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Disclaimer:  The author and publishers have exercised their best efforts in the preparation of 
this book.  However, they make no warranty whatsoever, expressed or implied, with regard 
to the material contained in the book, and shall not be liable in any event for the 
consequences of its use. 
 

The author and publishers have attempted to trace the copyright holders of all material 
reproduced in this publication and apologize to copyright holders if permission to publish in 
this form has not been obtained.  If any copyright material has not been acknowledged, please 
write to us so that it may be rectified in subsequent reprints. 

NOTE  

1. Whilst every effort has been made to ensure accuracy of the information contained in this 
design guide, the Association of Consulting Engineers Singapore (“ACES”) and Building and 
Construction Authority (“BCA”) makes no representations or warranty as to the 
completeness or accuracy thereof. Information in this design guide is supplied on the 
condition that the user of this publication will make their own determination as to the 
suitability for his or her purpose(s) prior to its use. The user of this publication must review 
and modify as necessary the information prior to using or incorporating the information into 
any project or endeavour. Any risk associated with using or relying on the information 
contained in the design guide shall be borne by the user. The information in the design guide 
is provided on an “as is” basis without any warranty of any kind whatsoever or accompanying 
services or support.  

 

2. Nothing contained in this design guide is to be construed as a recommendation or 
requirement to use any policy, material, product, process, system or application and BCA 
makes no representation or warranty express or implied. NO REPRESENTATION OR 
WARRANTY, EITHER EXPRESSED OR IMPLIED OF FITNESS FOR A PARTICULAR PURPOSE IS 
MADE HEREUNDER WITH RESPECT TO INCLUDING BUT NOT LIMITED, WARRANTIES AS TO 
ACCURACY, TIMELINES, COMPLETENESS, MERCHANTABILITY OR FITNESS FOR A PARTICULAR 
PURPOSE OR COMPLIANCE WITH A PARTICULAR DESCRIPTION OR ANY IMPLIED WARRANTY 
ARISING FROM THE COURSE OF PERFORMANCE, COURSE OF DEALING, USAGE OF TRADE OR 
OTHERWISE, TO THE FULLEST EXTENT PERMITTED BY LAW. In particular, ACES and BCA 
makes no warranty that the information contained in the design guide will meet the user’s 
requirements or is error-free or that all errors in the drawings can be corrected or that the 
drawings will be in a form or format required by the user.  

 

3. In no event will ACES, BCA and the authors be responsible or liable for damages of any kind 
resulting from the use or reliance upon information or the policies, materials, products, 
systems or applications to which the information refers. In addition to and notwithstanding 
the foregoing, in no event shall ACES & BCA be liable for any consequential or special 
damages or for any loss of profits incurred by the user or any third party in connection with 
or arising out of use or reliance of this design guide. 
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Preface 

 

This book is intended to supplement the Design Guide (2022) for Fibre-Concrete Structures 

to Singapore Standard SS 674:2021, by providing practical design examples and design aids to 

assist practitioners.   

Chapter 1 of the book summarizes the design requirements for fibre concrete members with 

updates on the requirement of the 2nd Generation Eurocode 2, EN 1992-1-1:2023.  Chapter 2 

gives practical design examples which include slab-on-grade, basement and foundation 

beams as well as slabs, tunnel segmental linings, pile caps, box culverts, and piles.  Further 

examples on crack width calculations and use of macro-synthetic (polymeric) fibres are also 

included.   

Design aids are given in Appendices A to F.  These include charts to determine elastic, cracked 

section properties of FRC sections, design charts for bending, design charts for bending with 

axial load for both fibre concrete with or without conventional bar reinforcement, and charts 

for crack width determination.  Also, a table and a chart are provided for the determination 

of shear capacity of fibre concrete, and a conversion table for fibre volume fraction in 

percentage to fibre content/dosage in kg/m3 is included.   

Last, a supplementary note on the quality assurance/control (QA/QC), highlighting the correct 

equipment and analysis of test results, in the testing for fibre concrete properties, is included 

for general information. 

 

October 2025 
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Chapter 1 

General 

 

1.1  Fibre-Reinforced Concrete 

 

 Fibre reinforced concrete (FRC), or fibre concrete, refers to concrete that incorporates short, 

discrete fibres to improve the performance of concrete, particularly in its post-cracking behavior.  

In Singapore, the design of fibre-reinforced concrete structures is based on SS 674:2021, which 

is applicable to the design of buildings and civil engineering works in concrete with steel or 

polymer fibres satisfying the requirements of BS EN 14889-1 or BS EN 14889-2.  A design guide 

(Tan 2022) was published by the Association of Consulting Engineers Singapore to provide 

guidance on the use of SS 674:2021.   

 

NOTE In general applications, fibre dosage varies from 0.25 to 1.0% by volume of concrete.  Appendix A 

shows the corresponding dosage in kg/m3 for common steel and polymer fibres.  Also, for an effective 

application, fibre length should generally be taken as about 3 times the maximum aggregate size.  The 

Singapore Standard SS 674:2021 does not deal with micro-fibres such as monofilament polypropylene 

fibres which are useful in limiting spalling effects in fibre concrete. 

 

 This book is intended to further supplement the design guide with practical design examples 

and design aids.  The requirements for material strengths, and design for ultimate limit states 

(ULS) and serviceability limit states (SLS) are summarized with updates on the provisions of the 

2nd Generation Eurocode 2 (EN 1992-1-1:2003), where applicable.  In addition, the application of 

strut-and-tie models for FRC members with discontinuous regions is described.  
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1.2 Material Strengths 

 

 As described in the Design Guide 2022, fibre concrete is classified by strength classes, R1, R3 

and R4, with specified values of residual flexural (tensile) strengths, fR,1, fR,3 and fR,4, respectively. 

For serviceability limit state (SLS) verifications, Class R1 must be specified.  For ultimate limit state 

(ULS) verifications, either Class R3 alone or both Class R1 and Class R3 must be specified. 

 

NOTE In the Second Generation Eurocode 2 (EN 1992-1-1:2023, Annex L), steel fibre reinforced concrete 

shall be classified into both the strength classes SC (1.0 to 8.0) and ductility classes (a to e). 

 

1.2.1  Design Residual Tensile Strength 

 

 For ULS, the design residual tensile strengths are defined as: 

   

𝑓ftd,R1 = 𝜂f. 𝜂det.
0.45∙𝑓R,1

𝛾f
       (1) 

𝑓ftd,R3 = 𝜂f. 𝜂det.
0.37∙𝑓R,3

𝛾f
       (2) 

 

For SLS, it is defined as: 

 

𝑓ftd,R1 = 𝜂f. 0.45 ∙ 𝑓R,1        (3) 

 

where fR,1 and fR,3 are the respective characteristic residual flexural (tensile) strengths; f is a 

factor accounting for fibre orientation; and det is a magnification factor accounting for the 

degree of structural redundancy in the system.  Also, f is the partial factor taken as equal to 1.5 

(SS 674:2021). 

 

 For bending moments, shear and punching shear forces, torsion, crack width control and 

deflections in slabs and beams made of concrete with consistency classes S2-S4 in accordance 
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with SS EN206:2014(2024)+A1:2024,  f = 1.0 may be used.  Otherwise, f = 0.5 should be 

adopted unless verified by testing.  Also, in view of insufficient information on the value of 𝜂det, 

SS 674:2021 recommends that the values of 𝜂det be taken as equal to 1.0 for all cases*.  

 

NOTE *Refer to Design Guide 2022, Section 3.2, Table C3.2 for further recommendations on the values 

of 𝜂det. 

 

1.2.2  Stress-Strain Relations  

 

 The design stress-strain relation for fibre reinforced concrete in compression1 can be taken 

to be the same as that for the parent concrete without fibres.  In tension, the stress-strain 

relation2 may assume either a constant-drop relationship [Fig. 1(a)] or a linear descending-drop 

relationship post the peak stress [Fig. 1(b)]. 

 

NOTE 1  For normal strength concrete, the design stress-strain relation in compression is a parabolic curve 

up to the design compression strength with a strain of 0.002, followed by a constant strength up to an 

ultimate strain of 0.0035. 

NOTE 2  As a conservative simplification, the value of ftu may be taken as 2.5/(0.8h) for members with 

conventional bar reinforcement, and 2.5/h for members without conventional bar reinforcement, where h 

is the member thickness in mm. 

  

Fig. 1 Design stress-strain relations for FRC in tension 

 

 

fctd 

fftd,R3 

 

 

fctd 

fftd,R3 

fftd,R1 

ct ct ftu ftu 

(a) Constant-drop (b) Linear descending-drop 
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1.3 Design for Bending with or without Axial Force 

 

 The strain and stress distributions for fibre-reinforced sections at ultimate flexural limit state 

are shown in Fig. 2.  For simplicity, a constant stress equal to fftd,R3 (or fftd,R1 if fftd,R3 > fftd,R1) over 

the height of the tension zone may be assumed (Fig. 2c).  Design charts for flexural design of 

under-reinforced sections with fibres contributing up to 50% of the moment capacity are shown 

in Appendix C.  Design charts for sections subjected to bending with axial force are given in 

Appendix D. 

 

NOTE 1   EN 1992-1-1:2023, Annex L permits the use of constant stress distribution for classes a to c only.  

For classes d and e, this should only be used to determine the ULS moment capacity at the design tensile 

strain limit of 0.02. 

NOTE 2   In general, the contribution of fibres to the moment capacity should be limited to 30%. 

 

Fig. 2  Strain and stress distributions at flexural ultimate limit state 

 

1.4 Design for Shear and Punching 

 

 The design shear resistance (in MPa) of fibre reinforced concrete without shear 

reinforcement is given by: 

 vRd,cf = {(0.18/c).k.[100l(1+7.5fft,R3/fctk).fck] 1/3 + 0.15cp}   

           vRd,cf(min) = {0.035k3/2fck
1/2 + 0.15cp}            (4) 

 

 

c 

x 

c  fcd 

Fst = st  Ast 

ft  fftd,R3 

st 

c =  fcd 

Fst = st  Ast 

x 

a) b) 

ft  ftu 

fftd,R1 

ft  fftd,R3 

c =  fcd 

Fst = st  Ast 

x 

c) 

fftd,R3 

fftd,R3 

fftd,R1 

fctd 
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where 

  k = 1 + (200/d)1/2 ≤ 2 ; 

  l = tensile steel ratio (= As/bwd); and 

  cp = axial stress due to loading or prestress. 

The values of vRd,cf are tabulated in Appendix E, Table E-1.  The values can also be determined 

from Chart E-1.   

 

NOTE 1  For slabs without conventional steel bars (e.g., slabs-on-grade), the shear capacity may be 

conservatively evaluated from Eq. (4) with l = 0 and d = 0.75h where h is the slab thickness.  In such cases, 

the shear capacity is given by the lower bound value vRd,cf(min). 

NOTE 2  The punching shear capacity for ground-supported slabs can be determined as:  vRd,cf = vRd,f = (k/2) 

C fR3/f (SS 674, Eq. 6.4) with C = 0.45; f = 1.5; and d = 0.75h. 

 

For members requiring shear reinforcement, that is, where vEd > vRd,cf, the shear resistance 

may be taken as (Design Guide 2022): 

 

  𝑣𝑅𝑑 = 0.75𝑣𝑅𝑑,𝑠 + 𝑣𝑅𝑑,𝑐𝑓 ≤ 𝑣𝑅𝑑,𝑚𝑎𝑥             (5) 

 

where vRd,s = (Asw/s) z fwd cot θ / bwd and vRd,max is the maximum shear resistance. 

 

1.5 Serviceability Limit States 

 

 The calculations of concrete and steel stresses, crack widths and deflections require either or 

both the elastic uncracked and elastic cracked section properties.  The fibre concrete can be 

considered as plain concrete under elastic uncracked behaviour.  For cracked section properties, 

Appendix B gives design charts for the determination of neutral axis depth, x. and section 
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curvature, 1/r, for a given moment MEd, and steel ratio, .  The corresponding concrete and steel 

stresses at a level y from the neutral axis are, respectively: 

 

 𝑐 = 𝐸𝑐 ∙
1

𝑟
∙ 𝑦          (6a) 

 𝑠 = 𝐸𝑠 ∙
1

𝑟
∙ 𝑦          (6a) 

 

where 𝐸𝑐 and 𝐸𝑠 are the modulus of elasticity of concrete and steel, respectively. 

 

1.5.1  Calculation of Crack Widths 

 

  For fibre concrete members with bar reinforcement, the crack width may be calculated 

from: 

 

  𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥. (𝜀𝑠𝑚 − 𝜀𝑐𝑚)            (7) 

 

where sr,max is the maximum crack spacing; εsm is the mean strain in the reinforcement; and εcm 

is the mean strain in the concrete between cracks.   

 

 The strain difference (εsm – εcm) can be determined either from: 

 

(𝜀𝑠𝑚 − 𝜀𝑐𝑚) =    
𝜎𝑠−(𝑘𝑡+(1−𝑘𝑡)∙𝑘𝑓)∙

𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙(1+𝛼𝑒∙𝜌𝑝,𝑒𝑓𝑓)

𝐸𝑠
≥ 0.6 ∙

𝜎𝑠

𝐸𝑠
    (8) 

 

where σs is the steel stress assuming cracked section with the contribution of fibres (fftd,R1) being 

considered; or 

 

 (𝜀𝑠𝑚 − 𝜀𝑐𝑚) =    
(1−𝑘𝑓)∙(𝜎𝑠,𝑓𝑖𝑐𝑡−𝑘𝑡∙

𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙(1+𝛼𝑒∙𝜌𝑝,𝑒𝑓𝑓))

𝐸𝑠
≥ 0.6 ∙ (1 − 𝑘𝑓)

𝜎𝑠,𝑓𝑖𝑐𝑡

𝐸𝑠
  (9) 
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where σs,fict is the fictitious steel stress assuming cracked section with fibre contribution (fftd,R1) 

being ignored. 

 

 In situations where bonded reinforcement is provided at spacing ≤ 5(c + ϕ/2), where c is the 

cover to the longitudinal reinforcement, and ϕ is the bar diameter, the maximum final crack 

spacing is obtained from: 

 

  𝑠𝑟,𝑚𝑎𝑥 = 𝑘3 ∙ 𝑐 + 𝑘1 ∙ 𝑘2 ∙ 𝑘4 ∙ (1 − 𝑘𝑓) ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
      (10) 

 

Where the spacing of bonded reinforcement exceeds 5(c + ϕ/2), the maximum crack spacing is 

taken as: 

 

  𝑠𝑟,𝑚𝑎𝑥 = 1.3 ∙ (ℎ − 𝑥) ∙ (1 − 𝑘𝑓)         (11) 

 

 For fibre concrete members without bar reinforcement, the maximum surface crack width 

wmax under flexure may be estimated from: 

 

 𝑤𝑚𝑎𝑥 = 𝜀𝑓𝑡. 2(ℎ − 𝑥)             (12) 

 

where εft is the maximum tensile strain for the relevant load combination. 

 

 Appendix F, Chart F-1 facilitates the determination of maximum crack width using the 

rigorous approach, that is, Eqs. (7), (8) and (10).   

 

1.6 Design with Strut-and-Tie Models 

 

 Strut-and-tie models may be used for the design of regions or members with force or 

geometrical discontinuity.  These included knee joints, dapped ends, corbels, deep beams and 

pile caps.  The flow of forces through such regions or members is facilitated by strut and tie 
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members, which are connected at nodes or nodal zones.  The struts, ties and nodal zones are 

checked for strength capacities, and the method constitutes a lower-bound and hence a 

conservative design approach. 

 

 The Singapore Standard SS 674:2021 does not provide additional recommendations further 

to SS EN 1992-1-1:2008.  However, the Second-Generation Eurocode 2 (EN 1992-1-1:2023), 

Annex L (Informative), gives some recommendations as follows: 

 

(a) Fibres may be used in ties in place of transverse reinforcement. 

(b) Fibres may substitute up to 30% of the total required main longitudinal reinforcement in 

ties. 

(c) In walls and deep beams, vertical and horizontal minimum reinforcement may be fully 

replaced by steel fibres. 

 

 

 

References 

EN 1992-1-1:2023 (2023).  Eurocode 2: Design of concrete structures – Part 1-1: General rules, rules for 

buildings, bridges and civil engineering structures. 

SS 674:2021 (2021).  Singapore Standard on Fibre Concrete – Design of Fibre Concrete Structures.  

Enterprise Singapore. 

SS EN 1992-1-1:2008 (2015).  Eurocode 2: Design of concrete structures – Part 1-1: General rules, rules for 

buildings, Enterprise Singapore. 

SS EN 206:2014(2024)+A1:2024.  Concrete – Specification, performance, production and 

conformity, Enterprise Singapore. 

Tan K. H.  (2022).  Design Guide for Fibre-Reinforced Concrete Structures to Singapore Standard 

SS 674:2021, Association of Consulting Engineers Singapore. 
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Chapter 2 

Design Examples 

 

 This chapter gives practical design examples which include slab-on-grade, basement and 

foundation beams as well as slabs, tunnel segmental linings, box culverts, pile caps and piles.  

They have been modified from actual field applications or from existing RC design for such 

members to illustrate the use of the Singapore Standard SS 674:2021 and the design aids given 

in this supplementary guide. 

 

 Table 2-1 lists the various topics treated under each of the ten practical examples 

presented herein.  While each example is meant to cover the full design requirements in FRC, 

some aspects have been omitted in some examples due to repetitiveness. 

 

 

  



10 
 

 

Table 2-1  Topics Dealt with in the Examples 

Examples 
 

 
 
Topics 

1 2 3 4-1 4-2 5-1 5-2 6 7 8 
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r 
B

o
re

d
 P

ile
s 

FRC Members without Reinforcement Bars 

Bending ✓     ✓ ✓    

Axial Load      ✓ ✓    

Shear ✓     ✓     

Punching ✓          

Cracking       ✓    

FRC Members with Reinforcement Bars 

Bending  ✓ ✓  ✓   ✓ ✓ ✓ 

Axial Load   ✓      ✓ ✓ 

Shear  ✓ ✓     ✓ ✓ ✓ 

Punching  ✓         

Cracking  ✓ ✓ ✓ ✓    ✓ ✓ 

Deflection   ✓        

Special Topics 

Strut-and-
Tie Models 

       ✓   

MSFRCa       ✓    

Note: a Macro-Synthetic (polymeric) Fibre Reinforced Concrete 
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2.1  Slab-on-Grade 

 

 The design of fibre-reinforced concrete slabs-on-grade involves several steps: 

1. Define the use of the slab (e.g., industrial floor, warehouse, parking lot) and expected loads 

(e.g., equipment, shelving, vehicles, foot traffic). 

2. Choose the type and amount of fibre reinforcement (synthetic or steel). 

3. Select the concrete mix design and strength (20-25 MPa). 

4. Calculate the slab thickness and reinforcement requirements. Approximate guidelines for slab 

thickness are: 

    - Light loads (e.g., foot traffic, light vehicles): 100-125 mm 

  - Medium loads (e.g., cars, light trucks): 125-150 mm 

   - Heavy loads (e.g., forklifts, heavy trucks): 150-200 mm 

 - Very heavy loads (e.g., containers): more than 200 mm 

   Typical fibre dosages (0.5-1.5%) by volume: 

     - Steel fibres: 20-40 kg/m³ 

     - Synthetic fibres: 0.9-2.7 kg/m³ 

5. Consider shrinkage and thermal cracking. 

6. Design for load distribution and stress concentrations. 

7. Check for punching shear and edge stresses. 

8. Specify joints and detailing (joint spacing: typically, 24-36 times the slab thickness; or 3-4.5 m). 

 

References 

- ACI 360R-10: Guide to Design of Slabs-on-Ground.  American Concrete Institute, USA. 

- ACI 544.4R-18: Guide for Design with Fiber-Reinforced Concrete.  American Concrete Institute, 
USA. 

- TR 34: Concrete Industrial Ground Floors – A guide to design and construction. 4th Edition. The 
Concrete Society, UK.   

- TR 63: Guidance for the Design of Steel-Fibre-Reinforced Concrete.   The Concrete Society, UK.   
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Example 1 – Port Pavement 

 

This example deals with the design of a container port pavement slab supported on ground.  The 

pavement is to carry point loads due to stacks of up to six containers, and a reach stacker. The 

point loads of the containers and the reach stacker can be positioned both in the slab centre as 

well as at the dowelled joints. The design is based on yield line theory.  

 

Loads 

Containers: Six containers, each with gross weight of 30480 kg (i.e., approximately 304.8 kN), 

stacked on top of each other. The total load per footplate is thus 𝐹fp = 6 x 304.8 / 4 = 457.2 kN. 

 

Referring to PIANC Report 165*, a reduction factor depending on the stacking height, may be 

applied to account for the fact that the probability of all containers being completely full is very 

unlikely. For 6-container high, the proposed reduction factor is 40%, which leads to the following 

load per footplate: 

 

𝐹fp  = 0.6 x 457.2 kN = 274.3 kN 

 

NOTE: The World Association for Waterborne Transport Infrastructure, “Design and Maintenance of 

Container Terminal Pavements”, PIANC Report No. 165, 2015, Maritime Navigation Commission, 158 pp. 

 

 

 

 

 

 

 

 

 



13 
 

 

 

 

 

 

 

Fig. E1-1  Input load parameters – Containers  
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A reach stacker with an axle load of 101,900 kg = 1019 kN, divided over 4 wheels as follows:  

 

 

 

 

 

Fig. E1-2  Input load parameters – Reach stacker  
 

 

 

Modulus of subgrade reaction 

The following design example was based on the Modulus of Subgrade Reaction or k Westergaard, 

assuming a value k = 0.10 N/mm³. 
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Proposed solution 

• Slab thickness: 390 mm 

• Concrete strength class: C32/40 

• Joint concept: The pavement is designed with joints at every 8 m in orthogonal directions. 

Given the large point loads and wheel loads, the joints are assumed to be provided with 

dowels having a sufficient load transfer between adjacent panels.  A joint efficiency factor = 

70% is assumed. 

 

 

Fig. E1-3  Joint arrangement  

 

Load cases 

In this design example, it is assumed that the point loads of the containers and the reach stacker 

can be positioned both in the slab centre as well as at the dowelled joints. The design is based on 

yield line theory. 

 

Design for bending  

Following the yield line theory, occurring system bending moments m + m’ can be determined 

both at the internal slab and at the joints as follows: 
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Fig. E1-4  Yield line pattern - Point or wheel loads at the interior of the slab  
 

 

 

Fig. E1-5: Yield line pattern - Point or wheel loads at free edge or joint of the slab  
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The yield line analysis for the slab is not dealt with here.  Readers may refer to TR63 for 

information.  The design system bending moments in this case are finally obtained as: 

• At slab centre: (m+m’)Ed  = 124.7 kNm/m 

• At joint: (m+m’)Ed  = 174.3 kNm/m 

 

Moment capacity of the system 

The moment capacity for the system can be determined as: 

 

𝑚sys = 𝑚′Rd + 𝑚Rd 

 

The characteristic residual flexural tensile strengths are: 

• fR1 = 3.3 MPa 

• fR3 = 3.7 MPa 

from which the characteristic residual tensile strengths are obtained as: 

• fft,R1 = 0.45fR1 = 1.49 MPa     (SS 674, Eq. 3.1) 

• fft,R3 = 0.37fR3 = 1.37 MPa     (SS 674, Eq. 3.2) 

 

The design residual tensile strengths in ULS are:  

𝑓𝑓𝑡𝑑,𝑅1 = 
𝑓

∙ 
𝑑𝑒𝑡

∙
𝑓𝑓𝑡,𝑅1

𝛾𝑓
= 1 ∙ 1.4 ∙

1.49

1.5
= 1.39 𝑀𝑃𝑎   (SS 674, Eq. 3.3) 

𝑓𝑓𝑡𝑑,𝑅3 = 
𝑓

∙ 
𝑑𝑒𝑡

∙
𝑓𝑓𝑡,𝑅3

𝛾𝑓
= 1 ∙ 1.4 ∙

1.37

1.5
= 1.28 𝑀𝑃𝑎   (SS 674, Eq. 3.4) 

 

In this example, the simplified stress distribution for ULS in SS 674, Fig. 6.1(b) [Fig. 2(b) in this 

Guide] is used.  The maximum design tensile strength at the extreme tensile fibre is: 

𝜎𝑓𝑡 = 𝑓𝑓𝑡𝑑,𝑅1 −
𝜀𝑓𝑡

𝜀𝑓𝑡𝑢
∙ (𝑓𝑓𝑡𝑑,𝑅1 − 𝑓𝑓𝑡𝑑,𝑅3)     (SS 674, Eq. 6.1) 

with  

𝜀𝑐𝑡 =
𝑓𝑐𝑡𝑑

𝐸𝑐
=

1.4

33500
= 4.2 ∙ 10−5      (SS 674, Fig. 3.3) 
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𝜀𝑓𝑡𝑢 = 𝜀𝑐𝑡 +
𝑤𝑢

𝑙𝑐𝑠
= 4.2 ∙ 10−5 +

2.5

390
= 6.45 ∙ 10−3   (SS 674, Fig. 3.3) 

 
Considering the idealized parabolic-rectangular stress-strain relation for concrete in 

compression, with c2 = 0.002 and  cu2 = 0.0035, and taking the extreme tensile fibre strain, ft = 

ftu = 0.00645, the following solution is obtained: 

 x = 55.7 mm; c = 0.00108 < c2 = 0.002; ft = 0.00645 (as assumed) 

Force in concrete compression zone, C = 446.2 kN/m; acting at xc = 36.1 mm from neutral axis. 

Forces in tension, Ff1 = 427.9 kN/m;  Ff2 = 18.4 kN/m; Ff = Ff1 + Ff2 = 446.3 kN/m = C 

Moment capacity of section,  

mRd = m’Rd = [446.2x36.1 + 427.9x(390-55.7)/2 + 18.4x(390-55.7)/3] x 10-3 = 89.7 kNm/m  

 

Alternatively, using design chart C-1 (Appendix C) with d/h = 0.8, As = 0, and fftd,R3/fck = 1.28/32 = 

0.04, one obtains: 

mRd = 0.029bd2fck = 0.029b(0.8h)2 fck = 0.029 x (0.8x390)2 x 32 x 10-6 = 90.3 kNm/m 

 

Fig. E1-6  Analysis for Ultimate Bending Moment 

The system bending moment capacity is: 

 Msys = mRd + m’Rd = 180 kNm/m 

This is larger than the design bending moments at the slab centre and doweled joint, 124.7 

kNm/m and 174.3 kNm/m, respectively. 

fftd,R1 
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Design for Shear 

 

Fig. E1-7  Yield line theory - Acting shear forces for point or wheel loads  

 

In this example, the governing shear forces occur when four container point loads are placed at 

the doweled joint.  The design shear force in this case is VEd = 109.7 kN/m. 

The shear capacity of steel fibre concrete section can be taken as: 

 VRd,cf = vRd,cf(min)  bd = 0.75vmin  bh  (assuming d = 0.75h) 

where 

 vRd,cf(min) = 0.035k3/2fck
1/2 = 0.489 MPa 

in which k = 1 + (200/d) = 1 + (200/(0.75x390)) = 1.83 < 2.  Hence, 

 VRd,cf = 0.489 x 0.75 x 390 = 143.0 kN/m > VEd = 109.7 kN/m … ok 

 

Design for punching shear  

The governing punching load case is when four container point loads are placed at the joint (refer 

Figs. E1-8 to E1-10).  Taking the ground pressure into account, the design punching shear is VEd,red 

= 1222 kN. 

The punching shear capacity for ground-supported slabs can be determined as: 

 vRd,cf = vRd,f = (k/2)  C  fR3/f = 1.01 MPa   (SS 674, Eq. 6.4) 

where C = 0.45; k = 1.83; fR3 = 3.7 MPa; and f = 1.5.  

For the control perimeter 1 at acrit = 2d = 2 x 0.75 h = 1.5 x 390 = 585 mm from the loading area, 

u1 = 3840 mm.  Therefore, 

 VRd,f = vRd,f  u1d = 1.01 x 3840 x 0.75 x 390 x 10-3 = 1139 kN < VEd,red = 1222 kN 
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Fig. E1-8  Point load punching at the slab centre  
 

 

Fig. E1-9  Point load punching at the edge/joint of the slab 
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Fig. E1-10  Punching – Governing load case: 4 container point loads at the joint 

 

Hence, to resist punching shear, it would be necessary to increase either the fibre dosage to 

achieve an fR3 value of 1222 / 1139 x 3.7 = 4.0 MPa or the slab thickness to about 420 mm. 
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2.2  Foundation Slabs 

 

The procedure for the design of foundation slabs typically involves the following steps: 

 

1. Preliminary Design: 

o Determine the slab thickness based on initial calculations considering buoyancy 

forces and dead weight.  

o Select appropriate concrete mix and reinforcement details (e.g., bar diameter, 

spacing, and cover).  

2. Structural Analysis: 

o Perform structural analysis to determine the bending moments, shear forces, 

and punching forces acting on the slab. 

o Use finite element modelling (FEM) or other suitable methods to analyse load 

distribution and structural behaviour.  

3. Reinforcement Design: 

o Design the top and bottom reinforcement layers to resist the calculated bending 

moments and shear forces.  

o Ensure the reinforcement spacing and cover meet the durability and structural 

requirements.  

4. Crack Width Calculation: 

o Calculate the expected crack widths due to bending moments and restraint 

shrinkage.  

o Ensure the calculated crack widths are within the acceptable limits specified for 

the exposure class and intended work life.  

5. Bending Moment Capacity: 

o Calculate the cross-sectional bending moment capacity of the slab.  

o Verify that the bending moment capacity is sufficient for the expected loads. If 

not, design additional reinforcement as needed.  
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6. Shear and Punching Capacity: 

o Determine the shear and punching capacity of the slab, considering the 

contribution of steel fibres if used.  

o Ensure the slab can resist the calculated shear and punching forces.  

7. Detailing and Documentation: 

o Prepare detailed drawings and specifications for the foundation slab, including 

reinforcement layout, concrete mix, and construction details. 

o Document all calculations and design assumptions for review and approval. 

 

This procedure ensures that the foundation slab is designed to safely support the intended 

loads while meeting durability and performance requirements. 

 

References 

ACI 318-25: Building Code Requirements for Structural Concrete (which includes provisions for 

fibre-reinforced concrete).  American Concrete Institute, USA. 

ACI 544.1R-96: Report on Fiber Reinforced Concrete.  American Concrete Institute, USA.ACI 

544.4R-18: Guide for Design with Fiber-Reinforced Concrete.  American Concrete Institute, 

USA. 

fib Model Code 2010: International Federation for Structural Concrete (fib) guidelines for the 

design of fibre-reinforced concrete structures. 

SS EN 1992-1-1:2008(2015): Eurocode 2: Design of concrete structures - Part 1-1: General rules 

and rules for buildings. 
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Example 2 – Car Park Foundation Slab 

 

This example deals with the design of a pile-supported car park basement slab (Basement 3) of a 

high-rise apartment building (Fig. E2-1).  The thickness of the slab is 800 mm, and the slab is 

subjected to a water pressure up to 7.5 m, due to the difference between buoyancy forces and 

dead weight of the slab. 

 

 

Fig. E2-1 Layout of Foundation Slab  

Design Data 

• Intended work life: 50 years; Exposure class: XD3 – Car park slab 

• Thickness: 800 mm; Nominal concrete cover: cnom = 45 mm 
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• Concrete: C35/45 

• Reinforcement: top bars - H20–125 BW; bottom bars – H20–125 BW 

• Characteristic residual flexural tensile strength steel fibres: 

fR1 = 4.0 MPa 

fR3 = 4.6 MPa 

 

The characteristic residual tensile strengths are obtained as: 

fft,R1 = 0.45fR1 = 1.80 MPa   (SS 674, Eq. 3.1) 

fft,R3 = 0.37fR3 = 1.70 MPa   (SS 674, Eq. 3.2) 

 

The design residual tensile strengths in ULS are:  

𝑓𝑓𝑡𝑑,𝑅1 = 
𝑓

∙ 
𝑑𝑒𝑡

∙
𝑓𝑓𝑡,𝑅1

𝛾𝑓
= 1 ∙ 1.4 ∙

1.80

1.5
= 1.68 𝑀𝑃𝑎   (SS 674, Eq. 3.3 

𝑓𝑓𝑡𝑑,𝑅3 = 
𝑓

∙ 
𝑑𝑒𝑡

∙
𝑓𝑓𝑡,𝑅3

𝛾𝑓
= 1 ∙ 1.4 ∙

1.70

1.5
= 1.59 𝑀𝑃𝑎   (SS 674, Eq. 3.4) 

 

The design residual tensile strength in SLS is:  

𝑓𝑓𝑡𝑑,𝑅1 = 
𝑓

∙ 
𝑑𝑒𝑡

∙
𝑓𝑓𝑡,𝑅1

𝛾𝑓
= 1 ∙ 1.4 ∙

1.80

1
= 2.52 𝑀𝑃𝑎   (SS 674, Eq. 3.3) 

 

Crack width calculation 

The limiting calculated crack width, wmax, according to SS674:2021, Table 4 – Recommended 

values of wmax for fibre concrete only with respect to durability, for exposure class XD3, and an 

intended working life of 50 years, is 0.2 mm.  

 

Calculation of crack widths – Restraint shrinkage 

A distinction must be made between the calculation of crack widths due to the bending moments 

in SLS and the calculation of crack widths due to restraint shrinkage.  Since the bending moments 

in SLS are commonly not governing, in this example, the calculation for restraint shrinkage is 

performed. Nonetheless, the tensile stresses due to the SLS bending moments need to be 

checked according to the same calculation principles.  
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The direct crack width calculation for restraint shrinkage is as follows: 

𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥. (𝜀𝑠𝑚 − 𝜀𝑐𝑚)     (SS 674, Eq. 7.5) 

where 

𝑠𝑟,𝑚𝑎𝑥 = 𝑘3 ∙ 𝑐 + 𝑘1 ∙ 𝑘2 ∙ 𝑘4 ∙ (1 − 𝑘𝑓) ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
  (SS 674, Eq. 7.8) 

in which k1 = 0.8; k2 = 1 (axial restraint/pure tension); k3 = 3.4; c = cnom = 45 mm; kf = fftd,R1/fctm = 

1.68/3.2 = 0.53;  = 20 mm.  The value of p,eff = As/hc,eff where As = 2512 mm2/m; hc,eff = min 

{2.5(cnom + /2); (h – x)/3; h/2} = 2.5(cnom + /2) = 2.5x(45+20/2) = 137.5 mm.  That is, p,eff = 

As/hc,eff = 2512/(1000x137.5) = 0.01827. Hence, 

𝑠𝑟,𝑚𝑎𝑥 = 3.4 ∙ 45 + 0.8 ∙ 1 ∙ 0.425 ∙ (1 − 0.53) ∙
20

0.01827
= 328 𝑚𝑚  

Also, 

(𝜀𝑠𝑚 − 𝜀𝑐𝑚) =    

(1 − 𝑘𝑓) ∙ (𝜎𝑠,𝑓𝑖𝑐𝑡 − 𝑘𝑡 ∙
𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙ (1 + 𝛼𝑒 ∙ 𝜌𝑝,𝑒𝑓𝑓))

𝐸𝑠
≥ 0.6 ∙ (1 − 𝑘𝑓)

𝜎𝑠,𝑓𝑖𝑐𝑡

𝐸𝑠
 

        

         (SS 674, Eq. (7.7) 

where kt = 0.4 (long-term loading); fct,eff = fctm = 3.2 MPa; e = Es/Ecm = 200/34 = 5.88; and s,fict is 

the fictitious stress in the tension bar reinforcement assuming a cracked section but neglecting 

the effect of fibres, given by: 

   As.σs,fict = kc.k.fct,eff.Act      (SS EN 1992, Eq. 7.1)  

where kc = 1.0 (for pure tension); k = 0.65 (for h = 800 mm); and Act = bhct = bh/2 (for symmetrically 

reinforced rectangular section).  With As = 3140 mm2/m; kf = 0.53; and fct,eff = 3.2 MPa,  

 σs,fict = 1.0  0.65  3.2  1000  400 / 2512 = 331.2 MPa 

for which 

(𝜀𝑠𝑚 − 𝜀𝑐𝑚) =    

(1 − 0.53) ∙ (331.2 − 0.4 ∙
3.2

0.01827 ∙ (1 + 5.88 ∙ 0.01827))

200000
= 596 ∙ 10−6

> 0.6 ∙ (1 − 0.53)
331.2

200000
= 467 ∙ 10−6 

Therefore, 

 𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥. (𝜀𝑠𝑚 − 𝜀𝑐𝑚) = 328 ∙ 596 ∙ 10−6 = 0.195 𝑚𝑚 < 0.20 𝑚𝑚 
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Design for Bending  

In this design example, it is not the purpose to go into detail the full load distribution of the 

columns, piles and other loads on the foundation slab. The design bending moments in ULS are 

determined by the engineering office using a (non-)linear or plastic analysis in a FEM model. 

Bending moments Mxx [kNm/m] 

Foundation slab – Part 1 

 

Foundation slab – Part 2 

 

Fig. E2-2  Bending Moments Mxx 
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Bending moments Myy [kNm/m] 

Foundation slab – Part 1 

 

Foundation slab – Part 2 

 

Fig. E2-3  Bending Moments Myy 

The cross-sectional bending moment capacity of the proposed foundation slab with the 

combined reinforcement can be determined as follows.  In this example, the simplified stress 

distribution for ULS in SS 674, Fig. 6.1(b) [Fig. 2(b) in this Guide] is used.  The maximum design 

tensile strength at the extreme tensile fibre is: 

𝜎𝑓𝑡 = 𝑓𝑓𝑡𝑑,𝑅1 −
𝜀𝑓𝑡

𝜀𝑓𝑡𝑢
∙ (𝑓𝑓𝑡𝑑,𝑅1 − 𝑓𝑓𝑡𝑑,𝑅3)    (SS 674, Eq. 6.1) 

with  

𝜀𝑐𝑡 =
𝑓𝑐𝑡𝑑

𝐸𝑐
=

1.49

34000
= 4.39 ∙ 10−5     (SS 674, Fig. 3.3) 

𝜀𝑓𝑡𝑢 = 𝜀𝑐𝑡 +
𝑤𝑢

𝑙𝑐𝑠
= 4.39 ∙ 10−5 +

2.5

0.8∙800
= 3.95 ∙ 10−3  (SS 674, Fig. 3.3) 
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Considering the idealized parabolic-rectangular stress-strain relation for concrete in 

compression, with c2 = 0.002 and  cu2 = 0.0035, and taking the extreme tensile fibre strain, ft = 

ftu = 0.00395, and with d’ = 55 mm, d = 735 mm, the following solution is obtained: 

x = 183.4 mm; c = 0.00118 < c2 = 0.002; ft = 0.00395 (as assumed) 

Force in concrete compression zone, C = 1719.4 kN/m 

Force in compression steel, Cs = 381.0 kN/m 

Forces in tension, Ff1 = 980.4 kN/m;  Ff2 = 27.7 kN/m;  Fs = 1092.2 kN/m;  

Ff1 + Ff2 + Ff = 2100.3 kN/m   C + Cs = 2100.4 kN/m 

 

Fig. E2-4  Ultimate Moment Capacity 

Moment capacity of section,  

 MRd = M’Rd = [1719.3x118.5 + 381.0x(183.4-65) + 980.4x(800-183.4)/2 + 27.7x(800-183.4)/3 + 

1092.2x(735-183.4)] x 10-3 = 1159 kNm/m  

NOTE  The bending moment capacity of the proposed solution is not sufficient for all areas. In the areas 

where the design bending moment exceeds the moment capacity, additional reinforcement will be 

required.   For example, to achieve a bending moment capacity of 2815 kNm/m, it would be necessary to 

provide H32 bars at 100 mm both ways, as both top and bottom reinforcement with the same fibre 

reinforced concrete. 

 

Design for Shear and Punching 

The design shear and punching forces are determined from an analysis using a FEM model.  The 

shear and punching capacity of the foundation slab is increased due to the use of steel fibres, 

and determined as follows.  

fftd,R1 

b 

fc c 

fftd,R3 ft = ftu 

h 

x 

(h
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 x
)/

2  

h
 -

 x
 (h
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3
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Resistant shear forces 

The shear capacity of the steel fiber section can be determined from: 

 

   VRd,cf  = {(0.18/c).k.[100l(1+7.5fft,R3/fctk).fck] 1/3}.bwd   {0.035k3/2fck
1/2}.bwd        

With k = 1 + (200/davg) = 1 + (200/735) = 1.52 < 2; l = 2512/(1000x735) = 0.00342 < 0.02; fctk
 

= 0.7fctm
 = 0.7x3.2 = 2.24 MPa, fft,R3 = 1.7 MPa, 

   VRd,cf  = {(0.18/1.5)1.52[100 0.00342(1+7.5  1.7/2.24)  35] 1/3} 1000  735 / 1000  

                     = 0.786  735 = 578 kN/m  

           {0.035k3/2fck
1/2}.bwd  = 0.035(1.52)3/2(35)1/2}1000  735 / 1000 = 0.388  735 = 285 kN/m 

 

Punching shear resistance 

The punching shear resistance for ground-supported slab is determined from:  

vRd,cf  = {(0.18/c).k.[100l(1+7.5fft,R3/fctk).fck] 1/3} = 0.786 MPa 

The foundation is pile supported with a pile grid of approximately 4.5 m x 5 m; the internal piles 

have a dimeter of 500 mm and a load bearing capacity of VEd = 1500 kN in ULS.  The checks for 

control perimeters uo (face of loaded area) and u1 (basic control perimeter) are as follows. 

Face shear: 

 uo = 500 = 1571 mm;   = 0.6 (1 - fcd/250) = 0.516 

vEd =  VEd /(uod) = 1.15 x 1500 x 103 /(1571 x  735) = 1.49 MPa  

      < vRd,max  = 0.5 fcd = 0.5 x 0.516 x 35 / 1.5 = 6.02 MPa 

Shear at basic control perimeter (at 2d from face of pile): 

 u1 = (500+2x2x735) = 10,808 mm;   = 0.6 (1 - fcd/250) = 0.516 

vEd =  VEd /(uod) = 1.15 x 1500 x 103 / (10,808 x 735) = 0.217 MPa  

      < vRd,cf  = 0.786 MPa 
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2.3  Foundation Beams 

 

 Foundation beams can be used to support line loads and transmit the supported loads 

to piles through pile caps.  The examples in this section illustrate the design of foundation 

beams using FRC.  The design follows general procedure and is not detailed here. 
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Example 3 – Foundation Beams 

 

Fig. E3-1 shows the foundation for an oil refinery structure.  It consists of tie-beams 

supported on pile caps, each supported by two circular piles.  This example considers the design 

of tie-beams, TB1 to TB6, located between grids N1/M2 and 1a/1c. 

 

 

Fig. E3-1 Foundation Layout Plan 

 

All tie-beams measure 400 mm in width and 400 mm in height.  It is assumed for simplicity 

that the effective depth d is 340 mm for all beams, although in practice, consideration to avoid 

clashing of bars is needed.  The concrete strength class is C40/50-R14R35 (Class 4d), which is 

achievable using 40 kg/m3 of hooked-end steel fibres.  The mean concrete tensile strength fcm is 

3.5 MPa, and characteristic concrete tensile strength fctk is 2.45 MPa. 
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Design for Ultimate Limit State 

 

The design values of action effects at Ultimate Limit States for the tie-beams are shown in 

Table E3-1.  The maximum sagging moments occur at mid-spans and the maximum hogging 

moments occur at supports.  Beams TB1, TB3 and TB4 are subjected to transverse moments in 

the horizontal plane; they can be evaluated from first principles based on strain compatibility 

and force equilibrium and will not be considered here. 

 

Table E3-1  Action Effects at Ultimate Limit State 

 

Beam Span (m) 
Sagging 

MEd (kNm) 

Hogging 

MEd (kNm) 

Transverse 

MEd (kNm) 

Shear 

VEd (kN) 

Axial 

Tension 

NEd (kN) 

TB1 6 175.0 81.0 19.0 186.8 - 

TB2 6 145.8 42.4 - 104 15 

TB3 5/4.5 100.3 217.1 17.6 190 319 

TB4 6 220.3 55.0 41.5 160 - 

TB5/TB6 3.3/2.6 27.4 46.5 - 57 34 

 

Design for bending. - Assuming fibre orientation factor, f = 0.5, and structural 

redundancy factor det = 1.0 leads to: 

𝑓𝑓𝑡𝑑,𝑅1 = 
𝑓

∙ 
𝑑𝑒𝑡

∙
𝑓𝑓𝑡,𝑅1

𝛾𝑓
= 0.5 ∙ 1.0 ∙

0.45(4)

1.5
= 0.6 𝑀𝑃𝑎   (SS 674, Eq. 3.3) 

𝑓𝑓𝑡𝑑,𝑅3 = 
𝑓

∙ 
𝑑𝑒𝑡

∙
𝑓𝑓𝑡,𝑅3

𝛾𝑓
= 0.5 ∙ 1.0 ∙

0.37(5)

1.5
= 0.62 𝑀𝑃𝑎   (SS 674, Eq. 3.4) 

NOTE  
𝑓

 may be taken as 1.0 if concrete is of consistency classes S2-S4, SS EN 206: 

2014(2024)+A1:20242024. 

Also, 𝑓𝑓𝑡𝑑,𝑅3/𝑓𝑐𝑘 = 0.62/40 = 0.015, and d/h = 340/400 = 0.85.  Using Design Chart C-2, the 

required steel reinforcement are obtained as shown in Table E2-2.  The minimum 

reinforcement area 𝐴𝑠,𝑚𝑖𝑛 following Eq. (9.1N) of SS EN 1992-1-1 [refer to Design Guide (Tan 

2022)] is given by 
𝐴𝑠,𝑚𝑖𝑛

𝑏𝑑
= 0.26 ∙

𝑓𝑐𝑡𝑚

𝑓𝑦𝑘
= 0.26 ∙

3.5

500
= 0.00182 or 

𝐴𝑠,𝑚𝑖𝑛𝑓𝑦𝑑

𝑏𝑑𝑓𝑐𝑘
= 0.00182 ∙

500

1.15

40
=

0.02. 
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(a) Design for Sagging Moments 

 

(b) Design for Hogging Moments 

Fig. E3-2  Design for Moments using Chart C-2 (d/h = 0.85) 
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Table E3-2  Tension Steel Reinforcement Requirements 

 

Beam MEd 
(kNm) 

MEd/bd2fck Asfyd/bdfck
1 As,reqd/bd As,reqd

2 

(mm2) 
Bars As,prov

2 

(mm2) 
As,prov/bd 

Maximum sagging moment at mid-span: 

TB1 175.0 0.095 0.096 0.00883 1201 4H20 1256 0.00924 

TB2 145.8 0.079 0.077 0.00708 963 2H25 980 0.00721 

TB3 100.3 0.054 0.048 0.00442 601 2H25 980 0.00721 

TB4 220.3 0.119 0.127 0.01168 1589 4H25 1960 0.01441 

TB5/TB6 27.4 0.015 0.0203 0.00074 250 2H16 402 0.00296 

Maximum hogging moment at support: 

TB1 81.0 0.044 0.037 0.00340 463 3H16 603 0.00443 

TB2 42.4 0.023 0.0203 0.00184 250 2H16 402 0.00296 

TB3 217.14 0.117 0.124 0.01141 1551 4H25 1960 0.01441 

TB4 55.0 0.030 0.023 0.00212 288 2H16 402 0.00296 

TB5/TB6 46.5 0.025 0.0203 0.00184 250 2H16 402 0.00296 

   Note: 1 Values obtained from Chart C-2 (Fig. E3-2);  
2 As,reqd : required area of tension reinforcement; As,prov : provided area of tension 

reinforcement.     
3 Minimum tension requirement applies (Eq. (9.1N), SS EN 1992-1-1); 

  4 At mid-support. 

 

 Design for Axial Tension. – Beams TB2, TB3 and TB5/6 are subjected to axial tension, 

and additional longitudinal bars must be provided.  This means that for the tensile zone, the 

longitudinal reinforcement should be able to carry a tensile force of 0.5NEd in additional to the 

force due to the bending moment.  For TB3, the additional area of tensile reinforcement is ½ 

x 319 x 103/(500/1.15) = 367 mm2, which in additional to 1551 mm2 due to bending, is catered 

for by 4H25 bars.  For other beams TB2 and TB5/6, the additional area required is small (17 

and 39 mm2 respectively) and catered for by the reinforcement provided as shown in Table 

E3-2. 

 

 Design for Shear. – The shear capacity of the beams without shear reinforcement is 

given by SS 674:2021, Eq. (6.3) as: 

VRd,cf = {(0.18/c).k.[100l(1+7.5fft,R3/fctk).fck] 1/3 + 0.15cp}bwd  

Due to the axial tension, the shear capacity is reduced.  Beam TB3 is the most critical with VEd 

= 190 kN and NEd = - 319 kN (see Table E3-1).  With c = 1.5, k = 1 + (200/340) = 1.77, l = 

0.0144, fft,R3/fctk = 0.37x5/2.45 = 0.755, cp = - 319x103/(400x400) = 1.99 MPa, 
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 VRd,cf = {(0.18/1.5).1.77.[100x0.0144(1+7.5x0.755).40] 1/3 - 0.15x1.99}x400x340x10-3 

          = {1.54 - 0.30}x400x340x10-3 = 1.25x400x340x10-3 = 169 kN < VEd = 190 kN 

Therefore, provide as recommended by Design Guide (Tan 2022) (assuming  = 45o): 

 𝑉𝑠 ≡
𝐴𝑠𝑤

𝑠
𝑧𝑓𝑤𝑑 =

1

0.75
∙ (𝑉𝐸𝑑 − 𝑉𝑅𝑑,𝑐𝑓) =  

1

0.75
∙ (190 − 169) = 28 𝑘𝑁 

 
𝐴𝑠𝑤

𝑠
=

28×103

0.9×340×(
500

1.15
)

= 0.212 𝑚𝑚 < 0.08𝑏𝑤 ∙
√𝑓𝑐𝑘

𝑓𝑦𝑘
= 0.08 × 400 ∙

√40

500
= 0.405 𝑚𝑚 

 

 Note that hanger bars are also needed in TB3 to support Beam TB4 (see Fig. E2-1).  The 

required area of hanger bars is 160x103/(500/1.15) over 400 mm or 0.92 mm.  Hence, the 

required total Asw/s = 0.405 + 0.92 = 1.325 mm.  Provide two-legged (2L) H10 links at 100 mm 

spacing (Asw/s = 1.570 mm) within 400 mm from the intersection with TB4 and H8 links at 200 

mm spacing elsewhere (Asw/s = 0.53 mm). 

 

 For the other beams, the required shear reinforcement is shown in Table E3-3. 

Table E3-3  Shear Capacity and Reinforcement Requirements 

Beam l
1 NEd 

(kN) 
cp 

(MPa) 
VRd,cf 

(kN) 
VEd 

(kN) 
Asw/s Links provided2 (Asw/s)prov 

TB1 0.00443 0 0 141 187 0.455 2L-H8-200 0.503 

TB2 0.00296 15 -0.09 122 104 0.4053 2L-H8-200 0.503 

TB3 0.01441 319 -1.99 169 190 0.4053 
2L-H8-200/ 
2L-H10-1004 

0.503/ 
1.5704 

TB4 0.00296 0 0 124 160 0.4053 2L-H8-200 0.503 

TB5/TB6 0.00296 34 -0.21 119 57 0.4053 2L-H8-200 0.503 

Note:  1 Based on support section, where shear force is maximum; 
 2 2L refers to two-legged links; 
 3 Minimum shear reinforcement governs; 
 4 Within 400 mm from intersection with TB4  
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Design for Serviceability Limit State 

 

 Crack Width Limitation. – Beam TB-3 is subjected to a bending moment MEd = 217 kNm 

and an axial force NEd = 319 kN at ULS.  This is the most critical case with regard to crack width.  

Assuming a mixed safety factor of 1.35 for both dead and variable loads, the moment and 

axial tension acting at SLS are 161 kNm and 236 kN respectively. 

 

 Using the approach described in Appendix B of Design Guide (Tan 2022), the following 

information is obtained. 

 

 

 

 

 

 

 

 

 

Fig. E3-3  Strains and Stresses at SLS 

 b = 400 mm; h = 400 mm; d =340 mm; fck = 40 MPa; ; Ecm = 35 GPa; fftd,R1 = 0.6 MPa;  

 1/r = 0.00636 mm-1; x = 98.8 mm; 𝑐𝑐 = 0.628 x 10-3 mm/mm; 𝑓𝑐𝑐 = 22.1 MPa; 

 𝑠𝑡 = 1.534 x 10-3 mm/mm; 𝑓𝑠𝑡 = 306.8 MPa; 

 𝑓𝑡 = 1.916 x 10-3 mm/mm < 𝑓𝑡𝑢 =  𝑐𝑡 +
2.5

0.8ℎ
=

1.64

35000
+

2.5

0.8×400
 = 7.86 x 10-3 mm/mm 

Check Equilibrium: 

 Fcc = ½ x 400 x 98.8 x 22.1 x 10-3 = 437 kN 

 Fst = 1960 x 306.8 x 10-3 = 601 kN 

 Ff = 400 x (400 – 98.9) x 0.6 x 10-3 = 72 kN 

Fst = AsEsεst 

Ff 

εcc 

b 

h/2 

fcc = Ecmεcc 

 Ecm 
x 

x/3 
Fcc 

n.a. 

0.5(h – x) 

0.5(h – x) εst 

εft fftd,R1 

As (4H25) 

1/r M 

d 

h/2 

N 
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 N = Fcc – Fst – Fst = 437 – 601 – 72 = – 236 kN = NEd,SLS 

 M = Fcc (h/2 – x/3) + Fst (d – h/2) + Fst (x/2)  

      = [437x(200 – 98.8/3) +601x(340 – 200) + 72x(98.8/2)] x 10-3 

       = 73 + 84 + 4 = 161 kNm = MEd,SLS  

 

 The maximum surface crack width 𝑤𝑘 is given by: 

𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥. (𝜀𝑠𝑚 − 𝜀𝑐𝑚)     (SS 674, Eq. 7.5) 

 

where 

𝑠𝑟,𝑚𝑎𝑥 = 𝑘3 ∙ 𝑐 + 𝑘1 ∙ 𝑘2 ∙ 𝑘4 ∙ (1 − 𝑘𝑓) ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
  (SS 674, Eq. 7.8) 

in which k1 = 0.8; k2 = 0.5; k3 = 3.4; c = 47.5 mm; kf = fftd,R1/fctm = 1.68/3.2 = 0.53;  = 25 mm.  

The value of p,eff = As/hc,eff where As = 1960 mm2; hc,eff = min {2.5(c + /2), (h – x)/3, h/2} = min 

{2.5x60, (400-98.8)/3, 400/2} = min {150, 100.4, 200} = 100.4 mm.  That is, p,eff = As/bhc,eff = 

1960/(400x100.4) = 0.0488.  Since 𝑘𝑓 =
𝑓𝑓𝑡𝑑,𝑅1

𝑓𝑐𝑡𝑚
=

0.6

3.5
= 0.171, therefore 

𝑠𝑟,𝑚𝑎𝑥 = 3.4 ∙ 47.5 + 0.8 ∙ 0.5 ∙ 0.425 ∙ (1 − 0.171) ∙
25

0.0488
= 234 𝑚𝑚  

 

Also, 

(𝜀𝑠𝑚 − 𝜀𝑐𝑚) =    

𝜎𝑠 − (𝑘𝑡 + (1 − 𝑘𝑡) ∙ 𝑘𝑓) ∙
𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙ (1 + 𝛼𝑒 ∙ 𝜌𝑝,𝑒𝑓𝑓)

𝐸𝑠
≥ 0.6 ∙

𝜎𝑠

𝐸𝑠
 

         

         (SS 674, Eq. (7.7) 

where kt = 0.4 (long-term loading); fct,eff = fctm = 3.5 MPa; e = Es/Ecm = 200/35 = 5.71; and s = 

fst = 306.8 MPa, gives: 

    

(𝜀𝑠𝑚 − 𝜀𝑐𝑚) =    
306.8 − (0.4 + (1 − 0.4) ∙ 0.171) ∙

3.5
0.0488 ∙ (1 + 5.71 ∙ 0.0488)

200000
= 1304 ∙ 10−6

≥ 0.6 ∙
𝜎𝑠

𝐸𝑠
= 0.6 ∙

306.8

200000
= 920 ∙ 10−6 
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Therefore, 

 𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥. (𝜀𝑠𝑚 − 𝜀𝑐𝑚) = 234 ∙ 1304 ∙ 10−6 = 0.305 𝑚𝑚 

 

 Deflection Limits. – This is checked using the limit span-depth ratio neglecting the effect 

of fibres and assuming all beams are simply-supported on both ends, except TB3 which is a 

two-span continuous beam.  It is assumed that all beams excluding TB4, have compression 

steel bars comprising 2H16 bars, with compression steel ratio of 0.00296.  For Beam TB4, the 

compression steel reinforcement consists of 4H16 bars, with a steel ratio of 0.00592. 

 Table E3-4 shows that all beams satisfy the limiting span-depth ratio. 

 

Table E3-4  Limiting Span-Depth Ratios 

Beam 
Span, 

L 
(mm) 

Effecctive 
depth, d 

(mm) 
L/d K 

Tension 
steel 

ratio,  

Compression 
steel ratio, 

' 

limit 
L/d 

TB1 6000 340 17.6 1 0.00924 0.00296 20.91 

TB2 6000 340 17.6 1 0.00721 0.00296 25.51 

TB3 5000 340 14.7 1.3 0.00721 0.00296 33.11 

TB4 6000 340 17.6 1 0.01441 0.00592 18.61 

TB5 3300 340 9.7 1 0.00296 na 55.82 

TB6 2600 340 7.6 1 0.00296 na 55.82 

   Note: 1 
𝐿

𝑑
= 𝐾 [11 + 1.5√𝑓𝑐𝑘

𝜌0

𝜌−𝜌′
+

1

12
√𝑓𝑐𝑘√

𝜌′

𝜌0
] applies as  >0 ; 

            2 
𝐿

𝑑
= 𝐾 [11 + 1.5√𝑓𝑐𝑘

𝜌0

𝜌
+ 3.2√𝑓𝑐𝑘 (

𝜌0

𝜌
− 1)

3/2
] applies as  <0 ; 

            𝜌0 = 10−3√𝑓𝑐𝑘 = 10−3√40 = 0.00633  
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2.4  Crack Control in Thick Basement Slabs 

 

 The reinforcement requirement in thick basement slabs in underground structures is 

often governed by the serviceability limit state of cracking.  The two examples in this section 

illustrate the calculation of crack widths in fibre-reinforced concrete sections, and how it can 

lead to lesser reinforcement bars by using fibres without compromising on the ultimate 

flexural strength.    

 

References 

PD 6687-1:2020.  Background Paper to the National Annexes to BS EN 1992-1-1, BS EN 1992-

3 and BS EN 1992-4.  BSI Standards Limited 2020, 13-15.  
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Example 4.1 – Crack Width Calculation for Tunnel Base Slab 

 

A 1500 mm thick section from the base slab of an underground tunnel (in Fig. E4.1-1) is 

subjected to a design sagging bending moment MEd = 2650 kNm/m at midspan. Given that the 

concrete class is C35/45-R13/R33, the characteristic yield strength of reinforcement, fyk = 500 

MPa, the creep coefficient φ = 1.34, and the allowable crack width wk,limit = 0.25 mm. The 

Serviceability Limit State (SLS) for cracking for this section is to be verified.  

 

Fig. E4.1-1  Design section from the base slab of an underground tunnel 

For concrete class C35/45-R13/R33, and assuming ηf = 0.7* and ηdet =1:  

fck =35 MPa;  Ecm = 22[(35 + 8)/10]0.3 = 34.1 GPa;   

Ec,eff = Ecm /(1 + φ)= 34.1/(1 + 1.34) = 14.5 GPa;  

fctm = 3.2 MPa; fctd = fctk,0.05/γc = 2.2/1.5 = 1.47 MPa;  

fftd,R1 = ηf fft,R1 = 0.7×(0.45×3) = 0.945 MPa;  

kf = fftd,R1/ fctm = 0.945/3.2 = 0.295;  

NOTE  * ηf is intentionally taken to be 0.7 although SS 674:2021 allows a value of 1.0. 

 

Also,  = Es /Ec,eff = 200/14.5 = 13.8;  = As/bd = 1256/(150 x 1414) = 0.00592. 

Fig. E4.1-2 shows the strain and stress diagrams assumed for the section under elastic cracked 

condition. Following the procedure given in Appendix B, Design Guide (2022), the following 

values are obtained:  
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Fig. E4.1-2: Stress and strain diagrams assumed for the section under elastic cracked 

condition  

Section curvature*, 1/r = 1.08 × 10-6/mm; x = 557.7 mm; 

*NOTE  Alternatively, this can be obtained from Charts B, Appendix B of this Guide as follows:  

d/h = 1414/1500 ≈ 0.95;  = 13.8x 0.00592 = 0.082 x 10-3;  

MED/(bd2Ec) = 2650 x 106 / (1000 x 14142 x 14.5 x 103) = 0.091 x 10-3; 

fftd,R1/Ec = 0.945/(14.5 x 103) = 0.065 x 10-3; from charts:  

 

Chart d/h  (1/r) d (x 10-3) x/d 

B-4(b) 0.95 0.05 2.1 0.33 

B-4(c) 0.95 0.10 1.3 0.43 

Interpolate 

between B-4(b) 

&B-4(c) 

0.95 0.082 1.59 0.394 

 

Hence, (1/r) = 1.59 x 10-3 / 1414 = 1.1 x 10-6 and x = 0.394 x 1414 = 557.1 mm. 

Therefore, 

εcc = (1/r) x = 1.08 × 10-6 × 557.7 mm/mm = 602 × 10-6 mm/mm; 

fcc = Ec,eff εcc = 14.5 × 103 × 602 × 10-6 = 8.74 MPa; 

εft = εcc (h/x − 1) = 602 × (1500/557.7 − 1) × 10-6= 0.00102 mm/mm; 

Assuming lcs = 0.8h, the ultimate tensile strain in SFRC is  

εftu = fctd / Ecm  + 2.5/(0.8h) = 1.47/34100 + 2.5/(0.8 × 1500) = 0.00213 mm/mm  

      > εft = 0.00102 mm/mm   … ok; 

εst = εcc (d/x – 1) = 602 × (1414/557.7 – 1) × 10-6 = 0.000924 mm/mm  

      < εst = (500/1.15)/(200 × 103) = 0.002173 mm/mm   … ok ;  

σs = Es εst = 200 × 103 × 0.000924 = 185 MPa 
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Check for equilibrium:  

Fcc  = ½ bxfcc = ½ × 1000 × 557.7 × 8.74 × 10-3 = 2437 kN;  

Ff  = b(h − x) fftd,R1 = 1000 × (1500 − 557.7) × 0.945 × 10-3 = 890 kN;  

Fst  = As σs = 1256 × (1000/150) × 185 × 10-3 = 1549 kN; 

Therefore, Fcc – Ff – Fst = 2437 – 890 −1549 ≈ 0 kN  

Check value of moment:   

MRd = Fcc (2x/3) + Ff (1/2)(h – x) + Fst (d – x)  

     = [2437 × 2 × 557.7/3 + 890 × 1/2 × (1500 − 557.7) + 1549 × (1414 − 557.7)] × 10-3 

     = 906 + 419 + 1326 = 2651 kNm/m ≈ MEd = 2650 kNm/m   … ok  

Crack Width Calculation. – SS 674:2021 Eq. (7.6) gives:  

fct,eff = fctm = 3.2 MPa; 

heff = min·{2.5(h−d), (h−x)/3, h/2}  

       = min · {2.5(1500 − 1414), (1500 − 557.7)/3, 1500/2}  

       = min · {215, 314, 750} = 215 mm;  

p,eff = As /bheff = 1256/(150 × 215) = 0.039; 

e = Es/Ecm = 200/34.1 = 5.87.  

Therefore, considering that kt = 0.4 for long-term crack width,  

(εsm – εcm) = [σs − (kt + (1 − kt) kf)( fct,eff /p,eff)(1 + e p,eff )]/ Es  
              = [185 − (0.4 + 0.6 × 0.295) × (3.2/0.039)(1 + 5.87 × 0.039)]/(200 × 103]  

              = (185 − 58)/(200 × 103) = 635 × 10-6 

              > 0.6σs/Es = 0.6 × 185/(200 × 103) = 555 × 10-6   …ok  

Since bar spacing s = 150 mm < 5(c + ϕ/2) = 5 × (50 + 16 + 40/2) = 430 mm, and with k3 = 3.4, 

k1 = 0.8 (high bond bars), k2 = 0.5 (bending), k4 = 0.425 [as per NA to SS EN1992-1-1], SS 

674:2021 Eq. (7.8) gives:  

Sr,max = k3 · c + k1 · k2 · k4 · (1 − kf )· ϕ /p,eff  

 = 3.4c + 0.8 × 0.5 × 0.425 × (1 − 0.295) × ϕ /p,eff  
 = 3.4 × (50 + 16) + 0.8 × 0.5 × 0.425 × (1 − 0.295) × 40/0.039  = 347 mm  

Therefore, from SS 674:2021 Eq. (7.5):  

wk = Sr,max (εsm – εcm) 

  = 347 × 635 × 10-6 

  = 0.22 mm < wk,limit = 0.25 mm  
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Alternatively, the maximum crack width wk can be obtained using Chart F-1 (Appendix F) 

as follows (refer to Fig. E4.1-3).  Using  = 40 mm, fct,eff = 3.2 MPa, kf = 0.295, e = 5.87, p,eff = 

0.039 gives: 

 𝐾𝑓1 = 0.17 ∙ (1 − 𝑘𝑓) = 0.120;  𝐾𝑓2 = 0.4 + 0.6 ∙ 𝑘𝑓 = 0.577; 

 𝐾𝑓1 ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
= 0.120 ∙

40

0.039
= 123 𝑚𝑚 

 𝐾𝑓2 ∙
𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙ (1 + 𝛼𝑒 ∙ 𝜌𝑝,𝑒𝑓𝑓) = 0.577 ∙

3.2

0.039
∙ (1 + 5.87 × 0.039) = 58 𝑀𝑃𝑎 

 𝑠∗ =
𝐾𝑓1/𝐾𝑓2

𝑓𝑐𝑡,𝑒𝑓𝑓∙(1+𝛼𝑒∙𝜌𝑝,𝑒𝑓𝑓)
∙ 𝜙 =

123

58
= 2.1 𝑚𝑚/𝑀𝑃𝑎 

 

From Point A in Q3, project horizontal and vertical lines to Points B in Q4 and C in Q2, 

corresponding to k3c = 3.4 x 40 = 224 mm and s = 185 MPa, respectively.  Finally, project 

vertical line from Point B and horizontal line from point C to meet at Point D in Q1, which gives 

wk = 0.22 mm. 
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Fig. E4.1-3  Determination of Maximum Crack Width using Chart F-1 
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Example 4.2 –  Crack Control in Basement Slab 

 

The basement slab shown in Fig. E4.2-1 is designed with three layers of H40-150 bars at a 

vertical spacing between layers of 100 mm.  The slab has an overall thickness, h = 2000 mm, 

and the effective depth to the centroid of the tension bars is d = 1800 mm.  The mid-span 

moments at ULS and SLS are respectively, MULS = 11363 kNm/m and MSLS = 7899 kNm/m. 

 

 

 

 

 

 

 

Fig. E4.2-1  Basement Slab Built In-Between Two Walls 

 

The concrete strength class is C32/40.  The tension steel ratio is  = 1.4%.  It is governed by 

crack width limitation, being wk = 0.35 mm at the bottom face of the slab and 0.3 mm at 40 

mm from the face.  It is desired to reduce the steel ratio   to less than 1.0%, i.e., 2 layers of 

H40-150 without compromising on flexural strength using steel fibre concrete (Fig. E4.2-2).   

 

 

 

 

 

 

 

 

 

 

 

Fig. E4.2-2  Original Section (Left) versus SFRC Section (Right) 
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At flexural ULS, MEd/bd2fck = 11363 x 106/(1000 x 18002 x 32) = 0.110.  With d/h = 1800/2000 

= 0.9, Design Chart C-3, Appendix C (see Fig. E4.2-3) gives the required tension steel area for 

a section without fibres as As = 0.124 bdfck/fyd = 0.124 x 1000 x 1800 x 32 / (500/1.15) = 16428 

mm2/m, which can be provided by two layers of H40-150 bars (As = 16747 mm2/m; Asfyd/bdfck 

= 0.126). 

 

Fig. E4.2-3  Design Chart C-3 (d/h = 0.9) 

 

Consider fibre concrete section with strength class C32/40-R13/R33, and assuming the creep 

coefficient is φ = 1.7.  Then, 

 fck = 32 MPa; Ecm = 33.3 GPa; fct,eff = fctm = 3.0 MPa; 

 fftd,R1 = 0.45 x 3 / 1 = 1.35 MPa; kf = fftd,R1 / fctm = 0.45; 

 Ec,eff = Ecm/(1 + φ) = 12.4 GPa; 

 α = Es/Ec,eff = 16.2 

 

Crack width calculation using fictitious steel stress (Conservative Approach): 

 ρ = As/bd = 16747/(1000 x 1800) = 0.00930; αρ = 16.2 x 0.00930 = 0.151   

Neutral axis depth & moment of inertia: 

 x/d = 0.419; x = 754 mm;  

     I = 440 x 109 mm4/m 

0.11 

0.190  
(3H40-150) 
Provided

0.126  
(2H40-150) 

0.124  
(Req’d for ULS) 
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Under Ms = 7899 kNm/m, fictitious steel stress for the outermost steel layer (dout = 1900 mm) 

is: 

 σs,fict = αMs(dout – x)/I = 16.2 x 7899 x 106 x (1900 – 754) / (440 x 109) = 333 MPa 

Alternatively,  

 σs,fict = (Ms/Mu) fyd (dout – x)/(d – x) = (7899/11363) x (500/1.15) x (1900 – 754)/(1800 – 754) 

     = 331 MPa 

 

With fct,eff = 3.0 MPa;  

 hc,ef = min. (2.5(h – d), (h – x)/3, h/2) = min. (500, 415, 1000) = 415 mm,  

but this is limited to (c + /2 + sb/2) = 80 + 40/2 + 200/2 = 200 mm (PD 6678-1:2020), where 

sb is the vertical spacing between layers of bars.  Hence, 

 ρp,eff = ½ x 16747 / (1000 x 200) = 0.0419, and kt = 0.4,  

 (εsm–εcm) = (1 – kf)[σs,fict – kt (fct,eff/ρp,eff)(1 + αeρp,eff)]/Es 

            = (1 – 0.45) [333 – 0.4(3.0/0.0419) (1 + (200/33.3) x 0.0419)] / 200,000 

            = 817 x 10-6 > 0.6(1 – kf)σs/Es = 0.6(1 – 0.45) x 333/200,000 = 549 x 10-6 

 

Since bar spacing, s = 150 mm < 5(c + /2) = 5 x (80 +40/2) = 500 mm, therefore, with k3 = 3.4, 

k4 = 0.425, k1 = 0.8 (high bond bars), k2 = 0.5 (bending), 

 Sr,max = 3.4c + 0.425x0.8x0.5x(1 – kf) ϕ/ρp,eff   

         = 3.4 x 80 + 0.425x0.8x0.5x(1 – 0.45) x 40/0.0419 = 361 mm. 

 

Therefore,    

wk = Sr,max (εsm – εcm) = 361 x 817 x 10-6 = 0.29 mm < 0.35 mm 
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2.5  Precast Tunnel Segmental Linings 

 

 Designing fibre-reinforced concrete (FRC) tunnel linings involves specialized engineering 

to ensure structural safety, durability, and performance under various load conditions.  

 

1. Key Parameters for Tunnel Lining Design 

   - Geological conditions: Type of soil or rock surrounding the tunnel, groundwater 

conditions, and potential for movement or settlement. 

   - Loads on the lining: Includes earth pressure, hydrostatic pressure from groundwater, and 

potential seismic loads. 

   - Tunnel dimensions: Diameter, length, and shape of the tunnel. 

   - Service life and durability: The desired lifespan of the tunnel and environmental exposure 

conditions (e.g., chemical exposure, temperature variations). 

 

2. Loads and Stresses 

   - Static loads: These include earth pressure due to the overburden and groundwater 

pressure. The self-weight of the tunnel lining is also considered. 

   - Dynamic loads: Earthquakes or other ground movements, dynamic loads from trains or 

other vehicles. 

   - Long-term creep and shrinkage. 

 

3. Structural Design Approaches 

   - Empirical methods: These rely on experience and past performance of similar tunnels and 

can be used for simpler designs where geotechnical conditions are well understood. 

   - Finite element analysis (FEA): For more complex or critical tunnels, FEA software is used to 

simulate the interaction between the tunnel lining and the surrounding ground. This 

method allows for precise modeling of the effects of loads, fibre reinforcement, and 

material properties. 

 

4. Design Criteria 

   - Ultimate load-bearing capacity: includes consideration of both the short-term and long-

term loads. 
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   - Serviceability limit states: limiting crack widths, preventing excessive deformations, and 

ensuring durability. 

 

5. Lining Thickness and Fibre Dosage 

   - Governing factors: Geotechnical conditions (weak soils or high groundwater pressure may 

require thicker linings and higher fibre content); Load conditions; Crack control 

requirements. 

  - Typical steel fibre dosages for tunnel linings range from 25 to 60 kg/m³.   A minimal residual 

strength and ductility class of 4c, corresponding to R14/R34 should be used.  

 

6. Reinforcement 

   - Rebar + fibres: Steel fibers are used in combination with rebar to provide additional 

reinforcement. The rebar provides flexural strength, while the fibers enhance crack control 

and toughness. 

   - Fully fibre-reinforced: Steel fibres alone are used to reinforce the lining. 

 

7. Durability Considerations 

   - Durability is a key concern for tunnel linings, especially in environments with high moisture, 

chemicals, or temperature variations: 

   - Corrosion resistance: Fibres improve the durability of the tunnel lining by reducing crack 

widths, thus limiting the ingress of water and harmful chemicals. 

   - Chemical resistance: In some cases, synthetic fibres are used to improve resistance to 

chemicals in harsh environments. 
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Example 5.1 – Design of Tunnel Segmental Linings for ULS 

 

This example deals with the ultimate limit state design of bored tunnel segmental linings for 

bending, axial load and shear force.  The tunnel has an internal diameter of 5900 mm and the 

segmental lining is 300 mm thick (see Fig. E5.1-1). 

 

 

Fig. E5.1-1 Typical Cross-Section 

 

Design Data: 

Exposure class: XC3/4 ;   

Load combinations: 1, 2, 3, 4, based on LTA CDC Table 7.1, with (Case a) and without (Case b) 

surcharge and viaduct pile loading, where applicable; 

Concrete grade: C50/60; Ec,short-term = 37 GPa; Ec,long-term = 18.5 GPa 

SFRC: Fibre dosage – 40 kg/m3; fR,1 = 5.2 MPa; fR,3 = 4.7 MPa; 

 fR,3/fR,1 = 0.90 (Ductility Class c); cc,f = 0.75 (Design Guide Vol. 1, Table C3.3); 

f = 1.0 (horizontally cast member with width-thickness ratio > 5); det = 1.0; 

 𝑓ftd,R3 = 𝜂f. 𝜂det.
0.37𝑓R,3

𝛾f
 = 1 x 1 x 0.37 x 4.7 / 1.5 = 1.16 MPa; 𝑓ftd,R3/𝑓𝑐𝑘 = 1.16/50 = 0.0232 
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Segment Lining Analysis: 

Analysis carried out for the tunnel under load combinations specified in LTA Civil Design 

Criteria (LTA 2019) gives the maximum and minimum axial loads (Na and Nc respectively), as 

well as maximum bending moments (Mmax)as shown in Table E5.1-1. 

 

Table E5.1-1  Design Moments and Axial Forces  

Load 

Cases* 

Na 

(kN/m) 

Nc 

(kN/m) 

Mmax 

(kNm/m) 
Na/bhfck Nc/bhfck 

Mmax/ 

bh2fck 

LC1 3531 2655 225 0.235 0.177 0.050 

LC1a 3166 2447 186 0.211 0.163 0.041 

LC2 3545 2763 202 0.236 0.184 0.045 

LC2a 3181 2555 164 0.212 0.170 0.036 

LC3 3186 2599 155 0.212 0.173 0.034 

LC4 3502 2520 169 0.233 0.168 0.038 

LC4a 3127 2219 156 0.208 0.148 0.035 

     * based on LTA Civil Design Criteria (LTA 2019). 

  Na = axial force at mid-axis of tunnel; Nc = axial force at crown of tunnel; 

  Mmax = maximum bending moment; b = 1000 mm; h = 300 mm; fck = 50 MPa. 

 

ULS Verifications 

The N-M combinations are checked against the design N-M curves given in Appendix D, Chart 

D-5(c), with  cc,f = 0.75 and 𝑓ftd,R3/𝑓𝑐𝑘 = 0.0232, derived following SS 674:2021, Annex O, 

Section 3.   The results are shown in Fig. E5.1-2, which indicates that the segments are 

adequate in resistance against bending with axial load.   

 

The maximum shear force, VEd = 129 kN/m.  For SFRC elements without traditional bar 

reinforcement, the shear capacity of steel fibre concrete section may be taken, assuming d = 

0.75h, and ignoring the beneficial effect of axial force, as: 

 VRd,cf = vRd,cf(min)  bd = (0.035k3/2fck
1/2)  b(0.75h)   

where 

       k = 1 + (200/d) = 1 + (200/(0.75x300)) = 1.94 > 2 Hence, 

 VRd,cf = (0.035x1.943/2x501/2)  (0.75x300) 

                = 0.67 x 225 = 150 kN/m > VEd = 129 kN/m … ok 
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Alternatively, the shear capacity of SFRC may be taken conservatively, in view of the 

provisions of the 2nd Generation EC2, as: 

 𝑉𝑅𝑑,𝑐𝑓 = 𝜏𝑅𝑑,𝑐𝐹 ∙ 𝑏𝑤𝑑 =
0.37𝑓𝑅,3

𝛾𝑓
∙ 𝑏𝑤𝑑 =

0.37∙4.7

1.5
∙ 1000 ∙ 0.75 ∙ 300 ∙ 10−3 

= 261 𝑘𝑁/𝑚 > 𝑉𝐸𝑑  

 

         
 

          

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

Fig. E5.1-2  Verification for ULS in bending with axial force 
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Example 5.2 – Precast Macro-Synthetic FRC Tunnel Segments  

 

This example deals with the design of precast macro-synthetic FRC tunnel segments for a 

utility tunnel, including the design for production, storage and transportation of segments.   

The tunnel ring has an internal diameter Di of 3700 mm with 6 segments per ring. 

 

 Segment Dimensions 

• Length, Li = 2.068 m; width, b = 1200 mm; thickness, h = 250 mm; aspect ratio, Li/h = 

8.4. 

Material Properties 

• Concrete strength class C50/60-R12/R32;  

• Fibre Class II (EN14889-2); fibre dosage = 6 kg/m3; 

• Characteristic residual flexural strengths, fR,1 = 2.21 MPa; fR,3 = 2.94 MPa (Class 2e).  

• Characteristic residual tensile strengths, fft,R1 = 0.45 fR,1 = 0.99 MPa; fft,R3 = 0.37 fR,3 = 

1.09 MPa [SS 674, Eqs. (3.1) & (3.2)] 

 

Design Residual Tensile Strengths and Minimum Ductility Requirement 

• Width, b = 1200 mm  5 x thickness, h = 5 x 250 = 1250 mm; therefore, fibre 

orientation factor, f may be taken as 1.0. 

• Magnification/Redundancy factor, det = 1.0. 

• Design residual tensile strengths, 

fftd,R1 = f det (fft,R1/1.5) = 0.66 MPa [SS 674, Eq. (3.3)] 

fftd,R3 = f det (fft,R3/1.5) = 0.73 MPa [SS 674, Eq. (3.3)] 

• Check for minimum ductility [SS 674, Cl. 5.6.2] 

ffctk,0.05 = 0.21 fck
2/3 = 0.21 x (50)2/3 = 2.85 MPa 

fR,1 / ffctk,0.05 = 2.21/2.85 = 0.78 > 0.75 

fR,3 / ffctk,0.05 = 2.94/2.85 = 1.03 > 0.65 

 

Sectional Strain Analysis 

• Characteristic length, lcs = h = 250 mm [SS 674, Eq. (3.5)] 

• Ultimate crack opening, wu = 2.5 mm 

• ct = ffctd  / Ecm = (2.85/1.5)/37,000 = 0.000051 

• Ultimate tensile strain in MS FRC, ftu = ct + wu /lcs = 0.01005 
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Considering the idealized parabolic-rectangular stress-strain relation for concrete in 

compression, with c2 = 0.002 and  cu2 = 0.0035, and taking the extreme tensile fibre strain, 

ft = ftu = 0.01005 (Fig. E5.2-1), the following solution is obtained: 

 

Fig. E5.2-1  Section Analysis for Flexure at ULS 

• x = 17.4 mm; c = 0.00075 < c2 = 0.002; ft = 0.01005 (as assumed) 

• Force in concrete compression zone, C = 194.0 kN; acting at xc = 11.4 mm from neutral 

axis. 

• Forces in tension, Ff1 = 184.2 kN;  Ff2 = 9.8 kN; Ff = Ff1 + Ff2 = 194 kN = C 

Moment capacity of section,  

• MRd = [194.0x11.4 + 184.2x(250-17.4)/2 + 9.8x(250-17.4)x2/3] x 10-3 = 25.2 kNm  

Alternatively, MRd may be conservatively obtained from Chart C-1 using fftd,R3/fck = 0.66/50 

= 0.0132 as MRd = 0.01b(0.8h)2 fck = 0.0095 x 1200 x (0.8x250)2 x 50 x 10-6 = 24.0 kNm. 

 

Design for Production and Transient Stages 

The following verifications ensure that the segment maintains structural integrity during 

production, storage and transportation.  The self-weight of each segment is: b x h x Li x unit 

weight of structural concrete = 1.2 x 0.25 x 2.068 x 25 = 15.5 kN.  Since the chord length of 

segment is 1.975 m, therefore, self-weight of segment is gk = 15.5/1.975 = 7.85 kN/m. 

For the load cases of segment production, handling and storage, the post-cracking properties 

of MSFRC is assumed to be 50% of the values observed at 28 days, that is: 

Moment of resistance, MRd = 0.5 x 25.2 = 12.6 kNm 
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The design moments for segment demoulding, storage, transportation and handling are 

summarized in Table E5.2-1 and Figs. E5.2-2 and E5.2-3. 

Table E5.2-1 Design Moments for Production and Transient Stages 

Load Case Design Formula for MEd 
Design 

Moment 
(kNm) 

Remarks 

1 – Segment 
Demoulding 

 

Lifting at ¼ - 
points 

1.35gka2/2 1.3 Assume a = 
1.975/4 = 
0.494 m. 

2 – Segment 
Handling 

 
 

(a)Extrados up 
(Fig. E5.2-2a) 

1.35gkl2/8  4.5 
 

l = 1.85 m  
 

(b) Intrados up 
(Fig. E5.2-2b) 

1.35gka2/2 5.8 a = 1.05 m 

(c) Two supports 
at ¼ - points 
(Fig. E5.2-2c) 

1.35gk[l2/8 - a2/2]  
1.35gka2/2 

0.2 
1.2 

l = 1.02 m;   
a = 0.478 m 

3 – Segment 
Storage 

 

(a) Stacking with 
2 supports at 
¼-points (Fig. 
E5.2-3a) 

Bottom segment: 
1.35gk[l2/8-a2/2] + 1.35F1e 
1.35gka2/2 + 1.35F1e 

 
10.6 
11.7 

l = 1.02 m;   
a = 0.478 m; 
e = 0.1 m; 
F1= 77.5 kN 

(b) Two supports 
at 0.65 m from 
centreline (Fig. 
E5.2-3a) 

Bottom segment: 
1.35gk[l2/8-a2/2] + 1.35F1e 
1.35gka2/2 + 1.35F1e 

 
12.1 
11.1 

l = 1.3 m;   
a = 0.338 m; 
e = 0.1 m; 
F1= 77.5 kN 

4 – Segment 
Transpor-
tation 

 

Stack of three 
segments with 
two supports 
at 0.8 m from 
centreline (Fig. 
E5.2-3b) 

Bottom segment: 
2(1.35gk[l2/8-a2/2] + 
1.35F2e) 
2(1.35gka2/2 + 1.35F2e) 

 
 

19.0 
12.9 

 

l = 1.6 m;   
a = 0.188 m; 
e = 0.1 m; 
F2= 46.5 kN 
& dynamic 
shock factor 
= 2. 

NOTE  gk = uniform load due to self-weight of segment, in kN/m; 
 a = distance of lifting points from nearer end of segment, in m; 

l = distance between supports in m; 
F1 = self-weight of all segments completing a ring, excluding bottom segment, in kN; 
F2 = self-weight of all segments placed in one truck for transportation phase, in kN; 
e = eccentricity due to imperfect alignment of stack supports, in m. 

 

For load cases 1, 2 and 3, the maximum design moment is 12.1 kNm (Case 3b), which is less 

than the early-age moment of resistance of 12.6 kNm.  For load case 4, the maximum design 

moment is 19.0 kNm, which is less than the design moment of resistance of 25.2 kNm.  Hence, 

the ULS is verified for the production and transient stages. 
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(a) Extrados Up 
 

 
 

 
 

 

(b) Intrados Up (c) Supported at ¼ - points 
 

Fig. E5.2-2  Segment Handling  

 

 

Fig. E5.2-3  Segment Stacking and Transportation  

(a) Stacking on 2 supports with 

100 mm eccentricity 

(b) Transportation of 

3 segments  

l 

a a 

l 

e 

a a 

e 

l e 

l 

e 
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Design for Construction Stages 

This is not dealt with herein.  Readers may refer to specialist literature including ACI 544.7R-

15 and fib Bulletin 83 for more information. 

Design for Service Stages (Persistent Design Situation) 

Ultimate Limit State. - Design moments MEd and axial forces NEd are obtained by analysing the 

tunnel structure for various load cases, including those involving ground embedding, and 

potential deformation due to construction quality.  For this example, a single N-M 

combination with NEd = 2153 kN and MEd = 163 kNm is considered to demonstrate the 

calculation method.   

Use the method of strain compatibility (Fig. E5.2-4), the neutral axis depth corresponding to 

NRd = NEd =2153 kN, can be obtained by trial and error as x = 84.16 mm, giving ft = cu (h – x)/x 

= 0.0035 x (250 – 84.16)/84.16 = 0.00690 (< ftu = 0.01005), and fft = fftd,R1 + (fftd,R3 - fftd,R1) ft/ftu 

= 0.66 + (0.73 – 0.66) x 0.00690/0.01005 = 0.708 MPa. 

 

Fig. E5.2-4  Section Analysis for Flexure with Axial Force at ULS 

The forces acting on the section are: 

 C = b (0.8x) cc,ffck/f = 1200 x (0.8x84.16) x 0.85x50/1.5 x 10-3 = 2289.1 kN 

 Ff1 = b (h - x) fftd,R1 = 1200 x (250 – 84.16) x 0.66 x 10-3 = 131.3 kN 

 Ff2 = ½ b (h - x) (fft - fftd,R1) = ½ x 1200 x (250 – 84.16) x (0.708 - 0.66) x 10-3 = 4.8 kN 

fftd,R1 

b 

cc,ffck/f cu = 0.0035 

fft ft 

h/2 

x 

(h
 –

 x
)/

2
 h
 -

 x
 

(h
 –

 x
)/

3
 

0.8x C 

Ff2 

Ff1 

Section Strains Stresses 
Stress 
Resultants 

h/2 

MRd 

NRd 

n.a. 

c.g.c. 
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 NRd = C - Ff2 - Ff1 = 2289.1 – 131.3 – 4.8 = 2153 kN = NEd  … ok 

The corresponding moment of resistance,  

 MRd = C (h/2 – 0.4x) + Ff2 [h/2 – (h- x)/2] + Ff1 [h/2 – (h- x)/3]  

        = 209.1 + 5.5 + 0.3 = 214.9 kNm > MEd = 163 kNm. 

 

Alternatively, it can be shown using Design Chart D-5(d), Appendix D, that the combination 

(MEd/bh2fck, NEd/bhfck) = (0.0432, 0.144) lies within the interaction curve with fftd.R3/fck = 

fftd.R1/fck = 0.66/50 = 0.0132, indicating the adequacy of the section.  Also, the value of MRd can 

be obtained as MRd = 0.057bh2fck = 0.057 x 1200 x 2502 x 50 x 10-6 = 214 kNm. 

         
 

          

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

Fig. E5.2-5  Verification using Design Chart D-5(d) 

 

Serviceability Limit State. – Consider NEd = 1530 kN and MEd = 108 kNm under quasi-

permanent loads.  Assuming a cracked elastic section with fftd,R1 = f fft,R1 = 0.99 MPa, and 

following the general procedure given in Appendix B, the following results are obtained: 

neutral axis depth, x = 100.5 mm; extreme concrete compressive fibre stress, fcc = 28.3 MPa < 

0.6fck = 30 MPa; and extreme tensile strain, ft = 0.00113.  Hence, the maximum surface crack 

width, wmax = ft  2  (h -x) = 0.00113 x 2 x (250 – 100.5) = 0.34 mm. 
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2.6  Pile Caps 

 

 Pile caps may be designed using strut-and-tie models or they may be designed for 

bending and shear by considering them as slabs (SS EN 1992-1-1:2008, 9.8(2); EN 1992-1-

1:2023, 12.8(2)).   In strut-and-tie models, fibres may be used to substitute up to 30% of the 

total required main longitudinal reinforcement in ties.  Also, they may replace transverse 

reinforcement, hanger reinforcement where the pile cap supports the foundation beams at 

the sides, and skin reinforcement where required.   

 In using the bending theory for design, the contribution of the applied load on the pile 

cap to the design shear force may be multiplied by a factor  = av/2d,  where av is the clear 

distance between the applied load and the support pile reaction, and d is the effective depth 

to the longitudinal reinforcement, and 0.5d  av  2d (SS EN 1992-1-1:2008, 6.2.2(6)).  This 

applies only if the longitudinal reinforcement is fully anchored.  For av  0.5d, the value av = 

0.5d is assumed.  Also, the design shear force calculated without reduction should always be 

at most equal to 0.5bdfcd, where b is the width of the pile cap,  = 0.6(1 - fck/250) and fcd = 

0.85fck/1.5. 

 This example illustrates the design of a pile cap with 2 piles in SFRC using both the 

strut-and-tie model and the bending theory.    
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Example 6 – Pile Cap 

 

 The pile caps, designated PC1, in Example 3 (refer Fig. E3-1) are designed using the 

strut-and-tie method in this example.  These pile caps are located at the intersection between 

Grid 1c with Grid N1 and M1.   Loads are transferred on its top through a plinth with 

dimensions 600 mm x 600 mm.  At the bottom, the cap is supported by 2 piles with a diameter 

of 300 mm.  The chosen dimensions of the pile cap are length, L = 2100mm, width b = 700mm 

and depth h = 510 mm (refer to Fig. E6-1).  

                    

Fig. E6-1  Geometry and Loads on Pile Cap PC-1 
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 The fibre concrete strength class is C40/50-R14R35 (Class 4d).  The material properties 

are as follows: 

 fck = 40 MPa; Ecm = 33.3 GPa; fctm = 3.02 MPa;  fctk = 2.12 MPa; 

 fR,1 = 4 MPa; fR,3 = 5 MPa;  fft,R1 = 1.80 MPa; fft,R3 = 1.75 MPa; 

 f = 0.5;  det = 1.0;  fftd,R1 = 0.60 MPa; fftd,R3 = 0.62 MPa; 

 fyk = 500 MPa; Es = 200 GPa   

The pile cap is subjected to the following action effects (maximum values) due to applied 

loads: 

 Normal compressive force, NEd = 640 kN (applied through the plinth); 

 Bending moments, MEd,1 = 38 kNm, MEd,1 = 210 kNm (applied through the plinth); 

 Shear forces, VEd,TB1 = 143 kN (applied through beam TB-1),  

             VEd,TB3 = 163 kN (applied through beam TB-3); 

 Horizontal forces, HEd = 32 kN (due to wind and inclination of the structure on top of 

 the foundation, applied through each of the supporting piles). 

In the following analysis, the 2-pile cap is idealized by a strut-and-tie system (Fig. E6-2), with 

the following action effects based on the maximum plinth reactions: 

 

Fig. E6-2  Design Action Effects for 2-Pile Cap PC1 

 Fc = NEd + VEd,TB1 + VEd,TB3 = 640 + 143 + 163 = 946 kN; 

 M = MEd,1 + 2 HEd x 0. 5 = 38 + 2 x 32 x 0.5 = 70 kNm; 

which leads to pile reactions R1 = 946/2 – 70/1.2 = 415 kN and R2 = 946 – 415 = 531 kN. 

(b) Elevation 
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 This indicates that the pile is not subjected to tension and no top reinforcement is 

required in the pile cap.  In reality, additional loads such as self-weight of the pile cap, soil and 

paving materials above the pile and live load on the paving apply, and these are transmitted 

directly to the piles.  Accounting for such loads, the maximum pile reaction is found to be 662 

kN.  Accordingly, as a conservative approach, the strut-and-tie model shown in Fig. E6-3 with 

two reaction forces each equal to 662 kN may be considered. 

 

Fig. E6-3  Strut-and-Tie Model for Design of Pile Cap PC1  

Design of Ties 

 From equilibrium of forces at nodes 3 or 4, the tensile force in Tie T34 is: 

 Nt = 662 cot 42o = 735 kN  

which requires a cross-sectional area As,req = 735,000/(500/1.15) = 1691 mm2(see NOTE).  

Assuming 5H20 bars with a design yield force of 5 x 314 x (500/1.15) x 10-3 = 683 kN are 

provided.  This represents 92% of Nt, which is more than 70% (EN 1992-2023, L.8.5.2(2)).  The 

remainder force of (735 – 683) = 52 kN may be carried by the fibres, that is: 

 2b(h – d)fftd,R3 = 2 x 700 x (510 – 450) x 0.62 x 10-3 = 52 kN 

NOTE:  Based on beam theory, the required area would be M/fydz = 662,000 x 450 / [(500/1.15) x (0.9 

x 450) = 1655 mm2 without steel fibres.  With steel fibres, M/bd2fck = 662,000 x 450 / (700 x 4502 x 40) 

= 0.0525, fftd,R3/fck = 0.62/40 = 0.155 and d/h = 450/510 = 0.88, the required steel bar area can be 

conservatively obtained from Chart C-2 (d/h = 0.85) as As = 0.05bdfck/fyd= 1449 mm2, similar to the 

requirements using strut-and-tie method.   
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 The longitudinal bars are spread over the width of the pile cap as shown in Fig. E6-4(a).  

Each of the five H20 bars carries a tensile force of 683/5 = 137 kN.  For equilibrium, transverse 

reinforcement is required at the end of the pile cap.  The maximum tensile force in the 

transverse reinforcement is in tie t2b: 

 Ft2b = 137 (tan 1 + tan 2) = 137 (tan 35.5o + tan 19.7o) = 147 kN 

The required steel area is 147,000/(500/1.15) = 338 mm2, which can be catered by 2H16 (402 

mm2) bars. 

 

Fig. E6-4  Transfer of Forces in Pile Cap 
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 The flow of forces, observed from the top of the pile cap, is shown in Fig. E6-4(b).  The 

forces in the piles are transmitted to the plinth area through inclined concrete struts s2i (i = a, 

b) which diverge from the longitudinal axis by an angle of tan-1 (150/450) = 18.4o.  The 

compression strut below the plinth (C12 in Fig. E6-3) carries a force equal to the force of 735 

kN carried by the tensile tie T34.  This force may be considered as two compressive forces 

each equal to 368 kN acting at quarter-points along the width of the plinth.  This leads to 

lateral tensile forces in the tie t3 with Ft3 = 368 tan 18.4o = 123 kN.  The required area for the 

ties is 123,000/(500/1.15) = 283 mm2, which can be provided by adding two horizontal H10 

links (As,prov = 4 x 78.5 = 314 mm2) around the bars extending from the plinth into the pile cap. 

 Special consideration should be given to the introduction of the shear force from beam 

TB3 into the pile cap (EN 1992-1-1:2023, 12.3.4(1)).  Suppose that the full shear force VEd,TB3 

of 163 kN is to be introduced through its compression zone into the pile cap (see Fig. E6-5).  If 

there is insufficient suspension capacity, the zone would be ripped off and separated by the 

crack.  However, the crack is intersected by fibres.  Considering the width of the pile cap of 

700 mm and a length between the piles of 900 m, and a post-cracking tensile strength fftd,R3 

of 0.62 MPa, the tensile resistance is 700 x 900 x 0.62 / 1000 = 390 kN.  This is more than twice 

the design shear force of 163 kN, and there is no need for suspension bars.  The shear force is 

hence transmitted by fibres to the top of the pile cap, which is assumed in the strut-and-tie 

model. 

 

Fig. E6-5 Transfer of Shear Force from Beam TB3 

 Fig. E6-6 shows the reinforcement details in the pile cap and the supported members.  

No side and top reinforcement is required in the pile cap as there is no tension developing in 

these areas.  All the required longitudinal reinforcement is to be fully anchored. 
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Fig. E6-6  Reinforcement Details 

Design of Struts 

 The strut C12 is subjected to a compressive force of 735 kN (refer Fig. E6-3).  As the 

strut is subjected to transverse compression, the effective strength is fcd = 0.85 x 40/1.5 = 22.7 

MPa (SS EN 1992-1-1:2008, 6.5.2).  Considering that the strut has a width of 600 mm (same 

as the plinth) and a depth of 2 x 50 = 100 mm, this gives a resistant force of 700 x 100 x 22.7 

/ 1000 = 1587 kN.  Hence, the strut has sufficient strength. 

 Struts C14 and C23 are each subjected to a force of 662/sin 42o = 989 kN.  The strength 

of the struts is 0.6(1 – fck/250)fcd = 0.6 x (1 – 40/250) x 0.85 x 40/1.5 = 11.4 MPa.  The required 

width of the struts is therefore 989,000/(700 x 11.4) = 123 mm, which can be accommodated. 
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Design of Nodes  

 Nodes 1 and 2 are CCC nodes, and the strength is (1 – fck/250) fcd = 19.0 MPa (SS EN 

1992-1-1:2008, 6.5.4), while the stress under the plinth is 2 x 662,000 / (600 x 600) = 3.7 MPa, 

which is lower.  Also, Nodes 3 and 4 are CCT nodes with a compressive strength of 0.85(1 – 

fck/250) fcd = 16.2 MPa.  The stress in the pile is 662,000 / ( x 3002/4) = 9.4 MPa, which is 

lower and also less than the compressive strength of the struts C13 and C24.  Hence all nodes 

have adequate strength capacity.   

NOTE:  Based on bending theory, the shear capacity of the pile cap is checked as follows (SS EN 1992-

1-1:2008, 6.2.2(6)).  The design shear force is VEd = 662 kN.  Due to the proximity of the applied load to 

the pile support, this may be reduced to VEd (av/2d), where av is the clear distance between the applied 

load and the pile, equal to 150 mm, and d is the effective depth, equal to 450 mm.  However, since av/d 

= 150/450 = 0.33 < 0.5, the value of av/d is taken as 0.5, and the reduced design shear force is 0.5/2 x 

662 = 166 kN.   

          Assuming 5H20 as longitudinal steel bars, the shear resistance is given by (SS 674, Eq. 6.3): 

 VRd,cf  = {(0.18/c) k [100l(1+7.5fft,R3/fctk) fck] 1/3} bwd  {0.035k3/2fck
1/2} bwd        

With k = 1 + (200/d) = 1 + (200/450) = 1.67 < 2; l = 1570/(700x450) = 0.00556 < 0.02; fctk
 = 0.7fctm

 = 

0.7x3.02 = 2.11 MPa, fft,R3 = 1.75 MPa, 

   VRd,cf  = {(0.18/1.5) x 1.67 x [100x0.00556 x (1+7.5 x 1.75/2.11) x 40] 1/3} x700x450/1000  

                     = 0.689 x 700x450/1000 = 217 kN  

                      {0.035k3/2fck
1/2} bwd = 0.035 x (1.67)3/2(40)1/2} x 700x450/1000  

           = 0.478 x 700x 450/1000 = 150 kN 

Therefore, VRd,cf  = 217 kN > VEd (av/2d) = 166 kN. 

 Also, the design shear force calculated without reduction should be less than 0.5bdfcd, where 

b is the width of the pile cap,  = 0.6(1 - fck/250) and fcd = 0.85fck/1.5.  That is: 

  VEd  = 662 kN < 0.5bdfcd = 0.5 x 700 x 450 x 0.6(1 – 40/250) x 0.85x40/1.5 x 10-3 = 1799 kN. 
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2.7  Box Culverts 

 

 Reinforced concrete box culverts are commonly used as tunnels to facilitate the 

passage of vehicles, passengers or utility services.  This example indicates savings in 

reinforcing steels by incorporating steel fibres in a twin-celled box culvert.   
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Example 7 – Twin-Cell Box Culvert 

 

 Fig. E7-1 shows the cross-section of a twin-cell reinforced concrete (RC) box culvert for 

a road tunnel.  The box culvert consisted of roof slabs S1, base slabs S2, side walls W1 and 

interior wall W2.  All slab and wall elements measure 600 mm in thickness.  The concrete 

cover to the nearest reinforcement is to be 50 mm for all faces except the external faces of 

the roof and base slabs, for which the cover is to be 55 mm.  Under SLS, the crack width is to 

be limited to 0.25 mm at link diameter plus 40 mm from the outermost main bar for external 

faces, and 0.30 mm for internal faces.  The structure has been designed with concrete strength 

class C32/40 to withstand load combinations with loads as indicated in Table E7-1. 

 

Fig. E7-1  Typical section of twin-celled 7000 mm x 3000 mm RC box culvert 

 

Table E7-1  Load combinations 

Load 

Combination 
Vertical Loads 

Horizontal 

Loads 

Braking & 

Acceleration 

Force 

Base Uplift 

LC1 Maximum Maximum No Yes 

LC2 Maximum Minimum No Yes 

LC3 Minimum Maximum No Yes 

LC4 Maximum Maximum Yes No 

LC5 Minimum Maximum Yes No 

LC6 Minimum Maximum Yes Yes 

 

S1 

W1 
S2 

W2 
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 The maximum values of design action effects at ULS and SLS are summarized in Table 

E7-2.  The slabs are predominately subjected to flexure, while the walls to axial loading. 

Table E7-2  Design moments, axial loads, and shear forces 

Limit 
State 

Action Effects Location S1 S2 W1 W2 

ULS 

Bending 
moment, 

MEd (kNm/m) 

At Mid-Span 620 627 -a -a 

At Supports 997 945 581 100 

Axial load, 
NEd (kN/m) 

- 258 343 753 1790 

Shear force,  
VEd (kN/m) 

Outer/Top 
Support 

626 617 221 53 

Interior/Bottom 
Support 

804 781 284 53 

SLS 
Bending 
moment, 

MEd (kNm/m) 

At Mid-Span 449 451 346b -a 

At Supports 709 670 416 38 

Note: a Bending moments are negligible;  
 b Mid-span moment is in same direction as support moments (i.e., wall is bent in single 

 curvature). 
 

Design using SFRC 

 The box culvert is herein designed using fibre concrete class C32/40-R13R33.  The material 

properties are: 

 fck = 32 MPa; Ecm = 33.3 GPa; fctm = 3.02 MPa;  fctk = 2.12 MPa; 

 fR,1 = 3 MPa; fR,3 = 3 MPa;  fft,R1 = 1.35 MPa; fft,R3 = 1.11 MPa; 

 f = 1.0 (for Slabs S1 and S2), 0.5 (for Walls W1 and W2); det = 1.0; 

 fyk = 500 MPa; Es = 200 GPa  

 
 Design for Bending. – For each slab or wall element, b = 1000 mm, h = 600 mm. Conservatively, 

assume d = 510 mm and d/h = 0.85.  The value of fftd,R3 = f det fft,R3 /1.5 is 0.74 MPa for slabs and 0.37 

MPa for walls, with corresponding values of fftd,R3/fck = 0.023 for slabs and 0.0115 for walls.  

 The requirement for flexural tensile reinforcement in slabs and walls is evaluated using Design 

Chart C-2, Appendix C, as shown in Fig. E7-2.  The required minimum tensile steel ratio is As,min = 

0.26(fctm/fyk)bd = 0.157%bd = 801 mm2.  The results are tabulated in Table E7-3.  For Wall W1 and W2, 

only minimum reinforcement is required except for the exterior face of W1.   
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Fig. E7-2  Determination of Flexural Reinforcement (Chart C-2, d/h = 0.85) 

(Note: (+) refers to mid-span moment; (-) refers to support moment) 

 

Table E7-3  Longitudinal Tensile Steel Requirements due to Flexure 

Member Location 
MEd 

(kNm/m) 
MEd/bd2fck Asfyd/bdfck

 As/bd 
As,reqd 

(mm2/m) 

S1 

At mid-
span 

620 0.074 0.068 0.00435 2552 

At 
support 

997 0.120 0.123 0.00787 4617 

S2 

At mid-
span 

627 0.075 0.068 0.00435 2552 

At 
support 

945 0.114 0.116 0.00742 4354 

W1 (At midspan & 
support)a 581 0.067 0.063 0.00403 2365 

W2 (At midspan & 
support) 

Only minimum tensile reinforcement is 
required to resist flexure. 

801 

  Note: a Midspan moment is in the same direction as support moments. 
 
 
 Effect of Axial Load. – Fig. E7-3 shows the design load-moment (NEd, MEd) combinations for the 

slab and wall elements plotted against the N-M interaction curves for symmetrical reinforced sections 

with d/h = 0.85 and fftd.R3/fck = 0.0116 (extract from Chart D-2(b), Appendix D).  The required 

longitudinal steel area is shown in Table E7-4.   
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 For both S1 and S2, the required longitudinal steel can be provided by H32 bars at 150 mm 

spacing at each face of the slab.  For Wall W1, the required steel is catered for by H25 bars at 150 mm 

at each face.  For the interior wall W2, only a minimum steel area, that is, 0.2%bh or 1200 mm2, is 

required and this can be catered for by H13 bars at 150 mm spacing at both faces.  

 

 

Fig. E7-3  Load-Moment Combinations 

 
Table E7-4  Longitudinal Steel Area Requirement due to Axial Compression 

Member 
MEd 

(kNm/m) 
NEd 

(kN/m) 
MEd/bh2fck NEd/bhfck Asfyd/bdfck  

As 

(mm2/m) 

Required 
Longitudinal 

Reinforcement 

S1 997 258 0.0865 0.0134 0.20 7507 
H32-150 EF 
(10720 mm2/m) 

S2 945 343 0.0820 0.0179 0.19 7132 
H32-150 EF 
(10720 mm2/m) 

W1 581 753 0.0504 0.0392 0.08 3003 
H20-150 EF 
(4187 mm2/m) 

W2 100 1790 0.0087 0.0932 0.03 1200 
H13-150 EF 
(1760 mm2/m) 
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 Design for Shear. – The design shear forces VEd, taken at the face of support, are compared 

with the shear resistance VRd,cf in Table E7-5, neglecting the effect of axial load.  The value of  is 

conservatively assumed as 45o.  In all locations except in Slab S1 and S2 at the connection with the 

interior wall W2, only nominal shear resistance is required, and this can be catered for using H13 

vertical links at 300 mm spacing in both the transverse and longitudinal directions (Asw/s = 1467 

mm2/m).  In Slab S1 and S2 near the junction with the interior wall, the required shear reinforcement 

of about 2100 mm2/m can be catered for using H13 links at a transverse spacing of 150 mm and 

longitudinal spacing of 300 mm (Asw/s = 2934 mm2/m).   

 The additional tensile longitudinal reinforcement due to shear is also shown in Table E7-5, 

together with those required to resist bending moment.  The final longitudinal steel bar requirement 

should account for that required by axial load, shown in Table E7-4 for axial compression. 

 

Table E7-5  Shear and Tensile Longitudinal Reinforcement Requirements 

Mem-
ber 

Sup-
port 

f 100a VEd
b 

(kN/m) 
VRd,cf

c 

(kN/m) 
Asw,reqd/sd 
(mm2/m) 

Asl,add
e

 

(mm2/m) 
Asl,M

a 
(mm2/m) 

Asl,M+V
e

 

(mm2/m) 
Asl,prov

e 

(mm2/m) 

S1 
Outer 1.0 0.762 626 491 905 720 4617 5337 

H32-
150 

(5360) 

Inter-
ior 

1.0 0.762 804 491 2089 925 4617 5542f 

S2 
Outer 1.0 0.710 617 480 916 710 4354 5064 

Inter-
ior 

1.0 0.710 781 480 2012 898 4354 5252 

W1 
Top 0.5 0.358 221 382 905 254 2365 2619 H25-

150 
(3267) 

Bot-
tom 

0.5 0.358 284 382 905 327 2365 2691 

W2 

Top 0.5 0.157 53 290 905 61 802 863 H13-
150 
(880) 

Bot-
tom 

0.5 0.157 53 290 905 61 802 863 

Note: a  = As,M/bd where As,M is the area of tensile reinforcement required to resist flexure; 
 b VEd is conservatively taken as face shear; 

 c 𝑉𝑅𝑑,𝑐𝑓 = (0.18/𝛾𝑐) ∙ 𝑘 ∙ [100𝜌𝑙 ∙ (1 +
7.5𝑓𝑓𝑡,𝑅3

𝑓𝑐𝑡𝑘
) ∙ 𝑓𝑐𝑘]

1/3

∙ 𝑏𝑤𝑑  (SS 674, Eq. 6.3) 

 d Derived from 𝑉𝐸𝑑 = 𝑉𝑅𝑑 = 0.75𝑉𝑅𝑑,𝑠 + 𝑉𝑅𝑑,𝑐𝑓 and 
𝐴𝑠𝑤,𝑟𝑒𝑞𝑑

𝑠
=

𝑉𝑅𝑑,𝑠

𝑧𝑓𝑦𝑤𝑑𝑐𝑜𝑡𝜃
≥

0.08√𝑓𝑐𝑘

𝑓𝑦𝑘
𝑏𝑤; in all 

cases, the minimum shear reinforcement applies. 
 e Asl,add : additional longitudinal reinforcement due to shear; Asl,M+V : longitudinal tensile 

reinforcement due to moment and shear; Asl,prov : longitudinal tensile reinft. provided; 
 f This amount could be reduced and catered for by H32-150 considering the enhancement of 

shear capacity near the support (see Note b above). 

 

 Crack Width Calculations. – The maximum crack width under the moments at SLS are 

evaluated for the sections at the external faces at the supports and internal faces at the mid-
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span for Slabs S1 and S2, and for the external face at the bottom of Wall W1.  The effect of 

axial load is ignored.  A cover of 55 mm to the link is assumed for external faces, and 50 mm 

for internal faces.  Also, main bars consisting of H32 bars are considered for Slabs S1 and S2, 

and H25 bars for Wall W1.  The area of main bars is taken as that provided to meet ULS 

requirements (see Table E7-5).  In all cases, H13 links are assumed.  The input parameters are 

summarized in Table E7-6(a). 

 Table E7-6(b) shows the calculated maximum crack widths using the simplified 

approach considering a fictitious stress s,fict in the reinforcement (SS 674, Eq. 7.7 to 7.9) and an 

effective modular ratio of 12.  The crack width at “link diameter + 40 mm” from the main bar is 

calculated by assuming that the crack width varies linearly with zero width at the face of the bar.  The 

calculated crack widths are within the allowable crack widths of 0.25 mm for external faces and 0.3 

mm for internal faces.  

Table E7-6(a)  Input Parameters for Crack Width Calculations 
 

Member/Face MSLS 

(kNm/m) 
ca 

(mm) 

d  
(mm) 

As 
(mm2/m) 

  
(= As/bd) 

fftd,R1 

(MPa) 

S1/ext 709 68 516 5360 0.010388 1.35 

S1/int 449 63 521 4692 0.010288 1.35 

S2/ext 670 68 516 5360 0.010388 1.35 

S2/int 451 63 521 5360 0.010288 1.35 

W1/ext 412 68 532 3267 0.006283 0.675 

      Note:  a c : cover to main bar.   
 

Table E7-6(b)  Maximum Crack Widths 
 

Member/ 
Face 

xc
a 

(mm) 
hc,eff

b 

(mm) 
s,eff

c kf
d s,fict 

(MPa) 
sm-cm

e 

(x 10-6) 
Sr,max

f 

(mm) 
wk

g 
(mm) 

wk,40
h 

(mm) 

S1/ext 201.2 132.9 0.0403 0.446 295 713 305.9 0.218 0.170 

S1/int 202.4 132.5 0.0404 0.446 185 476 288.7 0.118 0.099 

S2/ext 201.2 132.9 0.0403 0.446 278 666 305.9 0.204 0.159 

S2/int 202.4 132.5 0.0404 0.446 186 412 288.7 0.119 0.100 

W1/ext 166.5 144.5 0.0226 0.223 271 817 377.2 0.308 0.240 

Note: a xc : neutral axis depth assuming cracked section and ignoring presence of fibres; 
 b hc,eff = min [2.5(h – d), (h – xc)/3, h/2]; 

 c s,eff = As/bhc,eff where b = 1000 mm; 

 d kf = fftd,R1/fctm  1 with fftd,R1 in SLS; 
 e (εsm–εcm) = (1 – kf)[σs,fict – kt (fct,eff/ρp,eff)(1 + αeρp,eff)]/Es (SS 674, Eq. 7.7); 
 f Sr,max = 3.4c + 0.425x0.8x0.5x(1 – kf) ϕ/ρp,eff  (SS 674, Eq. 7.8); 
 g wk = Sr,max (εsm – εcm) (SS 674, Eq. 7.9); 
 h wk,40 : crack width at “link diameter (13 mm) + 40 mm” from main bar (= wk x 53/c, refer NA 
    to SS EN 1992-1-1:2008, Table NA.4). 
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Comparison with RC Design 

 The reinforcement requirements for the RC box culvert are compared to those for SFRC box 

culvert for the critical sections in Table E7-6 and shown in Fig. E7-4.  The transverse links and 

reinforcement for thermal shrinkage are assumed to be the same.  Some savings in longitudinal steel 

reinforcement is noted, while the crack widths are generally smaller using SFRC design. 

 
Table E7-7  Comparison of Reinforcement Requirements 

Member Location 

Longitudinal Reinforcement Max. Crack Width (mm) 

Face 
RC 

Design 
SFRC 

Design 
As

a 
(mm2/m) 

RC 
Design 

SFRC 
Design 

Allow-
able 

S1 

Mid-span 
& Ext. 

Support 

Tension H32-150 H32-150 0 0.226 0.099 0.30 

Comp. H32-150 H32-150 0 - - - 

Int. 
Support 

Tension H40-150 H32-150 -3013 0.222 0.170 0.25 

Comp. H32-150 H32-150 0 - - - 

S2 

Mid-span 
& Ext. 

Support 

Tension H32-150 H32-150 0 0.242 0.100 0.30 

Comp. H25-150 H32-150 +2040 - - - 

Int. 
Support 

Tension H40-150 H32-150 -3013 0.205 0.159 0.25 

Comp. H32-150 H32-150 0 - -  

W1 - 
Ext. Face H32-150 H25-150 -2040 0.167 0.240 0.30 

Int. Face H13-150 H20-150 +1213 - - - 

W2 - 
Both 
Faces 

H13-150 H13-150 0 - - - 

Note: a As : change in steel area due to SFRC design (+ indicates increase; - indicates reduction) 
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Fig. E7-4  Reinforcement Details for RC Box Culvert  



77 
 

2.8  Secant Bored Pile Wall 

 

 Secant Bored Pile (SBP) Walls, consisting of reinforced concrete (RC) circular piles with 

soft piles cast in-between, are commonly seen in underground structures such as 

underpasses.  The example illustrates the design of such circular bored piles using steel fibre 

reinforced concrete (SFRC), which indicates a 20 percent reduction in steel reinforcement 

requirement.   
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Example 8 – Bored Piles 

 

Fig. E8-1(a) shows the cross-section of a bored RC circular pile in a SBP wall for a road tunnel.  

It has a diameter D of 1000 mm and is reinforced with 20H40 and 20H20 bars on two 

circumferences.  It is provided with circular links, being H20 links at 125 mm spacing for the 

shear critical zone.  The concrete strength class is C32/40 and cover to the links is 75 mm.  The 

characteristic yield strength, fyk, of reinforcement is 500 MPa.  The RC section has been 

designed to meet the requirements of ULS and SLS as shown in Fig. E8-2.  

 

Fig. E8-1  Cross-Section of Bored Pile (All dimensions are in mm.) 

 

Fig. E8-2  Bending Moment and Shear Force Envelopes 

(Note: Levels A, B and C are at bottom, middle and top of pile, respectively.)  

500 500 

385 385 

315 

H40 bar H40 bar 

H20 bar 

(a) RC Section (b) SFRC Section 

H20 link H20 link 
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 At ULS, the pile is to carry load-moment combinations, (NEd, MEd), equal to (5380, 3360) 

at Level A below the base slab, and (4230, 2620) at Level C below the soffit of the capping 

beam, where NEd and MEd, are in kN and kNm, respectively.  It is also required to carry an 

ultimate shear force, VEd, equal to 1720 kN, at Level B below the tunnel roof slab.  The SLS 

requires crack width to be limited to 0.25 mm at 40 mm from the links. 

 

Alternative Design using SFRC 

Consider the SFRC section shown in Fig. E8-1(b) with only twenty H40 bars at the same 

locations as the RC section in Fig. E8-1(a).  A fibre concrete strength and ductility class of 

C32/40-R13R33 is adopted.  Accordingly, the following material properties are derived. 

 fck = 32 MPa; fctk = 2.12 MPa; Ecm = 3.3 GPa;  

 fft,R1 = 0.45 fR1 = 1.35 MPa; fft,R3 = 0.37 fR3 = 1.11 MPa;  

 Assuming f = 0.5 (see NOTE below) and det = 1.0 results in 

 fftd,R1 = f det fft,R1/1.5 = 0.45 MPa; fftd,R3 = f det fft,R3/1.5 = 0.37 MPa.  

NOTE:  It would be necessary to verify the value of f in heavily reinforced vertical elements cast 

under tremie conditions. 

 

Design for ULS 

 Bending and Axial Loading. – The piece-wise linear N-M interaction diagrams for the 

sections shown in Fig. E8-1 are derived based on the method of strain compatibility, 

considering four key points: (a) pure compression; (b) decompression; (c) balanced condition; 

and (d) pure bending.  The strain and stress diagrams across the cross-section for the SFRC 

sections are shown in Fig. E8-3.  It is noted that the RC section shown in Fig. E8-1(a) has a 

longitudinal steel ratio, As/Ac of 4%, and the SFRC section in Fig. E8-1(b) a ratio of 3.2%.  

 The N-M diagrams are shown in Fig. E8-4 with corresponding values of (MRd, NRd) shown 

in Table E8-1.  The fibres contributed little to the capacity of the section and the SFRC section, 

even without fibres would be able to resist the design (MEd, NEd) combinations mentioned 

earlier. 
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Fig. E8-3  Strains and Stresses Corresponding to: (a) Pure Compression; (b) De-compression; 

(c) Balanced Condition; and (d) Pure Bending 
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Fig. E8-4  N-M Interaction Diagrams 

 

Table E8-1  Values of N and M at Key Points 

Reinforcement 

(a) Pure 
Compression 

(b) De-Compression (c) Balanced Condition 
(d) Pure 
Bending 

No (kN) Ndec (kN) 
Mdec 

(kNm) 
Nb (kN) Mb (kNm) Mo (kNm) 

As/Ac = 4% 26804 21815 1840 6394 3993 3809 

As/Ac = 3.2% 24292 19825 1684 6416 3553 3251 

As/Ac = 3.2% + 
steel fibres 

24292 19825 1684 6126 3584 3283 

 

 Shear. – Following the approach of the 2nd Generation EC2 (EN 1992:2003, Cl. 8.2.3(9)) for 

circular section, a web width bw less than Dh where Dh is the hook (link) diameter, may be 

assumed.  In this example, assuming H20 links, the value of Dh = 1000(D) – 2 x 75(cover) – 2 x 

20(diameter) / 2 = 830 mm.  Referring to Fig. E8-5, assume bw = 2x (D/2) sin 36o = 588 mm (< 

830 mm).  The number of H40 tension steel bars within bw is five, giving an area As of 6280mm2 

with a centroid at yt = 348 mm below the centroidal axis of the section.  The corresponding 

tensile force is T = As fyd or 2730 kN. 
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Fig. E8-5  Determination of bw 

The force in the compression chord is C = T = 2730 kN.  The area of the segment forming the 

compression chord, Acc, is C/fcd = 2730 x 103/(0.85 x 32 / 1.5) = 150,575 mm2.  The distance of 

the centroid of the segment from the centroidal axis of the circle is yc = 355 mm.  The level 

arm is therefore z = yc + yt = 355 + 348 = 703 mm, and the effective depth d = D/2 + yt = 1000/2 

+ 348 = 848 mm.   

a. Check for maximum shear capacity 

Assume cot   = 2, i.e.,   = 26.6o.  The maximum shear capacity is (SS EN 1992-1-1, Eq. (6.9)) 

 𝑉𝑅𝑑,𝑚𝑎𝑥 = 𝑏𝑤 ∙ 𝑧 ∙
𝑓𝑐𝑑

𝑐𝑜𝑡𝜃+𝑡𝑎𝑛𝜃
= 588 ∙ 703 ∙

0.6(1−
32

250
)∙

32

1.5

2+
1

2

× 10−3 = 1845 𝑘𝑁  (i) 

   > 𝑉𝐸𝑑 = 1720 𝑘𝑁   …ok 

b.  Determine shear link requirement 

The shear resistance of fibre reinforced section may be taken as [Design Guide (Tan 2022)], 

Eq. (6.3)): 

 𝑉𝑅𝑑 = 0.75𝑉𝑅𝑑,𝑠 + 𝑉𝑅𝑑,𝑐𝑓   

where neglecting the beneficial effect of axial compression (SS 674, Eq. (6.2), 

 𝑉𝑅𝑑,𝑐𝑓 = (0.18/𝛾𝑐) ∙ 𝑘 ∙ [100𝜌𝑙 ∙ (1 +
7.5𝑓𝑓𝑡,𝑅3

𝑓𝑐𝑡𝑘
) ∙ 𝑓𝑐𝑘]

1/3

∙ 𝑏𝑤𝑑    (ii) 

yt 

fcd 

yc 

Dh D d 

bw 

T = Asfyd 

C = Accfcd 

Acc 

119.1o
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in which 𝛾𝑐 = 1.5, 𝑘 = 1 + √
200

𝑑
= 1 + √

200

848
= 1.486, 𝜌𝑙 =

𝐴𝑠

𝑏𝑤𝑑
= 

6280

588∙848
= 0.0126, 𝑓𝑓𝑡,𝑅3  = 

1.1 MPa, 𝑓𝑐𝑡𝑘 = 2.12 MPa.  Hence,   

 𝑉𝑅𝑑,𝑐𝑓 = (0.18/1.5) ∙ 1.486 ∙ [1.26 ∙ (1 +
7.5∙1.1

2.12
) ∙ 32]

1

3
∙ 588 ∙ 848 ∙ 10−3 = 518𝑘𝑁  

Equating 𝑉𝑅𝑑 = 𝑉𝐸𝑑 in Eq. (i) above and using SS EN 1992-1-1, Eq. (6.8) for 𝑉𝑅𝑑,𝑠 as well as 

replacing 
𝐴𝑠𝑤

𝑠
 by (

𝑏𝑤

𝐷ℎ
)

𝐴𝑠𝑤

𝑠
 leads to: 

 𝑉𝑅𝑑,𝑠 ≡ (
𝑏𝑤

𝐷ℎ
)

𝐴𝑠𝑤

𝑠
𝑧𝑓𝑦𝑤𝑑𝑐𝑜𝑡𝜃 =

(𝑉𝐸𝑑−𝑉𝑅𝑑,𝑐𝑓)

0.75
=

(1720−518)

0.75
= 1602 𝑘𝑁 

from which 

 
𝐴𝑠𝑤

𝑠
= (

𝐷ℎ

𝑏𝑤
)

𝑉𝑅𝑑,𝑠

𝑓𝑦𝑤𝑑𝑐𝑜𝑡𝜃
= (

830

588
)

1602∙103

703∙(
500

1.15
)∙2

= 3.70 𝑚𝑚  

Therefore, provide H20 circular links at 160 mm, (
𝐴𝑠𝑤

𝑠
)

𝑝𝑟𝑜𝑣
= 3.93 𝑚𝑚.  

c.   Determine additional longitudinal reinforcement 

The additional tensile force due to shear is Nt = VEd cot  = 1720 x 2 = 3440 kN.  This force can 

be accounted for in the section analysis involving MEd and NEd based on equilibrium 

requirements. 

 

Design for SLS 

 Crack width calculation. – The maximum moment MSLS at SLS is 1165 kNm (Fig. E8-2) at 

Level A.  Using a modular ratio of Es/(0.5Ecm) = 200 / (0.5 x 33.3) = 16.7, and following the 

procedure given in Appendix B, the section curvature 1/r and neutral axis depth x are found 

to be 1.817 x 10-3 / mm and 380 mmm respectively (see Fig. E8-6).  The forces acting on the 

section are: 

 Force in concrete compression zone, Fcc = 1326 kN;  

 Force in compression steel bars, Fsc = 617 kN;  

 Force in tension steel bars, Fst = 1713 kN; and 

 Force due to fibres in tension zone, Fft = 230 kN. 
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Fig. E8-5  Analysis for section curvature and neutral axis depth under MSLS 

Check for equilibrium: 

 Fcc + Fsc – Fst – Fft = 1326 + 617 – 1713 – 230 = 0 kN   …ok 

 Fcc (0.343) + Fsc (0.332) + Fst (0.275) + Fft (0.149)  

      = 1326 (0.343) + 617 (0.332) + 1713 (0.275) + 230 (0.149)  

      = 454.8 + 204.8 + 471.1 + 34.3 = 1165.0 kNm = MSLS   …ok 

 

 The maximum crack width is calculated following the recommendations of Published 

Document PD 6687-1:2020 as follows.  

 a. Steel strain 1 

     From Fig. E8-5, the strain in the outermost steel bar 1 = 0.000918 = 918 x 10-6. 

 b. Strain due to concrete tension stiffening  ’ 

     Referring to Fig. E8-6, the concrete stress varies linearly from zero at the neutral axis to 0.7 MPa 

at the extreme fibre in tension.  The tensile force generated by this stress distribution is T = 

156.8 kN.  Dividing T by the area of steel bars in tension, equal to 13 x 1256 = 16328 mm2, and 

the elastic modulus of steel gives: 

   𝜀′ =
𝑇

𝐴𝑠𝐸𝑠
=

156.8∙103

16328∙200∙103 = 48 × 10−6 

 c. Average strain at the level at which cracking is considered m 

 The crack width is checked at the surface between the two lowest layers of steel bars.  The 

height of the level from the extreme compressive fibre is a’ = D/2(1 + cos 9o) = 994 mm.  The 

average strain is thus 

  𝜀𝑚 = 𝜀1 −
𝑎′−𝑥

𝑑−𝑥
𝜀′ = 918 × 10−6 −

994−380

885−380
× 48 × 10−6 = 860 × 10−6 

fcc=11.5MPa 

3
4

3
 

0.001126 <ftu fftd,R1=0.45 MPa 

1326 kN 

3
3

2
 617 kN 

1
4

9
 

230 kN 2
7

5
 

1713 kN 

1
0

0
0

 

3
8

0  

0.000690 

1=0.000918 
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Fig. E8-6 Calculation of average strain m 

 

 d. Calculation of crack width Wk  

The distance from the point calculated to the surface of the nearest longitudinal bar is 

𝑎𝑐𝑟 = 114 mm. With c = 95 mm, the crack width is given by: 

 𝑊𝑘 =
3𝑎𝑐𝑟𝜀𝑚

1+
2(𝑎𝑐𝑟−𝑐)

ℎ−𝑥

=
3×114×860×10−6

1+
2(114−95)

1000−380

= 0.277 𝑚𝑚 

At 40 mm from the link, 𝑎𝑐𝑟 = 84 mm, a’ = 924 mm, 𝜀𝑚 = 866 x 10-6, and considering c = 

60 mm, the crack width is estimated as:  

 𝑊𝑘 =
3𝑎𝑐𝑟𝜀𝑚

1+
2(𝑎𝑐𝑟−𝑐)

𝐷−𝑥

=
3×84×866×10−6

1+
2(84−60)

1000−380

= 0.203 𝑚𝑚 

Alternatively, it may be assumed that the crack width increases linearly with distance 

acr from the surface of the nearest bar, for which the crack width is calculated as: 

 𝑊𝑘 =
84

114
× 0.277 = 0.204 𝑚𝑚 
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Appendices 

Design Aids 

 

A.  Relation between Fibre Content (kg/m3) and Fibre Volume Fraction, Vf (%) 

 

 Fibre dosage is generally specified in terms of weight per unit volume (kg/m3) of concrete.  

Table A-1 shows the equivalency of fibre content (kg/m3) and fibre volume fraction (that is, 

ratio of total volume of fibres per unit volume of concrete, in percentage), for steel fibres and 

polymeric fibres (typically macro-synthetic fibres). 

 

Table A-1  Equivalency of fibre content (kg/m3) and volume fraction (%) 

Type Steel Fibres 
(EN 14889-1)  

Synthetic Fibres 
(EN 14889-2) 

Density 

(kg/m3) 
7850 910 

Volume 

Fraction, Vf 

(%) 

Fibre 

Content 

(kg/m3) 

Approx. 

Fibre 

Content* 

(kg/m3) 

Fibre 

Content 

(kg/m3) 

Approx. 

Fibre 

Content** 

(kg/m3) 

0.25 19.6 20 2.3 - 

0.33 25.9 25 3.0 3 

0.5 39.3 40 4.6 4.5 

0.66 51.8 50 6.0 6 

0.75 58.9 60 6.8 - 

1 78.5 80 9.1 9 

1.25 98.1 100 - - 

1.5 117.8 120 - - 

*to nearest 5 kg/m3;  **to nearest 0.5 kg/m3 

NOTE 1   Fibre Content (kg/m3) = Vf (%) x Density (kg/m3) / 100 

NOTE 2   EN 14889-2 recommends dosage of 2.5 to 7.5 kg/m3 for 

polymeric fibres. 
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B.  Cracked Section Properties of Fibre Reinforced Concrete Section 

 

 The strain and stress diagrams for a cracked FRC section under a moment M is shown in 

Fig. B-1, in which a constant tensile stress distribution, with magnitude fftd,R1, for fibre concrete 

in tension is assumed. 

 

 

 

 

 

 

 

 

 

 

Fig. B-1  Stress and strain diagrams for cracked FRC section 

 

The internal forces acting on the section are: 

𝐹𝑐𝑐 =
1

2
𝑏𝑥𝐸𝑐𝜀𝑐𝑐 ;  𝐹𝑓 = 𝑏(ℎ − 𝑥)𝑓𝑓𝑡𝑑,𝑅1 ;  𝐹𝑠𝑡 = 𝐴𝑠𝐸𝑠𝜀𝑠𝑡   (B.1) 

where 

𝑠𝑡 =
(𝑑−𝑥)

𝑥
𝜀𝑐𝑐  ;  𝑐𝑐 =

1

𝑟
𝑥 = (

1

𝑟
∙ 𝑑)

𝑥

𝑑
      (B.2)  

in which 
1

𝑟
 is the section curvature. 

 

Moment equilibrium gives: 

𝑀 = 𝐹𝑐𝑐 (
2

3
𝑥) + 𝐹𝑓 [

1

2
(ℎ − 𝑥)] + 𝐹𝑠𝑡(𝑑 − 𝑥)     (B.3) 

 

Substituting (B.2) into (B.1) and then (B.1) into (B.3) gives, after normalizing: 

𝑀

𝑏𝑑2𝐸𝑐
=

1

3
(

𝑥

𝑑
)

3

(
1

𝑟
∙ 𝑑) +

1

2
(

ℎ

𝑑
−

𝑥

𝑑
)

2 𝑓𝑓𝑡𝑑,𝑅1

𝐸𝑐
+  (1 −

𝑥

𝑑
)

2

(
1

𝑟
∙ 𝑑)  (B.4) 

where  =
𝐸𝑠

𝐸𝑐
 and  =

𝐴𝑠

𝑏𝑑
 . 

 

Fst = AsEsεst 

Ff 

εcc 

b 

h 

fcc = Ecmεcc 

 Ecm 
x 

x/3 
Fcc 

n.a. 

0.5(h – x) 

0.5(h – x) εst 

εft fftd,R1 

As 

1/r 

M 
d 
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Using Eq. (B.4), for a specified set of values of d/h and , the relation between  
𝑀

𝑏𝑑2𝐸𝑐
 

and (
1

𝑟
∙ 𝑑)  can be obtained for different values of 

𝑓𝑓𝑡𝑑,𝑅1

𝐸𝑐
 by varying the value of 

𝑥

𝑑
.  The 

derived relations are shown in the following figures: 

Chart B-1 : d/h = 0.80 

Chart B-2 : d/h = 0.85 

Chart B-3 : d/h = 0.90 

Chart B-4 : d/h = 0.95 

with  = 0.025, 0.05, 0.10 and 0.15, in sub-charts (a), (b), (c) and (d), respectively. 
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Chart B-1(a)  Moment-Curvature Relation (d/h = 0.8;  = 0.025) 

 

 

Chart B-1(b)  Moment-Curvature Relation (d/h = 0.8;  = 0.05) 
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Chart B-1(c)  Moment-Curvature Relation (d/h = 0.8;  = 0.10) 

 

 

Chart B-1(d)  Moment-Curvature Relation (d/h = 0.8;  = 0.15) 
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Chart B-2(a)  Moment-Curvature Relation (d/h = 0.85;  = 0.025) 

 

 

Chart B-2(b)  Moment-Curvature Relation (d/h = 0.85;  = 0.050) 
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Chart B-2(c)  Moment-Curvature Relation (d/h = 0.85;  = 0.10) 

 

 

Chart B-2(d)  Moment-Curvature Relation (d/h = 0.85;  = 0.15) 
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Chart B-3(a)  Moment-Curvature Relation (d/h = 0.90;  = 0.025) 

 

 

Chart B-3(b)  Moment-Curvature Relation (d/h = 0.90;  = 0.050) 
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Chart B-3(c)  Moment-Curvature Relation (d/h = 0.90;  = 0.10) 

 

 

Chart B-3(d)  Moment-Curvature Relation (d/h = 0.90;  = 0.15) 
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Chart B-4(a)  Moment-Curvature Relation (d/h = 0.95;  = 0.025) 

 

 

Chart B-4(b)  Moment-Curvature Relation (d/h = 0.95;  = 0.050) 
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Chart B-4(c)  Moment-Curvature Relation (d/h = 0.95;  = 0.10) 

 

 

Chart B-4(d)  Moment-Curvature Relation (d/h = 0.95;  = 0.15) 
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C.  Design Charts for Bending 

 Reproduced from Design Guide (Tan 2022), Appendix A. 

 

 The design charts are developed for moment resistance of under-reinforced rectangular 

sections with fibres contributing up to 50% of the moment capacity, using the method of 

strain compatibility and a constant stress distribution in fibre concrete in tension, as shown in 

Fig. C-1.  The moment capacity of a section is defined as MRd, taken as equal to the design 

moment, MEd, and the neutral axis depth at failure is denoted by x.  For fibre concrete sections 

without conventional bars (i.e., Asfyd/bdfck = 0), the charts are also applicable for cc,f = 0.85.  

For other values ofcc,f, Chart D-5 in Appendix D may be used to determine MRd. 

 

 

 
 
 

 

 

 

 

 
Fig. C-1  Strain and stress distributions  

 

Assuming the steel bars (with area, As) yield at failure (by ensuring that x/d < 0.45), force 

and moment equilibrium give, respectively: 

 

 Ff = Fcc – Fst = b(0.8x)(0.567fck) – Asfyd      (C.1) 

 MEd  = Ff [0.6x + ½(h – x)] + Asfyd(d – 0.4x)     (C.2) 

 

which simplify to: 

 

 Ff = 0.453bxfck – Asfyd        (C.3) 

 MEd  = Fft (0.5h + 0.1x) + Asfyd(d – 0.4x)       (C.4) 

 

0.0035 
b 

h 

ccfck/c 

x 0.8x Fcc 

Ff 

Fst = Asfyd 

n.a. 

(h – x)/2 

(h – x)/2 As εst ≥ εyd 

εft ≤ εftu fftd,R3 
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Substituting the value of Fft given by (C.3) into (C.4) gives: 

 

 MEd  = (0.453bxfck – Asfyd) (0.5h + 0.1x) + Asfyd(d – 0.4x)     (C.5) 

 

or 

   

 MEd/bd2fck  = [0.453(x/d) – Asfyd/bdfck][0.5/(d/h) + 0.1(x/d)] + Asfyd/bdfck [1 – 0.4(x/d)] 

            (C.6) 

 

Also, 

 

 Ff = b(h – x) fftd,R3         (C.7) 

 

From (C.3) and (C.7), 

 

 b(h – x) fftd,R3 = 0.453bxfck – Asfyd        (C.8) 

 

Hence, 

 

 Asfyd/bdfck = 0.453(x/d) – [1/(d/h) – (x/d)] (fftd,R3/fck)    (C.9) 

  

 For a set of values of d/h and fftd,R3/fck, the value of Asfyd/bdfck can be obtained from Eq. 

(C.9) for a specified value of x/d, and subsequently the value of MEd/bd2fck can be calculated 

from Eq. (C.6).  Using this procedure, Design Charts C-1 to C-4 are developed for the cases of 

d/h = 0.80, 0.85, 0.90 and 0.95, respectively, for values of fftd,R3/fck from 0 to 0.25, in steps of 

0.05.   

 

 In each design chart, lines corresponding to values of Kf/K ranging from 0 to 0.5, in steps 

of 0.1, are also shown.  The parameter Kf/K indicate the fraction of the total moment 

resistance contributed by the fibres, with K = MEd/bd2fck.  For example, Kf/K = 0.2 indicates 

that 20% of the moment capacity is due to the fibres. 
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Chart C-1 Design for Bending (d/h = 0.80) 

 

 

Chart C-2 Design for Bending (d/h = 0.85) 
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 Chart C-3 Design for Bending (d/h = 0.90) 

 

 

 Chart C-4 Design for Bending (d/h = 0.95) 
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D.  Design Charts for Bending with Axial Force 

 

 The N-M design charts are developed for symmetrically reinforced fibre concrete 

rectangular sections with d/h = 0.80, 0.85, 0.90, and 0.95 (corresponding to d’/h = 0.20, 0.15, 

0.10, and 0.05, respectively) and Asfyd/bdfck = 0 to 1.0.  The method of strain compatibility is 

used with an equivalent rectangular stress block for concrete in compression with cc = 0.85, 

and a constant stress distribution for fibre concrete in tension, as shown in Fig. D-1.  For each 

set values of d/h and Asfyd/bdfck the value of fftd,R3/fck is varied from 0 to 0.3, in steps of 0.1. 

 

 

 

 
 
 

 

 

 

 

 

Fig. D-1  Strain and stress distributions  

 

 To derive the charts, the stress resultants acting on the section are first obtained as: 

 𝐹𝑐𝑐 = 𝑏(0.8𝑥) (
0.85𝑓𝑐𝑘

1.5
) = 0.453𝑏𝑥𝑓𝑐𝑘      (D.1) 

 𝐹𝑠𝑐 =
𝐴𝑠

2
𝑓𝑠

′ =
𝐴𝑠

2
𝐸𝑠 (

𝑥−𝑑′

𝑥
) 0.0035 ≤

𝐴𝑠

2
𝑓𝑦𝑑     (D.2) 

 𝐹𝑠𝑡 =
𝐴𝑠

2
𝑓𝑠 =

𝐴𝑠

2
𝐸𝑠 (

𝑑−𝑥

𝑥
) 0.0035 ≤

𝐴𝑠

2
𝑓𝑦𝑑      (D.3) 

 𝐹𝑓 = 𝑏(ℎ − 𝑥)𝑓𝑓𝑡𝑑,𝑅3        (D.4) 

 

Next, force and moment equilibrium give: 

 𝑁 = 𝐹𝑐𝑐 + 𝐹𝑠𝑐 − 𝐹𝑠𝑡 − 𝐹𝑓        (D.5) 

 𝑀 = 𝐹𝑐𝑐 (
ℎ

2
− 0.4𝑥) + 𝐹𝑠𝑐 (

ℎ

2
− 𝑑′) + 𝐹𝑠𝑡 (𝑑 −

ℎ

2
) − 𝐹𝑓 (

ℎ

2
−

ℎ−𝑥

2
)  (D.6) 
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d' 
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Substituting the values of 𝐹𝑐𝑐, 𝐹𝑠𝑐, 𝐹𝑠𝑡 , and 𝐹𝑓 from (D.1) to (D.4) into Eqs. (D.5) and (D.6) and 

dividing all items in the resulting equations by bhfck and bh2fck, respectively, gives: 

 
𝑁

𝑏ℎ𝑓𝑐𝑘
= 0.453 (

𝑥

ℎ
) +

𝐴𝑠

2𝑏ℎ

𝑓𝑠
′

𝑓𝑐𝑘
−

𝐴𝑠

2𝑏ℎ

𝑓𝑠

𝑓𝑐𝑘
− (1 −

𝑥

ℎ
)

𝑓𝑓𝑡𝑑,𝑅3

𝑓𝑐𝑘
    (D.7) 

𝑀

𝑏ℎ2𝑓𝑐𝑘
= 0.453 (

𝑥

ℎ
) (

1

2
− 0.4

𝑥

ℎ
) +

𝐴𝑠

2𝑏ℎ

𝑓𝑠
′

𝑓𝑐𝑘
(

1

2
−

𝑑′

ℎ
) +

𝐴𝑠

2𝑏ℎ

𝑓𝑠

𝑓𝑐𝑘
(

𝑑

ℎ
−

1

2
) − (1 −

𝑥

ℎ
)

𝑓𝑓𝑡𝑑,𝑅3

𝑓𝑐𝑘
(

1

2
∙

𝑥

ℎ
)

            (D.8) 

 

 For a specified value of 
𝑥

ℎ
 , the values of 

𝑁

𝑏ℎ𝑓𝑐𝑘
 and 

𝑀

𝑏ℎ2𝑓𝑐𝑘
 can be obtained for a given set 

values of 
𝑑

ℎ
,  

𝐴𝑠

𝑏ℎ

𝑓𝑦𝑑

𝑓𝑐𝑘
, and 

𝑓𝑓𝑡𝑑,𝑅3

𝑓𝑐𝑘
 from (d.7) and (D.8) respectively.  By varying the value of 

𝑥

ℎ
 , the 

N-M design charts are obtained as shown in Charts D-1 to D-4.  In each chart, the values of ft 

corresponding to selective values of the design ultimate fibre strain ftu. (SS 674, Figs. 3.2 and 

3.3) are shown. 

 

  It should be noted that as fibre contribution in compression is not accounted for, the 

NEd/bhfck versus MEd/bh2fck curve does not depend on the value of fftd,R3/fck where the section 

is completely in compression, i.e., above the decompression point where ft = 0.  

 

 Following the same procedure, the N-M design charts can be obtained for plain and lightly 

reinforced fibre concrete sections, as shown in Charts D-5(a), (b), (c) and (d), with cc = 0.6, 

0.65, 0.75 and 0.85, respectively. 
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Chart D-1(a) N-M Diagram (d/h = 0.80)  

 

 

Chart D-1(b) N-M Diagram (enlarged) (d/h = 0.80)  
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Chart D-2(a) N-M Diagram (d/h = 0.85)  

 

 

Chart D-2(b) N-M Diagram (enlarged) (d/h = 0.85)  
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Chart D-3(a) N-M Diagram (d/h = 0.90)  

 

 

Chart D-3(b) N-M Diagram (enlarged) (d/h = 0.90)  
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Chart D-4(a) N-M Diagram (d/h = 0.95)  

 

 

Chart D-4(b) N-M Diagram (enlarged) (d/h = 0.95)  
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Chart D-5(a) N-M Diagram (cc,f = 0.60)  

 

 

Chart D-5(b) N-M Diagram (cc,f = 0.65)  
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Chart D-5(a) N-M Diagram (cc,f = 0.75)  

 

 

Chart D-5(d) N-M Diagram (cc,f = 0.85)  
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E.  Design Table and Chart for Shear 

 

The design shear resistance, vRd,cf (MPa), of fibre-reinforced concrete is given by: 

 vRd,cf  = (0.18/c).k.[100l(1+7.5fft,R3/fctk).fck] 1/3  0.035k3/2fck
1/2  (SS 674, Eq. 6.2) 

where fft,R3 = 0.37 fR,3 (SS 674, Eq. 3.2). 

 

The values of vRd,cf, including the lower bound values, for different values of fck and fR,3, are 

tabulated in Table E-1 and shown graphically in Chart E-1, for the case where k = 2 and  = 

0.01.  For other cases, the values of vRd,cf can be obtained by multiplying the values from the 

table or graph by the factors shown in the footnotes.        

 

Table E-1  Values of vRd,cf* (with k = 2, and  l = 0.01) 

fR,3(MPa) 
25 30 35 40 45 50 

0 0.746 0.746 0.746 0.746 0.746 0.746 

1 1.018 0.994 0.975 0.959 0.946 0.935 

2 1.193 1.157 1.129 1.106 1.086 1.069 

3 1.327 1.284 1.250 1.221 1.197 1.176 

4 1.439 1.390 1.351 1.318 1.290 1.266 

5 1.535 1.482 1.438 1.402 1.372 1.345 

6 1.621 1.563 1.517 1.478 1.444 1.416 

7 1.699 1.637 1.587 1.546 1.511 1.480 

8 1.770 1.705 1.652 1.609 1.571 1.539 

vRd,cf(min)** 0.495 0.542 0.586 0.626 0.664 0.700 

*Multiply value by (k/2)(100l)1/3 where l  0.02, for k < 2  (or d > 200 mm) and/or l  

0.01 

**Multiply value by (k/2)3/2 for k < 2 (or d > 200 mm) 

 

  

fck (MPa) 
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Chart E-1  Values of vRd,cf (with k = 2, and  l = 0.01)  

NOTE: 

*Multiply value by (k/2)(100)1/3 where l    0.02, for k < 2  (or d > 200 mm) and/or l  0.01; 

**Multiply value by (k/2)3/2 for k < 2 (or d > 200 mm)] 

 

   

 

  

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

1.80

25 30 35 40 45 50

D
es

ig
n

 S
h

ea
r 

R
es

is
ta

n
ce

, v
R

d
,c

f*
(M

P
a)

Characteristic concrete cylinder compressive strength, fck (MPa)

vRd,cf(min)*

0

fR,3 (MPa) =

1

2

3

4

6
5

7
8



112 
 

F.  Charts for Crack Width Determination 

 

The crack width is calculated as: 

𝑤𝑘 = 𝑠𝑟,𝑚𝑎𝑥. (𝜀𝑠𝑚 − 𝜀𝑐𝑚) (SS 674, Eq. 7.5)    (F.1) 

 

where 

𝑠𝑟,𝑚𝑎𝑥 = 𝑘3 ∙ 𝑐 + 𝑘1 ∙ 𝑘2 ∙ 𝑘4 ∙ (1 − 𝑘𝑓) ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
 (SS 674, Eq. 7.8) (F.2) 

and  

(𝜀𝑠𝑚 − 𝜀𝑐𝑚) =    

𝜎𝑠 − (𝑘𝑡 + (1 − 𝑘𝑡) ∙ 𝑘𝑓) ∙
𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙ (1 + 𝛼𝑒 ∙ 𝜌𝑝,𝑒𝑓𝑓)

𝐸𝑠
≥ 0.6 ∙

𝜎𝑠

𝐸𝑠
 

         

        (SS 674, Eq. 7.6) (F.3) 

 

 The relations among various terms in Eqs. (F.1) to (F.3) are shown in Design Chart F-1 as 

follows:  

 1st Quadrant, Q1 (top-right):  

  (𝜀𝑠𝑚 − 𝜀𝑐𝑚) versus 𝑠𝑟,𝑚𝑎𝑥 for different values of 𝑤𝑘  

 2nd Quadrant, Q2 (top-left):  

  (𝜀𝑠𝑚 − 𝜀𝑐𝑚) versus 𝐾𝑓2 ∙
𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙ (1 + 𝛼𝑒 ∙ 𝜌𝑝,𝑒𝑓𝑓) for different values of 𝜎𝑠; 

  where 𝐾𝑓2 = 𝑘𝑡 + (1 − 𝑘𝑡) ∙ 𝑘𝑓. 

 3rd Quadrant, Q3 (bottom-left):  

  𝐾𝑓1 ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
 versus 𝐾𝑓2 ∙

𝑓𝑐𝑡,𝑒𝑓𝑓

𝜌𝑝,𝑒𝑓𝑓
∙ (1 + 𝛼𝑒 ∙ 𝜌𝑝,𝑒𝑓𝑓) for different values of s*; 

  where 𝐾𝑓1 = 𝑘1 ∙ 𝑘2 ∙ 𝑘4 ∙ (1 − 𝑘𝑓) and 𝑠∗ =
𝐾𝑓1/𝐾𝑓2

𝑓𝑐𝑡,𝑒𝑓𝑓∙(1+𝛼𝑒∙𝜌𝑝,𝑒𝑓𝑓)
∙ 𝜙 

 4th Quadrant, Q4 (bottom-right):  

  𝐾𝑓1 ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
 versus 𝑠𝑟,𝑚𝑎𝑥 for different values of 𝑘3 ∙ 𝑐 . 
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Note that following NA to SS EN 1992:2008 provisions for flexural cracking, k1 = 0.8, k2 = 0.4, 

k3 = 3.4, and k4 = 0.425.  Also, for crack width calculation under sustained loading, kt = 0.4.  In 

such cases, the values of 𝐾𝑓1 and  𝐾𝑓2 are: 

 𝐾𝑓1 = 0.8 ∙ 0.4 ∙ 0.425 ∙ (1 − 𝑘𝑓) =  0.17 ∙ (1 − 𝑘𝑓) 

 𝐾𝑓2 = 0.4 + (1 − 0.4) ∙ 𝑘𝑓 = 0.4 + 0.6 ∙ 𝑘𝑓 

  

 To determine the crack width using Chart F-1, follow the steps below: 

1. Calculate the values of s* and 𝐾𝑓1 ∙
𝜙

𝜌𝑝,𝑒𝑓𝑓
, and determine the corresponding point in Q3. 

2.  From Q3, project lines parallel to the axes to Q2 and Q4. 

3.  Determine the points on the projected lines corresponding to the calculated steel stress 

𝜎𝑠, and 𝑘3 ∙ 𝑐, in Q2 and Q4, respectively. 

4.  From the obtained points in Q2 and Q4, project lines parallel to the axes to Q1 to obtain 

the value of  𝑤𝑘. 

 

If the obtained value of  𝑤𝑘 is larger than the limiting crack width𝑤𝑚𝑎𝑥, repeat the above 

steps by choosing a smaller value of 𝜙. 

 

 Chart F-1 can be used for sections with multiple layers by appropriately determining the 

value of 𝜌𝑝,𝑒𝑓𝑓 following the recommendations of PP 6687-1-2020. 
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Chart F-1 Crack Width Determination 



115 
 

Supplementary Notes 

 

S.1 Quality Assurance/Quality Control in Testing of Fibre Concrete to EN 14651 

 

S1.1 Test Equipment 

 The test equipment must have a rigid loading frame and a load measuring range of between 3 

to 300kN with a 2-3MN/mm deformation range (Zimmer and Reuter 2015).  An example is shown in 

Fig. S1-1. Test equipment with a load measuring range of up to 600kN will be too large for testing the 

prism specimens to BS EN 14651. 

 

 

Fig. S1-1  BS EN 14651 Beam Test Set-up 

 

S1.2 Problems in Fibre Concrete Beam Test 

 When tested correctly with the appropriate test equipment in accordance with BS EN 14651 

test method, the specimen will exhibit five values of flexural strength corresponding to crack-mouth 

opening displacement (CMOD) at limit of proportionality (LOP), 0.5 mm, 1.5 mm, 2.5 mm and 3.5 mm.  

Fig. S1-2 shows an acceptable result.  Fig. S1-3 on the other hand shows an unacceptable result as only 

four values corresponding to CMOD at LOP, 0.5mm, 1.5mm and 2.5mm, were obtained. The last value 

corresponding to CMOD at 3.5mm is not shown on the curve because the aluminum or stainless steel 

plates holding the CMOD measuring device had fallen off from the prism specimen, causing the CMOD 

measurement to stop.  This problem can be resolved by using better quality glue and ensuring that the 

specimen is dry before glueing the plate. 
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Fig. S1-2 Acceptable BS EN14651 Test Result 

 

 

Fig. S1-3 Unacceptable BS EN 14651 Test Result 

  

S1.3 Review of Test Results 

 For design calculations, the characteristic strengths shall be used.  It is incorrect to use mean or 

average values.  As an example, the characteristic strengths based on the results of 60 (n) samples 

taken from three batches of fibre concrete are determined following the steps below. 

Step 1: Calculate the average value mx for each desired parameter (fL, fR,1, fR,2, fR,3, fR,4, fct, fcu). 

Step 2: Calculate standard deviation sx for each parameter. 

Step 3: Calculate coefficient of variance Vx (= sx / mx) for each parameter. 

Step 4: Determine the minimum and maximum values for each parameter. 
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Step 5: Calculate the characteristic value for each parameter using the following formula (fib Bulletin 

83 (2017), Eq. 9-3):  

 Xk = mx {1 - knVx}         (S1.1) 

where kn is given as (fib Bulletin 83 (2017), Eq. 9-4):  

 kn = t0.05 (1 + 1/n)0.5         (S1.2) 

with t0.05 fractile of the t-distribution for the probability 0.05.  Values for kn for different number n of 

specimens are reported in Table 9-1 of fib Bulletin 83 (2017) and reproduced below in Table S1-1.  The 

procedure assumes that the coefficient of variation Vx is unknown.  

 If test data are available from large production of a similar material (e.g. using the same fibre 

and the same fibre dosage), the coefficient of variation can be considered as known. In this case, the 

coefficient kn is given as (fib Bulletin 83 (2017), Eq. 9-7):  

 kn = u0.05{1+1/n}0.5         (S1.3) 

with u0.05 fractile of the standardized normal distribution for the probability 0.05. Values for kn for 

different number n of specimens are reported in Table 9-2 of fib Bulletin 83 (2017) and reproduced 

below in Table S1-1. Values of kn may also be specified by the project owner as part of their particular 

and/or project specifications.  

 

Table S1-1: Values of kn for the 5% characteristic value 

No. of samples, n Vx unknown Vx known 

3 3.37 1.89 

4 2.63 1.83 

5 2.34 1.80 

6 2.18 1.77 

8 2.01 1.74 

9 1.96 1.73 

10 1.92 1.72 

12 1.87 1.71 

15 1.82 1.70 

 

 In this example, the project owner specified the following: the average tensile splitting strength, 

the average limit of proportionality (LOP) value, the average fR,1 value and the average fR,3 value from 

tests on all three (3) batches, shall exceed the specified characteristic value by at least 1.70 times the 

standard deviation.  As shown in Table S1-2, these requirements have been complied with.  

 With regards to the characteristic values, the Qualified Person (Design) may have different 

requirements from the Client.  It is normal for the QP (Design) to have higher characteristic values than 

the Client.  This is due to the QP (Design) having to satisfy additional structural requirements whereas 

the Client may just specify their minimum characteristic requirements.  Both sets of requirements 

must be satisfied during the trial mix. 

 Last, in the example, the value of fRk,1/fLk has to be at least equal to 0.5, in accordance with SS 

674:2021.  Also, the fRk,3/fRk,1 ratio required by the QP (Design) is 5.0/5.2 or 0.96.  Both conditions are 

met with sufficient margins. 
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Table S1-2  Example with Sample Size n = 60 

Parameter 
fL,  

MPa 
fR,1, 

MPa 
fR,2, 

MPa 
fR,3, 

MPa 
fR,4, 

MPa 
fct, 

MPa1 

fcu, 
MPa1 

Average value, mx 7.58 8.99 11.31 9.97 8.35 7.52 77.40 

Standard deviation, sx  1.18 1.74 2.14 1.82 1.98 0.23 0.89 

Coefficient of variance, Vx 16% 19% 19% 18% 24% 3% 1% 

Minimum value 5.5 5.2 6.3 6.6 5 6.64 75.2 

Maximum value 10.4 13 16.7 14.7 14.5 8.01 79.4 

Achieved characteristic 
value, Xk = mx – 1.7 sx 

5.6 6.0 7.7 6.9 5.0 7.1 75.9 

Required characteristic 
value (QP Design) 

5.5 5.2 - 5.0 - 6.0 60 

Required characteristic 
value (Client) 

5.5 5.2 - 3.1 - 4.5 60 

fib Model Code /EN 1992-1-1:2023 Classification 

fLk 5.6 

fRk,1 6.0 

fRk,3 6.9 

fRk,1/fLk 1.07 

fRk,3/fRk,1 1.15 

αcc,f (Design Guide 2022, Table C3.3) 0.85 

Strength-Ductility Class 6d 

   NOTE: fct = concrete splitting tensile strength (BS EN 12390-6); 

  fcu = concrete cube compressive strength (BS EN 12390-3). 
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