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 Preface
 
 This book is designed as an international reference work on the behaviour, design and analysis of reinforced concrete deep beams. It is intended to meet the needs of practising civil and structural engineers, consulting engineering and contracting firms, research institutes, universities and colleges. Reinforced concrete deep beams have many useful applications, particularly in tall buildings, foundations and offshore structures. However, their design is not covered adequately by national codes of practice: for example the current British Code BS 8110, explicitly states that ‘for design of deep beams, reference should be made to specialist literature’. The major codes and manuals that contain some discussion of deep beams include the American ACI Building Code, the draft Eurocode EC/2, the Canadian Code, the CIRIA Guide No. 2, and Reynolds and Steedman’s Reinforced Concrete Designer’s Handbook. Of these, the CIRIA Guide No. 2: Design of Deep Beams in Reinforced Concrete, published by the Construction Industry Research and Information Association in London, gives the most comprehensive recommendations. The contents of the book have been chosen with the following main aims: (i) to review the coverage of the main design codes and the CIRIA Guide, and to explain the fundamental behaviour of deep beams; (ii) to provide information on design topics which are inadequately covered by the current codes and design manuals: deep beams with web openings, continuous deep beams, flanged deep beams, deep beams under top and bottom loadings and buckling and stability of slender deep beams; (iii) to give authoritative reviews of some powerful concepts and techniques for the design and analysis of deep beams such as the softened-truss model, the plastic method and the finite element method. The contributing authors of this book are so eminent in the field of structural concrete that they stand on their own reputation and I feel privileged to have had the opportunity to work with them. I only wish to thank them for their high quality contributions and for the thoroughness with which their chapters were prepared. I wish to thank Mr A.Stevens, Mr J.Blanchard and Mr E.Booth of Ove Arup and Partners for valuable discussions, and to thank Emeritus Professor R.H.Evans, C.B.E., of the University of Leeds for his guidance over the years. Finally, I wish to thank Mrs Diane Baty for the much valued secretarial support throughout the preparation of this volume. F.K.K. © 2002 Taylor & Francis Books, Inc.
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 Reinforced concrete deep beams F.K.KONG and M.CHEMROUK, University of Newcastle upon Tyne
 
 Notation Ah Ar As Av b c, c1, c2 d f’c fcu (fy) h ha l lo M Mu sh sv
 
 area of horizontal web reinforcement with a spacing sh area of reinforcement bar area of main longitudinal reinforcement area of vertical web reinforcement within a spacing sv beam thickness support lengths effective depth concrete cylinder compressive strength characteristic strength of concrete (of reinforcement) overall height of beam effective height of beam effective span clear distance between faces of supports moment design ultimate moment; moment capacity spacing of horizontal web reinforcement spacing of vertical web reinforcement
 
 V Vc vc Vn Vs Vu vu vx, vms, vwh, vwv x xe yr z gm θ θr
 
 l l1 l2 r f
 
 shear force shear strength provided by concrete shear stress value nominal shear strength shear strength provided by steel design ultimate shear force; shear capacity ultimate shear stress value shear stress parameters clear shear span; shear span effective clear shear span distances defined in Eqn (1.11) lever arm partial safety factor for material (typically, gm=1.15 for reinforcement and 1.5 for concrete) angle angle defined in Eqn (1.11) and Figure 1.3 coefficient coefficient coefficient steel ratio As/bd capacity reduction factor; angle
 
 1.1 Introduction Recent lectures delivered at Ove Arup and Partners, London (Kong, 1986a), and at the Institution of Structural Engineers’ Northern Counties Branch in Newcastle upon Tyne (Kong, 1985), have shown that reinforced concrete deep beams is a subject of considerable interest in structural engineering practice. A deep beam is a beam having a depth comparable to the span length. Reinforced concrete deep beams have useful applications in tall buildings, offshore structures, and foundations. However, their design is not yet covered by BS 8110, which explicitly states that ‘for the design of deep beams, reference should be made to specialist literature’. Similarly, the draft Eurocode EC/2 states that ‘it does not apply however to deep beams…’ and © 2002 Taylor & Francis Books, Inc.
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 refers readers instead to the CEB-FIP Model Code. Currently, the main design documents are the American code ACI 318–83 (revised 1986), the Canadian code CAN-A23.3-M84, the CEB-FIP Model Code and the CIRIA Guide 2. Of these, the CIRIA Guide gives the most comprehensive recommendations and is the only one that covers the buckling strength of slender beams. The transition from ordinary-beam behaviour to deep-beam behaviour is imprecise; for design purposes, it is often considered to occur at a span/ depth ratio of about 2.5 (Kong, 1986b). Although the span/depth ratio l/h is the most frequently quoted parameter governing deep-beam behaviour, the importance of the shear-span/depth ratio l/h was emphasised many years ago (Kong and Singh, 1972) and, for buckling and instability, the depth/ thickness ratio l/h and the load-eccentricity/thickness ratio l/h are both relevant (Garcia, 1982; Kong et al., 1986). 1.2 History and development Classic literature reviews have been compiled by Albritton (1965), the Cement and Concrete Association (C&CA) (1969) and Construction Industry Research and Information Association (CIRIA) (1977), which have been supplemented by the reviews of Tang (1987), Wong (1987) and Chemrouk (1988). These show that the early investigations were mostly on the elastic behaviour. Of course, elastic studies can easily be carried out nowadays, using the standard finite difference and finite element techniques (Coates et al., 1988; Zienkiewicz and Taylor, 1989). However, a serious disadvantage of elastic studies is the usual assumption of isotropic materials obeying Hooke’s law; hence they do not give sufficient guidance for practical design. It was not until the 1960s that systematic ultimate load tests were carried out by de Paiva and Siess (1965) and Leonhardt and Walther (1966). These tests were a major step forward in deep beam research. They revealed a concern for empirical evidence which reflected the philosophy of the European Concrete Committee (CEB, 1964) which stated that ‘the Comité Européen du Béton considered that the ‘Principles’ and ‘Recommendations’ should be fundamentally and solely based on experimental knowledge of the actual behaviour…’ The lead provided by these pioneers was subsequently followed by many others in different parts of the world (reviews by CIRIA, 1977; Chemrouk, 1988). In the late 1960s an extensive long-term programme was initiated by Kong and is still continuing at the University of Newcastle upon Tyne; tests to destruction have so far been carried out on over 490 deep beams, which included large specimens weighing 4.5 t. each (Figure 1.1 and Kong et al., 1978; Kong and Kubik, 1991) and slender specimens of height/thickness ratio h/b up to 67 (Kong et al., 1986). © 2002 Taylor & Francis Books, Inc.
 
 REINFORCED CONCRETE DEEP BEAMS
 
 3
 
 Figure 1.1 Test on a large deep beam (after Kong and Kubik, 1991)
 
 The solution of deep-beam type problem using plasticity concepts was reported by Nielsen (1971) and Braestrup and Nielsen (1983); shear strength prediction by the plastic method is covered in Chapter 8 of this book. Kong and Robins (1971) reported that inclined web reinforcement was highly effective for deep beams; this was confirmed by Kong and Singh (1972) and Kong et al. (1972a) who also proposed a method for comparing quantitatively the effects of different types of web reinforcement (Kong et al., 1972b). Kong and Sharp (1973) reported on the strength and failure modes of deep beams with web openings; the proposed formula for predicting the ultimate load was subsequently refined (Kong and Sharp, 1977; Kong et al., 1978) and adopted by the Reinforced Concrete Designer’s Handbook (Reynolds and Steedman, 1981 and 1988). The topic has been followed up by Ray (1980) and others and is the subject of Chapter 3. Robins and Kong (1973) used the finite element method to predict the ultimate loads and crack patterns of deep beams; Taner et al. (1977) reported that the finite element method gave good results when applied to flanged deep beams. The finite element method is now covered in Chapter 9 and flanged deep beams in Chapter 5. Serviceability and failure under repeated loading was studied by Kong and Singh (1974). Garcia (1982) was among the first to carry out buckling tests on a substantial series of slender concrete deep beams; these and the subsequent tests by Kong et al. (1986) and others are discussed in Chapter 10. The effects of top and bottom loadings, the subject of Chapter 6, was © 2002 Taylor & Francis Books, Inc.
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 studied by Cusens and Besser (1985) and, less systematically, by a few others earlier (CIRIA, 1977). Rogowsky et al, (1986) carried out extensive tests on continuous deep beams, which is the subject of Chapter 4. Mau and Hsu (1987) applied the softened truss model theory to deep beams; see Chapter 7 for details. Kotsovos (1988) studied deep beams in the light of a comprehensive investigation into the fundamental causes of shear failure; Chapter 2 gives further details. The major contributions of other active workers are referred to elsewhere in this volume; mention need only be made here of Barry and Ainso (1983), Kubik (1980), Mansur and Alwis (1984), Regan and Hamadi (1981), Rasheeduzzafar and Al-Tayyib (1986), Roberts and Ho (1982), Shanmugan (1988), Singh et al. (1980), Smith and Vantsiotis (1982), Subedi (1988), and Swaddiwudhipong (1985). With reference to Chapter 8, plastic methods have valuable applications in structural concrete. However, their more general acceptance has probably been hindered by the widespread confusion over the fundamental plastic theorems themselves (Kong and Charlton, 1983). For example, the plastic truss model proposed by Kumar (1976) could be shown to violate the lower bound theorem (Kong and Kubik, 1977). The difficulties are unlikely to be overcome until the currently widespread misunderstanding of the principle of virtual work can somehow be cured (Kong et al., 1983b). 1.3 Current design practice The subsequent sections of this chapter will summarise the main design recommendations of: the CIRIA Guide 2, the (draft) Eurocode and the CEBFIP Model Code, the ACI Code 318–83 (revised 1986) and the Canadian Code CAN-A23.3-M84 1.4 CIRIA Guide 2 The CIRIA Guide (CIRIA, 1977) applies to beams having an effective span/ depth ratio l/h of less than 2 for single-span beams and less than 2.5 for continuous beams. The CIRIA Guide was intended to be used in conjunction with the British Code CP110:1972; however, the authors have done some comparative calculations (Kong et al., 1986) and believe that the CIRIA Guide could safely be used with BS 8110:1985. The Guide defines the effective span l and the active height ha as follows (see meanings of symbols in Figure 1.2.) l=lo+[lesser of (c1/2 and 0.1 lo]+[lesser of (c2/2) and 0.1 lo]
 
 (1.1)
 
 ha=h or l whichever is the lesser
 
 (1.2)
 
 © 2002 Taylor & Francis Books, Inc.
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 Figure 1.2 CIRIA Guide 2—meanings of symbols c1, c2, h, l and lo
 
 The CIRIA Guide considers that the active height ha of a deep beam is limited to a depth equal to the span; that part of the beam above this height is taken merely as a load-bearing wall between supports. 1.4.1 CIRIA Guide ‘Simple Rules’ CIRIA’s ‘Simple Rules’ are intended primarily for uniformly loaded deep beams. They can be applied to both single-span and continuous beams. 1.4.1.1 Flexural strength Step 1: Calculate the capacity of the concrete section. (1.3) where fcu is the concrete characteristic strength and b the beam thickness. Step 2: If l/ha .5 go to step 3. If l/ha>1.5 check that the applied moment M does not exceed Mu of Eqn (1.3) Step 3: Calculate the area As of the main longitudinal reinforcement: >
 
 As>M/0.87fyz
 
 (1.4)
 
 where M is the applied moment, fy the steel characteristic strength and z the lever arm, which is to be taken as follows: z=0.2l+0.4ha for single-span beams
 
 (1.5)
 
 z=0.2l+0.3ha for continuous beams
 
 (1.6)
 
 Step 4: Distribute the reinforcement As (Eqn (1.4)) over a depth of 0.2ha. Anchor the reinforcement bars to develop at least 80% of the maximum ultimate force beyond the face of the support. A proper © 2002 Taylor & Francis Books, Inc.
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 anchorage contributes to the confinement of the concrete at the supports and improves the bearing strength. 1.4.1.2 Shear strength: bottom-loaded beams Step 1: Calculate the concrete shear capacity: Vu=0.75bhavu
 
 (1.7)
 
 where vu is the maximum shear stress taken from Table 6 of CPI 10 (1972) for normal weight concrete and Table 26 for lightweight concrete (see also BS 8110: Part 1: clause 3.4.5.2 and Part 2: clause 5.4) Step 2: Check that the applied shear force V does not exceed Vu of Eqn (1.7) Step 3: Provide hanger bars in both faces to support the bottom loads, using a design stress of 0.87fy. The hanger bars should be anchored by a full bond length above the active height h a or, alternatively, anchored as links around longitudinal bars at the top. Step 4: Provide nominal horizontal web reinforcement over the lower half of the active height ha and over a length of the span equal to 0.4ha measured from each support. The area of this web reinforcement should not be less than 80% that of the uniformly distributed hanger steel, per unit length. The bar spacing and reinforcement percentage should also meet the requirements of Section 1.4.1.5. 1.4.1.3 Shear strength: top-loaded beams. The proven concept of the clear shear span x, as used by Kong et al. (1972b and 1975) has been adopted by the CIRIA Guide. The CIRIA Guide has also accepted the Kong et al. (1972b) proposal that, for uniformly distributed loading, the effective clear shear span xe may be taken as l/4. Step 1: With reference to Figure 1.3, calculate the effective clear shear span xe which is to be taken as the least of: i) The clear shear span for a load which contributes more than 50% of the total shear force at the support. ii) l/4 for a load uniformly distributed over the whole span. iii) The weighted average of the clear shear spans where more than one load acts and none contributes more than 50% of the shear force at the support. The weighted average will be calculated as S(Vrxr)/SVr where SVr=V is the total shear force at the face of the support, Vr=an individual shear force and xr=clear shear span of Vr. Step 2: Calculate the shear capacity Vu to be taken as the value given by Eqns (1.8) and (1.9) (1.8a) © 2002 Taylor & Francis Books, Inc.
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 7 (1.8b)
 
 Vu=bhavu
 
 (1.9)
 
 where the xe is the effective clear shear span calculated from step 1, vu is as defined for Eqn (1.7) and vc is the shear stress value taken from Table 5 of CP1 10 (1972) for normal weight concrete and Table 25 for lightweight concrete (see also BS 8110: Part 1: clause 3.4.5.4 and Part 2: clause 5.4). Step 3: Check that the applied shear force V does not exceed the shear capacity Vu calculated in step 2. Step 4: Provide nominal web reinforcement in the form of a rectangular mesh in each face. The amount of this nominal reinforcement should not be less than that required for a wall by clauses 3.11 and 5.5 of CP1 10 (1972); this in effect means at least 0.25% of deformed bars in each direction (see also BS 8110: Part 1: clauses 3.12.5.3 and 3.12.11.2.9). The vertical bars should be anchored round the main bars at the bottom; the horizontal bars should be anchored as links round vertical bars at the edges of the beam. The bar spacings and minimum percentage should also meet the requirements of section 1.4.1.5. 1.4.1.4 Bearing strength For deeper beams (l/h
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 Figure 1.3 Meanings of symbols Ar. ha, x, yr, θr, φ (after CIRIA, 1977)
 
 contribution to the shear capacity; for a beam with or thogonal web reinforcement; it can also be tabulated for various steel ratios and x e/ha ratios. In other words, for a beam with orthogonal web reinforcement, Eqn (1.11) can be expressed as Eqn (1.12), which is more convenient to use in design: V/bha					    
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