limits of applicability for any methodology and whether special considerations for certain construction methods are required. The competent person needs to be aware that material properties and calculation methodologies presented in Eurocode 2 may not be applicable to the specific situation, since effects such as cooling of the structure or restraint and residual stresses need consideration after a fire event. This means that although the structure may have served its purpose according to Building Regulations and allowed for safe evacuation and fire fighting, considerable effort may be required to strengthen the structure for future occupation after a fire.
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 A brief chapter on repair techniques is included, which makes reference to more detailed guidance. The working party considered that techniques are common to all repairs, irrespective of the cause of the damage, and not simply to the repair of fire-damaged concrete structures. Finally appendices to the report includes summaries of a number of case studies of the assessment and repair of structures damaged by fire, worked examples and historical information on design and material properties given in British Standards and other documents. 1.2
 
 PROCESS
 
 After a fire the focus is on immediate measures for securing public safety. In the UK, the fire brigade will usually secure the building; if they have any doubts about the stability of the structure they will call in the local Building Control Officer to make an assessment. After a serious fire the Building Control Officer may require parts of the structure to be demolished or stabilised before anyone else can enter. If part of a damaged building is to remain occupied while repairs are carried out elsewhere, it will be necessary to establish that the remaining escape routes, fire separation, fire protection systems etc are adequate throughout. The responsible person, as defined in the Regulatory Reform Order(8), is required to assess whether the building is deemed safe. The Fire and Rescue Authority can request that compliance with the requirements of the fire safety order is demonstrated. The fire authority has the powers to take enforcement action where requirements of the order are breached or where a serious risk to life exists. Often the authority will also be notified by the police, who may investigate arson. Finally, the insurers may commission an investigation of the damage. The insurer will often have a major interest in finding the most cost effective solution for repairing the structure. When a fire has occurred, the requirements are generally for an immediate and thorough appraisal to be carried out, with clear objectives. Such an appraisal should begin as soon as the building can be entered safely and generally before the removal of debris. The competent person needs to establish whether the building is safe or not and propose propping of the structure, if required. Propping might not be required if the structure is too damaged for repair and demolition is proposed. The spalled and discoloured or blackened concrete surfaces and exposed reinforcement generally apparent after a severe fire often present a picture which suggests widespread and significant damage; Figure 1 shows the aftermath of a fire in a concrete multi-storey building under construction (see Ingham(9)). However, in practice the damage may be much less severe. It is necessary to be strictly objective and to consider the effect of high temperature upon the properties of the materials concerned. This is considered in Chapter 2.
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 Figure 1: The interior (left) and exterior (right) of a concrete framed structure shortly after a major fire during construction. Remedial measures are likely to be based on a comparison of the cost of removal and the need for replacement. Experience shows that, following detailed appraisal, reinforced concrete structures can nearly always be repaired by means of a selection of suitable techniques. In the case of severe damage, replacement of some elements may be necessary. However, the actual fire resistance of a concrete structure is frequently well above minimum requirements due to the structural continuity present in most buildings. These reserves of strength may enable the structure to survive severe fires and still be reinstated. Reinstatement by repair will usually be preferable to demolition and rebuilding as it may require less capital expenditure, and may also produce a direct saving as a result of earlier reoccupation. As an example, Figure 2 shows the completed 10-storey concrete framed residential building mentioned earlier that was extensively damaged by a fire during construction (see Figure 1) and subsequently repaired, allowing earlier occupation than if it had been demolished and reconstructed(9).
 
 Figure 2: View of the same structure as Figure 1 after repair of fire damage.
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 Table 1 is intended as a simple guide to the process of assessment and repair; reference is made to the main parts of the report dealing with the various activities. The main contractor and, if appropriate, a repair specialist should be appointed as early as possible so that they can participate in the preparation of the programme and the strategy for the site work. Table 1: Stages in the assessment and repair process. Stage 1
 
 2
 
 3
 
 4
 
 5
 
 1.3
 
 Activities Carry out preliminary inspection of the structure. Take immediate steps to secure public safety and the safety of the structure; it may be necessary to prop members that are in a critical condition. Carry out on-site assessment of the structure to determine the extent of damage (by visual inspection, breakouts and/or nondestructive testing). Decide which elements require cosmetic repairs only (e.g. cleaning and repainting) and which, if any, will require further assessment under Stage 3. (At this stage the decision may be taken to demolish and rebuild parts or all of the structure.) Break out spalled concrete to determine depth of fire damage. Carry out laboratory testing of concrete and reinforcement samples to determine their residual strengths and confirm depth of fire-damage, supplemented by thermal modelling where appropriate. Possibly carry out dimensional surveys to determine the extent of deflections of beams and slabs and lateral movements of columns. Determine structural capacity of members that are to be repaired, using reduced residual material properties, and hence determine additional concrete and reinforcement required to reinstate original capacity. The opportunity may be taken to upgrade parts or all the structure to modern standards. (As at Stage 2, the decision may be taken to demolish and rebuild parts of the structure if the quantity of additional material required makes repair uneconomic or impractical.) Select appropriate repair methods and carry out work to restore the structure to its original capacity.
 
 Reference Section 1.3
 
 Sections 2.3 and 2.5 and Table 7
 
 Sections 2.3 and 2.4
 
 Chapter 3 and Appendix B
 
 Chapter 4
 
 HEALTH AND SAFETY
 
 All repair work will be subject to the requirements of the Construction (Design and Management) Regulations(10), generally known as the CDM Regulations. The Regulations require a planning co-coordinator to be appointed if the construction work is longer than 30 days duration or requires more than 500 person days. All operatives should wear the appropriate personal protective equipment (i.e. safety helmet, gloves, boots etc) when carrying out repairs. Further aspects of health and safety are covered in Sections 4.2 and 4.9.2; the latter is specifically concerned with the use of sprayed concrete.
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 It is essential to consider the safety of the structure at all stages, from the initial assessment phase through to the final repair. Where necessary, beams and slabs should be propped, with temporary bracing. Phased breaking out may be required in some circumstances. Special consideration is needed if the structure is to be left for some time before repair work is carried out, during which time further deterioration may occur. The obvious risk of collapse of the structure should be considered, as well as the risk to third parties, for example from falling debris. During the course of the remedial works risks, such as falling concrete during breaking out, should be assessed and appropriate actions specified to mitigate any identified events that could arise. Safe access to the area being repaired should be provided for personnel. Repair materials and equipment should be stored in a suitable location, taking account of any additional loads they may apply to the weakened structure. Temporary falsework may be urgently required to secure the structure, not just for individual members, but for the stability of the structure as a whole. Remaining applied loads and all dead loads should be calculated for all doubtful members. Special care is required to avoid the transfer of excessive loads and stresses to other members. This applies particularly where falsework is being used to relieve a column at an intermediate floor level. Relieving falsework may have to be carried through to foundation level to avoid creating excessive stresses in adjoining parts of the structure. Installation of the falsework should precede the detailed appraisal described in the following chapter. Attention is drawn to BS 5975, Code of practice for falsework(11).
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 2
 
 Assessment of damage
 
 The aim of an assessment of a fire damaged structure is to propose appropriate repair methods or to decide whether demolition of elements or the whole structure is more appropriate. 2.1
 
 OBJECTIVES AND METHODOLOGY OF ASSESSMENT
 
 The total feasibility of repair is dependent on parameters such as the extent of local and global damage to the building, but also to direct losses, such as damage to the façade or mechanical and electrical (M&E) installations, and indirect losses to business, for example by relocation of people, interruption of trade and the costs of cleaning smoke and combustion products, which may include cleaning to provide acceptable air quality in future. The focus of this report is on the assessment of the damage of the concrete structure only. The respective stakeholders need to decide from their point of view if the suggested repair methodology is appropriate. A systematic approach will result in a damage classification for the various parts of the affected structure, which may be used in the selection of appropriate repair techniques. At best members may need no structural repair as they have sufficient residual strength, and at worst demolition will be required. The assessment can follow two methodologies, which can be used separately or combined depending on the nature of the fire and of the structure, as follows: 1. Test the fire damaged concrete to directly assess the concrete quality. 2. Estimate the fire severity so as to deduce temperature profiles and hence to calculate the residual strength of the concrete and the reinforcement. Following the first methodology, there are several levels and methods to test fire damaged concrete: • Visual inspection and hammer soundings • Non-destructive testing (e.g. rebound hammer, ultrasonic pulse velocity (UPV)) • Coring, sampling and subsequent laboratory testing (e.g. petrographic examination, strength testing of concrete and reinforcement samples). The second methodology involves three steps, which should be confirmed by tests: 1. Evaluation of fire severity – This can be performed based on debris or applying numerical evaluation methods, such as computational fluid dynamics. 2. Determination of temperature-profiles – This maybe performed applying numerical methods or simpler calculation techniques as provided for instance in Part 1-2 of Eurocode 2(5). 3. Assessment of residual strength of the concrete – See Section 2.2.2. With both methodologies, the result will be a damage classification, which ideally should be provided on drawings showing the actual condition of the fire damaged structure. It is advisable to assess the strength of the unaffected concrete to confirm the design assumptions. The assessment needs to provide sufficient information to finally prepare detailed drawings with instructions on how to repair the structure. 2.2
 
 MATERIALS
 
 14
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 The following sections outline the material properties of concrete, reinforcing steel and prestressing wires to facilitate an understanding of the residual strength after a fire. 2.2.1
 
 Effects of high temperature on concrete strength and elastic modulus
 
 After cooling to ambient temperatures it has been observed that the strength of concrete may be further reduced from its strength at high temperature. Effectively during the cooling period a further loss of strength takes place because of continuing disintegration of the microstructure, see for example Schneider(12). This is one reason that a more conservative strength reduction factor to assess the residual strength of the concrete than that given in Part 1-2 of Eurocode 2 is proposed, see Figure 3.
 
 residual strength factor %
 
 1.00
 
 residual strength
 
 0.80
 
 1 hr exposure (Bazant et.al)
 
 0.60
 
 0.40 2 hr exposure (Bazant et.al)
 
 0.20
 
 0.00 0
 
 200
 
 400
 
 600
 
 800
 
 1000
 
 o
 
 temperature C
 
 [Note: Change Bazant et al to Bazant and Kaplan.] Figure 3: Typical effect of heat upon the compressive strength of dense aggregate concrete after cooling. The stress:strain curves in the Eurocode are based on steady state as well as transient state tests. For this reason the stress:strain relationships given are solely valid for heating rates between 2 and 50K/min. Creep effects are not explicitly considered. Therefore, strictly speaking the Eurocode curves are not valid for the cooling phase, see Franssen(13). It should be noted that there is a great variation in the residual strength of concrete after cooling depending on factors, including the following: • The maximum temperature attained • Duration of heating exposure • Mix proportions • Aggregates • Conditions of loading during heating and stress level.
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 Concretes containing certain synthetic lightweight aggregates, such as sintered pulverised-fuel ash are though to offer good fire resistance, provided that the concrete is dry. However, poor performance has been observed in conditions were the concrete is saturated at the time of the fire. The cement type and cement blend also influence behaviour of concrete in fire. Modern concretes often include a pozzolanic mineral addition in the binder such as fly ash (pulverised-fuel ash or pfa) ground granulated blastfurnace slag (ggbs). Their use is generally thought to give a slight improvement in heat resistance owing to the fact that they reduce the amount of calcium hydroxide (portlandite) within the hydrated binder. However, in the case of microsilica, its use significantly increases the risk of spalling due to the fact that it leads to very low permeability to the hardened concrete. Figure 2.1 also shows data from Bazant and Kaplan(14) giving the residual strength of concrete samples exposed to the same temperatures, but for different exposure times. It can be seen that a longer exposure to higher temperatures results in lower residual strength. In simple terms, for temperatures up to 300°C, the residual compressive strength of structuralquality concrete is not significantly reduced, while for temperatures greater than 500°C the residual strength may be reduced to only a small fraction of its original value. Consequently, the design methodology in the Eurocode discounts the strength of concrete exposed to temperatures higher than 500°C. On the basis of the uncertainties regarding the assessment of the residual strength of concrete discussed above, this report recommends a more conservative approach, discounting the residual strength for concrete exposed to temperatures above 300°C.
 
 2.2.2
 
 Mineralogical changes in concrete caused by heating
 
 Heating concrete causes a progressive series of mineralogical changes that can be investigated by petrographic examination to determine the maximum temperature attained and deduce the depth to which the concrete has been damaged. A compilation of the changes undergone by Portland cement concrete as it is heated is presented in Table 2, which is based on Ingham(9). Table 2: Mineralogical and strength changes to concrete caused by heating. Heating temperature 70–80°C 105°C 120–163°C 250–350°C
 
 Changes caused by heating Mineralogical changes Strength changes Dissociation of ettringite, Ca6Al2(SO4)3(OH)12·26H2O causing its depletion in the cement matrix. Loss of physically bound water in aggregate and cement matrix Minor loss of commences causing an increase in the capillary porosity and minor strength possible microcracking. ( 0.95d = 454.1mm x = 2.5(d – z) = 59.75 < 1.25hf Therefore the neutral axis is in the flange and the beam may be designed as a rectangular section. Required tensile force
 
 = 233.82 ×103 / 454.1 = 514.92kN
 
 Residual tensile force
 
 = 469.77kN
 
 Additional tensile force
 
 = 45.15kN
 
 Additional area of steel required
 
 = (45.15 × 103) / (0.87 × 500) = 103.79mm2
 
 Provide 2 × H10 as new bars (157mm2) Shear: Check the area of links required taking into account the reduction due to the fire damage. Check shear at distance d from face of support using Clause 6.2.1(8) of BS EN 19921-1. Shear force at d from face of support VEd Shear stress
 
 = 74.82 (5/2 – 0.19 – 0.454) = 137.08kN = 137.08 × 103/ (0.9 × 220 × 478) = 1.45N/mm2
 
 Maximum shear resistance VRd,max = αcwbwzvkcfcd/(cot θ + tan θ)
 
 (Expression 6.9 and National Annex)
 
 where αcw bw z
 
 (Clause 6.2.3 and National Annex)
 
 = = =
 
 1 220mm as before 454.1mm as before 74
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 v θ
 
 = =
 
 0.6[1 – fck/250] = 0.516 angle of inclination of strut
 
 (Expression 6.6N)
 
 VRd,max = 1 × 220 × 454.1 × 0.516 × (24.5/1.5)/(2.5 + 0.4) = 290kN…… OK Shear links: shear resistance with links VRd,s = (Asw/s) zfywd cotθ Thus
 
 (Expression 6.8)
 
 Asw/s > VEd/zfywd cotθ Asw/s > 137.08 × 103/ (454.1 × 0.87 × 500 × 2.5) = 0.278 or 278mm2/m
 
 Minimum required Asw,min/s = ρw,minbw sinα
 
 (Clause 9.2.2(5))
 
 where ρw,min = 0.08fcu0.5/fyk = 0.08 × 24.50.5/500 = 0.00079 (Expression 9.4 and 9.6N and National Annex) bw = 220 α = angle between shear and longitudinal axis; for vertical reinforcement sin α = 1.0 Asw,min/s = 0.00079 × 220 × 1 = 0.174 or 174mm2/m …..Not Critical Maximum spacing of links smax = 0.75d = 358.5
 
 (Clause 9.2.2(6))
 
 Original provision 10mm dia. mild steel (2 legs) at 250mm spacing Asw/s = 157/0.25 = 628mm2/m There is no requirement for additional shear reinforcement. A small additional amount will be added however to support the added main bars and the nominal reinforcement within the repair concrete. Provide nominal links H8 at 400mm centres to locate added main bars. Since the original links are essentially adequate for redesign, the new links may be embedded in the side of the beam as shown in Figure B9 as they are principally being used to locate and support added main bars. Where such links are required to contribute to the shear strength they should be secured through the slab as shown in Figure B10 or alternatively held by anchor plates and nuts attached to threaded ends of the links or similar to provide anchorage into the compression zone. The final profile of the repaired beam is shown in Figure B11.
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 [Note: Change 2T16 to 2H10. Change R6 to H8.] Figure B9: Support of added main bars.
 
 Figure B10: Anchorage of shear links.
 
 [Note: “gunite” to be replaced by “sprayed concrete”.] Figure B11: Repaired section.
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 Note: Checks for shear between the web and the flange are required by BS EN 1992-1-1. For this scenario it was not critical and therefore the check has not been included here. Where significant damage exists to the flange and web junction this may be significant B4
 
 EXAMPLE 3 – AXIALLY LOADED COLUMN
 
 This example is only for an axially loaded column; in some cases there will be a need to consider additional bending moments induced by permanent displacement of the firedamaged column, see Section 3.4.4.
 
 [Note; Change T25 to 25mm dia high yield bars.] Figure B12: Original column profile. Axially loaded column (column 22: Figure 20) Dimensions
 
 380mm × 380mm
 
 Main reinforcement (Figure A8) 8 × 25mm dia. high yield bars, links 10mm at 300mm centres. Minimum cover (to all reinforcement) 25mm The damage to the column was visually assessed as being class 2 (Figure B13).
 
 Figure B13: Damaged column profile. 77
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 Redesign Effective height of columns 3.9m (both directions) Le/b = 3900/380 = 10.26 Ultimate axial load = 4900kN Depth of pink/red zone as determined from tests is equal to 35mm at which the concrete is taken to have reached 300ºC. The temperature of the main corner reinforcement has not exceeded 425ºC (Figure B14).
 
 Figure B14: Temperature profiles. The depth at which the concrete reached only 100ºC can be seen from Figures B15 to be approximately 75mm.
 
 Figure B15: Temperature profile at corner. As it is not intended to supplement the main reinforcement, the sprayed column may be square in section. The dimensions of the repaired column may be established directly assuming the repaired section does not fundamentally affect the behaviour of the frame. Material residual strength
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 Temperatures reached 300°C at 35mm (Figure B14) and 100°C at 75mm. The residual strengths are: Undamaged concrete (0–100ºC) = kcfcd = 1.00 × 35 = 35 Damaged concrete (100–300ºC) = kcfcd = 0.85 × 35 = 29.75
 
 MPa MPa
 
 Analysis and design Check the ultimate capacity of the residual column section NRd
 
 = Ackcfcd + Askcfyd
 
 (Expression 5.39)
 
 Area of steel = 3930mm2 Area of undamaged concrete (T < 100°C) Ac = 2302 = 52,900mm2 Area of damaged concrete (100ºC < T< 300°C) Ac = 3102 – 2302 – 3930 = 39270mm2 NRd = (52900 × 35/1.5) + (39270 × 29.75/1.5) + (3930 × 500/1.15) = 3722kN The sprayed concrete must have a capacity of: 4900 – 3722 = 1178kN and hence the required area of sprayed concrete is: 1178 × 103 / (30/1.5) = 58906mm2 The length of the side of the sprayed column is: (58906 + 3102)0.5 = 394mm
 
 Say 400mm
 
 If this new size of side is impractical, it may be necessary to add reinforcement to supplement the main bars; in this case, consideration should be given to the difficulty of ensuring that the shell can act compositely. Alternatively, sprayed concrete with a higher characteristic strength may be specified. Provide fabric reinforcement in the repair, see Figure B16.
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 [Note: “gunite” to be replaced by “sprayed concrete” and “mesh” by “fabric.] Figure B16: Repaired section.
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 Appendix C
 
 Historical information
 
 Unless indicated otherwise, all the Codes and Standards in this Appendix were issued by the British Standards Institution, London. C1
 
 DESIGN CODES
 
 The first British design code for concrete structures was introduced in 1934. Subsequently new codes have been introduced, as indicated in Table C1. Invariably there was some overlap at each transition between an old and a new code. In addition codes are subject to revision before they are eventually replaced. Table C1: The development of design codes. Date
 
 Design code
 
 1948
 
 CP 114, The structural use of normal reinforced concrete in buildings
 
 1959
 
 CP 115, The structural use of prestressed concrete in buildings
 
 1965
 
 CP 116, The structural use of precast concrete
 
 1972
 
 CP 110, Code of practice for the structural use of concrete
 
 1973
 
 1984
 
 Technical Memorandum (Bridges) BE 1/73 Reinforced concrete highway structures* Technical Memorandum (Bridges) BE 2/73, Prestressed concrete highway structures* BS 5400: Part 4, Code of practice for design of concrete bridges
 
 1985
 
 BS 8110, Structural use of concrete
 
 1990
 
 BS 5502, Buildings and structures for agriculture
 
 2004
 
 BS EN 1992, Eurocode 2: Design of concrete structures
 
 * Issued by the Department of Transport (now the Highways Agency). C2
 
 SPECIFICATION AND STRENGTH OF HISTORIC CONCRETE
 
 The strength of the concrete in historic structures is likely to be very variable. The only sure way of determining it is to carry out appropriate tests. However, if design information is available, guidance on the likely minimum concrete strength may be obtained from the Codes of Practice current at the time. The First Edition of Reinforced Concrete Designers’ Handbook by Charles Reynolds (published by Concrete Publications in 1932) proposes a series of concrete mixes A to F, with proportions ranging from 1:3:6 up to 1:1:2. The corresponding working stresses for the hardened concrete range from 400psi (400lb/sq. inch) up to 875psi (say 2.8–6.0MPa), though it is not clear what cube strengths these would equate to. The specification of concrete in accordance with CP 114, was on the basis of cement: fine aggregate: coarse aggregate ratios by volume, namely 1:1:2, 1:1½:3 and 1:2:4. The code gave minimum values for the 28-day cube strengths associated with the three Nominal Mixes as 4500, 3750 and 3000psi respectively (i.e. approximately 31, 26 and 21MPa). 81
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 CP 115 specified minimum 28-day cube strengths of 6000psi (approximately 41MPa) for pretensioned concrete and 4500psi (approximately 31MPa) for post-tensioned concrete. The Metric version of CP 114 (in 1969) retained the three Nominal Mixes but added a Table of Standard Mixes. There were three specified 28-day cube strengths (21, 25.5 and 30MPa) and mix proportions were given for different aggregate sizes and slumps. The Ninth Edition of the Reinforced Concrete Designer’s Handbook by Reynolds and Steedman (published in 1981) presents the same information (for 19mm aggregate only) but defines the mixes in terms of the letters A, B and C; Standard Mix A is equivalent to the 21MPa mix in CP 114, Mix B is equivalent to 25.5MPa and Mix C is equivalent to 30MPa. The Handbook also includes Designed Mixes D and E, with 28-day cube strengths of 40 and 50MPa respectively. Design in CP 110 (and all subsequent Codes) was based on specified concrete grades. Minimum concrete grades were specified for different types of element: 20MPa for reinforced concrete, 30MPa for post-tensioned prestressed concrete and 40MPa for pre-tensioned prestressed concrete. C3
 
 REINFORCEMENT
 
 C3.1
 
 Early reinforcement systems
 
 In the early days of reinforced concrete (from the 1890s to 1920s), a number of proprietary reinforcement systems were used. Many of these were developed in France, Germany and USA and imported into the UK. Details can be found in Bussell(66), which also covers various patented floor systems. The importance of the bond between the reinforcement and the concrete was identified at an early stage. Most of the systems are recognisable as variations on modern bars, with a wide variety of surface characteristics. For example, the Hennebique System used plain round (mild steel) bars with flattened ‘fish tail’ ends for anchorage. A very unusual product was the Kahn bar, which consisted of a square section with two projecting strips on diagonally opposite corners. These were slit along short lengths and bent up to form shear reinforcement. In the USA and UK the system was adopted by the Trussed Concrete Steel Company, which became abbreviated to Truscon. C3.2
 
 Standards and strengths
 
 The specified yield stresses given in the Standards for reinforcement have varied over the years; some values are given in Table C2. Table C2: Reinforcement standards and associated strengths. Plain round mild steel bars BS 785: 1938 & BS 785: Part 1, 1967 BS 4449: 1969, 1978 & 1988 Cold worked deformed bars BS 1144: 1943 BS 1144: 1967
 
 36,000psi (250MPa) for bars up to 1½ inches (38mm) 250MPa 70,000psi (493MPa) for bars less than 3/8 inch (10mm) 60,000psi (423MPa) for bars over 3/8 inch (10mm) 50,000psi (352MPa) for twin twisted bars 66,000psi (465MPa) for bars up to 5/8 inch (16mm)
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 17th March 2008 Section 3.4.4 amended 60,000psi (423MPa) for bars over 5/8 inch (16mm) 72,000psi (507MPa) for 72 Grade ribbed bars with rolling mark 460MPa for bars up to 16mm 425MPa for bars over 16mm
 
 BS 4461: 1969 Hot rolled deformed bars BS 785: Part 1, 1967
 
 60,000psi (423MPa) for medium tensile bars 70,000psi (493MPa) for high tensile bars 410MPa for all size 460MPa for bars up to 16mm 425MPa for bars over 16mm 500MPa for all bar sizes
 
 BS 4449: 1969 BS 4449: 1978 BS 8666: 2005
 
 C3.3
 
 Detailing symbols
 
 The symbols used on reinforcement drawings to indicate the type of reinforcement have been specified in various Standards over the years, see Table C3. Table C3: Detailing symbols. Code BS 1478:1948 BS 1478:1964 BS 1478:1967 BS 4466:1969 BS 4466:1981 BS 4466:1989
 
 BS 8666: 2000
 
 BS 8666: 2005
 
 Symbols Not specified: many variants for square and twisted bars. MR = round mild HR = round high yield HS = square high yield M = round mild steel H = round area high yield S = square area high yield R = round mild steel Y = round area high yield R = Grade 250 T = Grade 460/425 type 2 R = Grade 250 plain T = Grade 460 type 2 S = Grade 460 stainless W = Grade 460 plain D = Grade 460 type 1 R = Grade 250 plain T = Grade 460 type 2 S = Grade 460 stainless W = Grade 460 plain D = Grade 460 type 1 X = Type of reinforcement not included in the above but having properties defined in the design or contract specification. H = Grade B500A, B500B or Grade B500C according to BS 4449: 2005* HA = Grade B500A according to BS 4449: 2005 (similarly HB and HC) S = Specified grade and type of ribbed stainless steel to BS 6744: 2001 X = Type of reinforcement not included in the above but having properties defined in the design or contract specification. * In accordance with the 2008 amendment, this only applies for diameters up to and including 12mm. For bar diameters above 12mm, H = Grade B500B or Grade B500C only.
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