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 f, and ,f fh 0.2. Linear interpolation can be used for values of a / I between 0 and 0.2.
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 For an internal load with:
 
 all=O P,
 
 = 2n
 
 (MP+ M,,)
 
 (Equation A2a)
 
 a l l 2 0.2
 
 :j
 
 (Equation A2b)
 
 + ZM,
 
 (Equation A3a)
 
 [
 
 P,=4n(Mp+M,)/
 
 1- -
 
 For an edge load with: a/l=0
 
 P,
 
 + M,,)
 
 121
 
 = [IT (MP
 
 a I I 2 0.2
 
 [
 
 .?I
 
 PU=[~(Mp+Mn)+4M,,]/ 1 - -
 
 (Equation A3b)
 
 For a free corner load with: a/l=0 P,
 
 =
 
 2Mn
 
 (Equation A4a)
 
 a l l 2 0.2 P, = 4Mn I [I -
 
 (U
 
 I I)]
 
 (Equation A4b)
 
 It should be noted that:
 
 These are ultimate limit state equations and, hence, P, is equal to the applied load times the appropriate partial safety factor for actions. These equations deal with flexure; it is essential to check for punching shear. In the above equations:
 
 MP = =
 
 Mn = =
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 ultimate positive (sagging) resistance moment of the slab (fctk."
 
 1 Yc ) %.3 h2 1 6
 
 (Equation ASa)
 
 ultimate negative (hogging) resistance moment of slab (fctk,fl
 
 1 Y, 1 h2 1 6
 
 (Equation ASb)
 
 where: fCtk," = =
 
 h
 
 =
 
 Re,3 =
 
 characteristic tensile strength of concrete (MPa)
 
 '
 
 1' + (200 )"'I fctk(005) fctk(0.05) slabdepth (mm) equivalent flexural strength ratio.
 
 (Equation A6)
 
 The use of EquationA6 is discussed further in Appendix B, where it appears as Equation B6).
 
 A.2 Punching shear
 
 Design against punching shear a t concentrated loads is based on the approach in the Eurocode for suspended slabs. This means that designs are conservative because no account is taken of transfer of load directly through the slab to the ground beneath. Punching shear capacity is determined in accordance with Eurocode 2 by checking the shear at the face of the contact area and at the critical perimeter situated at a distance 2d from the face of the contact area, where d is the effective depth of the slab, taken as 0.75h for fibre-reinforced slabs, where h is the overall slab depth. Generally, it is the shear on the critical perimeter that governs load-carrying capacity. The shear stress a t the face of the contact area should not exceed vmaxirrespective of the amount of reinforcement in the slab. The value of vmaxis given by: (Equation A7)
 
 vmaX= 0.5 k, fcd
 
 where:
 
 fcd=
 
 k,
 
 =
 
 design concrete compressive strength (cylinder) 0.6 (1 - fck/ 250)
 
 = fck
 
 vc
 
 where:
 
 fck=
 
 characteristic compressive strength (cylinder)
 
 is given by: Hence, maximum load capacity in punching, Pp,max, (Equation A8) where: uo =
 
 perimeter of the loaded area
 
 The shear stress is checked on the critical shear perimeter a t a distance 2dfrom the edge of the loaded area. The slab ultimate load capacity for punching shear (plain concrete only) is given by: Pp= (0.035k3/*fC~/* )u,d
 
 (Equation A9)
 
 where: k I 1+(200/d)05 length of the critical shear perimeter. U, =
 
 81
 
 RlLEM guidance@)suggests that the presence of steel fibres will increase the design shear capacity over that of plain concrete by an amount vf given by: Vf = 0.12 %3
 
 (Equation A10)
 
 fctk fl
 
 where:
 
 fctk," =
 
 characteristic flexural strength of plain concrete
 
 The guidance depends on the presence of conventional reinforcement, but tests on largescale steel fibre-only reinforced ground-supported slabs have shown that application of the above guidance gives conservative results. Thus, for steel fibre-reinforced concrete the slab load capacity, Pp, is given by: Pp= (0.035k3"fC,"*
 
 + 0.12Re,,fc,k,fl)u,d
 
 (Equation A l l )
 
 Note that the above are ultimate limit state equations and, hence, Pp should be greater than the applied load times the appropriate partial safety factor for actions.
 
 A.3 Other design considerations
 
 A.4 Comparison Of test results with the design approach in TR 34
 
 Equations are also given in TR 3 4 for combinations of loads, line loads and uniformly distributed loads. It also gives guidance on serviceability considerations.
 
 In order t o check the validity of the design equations in Technical Report 34(68), They tested comparisons have been made with the results of tests by Roesler four ground-supported slabs, two with synthetic fibres and two with steel fibres. Only the ones with steel fibres are considered here. The comparisons are made on the basis of the quoted cylinder compressive strengths and flexural strengths, with partial safety factors set initially t o 1.0. Note that the values were measured at 56 days so will be higher than the 28 day values used in the TR 34 design approach . Both slabs were 131.8mm thick and were loaded through a 203mm square steel plate. Thus, a = 114.5mm Average modulus of sub-grade reaction quoted as k = 0.1. Following the procedure outlined above, the comparisons were carried out as summarised in Table Al.
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 Table A1 barison betweenI rneasuiPed and predicted strengths of ground,-supported slabs.
 
 Thus, using the quoted actual cylinder strengths and flexural strengths, with partial safety factors set to 1.0, all failures occurred below the characteristic values. This may be due t o an overestimate of flexural tensile concrete strength (see Section B.2). Nonetheless, if comparisons are made including a materials partial safety factor o f 1.5, i.e. comparing with the predicted design strengths, the slabs failed at 25% above the predicted value, indicating that the approach is safe.
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 Appendix B. Design B.1 Design for flexure
 
 Various methods have been proposed for calculating the moment of resistance of SFRC sections, which can be classified as follows: 1. Discrete crack non-linear finite element analysis 2. Smeared crack non-linear finite element analysis 3. The stress-crack width method o-w 4. The stress-strain method o-E 5. Plastic analysis. The first two of these methods are specialised and will not be discussed further. Of the remainder, the o-w method is the most rigorous but is overly complex for normal use. Methods 4 and 5 are widely used in practice and are described in Section 6.2. Only the o-w method is discussed in this Appendix. The o-w method is a simplified method for modelling the hinge rotation at a crack in SFRC.The RILEM o-w is a useful introduction to the method. Figure B1 shows an idealised o-w structural model and corresponding o-w relationship for SFRC proposed by 0leson(lo6).In SFRC, stress is transferred across cracks by the combined contribution of the concrete and fibres.The crack can be modelled using the fictitious crack model (see Figure 82) that Hillerborg er al.(lo7)developed to model fracture in plain concrete. The tensile stress at the top of the crack is assumed to equal the concrete tensile strength. The crack is subdivided into a fictitious crack of length a with width I w, (see Figure B2) across which tensile stress is transferred in accordance with the o-w diagram. The length of crack below the fictitious crack is referred to as a true crack since it is stress free.
 
 Figure B1 Structural modo1for Olrron
 
 U-w mrthod.
 
 crack a) Geometry, loading and deformation of crack
 
 b) Geometry, loadingand deformation of cracked incremental horizontal strip of hinge
 
 - w Wl w2 c) Definition of parameters of bilinear stress-crack opening relationship;parametersa, and a, are negative slopes of left and right-line segments respectively
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 Appendix B - Design
 
 Figure B2 Fictitious crack model.
 
 I
 
 4 . -x-
 
 4
 
 traction free crack
 
 - -b
 
 aggregate interlock
 
 '
 
 process zone
 
 I
 
 aggregate interlock
 
 process zone
 
 b
 
 4
 
 fibre bridging
 
 IIIII 4
 
 fictitious crack
 
 b
 
 I' Concrete crack
 
 fictitious crack Crack in SFRC
 
 The essence of the o-w method is shown in Figure B1, which shows the geometry, loading and deformation of the cracked hinge proposed by Oleson('O'j). The non-linear response is assumed to be concentrated within the cracked hinge. The moment capacity of the hinge is related to the hinge rotation, which, in turn, is related to the crack width. It is possible to derive the moment-rotation response of a hinge directly from the stress-crack opening relationship, which can be idealised as shown in Figure B1. It should be noted that it is necessary to assume the length of the hinge in the o-w method.The length of the hinge can be derived from calibratingthe method with non-linear finite element analysis. Ulfkjaer have shown that the length of the hinge is approximately half the depth of the beam. Oleson gives closed form equations that define the moment-rotation response correspondingto his cracked hinge model with the o-w relationship shown in Figure B1.
 
 8.2 Flexural size effects 8.23 Size effects in plain
 
 concrete beams
 
 Flexural size effects need to be considered in the design of plain and fibre-reinforced concrete. The flexural strength of concrete is defined as:
 
 fd=6M,,l(bh2) where: M,=
 
 (Equation BI)
 
 peak moment in a 4 point bending test.
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 Tests show that the flexural strength of concrete is size dependent. The size dependency of fctflis widely recognised but there are significant variations in the concrete flexural strengths adopted in published design guidance as noted below:
 
 Eurocode 2 (ENV) (Equation B2) where:
 
 fctk(0051 = lower characteristic tensile strength of concrete = 0.21fc;'3
 
 (Equation B3)
 
 Dramix Guideline and RlLEM o-E method (Equation B4)
 
 Eurocode 2 (Equation 85)
 
 TR 34 (Equation B6) The size effect terms used in Eurocode 2 and TR 34 are compared in Figure B2, which shows that Eurocode 2 gives significantly lower strengths than TR 34. The TR 34 equation was taken from a draft of Eurocode 2 that was subsequently amended to give the current Eurocode 2 equation. The draft equation was used in an extensive calibration process during the drafting of TR34, which set appropriate safety factors, etc. It is recommended that theTR 34 equation is only used in designs for ground-bearing slabs in strict accordance with TR 34. The size dependency of the flexural strength can be explained with non-linear fracture mechanics. Experimental research shows that concrete is a strain-softening material in tension. In plain concrete, stress is transferred across micro-cracks by crack bridging for crack widths up to around 0.05mrn. The strain-softening behaviour can be characterised by plotting the residual tensile strength against the crack width in a displacement controlled tensile test. Figure B3 shows an idealised o-w diagram for plain concrete.The area under the o-w diagram is equal to the fracture energy, C,.The strain-softening behaviour of plain concrete was first explained by Hillerborg using the fictitious crack concept.The tensile stress a t the top of the crack is assumed to equal the concrete tensile strength. The fictitious crack model can be used to explain why the flexural strength of concrete is greater than its strength in direct tension. Section analysis shows that the peak moment corresponding to the o-w relationship in Figure B3 occurs after the stress reaches the tensile strength a t the extreme tension fibre. Figure 84 shows a load displacement curve for a plain concrete beam in a displacement controlled test and the corresponding stress blocks that change shape after cracking due to the strain-softeningresponse of the concrete in tension.
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 Figure B3 Stress o
 
 Idealised U-w relationshipfor plain concrete.
 
 Crack width w
 
 Figure 84 load displacement response of plain concrete beam and associated stress blocks. Q
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 Appendix E3 - Design
 
 The presence of a size effect is also explained by the fictitious crack model. Consider the two cracked beams shown in Figure B5.The larger beam has the same width but twice the length and depth of the smaller.The crack in the larger beam is twice as long as that in the smaller. Assume that the stress distribution a t the crack in the smaller beam corresponds to the peak moment and, furthermore, that the crack in the larger beam is twice as wide as that in the smaller beam. Assume that the o-w response is as shown in Figure B3. Therefore, the stress a t the bottom of the fictitious crack is reduced by a factor of 0.5 in the larger beam. It follows that the flexural strength is size dependent. The magnitude of the size effect can be quantified experimentally or numerically using non-linear Finite Element Analysis.
 
 Figure B5 Influence of doubling beam length and depth on flexural strength.
 
 1
 
 t
 
 B.2.2 Size effects in fibrereinforced concrete
 
 88
 
 0.5
 
 aft
 
 t
 
 There is little consensus on size effects in fibre-reinforced concrete beams in flexure. For example, size effects are included in some design methods such asTR 34 and the RlLEM o-E design recommendationsbut not others.The influence of size effects on SFRC varies with loading due to the relative contributions of the concrete and the fibres. The concrete contribution is the stress-crack opening relationship for plain concrete while the fibre contribution consists of an ascending part followed by a softening part as illustrated in Figure B6, which is adapted from the RlLEM o-w design guideline. Figure B6 shows that the concrete contribution dominates a t very small crack widths but is insignificant a t crack widths greater than 0.1-0.2mm.
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 Figure 86 R e l a t h contributionsof fibre and concrete to a-w responseof SFRC. Stress (MPa) 4.00
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 The influence of fibres on the moment-rotation response of the hinge a t a crack can be modelled using the 0-w method described in Appendix BI. The ratio between the peak moment and the first cracking moment (M, = {bh2/6}fc,)depends significantly on the G-w relationship, which is fibre and concrete dependent. Figures 87 and 88 show the results of a parametric study on the series of beams described in Table 81. The analysis was carried out using the cracked hinge model of Oleson(’06)with the material properties he adopted. A bilinear G-w relationship was used as shown in Figure B1 with b, = 0.75 and 0.5. The moment of resistance was normalised with respect to M, = (bh2/6)fc,.
 
 Figure 87 Influenceof beamd q t h a d crack width on flexural resistancefor Oleson e w d d o n s h i p with ba P 0.75.
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 Hppenaix tj - Design I
 
 Figure B 8 Influence of b a r n depth and crack width on flexural resistancefor Oleson 0-w relationshipwith ba= 0.5.
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 Table B1 Material properties assumed in Figures 87 and B8.
 
 L88I20
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 Figures 87 and 88 show that the influence of beam depth on the peak moment depends significantly on the U-w relationship. The Re,3value was calculated for the o-w relationship assumed in Figure B1 by analysing a beam with the same loading arrangement and geometry as used in the Japanese beam test. The hinge was assumed to form a t mid-span. The corresponding Re,3value was 0.75. Figures B7 and 88 show that the influence of size effects on the residual moment of resistance after cracking reduces with increasing crack width. This suggests that size effects arise since the design flexural resistance is defined typically as an average flexural resistance up to a prescribed crack width.
 
 8.2.3 Size effects in RlLEM a-E method
 
 The stress block used in the RILEM U--E design method is shown in Figure B9.The design ultimate moment is the least corresponding to either a maximum crack width of 3.5mm or an extreme fibre strain of 25%. In practice, the 3.5mm crack width usually governs for section depths greater than 150mm. The stress block used in the RILEM U--E design method can be simplified as shown in Figure 6.5 with little error. Figures 87 and B8 suggest that size effects are likely to be most significant at CMOD of 0.5mm (corresponding to f R , ) and least significant at CMOD of 3.5mm (corresponding to fR4). The origin of the size effect in the RILEM U--E method (which is almost equal to k,,=I.O - 0.6(h - 12.5)/47.5 for all CMOD where h is in cm) appears to be related to the definition of u2,which is defined in terms of fR,as illustrated in Figure BIO. The background to the size effect is given in Section 3.1.1 of the RlLEM guideline, which states:
 
 ~~
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 factors. A comparison of the predictions of the design method and of the experimental results of structuralelements of various sizes revealeda severe overestimation of the carrying capacity by the design method. In order to compensatethis effect, size dependent safety factors have been introduced. It should be noted that the origin of this apparent size effect is not yet fully understood.”
 
 I
 
 Figure B9
 
 tb
 
 RILEM a-r design method.
 
 . Ec[%O]
 
 2.0A7+
 
 E3
 
 E2
 
 I
 
 3[
 
 E1
 
 I
 
 (d in m)
 
 o1 = 0.7 fctm,fe (1.6 -d) 02 = 0.45 fR1 kh
 
 (N/mm2) (N/mm2)
 
 03 = 0.37 fR4 kh
 
 (N/mm2)
 
 E, = 9500 ( f c t m ) ” 3 kh : size factor
 
 (N/mm2)
 
 I
 
 kh
 
 = 1.0 - 0.6
 
 h [cm] - 12.5 47.5
 
 =ol /E, e2 = E, 0.1 % = 25 %o
 
 +
 
 I 12.5 s h 460 [cm]
 
 I
 
 -
 
 0.2
 
 I I
 
 I
 
 10
 
 I
 
 I
 
 I
 
 20
 
 30
 
 I
 
 40
 
 I
 
 I
 
 1
 
 50
 
 60
 
 70
 
 .
 
 h [cml
 
 1
 
 I
 
 I
 
 t
 
 t
 
 I I
 
 I 1
 
 I
 
 I I I
 
 I
 
 I
 
 4 ,
 
 I
 
 I
 
 1
 
 I
 
 I
 
 I E%
 
 I
 
 I
 
 25
 
 0
 
 -2.0 -3.5
 
 91
 
 I
 
 Figure B10 Stress Mocks used in derivation of RlLEM 0-a
 
 method.
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 B.2.4Size effects in TR 34
 
 M2=b0.9hq OSh,
 
 Of4
 
 A size effect is incorporated in both design methods given in TR 34 since the design strength is assumed to be proportional to the flexural strength given by Equation 12. TR 34 defines
 
 the design moment of resistance as an average moment of resistance related to Re,, in Equation A5a. Figures 87 and B8 suggest that it is conservative to apply the size factor for plain concrete to the equivalent flexural strength fctkeq300 derived in the Japanesebeam test.
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 CONCRETE SYSTEMS
 
 think technology. think Halcrow fibre reinforced concrete technology sprayed concrete technology geomechanics design for tunnels, caverns and slopes industrial flooring design asset management innovative design solutions
 
 Meeting the challenge of delivering the right solutions, on time and to budget, is what drives us forward and keeps our thinking fresh. A broad range of clients have made us their consultancy of choice. They come to us because they know what to expect - people who know what they’re talking about.
 
 To find out more about our design and consultancy services email [email protected] or visit our website.
 
 Sustaining and improving the quality of people’s lives
 
 Halcrow
 
 halcrow.com
 
 Give your business a market advantage with the “SCI Assessed” mark
 
 The “SCI Assessed” mark can be used across a range of applications, including: Fibre reinforced composite slabs Intumescent coating
 
 In a performance driven construction industry, there is an increasing need for formal assessment of products and services.
 
 SCl’s brand, independence and expertise place us in a unique position to offer a technical assessment service.
 
 Advanced software Light gauge framing systems High strength stainless steel Cold formed components
 
 -
 
 .
 
 Visit: www. s c i ass e s s e d co m For more information contact David Brown Tel: 0 I344 636535 or email: [email protected]
 
 The combination of Dramix" steel fibres and Kingspan Multideck has now been used on ten storey projects and higher projects are in the pipeline Download the case study book from www kingspanstructural corn Dramix@pre-reinforced concrete means there is no mesh to buy, transport, store, lay or trip over on site And it's the only ALL STEEL fibre solution
 
 Compor,teSlabFlwr,nqSystem
 
 Dramix Steel Fibres Are added to the mix prlor to pumping to form pre reinforced concrete
 
 Kingspan Metl-Con Ltd. Sherburn, Malton, North Yorkshire, Y017 8PQ. England. Tel: 01944 712000 Fax: 01944 710555 e-mail: [email protected]
 
 TAB-StructuraP
 
 Industrial Slabs on Piles
 
 Companies like IKEA, NCC, Gazeley, Prologis, Sainsbury, DFDS, TESCO, Carlsberg, . .. trust in the performance and liability of our TAB-StructuraP solutions.
 
 Wi// vou be the next ?
 
 Steel solutions for a better world
 
 - - .
 
 9arcelor
 
 Guidancefor the Design of Steel-Fibre-Reinforced Concrete
 
 1
 
 This Report summarises the wide range of current applications for steel-fibre-reinforced concrete, including ground-supporteo and pile-supported slabs, sprayed concrete, composite slabs on steel decking and precast units. Practical aspect productionand quality control are also con the material has beem used for a number of years, t agreed design approaches for many of tk- *la----+ . The Report reviews the methods currently L promoting an understanding of the technic, information provided will allow designers tc area of evolving technology
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