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FOREWORD

Eurocode 2: Design of concrete structures, Part 1: General rules and rules for buildings
(EC2)™ sets out both the principles for the design of all types of concrete structure, and
design rules for buildings. Rules for other types of structure and particular areas of technology,
including precast concrete elements and structures, will be covered in other parts of EC2.

EC2 contains a considerable number of parameters for which only indicative values are given.
The appropriate values for use in the UK are set out in the National Application Document
(NAD) which has been drafted by BSI. The NAD also includes a number of amendments
to the rules in EC2 where, in the draft for development stage of EC2, it was decided that the
EC2 rules either did not apply, or were incomplete. Two such areas are the design for fire
resistance and the provision of ties, where the NAD states that the rules in BS 8110 should
be applied.

Attention is drawn to Approved Document A (Structure) related to the Building Regulations
1991 which states that Eurocode 2, including the National Application Document, is
considered to provide appropriate guidance for the design of concrete buildings in the United
Kingdom.

Enquiries of a technical nature concerning these worked examples may be addressed to the
authors directly, or through the BCA, or to the Building Research Establishment.

N
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4 INTRODUCTION AND SYMBOLS

1.1 Introduction and symbols

The main objective of this publication is to illustrate through worked examples
how EC2" may be used in practice. It has been prepared for engineers who
are generally familiar with design practice in the UK, particularly to BS 8110@.

The worked examples relate primarily to in-situ concrete building structures. The
designs are in accordance with EC2: Part 1 as modified by the UK National
Application Document. Where necessary, the information given in EC2 has
been supplemented by guidance taken from other documents.

The core example, in Section 2, is a re-design of the in-situ concrete office block
used in the BCA publication Designed and detailed (BS 8110: 1985), by Higgins
& Rogers®. Other design aspects and forms of construction are fully explored
by means of further examples in Sections 3 to 12.

Equations and charts for the design of beam and column sections, taken from
the Concise Eurocode for the design of concrete buildings®, are given in
Section 13. Publications used in the preparation of this book, and from which
further information may be obtained, are listed in the References. Unless
otherwise stated, all references to BS 8110 refer to Part 1.

Two conventions have been adopted in the preparation of this book. Statements
followed by .. .. ... OK' mark places where the calculated vaiue is shown
to be satisfactory. Green type. is used to draw attention to key information
such as the reinforcement to be provided.

The calculations are cross-referenced to the relevant clauses in EC2 and, where
appropriate, to other documents; all references in the right-hand margins are
to EC2 unless indicated otherwise.

The symbols used throughout the publication are listed and defined below, and
are generally those used in EC2 itself.

1.2 Symbols

Area of cross-section

Area of concrete cross-section

Area of concrete within tensile zone

Area of concrete tensile zone external to links

Area enclosed within centre-line of thin-walled section

Area of prestressing tendons

Area of tension or, in columns, total longitudinal reinforcement
Area of compression reinforcement

Minimum area of tension or, in columns, total longitudinal reinforcement
Area of tension reinforcement provided

Area of tension reinforcement required

Area of surface reinforcement

Area of transverse reinforcement within flange of beam

Area of tension reinforcement effective at a section or, for torsion, area
of additional longitudinal reinforcement

Area of shear reinforcement or torsion links
Minimum area of shear reinforcement
Effective modulus of elasticity of concrete

[s5]
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INTRODUCTION AND SYMBOLS
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Secant modulus of elasticity of concrete at transfer

Secant modulus of elasticity of concrete

Modulus of elasticity of reinforcement or prestressing steel

Force due to concrete in compression at ultimate limit state

Force in tension reinforcement or prestressing tendons at ultimate limit state
Design value of tie force in pilecap

Design value of support reaction

Tie force in corbel or due to accidental action

Vertical force applied to corbel or, for sway classification of structures, sum
of all vertical loads under service conditions

Characteristic value of permanent action or dead load
Characteristic dead floor load

Characteristic dead roof load

Overall depth of tank

Horizontal force applied to corbel

Second moment of area of cross-section

Second moment of area of uncracked concrete section
Second moment of area of cracked concrete section
Second moment of area of beam section

Second moment of area of concrete section

Second moment of area of column section

Second moment of area of slab section

Second moment of area of section in x direction
Second moment of area of section in y direction

St Venant torsional stiffness of rectangular section

St Venant torsional stiffness of total section

Deflection-curvature factor dependent upon the shape of the bending moment
diagram

Reduction factor for calculation of second order eccentricity

Coefficient taking account of decrease in curvature due to increasing axial
force

Bending moment

Moment of force, F_, about tension reinforcement
Moment causing cracking

Moment of force, N, about x axis

Moment of force, N_, about y axis

First order moment

Design moment of resistance

Moment of force, N do about mid-depth of section
Moment of force, N’y ., about mid-depth of section

Moment of force, N about mid-depth of section

Rd.s’

[6]
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INTRODUCTION AND SYMBOLS

M4 Design value of applied moment

M.,  Design moment in x direction

Mde Design moment in y direction

Mg First order moment at end 1

M.,  First order moment at end 2

Mg, Design moment in column strip

Mgy e Design moment in middle strip

MSpan Moment in span

Msup Moment at support

M, o Maximum moment transfer value

M, Moment about x axis

My Moment about y axis

N Axial force

N, Axial force due to concrete in compression

Ney Design resistance to axial force

Ny 4c  Design resistance to axial force due to concrete

N'egc  Design resistance to axial force due to concrete of hypothetical section of
depth x > h

Ngqos  Design resistance to axial force due to reinforcement

Ngq Design value of applied axial force

Ngyn  Mean applied axial force

P Prestressing force or point load

P, Average prestressing force along tendon profile

Pro Initial prestressing force at transfer

P Mean effective prestressing force at time ¢

P..  Final prestressing force after all losses

P, Maximum initial prestressing force at active end of tendon

Preq Required prestressing force

P, Final prestressing force at service

Q, Characteristic value of variable action or imposed load

Qy Characteristic value of imposed floor load

Q. Characteristic value of imposed roof load

R, Reaction at support A

Ay Reaction at support B

S First moment of area of reinforcement about centroid of section

S First moment of area of reinforcement about centroid of uncracked section

Sy First moment of area of reinforcement about centroid of cracked section

T, Design value of tensile force in longitudinal reinforcement

Teat Maximum torsional moment resisted by concrete struts

Tegz  Maximum torsional moment resisted by reinforcement

[7]
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INTRODUCTION AND SYMBOLS

b, Mean width of section over the tension zone

b, Minimum width of section over the effective depth

c Cover to longitudinal torsion reinforcement

c,Cc, Support widths at ends of beam

d Effective depth of section

a Depth to compression reinforcement

d,, Average effective depth for both directions

a, Depth to bar considered

d Distance of critical section for punching shear from centroid of column
d, Effective depth of flange

d, Effective depth for punching shear check in column head
d . Maximum effective depth for both directions

d. Minimum effective depth for both directions

d, Effective depth in x direction

dy Effective depth in y direction

d, Effective depth to bars in layer 1

d, Effective depth to bars in layer 2

e, Additional eccentricity due to geometrical imperfections
€, Additional eccentricity in the y direction

e,, Additional eccentricity in the z direction

e, Equivalent eccentricity at critical section

€,y First order eccentricity in y direction

€.,6,, First order eccentricities at ends of column

€t Total eccentricity

e, Eccentricity in y direction

e, Eccentricity in z direction

&, Second order eccentricity

€, Second order eccentricity in y direction

e, Second order eccentricity in z direction

fy Stress in concrete at bottom fibre

fod Design value of ultimate bond stress

fey Design cylinder strength of concrete

fy Cube strength of concrete at transfer

fo Characteristic cylinder strength of concrete

fef Effective tensile strength of concrete at time cracking is expected to occur
fom Mean value of axial tensile strength of concrete

f Characteristic cube strength of concrete

1‘pd Design tensile strength of prestressing steel

fpk Characteristic tensile strength of prestressing steel

B
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INTRODUCTION AND SYMBOLS

feay Design value of ultimate bearing stress

f Stress in reinforcement

f Stress in concrete at top fibre

fyd Design yield strength of reinforcement

fyk Characteristic yield strength of reinforcement

fyld Design yield strength of longitudinal torsion reinforcement

fywd Design yield strength of shear reinforcement or torsion links

fywk Characteristic yield strength of shear reinforcement or torsion links

gx Characteristic dead load per unit area

h Overall depth of section or liquid in tank

ok Reduced value of h for separate check about minor axis of column section
with biaxial eccentricities

h, Active height of deep beam

h, Overall depth of corbel at face of support

h, Overall depth of flange

h,, Depth of column head

Prax Larger dimension of rectangular section

hon Smaller dimension of rectangular section

Py Total height of structure in metres

i Radius of gyration of section

k Cosefficient or factor

K, Restraint coefficient at end A

kg Restraint coefficient at end B

Kootom  iEStraint coefficient at bottom

K, Minimum reinforcement coefficient associated with stress distribution

Ko, o Restraint coefficient at top

K, Crack spacing coefficient associated with bond characteristics

k, Crack spacing coefficient associated with strain distribution

l Length or span

4 Length of tendon over which anchorage slip is taken up

L Basic anchorage Ilength

Lo min Minimum anchorage length

by et Required anchorage length

L Diameter of circular column

I Height of column between centres of restraints

Ly Effective span

~

eff.siab Effective span of slab

S

" Distance from column face to edge of column head

~

Clear distance between faces of support

n

Ery
119



INTRODUCTION AND SYMBOLS

csll

tot

»n

max

n

Rd2

VRa3

Distance between positions of zero bending or effective height of column
or, for deep beams, clear distance between faces of support

Length of compression flange between lateral supports
Required lap length or floor to ceiling height in metres
Minimum lap length

Greater of distances in metres between centres of columns, frames or walls
supporting any two adjacent floor spans in direction of tie under
consideration

Effective span in x direction
Effective span in y direction

Lengths between centres of supports or overall dimensions of rectangular
column head

Minimum design moment per unit width

Uttimate design load per unit area or number of tendons or number of
sub-divisions

Average loss of prestressing force per unit length due to friction

Equivalent load per unit length due to prestressing force profile
Characteristic imposed load per unit area

Radius of bend or radius of curvature

Radius of curvature based on uncracked section

Radius of curvature based on cracked section

Radius of curvature due to concrete shrinkage

Radius of curvature due to concrete shrinkage based on uncracked section
Radius of curvature due to concrete shrinkage based on cracked section
Total radius of curvature

Spacing of shear reinforcement or torsion links or horizontal length of tendon
profile

Spacing of transverse reinforcement within flange of beam

Maximum spacing of shear reinforcement or torsion links

Average final crack spacing

Thickness of supporting element or wall of thin-walled section

Minimum thickness of wall

Circumference of concrete section or critical section for punching shear
Circumference of area A,

Design shear resistance per unit length of critical perimeter, for slab without
shear reinforcement

Maximum design shear resistance per unit length of critical perimeter, for
slab with shear reinforcement

Design shear resistance per unit length of critical perimeter, for slab with
shear reinforcement

Design value of shear force per unit length of critical perimeter
Support width or quasi-permanent toad per unit length
Design crack width

{11}
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min

YaG.int
YG.sup
Ye

Ya

Vs

Minimum width of support

Neutral axis depth or distance along span from face of support or distance
along tendon or column dimension in x direction

Maximum depth of concrete in compression in direction of minor axis for
column section with biaxial eccentricities

Depth of concrete in compression at position of minor axis for column section
with biaxial eccentricities

Drape of tendon at distance x along profile or column dimension in y
direction

Distance from centroid of uncracked section to extreme tension fibre
Lever arm of internal forces
Distance from centroid of section to centroid of tendons

Reduction factor for concrete compressive stress or modular ratio or
deformation parameter

Value of parameter based on uncracked section
Value of parameter based on cracked section
Effectiveness coefficient for anchorage

Effective modular ratio

Reduction coefficient for assumed inclination of structure due to
imperfections

Moment coefficients in x and y directions
Effectiveness coefficient for lap

Coefficient with several applications including shear resistance enhancement,
effective height of column, St Venant torsional stiffness, punching shear
magnification, design crack width

Reduced value of shear resistance enhancement coefficient

Coefficient associated with bond characteristics

Coefficient associated with duration of load

Partial safety factor for concrete material properties

Partial safety factor for actions

Partial safety factor for permanent action or dead load

Partial safety factor for permanent action, in calculating lower design value
Partial safety factor for permanent action, in calculating upper design value
Partial safety factor for actions associated with prestressing force

Partial safety factor for variable action or imposed load

Partial safety factor for steel material properties of reinforcement or
prestressing tendons

Ratio of redistributed moment to moment before redistribution
Strain in concrete at bottom of section

Basic concrete shrinkage strain

Final concrete shrinkage strain

Minimum strain in tendons to achieve design tensile strength

Strain in tendons corresponding to prestressing force P

7
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Strain in reinforcement

Estimated concrete shrinkage strain

Mean strain in reinforcement allowing for tension stiffening effect of concrete
Ultimate compressive strain in concrete

Initial yield strain in reinforcement

Distribution coefficient

Moment coefficient

Angle of rotation or angle between concrete struts and longitudinal axis
Slenderness ratio

Critical slenderness ratio

Mean slenderness ratio of all columns in storey considered

Slenderness ratio beyond which column is considered slender
Coefficient of friction between tendon and duct or applied moment ratio
Limiting value of applied moment ratio for singly reinforced section
Efficiency factor or assumed inclination of structure due to imperfections
Reduced value of assumed inclination of structure

Longitudinal force coefficient

Tension reinforcement ratio or density of liquid

Compression reinforcement ratio

Longitudinal tension reinforcement ratio

Longitudinal tension reinforcement ratios in x and y directions

Effective reinforcement ratio

Shear reinforcement ratio

Minimum shear reinforcement ratio

Principal and secondary reinforcement ratios in solid slabs

Stress in concrete adjacent to tendons due to self-weight and any other
permanent actions

Average stress in concrete due to axial force
Initial stress in concrete adjacent to tendons due to prestress

Initial stress in tendons immediately after stressing (pre-tensioning) or
immediately after transfer (post-tensioning)

Stress in tension reinforcement calculated on basis of cracked section
Value of g, under loading conditions causing first cracking

Basic design shear strength

Factor defining representative value of variable action

Value of ¢ for rare load combination

Value of ¢ for frequent loading

Value of ¢ for quasi-permanent loading

Mechanical ratio of tension reinforcement

Mechanical ratio of compression reinforcement

[3]
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A,\/,F{d,c

AM,

AN

AP

C
AP
AP(t)
AP“(x)

Ao or
]
qS(t,to)

Limiting value of w for singly reinforced section

Total vertical force applied to frame at floor j

Anchorage slip or wedge set

Variation of longitudinal force in section of flange over distance a,

Equivalent horizontal force acting on frame at floor j due to assumed
imperfections

Moment of force ANy, . about mid-depth of section
Reduction in design moment at support

Design resistance to axial force due to concrete in area of hypothetical section
lying outside actual section

Average loss of prestressing force due to elastic deformation of concrete
Loss of prestressing force at active end of tendon due to anchorage slip
Loss of prestressing force due to creep, shrinkage and relaxation at time t

Loss of prestressing force due to friction between tendon and duct at distance
x from active end of tendon

Variation of stress in tendon due to relaxation
Bar size or duct diameter or creep coefficient

Creep coefficient, defining creep between times t and t, related to elastic
deformation at 28 days

#(eo,t) Final creep coefficient




2 COMPLETE DESIGN EXAMPLE

2.1 Introduction

Design calculations for the main elements of a simple in-situ concrete office
block are set out. The structure chosen is the same as that used in Higgins
and Rogers’ Designed and detailed (BS 8110: 1985)®. Calculations are, wher-
ever possible, given in the same order as those in Higgins and Rogers enabling
a direct comparison to be made between BS 8110® and EC2" designs. For
the same reason, a concrete grade C32/40 is used. This is not a standard grade
recognized by EC2 or ENV 206®, which gives grade C35/45 in Table NA.1.
Some interpolation of the tables in EC2 has, therefore, been necessary.

The example was deliberately chosen to be simple and to cover a considerable
range of member types. Comparison shows that, for this type of simple structure,
there is very little difference between BS 8110 and EC2 in the complexity of
calculation necessary or the results obtained.

2.2 Basic details of structure, materials and loading

These are summarized in Table 2.1 and Figure 2.1.

Table 2.1 Design information

Intended use
Laboratory and office block

Fire resistance
1 hour for all elements

Loading (excluding self-weight of structure)

Roof — imposed (KN/m?) 1.5
— finishes (kN/m?) 1.5
Floors —~ imposed including partition alowance (kN/m?) 4.0
— finishes (kKN/m?) 0.5
Stairs — imposed (kN/m?) 4.0
— finishes (kN/m?) 0.5
External cladding (kN/m) 5.0
Wind load
Speed (m/sec) 40
Factors
s, 1.0
s, 0.83
S, 1.0
C, 11

Exposure class
2b (external) and 1 (internal)

Subsoil conditions

Stiff clay — no sulphates
Allowable bearing pressure (kN/m?) 200

Foundation type
Reinforced concrete footings to columns and walls

Materials

Grade C32/40 concrete with 20 mm maximum aggregate

Characteristic strength of main bars (N/mm?) 460
Characteristic strength of links (N/mm? 250
Self-weight of concrete (kN/m?) 24

[e]
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COMPLETE DESIGN EXAMPLE

2.3 Floor slab
2.3.1 ldealization of structure

Consider as a one-way continuous slab on knife-edge supports and design a
typical 5 m interior span where

f 32 N/mm?

ck
f 460 N/fmm?

yk

2.3.2 Cover for durability and fire resistance

Nominal cover for exposure class 1 (internal) is 20 mm. NAD
Table 6

Cover should not be less than the bar size when 20 mm maximum aggregate 4133
size is used.

, I ) . NAD 6.1(a)
175 mm slab with 20 mm cover will give 1.5 hours fire resistance. ... OK & BS 8110

; Table 35
l Use 20 mm nominal cover bottom and top & Figure 3.2
2.3.3 Loading

Self-weight of slab = 0175 x 24 = 4.2 kN/m?
Finishes = 05 kN/m?

Characteristic permanent load (g,) = 4.7 kN/m?
Characteristic variable load (q,) = 40 kN/m?

135 x 47 = 635 kN/m? Table 2.2
15 x 40 = 6.0 kN/m?

Design permanent load

Design variable load

2.3.4 Design moments and shears

Moments have been obtained using moment coefficients given in Reynolds and
Steedman's Reinforced concrete designer’s handbook”, Table 33.

Support moment = 0079 x 635 x 5% + 0106 x 60 x 5°
= 284 kNm/m
Span moment = 0046 x 635 x 5% + 0086 x 60 x 52 = 20.2 kNm/m
Design shear force = 05 x 635 x5 + 06 x 60 x 5 = 339 kN/m
2.3.5 Reinforcement
2.3.5.1 Support
Assume effective depth = 175 — 20 - 6 = 149 mm
M = 0040
bad?f
ck
Al
Y = 0048, xd = 0092 (Section 13, Table 13.1)
baf_,

[17]
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For zero redistribution, x/d should be less than 045 . ... .......... OK
A = 498 mm?m

S

Minimum area of reinforcement

06bd
£ 00015 bd = 224 mm%m ..................... OK
yk
| Use T12 @ 200 mm crs. (565 mm?/m) ]
2.3.5.2 Span
Mo 0.028
bd ?f
ck
Asfk
—X = 0033, x/d = 0063 (Section 13, Table 13.1)
baf
ck
A = 342 mm?m

S

Use T12 @ 300 mm crs. (377 mm?/m)

Note:

Reinforcement areas differ somewhat from those given by BS 8110 which permits
design for the single load case of maximum load on all spans combined with
20% redistribution. EC2 requires alternate and adjacent spans to be considered.
In this instance, no redistribution has been carried out but it would have been
permissible to carry out 30% redistribution in the EC2 design. This would have
resulted in an identical answer to that given by BS 8110 but ductility class H
(as defined in prEN 10080®) reinforcement would need to be specified.

2.3.6 Shear

Shear resistance of the slab without shear reinforcement is given by

Vet = Tagk(1.2 + 40p)b d
where
Teg = 035 N/mm?
k =16 — d =16 — 0149 = 1451
P, = ﬁ—g = 00038
Hence
Ve = 1023 kN/m > V., = 339kN/m ... ... ... .. ... OK

No shear reinforcement required

Note:

Since shear is rarely a problem for normally loaded solid slabs supported on
beams, as the calculation has shown, it is not usually necessary to check in
these instances.

253.4.2(5)

5.4.21.1(1)

NAD
Table 5

4323
Egn 4.18

Table 48

[1g]
e}
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2.3.7 Deflection

377
Reinforcement ratio provided in span = —— = 00025

1000 x 149

Using NAD Table 7% and interpolating between 48 for 0.15% and 35 for 0.5%, NAD
a basic span/effective depth ratio of 44 is given. By modifying according to the Table 7
steel stress, the ratio becomes

4.43.2(4)
44
(400 x 377) 499
460 x 342
000
The actual span/effective depth ratio is §17.9— = 336 ........... OK
Had EC?2 Table 4.14 been used instead of NAD Table 7, the basic ratio before
modification would have been 35, which would not have been OK.
2.3.8 Cracking
For minimum area of reinforcement assume 4422
_ 2
fct,eff = 3 N/mm
k = 04
[o]
k = 08
A, = 05 x175 x 1000 = 87500 mm?
Hence
A, = kKb, A0, Eqn 478
= 04 x 08 x 3 x 87500/460 = 183 mm?m
Area of reinforcement provided = 377 mm%m.................. OK
No further check is necessary ash = 175 < 200 mm 44.23(1)
NAD
Maximum bar spacing = 3h =500 mm ...... ... .. ......... OK Table 3
543.2.1(4)
2.3.9 Tie provisions
The NAD requires that ties are provided in accordance with BS 8110. NAD 6.5(g)
Internal tie in E-W direction, with £, = 36 kN/m width, is given by BS 8110
31234
+ l
Tie force = F, x G+ @ Xx— = 36 x @r+4 S _ ys kN/m
75 5 75 5

[191]
[e]
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418 108
Minimum area = —— > " _ g mm3/m
460

Thus this area of the bottom reinforcement is the minimum that should be made
continuous throughout the slab.

2.3.10 Reinforcement details

The reinforcement details are shown in Figure 2.2.

® 49 ®
rhT10-7-300T1 —67712-8-200T1
O— HF s
et i) [ ey I Ep—
15710-6-300T2 ———1L = R o
o llu;oo[ ;:"L T jlfj
150—»‘ { - | |
5710-1.] 300 .4 Is A_,< (3+2) |
5T10-5)T2 Al 2 ‘
e 2] |3 o ano—z] 300
. , : | : 1500 ! 4_ 17T1(><C'l B2 Alt.
A A —={ |+ 150 : B
e — _’ -1 L v ."-
! 3 2 [ BT10-3 vy 300
N .
Fhy o 1110-2 JB2 ALt
sT0-5y300 |1, 5] J& w32y
5T10-4 /T2 AT [ 11 2em! t — | |
[ * ! I
j ~ |
15710-6-300T2 —~ : } j ¥ < - :'!JL
L -
i = 45T12-1-30081
: PLAN (grid 2 omitted for clarity] ' Alt. = alternate bars
b7 : 0,5 Al 45 Alt, !
-6 i 8
"L‘m' _— T T T g #
§~ T L, Ht
1 2,3 Alt
A=A B-B COVER to outer bars =20
Figure 2.2 Slab reinforcement details
2.4 Main beam
2.4.1 Cover for durability and fire resistance
Nominal cover for exposure class 1 (internal) is 20 mm.
Nominal cover for 1 hour fire resistance is 20 mm.
Use 20 mm nominal cover to links

NAD
Table 6

BS 8110
Table 35

501
(20}
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2.4.2 Loading
Permanent load from slab (Section 2.33) = 47 x 5 = 235 kN/m

Self-weight of beam = (05 - 0175) x 03 x 24 = 23 kN/m
Characteristic permanent load () = 258 kN/m

Characteristic imposed load (g,) = 5 x 4 = 20 kN/m

Maximum design load = 135g, + 15g, = 648 kN/m 23341
Minimum design load 135g, = 348 kN/m 23.23.(4)

2.4.3 Analysis
2.4.3.1 Idealization of structure and load cases

The structure is simplified as a continuous beam attached to columns above 2533
and below, which are assumed to be fixed at their upper ends and pinned at
the foundations, as shown in Figure 2.3.

L T 175 s Lpir
500 T
L 3500
300 |
P 8000 ol 6000
4000
5000
! !
L

Figure 2.3 Idealization of structure

2.4.3.2 Design moments and shears
These are summarized in Table 2.2 and Figures 2.4 and 2.5.
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Table 2.2 Results of frame analysis

Load case 1 Load case 2 Load case 3
L
\
| Load per m on 8 m span (kN) 64.8 64.8 34.8
Load per m on 6 m span (kN) 64.8 34.8 64.8
Upper LH column moment (KNm) 103 109 50
Lower LH column moment (kNm) 68 72 33
LH end of 8 m span moment (kNm) =171 -180 -82
LH end of 8 m span shear (kN) 233 238 119
Middle of 8 m span moment (kNm) 242 256 116
RH end of 8 m span moment (kNm) -382 -345 —242
RH end of 8 m span shear (kN) 286 280 159
Upper centre column moment (kNm) 33 55 3
Lower centre column moment (kKNm) 18 29 2
LH end of 8 m span moment (kNm) - 331 - 262 —247
LH end of 6 m span shear (kN) 240 146 223
Middle of 6 m span moment (kNm) 98 20 130
RH end of 8 m span moment (kNm) -57 -12 - 76
RH end of 6 m span shear (kN) 149 63 166
Upper RH column moment (kNm) 34 7 46
Lower RH column moment (kNm) 22 5 30
ReoisTRIBUTION AT (D ano (2
Case 1 - Reduce 171 to 126 (see 2)
Reduce 382 to 268 (-30%)
Case 2- Reduce 180 to 126 (-30°%)
Reduce 345 to 268 (see 1) 382 (1)
Case 3 - No redistribution .
{1) elastic
268 (R)
{2) 180‘ (2) elastic
(R) 126 ‘\
\ {3) elastic (3) emsﬁc\ 76 (3)

B

{2) elastic

(1) & (2)

325

Envelope
Moments in kNm

{3) elastic /

138 \(1 ) redistributed

redistributed

Figure 2.4 Bending moment envelope

[22]
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(R) 242
(1) 233

(1) 240
(3) 223

{2) 146
(3) 19

Case 1
Case 2 63 (2)
Case 3 149 (1)
159 (3)
Redistributed 166 (3)
Envelope N 277 ()
Forces in kN N 286 (1)
, 8000 w 6000 L
e |
Figure 2.5 Shear force envelope
2.4.4 Reinforcement for flexure
2.4.41 Internal support
From bending moment envelope
M = 268 kNm
6 = 07andxd =< (6 — 044125 = 0.208

#, = 00864 and w, =

M 268 x 10°

s = =
ba?f,

Therefore compression reinforcement is

300 x 440% x 32

required

, AL = B, 0.1442 — 00864

w = i =

baf 087 (1-d’ld) 087 (1 — 50/440)
= 00750 (Section 13)

Af.

w = —X = u + o' = 01084 + 00750 = 01834 (Section 13)
baf, m

A, = 01834 x 300 x 440 x 32/460 = 1684 mm?

Since d'Ix =

1 — 0429
1 — 0546

Increase w’ to

Al =
S

d'/0.208d = 0546 > (1 - fyk/805) =

00943 x 300 x 440 x 32/460 =

)0.075 = 00943

866 mm?

0.1084 (Section 13, Table 13.2)

= 01442 > 4

0.429

Use 4T25 (1960 mm?) top
Use 2T25 (982 mm?) bottom

2534.2
Egn 2.17

B
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2.4.4.2 Near middle of 8 m span

From bending moment envelope
M = 325 kNm

6 >10

Effective flange width = 300 + 0.2 x 085 x 8000 = 1660 mm

6
. - 325 x 10 0030

1660 x 450% x 32

xd = 0068 (Section 13, Table 13.1)
Neutral axis is in flange since x = 31 < 175 mm
w = 0035 (Section 13, Table 13.1)
A, = 0035 x 1660 x 450 x 32/460 = 1819 mm?

s

Use 4T25 (1960 mm?)

2443 Left-hand end of 8 m span

From bending moment envelope

M = 126 kNm

6 = 07andy,_ = 00864 (Section 13, Table 13.2)
6

poo= 126 x 10 - 00678 < p_

300 x 440° x 32

Therefore no compression reinforcement is required.

0.084 (Section 13, Table 13.1)

£
]

0084 x 300 x 440 x 32/460 = 772 mm?

>
]

Using 2T25 bent-up bars, minimum diameter of mandrel

= 136 (A._J/A

sreq s, prov)

= 10¢

| Use 2725 (982 mm?) with 1 = 56

25.2.21
Egn 2.13

52.1.2
NAD
Table 8
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2.4.4.4 Right-hand end of 6 m span

From bending moment envelope

M = 76 kNm
6
. = Mo 76 x 10 _ 0041
bd?*f, 300 x 4407 x 32
w = 0049 (Section 13, Table 13.1)
A = 450 mm?

S

Use 2T25 (982 mm?) with r = 4¢ minimum

2.4.4.5 Near middle of 6 m span

From bending moment envelope
M = 138 kNm

Effective flange width = 300 + 0.2 x 085 x 6000 = 1320 mm
6
" _ 138 x 10 — 00161
32 x 450° x 1320
w = 0.019 (Section 13, Table 13.1)
A, = 0019 x 1320 x 450 x 32/460 = 785 mm?
Use 2T25 (982 mm?)
2.4.4.6 Minimum reinforcement
A, = kkf cl,eﬂA ol %
where
k = 04
Cc
k = 068
2
fct’ o = 3 N/mm
A, = 300 x 325 mm?
o, = 460 N/mm?
Therefore
A, = 173 MM2. . OK
06bd
« 00015 btd = 208 mMme. ... .. OK

yk

4422
Eqn 4.78

5.4.2.1.1(1)
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2.4.5 Shear reinforcement 432
2.4.5.1 Minimum links

Here, for comparison with BS 8110 design, grade 250 reinforcement will be 5422
used.

Interpolation from EC2 Table 55 gives

Minimum
o, = 00022
A,ls = 00022 x 300 = 066 mmZmm

If Vg, = (1) V,, — refer to Section 2.45.3 for Ve

d2

Shax = lesser of 300 mm or 08d = 300 mm Egn 517
LUse R12 links @ 300 mm crs. (A_/s = 0.75 mm%mm) T
2.4.5.2 Capacity of section without shear reinforcement 43.23
Vaar = Trek(1.2 + 40p) b d

Assume 2T25 effective

p, = 982/(300 x 440) = 000743
K = 16 -d = 16 - 044 = 116
Tay = 035 Table 48
Vaar = 300 x 440 x 0.35 x 1.16 x (1.2 + 40 x 0.00743) x 103 = 80.2 kN
2.4.5.3 Shear reinforcement by standard method 43243

Maximum capacity of section

v

07 - f,/200 = 07 — 32200 = 054 ¢« 05 Eqn 4.21

VRdQ

Design shear force is shear at a distance d from the face of the support. This 4.3.2.2(10)
is 590 mm from the support centreline.

05 x 054 x (3211.5) x 300 x 09 x 440 x 10~% = 684 kN Eqn 4.25

ASW VS 4 — 802 Eqn 4.23
— = = 00116 (VSd - 80.2)
s 09 x 440 x 087 x 250

Design of shear reinforcement is summarized in Table 2.3.

[og L
(26]
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Table 2.3 Design of shear reinforcement

. s for 12 mm )

Location Vo AJs links Links

8 m span

LH end 203 142 159 R12 @ 150
RH end 248 195 116 R12 @ 100
6 m span

LH end 202 1.41 160 R12 @ 150
RH end 128 rin. max. R12 @ 300
Minimum R12 @ 300

2.4.6 Deflection
Reinforcement percentage at centre of 8 m span _ 4432

= 100 x 1960/(450 x 1660) = 0.26%

Interpolating between 0.15 and 05%, basic span/effective depth ratio for end NAD
span = 40 Table 7

To modify for steel stress multiply by 400/460

To modify for T section multiply by 0.8

To modify for span > 7 m multiply by 7/8

Therefore permissible ratio = 40 x (400/460) x 08 x 7/8 = 243
Actual ratic = 8000450 = 178 ........ ... ... .. ... ... OK

2.4.7 Cracking

For estimate of steel stress under quasi-permanent loads 4422
Ultimate load = 648 kN/m
Assuming v, = 03 NAD
. Table 1
Quasi-permanent load = 03 x 20 + 258 = 318 kN/m
460 318
Approx. steel stress at midspan = —— x — = 196 N/mm?
115 648

Approx. steel stress at supports allowing for 30% redistribution
= 196/07 = 280 N/mm?

These are conservative figures since they do not allow for excess reinforcement
over what is needed or for moment calculated at centreline of support rather
than at face of support. Check limits on either bar size or spacing.

From EC2 Table 4.11, 25 mm bars in spans are satisfactory at any spacing since 4423
steel stress < 200 N/mm?. .. ... OK

From EC2 Table 4.12, bar spacing at supports should be < 150 mm with no
limitation on size. As bars are located inside column bars the maximum possible
gspacing is 125 Mm. .. ... ... ... OK
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2.4.8 Curtailment of reinforcement

Reinforcement must extend for a distance of a, + [l . beyond the moment
envelope where

a = 09d/2 = 198 mm
460
lb .= é X — X i = 782 mm
ne 4 1.15 3.2
a + ltmet = 980 mm

Bars mark 8, which are located outside the web, must extend a further 150 mm
— refer to Figure 2.8.

2.4.9 Reinforcement details

Curtailment of the main reinforcement and arrangement of the link reinforcement
are shown in Figures 2.6 and 2.7. Reinforcement details are shown in Figure
2.8 and given in Table 2.4.

1400 1600 1800 1800
e fe—s

LT25

126 ¢
76

174 kNm

Moment envelope

Curtailment line — ——

|

500 | 6400
[

Figure 26 Curtailment diagram of main reinforcement

R12 @ , 150 300 , 100 ) 300 | C/e
T Ll .. « [ L} . . A 0l
1450 (minimum links) 1450 | {(minimum links)
242 240 I

Shear capacity of
minimum Llinks
(R12-300) with
2T25 tension bars

del‘ de: 14LT7kN

!' T ’ 166

' 2150 ) 286

1205

Figure 2.7 Arrangement of link reinforcement

54.213

52341

54213

o8 }—
(25}
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Figure 28 Main beam reinforcement details
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Table 2.4 Commentary on bar arrangement

Bar
marks

Notes

9

Tension bars are stopped 50 mm from column face to avoid clashing with the
column bars

Nominal cover = 20 + 12 = 32 > 25 mm ......... .. ... . . . OK

Remaining tension bars stopped off at LH end as shown in Figure 2.6,
Bars extended at RH end to provide compression reinforcement (lap = lo e
and continuity for internal ties (lap = 1000 mm)

Check minimum distance between bars = bar size or 20 mm

(300 - 32 x2-4x253=45>25mm ............. ... ... OK

Not used

Similar to bar mark 1

510

Loose U bars are fixed inside the column bars and provide continuity for
column and internal ties

Top legs project from centre line into span, minimum dimensions shown in
Figure 26

Bottom legs are lapped 1000 mm to provide continuity for internal ties

Top legs = 1800 mm
Bottom legs = 200 + 1000 = 1200 mm
Use r = 5¢ for both bends

Note that the bottom legs are raised to avoid gap between bars being < 25 mm

10

Top legs = 1500 mm
Bottom legs = 200 + 1000 = 1200 mm

69

2T16 provided as link hangers are stopped 50 mm from column face

78

Tension bars over the support are stopped as in Figure 26.
Bars mark 8 are located outside the web

1h

Links are arranged in accordance with Figure 2.7 for shear. Links also
provide transverse reinforcement with a spacing < 150 mm at all laps

]

2.5 Edge beam (interior span)

2.5.1 Cover for durability and fire resistance

Nominal cover for exposure class 2b (external) is 35 mm.

Nominal cover for 1 hour fire resistance is 20 mm.

L Use 40 mm nominal cover to links —'

4133(5)

BS 8110
5211

54213

BS 8110

5.2.1.1

54.21.2(2)

5.2.41.2(2)

NAD
Table 6
BS 8110
Table 35
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2.5.2 Loading
Permanent load from slab = 47 x 5 x 1256 = 294 kN
(assuming 1.25 m strip to be loading on edge beam)
Self-weight of beam = (035 — 0.175) x 03 x 5 x 24 = 63 kN
Cladding load @ 5 kN/m = 5 x 5 = 25 kN
Characteristic permanent load = 60.7 kN
Characteristic imposed load = 4 x 5 x 1.26 = 25 kN

[ Total design load = 135 x 607 + 15 x 25 = 1195 kN N

2.5.3 Design moments and shears

These are taken from the Concise Eurocode, Appendix, Table A.1©.

2.5.3.1 Interior support

0.10 x 1195 x 5 = 598 kNm
055 x 1195 = 657 kN

Moment
Shear

2.5.3.2 Mid-span

007 x 1195 x 5 = 418 kNm

Moment

2.5.4 Reinforcement for flexure
2.5.4.1 Interior support

Assume effective depth = 280 mm
M 508 x 108

= = 0079
bd?f, 280° x 300 x 32
Asfk
¥ = 0099 (Section 13, Table 13.1)
bdf
ck
xid = 0189 < 045. .. . . . . ... .. OK 2534.2(5)
A, = 579 mm?
Use 2T20 (628 mm?)
2.5.4.2 Mid-span
Assume effective depth = 290 mm
Effective flange width = 300 + 0.1 x 07 x 5000 = 650 mm 256221
31
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6
M _ 418 x 10 = 0024
ba%, 650 x 290° x 32
Af,
=X = 0028 (Section 13, Table 13.1)
badf
A = 367 mm?
| Use 2720 (628 mm?) |
The cross-section is shown in Figure 2.9.
—
L 650 N
i g | l
. |1
2T 20 : T
350
2T 20
¢ e |4
60
L 300 N f
[

Figure 29 Edge beam cross-section

2.5.5 Shear reinforcement

Design shear force may be taken to be at distance d into the span from the 43.2.2(10)
face of the support. This can be calculated approximately as

Vog = 657 - 1195 (0.28 + 0.15)/50 = 554 kN
4
Vasw = 300 x 280 x 035 (16 — 0.28) x (1.2 + 40 x 628 43.2.3(1)
d 300 x 280
= 582 kN
This is greater than Vse hence only minimum links are required. 43.2.2(2)

Assuming grade 250 reinforcement for links, EC2 Table 5.5 gives

p, = 00022
Hence
A
gsﬁ = 00022 x 300 = 066 mm¥mm
V. < 05 (0_7 _32) 32 5300 x 09 x 280 = 435 kN 4323(03)
Ra2 200/ 15

[0
—32]
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Since
1 — —
Vea < () Vg Soax = 08d = 224 mm
200 mm spacing gives A_ = 132 mm?

Use R10 links at 200 mm crs. (A_ = 2 x 785 = 157 mm’)

2.5.6 Deflection

Actual span/effective depth ratio = 5000/290 = 17.2
At mid-span
100 A, 100 x 628

bd 650 x 290

By interpolation from NAD Table 7, modified for fyk = 460

Basic span/effective depth ratio = 36

Note:

This can be increased allowing for use of a larger than required steel area to

= 36 x 628/367 = 616

But not greater than 48/1.15 = 41.7

Inspection shows this to be unnecessary.

Allowable I/d > actual l/d

2.5.7 Curtailment of reinforcement

Since the bending moment diagram has not been drawn, simplified curtailment
rules are needed. These are given in Section 8 of the Appendix to the Concise

Eurocode.

Using the rules, the 20 mm bars in the top may be reduced to 12 mm bars

at a distance from the face of support

1266 mm from the column face

011 + 32¢ + 0450 = 500 + 32 x 20 + 045 x 280

Eqn 5.17

Concise
Eurocode
Figure A12

4.43.2(4)

NAD
Table 7
Note 2
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2.5.8 Reinforcement details

The reinforcement details are shown in Figure 2.10.

e
23R10-5-300
*\ 1250 150
150 — 2T12-3 R l‘* 2720 -4
l [ I I‘ top cover 6q75
. _._ — EF-‘J'L'L side cover
5_ A J" ‘I[_
L 2 1]
2T20-1 350 27T12-2
-44—50 H side cover 75
ad]
ELEVATION
3443
[‘} n
Cover to links = 40
oo
1221
A-A

Figure 2.10 Edge beam reinforcement details

2.6 Columns

2.6.1 ldealization of structure

The simplification assumed for the design of the main beam is shown in
Figure 2.3.

2.6.2 Analysis

Moments and column loads at each floor are taken from the analysis for the
main beam given in Section 2.4.3.

2.6.3 Cover for durability and fire resistance

Nominal cover for interior columns (exposure class 1) is 20 mm. NAD

Nominal cover for exterior columns (exposure class 2b) is 35 mm. Table 6

Nominal cover for 1 hour fire resistance is 20 mm.

Use 20 mm (interior) and 40 mm (exterior) nominal cover to links

(3]
4
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2.6.4 Internal column

2.6.4.1 Loading and moments at various floor levels

These are summarized in Table 2.5.

Table 2.5 Loading and moments for internal column

Beam loads Column design loads Column moments
(kN) (kN) (kNm)
Total Imposed Dead Top Bottom
Load case 1 2 1 2 1 2 1 2 1 2
Roof 8m 240 | 238 53 51 187 | 187 32 42
6m 202 | 165 43 6 | 159 | 159
Self-weight 9 9
96 57 355 | 355 30 39
3rd floor 8 m 283 | 278 13 126 | 152 | 152 33 49
6m 236 | 143 110 17 | 126 | 126
Self-weight 9 9
337 | 200 | 642 | 642 30 55
2nd floor 8 m 283 | 278 131 126 | 152 | 152 33 49
6m 236 | 143 110 17 | 126 | 126
Self-weight 9 9
578 | 343 | 929 | 929 33 55
1st floor 8 m 286 | 280 132 | 126 | 154 154 18 29
6m 240 | 146 | 111 17 | 129 129
Self-weight 14 14
Foundations 821 486 | 1226 | 1226

2.6.4.2 Design for column between first floor and foundation

Effective height in N—S direction

05 x 675 x 108 675 x 106) .
P 5000 3500
3125 x 10° 3125 x 10°
8000 6000

0.28 but take not less than 0.4

kbottom = i
Hence
B = 08

Effective height = 0.8 x 5000 = 4000 mm
Load case 1 gives worst condition (by inspection).

Imposed load = 0.7 x 821 = 575 kN

|

Egn 4.60

Figure 4.27

BS 6399:
Part 1,
Reduction
factor
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Dead load = 1226 kN
Ng, = 1801 kN
Mg, = 18 kNm (top), O (bottom)
3
y oo 180T X107 X 15 54, 43535(2)

3007 x 32

157, = 145 < 25

Hence
>‘min = 25
N o= Ui o= 4000/12 _ 45
300
Note: Ifi = (/h) x [12

X > 25, hence column is slender in N-S direction

The slenderness in the E-W direction will be found to be approximately the
same.

The structure is braced and non-sway (by inspection), hence the Model Column
Method may be used with the column designed as an isolated column.

50 in both E-W and N-S directions 43553

A = 252 - e_le
Eqn 462

crit 02)

Slenderness ratios in both directions are less than A_., hence it is only
necessary to ensure that the column can withstand an end moment of at least

N hf20 = 1801 x 03/20 = 270 kNm 43553
Eqn 464

This exceeds the first order moments.

Hence NSd = 1801 kN and MSd = 270 kNm

4 = 062
bhf
ck
@ 270 x 108

= —— = — - 0031
bh¥,  300° x 82

Assume

d’ = 45 mm

8]
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Then
d'lh

Af

s yk

bhf

ck

Hence
A

s

45/300 = 0.15

0.16 (Section 13, Figure 13.2(c))

1002 mm?

| Use 4720 (1260 mm?)

|

Note:

In the design by Higgins and Rogers, the slenderness ratio exceeds the
equivalent of A_, but the design moment is still Nh/20. EC2 requires less
reinforcement due to the smaller design load and the assumption of a smaller
cover ratio. If the same cover ratio is used in the Higgins and Rogers design,
4T20 are sufficient in both cases.

2.6.5 External column

2.6.5.1 Loading and moments at various levels

These are summarized in Table 2.6.

Table 26 Loading and moments for external column

Beam loads Column design loads Column moments
(kN) (kN) (kNmy)
Total Imposed Dead Top Bottom
Load case 1 2 1 2 1 2 1 2 1 2
Roof
Main 184 | 186 39 41 145 | 145 ; 104 | 107
Edge 55 55 55 55
Self-weight 9 9
39 41 209 | 209 93 98

3rd floor
Main 235 | 240 | 109 | 114 | 126 | 128 93 98
Edge 55 55 55 55
Self-weight 9 ]

148 | 155 | 399 | 399 93 98
2nd floor
Main 235 | 240 | 109 | 114 | 126 | 126 93 98
Edge 55 55 55 55
Self-weight 9 9

257 | 269 | 589 | 589 103 | 109
1st floor
Main 233 | 238 | 108 | 113 | 125 | 125 68 72
Edge 55 55 55 55
Self-weight 9 9
Foundations 365 | 382 | 778 | 778 J

]



COMPLETE DESIGN EXAMPLE

2.6.5.2 Design for column between first floor and foundation

top

67 108 05 675 106 6
5 x X . X )+(3125x10)=0../.1

4000 3500 8000
kbonom =
Hence
8 = 085

Effective height = 085 x 4000 = 3400 mm

3400 /12
Slenderness ratio = loli =OST({1_= 393

v, will be small so 15/ v, will be less than 25

Hence

A = 25

min

L)\ > 25, therefore column is slender in N-S direction

Calculate A
e bottom moment 0
o = — -2 =09
2 top moment 85
Hence
A = 2562 + 0) = 50

Slenderness ratios in the E~W and N =S directions are both less than 50, hence
it is only necessary to ensure that the end moment is at least Nh/20.

The worst condition occurs with load case 2 at section just above the first floor,
where M is greatest.

Ny, = 589 + 08 x 269 = 804 kN
Nh o _ 804 x03 _ 0 Nm
20 20

Design end moment = 109 > 12 kNm

Hence NSd = 804 kN and MSd = 109 kNm

Figure 4.27

43553




COMPLETE DESIGN EXAMPLE

2.6.6 Reinforcement details
Maximum spacing of links for internal column
Generally 12 x 20 = 240 mm
Above and below floor 067 x 240 = 160 mm
Maximum spacing of links for external column
Generally 12 x 25 = 300 mm
At lap and below floor 067 x 300 = 200 mm

The reinforcement details are shown in Figure 2.11.

INTERNAL COLUMN F2 EXTERNAL C(OLUMN F1
Links |Vertical bars Section Links |Vertical bars Section
. ®,
' |
~ = ~ v L4l
1st. - m
Lv t | 4 b
IS - [ L
ot E &1 Rk
N4 elg e
® | g s
| a = 2 i
- 1 1 1 - d 4 | 4
0 &
1 g o8] | s B3
(] ~ P
e 101 =~ Lo
Cover to links= 30 ¢ :': < Cover to links 40
in b= Fdn® o~ e
vn T g '
es¥ ot
< - ——I—
Fdn. B
v T | — 3t 5
e iE“ __}—— Staorters, see Fig. 2.13 ~ o

Figure 2.11 Column reinforcement details

2.7 Foundation
Design typical pad footing for internal column.
2.7.1 Cover

‘ Use 50 mm nominal cover against blinding

BS 8110 specifies a nominal cover of not less than 40 mm against blinding.
EC2 specifies a minimum cover greater than 40 mm. This implies a nominal

cover greater than 45 mm, hence the choice of 50 mm.
2.7.2 Loading

Taken from internal column design.

Ultimate design loads: Dead = 1226
Imposed = 5675
Total = 1801 kN

54.1.2.2(3)
NAD
Table 3

5.4.1.2.2(4)

4133(9)

[39]
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COMPLETE DESIGN EXAMPLE

Hence service loads:  Dead = 908
Imposed = 383
Total = 1291 kN

The assumption is made that the base takes no moment. Also it is assumed
that the dead weight of the base less the weight of soil displaced is 10 kN/m?
over the area of the base.

2.7.3 Size of base

Since, at the time of publication, EC7: Geotechnical design® and EC2, Part 3:
Concrete foundations® have not been finalized, the approach used here is
based on current UK practice.

Use 275 m x 275 m x 06 m deep pad *l

Bearing pressure under service loads

1
- 19 + 10 = 181 <200kN/m?.................... OK

2.75°

. 1
Design pressure at ultimate limit state = %2 = 238 kN/m?

2.7.4 Flexural reinforcement
Moment at face of column = 238 x 275 x 1.225%2 = 491 kNm
Average effective depth = 600 — 50 — 25 = 525 mm

M 491 6
S 91 x 10 = 0020
bd?*f, 2750 x 5252 x 32
Asfk
% = 0023 (Section 13, Table 13.1)
bdf
ck
Hence
A = 0023 x 2750 x 525 x 32/460 = 2310 mm?

S

| Use 9720 @ 300 mm crs. each way (2830 mm?)

2.7.5 Shear
2.7.5.1 Shear across base

Shear force may be calculated at a critical section distance d from the face 43.2.2(10)
of the column.

275 - 03
Design shear (V) = 238 x 275 x (“) - 0525 = 458 kN
2

(701
140



COMPLETE DESIGN EXAMPLE

In calculating V. the influence of the reinforcement will be ignored since, if 43.2.3(1)
straight bars are used, they will not extend d + / _, beyond the critical section.

Vo, = 085 x 1075 x 1.2 x 2750 x 5251000 = 652 kN Eqn 418

Vegt > Vg hence no requirement for shear reinforcement

2.7.5.2 Punching shear

The critical perimeter is shown in Figure 2.12.
Design load on base = 1801 kN

Length of critical perimeter

u = [4 %300+ 7(2 x 15 x 525)]1000 = 615m

|
Figure 2.12 Critical perimeter for punching '
Ve, = 035 x 1075 x 1.2 x 5256 x 615 = 1458 kN 43451
Area within perimeter = 298 m?  Area of base = 756 m?
Design shear (V) = (756 — 298) x 238 = 1090 kN 43.4.1(5)
Viy < Vi NENCE NO requirement for shear reinforcement
2.7.6 Cracking
Approximate steel stress under quasi-permanent loads
} 3
_ 460 y (908 + 0.3 x 383) y 2310 — 186 N/mm?
115 1801 2830
From EC2 Table 4.11 bar size should not exceed 25 > 20 mm used. 4423
. Table 411
Hence cracking . .... ... ... . ... oK

(]
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2.7.7 Reinforcement details

The reinforcement details are shown in Figure 2.13 and given in Table 2.7.

f— »} 9T20- 1-300 B2

AN /\A

— 9T20-1-3008B1

PLAN
— ,T20-2
Fdn. Cover =40
Y 131
1 2R8-3-300
3t 5
! 1
A-A

COVER - B1 =50, end =75

Figure 2.13 Base reinforcement details

Table 2.7 Commentary on bar arrangement

Bar marks Notes

1 Straight bars extend full width of base less end cover of 75 mm. Bars should 41.33(9
extend an anchorage length beyond the column face 1.33(9)
Anchorage length = 32 x 20 = 640 mm 5.2.341
Actual extension = 1150 mm

2 Column starter bars wired to bottom mat 52413
Minimum projection above top of base is o
a compression lap + kicker = 32 x 20 + 75 = 715 mm

3 Links are provided to stabilize and locate the starters during construction

(2]
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2.8 Shear wall
2.8.1 Structure

The structure is shown in Figure 2.14.

1st floor
I - R J , L
44— 0-5x wind
_______________ load on
building
4000
250
| 900 T
e 14300 -

Figure 2.14 Shear wall structure

2.8.2 Loading at foundation level

Dead load from first to third floors and roof
05 (3 x 235 + 285) = 495 kN/m
Self-weight 0175 x 24 x 155 = 651 kN/m
Characteristic dead load = 495 + 651 = 1146 kN/m

Characteristic imposed load from slabs
= 25(5 + 3 x 4) x 07 = 236 kN/m
Wind loading is taken as 90% of value obtained from CP3: Ch V: Part 20, NAD 4(c)
Total wind load on building in N=S direction = 09 x 449 = 404 kN
Wind load on wall = 404/2 = 202 kN
Moment in plane of wall = 202 x 8 = 1616 kNm

Hence
Maximum force per unit length due to wind moment

Mx6
12

_ . B8 X6 _ |, 474 kN/m

14.22

2.8.3 Vertical design load intensities at ultimate limit state

Dead load + imposed load

= 135 x 1146 + 15 x 236 = 190.1 kN/m Eagn 2.8(a)
Dead load + wind load
= 135 x 1146 + 15 x 474 = 2258 kN/m; or Eqgn 2.8(a)

10 x 1146 — 15 x 474 = 435 kN/m

[43]
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Dead load + wind load + imposed load

135 x 1146 + 135 x 236 + 1.35 x 474 Eqn 28(b)
2506 kN/m or 122.6 kN/m NAD 4(c)

Therefore maximum design load = 2506 kN/m

From analysis of slab (not presented), maximum moment perpendicular
to plane of wall = 11.65 kNm/m

2.8.4 Slenderness ratio

05 , 1
ky = 2= = 205 Eqn 460
5
kB = o0
Hence
B = 094 Figure 4.27
l, = Bl, = 094 x4 =376m
7
yi - 376 x 1000 x [12 . a4
175
LHence wall is slender —l
2.8.5 Vertical reinforcement
Higgins and Rogers design the shear wall as unreinforced. Plain concrete walls
will be covered in EC2 Part 1A which, at the time of publication, has not yet
been finalized. The wall will, therefore, be designed here as a reinforced wall.
As will be seen, the result is the same.
Eccentricity due to applied loads
€or =0
€, = 1165 x 1000/2506 = 465 mm
Hence
e, = 06 x 465 + 0 = 279 mm Eqgn 466
Accidental eccentricity
1 3760
e, = — X —— =94 mm Eqgn 461
200 2




COMPLETE DESIGN EXAMPLE

Second order eccentricity

760° 460 1 e
e, = 3 X 2 X X x K, Eqns 472 &
10 1.15 x 200000 09 x 122 469
= 51.5K2
Assuming K, = 1

Design eccentricity = 279 + 94 + 515 = 888 mm
Design uitimate load = 2506 kN/m
Design ultimate moment = 888 x 2506/1000 = 22.3 kKNm/m

M2 = 0023

bh?f,

N = 0045

bhe,,
Af,
=X = 001 (Section 13, Figure 13.2(d))

bhf

ck
Hence

A, = 122 mm%m or 61 mm?*m in each face

Minimum area of reinforcement

= 0004 x 1000 x 175 = 700 mm?/m 5472

This exceeds the calculated value. Hence the minimum governs.

Use T12 @ 300 mm crs. in each face (754 mm?/m)

2.8.6 Shear

Design horizontal shear = 15 x 202 = 303 kN

30 1000
Shear stress = 803 x 1000 _ 012 N/mm2 ... ... ... .. OK
14300 x 175
Note:
Vg 18 not calculated since it must be > 0.12b,d by quick inspection of
EC2 Egn 4.18.

2.8.7 Horizontal reinforcement

Minimum at 50% of vertical reinforcement provided 5473
A = 188 mm?m (EF)
S
Minimum for controlled cracking due to restraint of early thermal contraction 44272

[45]
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A, = KK, AL

k. = 10

k = 08

f = 1.9 N/mm? (assuming concrete strength to be equivalent to

C16/20 at time of cracking)

360 N/mm? (assuming 10 mm bars)

Q
I

py
I

10 x 08 x 19 x 175 x 1000/360 = 739 mm?m

Eqn 478

Table 3.1

Table 4.11

L Use T10 @ 200 mm crs. in each face (785 mm?m)

2.8.8 Tie provisions at first floor

According to the NAD, these should follow the rules in BS 8110.

F = 36 kN

t

2.8.8.1 Peripheral tie

3
A = M = 78 mm2
: 460

NAD 65(g)

BS 8110
3123

| Use 1T10 (785 mm?)

2.8.8.2 Internal tie force

25 x 36 (47 + 40) 143

Force = = 299 kN
75
Hence
3
A = EM = 650 mm?
s 460

Use 5T10 in each face (785 mm?)

l

Hence T10 @ 200 mm crs. horizontal reinforcement in wall 0.5 m above and

below slab is adequate.

2.8.8.3 Wall tie

Take the greater of (a) and (b)

LF
(@) Lesser of 2.0F, or 255‘ = 72 or 48 kN

ey
L8]
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(b) 3% of total vertical load = 003 x 1901 = 57 kN

Hence
Tie force = 48 kN
3
A _ B0 104 mm?
s 460

‘ Therefore reinforcement in slab will suffice

2.8.9 Strip footing

EC2, Part 3: Concrete foundations, at the time of publication, has not yet been
drafted, hence current UK practice is adopted.

Maximum pressure due to characteristic dead, imposed and wind loads
= 1146 + 236 + 47.4/09 = 191 kN/m

191

For 900 mm wide strip, pressure = = 212 kN/m?

Allow extra 10 kN/m? for ground floor loads and weight of concrete displacing
soil in foundations. This gives 222 kN/m?,

Allowable pressure = 125 x 200 = 250 > 222 kN/m?........ OK

Use 900 mm wide strip

Calculate reinforcement for flexure

09 - 0. 2
Moment = 2506 x (—%) 16.5 kNm/m
A, = 209 mm?m
Minimum area = 0.0015bd 54211

00015 x 1000 x 200 = 300 mm?/m

r Use T12 @ 300 mm crs. (377 mm?/m)

]
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2.8.10 Reinforcement details

The reinforcement details are shown in Figure 2.15 and given in Table 2.8.

Y ¢ o

i 17107 2x1710-8 1T10-7 1 4st. gL wall tie
I B P A |
— . — T e
__r 'r 1 ':__ ‘ )
sV ' | Vs !
— ~
18 96T12-3-300 vl 3 3
l o =0 .l e
215 (4BN2+LBF2) — Ely
350 =g & 2|g350
o~ -
gl Ny DR o - 3%13R10-9
= 8 = [ - 1000 EW
s [Ta] N X 1
i IS =]
o2 T pf
2l ol @\
"l
96T12-1~-300 ~|Z  (48NZ + LBF2) \ m ¥
Ly KN 75 K3 LU Fdn. |
l A i <,
[ S N pr= o
e cover = 40 —
L 2x 4T12-2-300 B2 ends - 75 2

,\
w
o
=
A
>
I
p=4

{
P
s

(grid 2 omitted for clarity)
EAST WALL ELEVATION
COVER fo outer bars - N1 =40, F1= 20

@
I
lee]

Figure 2.15 Shear wall reinforcement details
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Table 2.8 Commentary on bar arrangement

Bar marks

Notes

1

Wall starters match vertical reinforcement

The projection of the horizontal legs beyond the face of the wall form the tension
reinforcement in the footing

This extension must be at least a tension anchorage length

12 460 209

L o O £2
4 115 x 32 377

The minimum projection above the top of the base is a compression lap
+ 75 mm kicker

= 32 x12 + 75 = 459 mm
This is detailed at 525 mm .. ... ... ... ... OK

Minimum longitudinal reinforcement provided

456

Minimum horizontal reinforcement provided

78

Peripheral tie at floor

Wall spacers to maintain location of reinforcement

2.9 Staircase

2.9.1 Idealization

The idealization of the staircase is shown in Figure 2.16.

3500

5060 4

C
?
|
I
|

Figure 2.16

Design as end span of a continuous beam. Calculations will be given for 1 m

width.

Idealization of staircase

2.9.2 Durability and fire resistance

As for floor slab, Section 2.3, 20 mm nominal cover will be satisfactory.

5222
52.23
52341

5473
4422

BS 8110
31235

ol
4]
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293

294

295

Loading

Average slab thickness on plan = 250 mm
Self-weight = 025 x 24 = 6.0 kN/m
Finishes = 05
Characteristic dead load = 65 kN/m
Characteristic imposed load = 40 kN/m

Design ultimate load 135 x 65 + 15 x 4 = 1478 KN/m

Analysis

Using coefficients in the Concise Eurocode

416 kNm
341 kNm
449 kN

Moment at interior support = 011 x 1478 x 506°
009 x 1478 x 506°
06 x 1478 x 506

Moment near mid-span
Shear

Reinforcement for flexure
Effective depth = 175 - 20 — 6 = 149 mm

416 x 10°
Interior support, M = x 10 = 0.059

ba?f, 10° x 149% x 32

From Section 13, Table 13.1
Asfyk

baf

ck

= 0072

Hence
A

S

746 mm3/m

Use T12 @ 150 mm crs. (754 mm?m)

Span
M
bdzfCk

0.048

Af,
S _ 0058
bof

ck

Hence
A

s

601 mm?m

Use T12 @ 150 mm crs. (754 mm?/m) T

Concise
Eurocode
Tabie A1
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2.9.6 Shear
754
Reinforcement ratio = L = 0.0051
1000 x 149
Near support _
Vo = 035 x (16 - 0175) x (1.2 + 40 x 00051) x 149 = 104.3 kN

VHm > VSd = 449 kN, hence no shear reinforcement required

2.9.7 Deflection
Reinforcement ratio at mid-span = 0.51%
Concrete is lightly stressed, hence basic span/effective depth ratio is 32.
Since fyk = 460, this should be modified to:

32 x 400/460 x 754/601 = 349
Actual span/effective depth ratio = 5060/149 = 34 < 349....... OK
2.9.8 Cracking
As for floor slab in Section 2.3.8
Minimum area of reinforcement = 183 mm?m
Thickness of waist = 175 < 200 mm

No further check is necessary.

2.9.9 Tie provisions

E-W internal tie, the minimum area required = 91 mm?/m
(see Section 2.3.9)

Total area for staircase = 91 x 3 = 273 mm?

’ Provide 2T12 tie bars each side of staircase in adjacent slab J

4323
Eqn 4.18

Table 4.14

4.43.2(4)

4422
4423 (1)

BS 8110
31232

2]
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2.9.10 Reinforcement details

The reinforcement details are shown in Figure 2.17.

?,

i ﬂ 3+2710-8

5T10-|11 -300

ST10-16-300
1

| (B Y e
Cover=40] |

~

10712-15-150

v 6T12- 3*6T12 14 ] -125 alternate
3 [I- 3rd
AV
=

L 10T12-12-150
10T12-13-150

16

| FLIGHT B

LANDING
A4

-

1 L

s 15

Cover fo outer bars = 20

O

6T10-11-250

|
—3T10- 2- 300

| 6T12-3+6T12-41

750 | -125 alternate
3 150 2nd
n

4T10-9-300
10 Ly 2+3T10-8 |
21T10-7-150
U tar | “ 2 ST10-10-300
Cover= 40 7|__l
3710-9-300 al
ffl /i\\\
10712-6-150 ,
?;«7
c- o 7
10712-5-150 A 5
2,
A <J
FLIGHT A

T ~

4T10-2-300

L 0T12-1-150

Figure 2.17 Staircase reinforcement details
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3 BEAMS

3.1 Introduction

This Section covers the design of beams for shear and torsion, and supplements
the examples given in Section 2. The requirements for adequate safety against
lateral buckling are also examined.

3.2 Design methods for shear

3.2.1 Introduction

EC20 differs from BS 8110® because the truss assumption used in shear
design is explicit. Leading on from this, two alternative methods are given in
the Code.

(1) Standard
(2) Variable Strut Inclination (VSI).

The standard method assumes a concrete strut angle of 45° (cot® = 1) and
that the direct shear in the concrete, V., is to be taken into account. This
contrasts with the VS| method which permits the designer to choose strut angles
between the limits set in the NAD™, as shown in Figure 3.1, but ignores the
direct shear in the concrete.

NAD limits

o NAD timits

05 | ‘ ‘

045 |

1
cot 8 + tan ®

(.

|
|
|
|
|
|
|
|
|

04 0-67 1-0 1-S 20 2-5
cot @

EC2 limits

T

X

Figure 3.1 Limits of cot® (VS| method)

Because the direct shear in the concrete is not taken into account in the VSI
method, no savings in shear reinforcement can be achieved until the applied
shear exceeds three times the concrete shear (V, > 3V ).

A further disadvantage of this method is that with increasing values of cot®,
i.e., reductions in the concrete strut angle, the forces in the tension reinforcement

[53]
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BEAMS

increase significantly and may well outweigh any notional savings in shear
reinforcement. These forces are, it should be noted, explicitly checked in EC2
but not in BS 8110. Given special circumstances the VS| method may be required
but for most practical situations, the standard method will provide the most
economic design.

3.2.2 Example 1 - uniformly distributed loading

The beam shown in Figures 3.2 and 3.3 is to be designed for shear.

L

Ultimate load = 385 kN/m

6m

|

Figure 3.2 Beam span and loading — example 1

1000

900

! . Ag| =6434mm2 (8T32)

}qmul Cover to links = 50 mm

Figure 3.3 Typical section — example 1

The material strengths are
= 30 N/mm? (concrete strength class C30/37)

f

ck

f

ywk

= 250 N/mm? (characteristic yield strength of links)

The beam will be checked for shear reinforcement at three locations using both
the standard and VS| methods for comparison. These are

d) dfro

m support

(2) Where Ve
reinforcement is required
(3) An intermediate point between 1 and 2.

3.2.2.1 Standard method

Viegr 1€, the point beyond which only minimum shear

The shear force diagram is shown in Figure 3.4.

>

1155 kN

- Vsd

VRa1

1155 kN

Figure 34 Shear force diagram — example 1

43.243
43244

43.2.2(10)
432.2(2)

43.243

[541—
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The design shear resistance of the section, V., is given by 43.2.3(1)
Vasr = [7pgk (1.2 + 40p) + 0150 ] b d Eqgn 4.18
7.y = 034 Nmm?forf = 30 N/mm? Table 4.8
k = 16 -d «1 = 1
0, = Ay _ &8 0018 » 002

b.d 400 x 900

{assuming 8T32 throughout span)

o = —
cp A

% = 034 x1(1.2 + 40 x 0018) x 400 x 900 = 235 kN

Rad1

3.2.2.1.1 Position 1 — at d from support

Voo = 1155 - 09 x 385 = 8085 kN
Voo > Vg, shear reinforcement is required 43243

The shear resistance of a section with shear reinforcement is given by

Vais = Voo t VY, Eqgn 4.22
Vo = Vg = 235kN
ASW
V., = > (090t ,,, Eqn 4.23
where
A, = area of shear reinforcement
s = spacing of shear reinforcement

= 250M.15 = 2174 N/mm?

ywd

ForVRds > VSd

> V. v

de sd cd; or

A
%V 09y, = Vg, =V,

Therefore
A _ 3
Aow  _ (8085 - 235) x 10 _ 395 mm¥mm
s 08 x 900 x 2174

Try R12 links @ 140 mm crs. (4 legs), A_/s = 3.23 mm?/mm

[=c ]
(=]



BEAMS

Check crushing of compression struts

Ver = (lz)w‘c 40,09d(1 + cota) Eqn 4.25

For vertical links, cotaa = O

ck

= 055 « 05 Eqn 4.21

v = 07 -

f = — = 20 N/mm?
od 1.

Therefore

%

1
Rd2 () x 055 x 20 x 400 x 09 x 900 x 1

1782 kN > V, = M85 KN ................ OK
, max

Check maximum spacing of links 4423

A
P = = = 452 = 0.0081 Eqn 4.79

w sb sin o 140 x 400

V. -3V _ ¢
Tsa ™ Ve _ (8085 - 3 x 285) x 107 oo o Table 4.13

o,b.d 00081 x 400 x 900

Maximum spacing for crack control = 300 mm

Since (’—5) Vae < Vg = AV 54.2.2(7)
Eqn 518
s = 06d »300 mm

max

140 MM SPACING .. ..ttt OK

Check minimum value of p Table 55
Concrete strength class C30/37
Steel class S250

By interpolation from EC2 Table 55
0 = 00022 < 00081 proposed

w,min

LUse R12 links @ 140 mm crs. (4 legs)

Note:
Using the standard method, the increase in force in the tension reinforcement 43.2.1P(6)
is best covered by using the shift rule. 54213

It will, however, be calculated in this example to provide a comparison with the
values obtained in the subsequent examples using the VSI method.

Force in tension reinforcement

MSd
T, =+ (5) Vg {cot® — cota) Eqn 4.30

[cal
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M, = 884 kNm, z = 09d = 810 mm
Vg = 8085 kN
cotd = 1, cota = O for vertical links 43.2.43(5)

Therefore Td = 1091 + 404 = 1495 kN

3.2.2.1.2 Position 2 — where VS g = VR o = 235 kN

From Figure 34

Vg, = 1155 - a x 385 = 235kN
a = 2.39 m from support

From Section 32211, Vo, > Vg o0 oo OK

The amount of shear reinforcement provided should be gfeater than p, o Table 55
Pymn = 00022

A
Re-arranging EC2 Egn 5.16 in terms of —:3' gives

ASw )
— = p b sina
S W W
For vertical links sinae = 1
Hence
A
% = 00022 x 400 x 1 = 088 mm%mm

Maximum longitudinal spacing (s__) is given by EC2 Egns 5.17-519.

v, = 235kN
VR o = 1782 kN from Section 3.2.2.1.1
Since

V. = (1) V., EC2 Eqn 517 applies

A = 088 x 300 = 264 mm? 4R10 = 314 mm?

Use R10 links @ 300 mm crs. {4 legs)

3.2.2.1.3 Position 3 — at 1.65 m from support

This is a point intermediate between the section at d from support and the point
at which shear reinforcement is no longer required.

VSd

v

Rd1

1155 — 165 x 385 = 520 kN

235 kN

=1
157 -
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Since Vg, > V_ . shear reinforcement is required

Re-arranging EC2 Eqn 4.23

A V., -V _ 3
A VeV | G- X0
s 0.9df o 09 x 900 x 2174

Try R12 links @ 250 mm crs. (4 legs) = 1.81 mm&mm

Check maximum spacing of links
A

sw

sb_sina
w

For vertical links sine = 1

Hence
452

[4 = . = 00045
v 250 x 400

V., - 3V -
Sd od _ (520 3 x 235) X 103 - _114 N/mm2

s b, d 00045 x 400 x 900

Maximum spacing for crack control = 300 mm .................. OK
Since

@V,

5Rd2<v

=<
Sd

s = 06d » 300 mm

max

From Section 3.2.2.1.1
v > V.

Rd2 Sd,max

LProvide R12 links @ 250 mm crs (4 legs) 1

To optimize link spacing, check the point at which shear reinforcement is satisfied
by R12 @ 200 mm crs. (4 legs).

A
Do _ 492 2.26 mm?/mm
s 200
ASW
Vs = T (0.9d)fywd = 226 x 09 x 900 x 2174 = 398 kN
Vews = Ve + Vg
Equating
Vogs = V54 @nd noting that Ve = Vay
Vou = Ve + V. = 235 + 398 = 633 kN

[58 ]

4423

Eqn 4.79

Table 4.13

5.4.2.2(7)
Eqn 5.18

=



BEAMS

1155 - 633
Distance of point from suppot = ——— = 136m

385

The proposed link arrangement is shown in Figure 35.

:

*
R12- 140 _Lmz -200 | R12-300 | R12- 2oo‘|‘ R12 - 140
L legs l 4 legs L legs 4 legs '] 4 legs
1-36m | e 136m
_ 2-39m*t B 2:39m +

6-0m between centres of supports

Figure 35 Link arrangement (standard method) - example 1

Note:

In the centre portion of the beam R10 links are required by calculations but
R12 (*) are shown to avoid the possible misplacement on site. Distance from
the support (+) could be reduced to 1.70 m in this case.

3.2.2.2 Variable strut inclination method

This method allows the angle of the concrete compression strut to be varied
at the designer’s discretion within limits stated in the Code.

It can give some economy in shear reinforcement but will require the provision
of additional tension reinforcement. In most cases the standard method will
suffice.

This reduced shear reinforcement will only be obtained at high levels of design
shear and is counter-balanced by increased tension reinforcement. This can
be seen by a comparison of EC2 Eqgns 4.22 and 4.23 in the standard method
and EC2 Eqn 4.27 in the variable strut inclination method.

The standard method gives

Vess = Voo + Ve

v Ao (090)f
s

wd

Re-arranging gives

Asw _ VRda B vcd

s (090,

The VS| method gives

A
Sw
VRd3 = "S— (OQCI)fywd coto

Re-arranging gives

Asw _ Vs

s (0.9d)fy g COtO

43.2.44

Eqn 4.22

Eqgn 4.23

Eqgn 4.27

El
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32.2241

Note:
In the above equation the contribution of the concrete, V_ 4 to the shear
resistance of the section is not taken into account.

With cot® = 1.5 which is the maximum value permitted in the NAD, reductions
in shear reinforcement will only occur when

VRd3 < VRda - vcd “or
(0.90) fyW g X 15 (O.Qd)fyw o

Vigg < 15(Voyy = V.)

Rd3 Rd3 C

Putting V,, = gives V., > 3V

VFidS cd

If VSd > 3Vcd. then the VSI method will allow a reduction in shear
reinforcement.

If this inequality is not satisfied, use of the variable strut inclination method will
produce an uneconomic amount of shear reinforcement. In this case the
standard method should be used.

For elements with vertical shear reinforcement, Vg 18 Qiven by

v b, zv fq
Roz cot® + tan©
Putting V,, = Vege @nd re-arranging gives
Veu _ 1
b,zvf coto + tan©

Figure 3.1 shows cot® plotted against 1/(cot® + tan®) together with the EC2
and NAD limits for cot®. Hence for a given Vyor the limits for cot® can be
found.

Increasing the value of cot® will reduce the shear reinforcement required but
increase the force in the tension reinforcement.

In this example, cot® will be chosen to minimize the shear reinforcement.

Position 1 - at d from support

From above
Vsa = 1
bwz:;fc 4 cotO + tan®©
bw = 400 mm
z = 09 x 900 = 810 mm
fk
v = 07 -—==% = 055 ¢« 05

200

Eqn 4.26

Eqn 4.21
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f, = — = 20Nmm
15

%

d 8085 kN

Therefore

1 ~ 8085 x 10° _ oo
cot® + tan® 400 x 810 x 055 x 20 ’

From Figure 31, this lies under the curve. Therefore, cotd = 1.5 can be chosen
which is the maximum value allowed under the NAD Ilimits.

<

Asw
s ™ (T)nyw Jcote

Now equating V. to V, and re-arranging

p S

Ve 8085 x 10°

_swo_ ___sd 0 _ = 306 mm?mm
s zf ywdcote 810 x 2174 x 15
Check
A f
ZYW"= 166 < (Lwf, = 565 ... OK
s

Try R12 links @ 150 mm crs. (4 legs), A /s = 301 mm*mm

Check maximum spacing of links.

A S 0.0075
p = = A
w sb, sina

Vg, - 3V, (8085 — 3 x 235) x 10°

= = 383 N/mm?
e, b d 0.0075 x 400 x 900
Maximum spacing for crack control = 300 mm
o, = 00075 > p,.. = 00022 ... ... ... ... ... OK
Check's__
Veg = 8085 kN
b z»f 400 x 810 x 055 x 20
VRdz = - = 1644 kN
cot® + tan© 2.167

Since (Ve < Vou =

3V

377 Rd2

s = 06d » 300 mm

max

Eqgn 4.27

4423

Eqn 4.79

Table 4.13
Table 55

5.4.2.2(7)

Egn 5.18

a1l
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32222

32223

| Use R12 links @ 150 mm crs. (4 legs)

Check additional force in tension reinforcement.

M,
T, = —=+ (L) Vcotd - cota) = 1091 + 606 = 1697 kN
zZ

This compares with T g = 1495 kN using the standard method.

Note:
Although not permitted by the NAD, values of cot® up to 2.5 are given in EC2.

A check on shear reinforcement using cot® = 25 is now given to illustrate
the effect of increasing values of © on shear and tension reinforcement.

V. 8085 x 10°
= sd = = 1.84 mm%mm

zf  cote 810 x 2174 x 25
ywd

Aa
S

Try R12 @ 225 mm crs. (4 legs), A_,/s = 201 mm%mm

Check maximum spacing of links

P, = 0005
V,, — 3V
M _ 575 Nimm?
pwbwd
Maximum spacing for crack control = 250 mm ............. ... OK
Sax = 06d BH300mm ............ .. OK
| Use R12 links @ 225 mm crs. (4 legs) |

Check additional force in tension reinforcement.

M
T, = - 4 (P, (cot® — cota) = 1091 + 1011 = 2102 kN
P4

This compares with T, = 1495 kN using the standard method.

Position 2 - where VS g = VR "

Since only minimum shear reinforcement is required this case is identical to
that shown in Section 3.2.2.1.2.

Position 3 - at 1.656 m from support

VSd = 520 kN

A V. 3

= _ Sd = 520 x 10 = 196 mmZmm
s nyw dcote 810 x 2174 x 15

Try R12 links @ 225 mm crs. (4 legs), AJs = 201 mm?mm

Eqgn 4.30

Table 413

Egn 518

[eo 1
]
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From Section 3.2.2.2.1 spacing is satisfactory.

Use R12 links @ 225 mm crs. (4 legs) |

As in Section 3.2.2.1.3, check the point at which the shear requirement is satisfied
by R12 @ 200 mm crs. (4 legs).

A 4
Bow 892 2.26 mm?mm
s 200
A
Voes = (ﬂ zf cot® = 226 x 810 x 2174 x 15 = 597 kN Egn 4.27
s ywd
1155 - 597
Distance from support = —38g_ = 145m

The proposed link arrangement is shown in Figure 36.

R12 - 150 _J R12 - 200 R124300~ R12—200_l R12 - 150
4 legs I 4L legs L legs 4 legs I 4L legs
| . 1 M . '
1-45m . 1-45m
gl
2-39m _ 2-39m o

o 6-0m between centres of supports

Figure 36 Link arrangement (VS| method) — example 1

Comparing this with the arrangement in Figure 3.5 obtained using the standard
method, it can be seen that less reinforcement is required near the support

but this needs to be carried further along the beam. There is little overall saving
in this case.

3.3 Shear resistance with concentrated loads close to
support

3.3.1 Introduction

Where concentrated loads are located within 2.50 of a support, the value 7, 43.2.2(9)
may be modified by a factor 8 when calculating V.. This enhancement only

applies when the section is resisting concentrated loads and the standard

method is used. For a uniformly distributed load, an unmodified value of V, ,

should be used.

3.3.2 Example 2 - concentrated loads only

The beam shown in Figures 3.7 and 3.8 is to be designed for shear.

{es]
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800 kN 800 kN

l Ultimate loads l

t o1 ' I 1-35m7

6m

B

Figure 3.7 Beam span and loading — example 2

900
1000 M
! -
1

i Ag = 4825mm 2 (6T32)

|¢"_°°,I Cover to links = 50mm

Figure 38 Typical section — example 2

The materials strengths are
f = 30 N/mm? (concrete strength grade, C30/37)

ck

fywk = 250 N/mm? (characteristic yield strength of links)

In the example, V. will be calculated at positions between the support and
2.5d away at intervals of 0.5d. This is done to illustrate the effect even though
the critical section will normally be at the position of the concentrated Ioad.

3.3.2.1 Shear reinforcement

The shear force diagram is shown in Figure 39.

VRd1 (mod)
800 kN

800 kN

Figure 39 Shear force diagram - example 2

ot




BEAMS

The basic design shear resistance of the section, V_,, is given by

VRd1

[7oq k (1.2 + 40p) + 015 ¢_]b d

T 0.34 N/mm? for f, = 30 N/mm?

Rd

For concentrated loads within 2.5d of the face of the support, an enhancement
of shear resistance is permitted. 7., may be multiplied by a factor 8 when
determining V.

B = 25d/x with 10 <= g < 50

Taking values of x between 05d and 25d gives values of 87, shown in
Table 3.1.

Table 3.1 Design shear strength BTgy

- f (N%“%?)
0.45 5 17
0.90 25 0.85
135 167 0.57
1.80 1.00* 0.34
2.25 1.00* 0.34

* No enhancement taken, see Figure 3.9

The equation for V_,, can be modified to give a range of values corresponding
to the distance from the support.

Vigl®) = [Brok (12 + 40p) + 0150_1b,d

k = 16-d «1 = 1
A 482

0, _ fe %D o3
b,d 400 x 900

[}
cp

N
= - _ 9

A

[+

Values of design shear resistance, V., are given in Table 3.2.

Table 3.2 Design shear resistance V_

X Voar
(m) (kN)
045 1052
090 526
135 353
1.80 21
225 1

43.23(1)

Egn 4.18

Table 48

Eqn 417

Eqgn 4.18
{(mod)
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Shear reinforcement is required when V> V. 4324
From Figure 33, Vg = 800 kN from x = Oto x = 135 m
Using the standard method 43243
Vass = Vo + VYV, Egn 4.22
Putting Vo, = Vg,andV @ = Vg gives
Vss = Van + Ve

Values of design shear resistance to be provided by shear reinforcement, Vo
are given in Table 33.

Table 3.3 Design shear resistance V__

Vi Vg Vo = Ve = V.o

(kN) (kN) (kN)

1052 800 < 0

526 800 274

353 800 447

211 0 < 0

211 0 < 0
Therefore maximum shear reinforcement is required when Ve = 353 kN,
ie, whenx = 135m.

This should be provided over the entire length from x = Otox = 2.25m 43.2.2(9)
0 < x < 25d).

Note: 43.2.2(9)
If a concentrated load is positioned close to a support, it is possible that using

8 to modify V., may lead to only minimum shear reinforcement being

provided throughout the beam. In this case, the designer may wish to base

the shear resistance on the unmodified Vaar:

This can be illustrated by taking the example above but placing the point load
at 0.5d from the support.

The modified shear force diagram is shown in Figure 3.10.

VRdy (mod) = 1052kN

Vg = 800KN

Note B = 1 on span side
of concentrated load

Vgt = 211kN |-

| i | 1
g = 05 10 15 20 25

_— Position of concentrated load

Figure 3.10 Shear force diagram (load at 0.5d) — example 2 modified

rryt
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In this case it would be prudent to check the shear resistance on the unmodified

Vet = 211 kN. The required shear reinforcement should be provided from
x = 0tox = 05d

Check area of shear reinforcement required in example 2.
Re-arranging the equation for V_, gives

A v 3
Tow  _ wd_ 447 x 10 - 254 mm2mm
s 09df 09 x 900 x 2174

Try R12 links @ 175 mm crs. (4 legs), A_ /s = 258 mm2/mm
Check crushing of compression strut
Ve = (17) vf ,6,09d (1 + cote)

For vertical links, cota = 0

f
v = 07 — ck = 0-55
200

-
I
I
N
o
£
3
BM

cd

Therefore

Vag (‘?) X 055 x 20 x 400 x 09 x 900 x 1

1782 kN > V,, = 800 kN

Check maximum spacing of links.

A

Sw

sb sina
w

For vertical links sineg = 1

=L2= 00064 > p .
175 x 400 wmin

I
o
o
o
N
N

Py

Veg — 3V _ (800 - 3 x 353) x 10° <0
p,b,0 00064 x 400 x 900

Maximum spacing for crack control = 300 mm

By inspection, EC2 Clause 5.4.2.2(7) is satisfied.

| Use R12 links @ 175 mm crs. (4 legs) for 0 < x < 2.25m

Eqn 4.23

Eqn 4.25

Eqgn 4.21

4423

Eqgn 4.79

Table 55

Table 4.13

5.4.2.2(7)

ra
—1%]



BEAMS

3.3.3 Example 3 - combined loading

The revised loading and shear force diagrams are shown in Figures 3.11 and
3.12 respectively.

Ultimate loads
800 kN 800 kN

100 kN/m

"AVAVAVAVAVAY ,VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA AVAFAVAVAVAVS'

1-35m I | 1-35m

Figure 3.11 Beam span and loading — example 3

1100 kN

| 1-35m

35m
1100 kN
Figure 3.12 Shear force diagram — example 3
The basic design shear resistance of the section, Vg 1S given by
Ve = [Trek(1.2 + 40p) + 0.150cp]bwd
For concentrated loads within 2.5d of the face of the support, r 4 May be

increased as in Section 3.3.2. However, no similar enhancement is permltted
for uniformly distributed loads.

B must be reduced depending on the proportion of concentrated loads to total
design load. 8 can then be written as

VSd(conc) .
1+ -1—=—"" with10 = 8 =< 50

Bred =

Sd(tot)
VSd(conc) = design shear force due to concentrated loads
Vs oy = design shear force due to total loads

Values of the concentrated load ratio and the resulting design shear strength
are given in Tables 34 and 35.

43.23(1)

Eqgn 4.18

43.2.2(9)




Table 3.4 Concentrated load ratio VS d(Conc)/VS o)
X V., V, V.
Sdiconc) Sc{udt) Sdftot) V. V.
(m) (kN) (kN) (kN) Sctconcy Sty
0.45 800 255 1055 0.76
0.90 800 210 1010 0.79
1.35 800 165 965 0.83
1.80 0 120 120 0
2.25 0 75 75 0
Table 3.5 Design shear strength 3 dTRd
X ﬁr;dTRd
() 8 Bre (N/mm?)
0.45 5 4.04 1.37
0.90 25 2.19 0.75
1.35 1.67 1.56 0.53
1.80 1.0 1.00 0.34
2.25 1.0 1.00 0.34

The equation for V_,, can be modified to give a range of values corresponding
to the distance from the support.

Voar &) =

[B.eaTrgk(1:2 + 40p) + 0.15 acp] b d

As in Section 3.3.2.1

k

Values of design shear resistance, V

0.013, o

cp

Rd1’

= 0

and design shear resistance to be

provided by shear reinforcement, V, ,, are given in Tables 3.6 and 3.7.

Table 3.6 Design shear resistance (V)

X VRd1
(m) (kN)
0.45 848
0.90 464
1.35 328
1.80 211
2.25 211

Table 3.7 Design shear resistance (V)

Vnm Vsa Vsa - VRd1

(kN) (kN) (kN)

848 1055 207
464 1010 546
328 965 637
211 120 <0
211 75 <0

Eqn 4.18
(mod)
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Therefore maximum shear reinforcement is required when

Ve = B28kN,ie, whenx = 135m

This should be provided fromx = Otox = 225m (0 < x < 25d)
Check area of shear reinforcement required.

Re-arranging the equation for V, Egn 4.23

A 14 3
ewo_ __wd 637 x 10 = 361 mm%mm

s (09d)f 09 x 900 x 2174
ywd

Try R12 links @ 125 mm crs. (4 legs), AJs = 362 mm?2/mm

Check crushing of compression strut

From example 2, Vagg = 1782KkN > V., = 100KN .......... OK
Check maximum spacing of links 4423
By comparison with example 2, requirements are satisfied ......... OK 5.4.2.2(7)

Use R12 links @ 125 mm crs. (4 legs) for 0 < x < 2.25 m

For the remainder of the beam beyond x = 2.5d (2.25 m) provide
minimum reinforcement as example given in Section 3.2.2.

3.4 Design method for torsion

3.4.1 Introduction

The edge beam shown in Figure 3.13 carries the ends of simply supported floor
slabs seated on the lower flange. The beam is fully restrained at its ends.

The example chosen is the same as that used in Allen’s Reinforced concrete
design to BS 8110: Simply explained"?.

Analysis of the structure and the design of the section for flexure is not included.

The section will be checked for shear, torsion and the combination of both.

El
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560
)
200
250 1500
——d l——
Floor slab
A\
Figure 313 Beam section
3.4.2 Design data
Design torsional moment (7, ) = 120 kNm
Design shear (V) = 355 kN
Concrete strength grade is C30/37, f, = 30 N/mm? 31.24
Table 3.1
Nominal cover to links is 35 mm. 4133
. . NAD
Assuming 25 mm bars and 10 mm links Table 6
d = 1500 - 35 - 10 — 2—25 = 14415 say 1440 mm
Assume 0.25% tensile reinforcement for flexure
3.4.3 Shear resistance
Shear will be taken as acting on the web of the section only.
When combined shear and torsion effects are to be considered, shear is to be
checked using the variable strut inclination method. The angle © of the
equivalent concrete struts is to be the same for both torsion and shear design. 433.2.2(4)
The design shear resistance, V. ,,, with zero axial load is given by 4.3.2.3(1)
Vast = Tpd(1.2 + 40p)b d Eqn 4.18
Ty = 034 Nmm?forf, = 30 N/mm? Table 4.8
k = 16 -d = 16 - 144 =016 «10
[77 —
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Assuming 0.25% tensile reinforcement, p, = 00025 p» 002

034 x 1(1.2 + 40 x 00025) x 250 x 1440 x 1073
159.1 kN < 355 kN

Therefore shear reinforcement required.

Use the variable strut inclination method. The maximum design shear force,

VH d1

Vpge 10 @void web crushing is given by
_ bwzufc ’
Rd2 (cot® + tan®)

Re-arranging gives

Vhoo R
b,zvf cot® + tan©
Ve, = 355kN
b, = 250 mm
z = 09d = 09 x 1440 = 1296 mm
f
v - 07-=% - 07— 2 _ 055 ¢ 05
200 200
f 30
fqo =—%= — = 20N/mm?
A 15
Therefore
Vo 355 x 10° o1
bzvf,, 250 x 1296 x 055 x 20

_— houl = 01
cot® + tan© should be >

By reference to Figure 3.1, it will be seen that the value of cot® may be taken
anywhere between the limits of 067 to 1.5.

To minimize link reinforcement, take cot® = 15

Design shear resistance, Viaaw fOr shear reinforcement is given by

d3’

v

Rad3

= (’h) zf cotd
s ywd

—172}]

43.2.4.4(2)
Eqn 4.26

43.2.4.2(3)

NAD
Table 3
43.2.4.4(1)

43.2.44(2)
Eqgn 4.27
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Re-arranging gives

A_sw _ VRd3
s zf  coto
ywd
Putting Vg, equal to V
_sw = VSd
s zfywdoote

Using high yield reinforcement

f 460

fg = 2% = — = 400 N/mm?

y v 1.15

S
Therefore
3

W 355 x 10 = 046 mmmm

s 09 x 1440 x 400 x 15
Af vf 20
_Swywd 0.46x@ = 074 = —2 = 055 x— = 55 N/mm?.. OK
b,s 250 2 2

Before choosing the reinforcement, the effects of torsion will be considered and
the results combined.

The force in the longitudinal reinforcement, T , ignoring flexure, is given by

T, = (PVcote - cota)
For vertical links, cota = O
7= 3% 45 - 2663 kN

d

Additional area of longitudinal reinforcement

T 3
s _ 2663 10° o
400

ywd

This area of reinforcement must be combined with the tension reinforcement
required for flexure together with the longitudinal reinforcement required for
torsion.

3.4.4 Torsional resistance

Torsional resistance is calculated on the basis of a thin-walled closed section.
Solid sections are replaced by an idealized equivalent thin-walled section.
Sections of complex shape are divided into sub-sections with each sub-section
treated as an equivalent thin-walled section. The torsional resistance is taken
as the sum of the torsional resistances of the sub-sections.

The torsional moment, carried by each sub-section according to elastic theory,
may be found on the basis of the St Venant torsional stiffness. Division of the
section into sub-sections should be so arranged as to maximize the calculated
stiffness.

432.44(2)
Eqn 4.27

43.2.4.4(5)
Eqn 430

7]
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310
3 ]
200
y
250 | 1500
I 310
[
200
y
Figure 3.14 Dimensions of sub-sections
3.4.4.1 St Venant torsional stiffnesses
J = 6h3minhmax
3.4.4.1.1 Top and bottom flanges
h = 310 mm, h - = 200 mm
max min
h
e = = 155
hmin
From which 8 0.203
Therefore
J = 0203 x 200° x 310 = 05 x 10° mm*
3.4.4.1.2 Web
hmax = 1500 mm, h, = 250 mm
h
_max =
min
From which 8 033
Therefore
J = 033 x 250° x 1500 = 77 x 10° mm*

For this example the section will be divided into the sub-sections shown in

Figure 3.14.

BS 8110:
Part 2
243 Eqn 1

BS 8110:
Part 2
243
Table 2.2

BS 8110:
Part 2
243
Table 2.2
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3.4.4.1.3 Total stiffness
J = [2x05) +77) x 10° = 87 x 10° mm*

tot

3.4.4.2 Thicknesses of equivalent thin-walled sections

t = % 5 the actual wall thickness
where
u = outer circumference of the section
A = total area within the outer circumference

34.4.2.1 Top and bottom flanges

u = (310 + 200)2 = 1020 mm
= 310 x 200 = 62 x 10° mm?
Therefore .
t = M = 61 mm
1020
t may not be less than twice the cover, ¢, to the longitudinal bars. Hence, with
10 mm links ‘
bt = 2035 +10) = 90 mm
344.2.2 Web
u = (1500 + 250)2 = 3500 mm
A = 1500 x 250 = 375 x 10° mm?
Therefore s
375 x 10
t = ———— = 107mm > 2C ..................
3500 mm > 2¢ OK

Values of t between the limits of A/u and 2c may be chosen provided that the
design torsional moment, T, does not exceed the torsional moment that can
be resisted by the concrete compression struts.

3.4.4.3 Torsional moments

T = 120 kNm

Sd.tot

This total moment is shared between the flanges and web in proportion to their
torsional stiffness.

Therefore
TS = 120 x 95) = 69 kNm
af 87
Tde = 120 x 17 = 106 kNm
' 87

Ty Must satisfy the following two conditions

TSd < Tnm and =< TRdZ

4331(6)

4331(6)

4331(5)

Eqgn 4.38
Eqn 4.39

El



3.4.4.4 Torsion in flanges

21})‘0db4k

cotd + tan©

TRd1

Re-arranging gives

Thor  _ 1
2uf_tA, cotd® + tan®
Putting 7., equal to T,
Tsq 1

2vf tA cot® + tan©
cd’ k

Tdefl = 69 kNm

f
v = 0707 -—=%

200

30
= 07(07 -—| =
( 200) 0385 « 035

f = 20 N/mm?
cd
t = 90 mm
A = area enclosed within the centre line of the thin-wall section

= (310 - 90) x (200 — 90) = 24.2 x 10° mm?

Therefore
T 6
sd _ 69 x 10 — 0.206
2ufcthk 2 x 0385 x 20 x 90 x 24.2 x 10°

By reference to Figure 3.1 it may be seen that the value of cot® may be taken
anywhere between the limits of 067 to 1.5.

To minimize link reinforcement take cot® = 15,
Note that this value must be consistent with the value taken for normal shear.

T

A
r2 = 2AL ywd—s—s cote)

Re-arranging gives
A_sw _ TFle
s 2Af waCOtO

433.1(6)
Eqn 440

433.1(6)
Eqn 4.41

NAD
Table 3
43.31(6)

4331(7)
Eqgn 443
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Putting T, equal to T,

- T
S 2Akfyw (coto

Using mild steel reinforcement

f
f o = D 2020 o7 Nimm?
™ ¥, 115
Therefore
A 6
W 69 x 10 = 044 mm?mm
s 2 x 242 x 10% x 217 x 15
. . . Uk
The spacing of torsion links should not exceed ry 5.4.2.3(3)
where
u, = the circumference of the area A, 4331(7)
= 2[(310 - 90) + (200 — 90)] = 660 mm
Therefore
6
Smax = %) = 825 mm, say 80 mm
A = 044 x 80 = 352 mm?

sSw

Use R8 links at 80 mm crs.

The additional area of longitudinal steel for torsion is given by

coto Eqn 444

sl'yid R

Uk
Aty = (sz_
2A

K

Re-arranging and putting T, equal to T

Yk

T,
( Sy Ak) coto
sl
fyld

Using high yield reinforcement

460
fo = —— = 400 N/mm?
¥ 115
Therefore
69 x 10° 660 15
A, = X P2 X 2~ 353 mm?
400 x 2 x 242 x 10°

Use 4T12 bars

[77]
77}
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Reinforcement will also be required in the bottom flange to cater for flexure of
the flange acting as a continuous nib.

3.4.4.5 Torsion in web

Teww = 106 kNm
A, = (1500 — 107) x (250 — 107) = 199.2 x 10° mm?
Therefore
6
Tey _ 106 x 10 _ om
2uf tA 2 x 0385 x 20 x 107 x 1992 x 10°

Again by reference to Figure 3.1, cot® should fall within the limits of 067 to 1.5.
Similarly use cot®6 = 15

As the web is subject to shear and torsion, the combined effects should now
be checked to satisfy the condition

Rd1 Rd2
TS ’ = 106 kNm
r _ 2ufcthk
Rd1
cotO + tan®
2 x 03 107 199.2 10°
_ X 85 x 20 x 1x 99.2 x — 1515 kKNm
VS ’ = 355 kN
v _ bevfcd
Rd2 VN
cotd + tan©
25 130 55 0
_ 0 x Ox105 X 2 — 1650 kN
Therefore
(Zég Q.F(fég)z
7-F{d1 VRdZ
054 <10 ........... ... OK

_ (10812 1355\
- (1515) (1650)

Where the entire section is used to resist normal shear, each sub-section should
be checked to satisfy the above interaction condition.

433.2.2(3)
Egn 4.47

433.1(6)
Egn 4.40

43.2.44(2)
Egn 4.26

Yy
L8]



BEAMS

3.4.5 Reinforcement in web
Link reinforcement for torsion
Using high yield links

A 106 6
oo _ x 10 = 044 mm¥mm

s 2 x 199.2 x 10° x 400 x 15

Note that A_, for torsion relates to a single leg in the wall of the section.
Link reinforcement required for shear

SwW

= = 046 mm?mm from Section 3.4.3
s

Note that A_, for shear relates to the total shear link legs.

Assuming single links, total area for one leg

46
0465 | 0445 = 067s mm?

sSw

Using T12 links
067s = 113 mm?
s = 168 mm, say 160 mm

Maximum link spacing for shear

(DWVep < Voo = Vae 5.4.2.2(7)
Egn 518
S, = 06d = 864 p 300 mm
ax
Therefore
s = 300 mm

max

For cracking

VSd B 3Vcd
=4 9 < 50 Nimm? 4.4.2.3(5)
pwbwd Table 4.13
Therefore Smax = 300 mm
For torsion
u
k
Smax = =
8
U, = 2[(1500 - 107) + (250 — 107)] = 3072 mm
Therefore
3072
Spax = —_8 = 384 mm

Maximum spacing to suit all conditions is 300 mm.

Use T12 links @ 160 mm crs.

L

[791
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BEAMS

Additional area of longitudinal steel for torsion in web

108 7 1.
_ 106 x 10° x 3072 x 15 3065 mm?

o 400 x 2 x 1992 x 10°

LUse 16T16 bars

The bars in the tension face of the web will need to be increased to provide
for the additional longitudinal steel required for shear and combined with the
reinforcement required for flexure.

Area required in tension face for combined torsion and shear

- GBS X2 a6 = 1049 mm?

16

Use 3T25 bars

3.4.6 Summary of reinforcement

Top flange

4T12 longitudinal bars

R8 links @ 80 mm crs.

Bottom flange

4712 longitudinal bars

R8 links @ 80 mm crs.

Plus reinforcement for flexure of the nib
Web

37125 longitudinal bars in tension face
7T16 bars in each side face

T12 links @ 160 mm crs.
Plus reinforcement for flexure J

The reinforcement details are shown in Figure 3.15

LT12
A
wr— [T
|
T12-160
| |
Additional bars 3 l T16 hars except
needed for flexure where shown
in nib atherwise
> o
o
4T12 3728

Figure 315 Beam reinforcement details

Eaqn 444

a0 | —
{eo]



BEAMS

It will be seen from this example that choosing the upper limit value of cot®,
to minimize the link reinforcement, results in substantial additional lfongitudinal
reinforcement being required. In practice the value of cot® should be chosen
S0 as to optimize the total reinforcement in the section.

3.5 Slenderness limits 4357
The Code requires that a beam has an adequate factor of safety against
buckling.
Providing that the following requirements are met, the safety against lateral 435.7(2)

buckling may be assumed to be adequate

L < 50b; and Eqgn 477

h < 4b NAD
where i

b = width of the compression flange, which can be taken as b_, 25.2.21(3)

for T and L beams

o g
1

total depth of the beam

L, = unrestrained length of the compression flange taking lateral 25.2.21(4)
bracing into account

For example, consider the beam shown in Figure 3.16.

975 = 400 beam

TAVAVAVAVAVAVAVAVAVUAVAVAVA/AVAVAVAVAVAVAVAVAVAVAUATAVAVAY !

- 11m ]
| T T ~
A B C D

Figure 3.16 Beam spans and loading for slenderness check

In this example the top of the beam is loaded but unrestrained (for instance,
the beam is carrying a wall).

The second requirement is satisfied ie. h < 4b = 1600 mm

In calculating /_, the unrestrained length of the compression flange can be
taken as the distance between points of contraflexure.

These distances, which needto be < 50b = 20 m, can be obtained from Figure 2.3
EC2 Figure 2.3.

I (A-B) = 085/(A-B) = 085 x 22 = 187m
1 (B-C) = 07/[B-C) = 07 x 22 = 154m

[(C-D)= 2(C-D) = 2x 11 = 22m

Spans A-C are satisfactory but span C-D is not. It is too slender and
the width will need to be increased, or additional lateral retraint will need
to be provided.

[g1}
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4 SLABS

4.1 Solid and ribbed slabs

411

One-way spanning solid slabs

Example of a one-way spanning slab is given in Section 2.

4.1.2 Two-way spanning solid slabs

4.1.21

4.1.2.1.1

EC2" permits the use of elastic analysis, with or without redistribution, or
plastic analysis for ultimate limit state design.

Elastic analyses are commonly employed for one-way spanning slabs and for
two-way spanning slabs without adequate provision to resist torsion at the
corners of the slab and prevent the corners from lifting. Plastic analyses are
commonly used in other situations.

Tabulated results for moments and shears from both types of analysis are widely
available.

Care is necessary in subsequent design to ensure that adequate ductility is
present. Where redistribution has been performed, the necessary checks should
be carried out.

Design example of a simply-supported two-way spanning solid slab

Design a solid slab, spanning in two directions and simply-supported along
each edge on brickwork walls as shown in Figure 4.1. The slab is rectangular
on plan and measures 5 m by 6 m between the centre of the supports.

In addition to self-weight, the slab carries a characteristic dead load of
05 kN/m? and an imposed load of 50 kN/m?.

The slab is in an internal environment with no exposure to the weather or
aggressive conditions.

|
Feee— = =T
i I
| |
’ |
I |l
220mm wide || Ix =Sm
supporting walls I |
| |
|| 1'
I
L — — ]| |
]
ly=6m I
[ ]

Figure 4.1 Layout of slab

Durability

For a dry environment, exposure class is 1.
Minimum concrete strength grade is C25/30.

25.1.1(5)

25351(2)

BS 8110
Tables
314 & 315
253.2.2(5)
253.4.2(3)
25.355(2)

Table 4.1
ENV 206
Table NAA1




SLABS

For cement content and wic ratio, refer to ENV 206 Table 3©.

Minimum cover to reinforcement
Assume nominal aggregate size
Assume maximum bar size
Nominal cover

v u

15 mm
20 mm
12 mm
20 mm

Use nominal cover = 25 mm

Note:

20 mm nominal cover is sufficient to meet the NAD®™ requirements in all

respects.

Check requirements for fire resistance to BS 8110: Part 2,

4.1.2.1.2 Materials

Type 2 deformed reinforcement

f = 460 N/mm?

yK

co_ w40 _
v ¥ 1.15

400 N/mm?

C25/30 concrete with 20 mm maximum aggregate size

41.21.3 Loading

Assume 200 mm thick slab

G, = 48 +05 = 53 kNm?

Q = 50 kN/m?

v = 135

Yo = 15

Ulimate load = .G, + 7,Q, = 1466 kN/m?

4.1.2.1.4 Flexural design

Bending moment coefficients for simply-supported two-way spanning slabs,
without torsional restraint at the corners or provision to resist uplift at the corners,

based on the Grashof-Rankine Formulae, are widely published and are

reproduced in BS 8110.

_ 2
Mde - asxnlx
— 2
Mde - asynlx
ly
For — = 12
)
X
a. = 0084 o, =

0059

NAD
Table 6

NAD 6.4(a)

NAD
Table 3
4.1.33(8)

NAD 6.1(a)

NAD 63(a)

2232
Table 2.3

Table 2.2

Egn 2.8(a)
NAD 6.2(d)

BS 8110
Table 3.14

(]



SLABS

Giving
M, = 308 kNm/m
M = 216 kNm/m

Sdy

For short span with reinforcement in bottom layer

12
200 - 25 - — = 169 mm

d =
2
M
S = 0043
ba?f,
X
5 = 0099 < 045 .. ... ... ... OK 2534.2(5)
Af,
S = 0052
baf,,
Therefore A, = 478 mm?m
L Use T12 @ 200 mm crs. (566 mm?2/m) in short span T

For longer span

fo} = 200 - 25 -12 -6 = 157 mm
M
S~ 0035
ba?f,
Af,
Y = 0042
bdf
ck
Therefore A. = 359 mm%m

L Use T12 @ 300 mm crs. (377 mm?m) in long span

41.2.1.5 Shear 432
nl
Vde = 8o ?) = 246 kN/m
nlx2
VS oy = 80:8y o = 144 kN/m

The shear resistance with no axial load:

Ve = Tq K12 + 40p )b, d 4323
Eqn 4.18
Where
T = 03 N/mm? Table 4.8

Rd

H



SLABS

41.216

Assume B 50% of reinforcement curtailed at support

k = 16 -d = 1431 « 1
Assume
A
0, =9 = 0 po02
b d
w
Hence
Vo = BTOKNMM > Vi, = 246 kN/m

No shear reinforcement required

Serviceability — deflection

Control by limiting span/effective depth ratio based on the shorter span for a
two-way spanning slab.

A = 566 mm?/m, p = 00033

s,prov

NAD Table 7 gives basic span/effective depth ratios which are assumed to be
based on f, = 400 N/mm?.

Note 2 to NAD Table 7 states that modification to the tabulated values for nominal
reinforced concrete should not be carried out to take into account service
stresses in the steel (refer to EC2 Clause 4.4.3.2(4)). However, it is assumed that
the correction ought to be made for concrete with 0.15% < p< 05% but that
the resulting values should not exceed those tabulated in the NAD for nominally
reinforced concrete.

Basic limiting span/effective depth ratios are:

Concrete lightly stressed (0 = 0.5%): 25
Concrete nominally reinforced (o = 0.15%): 34
By interpolation at p = 0.33%: 294

The actual service steel stress modification factor is

250 400 _ 400 _ 103
o, Aol A 460 x 478/566 '

sreq s.prov)

Therefore, permissible span/effective depth ratio
= 103 x 294 = 303 =< 34

Since span » 7 m, no further adjustment is required.

Actual span/effective depth ratic = 5000 = 2906 < 303.... OK

169

Note:
No modification to the longer span reinforcement is required in cases where
short span reinforcement is increased to comply with deflection requirements.

B

Figure 4.12

43.21P(2)
4322

4432

443.2(4)

NAD
6.4(e)&(f
Table 7

4432(3)

BS 8110
357

=2



SLABS

4.1.2.1.7 Serviceability — cracking

For a slab with h < 200 mm, no further measures to control cracking are
necessary if the requirements of EC2 Clause 5.4.3 have been applied.

4.1.2.1.8 Detailing
Detailing requirements for cast in situ solid slabs, including two-way slabs
Slab thickness, h = 200 > 50mm ........................ OK

For the short span, use alternately staggered bars and anchor 50% of the mid-
span reinforcement at the supports.

a
Anchorage force, F, =V, (—‘) + N

Sd d Sd
Ng =0
a, = d
Therefore
F, = V,, = 246 kN/m
F 103
A, == = 25X _ g5 mmam
f o 400
opow = 283 MMM OK
alA
b s,re
Net bond length, [ = = 223 ¢ y min
S,prov
a, = 1.0 for straight bars
f
4 fbd

All bars in slabs with h < 250 mm may be assumed to have good bond.

fbd = 2.7 N/mm?
12 400
lb = — X — = 444 mm
4 2.7
lumin = 0.31b £ 10¢or 100 mm = 133 mm

In calculating ltmet take As’req as mid-span reinforcement/4 giving

1
! = 10 x 44 x — = 222mm > 1L . ....... .. OK

bret 2 b,min

4.4.2.3(1)

543
5.4.3.1(1)
543.2.2(1)

54.3.2.1(1)
54.21.4(2)
Egn 5.15

543.2.1(1)

5234.1(1)
Eqn 64

52341

5223
Eqgn 53

52.2.1
Table 53

5.2.34.1(1)
Egn 55

NAD 65(c)
5.4.2.1.4(3)

Egn 54



SLABS

For a direct support, the anchorage length required is

@B3) . = 148 mm

b.net

The reinforcement details are shown in Figure 4.2.

T12-300

T12 - 200
\ . alternately
i o staggered

e (2/3) Ly ot = 148

220

Figure 4.2 Section through short span support

The use of (2/3)] ., at a direct support is an allowance for the transverse
compression due to the support reaction.

Minimum area of reinforcement

06bd
A, ® —L £00015bd = 254 mmim

yk

Minimum area provided (T12 @ 400 mm crs.) near support

283 MMM .. OK

Maximum bar spacing

3h » 500 mm

Maximum spacing used 400 mm near support .............. OK

4.1.2.2 Design example of a continuous two-way spanning solid slab

Design a solid slab spanning between beams, as shown in Figure 4.3.

In addition to self-weight, the slab carries a characteristic dead load of
1.0 kN/m? and an imposed load of 50 kN/m?.

[a7]

54.2.1.4(3)
Figure
5.12(a)

543.2.1(3)
54.2.1.1(1)

NAD
Table 3
543.2.1(4)

=]



SLABS

41.2.21

41.2.2.2

Supporting beams

6m /\

6m

6m

[
L 72m 7-2m 7-2m
1

Figure 43 Layout of slab

Durability

For a dry environment, exposure class is 1.
Minimum concrete strength grade is C25/30.

For cement content and w/c ratio, refer to ENV 206 Table 3.

Minimum cover to reinforcement = 15 mm

Assume nominal aggregate size = 20 mm

Assume maximum bar size = 12 mm

Nominal cover = 20 mm
Use nominal cover = 25 mm

Note:

20 mm nominal cover is sufficient to meet the NAD requirements in all respects.
Check requirements for fire resistance to BS 8110: Part 2.

Materials

Type 2 deformed reinforcement, fyk = 460 N/mm?

C25/30 concrete with 20 mm maximum aggregate size.

Table 4.1

ENV 206
Table NA.1

NAD
Table 6

NAD 6.4(a)

NAD
Table 3
41.3.3(8)

NAD 6.1(a)

2



SLABS

41223

41.224

41225

Loading
Assume 200 mm thick slab
G = 48 + 10 = 58 kN/m?
50 kN/m2
¥g = 1350110
Yo = 150r00

0
[

For non-sensitive structures, a single design value for permanent actions may
be applied throughout the structure, ie. v, = 1.35 throughout.

Maximum ultimate load 135 x 58 + 15 x 50 = 1533 kN/m?

Minimum ultimate load 135 x 58 = 783 kN/m?

Load cases

For continuous beams and slabs in buildings without cantilevers subjected to
dominantly uniformly distributed loads, it will generally be sufficient to consider
only the following load cases.

(@) Alternate spans carrying the design variable and permanent load
(voQ, + v5G)). other spans carrying only the design permanent

load, v,G,-

(b) Anytwo adjacent spans carrying the design variable and permanent
load (v Q, + G- All other spans carrying only the design

permanent load, v,G,.

Flexural design

Bending moment coefficients for two-way spanning slabs supported on four
edges, with provision for torsion at the corners, have been calculated based
on both elastic and vyield line theory. The coefficients published in BS 8110:
Part 1, Table 3.15, are based on yield line analysis and are used in this example.

For continuous slabs the effects of rotational restraint from the supports can
be ignored.

Yield line methods can only be used for very ductile structural elements. Use
high ductility steel Class H to prEN 10080®,

No direct check on rotational capacity is required if high ductility steel is used.

The area of steel should not exceed a value corresponding to

= 0102

= 0.25 which is equivalent to

ck

For the yield line (kinematic) method, a variety of possible mechanisms should
be considered. This is assumed in the use of the published bending moment
coefficients.

Table 2.2

2323

251.2(4)

BS 8110
Table 3.15

2533(3)

253.2.2(5)
NAD
Table 5

25355(3)

25355(2)

25.355(4)

[ag |
[e0]



SLABS

The ratio of moments at a continuous edge to the span moment should be
between 05 and 2.0. This is true for the published coefficients.

Consider the design of the corner panel, D, in Figure 4.4.

042

22.2.1' -0-032|-0-037

(=]
(-]
Ed
[}

I

-0-032

—

-0-063]-0-048 0-036 -0-048
i

~0:0561-0-042 0-032 -0

o
(=)
w
~

-0-037 T 9:028 _0.037]-0-045

0-042
-—
0-047
B

Figure 44 Bending moment coefficients lyilx = 12

Using the coefficients shown in Figure 4.4 and the method described in
BS 8110 to adjust moments for adjacent panels with unequal conditions, the
following moments and shears can be calculated for this panel:

In the 6 m direction, Msup = 297 kNm/m
= 285 kNm/m

span
In the 7.2 m direction, Msup = 210 kNm/m
M = 206 kNm/m

span

The support moments calculated can be further reduced by an amount AM,

aMg, = F dsup X bsup/8
where
F dsup = design support reaction compatible with the analysis moments.
In the 6 m direction, Feq = 819 kN/m
\Sup
In the 7.2 m direction, F, = 699 kN/m
,Sup

For a 300 mm wide supporting beam:

3.1 kNm/m
26 kNm/m

In the 6 m direction, AMSd
In the 7.2 m direction, AMSd

Therefore, the design support moments are:

26.6 kNm/m
18.4 kNm/m

In the 6 m direction, M
sup

In the 7.2 m direction, M
sup

25355(5)

2512

BS 8110
3536

2.533(4)

Eqn 2.16

[o0]
1907



SLABS

For the short span, with the reinforcement in the first layer

12
d = 200 - 26 - — = 169 mm
2
M
P = 0038
bd?f
ck
X
~ = 0087 < 025 ... OK  25355@2)
Asfk
Y = 0045
bdf
ck
A = 414 mm?m

Use T12 @ 250 mm crs. (452 mm?/m) T in short span

The span moment is similar to that over the support and the same
reinforcement may be used in the bottom

For the long span, with the reinforcement in the second layer

12
200 - 256 - 12 —— = 157 mm

d =
2
M
P = 0030
bd?f
ck
X
a = 0068 < 045 .. ... . .. OK
| Asfk
L = 0035
bdf
ck
A = 297 mm%m

S

Use T12 @ 300 mm crs. (377 mm?/m) T in long span

The span moment is again similar to that over the support and the
same reinforcement may be used in the bottom

For arrangements of reinforcement in middle and edge strips use BS 8110. The BS 8110

NAD directs the use of BS 8110 where torsion reinforcement is required in the 3535

corners of panels. NAD 6.5(e)
5432.2

41.2.26 Shear
43.2

Use forces consistent with the analysis moments.

In the 6 m direction:
At internal beam, Vi ot 047 x 15383 x 6 = 432 kN/m

At edge, V_, = 031 x 18633 x 6 = 285 kN/m

[o1]

J sl



SLABS

In the 7.2 m direction:

At internal beam, \/int = 04 x 15633 x 6 = 368 kN/m
At edge, Vexl = 026 x 1533 x 6 = 239 kN/m
VR g = [7p4k(1.2 + 40p) + 0.150@] b, d

0.3 N/mm?

TRy

Assume P 50% of the bottom reinforcement curtailed at edge support.

k = 16 -0169 = 1431
ASJ

o, =—2 = 000134 p 002
d

Note: Ensure detailing provides necessary anchorage to A_. See EC2 Figure
4.12 for definition of A_.

o, = 0
Therefore
Ve = 9NO0KN/m > V. = 285 kN/m at edge support
It is also clear that V, > Ve = 432 kN/m at the internal beam.
No shear reinforcement required —|

4.1.2.2.7 Serviceability — deflection

Control by limiting span/effective depth ratio based on the shorter span for a
two-way spanning slab.
6000

Actual span/effective depth ratc = —— = 355
169

For a corner panel use structural system 2.

It may be normally assumed that slabs are lightly stressed (p < 05%).

NAD 6.4(e) and (f) allows the basic span/effective depth ratio to be interpolated,
according to the reinforcement provided, for values in the range 0.15% < p
< 0.5%.

Basic span/effective depth ratio (p = 0.5%) 32
(p = 0.15%) = 44

For the span moment Aeg = 441 mm2/m

A = 452 mm3%m, p = 027%

s,prov

Basic span/effective depth ratio (o = 0.27%) = 399

f92]

4323
Egn 4.18

Table 4.8

54322

432.1P(2)
432.2(2)

4432
443.2(5)

Table 4.14
443.2(5)

NAD
Table 7

i Bl



SLABS

41228

41.2.29

Using reinforcement with /> 400 N/mm?, this value should be multiplied
to reflect the actual service steel stress by the factor

250 400 400 x 452

- = = 089
o fyk X Amq/ASprov 460 x 441
Therefore, permissible span/effective depth ratio
= 089 x 399 = 355 ... ... ... OK

Note 2 to NAD Table 7 is taken to mean that the resuiting span/effective depth
ratio, after the service stress modification, is limited to the value tabulated for
nominally reinforced concrete. In this case the value is 44.

Serviceability — cracking

For a slab with h < 200 mm no further measures are required to control
cracking, provided the requirements of EC2 Clause 5.4.3 have been applied.

Detailing

Slab thickness, h = 200 mm > 50mm .................. .. OK

For the short span, use alternately staggered bars and anchor 50% of the mid-
span reinforcement at the external support.

Anchorage force (at external support)

al
FS = VS g X F + NS ’
Nsa =0
a, = d
F, = V, = 285 KN/m
F. 285 3
g = = = 285 x 107 _ 71 mm%m
e f 400
yd
ooy = 226 MMM . OK
Net bond length
BN (
lb,net = aalb x = = lb,min
s,prov
o = 0.7 for curved bars

qsxfyd

af,

443.2(4)

4.4.23(1)

543

5.4.3.1(1)
543.2.2(1)

54.21.4(2)
Egn 515

5.43.2.1(1)

5.2.3.4.1(1)
Egn 54

5223
Egn 53

[&]
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For all bars in slabs with h < 250 mm, good bond may be assumed. 5221
fog = 2.7 N/mm? Table 53
, 12 400 44
b T 4 X 27 T mm
In calculating 7, take Amq as mid-span reinforcement/4. NAD 6.5(c)
' ; 5.4.2.1.4(3)
b = 07 x 444 x ; = 156mm >17 ... OK

Bars to extend into support for a distance

9 + 1 = 256 mm Figure
3 b,net
5.12(b)
giving sufficient end cover in 300 mm wide section . .............. OK

4.1.2.2.10 Top reinforcement at edge beam
Design moment = Mspan/4 = 7.125 KNm/m 5432.2(2)
M
bdzfck

= 001

Af,
2k = 0012
baf

ck

A

S

110 mmé/m &« A

s,min
Minimum area of reinforcement 543.2.1(3)

06bd

& £ 00015bd = 254 mm?m

fyk

Use T10 @ 250 mm crs. bars extending 0.2/ from inner face of 5432.2(2)
support into span

The reinforcement details are shown in Figure 4.5,

=]



SLABS

T10-500 secondary
transverse reinforcement
| 1200 )

]
T12 - 300 middle strip
! ! T10~ 300 edge strip

To-250 —ft . a /

| ‘— T12- 250 alternately staggered

260 600

Edge strip Middle strip

Figure 45 Detail at edge beam
41.2.2.11 Secondary transverse reinforcement — top

Principal reinforcement, T10 @ 250 mmcrs,, A, = 314 mm?2/m
Secondary reinforcement, A, = 02 x 314 = 63 mm?/m
Maximum spacing = 500 mm

Use T10 @ 500 mm crs. (157 mm?/m)

4.1.2.2.12 Corner reinforcement

Use the detailing guidance given in BS 8110.

4.1.2.2.13 Anchorage of bottom reinforcement at intermediate supports

Retain not less than a quarter of mid-span reinforcement at support and provide
not less than 10¢ anchorage.

Provide continuity bars lapped with bottom reinforcement as shown in Figure 4.6.

Using alternately staggered bars with continuity for 50% of the mid-span
reinforcement.

Minimum lap, lb,net

14 x 444 x% = 310 mm

— T12-500
-3 — 5 . E—
—_— s T A
)
L T12- 250
\ |
120 t 100 =120

Figure 46 Detail at interior support

543.2.1(2)

NAD
Table 3
5.43.2.1(4)

54323

NAD 65(e)
54323

54215
5.4.2.1.4(1)

Figure
5.13(b)

a5 ]
[o2]



SLABS

41.2.2.14 Transverse reinforcement at laps

No requirement for slabs.

4.1.3 Ribbed slabs

EC2 permits ribbed slabs to be treated as solid slabs for the purposes of analysis,
provided that the flange and transverse ribs have sufficient torsional stiffness.

4.1.3.1 Design example of a ribbed slab

Design a ribbed slab spanning between beams as shown in Figure 4.7.

In addition to self-weight, the slab carries a characteristic dead load of
10 kN/m? and an imposed load of 50 kN/m?.

Supporting beams

l
[::_—_:::::'l}::::::::‘
| !
'|$ 6 m o 6m -
A g—
PLAN
100

| 600

|
]

Figure 4.7 Ribbed slab spanning between beams

[96]

NAD 65(b)
5.2.4.1.2

25.2.1(5)

=



SLABS

4.1.3.1.1 Durability

For a dry environment, exposure class is 1.
Minimum concrete strength grade is C25/30.

For cement content and wic ratio, refer to ENV 206 Table 3.

Minimum cover to reinforcement = 15 mm
Assume nominal aggregate size = 20 mm
Assume maximum bar size = 20 mm
Nominal cover = 20 mm
Use nominal cover = 25 mm |

Note:
20 mm nominal cover is sufficient to meet the NAD requirements in all respects.

Check reguirements for fire resistance to BS 8110: Part 2.

4.1.3.1.2 Materials

Type 2 deformed reinforcement, £, = 460 N/mm?
f 460
f, = X = —— = 400 N/mm?
Y Y 115

C25/30 concrete with 20 mm maximum aggregate size

4.1.31.3 Analysis model

Span = 4 x slab depth

6m = 4 x 0275 = 1AM ... ... OK
Rib spacing = 600 < 1500 mm ........... ... ... ......... OK
Rib depth = 175 < 4 x ribwidh = 500mm .......... OK
Flange depth = 100 mm
1
= — x clear spacing between ribs = 50 mm ... OK

10
Transverse ribs (at supports only)
Spacing = 6m > 10 x slabdepth = 275m

Hence the ribbed slab may not be treated as a solid slab in the analysis under
the terms of this clause unless intermediate transverse ribs are incorporated.
This is not always desirable.

The model adopted in this example uses gross concrete section properties of
the T shape in sagging regions and a rectangular section, based on the rib
width, in the hogging region.

EC2 Figure 2.3 has been used initially to define the extent of the hogging. This
method can clearly be refined.

Table 4.1
ENV 206
Table NA.1

NAD
Table 6

NAD 6.4(a)

NAD
Table 3
41.33(8)

NAD 6.1(a)

2.23.2P(1)
Table 2.3

25.21(3)

25.21(5)

25.2.1(5)

{o7 |
(]
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41314

41315

413.16

41.31.7

Effective span

le" = ln+ar1+a2

Assume 300 mm wide supporting beams

= 5700 mm
a, at edge beam = a takenas (L)t = 150 mm
a, atcentralbeam = a = (3)t = 150 mm
[, = 6000 mm

eff
For ratio of adjacent spans between 1 and 15

I, = 085/ = 085 x 6000 = 5100 mm

Effective width of flanges

Effective flange width is assumed constant across the span for continuous beams
in buildings.

For a symmetrical T beam

by = b,+ (P = b
= 125 + (1) x 5100 < 600 mm
Therefore
b, = 600 mm
Loading
G, = 36+ 10 = 46 kN/m?

k

Q, = 50 kN/m?

v = 135
Yo = 15

Maximum ultimate load = 135 x 46 + 15 x 50 = 137 kN/m?2

Minimum ultimate load = 135 x 46 = 6.2 kN/m?

Flexural design

Design for ultimate limit state using linear elastic method, choosing not to
redistribute moments.

Consider the following load combinations:

(a) Alternate spans carrying the design variable and permanent load
(70(:?k + 7GGk), other spans carrying only the design permanent

load, v,G,.

(b) Any two adjacent spans carrying the design variable and permanent

load (v,Q, + v;G). All other spans carrying only the design

permanent load, v,G,.

25222
Egn 2.15

Figure 2.4(a)

Figure 2.4(b)

25.2.2.1(4)
Figure 2.3

25.2.2.1
252.21(2)

25.2.21(3)
Eqn 2.13

Table 2.2
23.23P(2)
Table 2.2

25322

2512

[og 1
—198]
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-30-5 {-37-0)

N N

26-7 (24-8) 26-7 (24-8)

BENDING MOMENT ENVELOPE [kNm)

Notes
1. Values are per rib

2. Values in brackets are
those obtained when 1

29.8 (30.8) i1s taken as uniform

throughout the sgan

21-:0 (20-2)

-21-0 [(-20-2)

-29-8 (-30-8)

SHEAR FORCE ENVELOPE (kN)

Figure 48 Results of analysis

The following results are taken from the analysis (see Figure 4.8).

= 26.7 kNm/rib
span
= — 305 kNmf/rib
sup
FSd.sup = 596 kN/rib

Support moment can be reduced by an amount AM,

where

AM,, = 596 x 038 = 22 kNm/rib
Therefore

= - 283 kNm/rib
sup
16
d = 275—25—10—?= 232 mm
b = 600 mm (span), 125 mm (support)

2.533(4)

Egn 2.16

a9}
o]
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M
" = 0033

bd2fck

- = 0075 < 045 ... . ... OK
Neutral axis in flange (x = 174 < 100 mm)....... ... ... .... OK

Af .

¥ = 00839
baf
ck
A = 295 mm?/rib

S

Use 2TI6 (403 mm?/rib) bottom in span

M
%P = 0168 > u_ = 0167 (Section 13, Table 13.2)
ba?f,

Therefore

. 4
J > 045

This section may be analyzed to take account of the varying width of the
compression zone, as shown in Figure 49.

+ +
, 195 ,
= e}
19 o f
155 3 cd
o > ]
I .
39
125
Figure 49 Analysis of section
Consider x < 045d = 94 mm as a trial value
Using the rectangular stress block diagram with o = 085 gives
of , = 085 x S 14.2 N/mm?
1.5
08x = 75 mm

b = 140 mm

av

2534.2(5)

NAD

Table 3
4.21.33(12)
Figure 4.4
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z = d-39 = 183 mm
14.2
F = 08x(af )b. = 75 x — x 140 = 1491 kN
c cd’ T av 103
M = 1491 x @32 -39 _ 288 > 283 kNm .... OK
c -103
. 08
A = 22X e b
400 x 193

Use 4T12 (452 mm?/rib) top at interior support

Minimum longitudinal reinforcement with b, = 160 mm 5.4.2.1.1(1)
A, « 06 bta'ffyk « 00015 bd = 56 mm?rib < As’pmv ... OK
Maximum longitudinal reinforcement 54.21.1(2)
A = 004A = 3450mm? > A ... ... OK
] c s,prov
4.1.3.1.8 Shear in rib 432
Vsg = 298 kN/rib at interior support

Shear resistance with no axial load

Vet = Tpg k(1.2 + 40p) b d 4323
Egn 4.18
7y = 03 N/mm? Table 4.8
k = 16 -d = 1368 « 1
Based on top reinforcement: Figure 4.12
A, = 452 mm?rib
b, = 125 mm
P, = = 00155 p» 002
b, d
Giving
Vet = 216 kNIrib <V,
Therefore shear reinforcement must be provided. 43.2.2(3)
Use the standard design method for shear: 43.2.2(7)
43.2.43
VHd3 = VSd
Vaws = Voo t Vo Egn 4.22

!

101

E
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where
Vo = Vg = 216 KkNirib 43.2.4.3(1)
Therefore
Vg = — X O.Qdfywd = 298 — 216 = 8.2 kN/rib Egn 4.23
s
Check maximum longitudinal spacing of links 54.2.2(7)
Egn 4.25
Vep = (D)o b, x 09d (1 + cota) 9
For vertical stirrups, cota = 0
fk
v = ° = 0575 = 05 Egn 4.21
200
Vage = 05 x 0575 x 167 x 125 x 09 x 232 x 107° = 125 kN
(;) VRdZ < VSd = (g_) VHd2
Therefore
Swax = 06d = 139 » 300 mm Egn 5.18
Try mild steel links at 125 mm crs.
Pymn = 00022 Table 55
A, = 00022bs = 35mm?
w
Use R6 links @ 125 mm crs. (A, = 57 mm?)
250
= — = 217 N/mm?
ywd 115
57

217
=~ x 09 x 232 x =
wd 125

Link spacing may be increased where
Vsa = (1?) Ve =

25 kN/rib

max

08d » 300 = 185 mm

pre 207 > 82 kNirib ..

. OK

Eqn 517

Use R6 links @ 175 mm crs. apart from region within 0.6 m of
interior support

v =

wd -

147 > 3.4 kNfrib
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4.1.3.1.9 Shear between web and flanges

AF
Vea T —
a
v
a, = (P, = 2550 mm

Maximum longitudinal force in the flanges

F, = of (08x)b
X
a9 = 0075 at mid-span
600
F, = 142 x 08 x 0075 x 232 x —1-0—3 = 122 kN

Force to one side of web

600 - 195
AF, = 122 X — = #1.2kN
d 2 x 600
Therefore
M1.2
Vog = —— = 162kN/m
255
Vage = 02f h = 02 x 167 x 100 = 334 kN/m > v, .. OK
Af
Vew = 251 h + ¥
Sf
WithA, = 0
sf
Vaga = 29 x03 x 100 = 75kN/m > v, ........... OK
No shear reinforcement required —‘

4.1.3.1.10 Topping reinforcement

No special guidance is given in EC2 regarding the design of the flange spanning
between ribs. The Handbook to BS 811073 gives the following guidance.

36.15 Thickness of topping used to contribute to structural strength
Although a nominal reinforcement of 0.12% is suggested in the topping (36.6.2),
it is not insisted upon, and the topping is therefore expected to transfer load
to the adjacent ribs without the assistance of reinforcement. The mode of transfer
involves arching action and this is the reason for the insistence that the depth
be at least one-tenth of the clear distance between the ribs.

Minimum flange depths are the same in EC2 and BS 8110 and the above is
therefore equally applicable. Provide minimum reinforcement transversely and
where top bars in rib, which have been spread over width of flange, are curtailed.

-
O]
W

4325

Eqgn 433

Figure 4.14

Eqgn 436
Eqn 434

Eqn 437

Egn 435

25.2.1(5)

E
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41311

413112

A, ¥ 0Bbd/f, « 000150,

sf

df < h' = 100 mm

Therefore, conservatively

A, £ 150 mm%m

Use T8 @ 200 mm crs. (251 mm?/m) or consider fabric J
Deflection
. 6000
Actual span/effective depth ratio = E = 259
403

Mid-span reinforcement ratio, p = 0.0029

600 x 232
Therefore section is lightly stressed.

Basic span/effective depth ratio (interpolating for p) = 39.2

400 x 403
Modification factor for steel stress = —————— = 1.19

460 x 295
Since flange width > 3 x rib width, a 0.8 modification factor is required.
Since span » 7 m, no further modification is required.

Permitted span/effective depth ratio = 39.2 x 119 x 08

= 373 > 259 ... .. OK

Cracking

For exposure class 1, crack width has no influence on durability and the limit
of 0.3 mm could be relaxed. However, the limit of 0.3 mm is adopted for this
example.

Satisfy the requirements for control of cracking without calculation. Check section
at mid-span:

Minimum reinforcement, A, = kkf, A /o
S c cteff’ ¢ s

Note:
A, can be conservatively taken as the area below the neutral axis for the plain
concrete section, ignoring the tension reinforcement, as shown in Figure 4.10.

Egn 514

443.2

4432.(5)
NAD
Table 7

44.2.1(6)

44.23(2)

4.4.2.2(3)
Eqn 4.78

H
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92

' Neufral axis 100

Act 175

el

Figure 4.10 Tensile zone of plain concrete section
Depth to neutral axis = 92 mm

= 160 x 175 + 600 (100 - 92) = 32800 mm?

ct

o, = 100%f, = 460 N/mm?

o = recommended value 3 N/mm?

k, = 04 for normal bending

k = 08

A, = 04 x 08 x 3 x 32800/460 = 69 mm? < Agproy 7 - OK

Check limit on bar size.
Quasi-permanent loads = G, + 03Q, = 61 kN/m?

A
Ratio of quasi-permanent/ultimate loads = %7 = 045

Estimate of steel stress

A
045 x %€ x fyd = 045 x 2_95 x 400 = 132 N/mm?
S,prov 403
Maximum bar size = 32 > 16 mmoprovided ................ .. OK

For cracks caused dominantly by loading, crack widths generally will not be
excessive.

4.1.3.1.13 Detailing

Minimum clear distance between bars = ¢ « 20 mm

Nominal clear distance inrib = 49 mm

4.4.2.2(3)

Egn 4.78
Table 4.11

44.23(3)
234

Egn 2.9(c)
NAD
Table 1

Table 4.11

44.23(2)

5.2.1(3)
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Bond and anchorage lengths:

For h > 250 mm bottom reinforcement is in good bond conditions.
Top reinforcement is in poor bond conditions.

Therefore, ultimate bond stresses are

Bottom reinforcement, £, = 2.7 N/mm?
Top reinforcement, £, = 07 x 27 = 189 N/mm?
. of
Basic anchorage length, I, = —
bd
400
For top reinforcement, I = ¢>x— = 53¢
4 x 189
400
For bottom reinforcement, L, = L = 37¢
4 x 27

Anchorage of bottom reinforcement at end support.

Treat as a solid slab and retain not less than haif of the mid-span reinforcement.

L Use 2T12 L bars bottom at end support 1
Anchorage force for this reinforcement with zero design axial load
al
Fo = Vg % E
where
V., = 21 kNfrib

Sd
For vertical shear reinforcement calculated by the standard method
a = z(1 - cotw)2 £0
90° and z is taken as 09d

«x

Although this ribbed slab falls outside the solid slab classification requirements
for analysis, treat as a solid slab for detailing and take a =d

Therefore
F, = 21 kNrib
21 x 10°
A= 220 ssmm <A OK
.regq 400 S.prov

Required anchorage length for bottom reinforcement at support:

a LA
a b 'sreq
lb,net = LS lb‘min
S,prov
a, = 0.7 for curved bars in tension
lbmin = 0.31b = 11¢ « 10¢ or 100 mm

—
(o]
[=3]

522

52.21
Figure 5.1(c)

5.2.2.2(2)
Table 53
52.2.2(2)

5223
Egn 53

54214
5.4.3.2.2(1)

54.2.1.4(2)
Eqgn 515

5.4.2.1.3(1)

5.4.3.2.1(1)

5234
52.34.1(1)
Egn 54

tEgn 55

E
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In calculations of [ ., As'req should be taken « AS’SpanM = 101 mm? NAD 6.5(c)
5.4.2.1.4(3)
A = 226 mm?
s,prov
101
hpg= 07 X 37 x12x — = 189mm > [ ... ... OK Egn 54
226
Minimum transverse reinforcement (for indirect support): 5233
A, = A4 = 226/4 = 57 mm?

Use 178 bar as transverse reinforcement

Minimum top reinforcement at end support: 54.2.1.2(1)
M _ = (1)267 = 67 kNm/rib
sup 4
M _ o040
bad®f
ck

Therefore nominal reinforcement is sufficient.

Use 2T12 L bars top as link hangers

The reinforcement details are shown in Figure 4.11. Figure 5.12
— 2T12 per rib
T8 R6 - 175
links
) _
i | .
L_ 2T16 per rib
2T12
per rib
i
139|100 622
)
2 lp net b/3 ls

Figure 411 Detail at edge support

Provide full lap length, I, for bottom bars: 52413
I, = luneta1 < ls,min Eqn 57

For 100% of bars lapped and b > 2¢, a, = 14 NAD

Hence with &, = 10and A = A __ liagt)lljereSS.G
b= 1t = 37¢ = 37x12 = 444 mm Egn 54
ls‘min = 03 a0l = 187 mm « 15¢ or 200 mm Eqn 58
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Therefore
l = 444 x 14 = 622mm > |

s s.min
Transverse reinforcement at lapped splices should be provided as for a beam
section. Since ¢ < 16 mm, nominal shear links provide adequate transverse
reinforcement.

Anchorage of bottom reinforcement at interior support.

Treat as a solid slab and continue 50% of mid-span bars into support.

The reinforcement details are shown in Figure 4.12.

— LT12 per rib

- R6-125
links

‘— 1T16 per rib

’ ~ 2T16 per rib

'
1090 =160
le—

Figure 4.12 Detail at interior support

lp, net

This detailing prohibits the easy use of prefabricated rib cages because of the
intersection of the bottom reinforcement with the supporting beam cage. It is
suggested that providing suitably lapped continuity bars through the support
should obviate the need to continue the main steel into the support.

The arrangement of the reinforcement within the section including the anchorage
of the links is shown in Figure 4.13.

- / 4@ < 50 min
7 <4 45°
/\\ VA
®

— T8-200

7

L
—w——]

P [ J

R6

T16

Internal radius of bend = 2¢ min

Figure 4.13 Arrangement of reinforcement

108}

5.2.4.1.2(1)

54215
5.43.2.2(1)

Figure
5.13(b)

525

NAD
Tables
3&8
54.2.1.2(2)
Figure 5.10

I S |
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4.2 Flat slabs

4.2.1

4211

42111

Flat slabs in braced frames

The same frame is used in each of the following examples, but column heads
are introduced in the second case.

Design example of a flat slab without column heads

Design the slab shown in Figure 4.14 to support an additional dead load of
1.0 kN/m? and an imposed load of 50 kN/m?.

N A B C D
ll<-25m 1 5-2m . 5-2m |
i o | it
1 T W 3 - o - g - 1
t25m| |, . | !
2 Frp——8—- B I L
52m ! | | |
3+ B—- —m - £ -
=
5-2m ! | 1 1
I Y - m " m - h e
4 - [ %= ) ju oI
Z
L-25m 1 ' 1 ,
s 3 £ e f——- -

Figure 4.14 Plan of structure

The area shown is part of a larger structure which is laterally restrained in two
orthogonal directions by core walls.

The slab is 225 mm thick. All columns are 300 mm square and along grid 5
there is an edge beam 450 mm deep x 300 mm wide.

Durability

For a dry environment, exposure class is 1. Table 4.1
ENV 206

Minimum concrete strength grade is C25/30. Table NA1

Since a more humid environment is likely to exist at the edges of the slab,
increase concrete strength grade to C30/37.

For cement content and wi/c ratio, refer to ENV 206 Table 3.

los}

I |
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4211.2

42113

42114

Nominal cover to reinforcement = 20 mm

Nominal cover to all bars « bar size

£ nominal aggregate size = 20 mm .... OK
i Use nominal cover = 20 mm
Materials
Type 2 deformed reinforcement, £, = 460 N/mm?
C30/37 concrete with 20 mm maximum aggregate size
Load cases
It is sufficient to consider the following load cases
(a) Alternate spans loaded with v G, + v,Q, and y,G, on other
spans.
(b) Any two adjacent spans carrying 'YGGk + ’Yook and all other
spans carrying v,G,.
G, = 0225 x24 +10 = 64 KN/m?
G, = 135 x64 = 87 kN/m?
G, + & = 87 + 15 x50 = 162 kN/m?
Analysis

Analyses are carried out using idealizations of both the geometry and the
behaviour of the structure. The idealization selected shall be appropriate to the
problem being considered.

No guidance is given in EC2 on the selection of analysis models for flat slabs,
or on the division of panels into middie and column strips and the distribution
of analysis moments between these strips. This is left to the assessment of
individual engineers. The requirements set down in BS 8110 for the above points
are taken as a means of complying with EC2 Clause 2.5.1.1P(3).

EC2 allows analysis of beams and slabs as continuous over pinned supports.
It then permits a reduction in the support moment given by

AMSd = FSd‘supbsup/8

The analysis in this example includes framing into columns. Thus the reduction
AM, is not taken.

Consider two frames from Figure 4.14 as typical:

(i) Grid 3/A-D subframe
(i) Grid B.

]

110

NAD
Table 6

NAD 6.4(a)
4133(5)

NAD 63(a)

251.2

Table 2.2

Eqn 2.8(a)

251.1.P@3)
and P(4)

2533(3)
2533(4)

E
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Analysis results for the frames described above are given in Figure 4.15. The
results for each frame are practically identical as the analysis for Grid B has
an increased loaded width (5.2 m), since this is the first internal support for frames
in the orthogonal direction.

Member stiffnesses have been based on a plain concrete section in this analysis.

Column moments and reactions are given in Table 4.1.

4250, 5200 ., 5200
[ T Te i
T y7775% 2200/ LLlLs ) Letab
T2
3500 ////////
| \
3500
L A Y cced Yorria
ANALYSIS MODEL
-198 -199 -204
-37-9

107 102
123

BENDING MOMENT ENVELOPE (kNm)

Figures 4.15 Analysis of frame

]

11

E
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Table 41 Column moments and reactions

’ X column Max. £ column
Support Max. l:re\Jactlon moments moments
kN) (kNm) (kNm)
End 156.4 379 379
1st interior 4447 68 214

4.2.1.1.5 Flexural design — Panel A-B/1-2

EC2 does not specifically address the problem of edge column moment transfer BS 8110
and the provisions of BS 8110 are adopted here. 3.7.4.2

M = 015bd?f
e cu

t.max

Column A/2 moment transfer

Assuming 20 mm cover and 20 mm bars in the top NAD
d, = 225-20-10 = 195mm 41:330)
d, = 195 -20 = 175 mm
b, = 300 + 300 (say) = 600 mm
f, = 37 Nmm?
= 015 x 600 x 1752 x 37 x 10® = 102 kNm

t,max

This ought to be compared with an analysis for a loading of 14G, + 16Q,,
which would give approximately 5% higher edge moments than the EC2
analysis results above.

M = 102 > 105 x 379 = 398kNm ................ OK

t,max

Design reinforcement to sustain edge moment on 600 mm width.
Usingy, = 15« = 085and v, = 115 Table 2.3

Referring to Section 13, Table 13.1:

M, 379 x 108

bd%, 600 x 175% x 30

Af

=% _ 0085
bdf,,
A _ 0085 x 600 x 175 x 30 = 582 mm? = 970 mm%m
° 460
g = 0163 < 045 (zero redistribution) . ......... ... .. .. OK 25.3.4.2(5)

E
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L Use T16 @ 150 mm crs. (1340 mm?m) top at edge column

Place over width = 900 mm (see Figure 4.16)

Note:
This approach gives more reinforcement than is necessary.

900

Figure 4.16 Edge column moment transfer

Check above moment against minimum value required for punching shear.

m = 9V,

Sd Sd

For moments about axis parallel to slab edge

] = + 0125 per m
Vg = 1564 kN
Therefore
mg, = *0125 x 1564 = + 196 kNm/m
379
Edge moment = 0—6 = 632 > 196 kNm/m ....... ... ... ..

Design for m, above in region outside edge column moment transfer zone.

m 6
Msa  _ 196 x 10 — 0021

ba?f, 1000 x 1752 x 30

- . 06bd
Minimum steel sufficient = LI 000156, d
vk

= 00015 x 1000 x 175 = 263 mm2m

L Use T12 at 300 mm crs. (373 mm?/m) top and bottom (minimum)

Maximum spacing = 3h » 500 = 500 > 300mm ......

43453
Eqn 459

Table 49

54.211

NAD
Table 3
543.21(4)
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Column A/1 moment transfer

Assume the design forces for the frame on grid 1 are directly related to those
for grid 3 in proportion to their loaded widths.

Load ratio = (4':52/2) = 04

The ratio of the edge column distribution factors for the frames is 2.0.

MSd = 379 x 041 x 20 = 311 kNm

Using design approach as for column A/2:

b, = 300 *3_20 (say) = 450 mm
M. = O15x 450 x 1752 x 37 x 10" = 76 kNm
> 105 x 311 = 327 KNM oot oK

Design reinforcement to sustain edge moment on 450 mm width

M 6

s _ B x 10
ba%, 450 x 1752 x 30
Aka

*~ 0093
bdf,

0093 x 450 3

A =20 X 46’; 175 %30 _ 478 mm? = 1062 mm?m

Use T16 @ 150 mm crs. (1340 mm?2/m) top for a width of 600 mm J

Check above moment against minimum value required for punching shear.

mg, = nVg, whereq = % 05 per m for corner columns

= + 05 x (041 x 1564) say = * 32.1 kNm/m

Edge moment = 31.1/045 = 691 kNm/m > 321 .......... OK

In region of slab critical for punching shear:

M 6
W B21x 08
ba?, 1000 x 1752 x 30
Asfyk
= 0042
bo,
0042 x 1000 x 175 x 30
A, = e X =~ 480 mm?m

pry
=
';l

43453

Eqgn 459
Table 49

E
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Use T16 @ 300 mm crs. (670 mm?2/m) top and bottom outside 600 mm
wide moment transfer zone and over area determined in punching
calculation

The division of panels into column and middle strips is shown in Figure 4.17.

Although BS 8110 indicates a 2.36 m wide column strip at column B2, a
2.6 m width has been used in the following calculations. This is considered
reasonable as a loaded width of 5.2 m has been taken in the analysis for grid
B and grid 2.

A B C
L-25m 5.2 m
1 A" s ¢
! ; 1J~06m N 1 |
—_—— __’.“_‘-'__.l_ ______ = !
| P |
L25m I i . |
| | R |
| | . | |
A RS Yo Bt e ittt 7=
I 1-06m) ‘ | i
2 ' m o MO : J— |- 1 m
P Y1) b =i 1 | o
: I1‘-oem: J1 30lm |
I B e e -
! } | ]
S52m I | | ]
' | | I
| | ~ | |
X _l— R e oy -
1 T | | !
106m 1-30m
3 el - — Tl - - m
= i wJ

Figure 4.17 Assumed strip widths (arrangement symmetrical about diagonal
AN-C/3)

Column B/2 support moments
Analysis moment = 198 kNm in both directions

Column strip MSd'cs = 075 x 198 = 149 kNm

b 1300 x 2 = 2600 mm

Msacs 149 x 108
bd?f, 2600 x 175 x 30

0.062

BS 8110
Figure 312

BS 8110
Table 3.20

[115]—
s}
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Af

S¥ 0076
bdf
ck
. 17
A - 0076 x 2604060x 5x30 _ 0255 mim?

Use 13T16 (2613 mm?) top in column strip. Provide 9T16 @ 150 mm crs.
in central 1.3 m and 2T16 @ 300 mm crs. on either side

Check whether minimum moment required for punching shear has been met.

Withp = -0125
Mg, = nVg, = -0125 x 4447 = -556 kNm

This is to be carried over a width of 0.31. Since Vea includes for a loaded width
of 52 m, it is assumed that the larger panel width may be used.

03l = 03 x52 = 156 m

By inspection reinforcement (9T16 in central 1.3 m) is sufficient. .. ... OK

Middle strip (using average panel width)

M 6
sdms _ 0.25 x 198 x 10 _ 0026
bd?, (4725 - 2600) x 175% x 30
X
S = 0059 < 045 ..., OK
d
Asfk
= = 0031
baf,,
A
A _ 0031 x 1000 x 175 x 30 _ .., o0
b 460

Use T16 @ 300 mm crs. (377 mm?2/m) top in middle strip

It is noted that EC2 Clause 2.5.3.3(5) would allow the use of the moment at the
face of the support (subject to limits in EC2 Clause 2.5.3.4.2(7)), but this is
considered more appropriate to beams or solid slabs and the peak moment
over the support has been used in the above design.

Span moments

No special provisions are required in EC2. Hence the design basis of BS 8110
is adopted for the division of moments. The same pattern of reinforcement will
be provided in all panels.

The column strip moments are given in Table 4.2 where

Mg, = 055M,,

BS 8110
3731

43453
Table 49

Eqn 459

2534.2(5)

[16]—
e}
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Table 4.2 Column strip span moments

Total Mgy
moment M, s b
(kNm) (kN)
End 107 589 212 278
1st. interior 123 67.7 236 286
Using the greater value:
M 3
( Sd,cs) 1 26 x10°
b d2fCk 175% x 30
Asfyk X
= 0087 - = 0071 < 045 ............... OK
bdf, d
Ay 0037 x 175 x 30 x 10°
d = = 422 mm?/m
b 460
Use T12 @ 250 mm crs. (452 mm?/m) bottom in column strips
Using the middle strip moment for the first interior span
b = 4725 - 236 = 2365 m (average panel width)
M 6
sdms _ 045 x 123 x 10 0026
bd2fck 2365 x 175° x 30
Asfyk X
= 0031 — = 0059 < 045 ................ OK
baf d
ck
A 3
s _ 0031 x 175 x 30 x 10° _ 354 mmeim
b 460
Use T12 @ 300 mm crs. (8377 mm?/m) bottom in middle strips
Minimum longitudinal reinforcement, using @ = 195 mm
06bd
= « 00015bd
yk
= 00015 x 1000 x 195 = 293 mm%m ........... OK

2534.2(5)

2.534.2(5)

[117]
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4.2.1.1.6 Punching

Column B/2 (300 mm x 300 mm internal column)

Critical perimeter located at 1.5d from face of column.

d =

185 mm (average)

For a rectangular column/wall check geometry

Perimeter

length

breadth

Hence
u

Vaa

4 x 300 = 1200 mm p11d = 2035 mm .. OK

27 x 15 x 185 + 1200 = 2944 mm

444.7 kN

Note: No reduction in this value has been taken.

The applied shear per unit length:

L .
T where 8 internal column = 1.15

4447 x 10% x 1.15
2944

= 174 N/mm

Shear resistance without links

VRd1

TRd

Note:

1.k(1.2 + 40p)d
0.34 N/mm?
16 -d = 16 -0185 = 1415 = 10

reinforcement ratio within zone 1.5d from column face
(T16 @ 150 mm crs. top each way gives 1340 mm?m)

J Py X by, t 0015
1000 x 185

The amount of tensile reinforcement in two perpendicular directions > 0.5%.
Assume Py t Py = 2(00072) > 0005 ..................... OK

434

434.1(3)
Figure 4.16

434.2.1(1)

Figure 4.18

4343(4)

Egn 450
Figure 4.21

43451
Eqn 4.56

Table 4.8

4341(9)

[118]—
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Therefore
Ve = 034 x 1415 x (1.2 + 40 x 00072) x 185 = 133 N/mm
Vg = 174 N/mm > Vaar

Therefore shear reinforcement required such that v . = v,

Slab depth = 200 mm ... .. . . ... OK

Check that applied shear does not exceed the maximum section capacity

Vegp = 20Vg, = 20 x 133 = 266 > 174 N/mm ..... OK
4447 x 10°
Shear stress around column perimeter = aadit L A 2.0 N/mm?
1200 x 185
< 0.9/ f, = 49 N/mm?2 .. OK

Design shear reinforcement using EC2 Egn 4.58 since

Vo fVay = 174133 < 16
EALL
Vaes = Vam T .

f 460
f, =X =— = 400 Nmm?
Y Vs 1.1
Therefore
2944
YA = (174 — 183)—+ = 2
o ( ) 400 302 mm
Minimum reinforcement ratio = 100% x value given in EC2 Table 55,
Pymn = 00012 by interpolation
LA
Sw
p =

area within critical perimeter — column area

Denominator =

(300 + 3 x 1852 — (15 x 1854 — =) — 300% = 575000 mm?

Thus EASW = 00012 x 575000 = 690 mm?

,min

Maximum spacing of links is determined by the ratio v o Vrap Where it is
assumed that v, is calculated in accordance with EC2 4.3.2.4.3(4).

]

43.43(3)

43.452(5)

NAD
Table 3
4345.2(1)

NAD 6.4(d)

NAD 6.4(d)

Eqn 458

Table 2.3

NAD
Table 3
5.433(2)
Table 55

4345.2(4)

5.433(4)
5.4.2.2(7)

119
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Vg = 174 N/mm

Ve = (‘?) vf b, x 08d
fk

v = 07 -2 = 055
200

fy = 30 = 20 N/mm?

¢ 15

Therefore

Ve = () x 055 x 20 x 09 x 185 = 916 N/mm

de/de2 = 174/916 = 019 =< 02

s = 08d p 300 mm

max

Longitudinal spacing » 075d = 138 mm
Transverse spacing » d

Placing shear links on 100 mm grid in 700 mm square gives 48 links with 44
inside the critical perimeter.

By inspection the minimum preferred bar size wili govern and mild steel links
could be used.

= 250 N/mm?
yk

XA 00022 x 575000 = 1265 mm?

sw

v

Use 44 R8 links (2220 mm?)

Where necessary the punching shear resistance outside the shear reinforced
area should be checked by considering further critical perimeters.

Check where

Ved = Vgy = 133 N/mm

Hence 8 .
v,
u _ s 4447 x 10° x 115 — 3845 mm
v 133

Rd1

Therefore distance from column face

= (3845 — 1200)2r = 420 mm 2.27d

This would be approximately at the next critical perimeter taken to be at a
distance 0.75d beyond the previous one. No further shear reinforcement
required.

The tensile reinforcement (T16 @ 150 mm crs.) should extend for a full anchorage
length beyond the perimeter at 420 mm from the column face.

Egn 4.25

Eqn 4.21

2332
Table 2.3

Eqn 517

NAD 65(f)
5.4.2.2(9)

4345.2(2)

Table 55

4345.2(3)

BS 8110
Figure 317

fizo}-
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Column A/1 (300 mm x 300 mm corner column)

Critical perimeter located at 1.5d from face of column (see Figure 4.18). 43.41(3)

1:5d 2| 277mm

Figure 4.18 Critical perimeter at corner column

600 + 277x/2 = 1035 mm
041 x 1564 = 641 kN

u

Sd

Applied shear per unit length, with 8 = 1.5 43.4.3(4)

v 8 Figure 4.21
3
v o= s _ 841 X107 X 1S 93 \ymm Eqn 450

Sd u 1035

Reinforcement within zone 1.5d from column face is T16 @ 150 mm crs. top
each way (see Figure 4.19).

300 21

X

1
|-

T16 - 150

Figure 4.19 Corner column detail

133 N/mm (as for column B/2)

> Vg

VHd1

de1

Therefore no shear reinforcement required 434.3(2)
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Column A/2 (300 mm x 300 mm edge column)

Critical perimeter located at 1.5d from face of column.

900 + 277% = 1770 mm
156.4 kN

u

Sd

Applied shear per unit length, with 8 = 14

V. B 3

v, = s _ 1564 x 10° x 14 - 124 N/mm
u 1770

Vaw = 133 N/mm (as for column B/2)

VRd1 > VSd

Therefore no shear reinforcement required I

4.2.1.1.7 Deflection
Control by limiting span/effective depth ratio using NAD Table 7.
For flat slabs the check should be carried out on the basis of the longer span.
For span < 85m, no amendment to basic span/effective depth ratio is required.

Note 2 to NAD Table 7 states that modifications to the tabulated values for
nominally reinforced concrete should not be carried out to take into account
service stresses in the steel (refer to EC2: Clause 4.4.3.2(4)). However it is
assumed that correction ought to be carried out for 0.15% =< p < 0.5% but
that the resulting values should not exceed those tabulated in the NAD for
nominally reinforced concrete.

NAD Table 7 gives basic span/effective depth ratios which are assumed to be
based onf, = 400 N/mm?.

when
fyk = 460 N/mm? and A&req = As’pm
igs . 400 sreq
Modification factor = — x —— = 87
yk Asprov

Basic span/effective depth ratios for flat slabs are

05%) 30
015%) = 41

lightly stressed (p
nominally reinforced (p

I
o

Span reinforcement is typically T12 @ 250 mm crs. (452 mm?3/m)

100A
s _ 100 x 452 . 026%
bd 1000 x 175

min

Figure 4.21

Eqn 450

4343(2)

4432
4.43.2(5)(d)

4432(3)

4432(8)

NAD
Table 7
& 6.4(e)

[1on]—
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By interpolation (p = 0.26%), basic span/effective depth ratio

max. span 5200 — 297 <« 375 x 087 = 326

d_ 175

min

4.2.1.1.8 Crack control

Use method without direct calculation. 4423
Estimate service stress, o, under quasi-permanent loads as follows: 4.4.2.3(3)
G +¥,Q = G +03Q = 64+03x5 = 79 kN/m? 234

Egn 29(c)
Ratio of quasi-permanent to ultimate design loads = 79/16.2 = 049 NAD
Therefore Table 1
As req Asreq
as=0.49><fydx : < 200 x —
$,prov 8, prov
Limit bar size using EC2 Table 4.11 or bar spacing using EC2 Table 4.12. The
relevant limits are shown in Table 4.3,
Table 43 Crack control limits
AS.I‘EQ/AS,DI‘W
10 =08
Steel stress (N/mm?) 200 160
Bar size (mm) 25 32 Table 4.11
Bar spacing (mm) 250 300 Table 4.12
Maximum bar size used is less than 25 mm throughout. ... ..... ... OK
Check minimum reinforcement requirement 44.23(2)
AS = kafCt.ef(th/GS Eqn 4'78
AC
Act = 5
2
o, = 100% x fyk = 460 N/mm?
for = Mminimum value suggested, 3 N/mm?
k. = 04, k= 08
Therefore A
A, > 04 x08x3x —— = 0001A
2 x 460 ¢

< 00015 bd (minimum flexural steel) ................

L
3]
(%)
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4.2.1.1.9 Detailing

Consider combined requirements for flexure/shear and for punching for top steel
over supports.

Column B/2
For flexure/shear bars should extend for a distance d + ! e £ 2d beyond the
point at which they are no longer needed (a, = d = shift in moment
diagram).

! - %M wherer = 400 Nimm?

b 4 fbd yd

For h = 250 mm bond conditions are good and

- 2
fbd = 30 N/mm
Therefore
400
L = 2 — = 333¢
4 3
l = al Aeen
b,net = ok A
s,prov

A
For straight bars @, = 10andif —= = 10

s,prov

bw = & = 534 mm for T16 bars, say 550 mm.

Curtail alternate bars as shown in Figure 4.20.

d=195

—— r—195

Alternate bars
curtailed at 1
and 2

550

0-S 10 15

1.5 1-0 0-5 (l)
— st ‘ ‘ —J le— 195

Figure 4.20 Curtailment diagram

54213
(W&
Figure 5.11
543.2.1(1)
Eqn 53

Figure 5.1
Table 5.3

52341
Egqn 54

B



SLABS

4.21.2

4.21.2.1

Check that bars are anchored past relevant critical punching perimeter.

Earlier calculation required column strip reinforcement to extend beyond a
perimeter 420 mm from column face i.e. 570 mm from grid. It is assumed
sufficient to provide an anchorage lb‘net beyond this perimeter. Inspection of
Figure 4.20 shows that this is satisfied.

Design example of a flat slab with column heads

The previous example will be used with column heads introduced at the internal
columns to avoid the need for shear reinforcement.

The rest of the design is unaffected by the change.

Punching at column B/2 (300 mm x 300 mm internal column)

In the previous example it was found that v, = v, at 420 mm from the
column face where u = 3845 mm.

Provide a column head such that [, = 15h (see Figure 4.21).

¢
|
!

derit N
1

/ ey 185

300 Ly

Figure 4.21 Slab with column head

For a circular column head, assume that EC2 Equation 4.51 applies to the case

where [, = 15h.

Note:

It is suggested that EC2 Equation 4.55 should read d_, = 15d,, + 051,
which reduces to the same as Equation 451 when [, = 15h,,.

Assume an effective column diameter, I, = 300 mm

To avoid shear reinforcement:

21rdcm > 3845 mm
. 612 mm
crit

l = 612 - 15d - 05/ = 612 — 15(185) — 150 = 185 mm

v

f12}

Figure 4.22

43.4.4(1)

Eqn 451
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185

h > = 123 mm say 125 mm

[ + 21, = 670 mm

c H

Circular column head 125 mm below slab and 670 mm diameter is
sufficient to avoid shear reinforcement

If a square column head is preferred, L =1 =1 +2,
. = 15d + 056 /(l1 ) =15d + 069/ Eqn 452

15d + 0561 + 1.12]
c H

To avoid shear reinforcement

d > 612 mm

crit

1
DS
H 1.12

T
I

(612 — 1.5d - 0561)

(612 - 15 x 185 — 056 x 300) = 149 mm

112
h, = 2 _ 100mm
15
{ + 21, = 600 mm
c H

Square column head 100 mm below slab and 600 mm wide is
sufficient to avoid shear reinforcement

4.2.2 Flat slabs in laterally loaded frames

In the following example, the structure used in Section 4.2.1 is considered to
be unbraced in the North—~South direction.

4.2.2.1 Design example of an unbraced flat slab frame

This example considers only the analysis of the frame on grid B, consisting of
three upper storeys plus a lightweight roof structure, as shown in Figures 4.22
and 4.23.




SLABS

'x IiZSm i 52m 41
~.~ 14+ B = f = = T
L-25m : ! t \ [
2f B -—a—-—p - — - — —f
52m \ h X i
' 1
3 fyo - —f - - — i — - —ff

st N - I
A B C D £ F
Figure 4.22 Plan of structure
/”"‘“\ - _l_
35m
3-5m
3:5m
3-5m
2 A A 7 e -+

Figure 4.23 Frame on grid B

4.2.2.1.1 Design loads

Office floors

Dead load = 6.4 kN/m?
Imposed load = 50 kN/m?

Roof imparts load to columns B/1 and B/5

Dead load = 20 kN
Imposed load = 30 kN

N
~

E
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Assume characteristic wind load = 1.0 kN/m?
This is 90% of the value obtained from CP3: Chapter V: Part 2(",

Note:

The distribution of horizontal load between each frame is determined by their
relative stiffness.

4.2.2.1.2 Frame classification

Determine whether sway frame or non-sway frame.

Check slenderness ratio of columns in the frame.

A calculation is required for those columns that resist more than 0.7 of the
mean axial load, Ny, ., at any level. Service loads are used throughout (i.e.

v = 10).

It is also assumed that these are vertical loads without any lateral loads applied.

NSd,m

F

v

n

*eF,

n

L all vertical loads at given level (under service condition)

Number of columns

Consider a simple analytical model of the top floor to determine columns
concerned as shown in Figure 4.24.

50 kN 50 kN
JL wkN/m Jl
1 i T 1
Ry R2 R3 R2 R

Figure 4.24 Load arrangement at third floor

07N,

sdm

11.4 kKN/m2 x loaded width

114 x 5.2 (determined in Section 4.2.1.1) = 593 kN/m
3 x 593 x 4.25/8 + 50 = 145 kN

5 x 593 x 4.25/8 + (593 x 52/2)
593 x 52 = 308 kN

100 + (189 x 593)
5

312 kN

= 244 kN

171kN > R, = 145kN

Therefore slenderness of internal columns only needs to be checked.

Clearly, this will normally be the case for multi-bay frames unless the edge
columns carry large cladding loads.

A

! /i where
o}

pory
n
m]

NAD 4(c)

43533
M&(3)

A32
A3.2(3)

Figure A34

A3.2(1)

43.535(2)

E
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i = fﬁ=@= 866 mm
A [z

For a horizontally loaded flat slab frame determine the stiffnesses of the frame
and thus the effective lengths of the columns using half the slab stiffness.
Consider the centre column from foundation to first floor.

EIcoI/lcol
kA = —_— ECrn assumed constant
EaIb/l oif
4
1 - 3000 _ 0675 x 10° mm?
col 1
3
= HBE X2 504 % 10° mmt
2 x 12
{ = 3500 mm
col
l = 5200 mm
eff
o = 10
Therefore .
Kk, _ 2(0675 x 10°/3500) _ 05
2(2.24 x 10%/5200)
kg = oo (pinned at foundation)

Assuming that EC2 Figure 4.27(b) is appropriate to determine

l = Bl = 215 x 3500 = 7500 mm
o) col

Hence
A = 7500/866 = 87

For non-sway frames

A= N = « 25

lim

Neg
v, = —
ACde

Ultimate design load for centre column, ignoring self-weight of column.

N, = 3x162x 522 = 1314 kN
f 30

f, = = = = = 20Nmm?
Y, 15

Therefore ,

1314 x 10

o= PEX® _ o073
300% x 20
15

lim = F = 176 { 25

Since A > 25 the structure is classified as a sway frame

p—
m]
©

4.3535(1)
Eqn 460

25222

Figure 4.27

A3.23)

43535(2)

Egn 44
Table 23

43535(2)

P
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The analysis and design would need to follow the requirements of EC2 Clause
A35 to take into account the sway effects.

EC2 Clause 2.5.3.4.2(4) does not generally allow redistribution in sway frames.

The method above is included to demonstrate its complexity. However, note
the omission of guidance in EC2 Clause A.3.2(3) on which nomogram to use
in EC2 Figure 4.27.

As an alternative means of determining the frame classification, it is suggested
that an analysis as detailed in BS 5950 is used to demonstrate that the EC2
requirements are met for non-sway frames.

Assuming in the above example that the column sizes are increased such that
a non-sway frame results, the following load cases need to be considered for
design.

These same load cases would also be applicable to sway frames where
amplified horizontal loads are introduced to take account of the sway induced
forces, complying with EC2 Clause A.3.1(7) (b).

4.2.2.1.3 Load cases and combinations

With the rigorous approach the design values are given by
Zvg G + 70:%s + 51 Yai%ai i

where
ij = primary variable load, an = secondary variable load
¥, = 07 generally

The ~, values are given in EC2 Table 2.2.
Load cases with two variable actions (imposed and wind) are:

(@) Imposed load as primary load
135G, + 15Q, + 1.05W,

(b) Wind load as primary load
135G, + 1.05Q, + 1.5W,

In addition, load cases with only one variable action are:

(c) Dead load plus wind
10G, (favourable) + 1.5W,
135G, (unfavourable) + 1.5W,

(d) Dead load plus imposed
135G, + 15Q,

For non-sensitive structures it is sufficient to consider the load cases (a) and
(b) above without patterning the imposed loads.

The NAD allows the use of EC2 Equation 2.8(b) to give a single imposed and
wind load case:

135G, + 1.35Q, (all spans) + 135W,

435.33(3)
BS 5950:
Part 1
513

251.2

2322 P(2)
Egn 2.7(a)

NAD
Table 1

NAD 6.2(e)
25.1.2P(1)

[{30]l—
—{feo}
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Final load combinations for the example given here

0] 135G, + 1.5Q, (as Section 4.2.1.1.3)

(i) 10G, + 1.5W, (single load case)

(i) 135G, + 15W, (single load case)

(v} 135G, + 135Q, + 1.35W, (single load case)

4.2.2.1.4 Imperfections 25.1.3(4)

Consider the structure to be inclined at angle

v = ! = 0005 radians Eqn 210

100/ NAD
Table 3

Oy
I

frame height = 105 m

a = I +1F where n = number of columns = 5 Egn 2.11
= 078
Ve = ap = 078 x 0005 = 00039 radians
Take account of imperfections using equivalent horizontal force at each floor. 2.5.1.3(6)
AH = ZXVyp
j j red
V. = total load on frame on floor |

J

Using 135G, + 1.5Q, on each span gives

Z:Vj = (189 x 52) x 162 = 1592 kN
Therefore
AH = 1592 x 00039 = 6.2 kN per floor

}

Assuming the frame by virtue of its relative stiffness picks up 4.725 m width of

wind load:
W, = (4725 x 35) x 10 = 165 kN per floor
Therefore the effects of imperfections are smaller than the effects of 251.3(8)

design horizontal loads and their influence may be ignored in load
combinations (ii) to (iv).

4.2.2.15 Design

The design of the slab will be as described in Section 4.2.1.1.

_j
o
prg
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5 COLUMNS

5.1 Introduction

The design of column sections from first principles using the strain compatibility
method is covered.

Examples of slender column design are also presented to extend the single
example given in Section 2.

5.2 Capacity check of a section by strain compatibility

5.2.1 Introduction

Two examples are considered:
1. Where the neutral axis at ultimate limit state lies within the section; and
2.  Where the neutral axis at ultimate limit state lies outside the section.

The first of these is very simple while the algebra necessary for the second is
more complex. For convenience, the same section will be used for both
examples. This is shown in Figure 5.1.

Assume

f, = 460 N'mm?andf, = 30 N/mm?
yk ck

| 350 I

250 \ /.
2732
fei =30 4725
fyk =460 / \. i

50

Figure 51 Column section

5.2.2 Example 1

Calculate the moment that the section can sustain when combined with an axial
load of 2750 kN.

5.2.2.1 Basic method

If the neutral axis is within the section, the compressive force generated by the
concrete at ultimate limit state is given by

Npg, = 04591 bx

—
ﬂ
N

42133
Figure 4.2

E
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and the moment by

My, = No(h/2 — 0416x)

The strain at the more compressed face is taken as 00035
The procedure adopted is as follows:

(1) Assume a value for x

(2) Calculate N, e

(3) Calculate the strain at each steel level

(4) Calculate force generated by reinforcement (N

Rd,s)

(B) Ny = Nag, + No,

Rd Rdc

(6) It N, is not close enough to 2750 kN, modify the value of x and return
to step (2)

(7) I Ng, is approximately 2750 kN, calculate MmC and MmS

®) My = MRd,c + MRd,s

The design vyield strain for the reinforcement

%0 | o002
115 x 200000

5.2.2.2 First iteration

Assumed value for x is 250 mm

N,,. = 0459 x 30 x 360 x 2501000 = 1205 kN
o = ogggs x 200 = 00028

Strain > 0002; therefore f = 400 N/mm?

Noyo = 2 x 804 x 40011000 = 643 kN
€mg = OandNp ., = 0
€pe = ~Egop tnErefore f = —400 N/mm?
Nogss = =2 X 491 x 4001000 = -393 kN
Hence
N = 1205 + 643 — 393 = 1455 kN

Rd

This is considerably less than 2750 kN, hence x must be increased.

250 x 2750
Try new value for x = 28 X Y 473 mm

1455

{123]
freg
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5.2.2.3 Second iteration

N qec = 04539 x 30 x 350 x 473/1000 = 2289 kN
NR ast = 643 kN as before
€ = w (473 - 250) = 000165
sm 473
fs,ml 4 = 000165 x 200000 = 330 N/mm?
NRd‘sz = 330 x 2 x 4911000 = 324 kN
€pt = 00035 (473 — 450) = 0.00017
)‘S = 000017 x 200000 = 34 N/mm?
Nﬂdls_,) = 34 x 2 x 4911000 = 33 kN
Hence
N = 2289 + 643 + 324 + 33 = 3289 kN

Rd

This is too large, hence x should be reduced. Linear interpolation gives

x = 250 4 [B120 = 1455) rs _ 250) = 407 mm
32839 - 1455
5.2.2.4 Third iteration
Nopge = 0459 x 30 x 350 x 407/1000 = 1961 kN
Naa = 643 kN as before
€ = 00035 (407 — 250) = 000135
g 407
f = 270 N/mm? and Nego = 265 kN
0.0035
Gs‘bm = —W (407 - 450) = -000037
f, = —74 N/mm? and Negss = —7T3 kN
Hence
Npy = 1961 + 643 + 265 — 73 = 2796 kN
This is within 2% of the given axial load of 2750 kN .. ............ OK

[134]
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5.2.2.5 Moment

1961 x (250 — 0416 x 407)/1000 = 1582 kNm

Rd.c

MRd51 = 643 x 0.2 = 1286 kNm

Mg = 0

Mpy = 73 x 02 = 146 kNm

M., = 1582 + 1286 + 146 = 3014 kNm

5.2.3 Example 2

Calculate the moment and axial force that can be sustained by the section where
the neutral axis depth is 600 mm.

Note:
The example has been given in this way so that repeated iterations are not
necessary. These would not provide any new information to the reader.

5.2.3.1 Basic method

When the neutral axis is outside the section the ultimate compressive strain is
less than 0.0035 and is given by:

0.002 0.002
e, = X . X000 _ 50031 43.1.2(1)
x — 3 hl7 600 — 3 x 500/7 (viil) &
Figure 4.1
The conditions in the section are shown in Figure 5.2.
€y =0-0031 085x30/15
R T
® ®
0-002 Y
® L
600 500
® ® Eh =
0-00051
I R D “—__—l /
|/ | /
|/ 100 l //
RN XL
Strain Stress in concrete

Figure 5.2 Conditions in section for Example 2

[135]
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The technique adopted for the calculation of N, _and M__ _is to calculate the
effect of the stress block on a depth of 600 mm and then deduct the influence
of the part lying outside the section.

5.2.3.2 Concrete forces and moments

The equations for the full stress block are:

N'gge = 05667(1 — B/3)bxf
Meae = Ngge
where )
c = hi2 - X(B" — 48 + ) - and
12 - 48
8 = 0002/,
Note:
It will be found that, if ¢, = 0.0035, these equations give the values used in

the first example.

The equations for the force and moment produced by the part of the stress
block lying outside the section are

AN, = 05667a(1 - al3)x — hbf,
AMgyo = ANg,C
where
¢ = - |x-hp - X=NE -3
12 - 4a
@ = /0002

strain at bottom of section

o
1

b

From the strain diagram, ¢, = 0.00051

Hence

o = 0255 andB = 0645

N’R g = 05667(1 - 0645/3) x 350 x 600 x 3011000 = 2802 kN

2 —
c _ 250 - 600(0.645 4 x 0645 + 6) _ 567 mm
12 — 4 x 0645

Hence

M'R de = 567 x 28021000 = 159 kNm

ANR de = 0.5667 x 0.255(1-0.255/3)(600-500)350 x 30/1000 = 139 kN

o _ 600_250_(600—500)(8—3x0.255) _ _o84 mm

12 -4 x 0.255
[1361—
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AMRdC = =139 x 284/1000 = -394 kNm
Hence
NFid = 2802 — 139 = 2663 kN
.c
M = 159 + 394 = 553 kNm

5.2.3.3 Steel forces and moments

0.0031

Strain in upper layer of bars = —% x 550 = 00028

Thisis > 0002; hence f = 400 N/mm?
Negsw = 643 kN
My, = 643 x 02 = 128 kNm
81
Strain in middle layer of bars = &031 x 350 = 000181
600
Hence
f = 362 N/mm?
N, g2 = 355 kN, Megso 0
Strain in bottom layer of bars = 00031 x 150 = 0000775
600
Hence
- = 155 N/mm?
Rass = 152 kN
s ™ —30.4 kNm
Np, = 2663 + 643 + 355 + 152 = 3813 kN

<
I

L, = 553 + 128 — 304 = 153 kNm

5.3 Biaxial bending capacity of a section

5.3.1 General

To carry out a rigorous check of a section for biaxial bending by hand is
very tedious but possible if the simplified rectangular stress block is used.
It is not suggested that the example given here is a normal design procedure
for common use but it could be employed in special circumstances. There
would be no difficulty in developing an interactive computer program to carry

out design, in this way, by trial and error.

[137]
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5.3.2

53.3

Problem

Demonstrate that the section shown in Figure 5.3 can carry ultimate design
moments of 540 and 320 kNm about the two principal axes in combination
with an axial load of 3000 kN. The characteristic strength of the reinforcement
is 460 N/mm? and the concrete strength is 30 N/mm?2.

N 500 |
[ ol
Q\ ®
2038 mm?
500
S0
1| e °
4
T e,
Figure 53 Column section
Basic method
The conditions in the section are shown in Figure 5.4.
0.0035 0-8fcd
Id—.{ f—————»
0-8x
0-2x
A
_______ [N S —
Stress in concrete

Figure 54 Conditions in section

Note:
It is assumed that EC2(" Section 4.2.1.3.3(12) implies that o should be taken
as 08 for biaxial bending but the NAD™ would allow 0.85.

It can be seen from the diagram that the axial force provided by the concrete
is given by

N, = 08bx[,

4.2.133(12)

NAD
Table 3

[ag]
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5.3.4

The moments about the centroid of the concrete section are given by
M = NX
C

X

where
X = f—1— X —Ptane2+btanexc_btane
2 2x [\ 2 6
C
v 081, SHtane
o 12

These equations are valid where x’ < h. When x’ > h, rather simpler
equations can be derived. :

The location of the reinforcement is shown in Figure 55.

|
|
|
z I
~.. | X
. |
[ -
I
I o $‘l
I 3
_ d

Figure 55 Location of reinforcement

The stress in a bar is given by

f - (200000 x 00035} , _ 700z _ f
X X Y
where
5 _ | % & (o2 - oYane - d,|cose
08
d, = depth from top face of section to bar considered. This will be

d' for top bars and h — ' for bottom bars.

The force in each bar is fA_and the moments are obtained by multiplying the
forces by the distance of the bars from the centroid of the concrete section.
Dimensions to the right or upwards are taken as positive.

The total moments and forces carried by the section are the sum of the steel
and concrete contributions.

The correct values of x and © have to be found by iteration.

Initial data

f
cd 15 15
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Stress over upper 0.8 of the depth of the compression zone

= 08, = 16 N/mm?
cd
f = X _ 400 N/mm?
yd 115

As a first estimate of ©, assume that the neutral axis is perpendicular to the
direction of principal bending. This gives

o tan~! (29) = tan~'059

540
Try © = 30° which gives

tan@ = 058 and cos®@ = 087
The limiting value of X, is where X’ = h
Hence

X.max = h — (b/2)tan®

= 500 - 250 x 058 = 355 mm
This gives
355 x 500 x 16
N, = 1000 = 2840 kN

The reinforcement will increase this value significantly, hence x, will be less
than 355 mm. Try x, = 300 mm.

5.3.5 Calculation

The simplest way to carry out the calculation is by writing the equations into
a spreadsheet and then adjusting the values of x_and 6 until the correct axial
load and ratio M /M, is obtained. The resulting output for the final iteration is
given below. It will be seen that the result is satisfactory.

Section breadth (b) 500
Overall depth (h) 500
Embedment (d") 50
Steel area 8152
Concrete strength 30 Average stress 16
Steel strength 460 Design stress 400
Estimate of angle 34.2°
(radians) 05969026
Estimate of x_ 2825 Neutral axis depth 43258
Tan (angle) 06795993 Lever arm (x) 91.72
Cos (angle) 0.8270806
Bar no. z f F M, My
1 138.29 22378 456.07 91.21 -91.21
2 363.13 40000 815.20 16304 16304
3 32.29 52.26 106.50 -21.30 21.30
4 -192.54 -31157 -63497 126.99 12699
Steel totals 742.80 35995 22012
Concrete 2260.00 207.29 113.27
Design resistances Ng, M, My M,(/My
3002.80 567.23 33339 1.701432

E]
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5.4 Braced slender column

5.4.1 General

The calculation of the effective length of columns has been adequately covered
in Section 2. In the following example, the effective length is assumed.

5.4.2 Problem

Calculate the reinforcement required in a 400 mm x 400 mm column subjected
to a design axial load of 2500 kN combined with the first order bending moments
shown in Figure 586.

The effective length has been calculated as 8.8 m. 43535
Mgz =75 kNm
Mp1=30 kNm

Figure 56 First order moments

Assume
f = 460 N/mm?andf, = 30 N/mm?
yk ck
5.4.3 Slenderness ratio 43532

Noo= o= @12

(8800/400)[12 = 762

5.4.4 Design requirements for slenderness

Minimum slenderness ratio = greater of 25 or 15/\/7u 43535(2)

~
I

Ng /A L)

2500 x 10%/(400 x 400 x 30M15) = 078

Hence 151y = 170 < 25

Therefore minimum slenderness ratio = 25

[ Slenderness ratio > 25, therefore column is slender

141}
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Critical slenderness ratio A, = 252 - e_le ) 4.3553(2)
e, = —30 x 10%2500 x 10% = -12mm
e, = 75X 10%/(2500 x 10% = 30 mm

Hence

25(2 + 12/30) = 60

crit

Slenderness ratio > A therefore design is required for second order
effects

5.4.5 Eccentricities

Additional eccentricity 4.354(3)
e = /2
a [e)
v = 1/200 251.3(4)

Eqn 2.10

e, = 8800400 = 22mm

Equivalent first order eccentricity is greater of 4356.2
06e, + O4e,, = 06 x 30 - 04 x 12 = 132 mm ;or

0de, = 04 x 30 = 120 mm

Hence

e, = 132mm
Ultimate curvature, 1/r = 2K yd/O.9d 4356.3(5)

Eqn 472
Assumed = 400 - 60 = 340 mm
2 x 460 x K2
Ur = = 1307K, x 107° radians
200000 x 115 x 09 x 340

Second order eccentricity

e, = 01 K1102(1/r) Egn 469

K1 = 1 Eqgn 4.71
Hence

e, = 8800° x 1307 x 107 K, = 101.2 K, mm
Total eccentricity 4356.2(1)

e, = 6 +6 +e = 132+ 22 + 101.2K, mm Eqn 485

a 2 2

—142]
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5.4.6 Iterative calculation to establish K, and hence A

Make initial assumption of K, = 1

This gives
€pr = 1364 mm
N/bhfck = 2500 x 10%(400 x 400 x 30) = 052
M/bhzfck= 1364 x 2500 x 10%/(400° x 30) = 0178
d'th = 60400 = 015

Using chart in Section 13, Figure 13.2(c) gives K, = 0869
Take this modified value of K, to recalculate e, ,.

Therefore

e, = 132+ 22+ 1012 x 069 = 1050 mm

Hence
M/bhzfck = 0137

This reduces K|, to 062 and M/bhzfck to 0.128
Try reduction of K, to 0.60

This gives M/t:)hzfCk = 0125 which corresponds to K, = 0.60 in the chart.

Hence
Af,
sk _ 038
bhf
ck
A, = 3965 mm?
| Use 4732 and 2725 (4200 mm?) ]

5.5 Slender column with biaxial bending
5.5.1 General

This example has bending dominantly about one axis and is designed to
illustrate the application of EC2 Section 4.356.4.

There is some ambiguity in the drafting of this Section but the interpretation
below seems reasonable.

5.5.2 Problem

Design a 400 mm square column, having an effective length of 8 m in both
directions, to withstand the design ultimate first order moments shown in Figures
5.7 and 5.8 combined with a design axial load of 2000 kN. The concrete strength
class is C30/37 and the reinforcement has a characteristic strength of
460 N/mm?,

Al
—{143|
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N = (8000/400) [12 = 693 in both directions
Assume d'/h = 0.15

Mgg =334 kNm Mgg =53 kNm
Figure 5.7 First order moments Figure 68 First order moments
in z direction in y direction

5.5.3 Assumptions for design of section

It is assumed that e, and e, in EC2 Section 43564 are the first order
eccentricities at the critical section. They will, therefore, be effective values as
defined by Eqns 466 and 4.67 in EC2 Section 4356.2.

Since
€, = 0
e, = 0.6e02
Hence s
] 34 10
e, = 06 x 3 X = 100 mm
2000
06 x 53 x 108
e = — = 16 mm
y 2000
16
(ey/b)/(ezlh) = _(-) = 016 < 02

Hence separate checks for the two axes are permissible

e/h = 100400 = 025 > 02

A reduced value of h, therefore, must be used in carrying out a check for bending
in the y direction.

The additional eccentricity in the z direction is

0.510/200 = 20 mm
Hence
e, +e, = 120 mm

4356.2
Eqn 466

4356.4
Egn 475

4356.4(3)
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it is assumed that the intention of EC2 Section 4.356.4(3) is that, using the
reduced section, the applied load should just give zero stress at the least
stressed face, i.e. as shown in Figure 59.

b

-éﬂeul%‘_ J

Actual section

Elastic stress distribution

_.®_.__ -

1
|
|
| Reduced section
|
|
4

h

Elastic stress distribution
on reduced section

Figure 59 Assumption for check in the y direction

It will be seen that the point of application of the load must lie on the edge
of the middle third of the reduced section.

Hence
hl

3hi2 - e, - e,)
3(200 — 120) = 240 mm

5.5.4 Check for bending in z direction

This check uses the full section dimensions

1 2 x 460 x 10° K,
- = = 1307K, x 107°
r 115 x 09 x 340 x 0.2

L
5]
(34

43563
Eqn 472

E
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Hence
e, = 01 x 82 x 10% x 13.O7K2 x 1078 = 83.7K2 mm Eqn 469 -
(Since A > 35, K1 = 1in EC2 Egn 469)
oy = 100 + 20 + 83.7K2 mm 4356.2
Eqn 465

As in the previous example, iterate using the design chart in Section 13 Figure
13.2(c) to find the appropriate value for K, and hence Asfyk/bhfck, starting with
K, = 1. This procedure results in

K, = 08

Mibh*f, = 0194

Nibhf, = 0417
Hence

Af Jbht, = 055

A = 055 x 4002 x 30/460 = 5739 mm?

S

L Use 12725 (5890 mm?) T

5.5.5 Check for bending in y direction

The assumed section is shown in Figure 5.10.

e

y
Mo =32 kNm
0| =t — - J

Figure 510 Reduced section for check in y direction

e = 16 mm
oy
= e_ = 20mm
ay az
e, = 6, = 83.7K2 mm
Hence
€ = 36 + 8347K2 mm
2000 x 10°
Nibhf, = . - 0694

240 x 400 x 30

;
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0694 x (36 + 837K)
MIbh? . = = 00625 + 0.145K
ok 400 2

Using the same design chart as before, iterate to obtain K, and hence
Af Joht . This gives

K, = 047
M/bhzfCk = 013
Hence
Asfyk/bhfck= 057
As = 057 x 240 x 400 x 30/460 = 3569 mm?

This is less than required for z direction bending .. ............... OK

An appropriate arrangement of reinforcement is shown in Figure 5.11.

"'__TT__". 2

ee _bd oo

Figure 511 Arrangement of reinforcement

5.6 Classification of structure

5.6.1 Introduction

EC2 provides more detailed rules than BS 8110? for deciding whether or not
a structure is braced or unbraced, or sway or non-sway. While it will normally
be obvious by inspection how a structure should be classified (for example,
with shear walls it will be braced and non-sway), there may be cases where
direct calculation could give an advantage. The structure in the example following
is chosen to illustrate the workings of EC2 in this area. It is entirely hypothetical
and not necessarily practical.

5.6.2 Problem

Establish an appropriate design strategy for the columns in the structure shown
in Figures 5.12 and 5.13. The applied vertical loads in the lowest storey are set
out in Table 5.1.

[1a7]
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D<— 400 x 300

d O-=— 300 x 300

Al

750 = 450

WA

d OJ«— 300 x 300

400 x 300 —O3

b

Figure 512 General arrangement of columns

C J A
3-5m
_}L
» |
3-5m
y
| w— - | l
3:-5m
L
3:5m
S S S ST S Ve VWAV EAVE A EwEyA
Figure 513 Cross-section of structure
Table 5.1 Column sizes and loads
Column dimension 2nd moment of area
(mm) (mm x 1079 Service Ultimate
Column load load
type y x i 1 (kN) (kN)
a 300 400 900 1600 1300 2680
b 300 400 900 1600 2100 2960
[¢] 750 450 15820 5695 3300 4660
d 300 300 675 675 1200 1700

B
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5.6.3 Check if structure can be considered as braced with the
750 x 450 columns forming the bracing elements

To be considered as braced, the bracing elements must be sufficiently stiff to
attract 90% of the horizontal load. Since all columns are the same length, this
will be so if

lbracing

Xl

tot

5.6.3.1 y direction

Eracing 4 x 15820 0904

I ~ 6 x 900 + 4 x 15820 + 2 x 675

tot

Hence the four 750 x 450 columns can be treated as bracing
elements carrying the total horizontal loads and columns type a, b and
d can be designed as braced in the y direction

5.6.3.2 x direction

) A
bracing _ 4 x 5695 — 068
xI 6 x 1600 + 4 x 5695 + 2 x 675

tot

Structure cannot be considered as braced in x direction

5.6.4 Check if structure can be considered as non-sway

Classification of structures as sway or non-sway is covered in EC2 Appendix 3.

5.6.4.1 y direction

For braced structures of four or more storeys, the frame can be classified as

non-sway if
htot‘j FJE_ I =06
where
Pt = height of frame in metres = 4 x 35 = 14m
F, = sum of all vertical loads taking vy, = 1
= 4 x 1900 + 2 x 2100 + 4 x 3300 + 2 x 1200 = 27400 kN
E_. I = sum of the stiffnesses of the bracing elements.

Taking £, as 32000 N/mm?

E..l. 4 x 15820 x 32000 x 10° Nmm?

2024960 x 10° Nmm?

4353.2(1)

A3.2
Eqn A32

31.25.2
Table 3.2

[140]
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5.6.4.2

5.6.5

/mm = 0000116 / mm = 0116 / m

F, f 27400 x 10°
2024960 x 10°

Note:

Since the height of the building is stated to be in metres, it seems reasonable
to assume that m units should be used for the other factors, though this is not
stated in EC2.

Hence
h F
ot Y- = 14 x 0116 = 162 > 06
E I
cm C
\ Therefore the bracing structure is a sway frame in the y direction T
x direction

For frames without bracing elements, if X < greater of 25 or 15//y_ for all
elements carrying more than 70% of the mean axial force then the structure
may be considered as non-sway.

sum of ultimate column loads
no. of columns

Mean axial force =

4 x 2680 + 2 x 2960 + 4 x 4660 + 2 x 1700
Sd.m 12

3868012 = 3223 kN

700Ny, = 2256 kN

Columns type d carry less than this and are therefore ignored.

Assume effective length of 400 x 300 columns is 0.8 x 35 = 28 m
(i.e. value appropriate to a non-sway condition).

A = 24256 < 25

Therefore structure is non-sway

Discussion

The results obtained in Sections 5.6.4.1 and 5.6.4.2 above are totally illogical
as the structure has been shown to be a sway structure in the stiffer direction
and non-sway in the less stiff direction.

There are two possible areas where the drafting of EC2 is ambiguous and the
wrong interpretation may have been made.

(1) In Eqn A3.2 it is specifically stated that the height should be in metres.
Nothing is stated about the units for I, F and E_. Since the output from
Eqn A.3.2 is non-dimensional, the statement of the units is unnecessary
unless the units for I, F and E_are different to that for h_. Should I,F,
and E_be in N and mm units while h,, 1s in m? If this were S0, then the
structure would be found to be 'braced’ by a large margin.

[150}
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5.7 Sway
5.7.1

5.7.2

(2) In A3.2(3) it does not state whether A should be calculated assuming the
columns to be sway or non-sway. In the calculation, the assumption was
made that the A was a non-sway value. If a sway value had been adopted,
the structure would have proved to be a sway frame by a considerable
margin.

Clearly, clarification is required if A.3.2 is to be of any use at all.

It is possible to take this question slightly further and make some estimate at
what the answer should have been.

Considering the y direction, the ultimate curvature of the section of the 750 x
450 columns is

1 2 x 460 x K,
- = = 635K, x 1078
r 0.2 x 10° x 1.15 x 09 x 700

Inspection of the design charts and levels of loading suggest K|, is likely to be
about 06. Assuming an effective length under sway conditions of twice the actual
height gives a deflection of:

(2 x 35)°
10

x 635 x 06 = 19 mm

This is an overestimate of the actual deflection. It corresponds to an eccentricity
of 19/750 of the section depth or 2.5%. This must be negligible, hence, in the
y direction, the structure must effectively be non-sway.

structures

Introduction

Although EC2 gives information on how to identify a sway structure, it does not
give any simple approach to their design. However, Clause A.35.(2) states that
“the simplified methods defined in 435 may be used instead of a refined
analysis, provided that the safety level required is ensured’. Clause A.35(3)
amplifies this slightly, saying that ‘‘simplified methods may be used which
introduce ....... bending moments which take account of second order effects
...... provided the average slenderness ratio in each storey does not exceed
50 or 20/fv , whichever is the greater”.

EC2 Section 435 gives the ‘model column’ method which is developed only
for non-sway cases, so it is left to the user to find a suitable method for sway
frames on the basis of the Model Column Method. BS 8110 does this, so it is
suggested that the provisions of 38.3.7 and 38.3.8 of BS 8110: Part 1 are adopted,
but that the eccentricities are calculated using the equations in EC2.

Problem

Design columns type ¢ in the structure considered in Section 5.6.2 assuming
sway in the x direction. The column loads may be taken from Table 5.1.

The design ultimate first order moments in the columns are as shown in Figure
514,

8 has been assessed from EC2 Figure 4.27(b) as 1.6 for all columns.

[151}-
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MO
Column Mo
type kNm
a 80
b 110
[4 176
d 25

Figure 5.14 First order moments

5.7.3 Average slenderness ratio

The slenderness ratios are shown in Table 5.2.

Table 5.2 Slenderness ratios

Column type No. A
a 4 48.5
b 2 485
c 4 431
d 2 64.7
Mean value ) = 494

Since A . < 50, the simplified method may be used. A35(3)
1 2K, x 460 00044K,
r 200000 x 115 x 09d  d
Hence
(16 x 352 00044K, x 10° 13800K,
e, = X = mm
10 d d
y o= — = 2513
10014 200 Eqn 2.10
This may be multiplied by o Egn 2.11
Where, with 12 columns
o, = f(1 + 112)2 = 0736
Hence
v = 000368
e, = 000368 x 16 x 3500/2 = 103 mm Eqn 461
eq = €, t e, + 13800K/d = e + 103 + 13800K,/d mm Eqgn 465

The total eccentricities are shown in Table 5.3.
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Table 6.3 Total eccentricities

Column d M, e, N €
type (mm) (kNm) {mm) bhf,, (mm)
a 350 80 30 0.744 40.3 + 39K,
b 350 110 37 0.822 47.3 + 39K,
c 400 176 38 0.460 48.3 + 35K,
d 250 25 15 0.630 25.3 + 55K,

As in the previous examples, the design charts can be used iteratively to establish

K, and hence e,. This process gives the values shown in Table 5.4.

Table 5.4 Lateral deflections

Column K e, No. of
type 2 (mm) columns
a 0.39 152 4
b 0.41 16.0 2
c 0.50 17.5 4
d 0.45 24.8 2
Average deflection = 17.7 mm

All columns will be assumed to deflect by the average value. The resulting

designs are shown in Table 55

Table 55 Summary of designs
Af
Column 8, M N sk A,
type (mm) bh?f bhf_, bhf {mm?)
a 58.0 0.108 0.744 0.53 4148
b 65.0 0.134 0.822 0.75 5870
c 66.0 0.067 0.460 0.10 2201
d 43.0 0.090 0.630 0.38 2230

—
(ﬂ
[4]
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6 WALLS

6.1 Introduction

A wall is defined as a vertical load-bearing member with a horizontal length
not less than four times its thickness.

The design of walls is carried out by considering vertical strips of the wall acting
as columns.

6.2 Example

Design the lowest level of a 200 mm thick wall in an eight storey building
supporting 250 mm thick solid slabs of 6.0 m spans on each side. The storey
heights of each floor are 35 m, the height from foundation to the first floor being
4.5 m. The wall is fully restrained at foundation level. The building is a braced
non-sway structure.

6.2.1 Design data

Design axial load (Ng,) = 700 kN/m
Design moment at first floor = 5 kNm/m
Design moment at foundation = 25 kNm/m

Concrete strength class is C30/37.

f, = 30 N/mm?

6.2.2 Assessment of slenderness
Consider a 1.0 m vertical strip of wall acting as an isolated column.
The effective height of a column I, = 8,
where

I, = actual height of the column between centres of restraint

8 is a factor depending upon the coefficients k, and kj relating to the
rigidity of restraint at the column ends.

k = L Icol /lcol
A
b Islab/leff‘slab

Assuming a constant modulus of elasticity for the concrete:

3
L, = 129 _ 667 x 104 me
12
1 x 0.25°
I, = ———— = 13 x 10°%m*
slab 12
-4 -4 -3
K - 667 x 10~ 667 x 10 )/(2 x 183 x 10} _ g
45 35 6

Base of wall is fully restrained.
Therefore

ks = 040 which is the minimum value to be used for k, or K-

25.2.1(6)

31.24
Table 3.1

43535(1)

43535(1)
Eqn 460

43535(1)
Figure
4.27(a)

—11%4]
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Hence

B = 07

o = 4500 mm
Therefore

I, = 07 x 4500 = 3150 mm
The slenderness ratio A = /i
where

i = radius of gyration

I 3
- j? - j12 1:012)02 2><00200 = Sr7mm

Therefore

A = % = 546

Isolated columns are considered slender where A exceeds the greater of 25

or 15//?

where
NSd
Vu =
Acfcd
Ny, = 700kN
Ac = 1000 x 200 = 200 x 10° mm?
f
f, = == 30~ 20 Nimm?
Y, 15
Therefore .
7
y = 00 x 10 - 0175
4 200 x 10% x 20
Hence
15 15

= = 359

Ith /0175

I Therefore the wall is slender

6.2.3 Design

The wall may now be designed as an isolated column in accordance with
EC2" Clause 4356 and as illustrated in the example in Section 5.

Although the column or wall has been classified as slender, second order effects
need not be considered if the slenderness ratio A is less than the critical
slenderness ratio )\cm.

—
(94
N

43535(2)

43535(2)

E
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A

crit

= 252 - ele,)

where
€, and e,, are the first order eccentricities at the ends of the member
relating to the axial load.

Sdi MSd2

= —— ande =
02
Sd Sd

o1

M, and Mg, are the first order applied moments.

Therefore

ANy = 252 - M /M)
where

MSd1 = MSdZ

These moments must be given their correct algebraic signs in the equation.

In this example:

'2'5) = 625 > 546

e (2
50

The column or wall should therefore be designed for the following
minimum conditions:

Design axial resistance (N, ) = N,
h
Design resistance moment (M) = N g X 56
For this example
02
M, = 700 x— = 70 > 50kNm
20

6.2.4 Reinforcement

The vertical reinforcement should not be less than 0004A_ or greater than
0.04A .
[

Half of this reinforcement should be located at each face.

The maximum spacing for the vertical bars should not exceed twice the wall
thickness or 300 mm.

The area of horizontal reinforcement should be at least 50% of the vertical
reinforcement. The bar size should not be less than one quarter of the vertical
bar size and the spacing should not exceed 300 mm. The horizontal
reinforcement should be placed between the vertical reinforcement and the wall
face.

oy
(42
03

43553(2)
Egn 462

43553(2)

Egn 463

Eqn 464

5.4.7.2(1)

54.7.2(2)
547.2(3)

5473
M-

E



WALLS

Link reinforcement is required in walls where the design vertical reinforcement
exceeds 0.02A .

In normal buildings it is unlikely that walls will be classified as slender. For
practical considerations they will generally not be less than 175 mm thick and
the vertical load intensity will normally be relatively low. Thus the limiting
slenderness ratio given by 15/f»  will be high.

in cases where the wall is slender, only slenderness about the minor axis need
be considered. Even in this case it is likely that only the minimum conditions
given in EC2 Clause 4.355.3(2) Eqns 4.63 and 4.64 will apply.

—
o
\‘]

5.4.7.4(1)

E



7 FOUNDATIONS

7.1 Ground bearing footings
7.1.1 Pad footing

Design a square pad footing for a 400 mm x 400 mm column carrying a service
load of 1100 kN, 50% of this being imposed load with appropriate live load
reduction. The allowable bearing pressure of the soil is 200 kN/m?2.

7.1.1.1 Base size

With 500 mm deep base, resultant bearing pressure
= 200 - 05 x 24 = 188 kN/m?

1100
Area of base required = 88 = 585 m?

Use 25 m x 25 m x 05 m deep base ‘

7.1.1.2 Durability

For components in non-aggressive soil and/or water, exposure class is 2(a). Table 4.1
Minimum concrete strength grade is C30/37. 53)\(92'821
For cement content and wi/c ratio refer to ENV 206 Table 3.
Minimum cover to reinforcement is 30 mm. NAD
For concrete cast against blinding layer, minimum cover > 40 mm. Ebéesg)
Use 75 mm nominal cover bottom and sides |
7.1.1.3 Materials
Type 2 deformed reinforcement with fyk = 460 N/mm? NAD 6.3(a)
Concrete strength grade C30/37 with maximum aggregate size 20 mm
7.1.1.4 Loading Eqn 2.8(a)
; Table 2.2
Ultimate column load = 135G, + 15Q, = 1570 kN
7.1.1.5 Flexural design
Critical section taken at face of column 2.533(5)
1570 (25 — 0.4)2
8 x 25
Assuming 20 mm bars
d,., = 500-75-20 = 405mm
Using rectangular concrete stress diagram Figure 4.4
f 30
- ck = = 2
fq = = 20 N/mm Eqn 4.4
Y. 15
Table 2.3

085 x 20 = 17 N/mm?

afc g

[15a]
=g
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7.1.1.6

For reinforcement

f 460 »
f, = — = —— = 400 N/mm
Y Ys 1.15

For the design of C30/37 concrete members without any redistribution of
moments, neutral axis depth factor

X

=< 045

Using the design tables for singly reinforced beams

M 6
9 _ 346 x 10 — 0028
bdzfck 2500 x 4052 x 30
X
- = 0063 < 045 .. .. . . .. .. OK
d
Asfk
X = 0033
badf
ck
Hence
30
A, = 0033 x 2500 x 405 x 260 = 2179 mm?

Minimum longitudinal reinforcement

06bd

= = 00013bd <« 00015bd
460

00015 x 2500 x 405 = 1519 mm?

7T20 gives 2198 > 2179 mm? . ... ... ... OK
2500 - 2(75) — 20

Barcrs. = 5 = 388 mm

Maximum spacing = 3h » 500 = 500 > 388 mm ....... OK

7720 (EW) are sufficient for flexural design. Additional checks for punching and
crack control require 9T20 (EW) — refer to Sections 7.1.1.7 and 7.1.1.8.

| Use 9120 EW)

Shear

Minimum shear reinforcement may be omitted in slabs having adequate
provision for the transverse distribution of loads. Treating the pad as a slab,
therefore, no shear reinforcement is required if Vg, < V.

2.23.2P(1)
Table 2.3

2534.2(5)

54321
54211

NAD
Table 3
5.43.2.1(4)

43.21P(2)

43.2.2(2)

=
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Shear force at critical section, distance d from face of column

1570125 04
= — | — - — - 0405 = 405 kN

Sd 25 ' 2 2

Shear resistance, V_ _, with zero axial load

Rd1’

Vch = 1’de(1.2 + 40pl) bwd
Ty = 034 N/mm?
Kk = 16 - d = 1195 ¢« 10

To calculate A, area of tension reinforcement extending d + / __ beyond
critical section, determine

b,min

l = /4 Asreq
bnet . %y |—— £ |

S,prov
For curved bars with concrete side cover of at least 3¢

@ = 07

a

For bars in the bottom half of a pour, good bond may be assumed. Hence for

¢ < 32 mm
fog = 30 N/mm?
400
L =<—zx? - 3336

For anchorage in tension

03 x L « 10¢ « 100 mm

b,min

10¢ = 200 mm

Actual distance from critical section to end of bar

2500 400

= — - — — 405 -75 = 570 mm
2 2

< d+ lnmin = 405 + 200 = 605 mm

43.2.2(10)

4323

Eqn 4.18

Table 48

Egn 54

5.2.3.4.1(1)

Eqn 53

5.2.21(2)

Table 53

Egn 55

[1aoL
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Therefore
Asl = 0
v = 034 x 1.2 x 1.195 x 2500 x 405 x 1073 = 493 kN

Rd1

> Vg, = 405kN

No shear reinforcement required

Check that V, » V., to avoid crushing of compression struts.

f
v = 07 -5 = 055 « 05N/mm? Eqn 4.20
200

vf_b 09d ' -3
VRdZ _ od V2v _ 055 x 20 x 25002>< 09 x 405 x 10 Eqn 4.19

5012 > 405kN .......... .. .. G OK

7.1.1.7 Punching

Length of base from face of column

a = 1050 mm
a _ 1050 S 2 Figure 4.16
h 400

f

By definition the foundation should be considered as a slab.

Critical perimeter at 1.5d from face of column should be checked for punching. 43.4.1P(4)
u = 2r(15 x 405) + 4 x 400 = 5417 mm 843422
In foundations the applied shear may be reduced to allow for the soil reaction 43.4.1(5)

within the critical perimeter.

Enclosed area

Total width = (3 x 405) + 400 = 1615 mm
Corner radius = 15 x 405 = 608 mm
Area = 16152 — (4 -7 06082 = 229 m?
2.29
Vag = 1570 (1 - —2?) = 995 kN
The applied shear per unit length 43.43(4)
Vs B
Yaa =
u
B = 1.0 for pads with no eccentricity of load

f161]
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Therefore

3
= 998 x 100 g4 nimm

V.
Se 5417

The amount of tensile reinforcement in two perpendicular directions should be 434.19)
greater than 0.5%. This is assumed to require I T 05%.

Using 9720 (EW), A_ = 2830 mm? (EW)

For B1
dX = 415 mm
100A

S = 0.27%
bd,

For B2
dy = 395 mm
100A
— = 028%

bd
y
027% + 028% = 055% > 05% .......... ... .. .. .. .... OK

Punching resistance for a slab without shear reinforcement

Vesr = Taok(1.2 + 40p)d 4345

The equation produces similar values to the shear check performed above
% = 034 x 1195 x 1.2 x 405 = 197 > 184 N/mm

Rdt

No shear reinforcement required

Check the stress at the perimeter of the column NAD 6.4(d)
Vo Jud = 090ff, = 09030 = 49 N/mm?

d = 405 mm

u = 4 x 400 = 1600 mm
1570 x 10°

Stress = ——— = 24 < 49 N/mm? ... ... ... .. OK
405 x 1600

7.1.1.8 Crack control

Use method without direct calculation. 4423
Estimate service stress in reinforcement under quasi-permanent loads using 4423(3)
the following approximation 2.2.23P(2)
G +¥,Q = G, +03Q = 550 + 03 x 550 = 715kN 234
Egn 2.9(c)
& NAD
Table 1

—
[o)]
N

E
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Hence quasi-permanent loadffactored load = 7151570 = 046

and estimated service stress

A 2179
= 046 x fyd x 29 = 046 x 400 x —— = 142 N/mm?

2830

s,prov

Either limit bar size using EC2 Table 4.11" or bar spacing using EC2 Table
412.

¢ = 20 < 32MM ... OK
This has been chosen to comply with Table 412 as well.
Using 9T20 (EW) bar spacing = 290 < 300 mm ............ OK

Check minimum reinforcement requirement
A = kkf,_ Ao
s ct s

c  cteff

For A, it is considered conservative to use (h/2)b
c = 100% x f = 460 N/mm?
s yk

For £, ., use minimum tensile strength suggested by EC2 - 3 N/mm?

k. = 04 for bending
For k interpolate a value for h = 50 cm from values given
k = 05 + 03(80 — 50)/(80 — 30) = 068
Therefore
oeq = 0.4 x 068 x 3 x 250 x 2500/460 = 1109 mm?

2830 > M09 mm? ... ... ... OK

s,prov

7.1.1.9 Reinforcement detailing

Check that flexural reinforcement extends beyond critical section for bending

for a distance = d + L
net

lb = 333¢p = 667 mm

Assuming straight bar without end hook

lbnet = 10 x 667 x i_/g = 514 mm
' 2830
d + lIQ = 405 + 514 = 919 mm
net
) 2500 400
Actual distance = —— - — - 75 = 975 > 919 mm ..... OK

2 2

The reinforcement details are shown in Figure 7.1.

f1e3]

44.23(2)

44.23(2)

4422
Eqn 4.78

543.2.1(1)
& 54213

Eqn 54

==
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71.2

7.1.21

‘ 500
e T DNSN WS W W X
|
75 cover 9T20 -~ 300EW
e 2500 .
i -1

Figure 7.1 Detail of reinforcement in pad footing

Combined footing
Design a combined footing supporting one exterior and one interior column.

An exterior column, 600 mm x 450 mm, with service loads of 760 kN (dead)
and 580 kN (imposed) and an interior column, 600 mm x 600 mm, with service
loads of 1110 kN (dead) and 890 kN (imposed) are to be supported on a
rectangular footing that cannot protrude beyond the outer face of the exterior
column. The columns are spaced at 55 m centres and positioned as shown
in Figure 7.2.

The allowable bearing pressure is 175 kN/m?, and because of site constraints,
the depth of the footing is limited to 750 mm.

4|
450 - :] - B
| i

]

300 | 5500 .

-[[=
|

Figure 7.2 Plan of combined footing

Base size

Service loads = G, + Q,

Column A: 1340 kN and Column B: 2000 kN
Distance to centroid of loads from LH end

N 2000 x 55
3340

= 03 = 3593 m

3
B

E
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7.1.2.2

7.1.23

71.24

For uniform distribution of load under base

Length of base = 2 x 3593 say 7.2 m

With 750 mm deep base, resultant bearing pressure
= 175 - 075 x 24 = 157 kN/m?

Width of base required = _ 3840 = 296 say 30 m

7.2 x 157

L Use 72 m x 30 m x 0.75 m deep base

Durability

For ground conditions other than non-aggressive soils, particular attention is
needed to the provisions in ENV 206 and the National Foreword and Annex
to that document for the country in which the concrete is required. In the UK
it should be noted that the use of ISO 9690 and ENV 206 may not comply
with the current British Standard, BS 8110: Part 1: 1985 Table 6.1@ where
sulphates are present.

Class 2(a) has been adopted for this design. Table 4.1
- ) ENV 206
Minimum concrete strength grade is C30/37. Table NA.1

For cement content and wic ratio refer to ENV 206 Table 3.
Minimum cover to reinforcement is 30 mm. NAD
Table 6
For concrete cast against blinding layer, minimum cover > 40 mm. 41.3.3(9)
However, it is suggested that nominal cover > 40 mm is a sufficient interpretation
of the above clause.
Use 75 mm nominal cover bottom and sides and 35 mm top ’
Materials
Type 2 deformed reinforcement with fyk = 460 N/mm? NAD 6.3(a)
Concrete strength grade C30/37 with maximum aggregate size 20 mm
Loading
Uttimate column loads = 135G, + 1.5Q, Eqgn 2.8(a)
\
Column A: 1896 kN and Column B: 2834 kN Table 2.2,

4

Distance to centroid of loads from LH end

N 2834 x 55
4730

= 03 = 3595 m

i.e. virtually at centre of 7.2 m long base

' 4730
Assume uniform net pressure = 7—2 = 657 kN/m = 219 kN/m?

See Figures 7.3, 7.4 and 75 for loading, shear force and bending moment
diagrams respectively.

2
ﬂ
(5]

E



FOUNDATIONS

1896 kN

|

3160 kN/m

2834 kN

|

4723 kN/m

rttttt

657 kN/m

6m, L-9m
1

FrrifT

-{9'6"15‘ 11m

&
e

Figure 73 Loading diagram

1717 kN

723 kN
VRgq = 957 kN
1502 kN
Figure 74 Shear force diagram
2167 kNm
'
451 kNm l I

]
L 1 1
398 kNm
600 2290 e 2610 600 1100
= "1 i i) b bl |

Figure 75 Bending moment diagram

[166}
1166}
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7.1.2.5 Flexural design
7.1.25.1 Longitudinal direction — top steel

Mid-span
Mg, = 2167 kNm
a = 750 - 35 - 20 - 32/2 = 679 say 675 mm

Using the design tables for singly reinforced beams
M, 2167 x 10°

> = = 0053
bdzfCk 3000 x 6752 x 30
b
E = 0123 < 045 limit with zero redistribution .. ... .. .. OK ’2.5.34.2(5)
A f
S¥¢ = 0064
bdf ,
A _ 30

s

0064 x 3000 x 675 xé—l—G—(—J = 8452 mm? = 2818 mm%m

Use 12T32 @ 250 mm crs. (3217 mm?2m) |

Continue bars to RH end of base to act as hangers for links.

Particular attention is drawn to the clauses for bar sizes larger than 5.2.6.3P(1)
32 mm. These clauses are restrictive about laps and anchorages, such that & P(2)
designers may need to resort to groups of smaller bars instead.

Maximum spacing = 3h » 500 = 500 > 250 mm ......... OK NAD
Table 3
7.1.25.2 Longitudinal direction — bottom steel 5432.1(4)

At column face

My, = 398 kNm
d = 750 - 75 - 10 = 665mm
Mg, 398 x 10°

bdzfck 3000 x 665° x 30

Af
Sk~ 0012
bdf,
30
AS = 0012 x 3000 x 665 x — = 1561 mm? = 520 mm?%m
460
For minimum steel A_ .~ = 00015bd = 998 mm&3/m 54.21.1

| Use 12120 @ 250 mm crs. (1258 mm®/m)
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7.1.2.53 Transverse direction — bottom steel

0.45 \°

MSd = (1‘5—?

X —— = 178 KNm/m

Minimum steel governs.

L Use T20 @ 250 mm crs. (1258 mm&m)

7.1.2.6 Shear

Critical shear section at distance d from face of column

Column B interior side

Vg, = 1717 — 0675 x 657 = 1273 kN
Vo, = 7o4k(1.2 + 40p)b d

Tog = 034 N/mm?

k = 16 -d « 10 = 10

p, = 000476

Ensure bars are continued sufficiently.

Vo = 957 kN
VSd > VRd1

Therefore shear reinforcement required.

Shear capacity with links

VRds = Vg + Ve = Vaar + Via
Therefore
v > 1273 — 957 = 316 kN

wd

A
= 2 x 09df
ywd
S

wd

wa = 400 N/mm?2, d = 675 mm

= 1.30 mm%mm

A, 316 x 103
— =
s 09 x 675 x 400

Where shear reinforcement is required, the minimum amount is 100% of the
EC2 Table 5.5 value.

With fyk = 460, = 00012 by interpolation

pw,min

43.2.2(10)

4323
Eqn 4.18
Table 4.8

43243
Egn 4.22

Eqgn 4.23

NAD
Table 3
5.4.3.3(2)

Table 55

[Sesl
1168]
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For links

o, A_Jsb, Eqn 516

Therefore
)
S

Therefore minimum links govern.

00012 x 3000 = 36 > 1.30 mm?mm

min

Determine link spacing, using EC2 Egn 5.17-19.

Vo = vf,b,(09a)2 Eqn 4.25
= 055 x 20 x 3000 x 09 x 675 x 10732 = 10020 kN
VoV, = 1273110020 = 013 < 0.2

Use EC2 Eqgn 5.17 to determine link spacing.

S nax = 08d (Note: 300 mm limit in Egn 5.17 5.4.3.3(4)
does not apply to slabs)
$» 075d = 506 mm NAD 65(f)
Transverse spacing of legs across section 5.4.2.2(9)

< dor800mm = 675mm

Use 12 legs T10 @ 250 mm crs. in each direction where V, > V_

A, 12 x 785
— = ———— = 377 > 36mmImm ........... OK
s 250
Check diagonal crack control 5.4.2.2(10)
Vg = Vo, = 957 kN
Vea = 1273 kN (max.)
Vo < 3V,
No further check required. 4.4.2.3(5)

Distances to where VS g = VR @ from face of columns A and B

1502 — 957
X = ———— = 0830m
é 657

X 1157 m

b

Check shear in areas where bottom steel is in tension and
o, = 00015 (min. steel)

]
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Vasr = 034(1.2 + 006)3000 x 665 x 1073 = 854 > 723 kN .. OK
LNO links required at RH end of base
In orthogonal direction, shear at o from column face
21930 — 045 - 06 x 2)
= = 148 kN/m
2
From above
854
Ve = T = 284 > 148KkN/m ................... OK
0

L No links required in orthogonal direction

7.1.2.7 Punching

Length of one side of critical perimeter at 1.5d from face of column 434.1P(4) &
= 3 x 690 + 600 = 2670 mm 43422
This extends almost the full width of the base = 3000 mm
Hence it is sufficient just to check line shear as above and shear around
perimeter of column face, where
Vefud = 090 ff, = 090 x /30 = 49 Nimm? NAD 6.4(d)
The shear stress at the column face perimeter with d = 675 mm is less than
49 N/mm? in both cases (see Table 7.1). ....................... OK
Table 71 Punching shear at column face
Column Perimeter Load Stress
(mm) (kN) (Nfmm?)
A 1650 1896 17
B 2400 2834 175
7.1.2.8 Crack control
Use method without direct calculation. 4423
Estimate service stress in reinforcement under quasi-permanent loads, using
the following approximation: 4.4.23(3)

G‘k + ./,zok e C-a‘k + 03Q,
The relevant loads are shown in Table 7.2.

Table 7.2 Column loads for cracking check

Load Column A Column B
G, + 030, (kN) 934 1377
135G, + 15Q, (kN) 1896 2834
Ratio 049 048

o}
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7.1.2.9

A
049 x f X Sreq
A

s.prov

Estimated steel stress

8452
049 x 400 x ——— = 172 N/mm?

12 x 804

Either limit bar size using EC2 Table 4.1 or bar spacing using Table 4.12.
In Table 4.11 bar size < 25 mm > 32 mm used.

in Table 4.12 spacing < 285 mm in pure flexure > 250 mm used. . OK
Check minimum reinforcement requirement

A = kK, Ao

¢ Ueteff et s
For A, it is considered conservative to use (h/2)b.
o, = 100% x f = 460 N/mm?
For fm'eff use minimum tensile strength suggested in EC2, 3 N/mm?,

k, = 04 for bending

For k interpolate a value for h = 75 cm, which gives k = 0.53.
Therefore
A, = 04 x 083 x 3 x 750 x 3000/(2 x 460) = 1555 mm?

12132 gives A_ > 1555 mm? ... ... OK

Detailing
Check bar achorage detail at LH end.

The anchorage should be capable of resisting a tensile force

F,S = Vg da{/d
with
a, = d
s = VSd
= column reaction = 1896 kN

Sd

The bond strength for poor conditions in the top of the pour
0.7 x Table 53 value

fs = 07 x3 = 21 N/mm?
I = (¢4 ) = 4766 = 1524 mm
Continuing all T32 bars to end
= 9650 mm?
s,prov
A = Vgff, = 1896 x 10%400 = 4740 mm?
.req Sd' ' yd

]

4423@)

4.4.2.3(2)

44.2.2(3)
Eqgn 4.78

54.2.14(2)

5.4.3.2.1(1)

52.21 &
5222

Egn 563

171
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Hence required anchorage, (%)lb_net at a direct support Figure 512
= (), x 4740/9650 = 500 mm > 03l .......... OK
Anchorage up to face of coumn = 600 — 75 = 525 mm ..... OK

The anchorage may be increased to [
the end of the bar.

if preferred, by providing a bend at

b.net’

The requirement for transverse reinforcement along the anchorage length does 5233

not apply at a direct support.

Secondary reinforcement ratio for top steel 54321
e, = 02p, = 02 x 000476 = 000095

d = 750 — 35 - 10 = 705 mm

A, > 670 mm?m
L Use T16 @ 250 mm crs. (804 mm?/m) transversely in top j
Spacing = 500 mm ... OK

The reinforcement details are shown in Figure 7.6.

12732 - 250

12720 - 250

T20 - 250EW

T20 - 250

Figure 76 Detail of reinforcement in combined footing

7.2 Pilecap design

7.2.1 Pilecap design example using truss analogy

A four-pile group supports a 500 mm square column which carries a factored
load of 2800 kN. The piles are 450 mm in diameter and spaced at 1350 mm
centres.

7.2.1.1 Pilecap size

Assume a pilecap depth of 800 mm. Allow the pilecap to extend 150 mm beyond
the edge of the piles, to give a base 2.1 m square as shown in Figure 7.7.

L Use 21 m x 2.1 m x 0.8 m deep pilecap

|

—
~
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TN TN 375

1350
' )
7 TN 7T
_%.._.__._,_.__ i 1
N1/ \ +7 ' 375
.
Figure 7.7 Pilecap layout
7.2.1.2 Durability
For components in non-aggressive soil and/or water, exposure class is 2(a). Table 4.1
L . ENV 206
Minimum concrete strength grade is C30/37. Table NA.1
For cement content and wi/c ratio refer to ENV 206 Table 3.
Minimum cover to reinforcement is 30 mm. NAD
Table 6
Use 100 mm nominal bottom cover over piles and 50 mm sides
7.2.1.3 Materials
Type 2 deformed reinforcement with fyk = 460 N/mm? NAD 6.3(a)

Concrete strength grade C30/37 with maximum aggregate size 20 mm.

7.2.1.4 Element classification

A beam whose span is less than twice its overall depth is considered a deep 2521(2)

beam.

With the effective span, I, taken to the centre of the piles: 25222
Ly 1350
- = — = 17 < 2
h 800

Therefore treat as deep beam for analysis.

7.2.1.5 Loading

Ultimate column load = 2800 kN

Pilecap (self-weight) = 08 x 25 = 20 kN/m?
Ultimate pilecap load = 135 x 20 = 27 kN/m? Egn 2.8(a)
7.2.1.6 Design
Deep beams under a concentrated load may be designed using a strut and 25373
tie model.

pary
~
W
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Use a model with a node at the centre of the loaded area and lower nodes BS 8110
over the centre lines of the piles at the level of the tension reinforcement together 311441
with an effective column load to account for the pilecap weight of, for example:

Ny, = 2800 + 1352 x 27 = 2850 kN

a = 800 - 100 — 25 = 675 mm

ave

The total tensile force in each direction

Ngy % L, 2850 x 1350

F, = = = 1425 kN
4d 4 x 675
For reinforcement
fx 460
f v = X = 77 = 400 N/mm? 2.2.3.2P(1)
Ys 1.15 Table 2.3
425 108
A = ZXT0 3563 mm
' 400

There are no specific requirements within EC2 for the distribution of the
calculated reinforcement. The provisions of BS 8110: Part 1: Clause 3.11.4.2 are
adopted in this example.

With piles spaced at 3 times the diameter, the reinforcement may be uniformly
distributed.

Use 8T25 at 275 mm crs. (3928 mm?)

Maximum spacing = 3h » 500 = 500 > 275 mm .......... OK NAD
Table 3
06bd 543.2.1(4)

Minimum A_ = ; L £ 00015 bd = 00015 x 2100 x 675 = 2127 mm2. . OK 54.2.1.1(1)

yk

The reinforcement details are shown in Figure 7.8.

4T16

800

s emclendio  edemnlabmniion
I

BT25EW

Figure 78 Details of pilecap reinforcement

[174]
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7.2.1.7 Shear

7.2.1.8

Only in elements such as slabs may shear reinforcement be omitted where
calculations justify.

Despite the classification for the pilecap given above, in line with common UK
practice, it is not intended to provide shear reinforcement when V, = V.

Take the critical section for shear to be located at 20% of the pile diameter into
the piles, extending the full width of the pilecap.

Distance from centre of loaded area

X = 1350/2 — 03 x 450 = 540 mm
Shear resistance
Vg = 7oy k(12 + 40p)b d
Ty = 034 Nimm?
k = 16 -d «10 = 10
3928
o, = m = 000277

All of tension steel is to continue sufficiently past critical section; check when
detailing.
Ve = 034(1.2 + 40 x 000277) 2100 x 675 x 1073 = 632 kN

Consider enhanced resistance close to the supports

25d 25 x 675
8 = — = —— = 3125

X 540
10 = B = 50 ... OK

Shear force

285

s = ——— = 1425kN
< BV, = 3125 x 632 = 1975 kN

No shear reinforcement required

Having taken into account the increased shear strength close to the supports,
it is necessary to ensure that the reinforcement is properly anchored.

In this case al! reinforcement will extend to centre line of pile and be anchored
beyond that position. .......... ... .. .. OK

Punching

Piles fall within 1.5d perimeter from column face, it is thus only necessary to
check shear around column perimeter, where

Stress < 09/f/f, = 09 x [30 = 49 Nmm?

No enhancement of this value is permitted.

—
~
3]

4321P@)

4322()
BSBI0
Figia .23

- 4323

Egn 4.18

Table 48

43.2.2(5)

43.2.2(9)

43.2.2(11)

434.2.2(1)

NAD 6.4(d)

43.2.2(5)

E



FOUNDATIONS

2800 x 10°

—_——— = 2. 4 R K
4 % 500 x 675 21 < 9 N/mm O

Stress =

7.2.1.9 Crack control

Use method without direct calculation.

Estimate service stress in reinforcement under quasi-permanent loads using
following method

G +¥,0Q = G +03Q
For this example the column loads, Gk = 1200 kN and Ok = 785 kN

1200 + 03 x 785

Hence the quasi-permanent load/factored load = 2800 051
Estimated steel stress
Asreq 3563
=051 xf x—— = 051 x 400 x — = 185 N/mm?
Y 3928

s,prov

Either limit bar size to EC2 Table 4.11 value or bar spacing to EC2 Table 4.12
value.

From Table 411 barsize = 25mm = 25 mmused ........... OK

From Table 4.12 bar spacing =< 270 mm < 275 mm used

Check minimum reinforcement requirement
As z kc kfcl,eff Act/as
For A it is considered conservative to use (h/2)b.

o, = 100% x fyk = 460 N/mm?

For fct‘eﬁ use minimum tensile strength suggested by EC2, 3 N/mm?.

k. = 04 for bending
K = 0&5forh =z 80 cm
Therefore
A, = 1096 mm?
A = 3928 mMmM? ... OK

s.prov

7.2.1.10 Detailing

The reinforcement corresponding to the ties in the model should be fully
anchored beyond the nodes, i.e., past the centres of piles.

,_(g)"v_d
b T o\4) f

bd

—j
J
(2]

4423

44.23(3)

44.23(2)

4.4.23(2)
4.4.2.2(3)
Eqn 4.78

5.4.5(1)

5.2.23(2)

E



FOUNDATIONS

For bars in bottom half of a pour, good bond may be assumed.

Hence
foy = 30NmMm? (¢ = 32mm)
25 x 400
L = —— = 834 mm
4 x 3
al A
b {
lb,net = === = lb,min
s,prov
Using bobbed reinforcement, o, = 07
3563
Lo = 07x834x_— = 530 mm
" 3928

Length beyond centre of pile allowing for end cover
= 375 - 50 = 325 < 530 mm

Bars cannot be anchored in manner shown in EC2 Figure 5.2. Use bent-up

bars with large radius bend and anchorage length

Asreq
I % : = 756 mm

$,prov

Diameter of bends can be obtained from NAD Table 8". Assume that the limits
given for minimum cover in the table are equally applicable to bar centres.

For T25 @ 275 mm crs., bend diameter 13¢,

(13/2) x 25 =

bend radius

165 mm

The use of NAD Table 8 is conservative, as it is based on full stress in the bars
at the bend. The values given appear to be consistent with BS 8110: Part 1:

Clause 312825 using £, = 30 N/mm?,

For concrete placed in the UK, it should be possible to demonstrate compliance
with EC2 Clause 5.2.1.2P(1) by using the BS 8110 Clause above, with the result

that smaller diameter bends may be used.

For the edge bars, which have a minimum cover > 3¢ = 75 mm, NAD

Table 8 gives 200 mm radius bend (see Figure 7.9).

The requirement for transverse reinforcement along the anchorage length does

not apply at a direct support.

[ Provide bars to act as horizontal links, such as 4T16 @ 150 mm crs.

52.21

Table 53

NAD
Table 8

Hl



FOUNDATIONS

2785 [

Figure 79 Detail of bent-up bars

7.2.2 Pilecap design example using bending theory

Take the pilecap from the preceding example but use bending theory to
determine the bottom reinforcement. The shear force diagram is shown in
Figure 7.10.

1425 kN

1425 kN

425 500 ,

4
y
1

1350

Figure 710 Shear force diagram

B



FOUNDATIONS

7.2.2.1 Flexural reinforcement

My, = 1425|0425 +%) = 784 kNm
2

z = 0975d = 658 mm

A = 2979 mm?

s

Because of the difference in modelling, this is less reinforcement than the
previous example.
7.2.2.2 Detailing

At an end support, the anchorage of bottom reinforcement needs to be capable
of resisting a force:

F, = Viald + Ng,
Ny, = 0in this case
with
a, = d
F, = Vg, = 1425kN
A = 1425 x 10%400 = 3563 mm?

This is identical to the area of steel required in the previous example.

Use 8725 as before (3928 mm?)

Using the same detail of bobbed bars

ltlnet = 530 mm

EC2 Figure 512(a) applies and is taken to require an anchorage length,

(2/3)lb,net = 353 mm past the line of contact between the beam and its

support.

Using a position 20% into the pile to represent the line of contact, the length
available for anchorage

= 03 x pile dia. + 375 - cover
= 03 x450 + 375 - 50 = 460 > 353 mm .... OK

=
[<=]

54.2.1.4(2)

Eqn 515

543.2.1(1)

E



8 SPECIAL DETAILS

8.1 Corbels

8.1.1 Introduction

Consider a corbel designed to carry a vertical ultimate design load of 400 kN
with the line of action of the load 200 mm from the face of the support (wall,
column etc), as shown in Figure 8.1.

Fv = 400 kN

-
Q¢ = 200
b = 300

d he
d = 4L6S
hc = 500

Figure 8.1 Corbel dimensions

8.1.2 Materials

f, = 30 N/mm? (concrete strength class C30/37)

fyk = 460 N/mm? (characteristic yield strength)

8.1.3 Design
8.1.3.1 Check overall depth of corbel

Conservatively, the maximum shear in the corbel should not exceed Vog- The
depth of the corbel could be reduced by putting £, < V_ , but this would give
an increased tie force and consequent detailing problems. The value of 7, in
the expression for V. . (EC2 Eqn 4.18") may be modified by the factor 8

defined in EC2 Clause 43.2.2(9).

By inspection 8 will be a minimum when x = a_in EC2 Eqn 4.17. Hence
Vg Will also be a minimum.

Now
Vesr = [B7agk(12 + 40p) + 0150_]b,d
B = 25dixwith10 < 8 =< 50
- B x5 ggi <50
200
Ty = 034 N/mm?
k = 16-d «£1 = 114m

p, is assumed to be 0.006 (4T16)

[180]

25372

2537.2(5)
4323

Eqn 4.18

Eqgn 417

Table 4.8

e |



SPECIAL DETAILS

8.1.3.2

No provision has been made to limit horizontal forces at the support; therefore
a minimum horizontal force (H_) acting at the bearing area should be
assumed. This is given by

H, = 02F = +80 kN
NSd
o = — where N = —-80 kN
cp A Sd
(o]
Therefore
_ 3
o= 0xX0 56 Nmm?
P 465 x 300
Hence
Vo = [5 x 034 x 1.23 (1.2 + 40 x 0006) — 015 x 06]
x 465 x 300 = 407 kN
Therefore
ng > VSd = FV = 400 kN .. ... ... OK

Determine main reinforcement requirement

Now 0.4h_ =< a_, therefore a simple strut and tie model may be assumed, as
shown in Figure 8.2.

Ft Tie ‘ €g

Figure 8.2 Strut and tie model

Under the vertical load

Fa
F = — ;and
z
0.85f
F. | (08x)b cos?B

c

The determination of x will be an iterative procedure.
Choose x such thate, = 0002 andf, = 400 N/mm?

Therefore
= ﬂ X 465 = 296 mm
0.0035 + 0.002

2537.2(4)

2.537.2(5)

2537.2(1)

[1a11
fer}



SPECIAL DETAILS

Nowz = d-08x2 = 347mm and cosB = 05

Therefore, from above,

0
Foo= 290X 20 o5 kN and
347
2
s < 085 x 30 x 08 x 296 x 300 x 05 _ 301 KN
[o}
15

For equilibrium £, = F_and further refinement gives

x = 235 mm, z = 371 mm, ﬁ = 216 kN

In addition, EC2 Clause 2.53.7.2(4) requires a horizontal force of H_ to be
applied at the bearing area.

H = 02F, = 02 x 400 = 80kN

F.+ H, = 296 kN

3
_ 2/ x10°

sreq 460/1.15

Use 4T16 bars

8.1.3.3 Check crushing of compression strut

This has been checked directly by the calculation of F, above. However, an
indirect check may also be made.

Vee = [(1?) "fcd]bwo'gd
fk
v = 07 - == = 055 « 05
200
Therefore
VR @ = (1?) X 055 x 20 x 300 x 09 x 465 = 690 kN
Hence
Vm > Fv = 400 kN ... ... . OK

8.1.3.4 Check link reinforcement requirements

Links are required if:

A = 04Af /f

s ccd yd

A = 500 x 300 = 150 x 10° mm?
fy = 30 = 20 Nlmmé® f = 460 = 400 N/mm?
15 v 1.15

2537.2(4)

Eqn 4.19

Egn 4.20

5.4.4(2)

Eqgn 5.21




SPECIAL DETAILS

Hence, links are required if
A > 04 x 150 x 10° x 20/400 = 3000 mm?

S
Now

A = 804 < 3000 mm?

s,prov

Therefore links are not required

Nevertheless, in practice some links should be provided to assist in fixing the
main reinforcement.

A = 04A = 04 x 804 = 322 mm?

sw s.prov

Use 4T8 links (8 legs) |

8.1.3.5 Check bearing area of corbel

Allowable design ultimate bearing stress = 08f_, for bearing bedded in
concrete.

400 N
Therefore area required _ Ao x i 25000 mm?

08 x 20

250 mm
100 mm

Assume transverse bearing

Therefore length of bearing

8.1.4 Detailing

The reinforcement details are shown in Figure 83.

th net 250 60 30 cover to
|— d <—>|0| 'd—muin bars
—

4716 welded to
— T20 cross-bar

L9

1]

‘ L 2T10
J
L— 278 links
278 U-bars

Figure 83 Corbel reinforcement details

[1a3]

5.4.4(2)

EC2,
Part 1B

feg



SPECIAL DETAILS

8.1.41

8.1.4.2

Anchorage of main bars at front edge of corbel

Anchor T16 ties by means of a cross bar running horizontally and welded to
the ties.

F,+H, = 296 kN

An allowable bearing stress under the cross bar can be obtained from EC2
Egn 5.22 as

faas = 33,
Note:
Use of this stress requires that the concrete be confined by means of links etc.
In areas where the cover is small, the designer may wish to use a modified
version of Egn 50 in BS 8110,

296 x 10°
Therefore area of bar required = B X 4485 mm?

33 x 20
For a T20 bar, length required is 225 mm.

Use T20 cross bar 240 mm long welded to T16 ties

Anchorage of main bars into support

Required anchorage length

! = ol X Asea !
b.net - otatb S b.min
s.prov
Now
I = (614 (/)
f = 400 N/mm?
yd

Bond conditions may be considered good as the T16 bars will be anchored
into a substantial support (column or wall).

fis = 3 N/mm?

lb

(16/4) x (400/3) = 533 mm

Now
= 740 mm?¢ A = 804 mMm? a«a = 1

s.req S,prov a

Therefore
74

lbne‘ = 1 x 533 x —O = 490 mm

' 804

lb,mm = 0.31b « 10¢ or 100 mm

490 mm (see Figure 8.3)

Provide lb
.ne

t

5481

Eqn 5.22
(mod)

Eqn 54

Eqn 53

5.2.2.1(2)b)

Table 53

523.4.1(1)

g2l
184



SPECIAL DETAILS

The detail at the front edge of the corbel is shown in Figure 8.4.

T16 T20 T10

m

~— T8 link

Figure 8.4 Detail at front edge of corbel

The inside face of the T20 bar is positioned not less than the cover beyond
the edge of the bearing area.

This is an interpretation of BS 8110 as no guidance is given in EC2.

8.2 Nibs

8.2.1 Introduction

Consider a nib designed to carry a precast concrete fioor slab imposing a vertical
ultimate design load of 25 kN/m.

8.2.2 Materials
30 N/mm? (concrete strength class C30/37)

f
ck
460 N/mm? (characteristic yield strength)

fyk

8.2.3 Design

Provide a 15 mm chamfer to the outside edge of the nib and assume the line
of action of the load occurs at the upper edge of the chamfer.

Permissible design ultimate bearing stress = 06, for dry bearing EC2 Part 1B
1 3
Therefore minimum width of bearing = 25 x 10 = 21 mm
06 x 20 x 1000
Minimum width of bearing for non-isolated member = 40 mm BS 8110
5232
Allowance for nib spaling = 20 mm BS 8110
Table 51
Allowance for inaccuracies = 25 mm BS 8110
524

L Nominal bearing width = 40 + 20 + 25 = 85 mm }

Allow an additional 25 mm for chamfer on supported member.

| Width of nib projection = 85 + 25 = 110mm }

E




SPECIAL DETAILS

The distance of the line of action of the load from the face of the beam
= 110 - 15 = 95 mm
Assuming 20 mm cover to the T10 links in the beam
a, = 95 +20 +5 = 120 mm

Check minimum depth of nib.

Assuming T8 bars, minimum internal diameter of loop is 6.

Therefore minimum depth of nib = 20 + 8 x 8 + 20 = 104 mm

LDepth of nib = 105 mm

M = 25 x 012 = 3 kNm/m

Effective depth (d) = 105 - 20 — 4 = 81 mm

6

M _ 3 x 10 0015
bd?’, 1000 x 812 x 30
Al .
—¥ = 0018 (Section 13, Table 13.1)
baf

ck
0.018bdf

A _ ok _ 0018 x 1000 x 81 x 30 _ 95 mm?

s f 460

yk

Check minimum area of reinforcement

bd
A, = 08| £ 00015bd
yk
_ 06 x 1000 x 81 - 106 mm?
460
« 00015 x 1000 x 81 = 122 mm?

Check minimum area of reinforcement for crack control

As = kckfct,effAct/as
k., = 04 for bending
k = 08forh < 300 mm
fot = 30 N/mm?
A, = bh_ 1000 x 105 _ 525 x 10° mm?
2 2
o, = 460 N/mm?
Therefore
A = 04 x 08 x 30 x 525 x 10%460 = 110 mm?

S

NAD
Table 8

54.2.1.1(1)

Eqgn 5.14

4422

Eqn 4.78




SPECIAL DETAILS

No further check for crack control is necessary ash = 105 < 200 mm.

Maximum bar spacing = 3h = 315 =< 500 mm

| Use T8 @ 300 mm crs. (168 mm?/m) |

The reinforcement details are shown in Figure 85.

- 110 278 lacer bars
\ to anchor U-bars
[ b,net
I~ g A
. Y
105
A o,)f

\ b, min

L T8-300 U-bars

Figure 85 Nib reinforcement details

Check shear in nib, taking into account the proximity of the concentrated load
to the support.

Vi = [ﬁTde(1.2 + 40p) + o.1sacp]bwd
2.
g = 25dx = 22X8%1 _ 469
120
Ty = 034 N/mm?
k = 16 -d €1 = 152
A 16
pl = st = 8 = 00021
bd 1000 x 81
N
o, — 8 _ o
P A
c
Therefore
Vo = 169x034x152(1.2+40 x 00021) x 1000 x 81 =908 kN/m
Ve, = 25KkN/m
Therefore
v > V. OK

fo L I

Check anchorage of T8 bars.

l = l As req
b,net - aa b - { lb.min

S,prov

44.23.1)

NAD
Table 3
5.43.2.1(4)

4323

Eqn 4.18

Eqn 4.17

Egn 5.4

el
fe7]



SPECIAL DETAILS

Now

S
1

i (®14) (F J1,.)

400 N/mm?

fyd

- Bond conditions may be considered good as the bars are anchored at least
300 mm from the top of the member.

- 2

fb ; = 3 N/mm

lb = (8/4) x (400/3) = 267 mm
NowA = 122mm? A = 168 mMm? o« = 1

,req s,prov a
Therefore
122
lb,net = 1 x 267 x 1—68 = 194 mm <« lb’min

For bars in tension

Lmn = 03l « 104 or 100 mm
Therefore
bmn = 100 mm
Lo = 194 mm (see Figure 85)

For bars in compression

lb.min = O.Glb +10¢ or 100 mm
Therefore
bmin = 160 mm
lb,mm = 160 mm (see Figure 85)

8.3 Simply supported ends

8.3.1 Directly supported ends

Reinforcement anchorage requirements are shown in Figure 8.

. a
N "N

l‘_—"“—g—lb.nef ‘_%lb,nef
w {a) wib)
(a) Straight bar (b} Hook

Figure 86 Anchorage at a direct support

[1agl

Eqn 53

5.2.2.1(2)(b)

Table 53

fiee



SPECIAL DETAILS

Figure 8.6(a) shows anchorage of tensile reinforcement being achieved using 5.4.21.4(3)

a straight bar. It should be noted that EC2 does not permit straight anchorage Figure 5.12(a)
or bends for smooth bars of more than 8 mm diameter. 523.2(2)
Note:

The CEB-FIP Model Code™ gives a factor of 1.0 for [, as opposed to 2/3

in EC2. Designers may wish to consider using the higher value.

Typical values for anchorage length and support width, w, can be obtained
for (a) and (b) in Figure 86.

Assume

f = 30N/mm?  f, = 460 N/mm?

yk
A
= - 10
s, prov

Note: NAD 65
A, oq MY be taken as one quarter of the reinforcement required at mid-span 54.2.1.4(3)

but not less than that required to resist the tensile force given by EC2 Eqn 5.15. 54.2.1.4(2)

lhnel = (_eq) i , Egn 54
s, prov
L = (/) (f yd/fb W Egn 53
fos = 3 N/mm? Table 53
= 2
fy g = 400 N/mm
Therefore
I = (¢/4) x (400/3) = 333¢
lb,min = 03], « 10¢ or 100 mm Eqn 55
a, = 1 for straight bars; or
o, = 0.7 for curved bars with 3¢ transverse cover 5.2.34.1(1)
Therefore

Loo@= 1x333¢ = 333¢

l b)= 07 x 333¢ = 233¢

b,net (

Therefore width of support required in Figure 8.6(a), assuming 20 mm cover
and 15 mm chamfer

w@ = (%) x 3336 +35 = 222¢ + 35mm

and width of support required in Figure 86(b), assuming as above
w(b) = (£) x 233¢ + 35 = 155¢ + 35 mm

H



SPECIAL DETAILS

The minimum support width is given by
w. =(3)x10¢ + 35 =67¢ + 35 mm

min

where, in Figure 86(a), A, . =< 03A

eq s,prov

and, in Figure 86(b), AS’req =< 043A

s,prov

As noted above, a, = 07 can only be used if the concrete cover
perpendicular to the plane of curvature is at least 3¢. This is clearly difficult
to achieve in beams without end diaphrams for bar sizes in excess of 12 mm.

The requirements for the various types of hooks, loops and bends are given

in EC2 Figure 5.2. The minimum diameters of mandrels are given in NAD®
Table 8. The required support widths are given in Table 8.1.

Table 8.1 Width of support (mm)

A
s.req ¢
A (mm) 10 12 16 20 25 32
s.prov
1.0 w(a) 257 302 391 479 590 746
=03 wo 102 116 143 169 203 250
1.0 w(b) 190 221 283 345 423 531
=<0.43 wo 102 116 143 169 203 250

8.3.2 Indirectly supported ends

Reinforcement anchorage requirements are shown in Figure 8.7,

(

b b
b, net 3 lp,net y
| b(a) 3 n lbto) 3

(a) Straight bar (b) Hook

Figure 8.7 Anchorage at an indirect support

As in Section 83.1 above, anchorage lengths and support widths can be
obtained for both straight bars and hooked bars.

The anchorage lengths are as Section 8.3.1 but the required support widths
are increased.

Assuming 20 mm cover

b(a = (333¢ + 20) x 15 = 50¢ + 30 mm
bb) = (2334 + 20) x 15 = 354 + 30 mm
190}

i i



SPECIAL DETAILS

The minimum support beam width is given by
b = (106 + 20) x 15 =

min

15¢ + 30 mm

where the same conditions apply as in Section 8.3.1.

In these cases, as the beam is indirectly supported, i.e., by another beam, 3¢
cover perpendicular to the plane of the curvature can be achieved more easily

and e, = 07 can be readily used in EC2 Eqn 54.

The required support beam widths are given in Table 8.2.

Table 8.2 Width of support beam (mm)

S ¢ 10 12 16 20 25 32
Asprov {mm)
1.0 bla) 530 630 830 | 1030 | 1280 | 1630
<0.3 b 180 210 270 330 405 | 510
1.0 b(b) 380 450 590 730 | 905 | 1150
<0.43 b 180 210 270 330 | 405 510

8.4 Surface reinforcement

In certain circumstances it may be necessary to provide surface reinforcement
located outside the links.

Surface reinforcement is provided to resist spalling from fire and where bundled

bars or bar sizes greater than 32 mm are used.

EC2 also refers to the use of skin reinforcement located inside the links. Skin
reinforcement is provided to control cracking in the side faces of beams 1 m

or more in depth.

8.4.1 Design data

A beam section requiring surface reinforcement is shown in Figure 8.8.

1000

900

Ag =4825mm 2 { 6T32)

Cover to links = 50mm

Figure 8.8 Beam section showing main reinforcement

5424

5.4.2.4(3)

4.4.2.3(4)

i1 |—
1]



SPECIAL DETAILS

8.4.2 Area of longitudinal surface reinforcement
A = 001A 5.4.2 4(5)

s.surf ctext

From EC2 Figure 5.15
= 2 x 50 x (1000 — 360) + 50 x 300 = 79 x 10° mm?

ctext

Therefore
cet = 001 x 79 X 10° = 790 mm?
Length of A_ _ internal perimeter = 490 x 2 + 300 = 1280 mm
Hence
790
/m= —— = 617 mm?m
st 1.280

Use B785 fabric

This comprises 10 mm wires @ 100 mm crs. horizontally and 8 mm wires @
200 mm crs. vertically.

Note: 52343
EC2 does not directly cover the use of plain wire fabric.

Surface reinforcement may also be used as longitudinal bending reinforcement 5.4.2.4(6)
in the horizontal direction and as shear reinforcement in the vertical direction
in some cases.

If surface reinforcement is being used to resist shear, EC2 Clause 5.4.2.2(4) 54.2.2(4)
should be noted. |t states that a minimum of 50% of shear reinforcement should
be in the form of links.

The reinforcement detail is shown in Figure 8.9.

{1 [T
B785 f
reinfo:cuerm::i -1 r
1 r <d-xz540
Links > I' <600
{ oo
8-T32 b -—

S

S| < 150 —— b

Figure 89 Beam section showing surface reinforcement.

—
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PRESTRESSED CONCRETE

9.1 Introduction
Design of a prestressed band beam with bonded post-tensioned tendons, to
support a ribbed floor slab, is set out.

This example is similar to Example 2 in the Concrete Society’s Post tensioned
concrete floors: Design handbook'”,

9.2 Design data

The floor plan and section for the structure are shown in Figure 9.1. The band
beams run along the column lines in the longitudinal direction. The floor slab
contains unbonded tendons, and is not designed here.

A B C
VTR e ki)
F==-===3 { l
F-————— = ‘ '
sl gumpirgheeghunphont 72
lEZ----7 3| , o0
E::::::j [ I
c------3al !
2 )\{i_; _____ ' l.\]'\ - |{ _P'
| | L
' :LOOXAOO ) | 500 x 500 | 7200
1
|

]
z.oou.oo: il 7200

I
|
Ll (7200
|
|

,
LF
]
|
|

A
\
vV o T -

i : | Tnoo
i ) - '

i l Lmo

Figure 9.1 Floor plan and section
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PRESTRESSED CONCRETE

9.2.1 Beam section

The effective flange width of the beam for calculation of stiffnesses or stresses

is taken as
b, = b, + (‘?) [, = 2508 mm < b 25221P(2)
Egn 2.13
The beam section is shown in Figure 9.2.
L 2508 N
110
' 240
750 } 750
Figure 9.2 Beam section
9.2.2 Durability
For components in dry environment, exposure class is 1. Table 4.1
Minimum concrete strength grade for post-tensioned members is C25/30. 42352
Minimum cover to reinforcement is 15 mm. 4133
NAD
Use 25 mm nominal cover to reinforcement ] Table 6

Minimum cover to duct is given as the smaller cross-sectional dimension of the 4.1.3.3(M)
duct but not less than half the greater cross-sectional dimension.

Use nominal cover to duct « 50 mm | BS 8110
41232

9.2.3 Materials
9.2.3.1 Reinforcement

Type 2 deformed bars, characteristic strength, fyk = 460 N/mm? having high NAD 6.3(a)
ductility

9.2.3.2 Prestressing steel

15.7 mm diameter superstrand, grouped in oval ducts 20 x 75 mm

Characteristic strength, £, = 1770 N/mm? BS 5896
A, = 150 mm?
E = 190 kN/mm? 3344

S

9.2.3.3 Concrete

In order that this example can be compared with that given in Example 2 of
the Post tensioned concrete floors: Design handbook, a non-standard concrete
strength grade has been chosen of C32/40.

f194]
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PRESTRESSED CONCRETE

= 32 Nimm?
f, = 20 N/mm?strength at transfer
E_= 95x (32 +8)" = 324 say 32 kN/mm? 31.25.2(3)
E, = 95X (20 + 8)® = 288 say 29 kN/mm?
9.2.4 Loading 4,2.354P(2)

Imposed loading = 5.0 kN/m?
Effective width of slab = 10.22 m
Self-weight of slab and beam = 3560 + 12.60

48.20 KN/m

9.3 Serviceability limit state
9.3.1 Tendon details

The tendon profile is shown in Figure 9.3.

-
»
o
~
w
w

L L0 ' 45 l

L
J

\

\
~;l

196 ‘

720 2465 3295 720720 2880 2880 20
| : e = =
7200 7200

e

Figure 9.3 Tendon profile

Initial prestressing force is taken as
P, = 075 x fpk X Ap = 1991 kN per tendon 4.2.354P(3)

Losses are assumed to be

15% of P0 at transfer
30% of PO at service

Hence prestressing force
At transfer, P~ = 1693 kN per tendon
At service, P~ = 139.4 kN per tendon

9.3.2 Maximum drape
Span 1-2

¥y = kx(s — x) where s is the distance between inflexion points

o5
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Using Appendix C of Post tensioned concrete floors: Design handbook

k = 170 x 10 %ands = 5760 mm
At mid-span
y = 170 x 107% x 2880° = 141 mm

Span 2-3 at mid-span
y = 350 - 625 — 45 - 625 = 180 mm

9.3.3 Prestress required
Take an equivalent balanced load equal to the self-weight.
Span 1-2
482 x 57607

P = = 1418 kN
req 8 x 141 x 1000

w

Span 2—
482 x 57602

P = 1111 kN
*t 8 x 180 x 1000

Number of tendons required = 1418/1394 = 10.17

Use 11 tendons throughout beam

9.3.4 Equivalent loads from prestress

The equivalent loads from the longitudinal tendons, given by g = 8(nPav)a/s?-
where n = 11, are calculated in Tables 9.1 and 9.2.

Table 9.1 Calculation of equivalent loads from longitudinal tendons at transfer,
for the full slab width

Span 1 2 2 3
nP_, (kN) 18616 1861.6 1861.6 1861.6 18616 18616
a (mm) 30 -141 40 45 -180 45

s (mm} 1440 5760 1440 1440 5760 1440

q (kN/m) 2169 -633 2894 323.2 -808 323.2

Table 9.2 Calculation of equivalent loads from longitudinal tendons after all
losses, for the full slab width

Span 1 2 2 3
AP, (kN) 15334 | 15334 | 15334 | 15334 | 15334 | 15334
“a (mm) 30 —141 40 45 180 45

s (mm) 1240 | 5760 1440 1440 5760 1440

q (kN/m) 1787 | -521 | 2384 | 2662 | -666 | 2662

!
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9.3.5 Load cases
For continuous beams, the following arrangements of imposed loads should 251.2(4)
be considered:
(a) alternate spans loaded;

(o) any two adjacent spans loaded.

The rare, frequent and quasi-permanent load combinations should be 2.3.4P(2)
considered where the values of ¥, and y,, are taken from NAD Table 10, For NAD

imposed loads in offices y, = 06andy, = 03 Table 1

Rare combination, G, + P + Q, Egn 29(a)
Frequent combination, G, + P + 08Q, Eqgn 2.9(b)
Quasi-permanent combination, G, + P + 03Q, Egn 2.9(c)

9.3.6 Maximum concrete stresses

As the beam is a T-section, the values of W, and W, are not equal. By
calculation it can be shown that I = 679 x 10° mm* and that the centroid
of the section is at a height of 196 mm from the soffit.

A = 6359 x 10° mm?
Therefore
W = 441 x 10° mm®

t

w

, = 346 x 10° mm®

The calculation of the stresses under each load combination is not shown here.
The method follows that given in the Post tensioned concrete floors: Design
handbook. The top and bottom concrete stress for transfer conditions are given
in Table 9.3 and those after all losses are given in Table 9.4.

Table 9.3 Stresses at transfer

Zone Top stresses, f, Bottom stresses, £,
(N/mm?) (N/mm?)

max. min. max. min.
1 342 - — 183
(support) ' '
1-2 315 2.21 3.40 2.20
(span) ’ ' ’ :
2
(support 381 — — 134
2
(support 410 — — 097
(2ng ) 307 1.23 466 229
3
(support) 445 — — 053

E]
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Table 9.4 Stresses after all losses

Rare loading
Top stresses, f Bottom stresses, f,
Zone (N/mm3) (N/mm?)
max. min. max. min.
1
(suppor) -253 875
25‘;-3 " 564 191 305 -173
2
(support) -419 108
2 331 982
(support) ’ '
(23;2”) 468 093 431 050
S —295 930
(support) ’ '
Frequent loading
Top stresses, f, Bottom stresses, f,
Zone (N/mm?) (N/mm?)
max. min. max. min.
1
(support) -087 6.62
29;251 o 437 2.19 269 ~010
2 -196 802
(support) ' ’
2
(support) -1.17 7.00
é;gn) 344 119 398 109
3 —077 648
(support) ] )
Quasi-permanent loading
Top stresses, f, Bottom stresses, f,
Zone (N/mm?) (Nimm?)
max. min. max. min.
1
(support) 038 502
ggpin) 341 219 269 113
2 ~0.29 587
(support) : ‘
2
(support) 048 489
é;gn) 281 138 373 189
3 —087 438
(support) ' '
I198|
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9.3.7 Allowable compressive stresses 441

To prevent longitudinal cracks the compressive stress under rare load
combinations should not exceed

06f, = 06 x 32 = 19.2 N/mm? 4.411(2)
The maximum stress from Table 9.4 is 108 N/mm?2. ............... OK
To control creep the compressive stress under quasi-permanent loading should
not exceed

045f, = 045 x 32 = 144 N/mm? 4411(3)
The maximum stress from Table 9.4 is 587 N/mm2. . .............. OK

9.3.8 Limit state of cracking

No check is required at transfer since beam is totally in compression.

Design crack width for post-tensioned member under frequent load
combinations

w, = 02mm 4421
Table 4.10
The method adopted to determine the minimum reinforcement required is to 4.41.2.(5)
carry out a rigorous calculation of the crack width where the flexural tensile stress 4.41.2(7)
under rare loads exceeds 3 N/mm?. If the calculated crack width under 4424
frequent loads does not exceed 0.2 mm then further bonded reinforcement is
not required.

From Table 9.4 the stress at support 2 under the rare load combination is
-419 N/mm? and hence a more detailed calculation is required. As this
example is a beam, at least two longitudinal bars at the top and bottom are
required to hold the links in place.

For this analysis include 2T16s in the top of the beam.

w, = Bs_ e Eqgn 480

m-sm

g8

1.7 for load induced cracking 4.4.2.4(2)

The value of s can be conservatively calculated as

= h-x 4.4.2.4(8)

= Egn 481

The values of o, and x, the neutral axis depth, for this example were
determined from computer analysis assuming linear stress/strain relationships
and no tension from the concrete.

Applied moment = -3776 kNm (frequent load case)
x = 213 mm
o, = -—958 N/mm?
[199]
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Hence w, =

17 x (350 — 213) x —2>%
200 x 10°

011 < 0.2mm .. OK

9.3.9 Calculation of prestress losses per tendon

P..= P, — AP — AP (x) — AP, — AP(f) 2542
| o c " sl t
Eqn 2.19
42354
Poo= P, — AP, - AP“(x) - AP, Eqn 48
9.3.9.1 Short term losses 42355
(5-8)
9.39.1.1 Loss due to elastic deformation 4.2.355(6)
E
Modular ratic = — = 190 _ 6.55
. 29
[+]
Maximum stress in concrete adjacent to tendons at transfer occurs at middle
of span 2-3.
From Table 9.3, stress at level of tendons
= 466 - 625 (466 — 1.23) = 405 N/mm?
350
Average loss of force due to elastic deformation of concrete
AP, = 05 x 405 x 655 x 150 x 1072 = 199 kN
The loss, which has been conservatively based on the maximum concrete stress
rather than the stress averaged along the length of the tendon, is only 1% of
the jacking force and will be neglected.
9.39.1.2 Loss due to friction 4.2355(8)
AP () = P (1 — e +0*k) Eqn 49
P, = jacking force = 199.1 kN
B = 019 (recommended for strand)
k = 0.0085 (from Post tensioned concrete floors: Design handbook)
8
o = E(?a) for each span
X = 7.2 m for each span
Span 1-2
1 4 x 4
o =4x30 8 x 14 x0=0.392
1440 5760 1440
AP2 = 1991(1 _ 6_0‘19(0'392 + 00085 x 7.2)) 16.4 kN
Therefore
P, = 1991 - 164 = 1827 kN
200}
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Span 2-3
o

AP,

Therefore
P

3

8 x 45 8 x
+

180

0.500

1440

199.1(1 — e~

1991 — 349

5760

0892 + 00085 x 144)

164.2 kN

9.39.1.3 Loss due to wedge set (o, = 6 mm)

AP

sl

where

ll

AP

sl

2p'l’

1991 - 164.2
14.4

AE, A

pl

2 x 242 x 84

2.42 kN/m

349 kN

0006 x 190 x 150

J

24

40.7 kN

The resulting force profile is shown in Figure 9.4.

84 m

8400

e —

1991 Jacking ¢

1758

{ All forces in kN)

— — .
N P ——
e —— 1472 T —

1642

-{135'2

Figure 94 Force profiles

9.3.9.1.4 Percentage losses at transfer

At 991 = 1984 i00 = 204%
1991
1991 - 1758
A2, ————  x 100 = 11.7%
199.1
1991 - 164.2
At3; —————— x 100 = 175%
1991
Average loss = 165% (15% assumed) . ....... ... ... ... ... ... OK
201}
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9.3.9.2 Long term losses
9.39.2.1 Creep and shrinkage data

Notional size of section from Figure 9.2,

2A
e _ 2(2508 x 110 + 1500 x 240) — 230 mm

u 2(2508 + 240)

For inside conditions and transfer at 7 days,
#(ot) = 30

e () = 000058

CS(

9.39.2.2 Relaxation data

Long term class 2 relaxation loss for initial stress of 0.67fpk immediately after
transfer

Aapr = 15 x 0.02(7po = 0.030po

9.39.2.3 Loss due to creep, shrinkage and relaxation

e(tt) E + Aapr + a¢(f,to)(ocg + acpo)

Aap,c+s+r = A A 22
14a2 (1 + o °°)[1 + 084(t.1)]
AC Ic
E
a - S 190 594
E 32
cm
At 1: z, = 0
Therefore
g = 0
1 . 3
o _ M x 1584 x 100 e
po 635880
At 2: z, = 2875 - 196 = 915 mm
I 6.7 9
A - o B X0 pn 100 mme
P z, 915
+ M + P
o o = — 4+ —
cg cpo
ch AC

Using moment and force at transfer
(617 + 3038) x 10° 11 x 1758 x 108
Oyt Oepo = +
742 x 108 635880
049 + 304 = 353 N/mm?

b0}

31.255

Table 33

Table 3.4

4.2341(2)
Table 4.8
NAD
Table 3

4.2.355(9)
Egn 4.10

|
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At 3z = 915 mm
cp
A = 742 x 108 mm®
P
4936 x 10° 11 x 164.2 x 10°
o _+o0 = —F— +
€g ceo 742 x 108 635880

067 + 284 = 351 N/mm?

Losses of prestress
000058 x 190 x 10° + 317 + 594 x 3 x 2.74

At 1 Aapusﬁr =
' 2
+ 594 x 1650 (1 + 635880 x O (1 + 08 x 3)
635880 679 x 10°
~ 110.2 + 31.7 + 488
1 + 524 x 10'2(1 + 936 x 1075 x '02)
7
= 1907 = 181.2 N/mm?
1.052
AP{) = 1812 x 150 x 107° = 27.2 kN
1102 + 352 + 594 x 3 x 353
At 2. Ao =
oS+ 1 + 524 x 10-2 (1 + 836 x 1075 x 91.52)
_ 2083 1906 N/mm?
1.093
APt(t) = 1906 x 150 x 102 = 286 kN
. 1102 + 328 + 594 x 3 x 381
At 3: Ao =
po+s+r 1.093
= 2109 = 1930 N/mm?
1.093
APt(t) = 1930 x 150 x 10~® = 290 kN

Final forces at service (see Figure 9.4)

At 1 Pt = 1584 - 272 = 131.2 kN

At 2: P, = 1758 — 286 = 1472 kN

At 3: P, = 1642 — 290 = 1352 kN

9.39.2.4 Percentage losses at service

Y Tl LTSV R VRTA
199.1

arg 991 — 1720 00 = 261%
1991

]

N
o
B
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pra 291 192 0 - a0
199.1
Average loss = 308% (30% assumed) . ........... ... . ... ... OK

9.4 Ultimate limit state

9.4.1 Calculation of applied moments 431.1P(2),
P(4) & P(6)
Partial safety factors 2331
Table 2.2
ve = 135 Yo = 15 v = 10 254.4.1(2)
Load cases — as for serviceability 2512
9.4.2 Calculation of resistance moments 43.1.2P(1)
The section may be analysed as shown in Figure 9.5.
Rectangular stress block for concrete in compression with 431.2(4)
30 4.2.133(12)
a = 085 f, = — =213 Nmm? Figure 44
15
A€p Fe s fpd Ap
T ey - —— -
: {d-0-4x)
d
x Fe
0-8x >
X
0-0035 At feg
Figure 95 Analysis of section at ultimate limit state
Horizontal top branch to stress-strain curve for prestressing steel with 42333
Figure 46
f
o= 092 - 09 x 1770 _ 4385 Njmm?
. A 115

For stress to reach maximum design value

f
Minimum strain, ¢ = 22 = —199° _ _ 0073
p E 190 x 10°

H
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P
- 1304
Prestrain, ¢ = 2 = 10 = 00049
P AE, 150 x 190

Increment, Aep = 00073 — 00049 = 00024

Maximum neutral axisfeffective depth ratio

X 00035 _ 0593
d 00035 + 00024

For values of x < 0593d

F, = A, = 1385 x 11 x 150 x 10 = 2285 kN
Mgy= Ffld — 04x) = 2.285(d - 04x) kNm

where
F, = of b08x) = 085 x 213 x 08bx = 145bx
F. = F_ gives

2285 x 10° 157600

14.5b b

At support 1: b = 1500 mm, d = 196 mm

_ 57800 o

1500
X 19 0836 < 0593 ... oK
d 196

M, = 2.285(196 — 0.4 x 105) 351.9 kNm

At supporis 2 and 3: b = 1500 mm, d = 2875 mm

M.,= 22852875 — 04 x 105) = 5610 kNm

Inspans: b = 2508 mm,d = 2875 mm

157600
2508

= 63mm<h = 1MOmm............. OK

M., = 22852875 — 04 x 63) = 5994 kNm

9.4.3 Comparison of moments

The calculation of the moments due to the applied loads (y; = 135, v, = 1.5)

is not shown here. These moments are combined with the secondary moments

due to prestressing (y. = 1.0) and compared with the resistance moments at
0 p . )

each position. The results are summarized in Table 9.5.

205}
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Table 95 Moments at ultimate limit state

Zone Secondary Moments from Applied Resistance
moments ultimate loads moments moments, M,
(kNm) (kNm) (kNm) (kNm)
(1$upport) 122.0 —461.1 —339.1 -3519
(1$;a2n) 83.6 350.8 434 .4 599.4
(2support) 451 -673.9 -628.8 -561.0
(2support) 62.6 -628.1 -565.5 -561.0
2-3
(span) 67.4 309.4 376.8 599.4
?support) 722 -604.4 -532.2 -561.0

The resistance moment is inadequate at support 2 and additional reinforcement

is required.
Since
M = F(d-04x) = 145bx(d - 04x),
2 - 25dx + =M _
145b
Hence
X = 1.25(1_11_ M )d
9.06bd?
6
= 125 (1 _ j1 _ 6288 x 10 ) 0875 — 121 mm
906 x 1500 x 2875°
> A 0421 < 0593 OK
d ~ o875 =~ <0893 ... ..
M 628. 08
oo = = o8 x T = 2630 kN
d — 04x 2875 — 04 x 121

Additional area of reinforcement required

Fo = 1A (2630 — 2285)10°

A = = = 863 mm?
f v 400
2116 and 2T20 gives 1030 > 863 mm® ..............ovn... OK

Use 2T16 top and bottom throughout beam with additional 2T20 top at
support 2

feost
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9.5 Minimum and maximum areas of reinforcement

Although it is not clear what should be assumed from EC2, the total area of
steel has been taken as the sum of the untensioned and tensioned steel.

A = A +A
s p

sS+p

= (2 x 201) + (11 x 150) = 2052 mm?

9.5.1 Minimum

Minimum area of total tension reinforcement

06bd

£ 00015bd

yk

At support, b, = 2508 mm

06 2508 290
Minimum area = X X = 948 mm?

460

£ 00015 x 2508 x 290 = 1090 mm?

Area provided = 2052 > 1090 mm? . ....................... OK

9.5.2 Maximum

Maximum area of total tension and compression reinforcement

= 004A, = 004 x 635880 = 25435 > 2052 mm? .. .. OK

9.6 Reinforcement summary

11 tendons throughout beam

2T16s top and bottom throughout beam. Additional 2T20s top at support 2

These areas are within maximum and minimum limits.

542141

Egn 5.14




10 SERVICEABILITY CHECKS BY CALCULATION
|

10.1 Deflection

Calculate the long term deflection of a 7.0 m span simply supported beam whose
section is shown in Figure 10.1. The beam supports the interior floor spans of
an office building.

: 1650

- d=390
450

250

Figure 10.1 Beam section

Deflections will be calculated using the rigorous and simplified methods given
in EC2%, together with an alternative simplified method. The results will then
be compared with the limiting span/effective depth ratios given in EC2.

10.1.1 Design data

Span = 70m
G, = 197 kN/m
Q, = 195kN/m
A = 402 mm?
A, = 2410 mm?
= 30 N/mm? (concrete strength class C30/37) 31.24

ck

Table 3.1

10.1.2 Calculation method

The requirements for the calculation of deflections are given in Section 4.4.3
and Appendix 4 of EC2.

Two limiting conditions are assumed to exist for the deformation of concrete A4.3(1)
sections

(1) Uncracked
(2) Cracked.

Members which are not expected to be loaded above the level which would A4.3(2)
cause the tensile strength of the concrete to be exceeded, anywhere in the

member, will be considered to be uncracked. Members which are expected

to crack will behave in a manner intermediate between the uncracked and fully

cracked conditions.

For members subjected dominantly to flexure, the Code gives a general equation
for obtaining the intermediate value of any parameter between the limiting
conditions

'\ﬂ
(=1
(=]
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SERVICEABILITY CHECKS BY CALCULATION

o = fop + (1 - de
where
a is the parameter being considered

o, and oy are the values of the parameter calculated for the uncracked
and fully cracked conditions respectively

¢ is a distribution coeffient given by
g

2
¢ = 1—61ﬁ2(§)

s

The effects of creep are catered for by the use of an effective modulus of elasticity
for the concrete given by

cm

1+ ¢

Ec.eff

Bond and deterioration of bond under sustained or repeated loading is taken
account of by coefficients 8, and g, in Eqn A.4.2

Curvatures due to shrinkage may be assessed from
1 ecsozeS

T

r
cs

Shrinkage curvatures should be calculated for the uncracked and fully cracked
conditions and the final curvature assessed by use of Eqn A.4.1.

In accordance with the Code, the rigorous method of assessing deflections is
to calculate the curvatures at frequent sections along the member and calculate
the deflections by numerical integration.

The simplified approach, suggested by the Code, is to calculate the deflection
assuming firstly the whole member to be uncracked and secondly the whole
member to be cracked. Eqn A.4.1 is used to assess the final deflection.

10.1.3 Rigorous assessment

10.1.3.1

The procedure is, at frequent intervals along the member, to calculate

(1) Moments
(2) Curvatures
(3) Deflections.

Here, calculations will be carried out at the mid-span position only, to illustrate
this procedure, with values at other positions along the span being tabulated.
Calculation of moments

For buildings, it will normally be satisfactory to consider the deflections under

the quasi-permanent combination of loading, assuming this load to be of long
duration.

The quasi-permanent combination of loading is given, for one variable action, by

Gk + ‘//ZOk

A4.3(2)
Egn A.41

A43(2)
Eqn A4.2

A43.(2)
Egqn A43

A4.3(2)
Eqn A44

A4.2(5)

234 P(2)
Egn 29(c)

H
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v, = 03 NAD
Table 1
Therefore

Loading = 197 + (03 x 195) = 256 kN/m
Mid-span bending moment (M) = 256 x 7%/8 = 1568 kNm

10.1.3.2 Calculation of curvatures

In order to calculate the curvatures it is first necessary to calculate the properties
of the uncracked and cracked sections and determine the moment at which
cracking will occur.

10.1.3.2.1 Flexural curvature

E
The effective modulus of elasticity (E__) = il A43(2)
’ 1T+¢ Eqn A43
For concrete strength class C30/37, E_ = 32 kN/mm? 31.252
Table 3.2
2A. 2[(1650 x 150) + (250 x 300)] 65
u 2(1650 + 300) = mm
For internal conditions and age at loading of 7 days 31.255
Table 33
¢ = 31
Therefore
32
= = 78 kN/mm?
oet 1 + 31
E

S

Effective modular ratio («)) =

ceff

Modulus of elasticity of reinforcement (E) = 200 kN/mm? 3.2.43(1)
Therefore
78
A 4
0 = = = 2410 = 375 x 10°®

bd 1650 x 390

A’ 402

— —_—— 625 x 10~*
bd 1650 x 390

©
1]
I
I

For the uncracked section, the depth to the neutral axis is given by

b2 — (b - b )(h - h) (’%’f +h |+ (@, - 1) (A d +Ad)
« = = 1652 mm
bh, + bh - h) + (@, - ) (A, + A)

n
—_
3]

E
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The second moment of the area of the uncracked section is given by
bh® b (h - h)
I = L 4 L
! 12 12

bh (x — hj2)? + b (h — h)

2
h+h
(T' - x) +(or,~1) A’ (x—d'P + (o, ~1) A(d~X) = 7535 x 10° mm?*

For the cracked section the depth to the neutral axis is given by

SRR CYRIORR " +j (o + 2, = D017 + 2lap(a, = o' )
X = 0345d = 1346 mm

The second moment of area of the cracked section is given by

v w35 ool -2 e wly- )
— = —|=] +apl - =) + (@ — D=-- -
bd® 3\d e d ° d d
I = 00556bd® = 5448 x 10° mm*

The moment which will cause cracking of the section is given by

f. I
Mcr - ctm I
Y

2 = h-x = 450 — 16562 = 2848 mm

For concrete strength grade C30/37, fon = 29 N/mm? 31.24
Table 3.1
Therefore
29 x 7535 x 10% x 10°®
M, = =22 X X = 767 kNm
2848

The section is considered to be cracked, since

M, < M = 1568 kNm
Curvature of the uncracked section is given by

6
M _ 1568 x 10 — 2668 x 107° rad./mm
n E I 78 x 10% x 7535 x 108
ceff’1

Curvature of the cracked section is given by

1 M 1568 x 108

1 - - X . = 3690 x 10°° rad./mm

- Ec,eﬂln 78 x 10° x 5448 x 10
Having obtained the values for the two limiting conditions Eqn A.4.1 is used
to assess the intermediate value.
Hence

1 1

1. ;(%) -9 A43(2)

0 I Eqn A.4.1

]
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¢ = 1-88, (1)2
g

For high bond bars, B, = 10
05

o, is the stress in the tension steel calculated on the basis of a cracked section

For sustained loading, 8,

Therefore
aM(d-X) 2564 x 1568 x 10° (390 — 1346) = 1885 N/mm?
O = =

s I 5448 x 108

o_ is the stress in the tension steel calculated on the basis of a cracked section
under the loading which will just cause cracking at the section considered.

Therefore
st I
_ 2564 x 72.:4 ; lO:(ij — 1348 _ 902 Nimm?
Therefore
¢ = 1-0.5(%2‘%)2 = 088
Note:

o M

— may be replaced by ﬁ” in the above calculation
g

s

17 = [(088 x 369) + (1-088) x 2.668] x 107% = 3567 x 107 rad./mm

10.1.3.2.2 Shrinkage curvature

The shrinkage curvature is given by

= €E o —
cs e
I I

where

¢ IS the free shrinkage strain

For internal conditions and 2Ac/u = 165 mm
e = 060 x 103

cs

S is the first moment of area of the reinforcement about the centroid of the
section.

I'is the second moment of area of the section.
S and I should be calculated for both the uncracked and fully cracked conditions.
Curvature of the uncracked section
S, = A(d-x-A(x -d) = 4955 x 10° mm®

1

[12]

A432
Egn A44

3.1.255
Table 34

g = |
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: - . 495. ¢
1 _ 060 x 107 x 2564 ><6 955 x 10 — 10 x 10~ rad/mm
7535 x 10

rcsl

Curvature of the cracked section

S, = A(d-x-A (x-d) = 5815 x 10° mm®
) 103 . 5 3
a1 060 x 107 x 2564 x 5815 x 10 — 164 x 10-%rad./mm
r 5448 x 10°
csll
Therefore
1 1 1
cs csll csl

I

[(088 x 1.64) + (1 — 0.88) x 1.0] x 10~¢ = 1563 x 10~° rad./mm

The total curvature at mid-span
1. %+ :— — (3567 + 1563) x 10-° = 5130 x 10-rad./mm
Ccs

rtot

The flexural, shrinkage and total curvatures at positions x/I along the span are
given in Table 10.1.

Table 10.1 Curvatures x 10° (rad./mm)

Moment 1 1 1 1 1

Xl (kNm) A A ¢ T P P

0 0 0 0 0 0 1.000 1.000
0.1 56.4 0.960 - - 0.960 1.000 1.960
0.2 100.4 1.708 2.363 0.708 2.171 1.453 3.624
0.3 131.7 2.241 3.100 0.830 2.954 1.531 4.485
0.4 150.5 2.561 3.542 0.870 3.414 1.557 4.971
05 156.8 2.668 3.690 0.880 3.567 1.563 5.130
0.6 150.5 2.561 3.542 0.870 3.414 1.557 4971
0.7 131.7 2.241 3.100 0.830 2.954 1.531 4.485
0.8 100.4 1.708 2.363 0.708 2171 1.453 3.624
0.9 56.4 0.960 - - 0.960 1.000 1.960
1.0 0 0 0 0 0 1.000 1.000

10.1.3.3 Calculation of deflections

Having calculated the total curvatureé, the deflections may be calculated by
numerical integration using the trapezoidal rule.

The uncorrected rotation at any point may be obtained by the first integral given

b

y 1 1

i+ Ta
2

0 = 0  +

X x=1

X

!
n




SERVICEABILITY CHECKS BY CALCULATION

Having calculated the uncorrected rotations, the uncorrected deflections may
be obtained by the second integral given by

a = a +
X x=1

6, + 6, _, 1
2 n
where the subscript x denotes the values of the parameters at the fraction of

the span being considered, and the subscript x—1 denotes the values of the
parameters at the preceding fraction of the span.

l is the span -
n is the number of span divisions considered.

Hence the uncorrected rotation at 0.1/

i
_ 10+
e011 - eo + ( : 2 > ;
0+ (198 + 10} 456, 7090 _ 036 x 100 rad.
10
and the uncorrected deflection at 0.1/
a = a + ec11l + eo l
oll o —_— | —
2 n
0+ L"%’) 103 x 799 _ 0363 mm

The uncorrected deflections may then be corrected to comply with the boundary
conditions of zero deflection at both supports. This is done by subtracting from
the uncorrected deflections the value of the uncorrected deflection at the right
hand support multiplied by the fraction of the span at the point being considered.

The values of the uncorrected rotations, uncorrected and corrected deflections
at positions x/I along the span are given in Table 10.2.

Table 10.2 Deflections (mm)

1 x 106 1st 2nd
xi! r integral integral Correction Deflection
ot x 108

0 1.000 0 0 0 0
0.1 1.960 1.036 0.363 8.871 - 8.508
0.2 3.624 2.990 1.772 17.742 -15.870
0.3 4.485 5.828 4.858 26.613 ~21.755
0.4 4.971 9.138 10.096 35.484 -26.388
0.5 5.130 12.673 17.730 44,356 -26.626
0.6 4.971 16.208 27.838 53.227 —25.388
0.7 4.485 19.518 40.342 62.098 -21.755
0.8 3.624 22.356 54.998 70.969 -15.970
0.9 1.960 24.310 71.331 79.840 - 8.508
1.0 1.000 25.346 88.711 88.711 0

N
—
H
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SERVICEABILITY CHECKS BY CALCULATION

Maximum deflection at mid-span

span

= SPaN . imit of P2 _ 28 mm
250

a ., = 266 mm
ot

10.1.4 Simplified approach

The procedure for this approach is to

(1) Calculate the maximum bending moment and the moment causing
cracking

(2) Calculate the maximum deflections for the uncracked and fully cracked
conditions, and use Eqn A.4.1 to assess the final maximum deflection.

From Section 10.1.3.2.1 the maximum bending momentM = 156.8 kNm, and
the moment causing cracking M_ = 767 kNm.

The maximum defiection of the uncracked section due to flexure

swit
a, = ———
384Ec,eﬁll
w = 256 kKN/m
{ = 70m
E = 78 kN/mm?
I = 7535 x 10° mm*
Therefore

4 12
a _ 5 x 266 x 7" x 10 — 136 mm

! 384 x 78 x 10% x 7535 x 108

The maximum deflection of the cracked section due to flexure

Swi*
a, = —
384E__ I
I = 5448 x 10® mm?
Therefore
4 _ 5 x 256 x 7* x 102 ~ 188 mm
o 384 x 78 x 10° x 5448 x 108
Final maximum deflection due to flexure
a = fa, + (1 - Ha, Ad4.3(2)
Eqn A4.1
g' =

- oa ]

N
&

B



SERVICEABILITY CHECKS BY CALCULATION

B, = 10

B, = 05
Therefore

767 \2
= 1 -05(-=2L = 0.

4 |woes) = oo
Therefore

a = (088 x 188) + (1 — 088) x 136 = 182 mm

It must be appreciated that the defiection calculated above is due to flexure
only. The additional deflection due to shrinkage must also be assessed. The
shrinkage curvature at mid-span from Section 10.1.3.2

— 1563 x 107° rad./mm

-6 2 6
2 =ll12=1.563x10 X 7° x 10 — 96 mm
cs 81ir 8
CS,
a, = a+a, = 182 + 96 = 278 mm

This figure is close to the rigorously assessed value of 266 mm.

10.1.5 Alternative simplified approach

An alternative simplified approach, which directly takes account of shrinkage,
is given in BS 8110@.

The procedure here is to calculate the total curvature at one point, generally
the point of maximum moment. Then, assuming the shape of the curvature
diagram to be the same as the shape of the bending moment diagram, the
deflection is given by

a = K12(1—)

rlot

where
K is a factor dependent upon the shape of the being moment diagram.

For a simply supported beam with uniformly distributed load
K = 0104

Total curvature at mid-span, from Section 10.1.3.2

= 5130 x 107° rad./mm

tot

Therefore maximum deflection at mid-span

a = 0104 x 72 x 5130 = 262 mm

tot

Again this is close to the rigorously assessed value.

[216]

BS 8110:
Part 2
Section 3

BS 8110:
Part 2
372
Egn 11

BS 8110:
Part 2
37.2
Table 3.1

|
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10.1.6 Comparison with span/effective depth ratio

The procedure for limiting deflections by use of span/effective depth ratios is
set out in EC2 Section 4.4.3.

For the example considered

2 _ 2
oeqg = 2392 mm AS‘prov = 2410 mm
. _ 100As,p,°v _ 100 x 2410 _ 037%
bd 1650 x 390
Therefore the concrete is lightly stressed, p < 05% 4.43.2(5)(c)
The NAD® introduces a category of nominally reinforced concrete NAD 6.4(e)
correspondingto p = 0.15%

Basic span/effective depth ratio for a simply supported beam, interpolating for
o = 037%

NAD

= 28 Table 7

Q |~

For flanged beams where b/b, > 30 the basic span/effective depth ratio 4.43.2(3)
should be multiplied by a factor of 0.8

The span/effective depth ratios given in NAD Table 7 are based on a maximum
service stress in the reinforcement in a cracked section of 250 N/mm?. The
tabulated values should be multiplied by the factor of 250/c_ for other stress
levels, where g_is the service stress at the cracked section under the frequent
load combination. As a conservative assumption the Code states that the factor
may be taken as

- 250 400

GS f (As,rg)

s,prov

Therefore, for this example, allowable spanfeffective depth ratio

_ 28 x 0.8( 400 - 196

l
d 460 x 2392/2410

! _ 7000

l
= (al = 196 - 18.
p (allowable) > P (actual) 390 0

If the span/effective depth ratio is modified using the service stress in the
reinforcement as calculated in Section 10.1.3.2.1 but adjusted for the frequent
load combination

o, = 1885 x 31.4/256 = 231 N/mm?
l 250
= (all le) = } —_— = i .
d(a owable) 28 x 08 x 31 216 > 180 (actual)
fr7]

B



SERVICEABILITY CHECKS BY CALCULATION

It can be seen from this example that whilst the span/effective depth ratio based
on the calculated stee! service stress suggests that the deflection should be
well within the prescribed limits, the deflection from the rigorous and simpilified
analysis proves to be much nearer to the limit of span/250.

This is due to the contribution to the deflection from shrinkage, which in this
example is approximately a third of the total deflection.

The values of shrinkage strain given in EC2 Table 3.4 relate to concrete having
a plastic consistence of classes S2 and S3 as specified in ENV 206®. For
concrete of class S1 and class S4 the values given in the Table should be
multiplied by 0.7 and 1.2 respectively.

Table 4 of ENV 206 categorises the class in relation to slump as given in
Table 10.3.

Table 103 Slump classes

Class Slump (mm)
S1 10 — 40
S2 50 - 90
S3 100 - 150
S4 = 160

Thus for classes S2 and S3 the slump may vary between 50 mm and 150 mm.
Itis not logical that mixes with this variation of slump, and hence wic ratio, should
have a standard value of shrinkage strain.

If the values in EC2 Table 3.4 are assumed to relate to the median slump for
classes S2 and S3 of 100 mm, then the values for slumps of 40 mm to
100 mm should be multiplied by a factor between 0.7 and 1.0 and values for
slumps of 100 mm to 160 mm should be multiplied by a factor between 1.0
and 1.2.

As most normal mixes will have a slump in the order of 50 mm the values of
shrinkage strain for the example considered would be:

1 -07

0.60 x 1073(0.7 + x 10

= (060 x 1073 x 0.75 = 0.45 x 1073

This figure relates more closely to the value which would be given in BS 8110,
for the same example, of 0.4 x 1073,

For the example considered, the calculated deflection due to shrinkage from
the rigorous assessment would be

91 x 0.75 = 6.8mm

and the total deflection from the rigorous assessment would be

a = 266 - 91 +68 = 243 mm

tot

span

This is well within the limit of = 28 mm

3.1.255(4)
ENV 206
7.2.1

ENV 206
7.21
Table 4

BS 8110:
Part 2

7.4

Figure 7.2

[oral—
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SERVICEABILITY CHECKS BY CALCULATION

10.2 Cracking

Check by calculation that the longitudinal reinforcement in the reinforced
concrete wall section shown in Figure 10.2 is sufficient to control cracking due
to restraint of intrinsic deformation resulting in pure tension.

T16-200 —

7 T12-125

Figure 10.2 Wall section

10.2.1 Design data
Concrete strength class is C30/37.
Cover to reinforcement = 35 mm
High bond bars with f, = 460 N/mm?

Exposure class 2(a)

10.2.2 Calculation method

Requirements for the control of cracking are given in EC2 Section 4.4.2. Crack
control is normally achieved by the application of simple detailing rules.

The procedure for the calculation of crack widths is first to calculate the stress
and hence the strain in the reinforcement, taking into account the bond
properties of the bars and the duration of loading. Next, the average final crack
spacing dependent on the type, size and disposition of the reinforcement and
the form of strain distribution is established.

The design crack width may then be obtained and compared with the limiting
design crack width. in the absence of specific requirements, a limiting crack
width of 0.3 mm will generally be satisfactory for reinforced concrete members
in buildings with respect to both appearance and durability.

10.2.3 Check by calculation
10.2.3.1 Calculation of steel stress and strain

Steel stress:

kc kfct eft Act
o, = — —
AS
where
A = area of reinforcement within the tensile zone

905 x 2 = 1810 mm?*m

NAD
Table 6

44.2.1(6)

44.2.23)
Eqn 478
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= area of concrete within tensile zone
= 1000 x 200 = 200 x 10® mm2

ct

k.= a coefficient taking account of stress distribution

= 1.0 for pure tension

k = acoefficient allowing for the effect of non-uniform self-equilibrating
stresses
= 08 for tensile stresses due to restraint of intrinsic deformations
(h = 300 mm)
f... = tensile strength of concrete effective at first cracking

cteff

= 38 N/mm? (taking £, .. but see Section 10.2.3.4)

Therefore
10 x 08 x 3. 200 x 108
o, = 2XD8 X388 X200 X0 _ a5 Nymme
1810
Mean strain:
o 2
€m = = |1 - 3162&)]
Es o,
where
E. = modulus of elasticity of steel
= 200 kN/mm?
B, = a coefficient taking account of bond properties of the bars
= 1.0 for high bond bars
B, = a coefficient taking account of load duration
= 05
o, = the stressin the reinforcement based on a cracked section under
the load causing first cracking
= ¢ for intrinsic imposed deformation
Therefore
336
e = ——— (1 -05] = 84 x 10-*
o 200 x 10° ( )

10.2.3.2 Calculation of crack spacing

The average final crack spacing

S, = 50 + 025kk, (2)
pr
where
k, = a coefficient taking account of the bond propetties of the bar

0.8 for high bond bars

]

31.24(3)
Table 3.1

44.2.4(2)
Eqn 481

3.2.43(1)

44.2.4(3)
Eqgn 482

N
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SERVICEABILITY CHECKS BY CALCULATION

In the case of imposed deformations, k, should be multiplied by k, with k being
in accordance with EC2 Section 4.4.2.2.(3).

k, = a coefficient taking account of the form of strain distribution
= 1.0 for pure tension A
p, = the effective reinforcement ratio = >
ceff

et = the effective tension area.
The effective tension area is generally the area of concrete surrounding the
tension reinforcement to a depth of 2.5 times the distance from the tension face
to the controid of the reinforcement or, for members in tension, half the actual
member thickness, whichever is the lesser. This is calculated as:

25 x 35+ 12/2) = 103 p» hi2 = 100 mm

Therefore
A .= 1000 x 100 = 100 x 10°® mm?
1810
= ——————— = 0009
P 2 x 100 x 10°
025 x 08 x 08 i 1
s = 504 025 x08x08x10 X180 _ o653 mm
0.009
10.2.3.3 Calculation of crack width
The design crack width
w, = Bs_ e, 4424
Eqn 480
where
B = acoefficient relating the average crack width to the design value
= 1.3 for restraint cracking in members with a minimum dimension
of 300 mm or less.
Therefore
w, = 13 x 263 x 84 x 107* = 029 < 03 mm (limit)

10.2.3.4 Concluding remark

The Code suggests a minimum value of 3 N/mm? be taken when the time of
cracking cannot be confidently predicted as being less than 28 days.

Whilst the values given for f 4o S€8M high, it is difficult at the design stage to
assess accurately the as placed concrete strength because this often exceeds
the class specified. Consequently, unless strict site control is exercised, it would
be prudent to adopt the apparently conservative figures given in EC2 Table 3.1.

Gl
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{1 DEEP BEAMS

11.1 Introduction

The design of deep beams may be based on analyses applying:

(@) linear elastic analysis;

(b) an equivalent truss consisting of concrete struts and arches with
reinforcement, all preferably following the elastic field;

(c) non-linear analysis.

In EC20 details of the analysis model and, therefore, much of the design are
not given and it is left for the Engineer to satisfy the principal Code requirements.
This can be achieved using CIRIA Guide 2, The design of deep beams in
reinforced concrete™®, which also provides recommendations on the detailed
analysis and design. The Guide was written for use with the then current British
Standard CP 11019,

Here it has been assumed that a complete design to the CIRIA Guide would
be carried out and then checks made to demonstrate compliance with the
specific clauses for deep beams in EC2.

To highlight some of the differences between EC2 and design to the CIRIA
Guide, the example in Appendix B of the Guide has been used.

A small number of EC2 clauses have been identified as relating specifically to
deep beams:

(@) 25.21(2) definition of deep beams

(b) 253.73 - analysis modelling
(¢) 44.23(4) - skin reinforcement
(d) 545 - reinforcement detailing

11.2 Example

A proposed arrangement of walls and columns is shown in Figure 11.1. Loading
details are presented in Figure 11.2. It is intended to justify a design using the
Simple Rules of Section 2 of the CIRIA Guide.

The beam is a flat vertical plate and the thickness is small compared with other
dimensions.

There are two loads which may be defined as concentrated and no indirect
loads or supports.

In EC2 a beam is classified as a deep beam if the span is less than twice the
depth.

CIRIA Guide 2 classifies deep beams as ‘Beams with span/depth ratios of less
than 2 for single span beams or less than 2.5 for multi span beams’, thus giving
an extended range of elements to be designed as deep beams in comparison
with EC2.

251.1(5)
25373

CIRIA
Guide 2
Cl.2.1.1(1)
Cl.2.1.1(4)
Cl.2.1.1(5)

25.2.12)
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11.21

57-6 kN/m dead load l 475 kN l 475 kN
+ 440 kN/m live load dead load dead load

AR R R RN RNy

kN/m dead load + 44 0 kN/m | tive load

bbbt s bbby e
|
|

10-680 >
Y

Load between faces of supports
included in bending moment

<

-
!
|
|

|
|
|
|
|
l
|
|
|
|

57.6 kN/m dead load + 44-0 kN/m |live load

AR R R R RRRERER'

}

| |
| |

| |

|78- kN/m self weight + I

[57.6 kN/m dead load + 44-0 kN/m | live load

B bbbttt bty

Ll n

Figure 11.2 Loading details

Durability

For dry environment, exposure class is 1.

Minimum concrete strength class is C25/30.

The CIRIA Guide example uses f, = 30 N/mm?

Use C25/30 for design to EC2 to keep examples broadly consistent.

Minimum cement content and water cement ratio

Minimum cover to reinforcement = 15 mm
Assume nominal aggregate size = 20 mm
Assume maximum bar size = 20 mm

20 mm

v

Nominal cover

]

Table 4.1

ENV 206
Table NA1

ENV 206
Table 3
NAD
Table 6

NAD 6.4(a)

nN
n
ﬁ‘h



DEEP BEAMS

Use 25 mm nominal cover

Check requirements for fire resistance to BS 8110: Part 22 NAD 6.1(a)

11.2.2 Materials

Type 2 deformed reinforcement with fyk = 460 N/mm? NAD 6.3(a)

Concrete strength class C25/30, nominal aggregate size 20 mm

11.2.3 Effective dimensions of beam CIRIA

Guide 2

Effective span (/) I+ (/2 =< 0.110) + (c,f2 = 0.110) Cl.2.21

5000 + %) + 01 x 5000 = 5750 mm

Note that EC2 effective spans typically come to the mid-point of the supports. Figure 2.4

Active height (h) = lesser of h and !
h = 10920 > | = 5750 mm
Therefore
h, = 5750 mm
Thickness of beam = 300 mm

This thickness is used to be consistent with the CIRIA Guide 2 example. It will
be necessary under EC2 to demonstrate that the required reinforcement can
be accommodated within this width. The effective dimensions of the beam are
shown in Figure 11.3

Height of beam

h=10920
i Effective span = 5750 |
| 1 11000 ] .
Maximum effective
cy =500 Clear span g = 5000 cy= 2000 | support width = 0-21(,
| |

Figure 11.3 Effective dimensions of beam

fo2s]
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11.2.4 Elastic stability — slenderness limits

The CIRIA Guide Simple Rules assume no reduction of capacity due to the
slenderness of the section or to lack of adequate restraint. This is valid if every
panel can be defined as braced and not slender.

In the examination of this condition, the CIRIA Guide states that the effective
height of each panel is taken to be 1.2 x the shortest distance between centres
of parallel lateral restraints (where there are effective lateral restraints at all four
edges of the panel) or as 15 x the distance between the centres of the paraliel
lateral restraints (where one or two opposite edges of the panel are freg). When
both rotational and lateral movements are restrained the effective height may
be taken as the clear distance between restraints.

In EC2 the demonstration is not quite as straightforward.

The floors are assumed to be held in position horizontally by an adequate 43532
bracing system and are 'braced’ in accordance with EC2.

The floor siabs are monolithic with the wall so the effective height, L, is 43535

calculated from the relevant clauses in EC2 referring to columns. However the Egn 460
design example does not give any information on the adjacent structure so k, Figure 4.27
cannot be calculated but 8 = IO/ICol cannot exceed 1.0 and therefore

A = 10 x 3540 = 3540 mm 43535(1)
The wall is considered slender if A exceeds the greater of 25 or 15/‘/—1: 43535(2)

A

14
u

radius of gyration = 300/12 = 86 mm
1/i = 354086 = 41.2

NSd/Acfcd

N, say in lower storey (bottom loads not considered)

15/,

576 x 3 x 135 + 44 x 3 x 15 + 2 x 475 x 135/575
654 kN/m

654 x 10°
1000 x 300 x 25/15

= 013

416 >N = 4.2

| The wall is not slender

11.2.5 Loading

Loading details are shown in Figure 11.2 and evaluated in Tables 11.1 and 11.2.

26}
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Table 11.1 Characteristic loads

Total load Q G CIRIA
o loacs (<N/im) (kN Guide 2
1.2.3
Slab at level 8I 231
14.220 44.0* 57.6 e
10.680 44.0* 57.6*
7.140 440 57.6
3.600 44.0 57.6
Self-weight = 0.3 x 1092 x 24 - 78.6
176.0 309.0
Point loads at level 14.220; 2 @ 475 kN*, which are considered as dead loads CIRIA
Vertical forces applied above a level of 3.30 + 0.75 x 5,75 = 7.620 are Guide 2
considered as top loading and loads below as hanging loads Cl.2.31(1)

‘considered as top ioads

In EC2 differing . values produce slightly different design forces to those in
CIRIA Guide 2

Yo = 135 Yo = 15
Ultimate distributed top load
VG + 1Q = 15 x 88 + 135 x 1152 = 288 kN/m

Table 11.2 Hanging loads

Loads applied within the depth of the beam (kl\?/(m) (kS)‘m)

Slab at level 7.140 440 576

Self-weight - 786
440 136.2

Loads applied to the bottom of the beam

Slab at level 3600 440 576

Total hanging load 880 1938

The CIRIA Guide Simple Rules apply where the intensity of any load is less CIRIA
than 0.2f and the load is applied over a length which exceeds 0.21. More Guide 2
intense loads and those applied over shorter lengths are considered to be Cl.2.31(5)
‘concentrated’, in which case reference should be made to the Supplementary

Rules in the Guide.

To allow for design to EC2 where different ~,. values and concrete strength
classes are used, the check for load intensity might reasonably be made against

0.2 x ratio of y, values x (f, /f ) x f,

Cu ¢

135) (30
= 02 x (W) (5.5-)fck = 023f,

Ultimate concentrated top load = 135 x 475 = 641 kN
Allowing for 45° spread of load through thickness of slab
Load intensity = 641 x 10%(800 x 300) = 267 N/mm?

[557]
Z
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This loading is well below 0.23f but, because the length of the loaded area
islessthan 0.2/ = 02 x 5750 = 1150 mm, some additional reinforcement
may be required and must be calculated using the Supplementary Rules in
the CIRIA Guide.

11.2.6 Moment and shears CIRIA
Guide 2
11.2.6.1 Reactions due to loads on clear span Cl.23.2

The arrangement of loading and supports assumed for calculating the bending
moments is shown in Figure 11.4. These loads are for the fully loaded system.

1-35x 475 kN
1:5%x 176 kN/m
1-35X 309 kN/m

Ry= 1944 kN £ ” : ; g Rg=2103 kN
0 L 1000|500

25 4000 N
- » >

Figure 11.4 Total loads at ultimate limit state
Reactions from total loads are

R, = 1944kN, R, = 2103 kN

Shear forces must be considered for top- and bottom-load cases separately.
Consider the bottom-loaded case shown in Figure 11.5.

Total bottom load = 135 x 1938 + 15 x 88 = 3936 kN/m

Reactions from bottom applied loads are

R, = 1027kN, R, = 941 kN
15X 86 kN/m
135 % 193'8 kN/m
R, 21027 kN £ \ Rg= 941 kN
250 | 5000 | s00
r 1

Figure 11.5 Hanging loads at ultimate limit state

Reactions from top loads are thus
R, = 1944 - 1027 = 917 kN

Ry, = 2103 - 941 = 1162 kN

11.2.6.2 Additional shear forces due to loads over supports

Loads acting over the effective support width apply an additional shear force CIRIA

to the critical section of the beam (i.e., at the support face). In this example, Guide 2
one of the point loads acts at the centre line of the actual support, B, as shown Cl.232
in Figure 11.6.

[oosl—
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[Tout kv |
l 2000

»

Active height
of beam
ha=5750

Support Support
Nl B |-t

| | |1°°(L I Effecfive support
5°°_|‘ lo= 5000 ™ 2000 width 021,

- e -

Figure 11.6 Additional load at support B

Since the effective support width is half the actual width, the additional shear
force

05 x 641 x (h, - 0.21)lh,

3205(5.75 — 0.2 x 50)/6.75 = 265kN

11.2.6.3 Total shear forces

At support A
Top loading (Vo = 917 kN
Bottom loading (V) = 1027 kN
Total (V) = 1944 kN
At support B
Top loading (Vg = 1162 + 265 = 1427 kN
Bottom loading (V) = 941 kN
Total (Vg) = 2368 kN

11.2.6.4 Maximum bending moment

Position of zero shear (where x is distance from face of support A) is given by
1944 - (15 x 176 + 135 x 309)x = O

Therefore x = 285 m
2.852
M = 1944 (285 + 0.25) - 681 x T = 3261 kNm
[o0}—
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11.2.7 Strength design CIRIA
i . . . , Guide 2
Bending capacity check in accordance with CIRIA Guide 2 Cl.24 &
th, = 1 <15 241

Hence there is no need to check the compression in the concrete and the area
of steel required may be calculated from a lever arm given as

z = 02 + O.4ha = 3450 mm

For the reinforcement area there is no difference in using EC2 equations.

f = X - = - 400 N/mm? Table 2.3

y fy z 400 x 3450

This is 15% less than CIRIA Guide 2, predominantly due to a higher yield
strength reinforcement used in this example, but also in part because of lower
v values used in EC2.

11.2.8 Detailing of principal bending moment reinforcement

CIRIA Guide 2 states ‘Reinforcement is not to be curtailed in the span and may CIRIA
be distributed over a depth of 0.2h_. A minimum steel percentage in relation Guide 2
to the local area of concrete in which it is embedded is given in ClL2441
Table 1. Cl.26.2

Minimum steel percentage = 0.71%

A maximum bar spacing for a maximum crack width of 0.3 mm is given in
Table 2 of the CIRIA Guide.

Spacing =< 165 mm, forb = 300 mm
Reinforcement may be distributed over depth = 0.2 x 5750 = 1150 mm

i.e. minimum number of bars in face = Eiq = 7

165

Use 14716 for main tension reinforcement

A = 2814 mm? > 2363 mm?required ............... OK

S

EC2 requires for beams a maximum bar size or a maximum bar spacing to 4423
limit cracking under quasi-permanent loading.

Quasi-permanent loading = G, + 03Q, 44.2.3(3)
Ratio to ultimate loading = 056

A
Estimate of steel stress = 056f, x 3% = 188 N/mm?

s,prov

)
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Maximum bar size is 25 > 16 mm ........................... OK Table 4.11
Maximum bar spacing is 250 (pure flexure) > 165 mm ........... OK Table 412

Note that only one of these conditions needs to be met.

In CIRIA Guide 2, the bars must be anchored to develop 80% of the maximum CIRIA
ultimate force beyond the face of the support and 20% of the maximum ultimate Guide 2
force at or beyond a point 0.2 from the face of the support, or at or beyond Cl.2.41
the far face of the support, whichever is less. The main reinforcement must be

anchored so that the concrete within the area of support relied upon for bearing

is adequately confined.

EC2 for deep beams requires that the reinforcement, corresponding to the ties 54.5(1)
considered in the design model, should be fully anchored beyond the nodes

by bending up the bars, by using U-hoops or by anchorage devices, unless

a sufficient length is available between the node and the end of the beam

permitting an anchorage length of lb’n o

The EC2 requirements are clearly more onerous.

Support A anchorage

alA
by = —280 g 52341
3 A b,min
s,prov Egn 54
where
o, = 0.7 for curved bars with side cover = 3¢
foa = 2.7 N/mm? for good bond in bottom half of pour Table 53
f 4
I, = f(ﬁ) = i(ﬂ)) = 37¢ Eqgn 53
a\r 4\27
A, = 2363 mm? A = 2814 mm?
req s,prov
Therefore
2363
lb,net = 07 x 37 x 16) x — = 348 mm

There is insufficient distance to accommodate such an anchorage length beyond
the centre-line of the column.

If U-bars or loops are provided, the minimum internal diameter of the bend needs

to satisfy the requirement for curved bars. This is an indirect check on the

crushing of the concrete inside the bend and the tabulated value could be NAD
multiplied by Asreq/Aspm. Table 8
Minimum internal diameter of bend = 13¢ = 208 mm

Note that it is necessary to check that sufficient space is available in the final
detailing.

At support B a straight anchorage will be sufficient to meet both CIRIA Guide 2
and EC2 requirements.

fos1]—
1231}



DEEP BEAMS

11.2.9 Minimum longitudinal steel

CIRIA Guide 2 refers to the British Standard CP 110, and EC2 will be slightly
more onerous.

For beams generally
A, « O.6btd/fyk £ 00015bd 54211

Basing the flexural steel on the active height assumed for the beam design

A, = 00015 x 300 x 5750 = 2588 mm?

Deep beams should normally be provided with a distributed reinforcement near 545(2)
both sides, the effect of each being equivalent to that of an orthogonal mesh
with a reinforcement ratio of at least 0.15% in both directions.

A, = 0003 x 300 x 1000 = 900 mm?%m

This reinforcement should also satisfy the requirement that beams with a total 4.4.2.3(4)
depth of 1.0 m or more, where the main reinforcement is concentrated in only

a small proportion of the depth, should be provided with additional skin
reinforcement to control cracking on the side faces of the beam. This
reinforcement should be evenly distributed between the level of the tension steel

and the neutral axis, and should be located within the links.

A, 44.2.2(3)
Y KK el Eqgn 478
ct
where
k. = 0.4 assuming value for bending is to be used
k = 05 44.23(4)
fot = 3 N/mm? using suggested value
o, = fyk = 460 N/mm? 4.4.23(4)
Hence
AS
; = 04 x 05 x 3/460 = 00013

The requirements of either Table 4.11 or Table 4.12 of EC2 should be met.

Assume steel stress = (+-) x value for main bars = 94 N/mm? 44.23(4)
Table 4.11
Maximum bar size
ey = 32mMm
Maximum bar spacing in 'pure tension’ condition Table 4.12
s = 200mm 44.2.3(4)

L Use T10 @ 150 mm crs (EF) above level of main reinforcement

&3
R
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DEEP BEAMS

A, = 1048 > 900 mMmm ... ... ... OK

11.2.10 Shear design

CIRIA Guide 2 separates top and bottom loads and deals with the design of CIRIA

these in different ways. Guide 2
In principle the bottom loads require vertical tension hangers to suspend the Cl24.2

loads above the active beam height, h_, with horizontal web reinforcement
needed in the area of the supports.

The top-load shear calculations include taking into account any additional shear
force induced by top loads over the supports.

Under the simple design rules the top-load shear capacity is not improved by
web reinforcement.

A nominal, orthogonal pattern of web reinforcement not less than the minimum
required for walls in BS 8110 is intended. This is augmented for bottom loads
and in the area of the supports.

The detail of the CIRIA Guide calculation is not repeated here and reference CIRIA

should be made to the original document. The reinforcement details are shown Guide 2

in Figures 11.7 and 11.8. Figures 93
& 13
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Figure 11.7 Arrangement of reinforcement
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DEEP BEAMS

/1

Ir

3

Hanger bar given a full
tension anchorage length
above hg

Full tension lap

Hanger bar anchored as
a link around main bars

Figure 11.8 Detail at bottom of wall

Using the standard method in EC2

Vs = 2368 kN maximum at support B
Vesrk = Ta H(1.2 + 40p,)b d
Tag = 030 N/mm?
A " = 0.15%Ac, therefore p, = 0.0015
k = lasd > 06m
d = h - 02h, say
= 10920 - 0.2 x 5750 = 9770 mm
bw = 300 mm
Therefore
Ve = 03 (.2 + 40 x 00015300 x 9770 x 108
VSd > VH a1 therefore shear reinforcement needed
Vess = Voo + de' where Vcd = Vam
Therefore
de = 2368 - 1108 = 1260 kN
A 0 3
Do 5 O X0 i = 400 Nimm?
s 0.9df yw
ywd
= 036 mm%mm

43.2.2(7)

Eqn 4.18
Table 48

Eqn 4.22

Eqgn 4.23

—4



DEEP BEAMS

1.2.11

Where the load is not acting at the top of a beam, suspension reinforcement
should be provided to transfer the load to the top.

The bottom load identified previously = 3936 kN/m

Area of hanger steel needed with f = 400 N/mm?
A
T 3938 _ 99 mm2imm
S 400

Use T16 @ 150 mm crs. (EF) when hangers are needed

A
s _ 2x20 :‘5501 - 268 > 036 + 099 = 135 mm¥mm ... OK
S

Use T10 @ 150 mm?EF) elsewhere

A 78
= - 2 = 104 > 036mm%mm ............... OK
s 150
Minimum shear reinforcement with fywk = 460 N/mm?
e, = 00012 by interpolation
A
= = 00012b, = 036 mmimm .. OK
s

For heavily loaded deep beams it may prove more complicated to justify the
shear.

Further guidance

CIRIA Guide 2 has further guidance for reinforcement in support regions, under
concentrated loads and around holes in beams.

Supplementary design rules are also provided for deep beams that include
arrangements excluded by the simplified method.

It is because of the extent of this information that the initial suggestion was made,
that a complete design to the CIRIA Guide is undertaken and then a parallel
design to EC2 is performed as appropriate, to demonstrate compliance with
the individual clauses.

&
W
N

432.41P(@3)

Table 55

CIRIA
Guide 2
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{2LOAD COMBINATIONS

12.1 Introduction

EC2" considers all loads as variables in time and space and applies statistical
principles to arrive at the loads for design. There is an underlying assumption
that the basic loads themselves are described in statistical terms. Thus, when
variable loads of different origins, for example superimposed loads on floors
and wind loads on the faces of buildings, have to be considered acting together
in a load case, the probability of both loads not being at their full characteristic
values is allowed for by multipliers called y factors. These factors too are derived
statistically and values are given in EC1©@% and the NAD to EC2%,

Thus when a number of variable loads have to be considered simultaneously
in any load case, each load is treated in turn as the primary load and others
are considered secondary. The primary load is applied at its characteristic value
multiplied by the partial safety factor. All secondary loads are applied at their
characteristic values multiplied by the partial safety factor and further multiplied
by a ¢ factor. These ¢ factors vary depending upon the limit state and the type
of loading being considered.

Mathematically the design load for ultimate limit state may be represented as:
G * Yol * E{Yo,i‘bqi Q,;
primary load secondary load

While the above procedure is the general approach, EC2 also provides simplified
rules:

(a) where only one variable load occurs the design load
= I 'yG'ij,j + 1.5Q,

(b) when more than one variable load occurs the design load
= X VG[ij + 1'3521Oki
ik, =k,

It is important to note that this Code permits the use of either approach although
in some circumstances the general method may result in higher loading.

In practice the simplified procedure will be perfectly satisfactory for most
situations and could be used.

The following examples are given to illustrate the thinking behind the general
approach and indicate where the general approach may be required.

Usually, when dead loads produce a favourable effect, v, can be taken as
unity. However, if the variation of the magnitude of the dead load is likely to
prove sensitive then v should be taken as 09.

For the particular case of continuous beams without cantilevers, the Code
permits the use of vy, = 135 for all the spans.

When calulating the loads on vertical elements of multi-storey structures the
vertical loads may be based on either:

() loads from beams multiplied by suitable ¢ and v, values; or

(b) loads on beams multiplied by «, values and a global reduction in loading
applied using the procedure given in BS 6399%", This is the approach in
the NAD.

ol



LOAD COMBINATIONS

12.2 Example 1 - frame

For the frame shown in Figure 12.1 identify the various load arrangements, to
check the overall stability. Assume office use for this building.

Note that the load arrangements for the design of elements could be different.

S owa Y roaa

Figure 121 Frame configuration — example 1

12.2.1 Notation

Characteristic loads/m

G, = dead - roof
G, = dead - floor
Q, = imposed — roof
Q, = imposed - floor

Characteristic loadfframe

Wk = wind — roof or floor

12.2.2 Load cases — example 1
Fundamental load combination to be used is 23.2.2P(2)
v, Gy + Y01 Qs + i§1”Yo,i¢ink,i Eqn 2.7(a)

As the stability will be sensitive to a possible variation of dead loads, it will be
necessary to allow for this as given in EC2 Section 2.3.2.3(P3).

Take
Yan 03, Yosp = 199 Table 2.2
Yq = 15 NAD
¥, = 07 for imposed loads (offices) Table 1

[o77]
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LOAD COMBINATIONS

12.2.2.1 Load case 1 — example 1

Treat the wind load as the primary load (see Figure 12.2).

0-9Gkr 135G kr + 0-7(1-5Qgkr)
/ /

1-5wy Y'Y Y
0-9G6 kf 1-35GK¢ +| 07 (1-5Qf )
/ /

15wk Wl L L 4
0-9G k¢ 1:35Gkf +]0-7(1-5Qk¢f)
/ /

15W 2777 77 7717

Y erarars T

Figure 12.2 Load case 1 — example 1

12.2.2.2 Load case 2 — example 1

Treat the imposed load on the roof as the primary load (see Figure 12.3).

0-9G 135G ke + 1-5Qkr
/
0:7(1:5Wk}—»
096G ¢ 135G ks +| 0-7 (1-5Qx¢)
/
0.7 (1.5Wy) el 2L LT 77 7 71
0-9Gkf 1-35G k¢ +| 0-7(1-50.¢)
/ /
/
0-7 (1-5Wg) Ll Ll Ll
Vavarers e arere

Figure 12.3 Load case 2 — example 1

I\ﬂ
A
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LOAD COMBINATIONS

12.2.2.3 Load case 3 — example 1

Treat the imposed load on the floors as the primary load (see Figure 12.4).

0-9Gkr 1-35Gkr + 0-7(1-5Qkr]
/
07 (15Wg) —» Y Y Y Y E
0-96 ¢ 1-35G6k¢ +| 1-5Qk¢
/ /
0-9G k¢ 1-35Gkf +| 1-SQks
/
0-7(1-5Wk) —» LL Ll 227
777 777

Figure 124 Load case 3 — example 1

12.2.2.4 Load case 4 — example 1

Consider the case without wind loading treating the imposed floor loads as the
primary load (see Figure 12.5).

0-9Gkr 1-35Gkr + 0-7 (1-5Qkr)
/ /
Y Y Y Y =
/0-9ka 1~/35tskf +|1-50k¢
777 Z 17
0-9G k¢ 135G K¢ +| 1-5Qkf
/ /
eyl Z 4
7—7*% e araye

Figure 125 Load case 4 — example 1
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LOAD COMBINATIONS

12.2.2.5 Load case 5 - example 1

Consider the case without wind loading treating the imposed roof load as the
primary load (see Figure 12.6).

0-9G kr 1356kr + 1-5Qkr
/ /
Y Y Y Y Y YE
0.9G k¢ 1-/35&kf +§07 (1-50k¢)
L L L L L 4
/0-96 kf 1)356” +|0-7 (1-50k¢)
i A 4

Figure 12.6 Load case 5 — example 1

Note:

When the wind loading is reversed, another set of arrangements will need to
be considered. However, in problems of this type, the critical arrangements are
likely to be found intuitively rather than by directly searching through all the
theoretical possibilities.

12.3 Example 2 - continuous beam 1

Identify the various load arrangements for the ultimate limit state for the design
of the four-span continuous beam shown in Figure 12.7.

Assume that spans 1-2 and 2—3 are subject to domestic use and spans 3—-4
and 4-5 are subject to parking use.

4 A

of o o o o
Domestic use Parking use

Qg1 ( YVo=05) Qg2(Vo=0-7) )

Figure 12.7 Beam configuration — example 2

no
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LOAD COMBINATIONS

12.3.1 Notation

Gk characteristic dead load/m
Q

Q, characteristic imposed load/m (parking use)

. characteristic imposed load/m (domestic use)

12.3.2 Load cases — example 2
Fundamental load combination to be used is
L 'YG,ij,j + 70,1Qk,1 + i§170,i¢o,iok,i

For beams without cantilevers the same value of self-weight may be applied
to all spans, i.e., 1.35G,.

The load cases to be considered for the imposed loads are

(a) alternate spans loaded; and

(b) adjacent spans loaded.

23.2.2P(2)
Egn 2.7(a)

2.3.2.3(4)

2.5.1.2(4)




LOAD COMBINATIONS

The various load arrangements are shown in Figure 12.8,

1-35Gy

A ) Y Y Y NV NVY Y
1 12 13 Tl. 5

Note Load case A above should be combined with cases B-J
below as necessary

1-5Q 0-7 (1:5Q2)

/ /
B Y [

Max. +ve moment in 1-2 and moax. col. moment at 1
0:5 (1:5Q4) 1-50. 2
/

Max. +ve moment in 3-4 and max. col. moments at 3 and &
1-5Qk1 0'7(1'50.k2 }

] Y

Max. +ve moment in 2-3 and max. col. moment ot 2 and 3
/0-5 (1-5Q k1) 1-5Q k2
£ : AVl

r

Max. +ve moment in 4-5 and max. col. moment at 5
1-5Qk1

F Y Y Y )

Max. -ve moment at 2
1.5Q k1 07 11-5Qk2)
/ /

G ) LA
Max.-ve moment at 3 {see case H also)

0-S (1-SQk1) 1-5Qk2

/ /

i 3 rv

Max. —ve moment at 3 (see case G also)

1-50 k2

N S R

Max. —ve moment at &4

Figure 128 Load cases — example 2
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LOAD COMBINATIONS

12.4 Example 3 - continuous beam 2

12.41

For the continuous beam shown in Figure 129, identify the critical load
arrangements for the ultimate limit state. Assume that the beam is subject to
distributed dead and imposed loads, and a point load at the end of the cantilever
arising from the dead load of the external wall.

1 Iz Ia

Figure 129 Beam configuration — example 3

Notation

G, = characteristic dead load/m

Q, = ocharacteristic imposed load/m
P = characteristic point load (dead)

12.4.2 Load cases — example 3

The fundamental combinations given in EC2 Section 2.3.2.2 should be used.
Note that the presence of the cantilever prohibits the use of the same design
values of dead loads in all spans.

The various load arrangements are shown in Figures 12.10 to 12.13.

1-35p
0-96G 1-356K +1-5Q

1 T? 3

Max.-ve moment and anchorage of top bars at 3
Also max. col. moment at 3 (see Fig. 12.13 also)

Figure 1210 Load case 1 — example 3

2.3.2.3(4)

B



LOAD COMBINATIONS

0-9p
1:356, +1-50 096G
[ | :
[
1 2 3
Max.—ve moment at 2
Figure 12.11 Load case 2 — example 3
1-35P
135G +1:50, 0-9G 1-35G) +1:5Q
/ / \ ¢
Y
1 2 3

Max. +ve moment in 1-2, max. col. moment at 1 and,
possibly, max. col. moment at 2 (see Fig. 12.13 also)

Figure 12.12 Load case 3 — example 3

0-9P
0-9Gk 1-35GKk +1-5Qk 0-96k
/ \__/
Y'Y Y Y Y
1 2 3

Max.+ve moment in 2-3, max. col. moment at 2
(see Fig.12.12 also) and, possibly, max. col. moment
at 3 (see Fig. 12.10 also)

Figure 12.13 Load case 4 — example 3
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LOAD COMBINATIONS

12.5 Example 4 - tank

A water tank, as shown in Figure 12.14, of depth H (in metres) has an operating
depth of water h (in metres). Calculate the design lateral loads for the ultimate
limit state.

Figure 12.14 Tank configuration — example 4

According to the draft EC1, earth loads are permanent loads. The same
reasoning can be applied to lateral pressures caused by water. The NAD for NAD 6.2(c)
EC2 confirms this.

Design can therefore be based on the pressure diagram shown in Figure 12.15.

.l
- AA A de o A AL
© P = density
h -of water
— 1
1-35ph

Figure 12.15 Design load based on operating water depth — example 4

Consideration should also be given to the worst credible water load, which in
this case will correspond to a depth of H, i.e., water up to the top of the tank.
EC2 permits the variation of the partial safety factor Yo, depending on the
knowledge of the load G, . ’

However, the method of establishing Vg, is not given. The basis adopted in
BS 8110: Part 2@ could be used and a factor of 1.15 applied instead of 1.35.
In this case the alternative design loading will be as shown in Figure 12.16.

- -
H : p = density
ot water
|
1-15pH

Figure 12.16 Design load based on worst credible water depth — example 4
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{3DESIGN OF BEAM AND COLUMN SECTIONS

13.1 Concrete grades 3124

EC2" uses the cylinder strength, f_, to define the concrete strength in design
equations, although the cube strength may be used for control purposes. The
grade designations specify both cylinder and cube strengths in the form
C cylinder strength/cube strength, for example C25/30.

It may occasionally be necessary to use cube strengths which do not exactly
correspond to one of the specified grades. In such instances a relationship is
required between cylinder and cube strength in order to obtain an appropriate
value for f . The relationship implicit in EC2 and ENV 206® is given in

- c
Figure 13.1.
50 €S0/60
CL5/55
40 CL0/50
— C35/45
o~
E
€
z 3 C30/37
=
=
o €25/30
2
k7S
2072
@ 20 £2025
-4
c
= C16/20
>
(=]
€12/15
10
] |
10 20 30 40 50 60
Cube strength {(N7mm2)

Figure 13.1 Relationship between cube and cylinder strength of concrete

13.2 Singly reinforced rectangular beam sections

The following equations and design tables have been derived from the 431
assumptions given in 43.1 and 4.2.1.33(b) of the Code combined with the 42133
redistribution limits given in 2.5.3.4.2. They are entirely in accordance with EC2. 25342
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DESIGN OF BEAM AND COLUMN SECTIONS

13.2.1 Equations for singly reinforced rectangular beam sections

Asfk ’

baf
xid = 1918 w
where
_ M
# bad?f,

Table 13.1 gives w and x/d as a function of .

Table 13.1 Flexural reinforcement in singly reinforced rectangular sections.

f Af
g =bdAZf ¢ =£‘§?y£ Hd 2/d # =EJA:f_ ¢ =b<;fw X 2
ck ck ck ck

0010 0.012 0022 0991 0.090 0113 0217 0913
0012 0014 0027 0989 0092 0.116 0.223 0911
0014 0016 0.031 0987 0.094 0119 0.228 0909
0.016 0019 0036 0986 0.086 0.122 0.234 0907
0018 0021 0.040 0984 0.098 0125 0.239 0904
0020 0023 0045 0982 0100 0127 0.245 0902
0022 0026 0050 0980 0.102 0.130 0.250 0900
0.024 0028 0054 0978 0.104 0133 0.256 0898
0026 0.031 0059 0977 0.106 0.136 0.261 0896
0028 0.033 0063 0975 0108 0.139 0.267 0.893
0.030 0035 0.068 0973 0110 0.142 0.272 0.891
0032 0038 0073 0971 0112 0.145 0.278 0889
0034 0040 0077 0969 0114 0.148 0.284 0887
0.036 0.043 0.082 0967 0116 0151 0.289 0884
0.038 0045 0.087 0965 0.118 0.154 0.295 0882
0.040 0,048 0092 0963 0120 0.157 0.301 0.880
0042 0050 0.096 0.961 0122 0.160 0307 0877
0044 0053 0101 0360 0124 0163 0313 0875
0.046 0.055 0106 0958 0.126 0.166 0318 0873
0.048 0058 0111 0956 0.128 0.169 0324 0.870
0.050 0060 0116 0954 0.130 0172 0330 0.868
0.052 0063 0121 0952 0.132 0175 0336 0865
0054 0065 0125 0950 0134 0179 0343 0.863
0056 0.068 0130 0948 0136 0.182 0349 0.861
0058 0071 0135 0946 0138 0.185 0355 0.858
0.060 0073 0.140 0944 0.140 0188 0.361 0.856
0.062 0076 0.145 0842 0142 0.191 0.367 0853
0.064 0078 0150 0940 0144 0195 0373 0.851
0.066 0.081 0155 0938 0.146 0.198 0380 0.848
0.068 0.084 0160 0936 0.148 0.201 0386 0846
0070 0.086 0165 0934 0.150 0.205 0393 0.843
0072 0.089 0170 0932 0.152 0.208 0399 0.840
0.074 0.092 0176 0930 0.154 0.211 0.405 0838
0076 0094 0181 0928 0.156 0215 0412 0835
0078 0097 0.186 0926 0.158 0.218 0419 0833
0080 0.100 0191 0924 0.160 0.222 0425 0830
0.082 0102 0.196 0921 0162 0.225 0432 0827
0.084 0.105 0.202 0919 0164 0.229 0439 0824
0086 0.108 0.207 0917 0.166 0.232 0.446 0822
0.088 0111 0.212 0915

P
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DESIGN OF BEAM AND COLUMN SECTIONS

13.2.2 Limits to use of singly reinforced beam sections

Limits to x/d as a function of the amount of re-distribution carried out are given 2534.2
in EC2. These can be re-written as

For concrete grades < (C35/45

6 — 044
e = 25

For concrete grades > C35/45

6 — 056

(x/d)Iirn = 125

Equations can be derived for «,  and g for rectangular sections as a function
of (x/d), . These are

B 04533(xid), [1 - 04(x/d), ]

@,
lim

(xid), /1918

Table 13.2 gives values of (x/d),_, . and w_ as a function of the amount of
re-distribution carried out. EC2 states that plastic design, for example yield line 25355
analysis, can be used where x/d = 0.25. The limits corresponding to this value

are also included in the table.

Table 13.2 Limiting values

% 6 X/ i, Piim Dim
redistribution
f,=<35 | f,>35|f,<35|f, >35|f, <35 |f, >35
0 1.00 0.448 0352 0.1667 01371 02336 | 0.1835
5 095 0.408 0312 0.1548 0.1238 0.2127 0.1627
10 090 0.368 0.272 0.1423 0.1099 01919 0.1418
15 085 0328 0232 01292 | 00954 01710 01210
20 080 0.288 0192 0.1155 00803 | 01502 | 0.100t1
25 075 0.248 0152 01013 0.0647 01293 | 00792
30 0.70 0.208 0112 00864 | 00485 | 01084 | 00584
Plastic design 0.25 01020 0.1303

13.3 Compression reinforcement

Compression reinforcement is required in any section where p > g . The
amount can be calculated from

o .
087(1 — d'ld)
where
o = mechanical ratio of compression steel
EArIV
bd f




DESIGN OF BEAM AND COLUMN SECTIONS

ad = depth from compression face to centroid of compression
reinforcement
A’ = area of compression reinforcement

s

The area of tension reinforcement can now be obtained from
w = w  + w

Equations above for o’ and w are valid for d'/x = 1 — fy/805.

13.4 Flanged beams

For beams with flanges on the compression side of the section, the formulae
for rectangular sections may be applied provided

x/d = hld
where
h = thickness of the flange

f

For beams where the neutral axis lies below the flange, it will normally be
sufficiently accurate to assume that the centre of compression is located at mid-
depth of the flange. Thus, for singly reinforced beams, approximately

M = 087 Asfyk(d - h/2)
The neutral axis depth is given approximately by
xid = 1918 (b/b)w — 1.25 (b/b, — 1)h/d

where br is the rib width and the definition of w is identical to that for a
rectangular section.

13.5 Symmetrically reinforced rectangular columns

Figures 13.2(a) to (e) give non-dimensional design charts for symmetrically
reinforced columns where the reinforcement can be assumed to be concentrated
in the corners. The broken lines give values of K, in Eqn 4.73 of EC2.

Where the reinforcement is not concentrated in the corners, a conservative
approach is to calculate an effective value of @' as illustrated in Figure 133,

)
z]

Eqn 4.73
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DESIGN OF BEAM AND COLUMN SECTIONS
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Figure 13.2(a) Rectangular columns (d'/h =
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